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As a cascading disaster, the surge caused by the reservoir bank landslide seriously
affects the stability of the reservoir bank and the dam body. In addition, large-scale
hydropower projects are usually built in mountain and canyon areas with active
geological structure movement, which provides rich material sources for the
occurrence of landslides, so it is of great significance to monitor the deformation
in the landslide source area of the reservoir. As science and technology have been
leaping forward, a wide variety of high and novel technologies have been
proposed, which can be adopted to monitor landslide deformation. It is
noteworthy that InSAR is capable of monitoring target monitoring areas all
time under all weathers without the need to install any equipment. In this
study, the time series deformation of the main landslide source area of the
Baihetan reservoir after water storage was determined based on the time
series INSAR method. The average annual deformation rate of the landslide
source area of the Baihetan reservoir from April 2021 to January 2023 was
determined by combining the Sentinel-1 SAR data of 55 ascending tracks and
46 descending tracks. Moreover, the vegetation cover variations from April 2021 to
January 2023 in the study area were determined by combining the remote sensing
data of Landsat8-9. A total of four typical source areas were selected based on the
field investigation to analyze the deformation monitoring results and the
vegetation cover variations. As indicated by the results: 1) After water storage,
the slope deformation in all source areas was larger in the short term, and the
deformation rate of the lower part turned out to be more significant, and the
deformation rate exceeded 334.583 mm/year. 2) On the steep slope, the effect of
different types of vegetation on restraining deformation was different. The optimal
effect was reported in shrubs, followed by grasslands, and the worst effect was
reported in woodlands. The results of this study can provide scientific support for
the prevention and control of regional geological disasters.
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1 Introduction

In general, large-scale hydropower projects are built in high
mountain canyons with developed water systems, which are affected
by significant geological tectonic activities. The topography varies
violently, and the damage degree of rock mass turns out to be
serious (Guo, 2022; Yang et al,, 2023a; Yang et al., 2023b), such that
abundant material sources are provided for the occurrence of landslide.
Moreover, the deformation of the reservoir bank and slope instability will
easily occur under the large rise and fall of water level arising from
reservoir water regulation (Jiang et al, 2019), as well as the occasional
rainstorm (Liu et al., 2023; Yang et al., 2023¢), earthquake (Ahmed et al,,
2023), and human engineering activities (Hu, 2017). As a cascading
disaster, the impact of landslides may be not limited to the landslide
while resulting in more serious secondary disasters and further triggering
greater losses (Zhu et al,, 2021), especially in the reservoir area. When
considerable landslide slides into the reservoir, the surge generated by it
seriously affects the stability of the bank slope and the dam (Dong et al,,
2021). In 1963, a large landslide on the bank of the Vajont dam in Italy
caused a surge that destroyed surrounding buildings, flooded the dam,
and killed over 2,000 people downstream (Bosa and Petti, 2011). In 2003,
the Qianjiangping landslide on the bank of the Three Gorges Reservoir
in China created a huge surge and blocked the river to form a barrier
lake, killing 14 people and leaving 10 missing (Wen et al, 2008).
Accordingly, researching the deformation monitoring of the reservoir
landslide source area takes on critical significance.

Deformation monitoring has been confirmed as the most direct
and effective method in the process of identifying and quantitatively
monitoring landslide disasters (Qiu et al., 2022). It is capable of
evaluating the stability of the slope by monitoring the deformation
of the slope and indicating its motion state (Li et al., 2021). As
revealed by this method, the monitoring methods primarily cover
GPS, distributed optical fiber sensing technology, InSAR, and so
forth. The GPS monitoring method is capable of providing high-
accuracy 3D deformation data for users, whereas the landslide
should be investigated in detail, and the monitoring network
should be arranged following its integral or local deformation
characteristics. Moreover, the GPS monitoring signal exhibits low
anti-interference ability in complex environments with high
densities, such that the measuring station should be opened (Ren
et al,, 2020; Wang et al., 2023). The distributed optical fiber sensing
technology is capable of achieving real-time automatic remote
monitoring, and it exhibits several advantages (e.g., corrosion
resistance, electromagnetic resistance, high sensitivity, and high
precision). However, it is difficult to ensure that the optical fiber
can run normally in the laying and working processes for a long time
since it can be easily damaged by shear (Cheng et al, 2022).
Compared with the two previously proposed monitoring
methods, the InSAR monitoring method can be adopted to
conduct all-weather and all-time monitoring of the surface
without the need to install any equipment in the target
monitoring area, the monitoring coverage is wide, and the
monitoring accuracy is as high as the centimeter level to the
millimeter scale (Karaca et al, 2021; Yang et al, 2022a; Wang
et al,, 2022; Ma et al., 2023).

