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Abstract: The current deformation and stable state of slopes with historical shatter signs is a concern
for engineering construction. Suspected landslide scarps were discovered at the rear edge of the
slope of the Genie in the Sichuan-Tibet transportation corridor during a field investigation. In order
to qualitatively determine the current status of the surface deformation of this slope, this paper uses
high-resolution optical remote sensing, airborne LiDAR and InSAR technologies for comprehensive
analysis. The interpretation of high-resolution optical and airborne LiDAR data revealed that the
rear edge of the slope exhibits three levels of scarps. However, no deformation was detected with
the D-InSAR analysis of ALOS-1 radar images from 2007 to 2008 or with the Stacking-InSAR and
SBAS-InSAR processing of Sentinel-1A radar images from 2017 to 2020. A geological model of the
slope was established in combination with field investigation stipulating that the slope is composed
of steep anti-dip layered dolomite limestone and that the scarps at the rear edge of the slope were
caused by historical shallow toppling. Further research is recommended to determine the extent of
toppling deformation and evaluate the slope stability under the disturbance of tunnel excavation.

Keywords: optical remote sensing; LiDAR; Stacking-InSAR; SBAS-INSAR; slope deformation;
stability

1. Introduction

The Tibetan Plateau, as the third pole of the Earth, is a zone of rapid topographic change
characterized by plate collision and active tectonics[1]. The eastern part of the plateau, in particular,
is marked by complex topography, active plate tectonics and extremely high seismic intensity. The
complex and varied geological conditions indicate the development of geohazards[2-7]. Early studies
showed that most of the famous large-scale landslide disasters in the Tibetan Plateau occurred in the
area of deeply incised valleys[8-12]. The routes for the Sichuan-Tibet transportation corridor are
mostly located in the lower parts of the slopes along the river. Therefore, the stability of the slopes
poses a considerable challenge to the alignment and design of the Sichuan-Tibet transportation
corridor.

With the rapid development of various remote sensing technologies and the exponential
increase in the number of successful cases of each technology in the investigation of geohazards,
integrated remote sensing has become a popular method in the identification and monitoring of
geohazards, and different remote sensing technologies have their own advantages in different
aspects[13,14]. Common remote sensing techniques include high-precision optical remote sensing,
light detection and ranging (LiDAR) remote sensing and interferometric synthetic aperture radar
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(InSAR). High-resolution optical satellite remote sensing data have the advantages of originating
from multiple sources and being acquired over multiple temporal scales with low acquisition costs
and wide coverage; hence, optical data are widely used in railway route selection surveys and
geohazard investigations for existing lines[15,16]. In contrast, LIDAR data have a higher resolution
than optical data and provide more realistic surface information through the processing of point
cloud data, making it possible to achieve the more detailed identification and interpretation of
geohazard bodies[17-19]. Consequently, LiDAR technology offers irreplaceable advantages in
railway surveys[20-23]. As another alternative, INSAR technology plays an important role in the rapid
identification and monitoring of surface deformation along railway lines by virtue of its ability to
acquire measurements at all times of day and under all weather conditions, and it can achieve a
deformation monitoring accuracy up to the millimeter scale[24-30]. Although InSAR technology has
many limitations, it has developed from the initial differential INSAR (D-InSAR) technique to
subsequent time-series analysis technologies such as small baseline subset (SBAS) InSAR, persistent
scatterer (PS) InNSAR and Stacking-InSAR; this has been accomplished by continuously diminishing
the influences of factors such as spatiotemporal decoherence, atmospheric delays, and noise. And by
distinguishing and eliminating phases that are not related to the deformation phase, thereby
obtaining more reliable deformation estimates[31-37]. Just as InSAR technology has various
drawbacks, individual remote sensing techniques have their own shortcomings, whereas integrated
remote sensing can make up for these disadvantages and provide a more comprehensive assessment
of geological hazards. In previous disaster studies, integrated remote sensing techniques were mostly
used for slopes that were undergoing slowness deformation, while less research was conducted for
slopes with only morphological features but no deformation[38]. In contrast, this study was
conducted for the latter type of slopes.

