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After the first impoundment of the reservoir, many landslides seriously threatened
the safety of the reservoir. Accurate determination of the relationship between the
landslide deformation characteristics and water-level fluctuations is crucial.
However, with the increasing number of water-level fluctuation cycles, the
deformation characteristics of the landslides were also changing, and long-term
continuous monitoring to capture the failure process of reservoir landslides is
necessary. A large reacted landslide in the Xiluodu reservoir was set as an example,
using INSAR technology to seek its variations of deformation characteristics over
nine years. The local deformation rate and annual maximum deformation area
variation were analyzed by INnSAR technology based on Sentinel-1 descending SAR
data from October 2014 to June 2022. According to the regional deformation
characteristics, the landslide was divided into three zones: Zone | above the
elevation of 950 m; Zone Il below it; the front edge of Zone Il, where the
collapse happened, was further divided into Zone Ill. In general, the
accumulated deformation in Zone | was the largest, followed by Zone lll, and
Zone Il was the smallest. The average deformation rate of Zone Il was the smallest.
Zone | of NLJL was mainly affected by the drawdown of reservoir water level, and
the impacts of water-level rising and drawdown on Zone Il and Zone Ill were
similar. After analyzing a nine-year variation of the deformation area, the
deformation mechanism of NLIL changed from a retrogressive type to a
progressive one after the first impoundment and then changed back to a
retrogressive one after 2017. The impact of reservoir impoundment on NLJL
was most substantial in the first three years after the first impoundment.
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landslide deformation, InSAR, the Xiluodu reservoir area, the long-time monitoring,
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1 Introduction

After the reservoir impoundment, the stability of the slope
deteriorated, and many landslides seriously threatened the safety
of the reservoir (Paronuzzi et al., 2013; Li et al., 2019; Wu et al,,
2022). The Vajont landslide, the most typical disastrous landslide
in the world, occurred in Italy in October 1963 and caused about
2,600 deaths (Miiller-Salzburg, 1987; Paronuzzi et al., 2013). It is
common sense that reservoir landslide deformations strongly
correlate with water level fluctuations (Schuster, 1979). Some
deformations increased mainly during the rising periods of water
level, some increased mainly during the drawdown periods of
water level, and some increased continuously (Jones et al., 1961;
Nakamura, 1990; Yang et al, 2021). In the Grand Coulee
reservoir, Washington, United States, from 1941 to 1953, 49%
occurred during water fillings, 30% during drawdowns of water
level, and the rest were more minor landslides that occurred at
other times (Jones et al, 1961). The study on the reservoir
landslides in Japan (Nakamura, 1990) also indicated that
about 60% of the landslides occurred due to the water-level
drawdown operations and 40% due to the water-level rising
operations. The research on the 674 landslides in the Three
Gorges Reservoir showed that 75.5% of landslides occurred
during the water-level rising periods, and others occurred
mainly during the drawdown periods (Yang et al., 2021).

It is essential to accurately determine the relationship
between landslides and water-level fluctuations for landslide
prevention in the reservoir area (Xiong et al., 2019). However,
with the continuous increase of the operating time of the
reservoir and the continuous increase of the water level
fluctuation cycles, the dynamic characteristics of landslides
gradually changed sometimes (Gu et al,, 2017; Li et al., 2019).
According to the dynamic characteristics, the International
Association of Engineering Geology (IAEG) defined the two
types of landslide as retrogressive and progressive (Mitchell
and Klugman, 1979; Wang et al., 2016; Gschwind et al., 2019).
For example, in the Baijiabao landslide in the Three Gorges
reservoir area, retrogressive was the primary deformation
mechanism in the early stage, and horizontal progressive was
the primary deformation mechanism in the late stage during the
12 years after impoundment (Huang & Chen, 2007; Yao et al,
2019). Similarly, the deformation mechanism of the Woshaxi
landslide in the Three Gorges reservoir area was mainly
retrogressive in the early stage and was mainly progressive in
the later stage, according to the GPS monitoring results from
2006 to 2009 (Lu et al., 2013; Wang et al., 2019). However, due to
discontinuous monitoring data, it is impossible to judge when the
landslide dynamic started to change accurately.

