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[T I N

Abstract: In recent years, due to adverse geological conditions, intense human engineering activities,
and extreme weather conditions, catastrophic landslides have frequently occurred in southwest China,
causing severe loss of life and property. Identifying the kinematic features of potential landslides can
effectively support landslide hazard prevention. This study proposes a remote sensing identification
method for rotational, planar traction, and planar thrust slides based on geomorphic features as well
as vertical and slope-oriented deformation rates. Rotational landslides are characterized by similar
vertical and horizontal deformation rates, with vertical deformation mainly occurring at the head
and gradually decreasing along the slope, while horizontal deformation mainly occurs at the foot
and gradually increases along the slope. As for the planar slide, the dominant deformation is in the
horizontal direction. It is further classified into the planar traction and planar thrust types according
to the driving position. The vertical deformation of planar traction slides is concentrated at the foot,
while the vertical deformation of planar thrust slides is concentrated at the head of the landslide. We
identified 1 rotational landslide, 10 planar traction landslides and 10 planar thrust landslides in the
basalt weathering crust area of Guizhou. Field investigations of three landslides verified the method’s
accuracy. Combining two-dimensional rainfall and time-series deformations, we found that there is a
significant positive correlation between landslide deformation acceleration and precipitation. The
landslide kinematic identification method proposed in this paper overcomes the shortcomings of the
inability to accurately characterize landslide motion by line-of-sight displacement and realizes the
non-contact identification of active landslide motion patterns, which is an essential reference value
for geological disaster prevention and control in the study area.

Keywords: InSAR observation; two-dimensional displacement; landslide motion pattern; weathered
basalt; Guizhou

1. Introduction

The scale and deformation pattern are two key factors affecting the magnitude of
landslide risk, so the identification of landslide boundaries and kinematic characteristics are
the two main tasks of landslide hazard prevention and control. The traditional geological
engineering survey obtains landslide boundaries and deformation patterns by deformation
phenomena and structural characteristics of geotechnical bodies, which is expensive and
inefficient. The optical remote sensing method extracts static deformation information
of landslides in the development and destruction stages to determine the boundary and
scale. However, it is difficult to quantitatively evaluate the kinematic characteristics of
landslides [1-3]. As an active microwave remote sensing technique, differential synthetic
aperture radar interferometry (D-InSAR) can quickly and efficiently obtain surface defor-
mation by calculating the phase difference of echoes at different times in the same area [4,5].

Remote Sens. 2022, 14, 4014. https://doi.org/10.3390/1s14164014

https://www.mdpi.com/journal /remotesensing


https://doi.org/10.3390/rs14164014
https://doi.org/10.3390/rs14164014
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/remotesensing
https://www.mdpi.com
https://orcid.org/0000-0003-4872-5388
https://doi.org/10.3390/rs14164014
https://www.mdpi.com/journal/remotesensing
https://www.mdpi.com/article/10.3390/rs14164014?type=check_update&version=1

Remote Sens. 2022, 14, 4014

2 of 21

Thanks to its microwave measurement method, it overcomes the problems of optical remote
sensing methods in satellite Earth observation, which are obscured by weather and clouds.
In addition, compared with the in situ monitoring technology, the surface deformation
characteristics obtained by INSAR can reflect the overall deformation pattern of slopes more
completely [6-8]. With the data-processing methods such as Stacking-InNSAR, SBAS-InNSAR
and PS-InSAR being proposed [9-11], InNSAR technology has gradually become an essential
tool for active landslide identification and kinematic analysis.

Researchers have made much progress in active landslide location identification [12-14],
boundary delineation [15-17] and displacement monitoring [18-20] using the line-of-sight
(LOS) deformation obtained by InNSAR. However, the research on landslide mechanism
analysis by integrating INSAR displacement information and geomorphological features
is insufficient. With the powerful ground observation capability of InNSAR, Cascini tried
to identify different types of landslides using line-of-sight deformation [21]. Limited by
the working principle of InNSAR side-view imaging, the LOS displacement provided by
single-track InNSAR observations does not provide adequate support for landslide kinematic
analysis. With the continuous enrichment of SAR images in recent years, it has become
possible to integrate multi-angle radar observation LOS displacement to extract 2D dis-
placements [22-24]. For example, Ren used ascending and descending track Sentinel-1
data to restore the vertical and east-west displacements of the Zaogutian landslide and
discussed its mechanism [25]. Yi used the two-dimensional displacement information to
study the activation mechanism of the Tangjiashan landslide [26]. Meng used the vertical
and east-west displacements to identify and classify landslides in loess areas [27]. Existing
studies detect the deformation characteristics of landslides moving along the east-west
direction to the maximum extent by calculating the vertical and east-west displacements.
However, for slopes with a non-east-west slip, the deformation characteristics are covered
to some extent. The above factors lead to a significant difference between the recognition
results of landslide kinematic features and natural deformation patterns.