In this paper, three remote sensing techniques, namely, optical remote sensing, airborne LiDAR,
and InSAR, were integrated to detect the deformation of the slope of the Genie tunnel, which located
in the Sichuan-Tibet transportation corridor. The high-resolution optical satellite images, airborne
LiDAR derived data (DEM and hillshade), and Advanced Land Observing Satellite (ALOS)-1 and
Sentinel-1A satellite data were collected. Then, the results of analyzing these three datasets were
combined to evaluate the stability of the Genie slope and explain its formation mechanism.

2. Study Area

The Genie Slope is located approximately 4 km south of Huolong village, Gaiyu town, Baiyu
County, Ganzi Prefecture, Sichuan Province. The slope is located on the left bank of the Jiangqu River
within a typical alpine canyon area, with the NW-SE-trending Jinsha River east boundary fault
passing through the foot of the slope (Figure 1 a, b). The elevation of the top of the slope is 4535 m,
and the elevation of the Jiangqu River, which flows through the foot of the front edge, is 3140 m. The
relative height difference reaches 1395 m, and the average slope is 67%. The overall horizontal length
of the slope is approximately 2 km, and the width is approximately 1.8 km (Figure 1 c). The structure
is an inverted, steeply inclined layered rock slope, the overlying soil layer on which is composed of
Quaternary residues and slope deposits. The Lower Devonian Ganxi Formation (D:g) strata are
exposed in the upper part of the slope, and the Upper Silurian Yongren Formation (Ssy) strata are
exposed in the middle and lower parts. The lithology of both groups of exposed strata is mainly
dolomite limestone.

To cross the slope of Genie Mountain, the Sichuan-Tibet transportation corridor was designed
to adopt a tunneling method. The proposed route is located in the middle and lower parts of the
slope. Therefore, whether the slope is presence or absence of deformation constitutes a vital
component in determining the feasibility of the design scheme.
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Figure 1. Geographical and geological conditions of the study area. a. location of the study area; b.
geological overview of the study area; c. remote sensing image of the Genie slope.

3. Data and Methodology
3.1. Datasets

3.1.1. Optical satellite imagery and airborne LiDAR data

For this research, true-color satellite optical image data with a resolution of 0.5 m taken by the
WorldView-2 satellite in March 2015 were collected. The satellite optical image data is of good
quality, with no cloud cover, and there are no large shadow areas in the image. The image perfectly
covers the study area and clearly shows the morphological and deformation characteristics of the
slope. The optical image was registered and geometrically rectified using high-precision DEM data.
Accordingly, the data meet the requirements for visual interpretation.

In addition, 3D laser point cloud data acquired by SKYEYE SE-J1200B airborne LiDAR were
collected. The point cloud density is about 50 points/m?, the level difference between point cloud air
strips is better than 10 cm. the TerraScan and TerraModeler modules of Terrasolid software were
used to automatically classify the raw point cloud data, and the point clouds were mainly classified
into ground, vegetation and noise point types. Then the ground point cloud data were manually
edited and corrected to obtain ground point cloud data, and a high accuracy real surface digital
elevation model (DEM) and hillshade model were generated in ArcGIS software based on the ground
point cloud data.
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3.1.2. SAR data

In this study, ascending L-band spaceborne SAR image data taken by the Phased Array type L-
band Synthetic Aperture Radar (PALSAR) sensor on board the ALOS-1 satellite launched by the
Japan Aerospace Development and Research Agency (JAXA) were used for D-INSAR analysis. The
time span of the collected ALOS-1 data is from January 2007 to December 2008. However, the satellite
has a revisit period of 46 days, only 9 scenes of ascending data were collected within this time span
due to the influence of the data source. Nevertheless, compared with other SAR image data, the
wavelength of 23.6 cm enables the ALOS-1 data to maintain a certain degree of coherence over a
longer time interval, so the nine collected data scenes meet the processing requirements of D-InNSAR
technology.

Furthermore, 108 scenes of ascending SAR image data acquired by the Sentinel-1A Earth-
observing satellite launched by the European Space Agency (ESA) were acquired over the period
from March 2017 to November 2020. The image interval between two adjacent scenes is 12 days, and
the image time series are continuous, which is suitable for time-series INSAR analysis. The parameters
of these two spaceborne SAR image datasets are summarized in Table 1, and their spatial extents are
shown in Figure 2.
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Figure 2. The coverage of the SAR images.