The multitemporal InSAR technology conforms to the
conventional D-InSAR technology. The conventional D-InSAR
technique refers to a technique employing two SAR images in an
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identical area at different times to examine ground deformation.
However, due to the effect of atmospheric, topographic, temporal,
and spatial decorrelation, deformation monitoring achieves a
highly limited accuracy when the conventional D-InSAR
technology is adopted for long-term micro-deformation
monitoring. Thus, the conventional D-InSAR technology can
only achieve the deformation monitoring capability of the
centimeter scale (Yun et al., 2020). To monitor the slow
deformation landslide for a long time and increase the accuracy
of deformation monitoring to the millimeter scale, SBAS-InSAR
technology has been developed using multiple SAR images in the
identical area to acquire interference image pairs with short space-
time baselines and then generate interference maps (Emil et al,
2021; Dong et al., 2022). SBAS-InSAR technology was proposed by
Berardino et al. (Berardino et al.,, 2002) and has been investigated
for over two decades. The main application of SBAS-InSAR
technology is long-term monitoring of slow surface
deformation, but if this technology is applied in alpine and
canyon areas, geometric distortion will be caused by terrain
(Dai et al, 2020). Therefore, it is often necessary to employ
different SAR data or combine other techniques to reduce the
impact of geometric distortion on the results. SBAS-InSAR
technology has been employed in several studies to monitor
landslides in the Baihetan reservoir area. Before the reservoir
was impounded, Dai, K.R. et al. (Dai et al., 2022) combined the
multitemporal InSAR technology and UAV aerial survey to
identify hidden trouble points in the reservoir area. Dun, J.W.
etal. (Dun et al., 2023) identified active landslides on both banks of
the river from Hulukou to Xiangbi Ling section in the Baihetan
reservoir area before water storage using the SBAS-InSAR
technology and SAR data. Based on the SBAS-InSAR
technology, Yang, Z.R. et al. (Yang et al,, 2022b) analyzed the
effect of water storage factors on the deformation trend of potential
landslide in the Baihetan reservoir area using the field survey of
unmanned aerial vehicles and the Sentinel-1 SAR data set of
ascending and descending tracks.

As the second largest hydropower station in China (Dai et al.,
2023), the Baihetan Hydropower Station is located at the junction of
Ningnan County in Sichuan Province and Qiaojia County in
Yunnan Province. It is situated in the Hengduan Mountain area
on the eastern edge of the Qinghai-Tibet Plateau. Since the Baihetan
Hydropower Station exhibits a complex geological structure and
strong tectonic movement, the rock mass in this area is fractured, the
soil is loose (Yang et al., 2023d; Zhao et al., 2023), and the geological
disasters occur frequently in this area (Li et al, 2020). The
hydropower station will store water in April 2021, and the water
level ranges from 765 to 825 m. The stability of the bank slope is
destroyed under the effect of large periodic fluctuations of reservoir
water and rainfall, such that the safety of the reservoir can be
seriously affected (Yang, 2021). Accordingly, based on the SBAS-
InSAR technology, the deformation monitoring was performed in
the landslide source area of the Baihetan reservoir using Sentinel-1A
SAR data of ascending and descending tracks from April 2021 to
January 2023. The temporal information of vegetation coverage
analyzed by Landsat8-9 remote sensing data and rainfall in the
corresponding period was concluded to analyze the deformation of
the research area, and technical support can be provided for the
relevant departments for disaster prevention and mitigation work.

frontiersin.org


https://www.frontiersin.org/journals/earth-science
https://www.frontiersin.org
https://doi.org/10.3389/feart.2023.1253272

Liu et al.
102°40'0"E  102°50'0"E  103°0'0"E  103°10'0"E
1 1 1 1
z (N |z
e e
4 A E
Iy 'Y
I - &
« o
_Z ‘Yunnan Province _Z
> =
21 B
[ =
«a «a
z z
3 >
> -2
g g
o &
o o
z z
:Q Sichuan Province :c
=3 _—
s s
& >
N o
2| e z
2 egen 3
g e ESludv area L g
o Provincial Boundary o
b3 [ District (County) Boundary 3
Elevation (i)
4028
Z
W 5o 024 8 2 do %
N S S——— >
T T T . T S
102°40'0"E  102°50'0"E  103°0'0"E  103°10'0"E °£
FIGURE 1

Location of the study area.