Weining is located in the middle of China’s Yunnan-Guizhou Plateau and is an
essential southern route of China’s West-East Power Transmission Project. As it is located
in the transition zone between the first step of the Tibetan Plateau and the third step of the
hilly eastern plain, tectonic activities and dissolution interactions are strong, and the slopes
in the area are steep. In addition, the basaltic rocks developed in the large igneous province
of Emei Mountain are widely distributed in the area [28]. Influenced by the subtropical
monsoon climate, basaltic rocks undergo periodic hot and cold cycles and dry and wet
cycles, forming weathering shells with high permeability and low strength. Landslide
hazards are frequent in the study area due to the fragile geological environment, heavy
rainfall and strong engineering disturbance [29-31]. Although researchers have conducted
studies on active landslide identification and the deformation mechanism of catastrophic
landslides, the link between the kinematic characteristics and deformation patterns has not
been established.

In this paper, taking Weining as the study area, active landslides’ location and motion
patterns are detected and identified using vertical and slope-oriented displacements. We
acquired 82 Sentinel-1 images of ascending and descending tracks and processed them
using the SBAS-InSAR method to obtain the boundaries of active landslides. The vertical
and slope-oriented displacements are calculated by the two-dimensional decomposition
equations. Based on this, the geomorphological features and the 2D displacement detected
by InSAR are matched to achieve landslide motion pattern recognition. We identified
1 rotational slide, 10 planar traction slides, and 10 planar thrust slides in the study area. The
accuracy of this method is verified by field investigations of three landslide cases. This study
provides a solution for identifying motion patterns of landslides using geomorphic features
and two-dimensional displacements acquired by InSAR, which is of great significance for
geological hazard prevention.
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2. Study Area

The study area is located in the western part of Guizhou Province, China, with an
area of about 6.3 x 103 km?2. The area’s elevation is high in the west and low in the east,
ranging from 1240 m to 2880 m (Figure 1). The study area’s north, west and south sides
are cut by the Luoze River, the Niulan River and the Kedo River, respectively (Figure 2).
Geotectonically, the study area is located at the southwest edge of the Yangzi platform, and
the NNE-trending Shimen Fault, Haila Fault, and Zhaotong-Ludian Fault are developed in
the area, with a length of more than 100 km (Figure 2). The study area is strongly eroded
by river down-erosion and active fracture cutting, showing the characteristics of steep
mountains and narrow river valleys. The study area has a subtropical monsoonal climate
with an average annual precipitation of about 890 mm, and more than 90% of the rainfall is
concentrated in April-October. Influenced by atmospheric circulation, rainfall increases
from northwest to southeast.

The stratigraphic development in the study area is relatively complete, with outcrops
from Proterozoic to Cenozoic strata, and the Permian strata are mainly developed (Figure 2).
Among them, the Carboniferous (C) strata are mainly mudstone, sandstone and tuff; the
Permian (P) strata are basalt, sandstone and mudstone; the Triassic (T) strata are mudstone,
sandstone and tuff; and the Jurassic (J) strata are mudstone and sandstone. Influenced by
the subtropical monsoon climate, basaltic rocks in the Permian strata undergo periodic hot
and cold cycles and dry and wet cycles, forming thick layers of ancient weathering crusts,
and are widely distributed in the study area. Although fresh basalts have high mechanical
strength and low permeability, their strength and integrity are significantly reduced after
intense weathering. Under rainfall and engineering disturbance, they are prone to sliding
along the slope, causing geological disasters such as landslides and mudslides.
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Figure 1. Geographic location of study area and SAR images coverage.
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Figure 2. Geological map of the study area.
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3. Datasets and Methodology
3.1. Datasets

A total of 82 Sentinel-1 images of ascending and descending tracks taken from January
2019 to May 2020 were collected for displacement calculation in the study area. The as-
cending images have an incidence angle of 39.64° and an orbital azimuth of 347.3°, totaling
42 views; the descending images have an incidence angle of 41.69° and an orbital azimuth
of 196.53°, totaling 40 views. The coverage of Sentinel-1 images is shown in Figure 1,
and the detailed parameters of the radar images are shown in Table 1. ESA provided the
precision orbital ephemeris data used for the interferometric calculations. The 1-arc-second
digital elevation model (DEM) acquired by the Shuttle Radar Topographic Mapping Mis-
sion (SRTM) was used for geocoding, shadow coverage analysis, and geomorphological
parameter calculation (aspect, slope and elevation). In addition to radar images, we col-
lected sub-meter optical images and 3D terrain models from the Google Earth platform
to assist in the identification of active landslides. Further, we obtained many landslide
deformation photos during the field survey in November 2020, which were used to explain
the landslide motion patterns. The stratigraphic lithology and fracture were obtained from
the 1:200,000 geological map provided by the China Geological Survey. The rainfall data of
the study area were downloaded from the Google Earth engine platform.

Table 1. Parameters of radar images used in the study.

