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Abstract: Bridge foundation settlement monitoring is crucial for infrastructure safety management, as uneven
settlement can lead to stress redistribution, structural damage, and potentially catastrophic collapse. While
traditional contact sensors provide reliable measurements, their deployment is labor-intensive and costly,
especially for long-span bridges. Current remote sensing methods have not been thoroughly evaluated for their
capability to detect and analyze complex foundation settlement patterns in challenging environments with
multiple influencing factors. Here, we applied Small Baseline Subsets Synthetic Aperture Radar Interferometry
(SBAS-InSAR) technology to monitor foundation settlement of a long-span bridge. Our analysis revealed
distinct deformation patterns: uplift in the north bank approach bridge foundation and the left-side main
bridge foundation (maximum rate: 36.965 mm/year), concurrent with subsidence in the right-side main bridge
foundation and south bank approach bridge foundation (maximum rate: 35.585 mm/year). We then
investigated the relationship between these settlement patterns and various environmental factors, including
geological conditions, Sediment Transport Index (STI), Topographic Wetness Index (TWI), relative humidity,
and temperature. The observed settlement patterns were attributed to the combined effects of stratigraphic
heterogeneity, dynamic hydrological conditions, and seasonal climate variations. These findings demonstrate
that SBAS-InSAR technology can effectively capture complex bridge foundation deformation processes,
offering a cost-effective alternative to traditional monitoring methods. This advancement in bridge monitoring
technology could enable more widespread and frequent assessment of bridge foundation stability, ultimately
improving infrastructure safety management.

Keywords: SBAS-InNSAR; uneven settlement; bridge foundation; deformation monitoring;

1. Introduction

The design and construction of bridge foundations must fully consider various factors to ensure
that the bridge maintains safety and functionality during long-term use. Bridge foundations not only
bear the weight of the bridge’s own structure but also withstand external forces such as traffic loads,
wind loads, and seismic loads, making them the most complex and difficult-to-construct part of the
bridge structure [1-4]. Due to their complexity and importance, bridge foundation designs must
carefully consider factors such as geological conditions, operating environment, and construction
techniques [5-7]. In addition to meeting bearing capacity requirements under combined load
conditions such as permanent, live, and environmental loads transmitted from the superstructure,
the bridge foundation system should ensure sufficient overall stability and anti-overturning
capability throughout its service life [8]. Even with strict ground treatment and foundation design
methods, differential settlement remains a key technical issue that needs to be controlled in bridge
foundation design due to factors such as heterogeneous stratigraphic conditions and uneven load
distribution.

Uneven settlement refers to varying degrees of subsidence occurring in different foundation
parts of a bridge due to various reasons, causing the bridge structure to bear additional stress and
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deformation [9]. This situation poses a potential threat to the bridge’s service life and safety. Multiple
factors contribute to uneven settlement in bridge foundations. First, geological conditions are an
important factor. The heterogeneity of soil types and conditions in the foundation is the most
common cause [10-12]. In fact, each foundation location of a bridge often has unique soil
characteristics, especially in areas with soft soils, fill soils, or significant fluctuations in groundwater
levels, which are more prone to uneven settlement [13]. Another important factor is the complexity
and uneven distribution of loads [14-16]. In practice, the traffic loads borne by bridges change
frequently, and this unevenness is more pronounced on bridges with multiple lanes and heavy
vehicle traffic [17]. Furthermore, changes in the external environment also significantly impact the
settlement of bridge foundations. For example, variations in temperature and precipitation patterns
caused by climate change can alter the moisture content of the foundation, thus affecting its bearing
capacity [18]. Changes in groundwater levels, rain erosion, and river scouring may gradually reduce
the strength of foundation materials, leading to settlement.

Due to these factors, bridge foundations are prone to uplift or settlement deformation. This
situation may lead to bridge deck cracking, structural instability, tilting, or even irreversible damage,
severely affecting bridge stability and driving safety [19]. Faced with the many causes of uneven
settlement in bridge foundations, traditional detection techniques rely on observing and recording
pavement conditions, making the investigation cumbersome and inefficient [20,21]. In fact, some
periodic inspections and monitoring may have redundancies or fail to detect issues promptly,
resulting in wasted efficiency and resources [22]. In contrast, using Interferometric Synthetic
Aperture Radar (InSAR) technology to monitor surface and structural deformation can efficiently
accomplish the important engineering task of bridge foundation settlement monitoring, ensuring
timely detection and handling of settlement issues, thereby guaranteeing bridge safety and stability
[23].