2 Overview of the study area

In this study, the Baihetan hydropower station reservoir area is
selected as the research area. The entire study area exhibits a length
of nearly 89.84 km, a width of about 38.30km, and a total area of
approximately 3440.87 km® (Figure 1). The area is located in the
southeast margin of the Qinghai-Tibet Plateau, belonging to the
mountain canyon landform. The terrain of the area is high in the
northwest and low in the southeast, with the developing geological
fault and strong tectonic movement. Due to the effect of climate and
topography, this area pertains to a typical dry and hot valley.
Furthermore, rainfall is largely concentrated in June-October,
which is small in the valley and heavy on both sides of the river,
thus triggering considerable hidden hazards (e.g., landslides and
other geological hazards in this area) (Zhou, 2018; Dun, 2021).

3 Technical principles

3.1 SBAS-InSAR technology

The basic principle of the SBAS-InSAR technique refers to the
generation of high coherence differential interferogram by the image
of short space-time baselines. Following the relation between the
phase and observation time of highly coherent pixels, the
deformation rate of the ground surface and its time series in the
study area were determined through singular value decomposition
(SVD) (Guo et al.,, 2019; Feng et al., 2020). The above-mentioned
method is capable of reducing the incoherence phenomenon arising
from long spatial and temporal baselines to a certain extent and
increasing the time sampling rate of deformation monitoring (Bai,
2020). The basic process is expressed as follows:
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It was assumed that N +1 SAR images in the study area were
acquired in chronological order (to, -+, t,), one image was selected as
the main image, and the other SAR images were registered to this image.
The interference pair were combined by an appropriate space-time
baseline threshold to generate a M amplitude differential interferogram,
where M satisfies the following conditions:

N+1
<

MSN(Z\;+1)

(1)

For the jth differential interferogram generated from the SAR
image generated from the time of the image t5 and the main image tg
(ta <tp), the interference phase of the pixels having the azimuth
coordinate x and the distance coordinate r can be written as:

6(‘)j (%,1) = @5 (X1) — @, (%,1)
= 4% [d(tg,x, 1) — d(ta, X, 1)] + A(pjmpo (x%,1) ()

+A(pjatm (tg, ta, X, T) + A(p;“’ise (x1)

Wherej € (1, -, M); A denotes radar wavelength; d (tg, %, r) and
d(ta,x,r) represent the cumulated variables of the radar line-of-
sight direction relative to d(tp,x,r) =0 at times tg and ta;
A(P-toPO (

j
1 . 1t
interferogram; Agi™™

x, 1) expresses the residual terrain phase in the differential
(tg,ta,Xx, 1) represents atmospheric delay
phase; A(p;“’ise (x,1) denotes decoherence noise.

When the residual terrain phase, atmospheric delay phase, and
noise phase were ignored, Eq. 2 was simplified as:

56, (1) = 9y (50~ 0, (o) = 5 [d(tg )~ d(txr) ()

To obtain a settlement sequence of physical significance, the
phase in Eq. 3 is expressed as the product of the average phase
velocity and time between the two acquisition times:

Q=P

yy= (4)

ti—tia

The phase value of the jth interferogram is written as:

tpj (tk =t vk = 5‘/’1‘ (5)

k=t 4,1
where the integral of the velocity of the respective period on the time
interval of the primary and the slave images, which is written in a
matrix form:

Bv = 8¢ 6)

Equation 6 is a matrix. When the matrix B is a full rank or rank
deficit, the minimum norm solution of velocity vector can be
determined using the SVD method, and the corresponding
cumulative topographic variables can be obtained following the
integral of velocity in the respective period (Mehrabi, 2020; Xu
et al., 2021; Gong et al.,, 2022).

3.2 Calculation of vegetation coverage

In general, vegetation coverage is obtained by remote sensing or
field investigation. Despite the accuracy of the field survey, it is time-
consuming and laborious, and it does not apply to obtaining
vegetation coverage on a large scale. In contrast, remote sensing
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TABLE 1 Sentinel-1A data parameters.

Orbital direction Polarization mode

Imaging mode

10.3389/feart.2023.1253272

Wavelength/cm  Revisiting Period/d Time span

ascending w \A%

5.6 12 2021.04.09-2023.01.29

descending w Vv

TABLE 2 Landsat8-9 data parameters.