Incidence Heading oo Temporal
Angle (°) Angle (°) Number  Polarization Coverage

9 January 2019-
15 May 2020

11 January 2019-
5 May 2020

Sensor Wavelength Direction Path Frame Resolution (m)

Ascending 128 84 2.33 x 13.96 39.64 347.3 42 \'%A%
Sentinel-1 5.6 cm

Descending 164 500,505 2.33 x 13.99 41.69 192.56 40 \'A%
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3.2. Methodology

This study integrated three indexes of geomorphic features as well as vertical and
slope-oriented displacements, and proposed a kinematic analysis process for the weathered
basalt landslide, which can be used to quickly and effectively identify the motion pattern of
an active landslide in Weining. The process consists of four steps: (I) Calculate the annual
average LOS velocity and time-series displacement by the SBAS-INSAR method. (II) Identify
active landslides using the annual average LOS velocity. (III) Using two-dimensional
decomposition equations, calculate the annual average vertical and slope-oriented velocities
and the time-series displacement. (IV) Using this method, we can effectively identify and
classify the kinematic characteristics of an active landslide in the study area. On this basis,
we conducted a field investigation on the identification results of typical landslides and
verified the accuracy of the kinematic classification results. Furthermore, we discuss the
relationship between rainfall and landslide deformation using time-series displacement.
Finally, the uncertainty factors affecting the kinematic identification results of landslides
are discussed. The flow chart of this study is shown in Figure 3.
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3.2.1. SBAS-InSAR Processing

The SBAS-InSAR technique filters short spatial and temporal baseline interference
combinations through a multi-master image strategy and extracts high-coherence point
targets for the time-series analysis. The point target’s time-series displacement and deforma-
tion rate can be obtained by a singular value decomposition of the unwrapped differential
interference phase. This method overcomes the decorrelation problem caused by the long
spatial and temporal baseline in the traditional D-INSAR technique and reduces the influ-
ence of atmospheric phase delay and elevation error [32]. This paper uses the SBAS-InNSAR
method to calculate the annual average deformation and time-series displacement.

First, we preprocessed the radar images. The radar images of ascending and descending
tracks were coregistered to images acquired on 4 January 2020 and 25 December 2019, respec-
tively. The signal-to-noise ratio of the interferograms was improved by multi-look factors of
10 x 2, and the ground direction resolution of the processed data was 28 m x 28 m.

Then, we optimized the interference combination and calculated the differential
interference phase. The maximum temporal and spatial baseline were set to 48 d and
180 m, respectively. A total of 234 interferometric combinations were generated, in-
cluding 120 sets of ascending and 114 sets of descending orbits (Figure 4). The wrap
phase value was obtained by the differential interference calculation of the optimized
interference combination.
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Figure 4. Interference combinations used in SBAS calculations. (a) Sentinel-1 ascending orbit;
(b) Sentinel-1 descending orbit (black dots and lines indicate data acquisition dates and interference
pairs, respectively).

Further, the minimum cost flow algorithm was used to unwrap the differential in-
terference phase, and the unwrapping phases were superimposed to obtain the average
deformation rate of the study area [33].

Finally, the correlation coefficients and standard deviations were used to extract high-
quality coherence points. The atmospheric-induced phase errors were removed using
an empirical linear elevation model and GACOS atmospheric products [34,35]. After
removing the atmospheric errors, the singular decomposition method was used to calculate
the unwrapping phases to obtain time-series displacements.

3.2.2. Two-Dimensional Displacement Decomposition

The LOS displacement can effectively serve for active landslide identification. How-
ever, in the kinematic analysis of landslides, the one-dimensional displacement cannot
accurately portray the spatial motion characteristics. Theoretically, the three-dimensional
displacement of the ground surface can be inferred by using the LOS deformation data
in three incidence directions. However, due to the limitation of data coverage, it is diffi-
cult to obtain sufficient SAR data sets for 3D decomposition. Therefore, we calculated
the vertical and horizontal displacements by combining the ascending and descending
orbital LOS displacements. It should be emphasized that the horizontal direction was
defined as the landslide sliding direction (slope-oriented) rather than the south-north or
east-west direction. The two-dimensional displacement can be obtained by the following
equation [24,36,37].

Vu|  [cosB4s fsin9Ascos(ﬁfocA5+37”) ! Vs 1
[VH] N [cos fpe —sin6p,cos(p — ap, + 32”)} ' [VDJ @)

Vi and Vi are the displacement in the vertical and sliding directions. V4, and Vp,
are the LOS displacements in the ascending and descending orbits. a 45 and ap, represent
the azimuths of the ascending and descending satellite flights. j is the azimuth of the
slope sliding direction. 645 and 0p, represent the satellite incidence angles. The projection
relationship between the direction of radar flight and the direction of ground motion is
shown in the Figure 5.

3.2.3. Classification of Landslide Motion Pattern

Varnes and Hungr proposed classical landslide-classification criteria based on the mate-
rial composition and landslide motion characteristics of landslides, which have been widely
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accepted by researchers [38,39]. Based on Varnes and Hungr’s landslide-classification cri-
teria, this paper integrates three indicators of landslide geomorphic features, vertical
displacement rate, and slope-oriented displacement rate, and proposes a remote sensing
identification method for landslide motion patterns. The identification characteristics of
rotational slides, planar traction slides and planar thrust slides are as follows:

-
R

i
S

N
R
b a-f-(3T0)/2
>
a\“ E
FA

Figure 5. Schematic diagram of the projection of the radar flight direction and the surface movement
direction; V is the vertical projection direction, R is the range direction, H is the slope sliding direction,
and FA is the radar flight direction (modified after [36]).