InSAR is an advanced spatial measurement technology capable of obtaining continuous surface
deformation information within a study area in a short period [24-28]. By analyzing reflected radar
signals emitted from satellites or airplanes, INSAR can generate high-resolution surface deformation
maps to monitor bridge settlement. A study by Lazecky et al. has shown that INSAR technology has
broad application potential in bridge deformation monitoring [29]. In addition, Selvakumaran et al.
combined InSAR datasets with traditional measurement techniques to enhance the accuracy of INSAR
measurements [30]. InSAR technology has advantages such as a wide measurement range, no
regional restrictions, and no impact on normal bridge operations [31-36]. These features make it
particularly suitable for inaccessible or hazardous areas. It can monitor the overall deformation of
bridges more quickly and comprehensively, making it highly applicable for bridge foundation
settlement detection. For example, Selvakumaran et al. used the Tadcaster Bridge as a case study to
demonstrate the application of InNSAR in monitoring bridges at risk of scour [37]. Significant
displacement changes were observed one month before the partial collapse of the bridge in 2015,
indicating that INSAR can serve as an effective early warning system. Moreover, Guzman-Acevedo
et al. evaluated the structural reliability of the Usumacinta Bridge in Mexico using InNSAR technology
[38]. Through probabilistic analysis of two and a half years of static displacement data, they derived
the bridge’s reliability index and risk probability. The results showed that the bridge was undamaged
under heavy load conditions, demonstrating that InNSAR performs well in monitoring vertical
displacements of bridges.

Time-series INSAR analysis methods have millimeter-level precision and are more suitable for
long-term monitoring of bridge foundation settlement [39]. This method has been applied multiple
times in bridge monitoring with good results. Studies have shown that Permanent Scatterer Synthetic
Aperture Radar (PS-InSAR) technology has broad application potential in bridge settlement
monitoring. For example, Zhao et al. explored the application of PS-InSAR in achieving high-
precision settlement monitoring and timely detection of abnormal conditions [40]. Additionally, Lasri
et al. used a concrete bridge in Isola Dovarese, Italy, as a case study [41]. They conducted PS-InSAR
analysis using Sentinel-1 radar data and open-source software SNAP and StaMPS. By obtaining
displacement time-series data, they timely identified potential safety hazards in the bridge structure.
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The application of time-series INSAR analysis methods in bridge monitoring helps enhance
infrastructure safety and emergency response capabilities. Ma et al. decomposed and geophysically
interpreted the InSAR time-series deformation of the Hong Kong-Zhuhai-Macao Bridge using a
synthetic aperture radar transformer [42]. Their proposed SAR-Transformer model was trained using
synthesized InSAR time-series samples, reducing the mean absolute error by at least 58.32% and the
mean absolute percentage error by at least 8.84%. This demonstrates the method’s effectiveness.

SBAS-InSAR technology calculates surface displacements in the vertical or horizontal direction
by comparing SAR images acquired at different times and using their phase differences. Compared
with traditional DS-InSAR technology, SBAS-INSAR can overcome limiting factors such as temporal
and spatial decorrelation and atmospheric effects, providing more continuous and stable
deformation information [43]. SBAS-InSAR reduces the impact of these factors by selecting image
pairs with short temporal and spatial baselines for interferometric processing. This approach
improves monitoring accuracy and reliability [44]. SBAS-InSAR technology has strong measurement
capabilities and high precision. It can reduce the effects of temporal and spatial decorrelation and
atmospheric delays [45]. This aids in exploring the correlation between different factors and
deformation phenomena. It also helps in deeply understanding the intrinsic mechanisms of the
deformation process [46]. Han et al. applied SBAS-INSAR technology to monitor surface
deformation of the Pearl River Bridge in Nansha District, Guangzhou [47]. The results showed that
SBAS-InSAR technology has significant advantages in nonlinear surface deformation monitoring.
SBAS-InSAR is an effective tool for surface deformation monitoring, capable of monitoring
dynamic deformation of bridges and providing reliable data support. Especially for foundation
settlement monitoring of long-span bridges, this method offers higher spatial resolution and can
accommodate changes in large monitoring areas. It considers atmospheric effects and performs
reliable time-series analysis. For example, Zhou et al. used Sentinel-1A data and SBAS-InNSAR
technology to monitor the deformation of the Ganjiang Super Bridge and analyzed its deformation
conditions and patterns [48]. They found that the internal deformation rate of the bridge ranged
from -15.6 to 10.7 mmy/year, with significant rebound deformation phenomena.

Although InSAR monitoring of bridge foundation settlement has advantages, relying solely on
its measurement results cannot comprehensively account for the various influencing factors. To
overcome this shortcoming, we innovatively propose a comprehensive analysis method based on
SBAS-InSAR technology combined with other influencing factors. Specifically, we selected
influencing factors closely related to bridge foundation deformation and analyzed the impact of each
factor on bridge foundation settlement. This approach compensates for potential misconceptions that
may arise from using InSAR detection alone.