Data source Launch time

Path and row number

5.6 12 2021.04.11-2023.01.07

Landsat 8 2013.02.11

Landsat 9 2021.09.27

129/40 129/41

129/40 129/41

Revisiting Period/d Time span
16 2021.04.10-2023.01.26
16 2021.11.18-2023.01.18

FIGURE 2
Interferogram of study area. (A), (B), and (C) are interferograms generated using the ascending track data, and their time spans are 2021.04.21-
2021.04.09, 2022.02.15-2022.02.03, and 2022.12.24-2022.11.18, respectively. (D), (E), and (F) are interferograms generated using the descending track
data, and their time spans are 2021.04.11-2021.04.23, 2022.02.15-2022.02.03, and 2022.12.24-2022.11.18, respectively.

data exhibit high resolution and wide range, applying to the collection
of a wide range of vegetation cover information. Besides, it can be
employed for large-scale environmental monitoring and assessment.
The estimation of vegetation coverage by remote sensing was
primarily based on the normalized vegetation index (NDVI) using
the pixel binary model. The vegetation index was obtained by
processing multi-spectral image data obtained by the remote
sensing sensor. Its basic principle is to indicate the growth and
coverage of vegetation by the changes in plant chlorophyll
absorption and reflectance spectrum. To be specific, NDVI has
been confirmed as the most common and classic vegetation index
in the remote sensing estimation method of vegetation coverage,
which is largely calculated by the ratio of the infrared reflection band
to the visible band, as expressed by Equation 12. The basic principles
of the pixel binary model are illustrated as follows:

Assuming that all the information of the remote sensing sensor
can fall into two parts, i.e., the vegetation information S, and the
vegetation cover information S,. All information S can be
expressed as:

Frontiers in Earth Science

§S=S,+8, (7)

It was assumed that the information of vegetation in the pixel
(i.e., vegetation coverage) is expressed as FVC, such that the
information of no vegetation coverage can be expressed as
1-FVC. If S, represents the maximum vegetation cover area
in the pixel, the information S, presented by the hybrid pixel
vegetation section may be expressed as:

Sy = FVC- S,y ®)

Likewise, if S represents the maximum non-vegetated area in
the pixel, the remote sensing information Ss determined from the
non-vegetated part of the hybrid pixel is expressed as:

S = (1 - FVC) * Ssoil (9)

Vegetation coverage can be obtained according to the above
equation:

FVC = (S - Sveg)/ (S + Ssoil) (10)
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FIGURE 3

Legend
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Results of LOS direction deformation rate in study area. (A) INSAR deformation rate map with ascending Sentinel-1A images from April 2021 to
January 2023. (B) InSAR deformation rate map with descending Sentinel-1A images from April 2021 to January 2023.

Substitute NDVT to:

FVC = (NDVI - NDVI,,eg)/(NDVI + NDV ;) (11)
NDVTI Value Calculation:
NDVI = (NIR - R)/ (NIR + R) (12)

where NIR denotes the reflectance in the near-infrared band; R
represents the reflectance in the infrared band (Chen and Lin, 2019;
Feng et al., 2023).

4 Experimental data and processing
4.1 Data sources

To conduct a more precise analysis of the deformation trends in
the study area after impoundment, we gathered Single Look
Complex (SLC) images from the European Space Agency (ESA)
spanning from April 2021 to January 2023. The data set includes
55 ascending track and 46 descending track data, as indicated in
Table 1. The entire data set covers the time period from the onset of
water storage at Baihetan Hydropower Station (April 2021) to the
beginning of the study (January 2023). It provides us with the most
comprehensive deformation data to enhance the accuracy of InSAR
results. To further improve the orbit accuracy of the satellite and
remove the effect of the topographic phase, the corresponding
Copernicus Sentinel Precise Orbit Ephemerides Data (POD)
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issued by ESA and the Digital Elevation Model (DEM) with the
spatial resolution of ALOS World 3D-30m issued by Japan
Aerospace Exploration Agency (JAXA) were introduced.

Optical image data are obtained from the United States
Geological Survey (USGS) free download of 54 views of Landsat
8 and 34 views of Landsat 9. To be specific, Landsat 8 and Landsat
9 achieved an 8-day offset. The data parameters are shown in
Table 2.

4.2 Data processing under SBAS-InSAR
technology

The image data was processed by SBAS-InSAR technology, the
data was imported and cut, the maximum percentage of critical
baseline was 5%, and the maximum time baseline was 36 days, and
the interference image pairs of ascending track 156 pairs and
descending track 122 pairs co-existed. To suppress the speckle
noise, the interference workflow was processed by the Minimum
Cost Flow deconvolution method and the Goldstein filtering
method. After adjusting and eliminating the unideal image pair,
the interference graph of the research area was generated, and some
ideal interference graph is shown in Figure 2.