Therefore, to accurately capture the failure process of
reservoir landslides, long-term continuous monitoring of
landslide deformation is necessary (Di Maio et al., 2018; Doi
et al, 2019). The main methods of landslide deformation
monitoring methods are mainly divided into surface and deep
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deformation monitoring, but these methods have their
limitations (Wasowski and Bovenga, 2014; Sun et al., 2015).
Interferometric Synthetic Aperture Radar (InSAR) technology is
one of the surface monitoring methods and has been widely used
for landslide location detection and landslide deformation
monitoring, which can overcome the limitations of the situ
measurements (Strozzi et al., 2005; Colesanti and Wasowski,
2006; Li et al., 2019). However, the InSAR method also has its
limitations, e.g., its measurement range is controlled by the
wavelength, the monitoring accuracy is controlled by many
factors such as atmosphere and vegetation, and depends on
the experience of the person handling data (Zhao et al., 2012;
Wasowski and Bovenga, 2014; Sun et al., 2015). To minimize
decorrelation in SAR interferometry and obtain high-quality
interpretation results, many researchers proposed a series of
InSAR techniques, e. g., small baseline subset InSAR (SBAS-
InSAR), Stacking-InSAR and persistent scatterer InSAR (PS-
InSAR) (Hooper et al., 2004; Casu et al., 2006; Biggs et al.,
2007; Sousa et al., 2011; Novellino et al., 2017). In recent years,
with the continuous accumulation of SAR data from various
satellites, InSAR has been a more effective method to
continuously monitor a long-time surface deformation than
other situ measurements (Shi et al., 2019; Pawluszek-Filipiak
et al., 2021; Yi et al.,, 2022).

The Niulanjiang landslide is one of the large-scale old
landslides in the Xiluodu reservoir area, on the Jinsha River,
in China, and there is a village on the landslide. After the first
impoundment of the reservoir, the landslide was revived, which
seriously threatened the safety of the villagers and the reservoir
area. Therefore, we used InSAR technology to study the long-
term failure process of the Niulanjiang landslide from October
2014 to June 2022. This paper analyzed the relationship between
landslide deformation and the reservoir water-level fluctuations
and the changing of landslide dynamic characteristics eight years
after the first impoundment to provide a reference for the study
of the long-term activity mechanism of reservoir landslides.

2 Geological setting

2.1 Geological background of the Xiluodu
reservoir

The Xiluodu Reservoir is located at the border between Leibo
County of Sichuan Province and Yongshan County of Yunnan
Province (Figure 1A). After the completion of the Xiluodu dam,
the water level elevation in the Xiluodu Reservoir Area (XLDRA)
rose from the initial level of 440 m-600 m in May 2013. The
water level has fluctuated periodically between 540 and 600 m
since May 2014. The XLDRA, covering the area from its dam site
to the dam site of the Baihetan, is approximately 197.5 km long
along the mainstream of the Jinsha River (Figure 1B). The
elevation of the mountains generally ranges from 2000 to
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FIGURE 1

Geological Background of the XLDRA and the location of the
Niulanjiang landslide. (A) The location of the XLDRA; (B) The
location of the Niulanjiang landslide and elevation and faults
distribution in XLDRA.

3,500 m, with the highest elevation being 4,036 m (Figure 1B).
The major tectonic structures in the area are mainly NE-trending
faults and folds. In contrast, the minor structures are NW-
trending faults (Figure 1B).