Rotational slide: For rotational landslides, the sliding surface is up-concave, and the
landslide moves approximately around the axis parallel to the slope. This type of landslide
is mainly developed in a thick layer of strongly weathered basalt, and the burial depth
of the rupture surface is relatively deep (usually more than 100 m) [40,41]. Its scale is
generally larger than that of planar landslides. The rupture surface of rotational slides is
mainly affected by faults and joints. This type of landslide is mainly located on the river
bank in the study area. In the process of river erosion, vertical and horizontal shear stresses
occur at the top and foot of slopes. Under the joint action of farmland irrigation at the
head and river cutting at the foot of the landslide, the internal joint surface of the slope
penetrates and forms an arc-shaped sliding surface and then undergoes integral sliding
deformation. The landslide consists of a head, main body and foot. For the rotational
slide, the horizontal displacement velocity is similar to the vertical displacement velocity,
but the spatial distribution characteristics are different. The dominant deformation in the
head is downward vertical displacement, but its horizontal displacement is small. In the
transition from head to foot, the vertical displacement rate gradually decreases and the
horizontal displacement rate gradually increases. In the main body, the horizontal and
vertical displacement rates reach equilibrium. The deformation in the foot is dominated by
horizontal displacement, while the downward vertical displacement is small (Figure 6a,b).

Planar traction slide: The sliding surface of a planar slide is linear, and the landslide
moves along a plane parallel to the slope. This type of landslide is mainly developed in
strong—medium weathered basalt. The rupture surface of a planar slide is shallow, usually
less than 50 m. The rupture surface is influenced by rock joints and fissures and is usually
the weak structural surface between the strongly and moderately weathered basalt [42-44].
The main deformation area of a planar traction slide is located at the foot of the landslide.
Under the disturbance of river erosion, farmland irrigation or road cutting, the maximum
principal stress at the foot of the landslide is nearly horizontal and the minimum principal
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stress is nearly vertical. The sliding rupture surface arises at the 45— /2 intersection angle
in the direction of the first principal stress [45,46]. It continues to expand and penetrate the
soft structural surface between the strongly weathered and moderately weathered basalt,
and eventually slides monolithically under the traction of the landslide foot. The dominant
deformation of planar traction slides is in the horizontal direction. The maximum vertical
displacement rate is located in the foot. The vertical displacement rate gradually increases
when transitioning from the head to the foot of landslides. The horizontal displacement
rate value does not significantly change and is always larger than the vertical deformation
(Figure 6¢,d).

I Hcad: Main body | | ad Main body Foot |

Figure 6. (a) Schematic diagram of rotational slide; (b) plane velocity distribution of rotational
landslide; (c) schematic diagram of planar traction slides; (d) plane velocity distribution planar
traction slide; (e) schematic diagram of planar thrust slide; (f) plane velocity distribution of pla-
nar thrust slide; Vu is vertical displacement velocity, Vh is horizontal (slope-oriented) velocity
(modified after [26,39]).

Planar thrust slide: The main deformation area of the planar thrust slide is located at
the head of the landslide. The shear strength of weathered basalt decreases significantly
due to irrigation and rainfall at the head of landslides, which results in creep deformation
at the head and pushes the slope slide downward [47,48]. The cracks and staggered steps
in the heads of landslides provide a good channel for water to enter the rupture surface,
and the entry of the water further accelerates the weakening of the shear strength of the
rupture surface, which eventually leads to the overall sliding of the slope along the weak
structural surface. The dominant deformation of planar thrust slides is in the horizontal
direction. Unlike planar traction slides, the maximum vertical displacement rate of planar
thrust slides is located in the head. In the transition from the head to the foot of landslides,
the vertical displacement deformation gradually decreases, and the value of the horizontal
displacement rate does not significantly change and is always larger than the vertical
deformation (Figure 6e,f).

4. Results and Analysis
4.1. Active Landslide Identification

According to the process described in Section 3.2.1, we obtained the annual average
deformation of ascending and descending orbits in the study area. Integrating the annual
average deformation rates of ascending and descending tracks, multi-temporal optical re-
mote sensing images and geomorphological information, we identified 20 active landslides
in the study area. The location of the landslides is shown as a solid white circle in Figure 7.
To show the ground deformation of the study area in detail, we highlighted some of the
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Figure 7. Active landslide distribution in Weining. The solid circles are the locations of active

landslides, and the base diagram is the average annual displacement rate obtained by the descending

images. (a—e) show the partial enlargements. (In order to better show the landslide boundaries, only

the displacement between —80 mm/y to 80 mm/y is shown, and it should be emphasized that there

are still very few areas with displacement velocities over £150 mm/y).

The distribution map of active landslides shows that the landslides are mainly located
in the east (areas b, d) and west (area e) of the study area and are more discrete in the
south (areas a, c). The active landslides are mainly concentrated in the slope areas with
deep geomorphic cuts, and 70% of the active landslides have slopes between 20° and 30°.
The central part of the study area is flat, so the number of landslides detected on the west
and south sides is much larger than that in the central and northeastern parts of the study
area, as shown in areas a—e in Figure 7. In addition, the number of developed landslides is
significantly and positively correlated with the distance from the active fault because the
rock near the fault is more fragmented, severely weathered, and steeper in topography. A
total of 11 active landslides, accounting for 55%, were identified within 20 km of the Haila

Fault on the west side of the study area.