Using SBAS-InSAR technology, this study analyzed the uneven foundation settlement of a
kilometer-scale bridge during the research period. The results revealed that the bridge foundation
underwent a complex deformation process. The north bank approach bridge foundation and the left-
side foundation of the main bridge generally exhibited uplift. In contrast, the right-side foundation
of the main bridge and the south bank approach bridge foundation tended to subside, presenting an
overall state of uneven settlement. Additionally, we selected important characteristic points along
the bridge foundation and analyzed the settlement conditions of different connected parts using their
time-series deformation maps. To further explore the causes of uneven settlement and assess the
bridge’s health status, we combined the nonlinear surface deformation monitoring results of SBAS-
InSAR with analyses of stratigraphic heterogeneity, dynamic hydrological environment, and
seasonal climate changes. We examined the relationships between these factors and foundation
uneven settlement. By integrating the bridge foundation settlement rate maps obtained from SBAS-
InSAR with various influencing factors, we specifically studied the impact of different factors on
bridge foundation settlement. This approach helps to more precisely control the risk of bridge
damage caused by foundation uneven settlement, thereby saving time and labor costs in bridge
maintenance.
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2. Study Area and Data

2.1. Study Area

Huailai Bridge is located in Huailai County, Zhangjiakou City, Hebei Province, China. It spans
the Guanting Reservoir and is an important part of the Shacheng-Donghuayuan Highway (see Figure
1). Known as the “First Span in North China”, Huailai Bridge has a total length of 1,988 m and adopts
a double-tower single-span suspension bridge structure. The main towers are 107.8 m high, and the
main span stretches 720 m across the lake. The bridge is 33.6 m wide, designed to accommodate four
lanes of urban arterial road traffic in both directions, with non-motorized vehicle lanes and sidewalks
on both sides. The bridge is designed with a speed limit of 60 km/h, and its steel girders use advanced
unpainted, environmentally friendly weathering steel [49]. The study area’s stratigraphy consists of
Quaternary Holocene deposits, and the residual layers are mainly composed of sand, gravel, and silt.
The pore water in loose rock formations has a double-layer structure; both the upper shallow water
and the lower deep water yield 100-1000 m?/d per well.
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Figure 1. Multi-scale visualization of Huailai Bridge: (a-e) Satellite imagery at different scales; (f)
Ground-based photograph.

2.2. Data Sets

This study utilized 20 Sentinel-1A images provided by the European Space Agency (ESA),
spanning from July 2021 to March 2022, covering the study area (see Figure 2). These images cover
all areas of potential uneven foundation settlement that may affect the bridge’s safety, with
acquisition intervals not exceeding one month. These images were acquired using the Interferometric
Wide Swath (IW) mode with VV polarization. Detailed SAR data are provided in TableSl1. In
addition, this study used the 30 m Shuttle Radar Topography Mission (SRTM) Digital Elevation
Model (DEM) from NASA to eliminate topographic phase effects. Simultaneously, precise orbit data
(POD) released by ESA were used to refine orbital information and enhance georeferencing and
baseline estimation accuracy. We also obtained geological borehole data around the bridge
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foundation from the Physical Geological Data Center of Natural Resources under the China
Geological Survey to analyze the geological stratification of the study area. Furthermore, we
employed daily dry bulb temperature and relative humidity data during the research period
provided by the public resource EpwMap, jointly developed by the University of Pennsylvania and
others. Detailed data are provided in Table 1.
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Figure 2. Acquisition areas for Sentinel-1A SAR imagery.
Table 1. Data sources for research Analysis.
Type Website Start Data ~ End Data
Sentinel-1A https://search.asf.alaska.edu/ 2021.07.10 2022.03.07
Satellite POD https://step.esa.int/auxdata 2021.07.30  2022.03.27
SRTM DEM https://srtm.csi.cgiar.org/
Geological Drilling )
https://ndcp.cgsi.cn/
Data

Dry Bulb Temperture  https://www.theweatheronline.net/ 2021.07.10  2022.03.07
Relative Humidity https://www.theweatheronline.net/ 2021.07.10  2022.03.07

3. Methodology

This study analyzes the foundation settlement of a kilometer-scale bridge using SBAS-InSAR
technology. By extracting key feature points of the bridge foundation and their time-series
deformation data, we systematically evaluated the differential settlement characteristics of each
connected part. Based on the SBAS-InSAR nonlinear deformation monitoring results, we explored
the influence mechanisms of geological heterogeneity, hydrodynamic changes, and seasonal climate
fluctuations on uneven foundation settlement. The research process is illustrated in Figure 3.
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Figure 3. Flowchart of the research.