2.2 Niulanjiang landslide

Niulanjiang landslide (NLJL) is located in the south
section of XLDRA, at the intersection of Jinsha River and
Niulanjiang River. The “armchair” landform of NLJL is
prominent (Figures 2A,B), and collapses had occurred in
the area with steep accumulation at the front edge of the
landslide (Figure 2C and Figure 3). The longitudinal length of
the landslide is about 1,670 m, the horizontal width is
150-810 m, and its plane area is approximately 936,000 m”.
The front edge elevation of the landslide is 530 m, and the rear
edge elevation is 1,300 m (Figure 4). The slope above the
860 m elevation is about 35°; the slope of the Shigenao village
platform is between 820 m and 860 m in the middle is less than
10% the slope of 820-660 m in the lower part is about 25°, and
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the slope of the riverside section below is 38". According to the
exploration (Figure 4), the landslide accumulation is thin in
the upper part and thick in the lower part. The thickness above
the elevation of 850m is 92.55m, and the lower part is
generally 140.25-240.64 m, of about
1.07x10°m’. A fault passes through the back of the
landslide near the elevation of 970-1,070m, with
occurrence N20 W/SW 2 80 (Figure 4). The footwall
stratum of the fault is a cataclinal slope, and the hanging

with a volume

wall of the fault is the anaclinal slope (Figures 2D,4).

After the first impoundment of the reservoir, NLJL showed
signs of overall revival. According to site investigation and
boreholes results provided by the Chengdu Engineering
Corporation Limited (CHIDI) (2021), the landslide structure
is very complex, with two sliding surfaces (solid line sliding
surface) developed in the landslide (Figures 3,4). Furthermore,
according to InSAR results, it is speculated that there could be
one more sliding surface (dotted sliding surface) on the upper
part of NLJL (Figures 3,4).

On 23 June 2013, the reservoir was impounded to the dead
water level of 540 m, and the lower part of the landslide was
immersed. In April and September 2014, field investigations
showed many cracks in the landslide (Figure 3). On 29 June
2018, at the 940 m elevation, the highway pavement appeared to
have a crack along the slope direction, which was about 25 m long
and 0.2-3 cm wide. Two days later (1 July 2018), the crack width
increased by about 1.0 cm. The above evidence indicated that
after the reservoir impoundment, the landslide had undergone
more significant deformation and damage (Figure 3).

3 Data and methods

According to the data for the research (Table 1), there was no
available monitoring data before October 2014. After October
2014, the Sentinel-1 satellite in the region had synthetic aperture
radar (SAR) data available. Fortunately, we also have collected
some GNSS data from Three Gorges Corporation, which can be
used for comprehensive analysis. Details of each type of data are
described below.

3.1 Synthetic aperture radar data

The Sentinel-1 is the European Space Agency (ESA)
satellite, and the SAR data resolution, wavelength, and
incident angle are 2.33m x 13.99m, 5.6cm, and 37.7,
respectively. As the imaging direction of the satellite is in
the line-of-sight direction, a better differential interference
result can be obtained in descending orbit than ascending at
the NLJL area. Therefore, Sentinel-1 SAR descending data (a
total of 229 SAR data) from October 2014 to June 2022 was
used in this research (Table 1; Figure 5).
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FIGURE 2
Site photos of the NLJL taken in April 2022. (A) Photo of the landslide and the locations of figures b, c, d; (B) Crown of the landslide; (C) Right foot
of the landslide; (D) Anti-dip rock slope.: The camera’s direction was marked in the lower right corner.
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FIGURE 3
Plan of NLJL and locations of GNSS monitoring points, boreholes, cracks, and line of geological cross section (after CHIDI, 2021).
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TABLE 1 Time axis of the SAR data, GNSS data, and deep deformation monitoring data.
Time (year) 2013 2014 2015 2016 2017 2018 2019 2020 2021 2022
Sentinel-1 SAR data — (@] o (¢] o e} o o o o
GNSS (TPO1, TP02, TP03, TP09) — (@] o (¢] o o o (e] — —
GNSS (TP10, TP11, TP12) — — — (¢] o o o (e] — —

Note: O represents the data in the time was available—represents no data in the time.

3.2 Other data

The water level, precipitation, and GNSS data (Figure 6) were
collected from HydroChina Chengdu Engineering Corporation
(CHIDI) (2021) for further analysis. The GNSS numbers are
based on the original data numbers from CHIDI (2021). Due to
the missing data from some GNSS base stations, the valid data
numbers collected are TP01, TP02, TP03, TP09, TP10, TP11, and
TP12 (Figures 3,6; Table 1).

