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tion for better aspect, GNSS verification method, underground to ground surface measurement,
and landslide mapping based on deformation map.

Abstract: The area of Taiwan is 70% hillsides. In addition, the topography fluctuates wildly, and it
is active in earthquakes and young orogenic movements. Landslides are a widespread disaster in
Taiwan. However, landslides are not a disaster until someone enters the mountain area for devel-
opment. Therefore, landslide displacement monitoring is the primary task of this study. Potential
landslide areas with mostly slate geological conditions were selected as candidate sites in this study.
The slate bedding in this area is approximately 30 to 75 degrees toward the southeast, which means
that creep may occur due to gravity deformation caused by high-angle rock formation strikes. In
addition, because the research site is located in a densely vegetated area, the data noise is very high,
and it is not easy to obtain good results. This study chose ESA Sentinel-1 data for analysis and 1-m
LiDAR DEM as reference elevation. The 1-m LiDAR DEM with high accuracy can help to detect
more complex deformation from DINSAR. The Sentinel-1 series of satellites have a regular revisit
period. In addition, the farm areas of roads, bridges, and buildings in the study area provided
enough reflections to produce good coherence. Sentinel-1 images from March 2017 to June 2021
were analyzed, obtaining slope deformation and converting it to the vertical direction. Deformation
derived from SAR is compared with other measurements, including GNSS and underground slope
inclinometer. The SBAS solution process provides more DINSAR pairs to overcome the problem of
tremendous noise and has increased accuracy. Moreover, the SBAS method’s parameter modification
derives more candidate points in the vegetated area. The vertical deformation comparison between
the GNSS installation location and the ascending SBAS solution’s vertical deformation is consistent.
Moreover, the reliable facing of the slope toward the SAR satellite is discussed. Due to the limitations
of the GNSS stations, this study proposes a method to convert the observed deformation from the
slope inclinometer and convert it to vertical deformation. The displacement of the slope indicator is
originally a horizontal displacement. It is assumed that it is fixed at the farthest underground, and
the bottom-to-top movement is integrated with depth. The results show that the proposed equation
to convert horizontal to vertical displacement fits well in this condition. The activity of landslides
within the LiDAR digital elevation model identified as scars is also mapped.
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1. Introduction

Taiwan is located at the boundary of two plates, where frequent earthquakes occur.
The collision of plates also results in orogeny, increasing the height of mountains. Due
to the island being surrounded by different seawater temperatures, the extreme weather
changes very fast and induces numerous typhoons and rainfall. For example, in 2009,
the highest accumulated rainfall in one typhoon event was 3000 mm. The amount was
about three fourths of the average annual rainfall. These massive rainfall events are why
such a small island covers many potential sliding slopes. Landslide hazard mitigation
is an essential issue in Taiwan. Central Geological Survey started to map the large-scale
landslide (deep-seated landslide) scars from LiDAR DEM in the past ten years after typhoon
Morakot in 2009. The mapped landslide scars can be downloaded from the open data of
the government (Available online: https://data.gov.tw/en (accessed on 1 June 2021)). The
existing scars imply what year those landslide events occurred but cannot indicate current
conditions. The prominent scars weere downloaded and mapped in detail by this study are
as shown in Figure 1. The deep-seated scar was mapped by the criteria that the area should
be larger than 10 ha. Thus, detailed investigation and mapping are done by this research.
There are several minor scars and cracks found during field investigation and LIDAR DEM
mapping. The geological formation of the study area is slate, which varies with different
sandstone content. The formation of slate is facing southeast ranging from 20 to 70 degrees,
which may induce slow sliding due to gravity. The deformation speed of these scars is the
first key issue to installing the monitoring system or engineering treatment.