We conducted field investigations on the detected active landslides. All of the land-
slide surfaces had developed different degrees of deformation phenomena, such as cracks,
steep landslide bumps and collapses in the leading edge. There are 16 landslides close
to residential areas, and the continuous deformation of the landslides seriously threat-
ens the residents” production and living safety. We found that the active landslides are
mainly developed in the Permian and Triassic strata. The characteristic lithology of the
strata is strongly weathered basalt and sand mudstone. They have high porosity and
low rock integrity and strength. According to previous studies and site investigations,
these weathered materials can be up to nearly 100 m thick. Therefore, under the action of
external conditions, these active landslides usually slide along the slope direction, causing

catastrophic landslide events.



Remote Sens. 2022, 14, 4014

10 of 21

4.2. Validation of Landslide Motion Pattern

Combing the active-landslide-detecting results and the slope information extracted
from the digital elevation model, we identified the movement direction of 21 active land-
slides. The landslides” movement directions were verified by the high-precision optical
remote sensing images. We generated horizontal and vertical rate maps of the active land-
slides using the two-dimensional displacement decomposition equation (Equation (1)) and
identified the landslide motion patterns. A total of 1 rotational slide, 10 planar thrust slides
and 10 planar traction slides were identified in the study area. The landslide locations and
detailed information are shown in Figure 7 and Table 2.

Table 2. Characteristics of active landslides detected by InSAR in the study area.

Landslide Landslide Longitude Latitude Length Width MHV MVV ) Kinematic

Number Name ©) ©) (m) (m) (mm/y) (mm/y) Type
Log Xiamatian 103.882 26.877 860 900 49 50 260 R
Los Bainijing 103.765 26.961 380 720 41 19 215 P-TR
Los Jieli 104.521 26.806 710 840 66 34 203 P-TR
Loe Liujiagou 104.533 26.818 1180 840 78 46 309 P-TR
Ly Hanjiaping 103.821 26.869 890 1050 57 32 80 P-TR
L1 Dapingzi 103.819 26.855 460 790 69 39 110 P-TR
Lip Zhande 103.823 26.762 980 730 40 30 99 P-TR
L3 Songlingping 103.735 26.775 470 1160 72 35 318 P-TR
Lie Dakouzi 104.162 26.713 870 410 59 35 156 P-TR
Lig Yanzutian 104.624 26.660 300 427 71 31 220 P-TR
Lig Shiyakou 104.627 26.659 312 550 89 37 205 P-TR
Lo Dahaizi 103.939 27.321 1120 320 76 55 357 P-TH
Lo Xujiayan 103.920 27.224 1360 500 78 31 48 P-TH
Loz Xiaohe 104.068 27.068 850 350 53 30 300 P-TH
Los Wachang 104.276 26.681 620 280 57 23 170 P-TH
Lo Wujiapingzi 103.828 26.881 980 600 54 30 66 P-TH
Lia Sanjiacun 103.821 26.596 998 450 68 28 240 P-TH
Lis Laoyaying 104.055 26.695 1300 360 128 59 208 P-TH
Li7 Tuojiyuanzi 104.629 26.665 733 790 67 46 275 P-TH
Lyo Dongfeng 104.577 26.801 415 910 149 60 217 P-TH
Ly Sanguozhuang 104.570 26.809 900 500 98 66 290 P-TH

MHYV: maximum horizontal velocity; MVV: maximum vertical velocity; B: the azimuth of slope sliding direction;
R: rotational slide; P-TR: planar traction slide; P-TH: planar thrust slide.

4.2.1. Rotational Slide

The rotational landslide is dominated by the head’s vertical and the foot’s horizontal
displacement, and the slope moves along an arc-shaped sliding surface. In this paper,
we used the Xiamatian (XMT) landslide as an example to verify the results of rotational
landslide identification.

The XMT landslide is located on the west side of the study area, about 4 km from
the southwest direction of the Haila Fault. It is 860 m long and 900 m wide, with an
area of about 0.64 km?. The landslide is convex in plan with a surface elevation varying
from 1560 m to 1760 m. The average slope gradient of the landslide is 25°, and the slope
aspect is about 260°. The main body of the slope develops several gullies with a width of
more than 20 m and a depth of about 10 m (Figure 8a). The primary material forming the
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landslide is weathered basalt, about 100 m thick, with high porosity, poor rock integrity
and low strength.
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Figure 8. (a) Overview of XMT landslide; (b) annual average displacement in LOS direction obtained
from Sentinel-1 descending images; (c) vertical rate; (d) horizontal rate.

The XMT landslide is sparsely vegetated, and the Sentinel-1 images from ascending
and descending orbits provide valid measurements. Figure 8b shows the annual aver-
age LOS displacement rate of the XMT landslide obtained by descending images. The
XMT landslide has prominent overall deformation characteristics, and its maximum LOS
displacement rate is about —80 mm/y. Along the vertical direction of the landslide move-
ment, the displacement rate gradually decreases. We obtained the landslide boundary by
combining the annual average displacement rate and optical images.