3.1. Principle of SBAS-InSAR

The basic principles of SBAS-INSAR technology are as follows: SBAS-INSAR technology
combines SAR image data into several subsets based on baseline thresholds, uses the deformation
results obtained from single differences as observations, employs the least squares method to obtain
high-precision deformation sequences for each subset, and utilizes singular value decomposition
(SVD) to jointly solve multiple subsets, thereby obtaining the deformation sequence over the entire
monitoring period. Suppose N+1 images are acquired and arranged according to acquisition times ¢
(to,...,tn). Based on interferometric baseline combinations, M interferograms can be generated, and
M satisfies the following inequality:

(N+1)/2<M<N[(N+1)/2] 1)

Assuming that interferogram /is generated by interfering the images acquired at times fa and ts
(ts>ta), after removing flat-earth effects and topographic phase influences, the interferometric phase
of a pixel located at range 7and azimuth rin interferogram /can be expressed as:

6¢j(xi r) = w(tleir) - ¢(tAJ X, r)
~ (Z)def,j(x' 7") + ®top0,j (x' T') + (Datm,j(x' 7") + (Z)noise,j (x: T') (2)

In Equation (2), @(tg,x,7) and @(ty,x,7r) are the phase values of the SAR images at times t
and t, respectively; @ger ;(x,7) is the deformation phase in the radar line-of-sight direction from
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time t, to tg; Diopo,;(x,7) is the topographic phase error caused by inaccurate reference DEM;
Datm,j(x, 1) is the atmospheric phase error; @, ;(x,7) is the noise phase.

AT = 597 3)

In Equation (3), A is an MxN coefficient matrix, where vT

vIi=(vy = @1/t —to) vy = (py — Pn-1)/(ty — ty-1)) 4)

When the coefficient matrix B is full rank (i.e., M= N), the deformation rate v can be solved using the

can be expressed as:

least squares method; when M<N, the matrix B becomes rank-deficient, and the deformation rate of
the study area can be obtained using singular value decomposition (SVD) [50]. After obtaining the
deformation rate, the deformation amount during the corresponding time intervals between SAR
images in the study area can be calculated.

3.2. SBAS-InSAR Data Processing

Figure 4 illustrates the SBAS-INSAR processing flow.

1) Generation of Interferometric Pairs: Automatically select the SAR image acquired on July 10,
2021, as the super master image. Using this master image as a reference, co-register and resample it
with the other 19 SAR images separately to form N interferometric pairs. Each pair contains phase
information of the same surface area at different times.

2) Interferometric Processing: Perform interferometric processing on each interferometric pair,
including phase unwrapping and interferogram generation. The phase in the interferogram contains
surface deformation information but is also affected by factors such as atmospheric delays and
topographic fluctuations [51]. Statistical or physical models are used to estimate and correct
atmospheric delays, reducing the impact of atmospheric effects on the interferometric phase.

3) Deformation Inversion: Use a robust linear model to invert surface deformation. Employ the
Singular Value Decomposition (SVD) method to convert interferogram residuals into time-domain
SAR images, estimating the average displacement rate and residual topography. During the first
inversion, the displacement rate and residual topography are estimated. In the second inversion,
based on the deformation rate from the first inversion, perform high-pass filtering in the temporal
dimension and low-pass filtering in the spatial dimension to estimate and remove the atmospheric
phase, thereby obtaining the final displacement results on a purer time series.

4) Geocoding: Geocode the SBAS-InSAR inversion results by converting the pixel coordinates of
the SAR images into geographic coordinates (latitude and longitude) to facilitate analysis and
interpretation. Remove outliers and interpolate the deformation results. The deformation produced
by SBAS-InSAR is in the line-of-sight (LOS) direction.
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Figure 4. Processing flow of SBAS-InSAR technology.
3.3. The Topo-Hydrological Aspects

3.3.1. Topographic Wetness Index (TWI)

TWT1 is a physical indicator used to measure the influence of topography on runoff direction and
water accumulation [52]. It is calculated based on the slope and the upstream catchment area. This
index helps identify runoff patterns after rainfall, areas that may increase soil moisture, and the
distribution of flooded regions.

TWI = In(SCA/pB) ®)

In Equation (5), B represents the slope, and SCA denotes the contributing area per unit width. SCA
is obtained by filling sinks in DEM data and then calculating the slope and flow direction.

3.3.2. Sediment Transport Index (STI)

STl is an indicator describing the sediment transport capacity of rivers within a watershed. It
reflects the amount of sediment that rivers can transport over a certain period by evaluating various
factors within the watershed, such as precipitation, soil type, topography, vegetation cover, and
human activities.