The orbit was refined and re-flattened, and the deformation
rate and residual topography were estimated through the first
inversion. Based on the second inversion, the atmospheric phase
was estimated and removed to obtain the final displacement
result in a purer time series. Finally, after the sequence
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Legend Legend
D Study area D Study area
B Low vegetation coverage B Low vegetation coverage
- Medium vegetation coverage - Medium vegetation coverage
[ Medium and high vegetation coverage ] Medium and high vegetation coverage
[0 High vegetation coverage o ——— Vs B High vegetation coverage - — i Vil
FIGURE 4

Vegetation coverage map of study area. (A) is the vegetation coverage in 2021.12.14, and the data is from Landsat 9. (B) is the vegetation coverage in
2023.01.10, and the data is from Landsat 8.

FIGURE 5
Location of typical source areas and results of field investigation. (A) is the field investigation of Sunjialiang Tunnel slope. (B) is the field investigation

of Jiefangcun Tunnelslope. (C) is the field investigation of Yingdiliangzi Tunnel slope. (D) is the field investigation of Qiluogou Tunnel slope. In (E), PAis the
location of Sunjialiang tunnel slope; PB is the location of Jiefangcun tunnel slope; PC is the location of Yingdiliangzi tunnel slope; PD is the location of

Qiluogou tunnel slope.

information was geocoded, the result of the deformation of the Compared with Figures 3A,B, the deformation information
ascending and descending tracks in the LOS direction from  detected by the ascending track data was more abundant and
9 April 2021 to 29 January 2023 in the study area was largely concentrated on the east bank of Jinsha River. Its whole
obtained (Figure 3). deformation rate ranged from —176.987 mm/year to 157.173 mm/

Frontiers in Earth Science 06 frontiersin.org


https://www.frontiersin.org/journals/earth-science
https://www.frontiersin.org
https://doi.org/10.3389/feart.2023.1253272

Liu et al.

TABLE 3 Basic information of study objects.

10.3389/feart.2023.1253272

Number Study object Overview of surface Substrate vegetation
PA Sunjialiang Tunnel Slope soil sparse grass
PB Jiefangcun Tunnel Slope soil wood
PC Yingdiliangzi Tunnel Slope soil shrub
PD Qiluogou Tunnel Slope gravel soil grass

TABLE 4 Selection results.

Number Study object Slope orientation Satellite local incidence Angle/’ Select results
PA Sunjialiang Tunnel Slope west 38.466 descending
PB Jiefangcun Tunnel Slope east 38.397 descending
PC Yingdiliangzi Tunnel Slope southeast 43.408 ascending
PD Qiluogou Tunnel Slope northeast 38.377 descending

year. However, the deformation information detected by the
descending track data was less, and the whole deformation rate
ranged from -141.468 mm/year to 116.424 mm/year. Since the
satellite flies from south to north while collecting the ascending
track data, and the opposite is true when collecting the descending
track data, the radar line of sight of both was located on the right
side, and the research area was located in the high mountain gorge.
The high mountain position on both sides of the satellite resulted in
serious geometric distortion phenomena (e.g., shadow, overlay and
perspective contraction) in the deformation monitoring process of
the ground surface using InSAR technology. Therefore, it is
necessary to combine the ascending and descending data for
analysis in a complementary manner.

4.3 Data processing of vegetation coverage

The data downloaded in this study were corrected by the
atmosphere and then calibrated through radiation. The image
can be directly mosaic and cut, and NDVI and FVC were
calculated. Because the study area is often obscured by clouds,
some data that are too heavily obscured by clouds to be useable
have been eliminated. The vegetation coverage of the study area is
shown in Figure 4. Following the actual situation in the study area,
the vegetation coverage in the area fell into four grades, i.e., low
vegetation coverage (45%), medium vegetation coverage (45%-
60%), medium and high vegetation coverage (60%-75%), as well
as high vegetation coverage (75%) (Huang et al., 2023).

5 Results and analysis
5.1 Study object selection
The tunnel slopes located in four typical source areas were

selected as the research objects, ie., Sunjialiang Tunnel Slope,
Jiefangcun Tunnel Slope, Yingdiliangzi Tunnel Slope, and

Frontiers in Earth Science

Qiluogou Tunnel Slope (Figure 5) through field investigation
following the actual situation of the reservoir area of Baihetan
Hydropower Station.