In order to quantitatively evaluate the two-dimensional deformation characteristics of
the XMT landslide, we calculated the vertical and horizontal rates. The results show that
the maximum vertical and horizontal rates are in the same range, which is 40-50 mm/a
(Figure 8c,d). However, there are differences in the spatial distribution characteristics of the
vertical and horizontal rates. The maximum vertical rate is —50 mm /a at the head of the
landslide along the landslide movement direction, the vertical rate gradually decreases,
and the rate decreases to —20 mm/a at the foot (Figure 8c). On the contrary, the horizontal
velocity at the foot of the landslide is the largest and gradually decreases along the slope
(Figure 8d). In the main body, the vertical and the horizontal rates are equal.

The field investigations found that the XMT landslide had multiple macroscopic
deformation phenomena. Large-scale vertical dislocation occurred at the head of the
landslide, and the failure surface was concave. Multiple landslide steps were developed,
with a maximum vertical dislocation distance of about 2 m. The deformation in this area is
mainly vertical displacement, accompanied by smaller-scale horizontal displacement. A
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nearly upright landslide back wall has developed at the back edge of the landslide. The
outcrop lithology is yellow-brown weathered basalt, with a broken structure and poor
mechanical properties (Figure 9b). In the main body of the landslide, multiple nearly
parallel tension cracks have developed with a width greater than 20 cm and an NW20°
orientation, accompanied by small-scale vertical displacement (Figure 9¢). In addition,
tension cracks were also observed to varying degrees in the hardened roads and buildings
in the main body of the landslide. The deformation in the main body of the landslide has a
smaller distribution and lower degree compared with the deformation in the head and foot
of the landslide. This phenomenon is consistent with the two-dimensional displacement
rate distribution characteristics obtained from the InNSAR observations. A number of tension
cracks with a width of more than 50 mm developed on the surface of the farmland and slope
at the foot of the landslide towards NW30°—40°. In addition, five small collapses developed
at the landslide’s foot (Figure 9d). We found that there are still dozens of residential
buildings on the landslide body, and the continuous deformation of the landslide poses a
severe threat to them.

5

Figure 9. (a) Landslide profile I-I and location of field survey points; (b) deformation in the head of
XMT landslide (corresponding to point P1); (c) tension cracks in the main body of XMT landslide
(corresponding to point P2); (d) tension cracks and small collapse at the foot of XMT landslide
(corresponding to point P3).

4.2.2. Planar Traction Slide

The dominant deformation of planar traction slides is in the horizontal direction. The
maximum vertical displacement rate is located in the foot. The slope slides along the plane
as a whole by foot traction. In this paper, we used the Hanjiaping (HJP) landslide as an
example to verify the planar traction slide identification results.

The HJP landslide is located 6 km west of the Xiaomata landslide. It is 890 m long
and 1050 m wide, with an area of 0.62 km?. The landslide is fan-shaped in the plan, with a
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surface elevation of 1900-2080 m. The average slope of the landslide is 30° and the slope
aspect is about 80°. The back edge of the landslide is chair-shaped, and two gullies cut the
main body with a width of about 150 m and a depth of about 32 m (Figure 10a). The main
material of the landslide is weathered basalt, and the thickness of the slide is about 50 m.
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Figure 10. (a) Overview of HJP landslide; (b) annual average displacement in LOS direction obtained
from Sentinel-1 descending images; (c) vertical rate; (d) horizontal rate.

Figure 10b shows the annual average LOS displacement rate of the HJP landslide
obtained by Sentinel-1 descending images. The results show that the landslide has signs
of overall deformation. The high displacement rate is mainly concentrated at the foot of
the landslide, where the displacement rate reaches —80 mm/y, decreasing as the altitude
increases. The annual average displacement rate and the optical images were integrated,
and the landslide boundary was detected (Figure 10b).

The two-dimensional displacement decomposition results show that the maximum
horizontal deformation is located at the foot of the landslide with a rate of 50 mm/a, and
the average horizontal rate of the slope surface is 43 mm/a (Figure 10c,d). The maximum
vertical deformation is located at the foot with a rate of —30 mm/a, and the average vertical
displacement rate at the foot is —22 mm/a. The vertical rate gradually decreases upward
along the slope (Figure 10c). The horizontal rate changes less in the main body of the
landslide (near point P2), but the vertical rate decreases significantly. On the whole, the
landslide is dominated by horizontal deformation.

The field survey found a small number of tension cracks with a width of about 2 cm
and a length of about 8 m developing at the head of the landslide (P1), with a strike
of NE0°-5° (Figure 11b). In the main body of the landslide, the number and width of
fractures increase significantly, accompanied by vertical dislocation. A tensile crack with
a strike of NE2°—6°, a width of 5-8 cm and a length of 10 m was observed at position P2
(Figure 11c). The foot of the landslide has significant vertical deformation, with multiple
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vertical misalignment steps and deep tension cracks. A staggered step was observed at the
location of P3, accompanied by tension cracks. The staggered step distance is 56 cm, and
the strike is 5°~10°NE. The exposed rock is a yellow-brown weathered basalt (Figure 11d).
The field investigation results show that the overall deformation of the HJP landslide is
mainly horizontal tension fractures. The slope is pulled by the foot and gradually develops
to the head, producing a monolithic movement. This phenomenon is consistent with the
two-dimensional kinematic characteristics observed by InSAR.

| Main body | Fool

cracks

Figure 11. (a) Landslide profile II-II' and location of field survey points; (b) deformation in the
head of HJP landslide (corresponding to point P1); (c) tension cracks in the main body of HJP
landslide (corresponding to point P2); (d) tension cracks and small collapse at the foot HJP landslide
(corresponding to point P3).