Table 1. Parameters of the SAR image data.

SAR sensors

Parameters ALOS PALSAR-1 Sentinel-1A
Polarization mode HH \'AY
Spatial resolution / m 10x10 5x20
Incidence angle/ ° 34.3 39.5
Orbit Ascending Ascending
Band (Radar wavelength /cm) L (23.6) C (5.6)
Period Jul. 2007 - Dec. 2008 Mar. 2017 - Nov. 2020
Number of images 9 108

3.2. Methodology

The slope morphological characteristics are analyzed using optical satellite image and airborne
LiDAR DEM and hillshade data, while the deformation of the slope is monitored using three different
InSAR techniques (D-InSAR, Stacking-InSAR and SBAS-InSAR). Based on the above studies, field
investigations were conducted to verify the results of remote sensing analysis. Subsequently, the
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conclusions were summarized to analyze the current status of slope deformation and to establish a
geological model to analyze the slope evolution process. The technical flowchart adopted in this
study is shown in Figure 3. The remote sensing analysis is divided into two main modules, namely,
visual interpretation of slopes and deformation detection, as shown below.
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Figure 3. The technical flowchart adopted in this study.

3.2.1. Optical remote sensing and airborne LiDAR interpretation

Manual visual interpretation was adopted for both the optical remote sensing interpretation and
the LiDAR 3D digital model interpretation. The morphological features of the Genie slope and all
signs of deformation should be discerned when using optical remote sensing interpretation. The main
identification targets include the slope boundary, local collapse in the area of strong deformation in
the middle of the slope, and the development of cracks and scarps at the back edge of the slope.

High resolution DEM and hillshade data were used to decipher slope features in areas with high
vegetation cover. The removal of vegetation resulted in more realistic hillshade data, detailing the
topography in the middle of the slope and stacking features along the leading edge of the slope, while
also providing support for measuring the structural surface of the slope.

3.2.2. InSAR deformation monitoring

Based on GAMMA SAR and Interferometric Processing Software, D-InSAR, Stacking-InSAR and
SBAS-InSAR technologies were applied to carry out deformation monitoring research. D-InSAR was
applied to every two adjacent scenes of ALOS-1 time-series data to obtain filtered differential
interferograms, and the geocoded unwrapped differential interferograms were used to determine the
deformation of the Genie slope according to the phase change characteristics. In addition, time-series
analyses were conducted using Stacking-InNSAR and SBAS-InSAR for the Sentinel-1A data. Stacking-
InSAR performs a weighted superposition of a series of unwrapped differential interferograms to
obtain the average deformation phase over a certain period of time, where the accuracy of the final
deformation grows with the timespan and amount of superimposed data[39,40]. A maximum
temporal baseline of 60 days was set for this study, and a total of 318 interferometric image pairs were
generated. All the unwrapped interference image pairs were stacked year by year to obtain
interferometric Stacking maps for 2017, 2018, 2019, and 2020, and the deformation of the Genie slope
was evaluated through the four interferometric Stacking maps. SBAS-InSAR was also employed to
further obtain the average deformation rate and historical displacement of the Genie slope over a
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period of three and a half years and to judge the deformation of the Genie slope by statistically
analyzing the deformation rate and displacement of typical deformation points in the slope. In this
paper, two different radar satellite data and three different INSAR techniques were used to analyze
the slope deformation. The results of different data and different methods for deformation trend
detection can play a good role in mutual verification, and the field survey further supports the
deformation characteristics of the slope.