Except Qiluogou Tunnel slope is composed of gravel soil
landslide, other research objects are soil landslide, and their
vegetation conditions are also different. Table 3 lists the basic
information of the research objects:

When the satellite was collecting data, if the satellite’s local
incident angle was smaller than the residual angle of the slope angle,
the resolution was further improved, and deformation monitoring
was optimal in this area (Zhu et al., 2022). To reduce the geometrical
distortion in the scanning and imaging process of the Sentinel
satellite and acquire more accurate deformation information of
the radar line of sight, different data were selected to analyze the
deformation characteristics of the slope according to the different
slope orientations of each side, the relationship between the slope
and the local incidence angle of the sentinel satellite, and the
difference in the flight direction of the satellites collecting the
ascending and descending tracks data. The selection results are
shown in Table 4.

5.2 Sunjialiang Tunnel

Sunjialiang Tunnel is 2096 m long, and the deformation rate of the
side slope is presented in Figure 6A, and the whole deformation rate
ranged from —96.755 mm/year to 30.471 mm/year. The optical remote
sensing image was observed, and three characteristic points (i.e., PAI,
PA2, and PA3) in the range of heart-shaped landslides were selected. To
be specific, PA1 was located in the upper part of the slope, ie., the area
with the maximum deformation rate of the landslide. Its average
deformation rate was —82.622 mm/year. PA2 was positioned in the
middle of the slope, and the average deformation rate reached
4.886 mm/year. PA3 was located in the lower part of the slope with
an average deformation rate of 16.583 mm/year. When rainfall varied
significantly, the vegetation coverage on the landslide fluctuated less,
usually between 0.15 and 0.25 (Figure 6C).
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FIGURE 6

Deformation result and vegetation coverage of Sunjialiang tunnel
slope. (A) is the annual average deformation of Sunjialiang tunnel slope
using the descending track data. (B) is the time series deformation of
selected feature points on Sunjialiang tunnel slope and rainfall

from April 2021 to January 2023. (C) is the variation of vegetation
coverage and rainfall in Sunjialiang tunnel slope from April 2021 to
January 2023.

Under the effect of the water impoundment, the three
characteristic points all declined significantly in the direction of
LOS in April 2021, and then stabilized. Subsequently, under the
effect of a rainstorm in July of the same year, PAI displayed a
downward trend in the direction of LOS, while PA2 and PA3 tended
to be increased. From February to August 2022, the upper part of the
landslide slipped and deposited into the soil mass in the middle and
lower part of the landslide, which continued to slip under the action
of rainfall and its gravity, and points PA2 and PA3 showed a
downward trend in this period. However, because the upper part
of the slope was in an unstable sliding state, considerable soil
accumulated in the middle and lower part of the slope.
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Deformation result and vegetation coverage of Jiefangcun

tunnel slope. (A) is the annual average deformation of Jiefangcun
tunnel slope using the descending track data. (B) is the time series
deformation of selected feature points on Jiefangcun tunnel

slope and rainfall from April 2021 to January 2023. (C) is the variation
of vegetation coverage and rainfall in Jiefangcun tunnel slope from
April 2021 to January 2023.

5.3 Jiefangcun Tunnel

Jiefangcun Tunnel is 766 m long, the deformation rate of the side
slope is presented in Figure 7A, and the whole deformation rate
ranges from —1.508 mm/year to 59.830 mm/year. The area was
divided into four parts along the topographic direction, and
feature point PB1 was selected from the upper part, feature point
PB2 was selected from the middle south, feature point PB3 was
selected from the middle north and feature point PB4 was selected
from the lower part. As depicted in Figure 7B, the trends of PBI,
PB2, and PB3 were consistent, and PB4 point shape variable was the
most obvious among the four characteristic points, up to
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FIGURE 8

Deformation result and vegetation coverage of Yingdiliangzi

tunnel slope. (A) is the annual average deformation of Yingdiliangzi
tunnel slope using the descending track data. (B) is the time series
deformation of selected feature points on Yingdiliangzi tunnel
slope and rainfall from April 2021 to January 2023. (C) is the variation
of vegetation coverage and rainfall in Yingdiliangzi tunnel slope from
April 2021 to January 2023.

81.142 mm. As depicted in Figure 7C, the change of vegetation cover
in this area was positively correlated with rainfall.

Field investigation suggested that the slope of the upper part of
the slope was slow, covered with dense woodland, and the vegetation
coverage was relatively high, such that it can effectively intercept
rainwater and reduce the impact of rainfall on the slope, thus
effectively inhibiting the deformation of the slope. In addition,
the root system of the woodland was well developed, which can
effectively fix soil and further enhance the stability of slope. In
contrast, although the woodland has a certain deformation-
inhibiting effect, the slope of the lower slope was steep, and the
vegetation coverage was high, which resulted in the lower dead
weight, and the slope deformation turned out to be more obvious.