STI = (m + 1)(SCA/22.13)™ sin(8/0.0896)" (6)

In Equation (6), SCA and S are the same as in the TWI formula. m is the contributing area exponent,
usually set to 0.4; n is the slope exponent, usually set to 1.4.
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4. Result

4.1. Accuracy Verification

To ensure the accuracy of the processing results, we used Sarscape software to process the
Sentinel-1A SAR images and obtain an estimated average precision of velocity measurements, which
was used to evaluate the processing accuracy. After vectorizing the SBAS processing results, we
obtained estimation values for assessing the processing accuracy, namely the estimated average
precision of velocity measurements Vprcsion and the fitting and inversion quality measure 2 .
Specifically, a higher Vrreision indicates more precise velocity measurements, and a lower x? signifies
better fitting and inversion quality. The obtained Vrrcision and x? were first normalized using the
formula:

Z — score = (Raster — Zymin)/ (Zmax — Zmin) )

In Equation (7), Z-score is the normalized result; Raster is the data to be normalized; Zmax is the
maximum value; and Znin is the minimum value. To enhance data reliability, we performed statistical
calculations in Excel and plotted normal distribution graphs. We grouped all data with a step size of
0.05, counted the number of data points in each interval, and then drew a histogram. As shown in
Figure 5, most selected points have Vrrcision values between 0.15 and 0.8 and x? values between 0 and
0.3, indicating that the accuracy values are reliable.
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Figure 5. Frequency distribution of InNSAR measurements: (a) Velocity precision histogram with
normal distribution fit; (b) x2 statistics for quality assessment.

4.2. SBAS-InSAR Results

In this study, we used the SBAS-INSAR method to monitor the deformation rate of the bridge
foundation within the study area. As shown in Figure 6, during the period from July 10, 2021, to
March 7, 2022, the annual average deformation rate in the radar line LOS direction exhibited the
following characteristics: the north bank mainly experienced ground uplift, while the south bank
mainly experienced ground subsidence. The maximum foundation subsidence rate was
35.585 mm/year, and the maximum uplift rate was 36.965 mm/year. Areas with significant
deformation were mainly concentrated in the bridge approach foundation areas. Additionally, the
average coherence value of the 20 images was 0.535, with a maximum of 0.969 and a minimum of
0.004, indicating good overall image consistency.
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Figure 6. The spatial distribution of surface deformation rates derived from InSAR measurements
along the radar LOS direction.

4.3. Time Series Cumulative Deformation

To further investigate the deformation of Huailai Bridge, we selected twelve characteristic points
(P1-P12) along the bridge’s linear features to facilitate subsequent verification and analysis. The
deformation rates and cumulative deformations of these points varied. The locations of these points
are shown in Figure 7, and their time-series deformation graphs are presented in Figure 8. P1 is at the
second pier of the north bank approach bridge, with an uplift rate of 20.28 mm/year and a cumulative
uplift of 257.74 mm, considered a significant uplift point. P2 is at the sixth pier of the north bank
approach bridge, with an uplift rate of 24.05 mm/year and a cumulative uplift of 289.18 mm, the point
with the maximum uplift. P3 is at the tenth pier of the north bank approach bridge, with an uplift
rate of 18.53 mm/year and a cumulative uplift of 217.22 mm, also a significant uplift point. P4 is on
the left side of the main bridge near the anchorage, with an uplift rate of 18.22 mm/year and a
cumulative uplift of 212.52 mm, a significant uplift point. P5 is on the left side of the main bridge near
the pylon, with an uplift rate of 20.26 mm/year and a cumulative uplift of 248.38 mm, another
significant uplift point. P6 is at the base of the left pylon of the main bridge, with an uplift rate of
11.30 mm/year but a cumulative subsidence of 199.74 mm, exhibiting complex deformation behavior.
P7 is at the base of the right pylon of the main bridge, with a subsidence rate of 23.13 mm/year and a
cumulative subsidence of 59.86 mm, a significant subsidence point. P8 is on the left side of the south
bank approach bridge near the pylon, with a subsidence rate of 20.94 mm/year and a cumulative
subsidence of 39.69 mm, another significant subsidence point. P9 is also on the left side of the south
bank approach bridge, with a subsidence rate of 13.97 mm/year but a cumulative uplift of 8.57 mm,
exhibiting slight uplift. P10, P11, and P12 are on the south bank approach bridge, with subsidence
rates of 14.75 mm/year, 14.5 mm/year, and 14.71 mm/year, and cumulative subsidence amounts of
4.14 mm, 27.60 mm, and 41.39 mm respectively, all being slight subsidence points.

Based on the results, the cumulative deformation of monitoring points P1-P12 during the study
period is as follows. The north bank approach bridge (P1-P3) and the left side of the main bridge (P4—
P5) exhibit significant uplift trends, with the maximum cumulative uplift reaching 289.18 mm at P2.
In contrast, the right side of the main bridge (P6-P7) and the south bank approach bridge (P8-P12)
mainly show subsidence trends, with the maximum cumulative subsidence reaching 199.74 mm at
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P6. Notably, some monitoring points show inconsistencies between the annual deformation rate and
the cumulative deformation, such as P6 and P9. This may indicate that the bridge experienced
complex deformation processes during the study period. In particular, significant deformation
occurred at the base of the right pylon of the main bridge (P6-P7), indirectly indicating that
substantial structural adjustments might have occurred in that area.