4.2.3. Planar Thrust Slide

The dominant deformation of planar thrust slides is in the horizontal direction. The
maximum vertical displacement rate is located in the head. The deformation of unstable
material at the head of the landslide thrusts the slope rock mass to slide along the plane as
a whole. In this paper, we used the Laoyaying (LYY) landslide as an example to verify the
planar traction slide identification results.

The LYY landslide is located in Sanjia Village, south of the study area. It is 1300 m long
and 360 m wide, with an area of 0.49 km?. The landslide is tongue-shaped, with a surface
elevation of 2220 m—2350 m and a top-toe elevation difference of 130 m. The average slope
of the landslide is 15°, and the overall slope aspect is about 208°. It is located in a concave
valley, and the terrain on both sides of the landslide is higher than the landslide body.
Weathered basalt is the primary material forming the landslide (Figure 12a).

Figure 12b is the annual average LOS deformation rate of LYY landslide observed
by Sentinel-1 descending images. The results show that the landslide has signs of overall
deformation. The high displacement rate is concentrated at the head of the landslide, with
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104°2'45"E

the maximum LOS rate greater than —100 mm/y. We detected the landslide boundary by
integrating the annual average LOS rate and optical images (Figure 12b).

The average horizontal rate of landslide surface is 63 mm/a, and the average vertical
rate is 23 mm/a. The dominant deformation is in the horizontal direction. Along the
downward slope aspect direction, the divergent characteristics of the horizontal velocity
of landslide are not obvious (Figure 12¢,d). The horizontal rate gradually increases from
the eastern to the western boundary. The maximum vertical rate is located at the head,
with a displacement rate of —45 mm/a. Along the downward slope aspect direction, the
vertical rate gradually decreases. In the main body of the landslide, the vertical rate is
about —23 mm/a, which is much smaller than the horizontal rate.
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Figure 12. (a) Overview of LYY landslide; (b) annual average displacement in LOS direction obtained
from Sentinel-1 descending images; (c) vertical rate; (d) horizontal rate.

The field investigation found significant deformation at the head of the landslide. The
hardened road had developed multistage steps, of which the maximum vertical displace-
ment is 15 cm and width is 30 cm. The crack extends from the road to the farmland on
both sides, with a length of more than 20 m and a direction of NW53°-60° (Figure 13b).
The road in the main body of the landslide develops a large number of subparallel cracks,
and the vertical deformation phenomenon is not apparent. The width of the cracks varies
from 2-5 cm, with the strike of NE20°—40°. They intersect diagonally with the landslide
sliding direction. Pinnate cracks were observed in hardened pavement cracks, which are
presumed to be shear cracks caused by horizontal velocity differences (Figure 13c). The
width and number of cracks decrease from the head to the foot of the LYY landslide. A few
cracks with a strike of NW50°~70° and a width of about 1 cm were observed on buildings
at the foot of the LYY landslide (Figure 13d). The deformation phenomena investigated in
the field are consistent with the 2D kinematic features acquired by InSAR.
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Figure 13. (a) Landslide profile III-III" and location of field survey points; (b) deformation in the
head of LYY landslide (corresponding to point P1); (c) shear cracks in the main body of LYY land-
slide (corresponding to point P2); (d) tension cracks and small collapse at the foot HJP landslide
(corresponding to point P3).

5. Discussion
5.1. Relationship between Time-Series Displacement of Landslides and Rainfall

Based on the two-dimensional decomposition equation and the SBAS-InSAR observa-
tion results, we obtained typical landslides’ vertical and horizontal time-series displace-
ments. The time-series displacement and daily rainfall data were matched by time to
discuss the correlation between rainfall and landslide deformation. The rainy season in the
study area is from April to October, and rainfall in the rainy season accounts for more than
90% of the year. Figure 14a—f show the vertical and horizontal time-series displacements of
the landslides in XMT, HJP and LYY, respectively.

The XMT landslide and the HJP landslide are close to each other and have the same
regional rainfall characteristics. The horizontal displacement rate of the XMT landslide
increased significantly from April 2019 (Figure 14b), and its vertical displacement accelera-
tion was slightly delayed (Figure 14a). Two concentrated rainfall events occurred in August
and October 2019, and the horizontal and vertical displacements of the XMT landslide
both showed obvious accelerated characteristics (Figure 14a,b). The horizontal rate of
the HJP landslide also accelerated after the concentrated rainfall event in October 2019
(Figure 14d). During the rainy season, the horizontal and vertical displacements of the
monitored points on the XMT landslide account for 65% and 68% of the total annual dis-
placements, respectively. The horizontal displacement of HJP landslide accounts for about
61% of the annual displacements.