Frontiers in Earth Science

" Legend
velocity
(mm/year)
® 2.543 — 30.314
30.314 — 40.548
® 40.548 — 66.273

B s 800
£ 700
E 60
<
E lSl](JA
E 40
s 500 £

g
5 -
< 20 400 —
= =]
T 300 =
s g
E 200
-20
=} 100
&)
-40 0
- - -
SESIREISINOISLSILANSLESS
EESESSSSSTTToEESSESESEESESEREDED
T o v vl v v v i T H M AN NN NA
dagdaaaaaadaaaaaaacdaacdaacdaacaaaaq
BB -E-EEEE EEEEEEEEEE]
NAaAaAdaAaAaAaAaN N A A AN
Rainfall —=—PD1 —+—PD2 ~+—PD3
C oo 800
0.8 700
@
& 0.7 600
g 0.6 =
e 500 §
< 05 -
= 400 —
=l).4 =
s 300 =
s 03 3
o0 ~
g
2 02 200
0.1 100
0 0
-
SESIRSIZSS2ISLETSARESNES
IEeEEE 2SS SB8ILEESBaSES
SeEgEeIT T He LS e o
T o v v v v v v T NN NN ANNANANANNANNA
doacadaaaaaaadacaaaaaaadaadaaaaaa
SococcocococsSococcoocoocooooS S
LIS BRI S BES I S BE ES E I  IE E I S B B IS B I B B B B B B ]
Rainfall Vegetation Coverage

Deformation result and vegetation coverage of Qiluogou tunnel
slope. (A) is the annual average deformation of Qiluogou tunnel slope
using the descending track data. (B) is the time series deformation of
selected feature points on Qiluogou tunnel slope and rainfall

from April 2021 to January 2023. (C) is the variation of vegetation
coverage and rainfall in Qiluogou tunnel slope from April 2021 to
January 2023.

5.4 Yingdiliangzi Tunnel

1144 m and the
deformation rate of the side slope is shown in Figure 8A, and

Yingdiliangzi tunnel is in length,
the whole deformation rate ranges from —41.211 mm/year to
29.227 mm/year. The deformation information of the northeast
side slope in this area is too little, and most of the deformation
information is mainly concentrated on the south side slope. The
southward slope in this area was further subdivided into
southwest slope and southeast slope, the characteristic point
PC1 was selected from the upper part of the southwest slope, and
the characteristic point PC2 was selected from the lower part.
The characteristic point PC3 was selected from the upper part of
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FIGURE 10

Time series deformation of lower slope under different vegetation coverage from April 2021 to January 2023. PB4 is located in the lower part of the
Jiefangcun tunnel slope, which is covered by woodland. PC4 is located in the lower part of the Yingdiliangzi tunnel slope, which is covered by shrubs.
PD4 is located in the lower part of the Qiluogou tunnel slope, which is covered by grassland.

the southeast slope, and the characteristic point PC4 was
selected from the lower part. To be specific, the average
deformation rates of the characteristic points PC1, PC2, PC3,
PC4 -12.399 mm/
year, —18.371 mm/year, and -0.632 mm/year, respectively.

and reached —-27.881 mm/year,
There is a positive correlation between vegetation coverage
and rainfall in this region (Figure 8C).

As indicated by the time series deformation of characteristic
points, the variation trend of the above-mentioned four points was
nearly identical, and the variation of shape variable showed a
correlation with the variation of rainfall. During the rainy season,
because of the increase in rainfall, the soil was loosened and flowing
due to water infiltration, thus the deformation of the slope displayed
a downward trend. On the contrary, during the dry season, the
moisture was absent, and the deformation of the slope displayed an
upward trend. Moreover, the upper deformation variable of the two-
way slope was larger, and the whole slope was in a sliding state.
Furthermore, as indicated by the result of the field investigation,
PC2 point was in the area of the landslide trace, and the soil body
near PCI point and its upper part was accumulated at the upper edge
of the landslide trace.