3.3 Materials and methods

3.3.1 InSAR processing

InSAR exploits the phase differences of at least two
complex-valued SAR images acquired from different orbit
positions at different times. The information derived from
these interferometric data sets can be used to measure several
geophysical quantities (Bamler and Hartl, 1998). Differential
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InSAR (D-InSAR), phase resonance enhanced InSAR (PRE-
InSAR), and small baseline subset InSAR (SBAS-InSAR)
technologies (Fruneau et al., 1996; Novellino et al.,, 2017;
Yao et al., 2020) were used in turn in this research. All the
InSAR processing was performed on the GAMMA Software,
and the terrain data used for InSAR processing were 6 m
resolution SPOT-7 stereo pair digital surface model (DSM)
in 2019.

The SAR data after registration was clipped with NLJL as
the center and was performed with 9 x 1 in multi-looking
processing. In the D-InSAR processing, the adaptive filtering
algorithm was used to lower phase noise and improve
measurement accuracy and phase unwrapping. In GAMMA
2021.12), the
“atm_mod2” was used to evaluate linear regression of the

software  (Software version: program
unwrapped phase concerning the height and calculate a model
of the atmospheric phase. It should be noted that the PRE-
InSAR technology (Yao et al., 2020) is a post-processing

method. After D-InSAR processing, the multiple D-InSAR
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Water level, GNSS monitoring data (resultant displacements), and precipitations (after CHIDI, 2021).

results were performed by an average calculation to enhance
the interference phase and highlight the spatial characteristics
of high-frequency deformed landslides. This method is more
suitable for interpreting the boundary of the maximum
deformation area. In the SBAS-InSAR processing, the
selected time baseline was the period of six adjacent scenes.
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3.3.2 Local deformation rate

It was evident that most landslides’ deformation areas and
displacements varied with time. Therefore, the long-time failure
processes of NLJL were thus introduced by variation of
deformation area and local deformation rate with time in this
study.
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TABLE 2 Amount of the SAR data used in PRE-InSAR each year.

Year 2015 2016

Amount of the SAR data 13 14 26

The SBAS-InSAR technology was used to obtain the local
deformation rate of NLJL. The reference SAR data calculated by
SBAS-InSAR was 23 December 2018, and the total number and the
period of the SAR data used were 229 from October 2014 to June
2022, respectively.

Based on SBAS-InSAR results, a rate profile with the exact
location of the geological cross-section and ten permanent
scatter (PS) points were selected on the landslide for
deformation rate analysis. The principle for selecting PS
points was that they could cover areas with typical
deformation characteristics of the landslide. Combined with
the collected 7 GNSS data, the long-time series analysis of the
local deformation of NLJL was carried out. It should be
pointed out that since the InSAR measurement results are
in the satellite line of sight direction (LOS), the only valuable
data for the NLJL is the descending orbit data, which cannot
be decomposed into three-dimensional displacements.

3.3.3 Deformation area

To obtain the maximum deformation area of NLJL each
year, we divided the Sentinel-1 SAR data by year. Since the
SAR data in 2014 and 2022 were archived for less than one
year, only the SAR data from 2015 to 2021 were processed by
annual PRE-InSAR to analyze the characteristics of NLJL
deformation for each variation of maximum deformation
area in the year. The methods were as follows: 1) D-InSAR
processing was conducted by 207 descending orbiting
Sentinel-1 SAR data from January 2015 to December 2021;
2) The D-InSAR results in 2015, 2016, 2017, 2018, 2019, 2020,
and 2021 were selected, respectively for PRE-InSAR
processing (Table 2); 3) According to the PRE-InSAR
results of each year, the variations of maximum
deformation area of NLJL from 2015 to 2021 can be
analyzed. Due to the small amount of SAR data in
2015 and 2016, interferometric unwrapping may lose phase,
resulting in more minor results than actual deformation.