4. Results

4.1. Optical Remote Sensing and Airborne LiDAR Interpretation Results

Based on the optical and LiDAR images, the Genie slope can be divided into three zones
according to the geological and deformation characteristics (Figure 4 a, b). The tensile cracking
dislocation area along the trailing edge of the slope (Zone I) is crescent-shaped, and the rock mass is
affected by bending, tensile cracking, and strong weathering. The rock masses in this area are
extremely broken due to well-developed joints and fissures, and the slope surface is covered by
Quaternary residual slope deposits. Three main dislocation zones divide the top area into three
terraces (Figure 4 ¢, d). The DEM was used with the vegetation removed to draw a 1-1" geological
profile (Figure 5a, b), and the maximum measured displacement height was found to be
approximately 40 m. The strongly deformed area at the center of the slope (Zone II) is characterized
by exposed bedrock that is more fragmented, and small-scale collapses and rockfalls are generally
developed in this area, with most of the rockfalls occurring along the seven major gullies that are
fully developed. Finally, the erosion accumulation area at the foot of the slope (Zone III) is influenced
by the erosion of the Jinsha River east boundary fault and the scouring of the Jiangqu River, and
collapses and slope surface debris flows are locally developed. Many boulders and gravels soil are
accumulated at the mouth of the gully, but the river channel is not blocked (Figure 4e).

A three-dimensional analysis of the DEM and hillshade data after removing vegetation (Figure
6a) reveals signs of outcropping rock layers in the lower and middle areas on the right side of the
mountain. Figure 6b shows the rock layers from the perspective of the strike direction of the slope.
Using fitting the plane method, the attitude of the layer was measured to be 262°£59°. Two sets of
structural planes forming a set of conjugate planes are mainly exposed in the slope body in Zone II
(Figure 6¢). Upon measuring the occurrence of these structural planes in a typical area (Figure 6c),
the occurrence of structural plane 1 was 164°2£48°, and that of structural plane 2 was 318°241°.

doi:10.20944/preprints202309.1694.v1
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Figure 4. Interpretation results based on optical satellite images and airborne LiDAR data. (a) High-
resolution optical satellite image interpretation; (b) LiDAR hillshade data interpretation; (c) partial
large sample of an orthoimage at the trailing edge of the slope; (d) partial large sample of the hillshade
at the trailing edge of the slope; (e) partial large sample of the hillshade at the front edge of the slope.
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Figure 5. The geological profiles of the Genie slope. (a) the overall geological profile of the slope; (b)
the geological profile at the top of the slope.
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Figure 6. 3D analysis of the DEM and hillshade data. (a) rock strata interpretation; (b) local conjugate
structural surfaces in Zone II

4.2. InSAR Deformation Detection Results

Four typical D-InSAR interferograms obtained from the ALOS-1 data were selected for display
with the dates 31 Jan. 2007 and 18 Jun. 2007, 18 Jun. 2007 and 3 Aug. 2007, 3 Aug. 2007 and 3 Nov.
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2007, 20 Sept. 2008 and 21 Dec. 2008 (Figure 7). The differential interferogram of 2007.01.31-2007.06.18
has a lower quality due to the longer time interval, while the remaining three differential
interferograms are of high quality. There is a small amount of residual noise phase in the four
interferograms, but the remaining noise phase has a negligible influence on the overall result. The
results show no clear and continuous periodic phase change in the whole range of the slope,
indicating that these interferograms of the slope contain no deformation.

=T
) T LR AW LR
00 1000 m

Figure 7. D-InSAR interferograms obtained from the ALOS-1 data. (a) the differential interferogram
between 31 Jan. 2007 and 18 Jun. 2007; (b) the differential interferogram between18 Jun. 2007 and 3
Aug. 2007; (c) the differential interferogram between3 Aug. 2007 and 3 Nov. 2007; (d) the differential
interferogram between 20 Sept. 2008 and 21 Dec. 2008.

The Sentinel-1A data were processed by Stacking-InNSAR, and the weighted average was
calculated annually based on the temporal baseline starting from 2017. Weighted average
interferometric stacking graphs were constructed from March 2017 to December 2017, March 2017 to
December 2018, March 2017 to December 2019, and March 2017 to November 2020 (Figure 8). During
Stacking-InSAR processing, there may be a residual topographic phase and a noise phase due to the
insufficient accuracy of external DEM data and the setting of the filter window size; these phases may
introduce a small error into the estimated deformation rate, but this error is within an acceptable
range. After removing the effects of topography and flattening and after filtering out noise and
atmospheric effects, these four interferometric Stacking diagrams at different time intervals have a
smooth phase transition, and there is no phase mutation information. This further confirms that the
slope does not exhibit obvious deformation.
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Figure 8. Stacking-InSAR interferograms obtained from the Sentinel-1A data. (a) the differential
interferogram from Mar. 2017 to Dec. 2017; (b) the differential interferogram from Mar. 2017 to Dec.
2018; (c) the differential interferogram from Mar. 2017 to Dec. 2019; (d) the differential interferogram
from Mar. 2017 to Dec. 2020.