The results show that the foundation of Huailai Bridge experienced uneven deformation during
the study period. The foundation of the north bank approach bridge and the left side of the main
bridge generally showed uplift trends, while the foundation of the right side of the main bridge and
the south bank approach bridge tended to subside. This complex deformation pattern requires
further analysis of its causes and continuous monitoring to ensure the bridge’s long-term safety and
stability.
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Figure 7. Distribution of structural monitoring points: (Upper) Reference points P1 and P12 at 30 m
from bridgeheads, measurement points P2-P11 at 120-m intervals along bridge span; (Lower) Detailed
view of monitoring points at bridge foundation.
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Figure 8. Time-series deformation maps of monitoring points P1-P12. Subplots (a-l1) illustrate
cumulative displacement trends, where dotted lines represent measured settlement values and solid
lines denote linear regression fits with corresponding equations.

5. Discussion

5.1. Relationship Between Uneven Bridge Foundation Settlement and Soil Layer Heterogeneity

The weathered layer at the bridge foundation is mainly composed of Quaternary loess
intercalated with gravel. The gravel consists of purplish andesitic rock that has weathered into
breccia. The complexity and diversity of the geological environment are among the main causes of
uneven settlement [53]. Since the foundation is composed of soil layers with varying thicknesses and
properties, it exhibits significant structural uneven settlement [54]. Differences in compressibility,
conpactness, and bearing capacity of soil layers are direct causes of uneven settlement. Variations in
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grain composition, porosity, and permeability among different soil layers can affect soil deformation
behavior under external loads [55].

According to geological drilling data around the bridge foundation, provided by the Physical
Geology Data Center of Natural Resources under the China Geological Survey, the thickness of the
same stratigraphic layers varies significantly among different survey points. With increasing distance
from the riverbed, the thickness of the weathered layer gradually decreases, while that of the shale
and sandstone layers increases correspondingly. Generally, the weathered layer has lower bearing
capacity and higher compressibility [56]. Therefore, in areas farther from the riverbed, where the
weathered layer is thinner, the underlying soil layers are relatively more solid. Shale and sandstone
layers are usually harder and more stable than the weathered layer; thicker shale and sandstone
layers provide better foundation support, helping to reduce uneven settlement. However, the
mechanical properties of shale and sandstone may still vary due to differences in degree of
weathering or geological structure; such intrinsic differences may also lead to uneven settlement of
the bridge foundation.

5.2. Relationship Between Uneven Bridge Foundation Settlement and STI

A high sediment transport capacity, as indicated by STI, is often accompanied by rapid changes
in the riverbed, including frequent erosion and deposition [57,58]. If a bridge foundation is situated
in such a dynamic environment, the surrounding foundation materials may be weakened by erosion,
leading to uneven settlement. In regions with high STI, water flow may carry away fine-grained soils
around the foundation, reducing local support strength and increasing settlement. Conversely,
redeposition of sediments may cause uneven load increases around the foundation, leading to
additional settlement [59]. Over time, changes in river paths, depths, and widths under high STI
conditions can have significant impacts on the bridge foundation. Continuous changes in river
courses may also induce heterogeneity in the supporting soil beneath piers or abutments [60].

Figure 9 (a) and (c) display the observation point data for the north and south banks,
respectively. Analysis of the north bank reveals that the STI values in this region exhibit significant
fluctuations, with two main peak areas. The annual average deformation rate is relatively stable but
shows a slight downward trend in regions with higher STI values. In the region with the highest STI
values (approximately points 15-20), there is a noticeable decrease in the annual average deformation
rate. Overall, there is a negative correlation between STI values and the annual average deformation
rate, but this relationship is not entirely linear. In the south bank region, the STI values vary more
drastically, with multiple distinct peaks and troughs. The changes in the annual average deformation
rate are also more significant, showing an overall upward trend. However, in areas with higher STI
values (such as points 100-110 and 125-128), the annual average deformation rate shows a noticeable
decrease. Compared to the north bank, the negative correlation on the south bank is more evident,
especially in regions where STI values fluctuate greatly. In summary, there is a negative correlation
between STI values and the annual average deformation rate; that is, the higher the STI value, the
lower the annual average deformation rate. This relationship is more pronounced on the south bank,
possibly due to geological conditions or environmental factors in that region.
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Figure 9. Correlation between foundation settlement rates and STI values: Annual settlement rates
versus STI for north (a) and south banks (c) (64 points each) with regression fits and 95% confidence
intervals. Spatial evolution of settlement rates and STI values across north bank (b) and south bank
(d) at selected monitoring points.