121°1115"E
1

121°110"E
L

121°11'30"E
I

24°1'45"N

24°130"N

[ eco-seated Landstide

121°10'45"E

121°11'0"E 121°115"E 121°11'30"E

Figure 1. Mapped landslide scars from LiDAR in the study area and its location in Taiwan.
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Generally, PSINSAR was a method to derive large area deformation such as ground
subsidence or fault deformation [1-14] performed landslide velocity detection with PSIn-
SAR and SBAS and concluded that PS can have more solved points than SBAS. However,
Rao etal. [15] did not provide accuracy verification with these methods. Oliveira et al. [16]
used TerraSAR-X SAR to detect landslide activity with PSINSAR and showed that it is
possible to map active landslides. Ciampalini et al. [17] combined PSInSAR with the
steepest slope velocity and its variance to refine the landslide susceptibility map. Has-
taoglu et al. [18] used ENVISAT and GNSS data to verify PSINSAR accuracy. Ciampalini
et al. [19] adopted sensors on buildings and PSInSAR for building deformation and risk
classification. The resolution of reference DEM is also an important issue when doing
PSInSAR. Ciampalini et al. [20] used 1 m airborne LiDAR and 20 m DEM to compare
the results of PSINSAR and showed that higher resolution DEM is more suitable for the
derivation of ground movement. Mateos et al. [21] combined UAV and PSInSAR for higher
resolution DEM for coastal displacement detection. The displacement detected in Mateos
et al. [21] is about 1.92 m in 8 years. The interferometric staking is also called A-DInSAR in
recent years, including PSInNSAR, SBAS, and so on [22,23]. In addition to the two methods
mentioned above, another TCP-InSAR can perform continuous DINSAR analysis. TCP-
InSAR uses a temporary coherence point selection technique and can estimate long-term
surface deformation without performing a phase reduction procedure [24]. In addition,
Ferrettil et al. [25] also improved the PS-InNSAR with poor results in mountainous areas or
non-artificial structures by using a new algorithm to get better quality candidate points.
This algorithm is called SqueeSAR. Peduto et al. [26] and used inclinometer measurements
for landslide kinematic modeling. The method projected the velocity to the steepest slope
direction and compared Envisat and Cosmos Skymed with PSISAR.

We tried to initiate this study with SBAS. The comparison of different measurements
was carried out after the movement of the ground surface was confirmed. The deformation
value and velocity prove the activeness and can provide information about the landslide
mechanism. However, DInSAR should pay attention to the correctness of the large-area
analysis of landslide displacement. Given this, converting the relative satellite deformation
(LOS) to the vertical direction is the only feasible verification method. To extract the
different displacement paths from time-series data, Pawluszek et al. [27] used the equation
provided by Hanseen [28] to calculate displacements in three directions. The Hanseen [28]
algorithm is based on the geometry of the transmission and the reflection direction of the
SAR signal. The method used in this research is based on the exact procedure but using the
commercial software SARScape.

2. Materials and Methods
Vertical Deformation from DInSAR

The ground deformation can be obtained from the phase difference temporal SAR
pairs. The basic concept is sending radar waves to the same position at different times
and baselines. The phase differences of the two signals can be calculated with a reference
digital elevation model. The control factors are accurate baseline and reflection on the
ground surface. Moreover, precise orbit and reference DEM are also critical to finding
actual deformation. DEM with 1 m resolution LIDAR DEM after the year 2009 is used as a
reference in this study. The accuracy of ground deformation can be to less than a centimeter
with the excellent quality of data, coherence, and amplitude. The phase difference of the
interferogram cab is obtained by Equation (1). The actual ground deformation can be
derived after removing known effects such as topography, geometry, and atmosphere. The
atmosphere effect was eliminated by temporal scene filters without using any data from
the meteorological station. Therefore, the interferometry can be calculated with a known
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baseline and reference height. The 1 m resolution LiDAR dem is adopted as reference
height in this study.

Ri—R
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in which R: distances between satellites and observation location; B: baseline; h: reference
elevation; A: wavelength of the radar; 6: looking angle to the observation location.