Furthermore, the deformation of the slope was analyzed by SBAS-InSAR, and the average
deformation rate of the slope was plotted (Figure 9). A negative deformation rate indicates that the
surface moves away from the satellite sensor, while a positive value indicates movement toward the
sensor. Combining the SBAS-InSAR results of the average deformation rate with the optical imagery,
the vegetation coverage on the slope in Zone III is higher than that in Zones I and II, resulting in poor
coherence in Zone III and a sparsity of points at which the deformation rate was obtained. However,
Figure 9 readily demonstrates that the deformation rates at all the points on the slope are
concentrated near 0 mm/a.
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Figure 9. Average deformation rate by SBAS-InSAR.

To further analyze the deformation of the slope, an along-dip profile (profile 1-1') was selected
longitudinally along the slope surface, and an along-strike profile (profile 2-2') was established in the
middle of the slope (Figure 9); profile 1-1' runs through all three zones, while profile 2-2' runs
transversely through Zone II. Five typical deformation points (A through E) were selected on profile
1-1', while four typical deformation points (F through I) were selected on profile 2-2'. The average
deformation rate on each profile is plotted in Figure 10, and the historical deformation curves at the
typical deformation points between March 2017 and November 2020 are plotted in Figure 11. Table
2 shows the magnitudes cumulative deformation and average deformation rates at the nine typical
deformation points over three and a half years and the zones in which they are located. As shown in
Figure 10, the deformation rates at individual points on the profiles are abnormal, but the
deformation rates at most points on the two profiles are distributed in the range from -2 mm/a to 6
mm/yr, and the overall deformation rate is stable in the range of very small orders of magnitude.
Moreover, Figure 11 shows that the magnitudes of cumulative deformation at the nine typical
deformation points fluctuate within the interval of approximately +20 mm over the period of three
and a half years. From the deformation analysis of profiles and typical points, it is easy to see that
there are local jumps in both rate curves and deformation curves. The reason is that INSAR technology
has been affected by irrelevant phases such as topography, atmosphere and noise, and the minimal
residual topographic and atmospheric errors after processing can lead to local fluctuations in
deformation monitoring results. The entire history of INSAR technology is the development history
of continuously eliminating errors to obtain a closer approximation to the real surface deformation.
Numerous studies have shown that the surface deformation monitored by InSAR is approximately
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linear and slow, so local fluctuations in the data cannot be considered as actual slope deformation
when the overall deformation trend remains constant. In summary, the SBAS-InSAR results indicate
that there is no significant deformation trend in the slope.
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Figure 10. Average deformation rates along the profiles.
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Figure 11. Cumulative deformation curves at typical deformation points.
Table 2. Typical deformation point parameters.
parameters 1-1' profile 2-2' profile

point A B C D E F G H I
Partition I II II I 111 II II II II
Average annual deformation rate (mm/yr) 02 1.0 37 47 11 44 26 36 14
Cumulative deformation (mm) 36 -09 17 21 53 -31 -09 18 22

4.3. InSAR Deformation Detection Results

The field survey found that there are indeed obvious three-level scarps on the rear edge of the
slope (Figure 12 a). The rocks in this area are extremely fragmented and highly weathered, with
gravels mostly 5-10 cm in diameter, and the slope surface is mostly covered with Quaternary residual
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slope deposits, on which low shrubs and alpine meadows basically grow (Figure 12 ¢, d). At the left
rear edge of the slope, there is an early tension groove with a width of approximately 1.5m. The inside
of the groove is filled with residual slope soil, and vegetation has grown. The rock on both sides of
the tension groove is broken to the point where the layers and structural surfaces of the rock are no
longer identifiable (Figure 12 e). The bedrock is exposed in the middle of the slope, and the root of
the rock layer is steeply inclined to the inside of the slope, while the upper rock layer bends to the
outside of the slope (Figure 12 b). At the same time, the isolated rock mass within the slope separated
from the matrix gradually weathered to form unstable rocks. It is undeniable that there are apparent
scarps at the rear edge of the slope, but the vegetation on the slope surface at this area has basically
recovered, and no fresh signs of deformation have been found. After analysis, it is judged that the
scarps here should be formed by the toppling failure of the shallow rock layers at early period, which
led to the formation of interlayer fractures.