5.3. Relationship Between Uneven Bridge Foundation Settlement and TWI

There is a correlation between uneven bridge foundation settlement and TWI, which can be
analyzed by examining the impact of TWI on surface hydrological processes. TWI is an index that
describes the influence of topography on moisture accumulation and flow, commonly used to predict
soil moisture distribution and potential water flow paths. Studies have shown that areas with higher
TWI values typically have wetter soils [61]. This may lead to reduced soil bearing capacity, increasing
the risk of foundation settlement. Moist soils, especially clayey soils, are more prone to compressive
deformation, which can cause uneven settlement of bridge foundations. Additionally, areas with
higher TWI values are often channels where water converges, making them more susceptible to
erosion [62]. Erosion can alter the structure and composition of foundation soils, leading to uneven
settlement. Continuous erosion may further weaken the stability of the bridge foundation.

Figure 10 (a) and (c) display data from observation points on the north and south banks,
respectively. Analysis of the north bank shows that TWI values exhibit a fluctuating upward trend,
increasing from approximately 6.7 to 7.1. The annual average deformation rate shows a decreasing
trend, declining from about 22 mm/year to 11 mm/year. There is a positive correlation between TWI
values and deformation rates, but the relationship is not entirely linear. In areas where TWI values
decrease sharply (e.g., points 16-24), the deformation rate decreases significantly. In segments where
TWI rises, the deformation rate also increases. However, in the region of points 55-64, TWI values
increase while the deformation rate decreases, possibly influenced by other factors.

In the south bank area, TWI values change more dramatically, decreasing from approximately
16 to 6 and then rising to 11.5. The annual average deformation rate shows an upward trend,
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increasing from approximately —23 mm/year to —14 mm/year. The relationship between TWI values
and deformation rates is more complex on the south bank, with different segments showing varying
correlations. In the middle segment with lower TWI values (approximately points 80-110), the
deformation rate remains relatively stable. Overall, there are significant differences in the range and
variation patterns of TWI values between the north and south banks, reflecting different
topographical and hydrological conditions. The relationship between TWI values and deformation
rates also differs between the two banks, suggesting that local geological conditions and other
environmental factors may have significant impacts. Generally, areas with higher TWI values often
correspond to higher deformation rates.
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Figure 10. Correlation analysis of foundation settlement and TWI: Annual settlement rates versus
TWI for north (a) and south banks (c) (n=64 each) with regression fits and confidence bands; Spatial
evolution of settlement rates and corresponding TWI distributions across north (a) and south banks

(c).

5.4. Relationship Between Uneven Bridge Foundation Settlement and Precipitation

Increased precipitation leads to higher soil moisture, thereby reducing soil bearing capacity.
Continuous rainfall may cause the groundwater level to rise, increasing pore water pressure and
reducing the soil’s effective stress [63]. These changes can decrease soil bearing capacity, thereby
causing uneven foundation settlement. Additionally, some geological materials may soften under
long-term water erosion; precipitation can accelerate this process, destabilizing the soil structure
around the foundation and causing uneven settlement issues [64].

Relative humidity is a comprehensive indicator related not only to local precipitation but also
influenced by other meteorological factors like temperature and wind speed. Therefore, relative
humidity can effectively reflect a locality’s overall moisture conditions. Compared to precipitation
observations, measuring and acquiring relative humidity data are usually more convenient and
continuous, since precipitation observations may be intermittent. Additionally, trends in relative
humidity changes can approximately reflect precipitation changes. This enables relative humidity to
substitute for precipitation to some extent in data analysis and modeling.
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Figure 11 (a) and (b) respectively display data from observation points on the north and south
banks. It can be seen that there is a negative correlation between relative humidity and settlement
values. Specifically, higher relative humidity usually corresponds to lower settlement values; when
relative humidity decreases, settlement values increase. The figures also show that relative humidity
exhibits obvious seasonal variations, higher in summer (July-September) and lower in winter
(December—February). Settlement values also exhibit corresponding seasonal characteristics but lag
behind humidity changes. Furthermore, we calculated the correlations of observation points P1 to
P12. As shown in Table 2, the correlation coefficients between the cumulative deformations at each
point and the bridge temperature reach 0.51 or higher.
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Figure 11. Correlation between foundation settlement and relative humidity: Time-series analysis of
north (a) and south bank (b) monitoring points with 95% confidence and prediction intervals (dark
and light shading, respectively).

Table 2. Correlation coefficient between relative humidity and settlement value.