4 Results
4.1 Relative deformation rate

According to Section 2, the landslide cracks were found for
the first time in the field investigation in April 2014.

Combined with the oral statements of residents, the actual
deformation time of NLJL might be earlier. According to the
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2018 2019 2020 2021

29 29 40 56

SBAS-InSAR results of Sentinel-1, the mean velocity in the
LOS of 7183 PS points was -15.04 mm/year, and the standard
deviation was 25.84 mm/year. The nodes of -90.00, -60.00,
-30.00, 10.00, and 40.00 mm/year were set by the standard
deviation to divide the LOS velocities to show the landslide
deformation gradient (Figure 7).

According to SBAS-InSAR and PRE-InSAR results from
October 2014 to June 2022, combined with the accumulation
body area (Figure 3), the NLJL was divided into three zones:
Zone [ was above the elevation of 950 m; Zone II was below it;
the front edge of Zone II which collapse happened was further
divided into Zone III (Figure 7). In general, the accumulated
deformation in Zone I was the largest, followed by Zone III,
and Zone II was the smallest (Figures 7,8).

The cumulative deformation curves of 10 PS points were
further analyzed (Figure 9): 1) According to the data of the same
period of GNSS (Figure 6), the SBAS-InSAR results from 2014 to
2016 were smaller than the actual deformation; 2) The
deformation rates of PS07 and PS08 in Zone II were smallest
of those of all the selected PS points, which indicated that the
average deformation rate of Zone II was the smallest; 3)
According to the cumulative deformation curves of PS02,
PS03, PS04, PS05 and PS06 after 2017, the slopes of curves in
the water-level drawdown periods increased rapidly, and the
slopes in the water-level rising periods was relatively stable
(Figure 9). Therefore, it is speculated that Zone I of NLJL was
mainly affected by the drawdown of reservoir water level, and the
impacts of water-level rising and drawdown on Zone II and Zone
IIT were similar.

4.2 Annual deformation area

For the analysis of the deformation area (as described in
Section 3.3.2), due to the SAR data in 2014 and 2022 being
archived for less than one year, only results from 2015 to
2021 were under-analyzed. According to the PRE-InSAR
results from 2015 to 2021 (Figure 10): 1) The deformation
area in Zone I and Zone II was the largest in 2017, and the
deformation area in Zone lll was most significant in 2016
(Figures 10B,C); 2) The three zones had been continuously
deformed from 2015 to 2021; 3) The deformation area in
Zone I was more significant than the other two zones
in 2015, 2017, 2018, 2019, 2020, and 2021 (Figures
10A-G), and it was less than that in Zone Ill in 2016
(Figure 10B).
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SBAS-INSAR results of the NLJL, the locations of the selected 10 PS points from SBAS-InSAR, and the locations of GNSS.
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FIGURE 8
Deformation rate profile of A-A” according to SBAS-InSAR results.

5 Discussions

5.1 Long-term failure processes of
Niulanjiang landslide

According to the analysis of the deformed area and
deformation rate, after a nine-year evolution, the deformation
mechanism of NLJL changed from a retrogressive to a
progressive type after the first impoundment in 2017 and then
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gradually changed back to a retrogressive type after 2017. The
specific process is described as follows:

Firstly, according to the field survey before the impoundment, the
NLJL was mainly deformed in the upper area (Figures 11A,B). After
the reservoir impoundment, the maximum depth of the front edge of
the landslide submerged underwater was nearly 70 m. The strength of
the sliding face soil was reduced by the water below the reservoir water
level, further deteriorating the stability of the landslide, resulting in
collapses in the front edge of the landslide (Figure 11C).
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Cumulative displacement curves of 10 PS points monitored by SBAS-InSAR.
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Secondly, the collapses at the front edge of the landslide made
the landslide lose support, and then the overall pull-push type
sliding occurred. The acceleration process probably lasted until
2017 (Figures 10A-D).

Thirdly, by reducing the traction of the front edge of the
landslide (Figures 10D-G), the deformation acceleration in
Zone III and Zone II decreased and tended to be stable
(Figure 11E).