Quaternary residual
slope deposits

Figure 12. Field verification photos. (a) panoramic photo of the middle and rear of the slope; (b)
morphological characteristics of slope bedrock; (c). residual slope deposit overlay; (d) strongly
weathered gravels; e. rock mass tension groove.

Analysis of the borehole data at the back edge of the slope reveals that there is an unloading
zone at a depth of 80-250m, and the rock quality gradually becomes better from the surface to the
deeper layers (Figure 13 a). The rock layers and interlayers are inclined to the inside of the slope body,
and the main joints of the rock body intersect the slope surface at a large angle. This finding is highly
consistent with the LIDAR remote sensing interpretation results. At the same time, the follow-up 2#
borehole displacement monitoring data found that the displacement value of the slope in the
horizontal direction was very low, which was consistent with the InSAR deformation monitoring
results (Figure 13 b). In summary, the results of the investigation and analysis prove that there is no
obvious deformation of the slope at present, and this conclusion is consistent with the results of the
comprehensive remote sensing analysis.
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Figure 13. Borehole information. (a) borehole location and monitoring device; (b) borehole
displacement curve.

5. Discussion

Individual remote sensing techniques have limitations in assessing geohazards and can
sometimes even lead to incorrect conclusions. In contrast, integrated remote sensing takes advantage
of multiple remote sensing techniques by combining multiple sources of data, multiple indicators,
multiple phenomena and multiple results to conduct a comprehensive analysis of geohazards from
an overall perspective. The conclusions derived from this method are therefore more in line with the
reality. Finally, the current state of the slope can be basically identified by combining the results of
field survey and verification.

In this study, the optical interpretation reveals that the Genie slope exhibits morphological
features and signs of deformation. Such as, the back edge of the slope is characterized by multiple
stages of scarps, and the rock of the slope surface is fragmented, featuring many small-scale collapses
and gullies. The interpretation of airborne LiDAR data indicates that the rock mass in the middle of
the slope is cut by two sets of structural planes, thereby presenting a block structure as a whole, and
the accumulated deposits at the corner of the slope are locally collapsed. The above intuitive factors,
such as the local geomorphological features of the slope, reflect conditions conducive to slope failure.
However, the D-InNSAR monitoring results based on ALOS-1 data show no slope deformation
between July 2007 and December 2008. Additionally, the time-series INSAR monitoring results based
on Sentinel-1 data demonstrate that the slope did not experience any deformation between March
2017 and November 2020. Although InSAR deformation analysis is affected by factors such as the
external DEM accuracy, filtering strength and atmospheric correction model, resulting in the
incomplete identification and rejection of extraneous phases such as those pertaining to the terrain,
noise and atmosphere, the errors are within acceptable limits and do not affect the confidence of the
final results. Hence, the results of these three INSAR methods confirm the absence of deformation in
the Genie slope. Subsequent field survey results verify that there are no fresh signs of slope
deformation and that all the features currently exhibited by the slope can be attributed to the early
evolution of the slope.

In summary, a comprehensive analysis of the results of optical remote sensing, airborne LiDAR
» InSAR and field survey verification verifies that the Genie slope was essentially free of
deformation during the study period. Thus, the morphological characteristics and signs of
deformation exhibited by the slope appeared during its early formation and have persisted to this
day. Combining the available geological information and remote sensing data, the formation
mechanism of the Genie slope is inferred to be as follows (Figure 14).