Point Name P1 P2 P3 P4 P5 P6

Correlation -0.860** -0.805** -0.805** -0.842**  -0.800**  -0.513*

Relative Humidity
P(2-tailed) 1.16E-06 1.9E-05 6.4E-06 3.22E-06 2.29E-05 0.02078
Point Name P7 P8 P9 P10 P11 P12
Correlation  0.961**  0.920**  0.928** 0.929** 0.929** 0.934**
Relative Humidity

P(2-tailed) 1.76E-11 9.2E-09 3.88E-09 3.23E-09 3.23E-09 1.81E-09

**Significant correlation at the 0.01 level (2-tailed)

5.5. Relationship Between Uneven Bridge Foundation Settlement and Temperature

Changes in temperature can cause expansion and contraction of bridge materials and foundation
soils. Especially in permafrost regions, high temperatures can cause soil expansion, while low
temperatures lead to contraction [65]. Such changes can result in uneven settlement. Cold regions are
often affected by soil freeze-thaw cycles. These cycles cause changes in soil volume. For example,
water in the soil expands in volume when it freezes and contracts upon thawing, which may lead to
increased settlement. On the other hand, seasonal temperature variations also affect evaporation
rates, leading to changes in groundwater levels [66]. Rising groundwater levels alter the effective
stress of foundation soils. Together with soil expansion caused by temperature, this influences the
settlement of bridge foundations.
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Figure 12 (a) and (b) illustrate the data from observation points on the north and south banks,
respectively. We observe a clear negative correlation between dry-bulb temperature and settlement
values. Specifically, when the temperature is higher, settlement values are lower; when the
temperature decreases, settlement values increase. The dry-bulb temperature shows a distinct
seasonal variation. It gradually decreases from the high temperatures of summer (July) to the low
temperatures of winter (December-February), and then starts to rise again. The changes in settlement
values are opposite, being lower in summer and higher in winter. Notably, in both figures, changes
in settlement values lag behind temperature changes to some extent. After the temperature begins to
decrease, the settlement values do not increase immediately. Instead, they rise significantly after the
temperature has continued to decline for some time. Furthermore, we calculated the correlations for
observation points P1 to P12. As shown in Table 3, the correlation coefficients between the cumulative
deformations at each point and bridge temperature reach 0.69 or higher.
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Figure 12. Settlement-temperature correlation analysis: Time-series settlement response to dry bulb

temperature at north (a) and south bank (b) monitoring points, showing 95% confidence (dark shade)

and prediction intervals (light shade).

Table 3. Correlation coefficient between dry bulb temperature and settlement value.

Point Name P1 P2 P3 P4 P5 P6
Dry Bulb Correlation  -0.911**  -0.911*  -0.863**  -0.866**  -0.893**  -0.693**
Temperature  P(2-tailed) 2.34E-8 2.34E-8 9.62E-7 797E-7  1.16E-7  7.01E-4
Point Name p7 P8 P9 P10 P11 P12
Dry Bulb Correlation ~ 0.908** 0.869** 0.827** 0.866** 0.881** 0.866**
Temperature  P(2-tailed) 3.12E-8 6.57E-7  6.88E-6 797E-7  2.89E-7  797E-7

**Significant correlation at the 0.01 level (2-tailed)

6. Conclusion

This study systematically analyzed uneven settlement in long-span bridge foundations using
SBAS-InSAR technology, combined with geological borehole data, DEM data, temperature, and
humidity data. The main conclusions are as follows:

1) Analysis of Uneven Foundation Settlement Using SBAS-INSAR Technology: The uneven
foundation settlement of Huailai Bridge was analyzed using SBAS-InSAR technology. The results
indicate that the north bank approach bridge foundation and the north side foundation of the main
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bridge generally exhibited an uplift trend. In contrast, the south side foundation of the main bridge
and the south bank approach bridge foundation tended to subside, demonstrating a complex
deformation pattern.

2) Influence of Various Factors on Foundation Settlement: By analyzing factors such as
geological conditions, Sediment Transport Index (STI), Topographic Wetness Index (TWI),
precipitation, and temperature, we found that these factors may influence bridge foundation
settlement. Stratigraphic heterogeneity, dynamic hydrological environments, and seasonal climate
changes are potential causes of uneven settlement.

3) Effectiveness of SBAS-INSAR Technology in Monitoring Dynamic Deformation: SBAS-InNSAR
technology can effectively monitor the dynamic deformation of bridges, providing reliable data
support for bridge safety assessments. The results of this study indicate that SBAS-InSAR is an
effective tool for surface deformation monitoring, providing a scientific basis for analysis and early
warning of foundation settlement in long-span bridges.

The methods and findings presented in this study offer new perspectives for analyzing uneven
settlement of long-span bridge foundations and provide important references for bridge safety
assessments and preventive maintenance. In the future, the monitoring time span can be extended to
explore the dynamic characteristics of bridge foundation settlement more deeply. Moreover, future
research can investigate different influencing factors, such as stratigraphic structure, hydrological
environment, and climate change, to quantitatively analyze the specific mechanisms affecting the rate
and direction of bridge foundation settlement.
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