5.5 Qiluogou Tunnel

The total length of Qiluogou tunnel is 1582m, and the
deformation rate of the side slope is shown in Figure 9A, and
the whole deformation rate ranges from 2.543 mm/year to
66.273 mm/year. The area is divided into southeast side slope,
east side slope and north side slope according to the slope
direction. Since the slope of the east side slope is steep, the
deformation information on the east side slope was less, while
the north side slope is far from the Jinsha River. Therefore, the
characteristic point PD1 was selected on the ridge of this area,
the characteristic point is PD2 in the middle of the southeast
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slope and PD3 in the lower part of the southeast slope. The
average deformation rates of PD1 and PD2 approximately
reached 32.859 mm/year and 34.634 mm/year, respectively.
Figure 9C shows that there was a positive correlation between
vegetation coverage and rainfall.

As indicated by the time series deformation of characteristic
points, the deformation trend of PD1, PD2 and PD3 points was
consistent, and the whole trend of uplift arose after settling due
to water storage. However, the deformation of the respective
point is different. The closer it is to the lower characteristic
point, the more susceptible the deformation will be to the rainy
season. When rainfall was increased, the lower part displayed a
downward trend compared with the middle and upper parts.
When rainfall declined, the lower part showed a rising trend
compared with the middle and upper parts. In addition, the area
was covered by grassland. Although the vegetation coverage was
high, slope deformation cannot be effectively restrained due to
steep slope and underdeveloped root system, such that the slope
deformation turned out to be more significant.

6 Discussion

SBAS-InSAR technology has been proved to be a valuable
method for monitoring landslide deformation (Yang et al,
2022a; Dai et al., 2022; Dun et al., 2023; Guo et al., 2023),
which can effectively monitor surface deformation and reveal
the spatial distribution of landslide source area. The comparison
with several papers (Yang et al., 2022b; Guo et al., 2023) shows
that the deformation trend in the reservoir area of Baihetan
Hydropower Station is consistent in the same time period and
within the same research scope, which effectively supplements
the deformation monitoring in the reservoir area of Baihetan
Hydropower Station. In addition, the influence of rainfall and
vegetation on slope stability is discussed by combining the
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rainfall and vegetation coverage and the deformation trend of
four typical landslide source areas.

Rainfall is one of the important factors affecting the stability of
bank slope. When the rainy season comes, considerable rain will
penetrate the soil, increasing the saturation degree of the soil, such
that the internal pressure of the soil is increased. If the saturation
degree of the soil exceeds a certain degree, it will cause the
liquefaction or flow of the soil, which will lead to the destruction
of the bank slope. In addition, rainfall may also cause surface erosion
and erosion of the bank slope of the reservoir, and aggravate the
stability of the slope.

The effect of different vegetation on restraining slope
deformation is different. To explore this difference, we selected
the time series deformation data of B4 points at the lower part of the
Jiefangcun tunnel slope, C4 points at the lower part of the
Yingdiliangzi tunnel slope, and D4 points at the lower part of the
Qiluogou tunnel slope for comparative analysis (Figure 10). It can be
seen from Figure 10 that C4 has the smallest deformation and B4 has
the largest deformation. This indicates that shrub vegetation has the
best effect on restraining slope deformation, followed by grassland,
while woodland has the worst effect and may even promote slope
deformation. The root system of the shrub is more developed than
that of grassland, which can effectively restrain the deformation of
slope. Although the root system of forest land is developed, its own
weight is larger, which increases the own weight of slope, but
promotes the occurrence of slope deformation.

7 Conclusion

In this study, the deformation results of the study area from
9 April 2021 to 29 January 2023 were obtained using SBAS-InSAR
technology and Sentinel-1 SAR data of the ascending and
descending tracks. The vegetation coverage in the study area was
extracted using Landsat8-9 remote sensing data. The deformation
characteristics of four typical source areas were analyzed by
combining rainfall data. The following conclusions were obtained.

(1) The deformation rate of four typical source areas in the LOS
direction ranged from -96.755 mm/year to 66.273 mm/year.
Since the reservoir began to fill in April 2021, the slope of the
respective source area had a large deformation in a short period,
especially the lower part of the slope turned out to be more
significant, and the deformation rate exceeded 334.583 mm/
year.

—
S
~

Except for the slope of the Sunjialiang tunnel, the change trend
of vegetation coverage in the other three typical source areas was
similar, and all showed a positive correlation with rainfall. The
lower slope of these three typical source areas was steep. As
indicated by the result of the comparative analysis, the
restraining effect of different types of vegetation on slope
deformation was different. Compared with grassland, the
root system of shrubs was developed, such that the inhibition
effect on the slope deformation was optimal. Although the
woodland has a developed root system and good rainfall
interception effect, it exerts the worst inhibition effect on
slope deformation for its relatively large dead weight.
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