During the early formation process of the slope, the shallow inverted and steeply layered strata
at the rear edge of the slope were folded and toppled in the direction of the free surface under the
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action of their self-weight bending moment; this process caused interlaminar dislocations and tension
cracks to occur. Originally, under natural gravity and weathering conditions, the scarps at the back
edge of the slope would have taken an extremely long time to form, but the tectonic activity of the
region and episodic earthquakes greatly accelerated this process. The cyclic, opposite-direction
tension and shear effects of the earthquakes exacerbated the development of the aforementioned
cracks and interlaminar dislocations to greater depths, while the fractured rocks were ejected and
deposited at the foot of the slope, forming a first-stage scarp in situ. After the first stage of scarp
development reaches a certain height, another stage of scarp will be developed in the same pattern
at the upper edge of the scarp due to stress concentration (Figure 15). Currently, the exposure of the
bedrock in the middle of the slope was controlled by the strata and two main groups of conjugate
structural planes. Due to long-term weathering, the bedrock on the slope surface was continuously
eroded, resulting in local collapse and rockfall events. Multiple gullies formed under the downslope
movement of collapsing slope surface material and rockfalls, and the area of accumulated deposits
at the foot of the slope locally collapsed due to long-term erosion by the river.

cracks development The bend of the rock causes the slope to fall

River

Early slope state »  Current state of the slope

Figure 14. Schematic diagram of the deformation mechanism of the Genie slope.

multiple episodic earthquakes under the influence of stress concentration
accelerate cracks development the second stage scarp gradually forms

broken rocks ejected and deposited
-~ . _forming a first-stage scarp in situ
~

%
~ N
~\
N

earthquake earthquake

Figure 15. Schematic diagram of multi-stage scarps mechanism.

Only from the perspective of integrated remote sensing reveals that there is no deformation in
Genie slope under natural conditions. However, the disturbance to the slope structure created by
excavating a tunnel is not considered in this study. Therefore, a detailed geological survey should be
carried out to assess the slope stability during the construction of subsequent tunnel projects to
identify the magnitude of the impact on slope toppling deformation, and equipment should be
arranged at the site for the real-time monitoring of slope dynamic changes.

6. Conclusions

Based on the interpretation of optical remote sensing, airborne LiDAR and InSAR deformation
data, this paper conducted research on the slope of the Genie Tunnel on the Sichuan-Tibet
transportation corridor. The surface deformation of the Genie slope was judged by comprehensively
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analyzing the results of these various remote sensing techniques, and the slope formation mechanism
was briefly evaluated. The following main conclusions can be drawn from this study.

1. The interpretation of optical and LiDAR remote sensing data shows that the Genie slope is
composed of steeply dipping inverted strata. Multistage scarps are present in Zone I at the rear
edge of the slope, rock mass structural planes in Zone II in the middle of the slope led to local
collapses, and the accumulated deposits in Zone III at the foot of the slope are being eroded by
the river. Hence, the Genie slope shows the morphological characteristics and deformation signs
of a potentially unstable slope.

2. No significant deformation phases were detected in the D-InSAR processing results of ALOS-1
data or in the Stacking-InSAR processing results of Sentinel-1 data. Moreover, the SBAS-InNSAR
processing results of Sentinel-1 data showed that the cumulative deformation of the Genie slope
from March 2017 to November 2020 and the mean deformation rates were stable at
approximately 0 mm and 0 mmy/a, respectively, with no significant trends. Hence, all three
InSAR techniques employed herein indicate that the Genie slope is not deforming at present.

3. Based on the results of three remote sensing analyses, field survey verification and borehole data
information, the current slope structures and morphological characteris-tics were created during
the early formation of the Genie slope. In contrast, at present, the Genie slope is not experiencing
deformation under natural conditions.

4.  The selection and design of railway routes in high-elevation mountainous and canyon regions
often encounter situations similar to the Genie slope, where the interpretation of optical or
LiDAR data acquired individually over the slope would indicate a geo-hazard risk, whereas the
results of InNSAR analysis would suggest that the slope is not experiencing active deformation
under natural conditions. In this case, it is difficult to make a qualitative judgment on whether
the slope exists deformation by only a single remote sensing technique. This research
demonstrates that the method of analyzing and determining the deformation of slopes in alpine
canyon areas from multiple factors, multiple indicators and multiple perspectives by using
integrated remote sensing is not only feasible but also highly advantageous.
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