Finally, Zone I began to push Zone II to slide, and the
landslide body in Zone I was blocked by Zone II (Figure 11F).
The analysis argues that the reason may be the influences of
bedrock types and the slope gradient of sliding surfaces. The
bedrock type of Zone I was cataclinal, and the type of Zone II was
anaclinal (Figure 4). The sliding surface in Zone II was relatively
horizontal, and in Zone I was steep (Figure 4).

The drawdown of the water level had a much stronger
influence on the instabilities of the upper parts of NLJL. It has
long been recognized that seepage force can produce when the
rate of water-level drawdown is rapid enough or the permeability
of slope-forming materials is lower enough (Terzaghi et al,
1996). The deformation increase of NLJL during the water-
level drawdown periods in XLDRA should be attributed to the
seepage force (Nakamura, 1990). The impact of XLDRA
impoundment on NLJL was mainly in the first three years
after the first impoundment.

5.2 Complementation and verification of
GNSS and InSAR results

As the imaging direction of the satellite is in the LOS
direction, and the InSAR results in NLJL were only available
in descending orbit SAR data (Hu et al., 2014a), InSAR results
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and GNSS results cannot be compared with high accuracy.
However, we can still judge the reliability of InSAR results by
comparing the magnitude with GNSS. Figure 6 shows a step in
GNSS data from 2014 to 2015. However, in Figure 9, there is no
obvious step in the SBAS InSAR results from 2014 to 2015, and
the maximum difference of cumulative measurement was
200 mm. The reason may be that before 2017, the time
interval of SAR data was long, and the phase was lost in the
process of InNSAR unwrapping. This phenomenon often occurs in
InSAR monitoring large surface deformation (Hu et al., 2014b).
Therefore, the deformation measured by InSAR before 2017 is
relatively small. Theoretically, when the deformation of more
than half the wavelength along the radar line of sight occurs in a
resolution unit of the differential interferogram, D-InSAR cannot
detect the deformation (Massonnet and Feigl, 1998). The rate
analysis before 2017 should refer to GNSS. After 2017, the results
of GNSS and InSAR were consistent in order of magnitude, and
the reliability of InSAR results increased.

The high point density of InSAR results complements GNSS.
Although there are limitations in the magnitude of measurement,
InSAR technology has significant advantages in detecting
deformation areas. Therefore, in this paper, D-InSAR results
in a year were used for union processing to obtain the annual
deformation area. This method can reduce the impact of summer
vegetation to a certain extent.

6 Conclusion

Based on the InSAR technology using Sentinel-1 SAR data
from October 2014 to June 2022, the long-time failure processes
first
impoundment can be analyzed by its local deformation rates

of the Niulanjiang landslide after the reservoir’s
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and variations of annual maximum deformation area. The results
conclude that:

1) According to the deformation characteristics and the
accumulation body area, the landslide was divided into
three zones: Zone I was above the elevation of 950 m;
Zone II was below it; the front edge of Zone II, where the
collapse happened, was further divided into Zone IIL. In
general, the accumulated deformation in Zone I was the
largest, followed by Zone III, and Zone II was the
smallest.

2) The deformation rates of PS07 and PS08 in Zone II were the
smallest of all the selected PS points, indicating that the
deformation rate of Zone II was the smallest.

3) According to the cumulative deformation curves of PS01,
PS02, PS03, PS04, PS05, and PS06 after 2017, the slopes of
curves in the water-level drawdown periods increased rapidly,
and the slopes in the water-level rising periods were relatively
stable. Therefore, it is speculated that Zone I of NLJL was
mainly affected by the drawdown of reservoir water level, and
the impacts of water-level rising and drawdown on Zone II
and Zone III were similar.

4) After analyzing a nine-year variation of the deformation area,
the deformation mechanism of NLJL changed from a

type the first

impoundment and then changed back to a retrogressive

retrogressive to a progressive after
type after 2017. The impact of XLDRA impoundment on
NLJL was most substantial in the first three years after the first

impoundment.
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