The LYY landslide was affected by persistent precipitation from June 2019. The
horizontal and vertical displacements showed significant acceleration characteristics, and
the nodes of accelerated deformation coincided with the appearance of high precipitation
values (Figure 14e,f). At the end of the rainy season in October 2019, the landslide was still
in a state of continuous deformation, but there was no sign of acceleration.
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Figure 14. Time-series displacement of typical landslides” monitoring points with daily rainfall.
(a) Vertical displacement of XMT landslide; (b) horizontal displacement of XMT landslide; (c) vertical
displacement of HJP landslide; (d) horizontal displacement of HJP landslide; (e) vertical deformation
of LYY landslide; (f) horizontal displacement of LYY landslide. (P1, P2, and P3 correspond to the
landslide investigation points in Section 3.2).

In conclusion, the two-dimensional displacement of landslides is positively correlated
with rainfall, which is characterized by a higher deformation rate in the rainy season than in
the non-rainy season and a significantly accelerated deformation process after concentrated
rainfall. Rainfall is the main trigger factor of landslides in the Weining area. The positive
correlation between rainfall and displacement acceleration is also reflected in the studies of
the Jichang landslide and the Shiban landslide in the same geological conditions [49,50].

The primary sliding material is weathered basalt. Basalt itself often develops primary
columnar joints. After weathering, basalts also have the characteristics of clay on the
surface, including the cracking of shallow layers and the opening of weathered fissures [51].
The above factors provide the slope with a good channel for water intake. Under the action
of rainfall, the pore water pressure of the landslide material increases and the strength of
the geotechnical body decreases. In addition, rainwater enters the weak sliding surface
along the cracks and joints, which reduces the shear strength of the sliding surface and
intensifies the deformation of landslides [52].
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5.2. Uncertainty Factors Affecting Landslide Classification

This paper proposes a remote sensing identification method for active landslide motion
patterns based on geomorphic features as well as vertical and slope-oriented deformations.
On this basis, the development characteristics and trigger factors of landslides in the
Weining area are discussed by integrating geological conditions and daily precipitation
data. However, the following limitations still exist in the research process.

First, InNSAR technology can only identify slowly moving landslides. For landslides
with fast movement in a short time, as their displacement exceeds the radar sensor’s
detection range, SAR image decorrelations will occur, resulting in the missed detection of
landslides. The shadow and layover phenomena generated by radar observation result in
the lack of a two-dimensional displacement in some areas, also affecting the accuracy of
landslide motion pattern recognition.

Secondly, the surface displacement measured by InNSAR may differ from the deep
displacement of landslides. Although the motion-pattern-identification method proposed
in this study established the connection between the two-dimensional kinematic character-
istics and typical landslide patterns, it did not consider the influence of deep displacement
on the kinematic patterns due to the lack of borehole data. In the following research, it is
necessary to strengthen the study of slope structure characteristics to make the landslide
deformation-pattern-recognition method proposed in this paper more applicable.

Finally, there are some errors in the two-dimensional decomposition displacement in
the study area. In theory, the slope displacement is the combined displacement of north—
south and east-west displacement values in the slope direction. Due to the satellite sensor
not being sensitive to the north-south displacement, there are some errors in the slope
displacement obtained. It is the systematic error of the satellite-based radar measurement.
In addition, in the process of the displacement decomposition calculation, the landslide
movement direction is inferred from the slope aspect, 3D terrain model and optical images.
It may not be the exact sliding direction. The above two factors lead to some differences
between the vertical and slope-oriented displacements and the real displacement. However,
the obtained landslide displacement distribution characteristics and time-series displace-
ment development trend are accurate, and it is effective to use these data to discuss the
kinematic characteristics and influencing factors of landslides.

6. Conclusions

Catastrophic geological hazards frequently occur in southwest China due to the fragile
geological environment, strong artificial activities, and precipitation. The early identifica-
tion and classification of active landslide kinematic features are important for landslide
prevention and management. This study proposes a remote sensing identification method
for active landslide motion patterns by integrating geomorphic features as well as vertical
and slope-oriented deformations. Among them, rotational landslides are characterized by
similar vertical and horizontal deformation rates, with vertical deformation mainly occur-
ring at the head and gradually decreasing along the slope, while horizontal deformation
mainly occurs at the foot and gradually increases along the slope. As for the planar slide,
the dominant deformation is in the horizontal direction. It is further classified into planar
traction and planar thrust types according to the driving position. The vertical deformation
of planar traction slides is concentrated at the foot, while the vertical deformation of planar
thrust slides is concentrated at the head of the landslide.

Through the observation of multi-source radar images and two-dimensional displace-
ment decomposition, we identified 21 active landslides in Weining, including 1 rotational
landslide, 10 planar traction slides and 10 planar thrust slides. We verified the accuracy
of the identification results through field geological surveys and UAV aerial photography.
Integrating the daily rainfall and time-series displacement, we found that there was a signif-
icant positive correlation between landslide deformation acceleration and precipitation in
the Weining area. The remote sensing identification method of active landslide movement
patterns based on InSAR observations proposed in this paper can effectively detect the
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kinematic characteristics and provide important support for geological disaster prevention
and management.
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