DInSAR, PS InSAR, and SBAS InSAR were developed very fast in recent years. These
technologies are becoming more efficient for large-scale landslide monitoring. Various
methodologies have been proposed for faster processing and better results [29-38].

The reflection signal is feeble when a smaller wavelength sends it to the ground
surface. This study uses single polarization (HH) for the same purpose a stronger reflection
signal after testing in this area. The Sentinel-1 data was used for this research. The process
to obtain DInSAR vertical displacement is shown in Figure 2 using only two temporal
pairs and 1 m resolution LIDAR DEM to generate a simulated phase. The SAR processing
software in this research is based on SARScape/ENVL. First, use the SAR images and DEM
to produce coherence, interferometry, and simulated phase. After that, it eliminates layover
and shadows from interferometry. However, the interferometry ranges from 7t to —m and
the actual deformed phase is more than that. Thus, phase unwrapping is necessary for
absolute phase differences. The final step is using GCP and precise orbit to convert the
deformed phase to displacement.
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Figure 2. The process flowchart from SAR data to displacement map.

The DINSAR method is suitable to observe landslide scars at two scenes with a short
baseline and short period. However, the coherence, amplitude, and fringes derived from
two images are hard to continuously monitor for displacement. Thus, interferometric
stacking is introduced for the study area. PSINSAR and SBAS are adopted in this area, but
the PSInSAR result has much fewer candidate points. The number of candidate points
extracted from PSINSAR is only 1/10 of SBAS. Thus, only SBAS is shown in this study.

SBAS searches candidates with a similar radar signal amplitude by observing years
and tracking their location in each scene. The atmosphere effect in this analysis is merely
using temporal days and filters to eliminate. This study uses the European Space Agency
(ESA) Sentinel-1 images due to its regular and 12 days return period. The temporal and
space baseline is as shown in Figure 3. The temporal baseline is set to 60 days, and the
space baseline is set to 150 m in this study. The images of ascending and descending used
in this study are 126 and 121 images, respectively.
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Figure 3. Temporal and space baseline of images used in this study.

The RMS vertical displacement error directly from SARScape shows 8.6 mm with
95% confidence in ascending track and 9.8 mm with 95% confidence in descending track.

The azimuth angle of the incident angle of the ascending orbit is 80.1 degrees, and the

inclination angle is 39.1 degrees. The azimuth angle of the incident angle of the descending
orbit is 281.5 degrees, and the inclination angle is 36.9 degrees. The aspect of the study area
is mainly in the east direction. The aspect (azimuth) and slope (steepness) affect candidate

point numbers and their accuracy. There are more candidate points derived from ascending

track images, as shown in Figure 4. This is because the slope of the study area is facing the
ascending SAR satellite signal. Also, some parameters of SARScape are optimized for the
study area to produce the most candidate points. However, the next step is to verify the

accuracy of each of the track results in this study area.
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Figure 4. Extracted candidate points produced with SBAS (March 2017 to June 2021).

3. Results
3.1. GNSS Measurement

Two dual-frequency GNSS stations were installed for analysis to verify the accuracy
of the SBAS analysis results, as shown in Figure 1 from April 2017. A reference GNSS
station located at a stable place 1.1 km away from this point is adopted for a node to
node displacement calculation. Assuming the reference GNSS station is stable without
displacement. The selection of GNSS station sites was based on preliminarily DInNSAR
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analysis. The differential GNSS calculation is based on open source code RTKLIB. The
road could be blocked due to heavy rainfall. Thus, the recorded data was sent through
the internet to the lab and calculated on another server every hour. The return period of
Sentinel-1 data is 12 days. The hourly solution is too much for DInSAR verification. Thus,
a 24 h solution is adopted as well.

As shown in Figures 5 and 6, there are two significant events from April 2017 to June
2021. The first event hit this area in June 2017, just two months after the GNSS stations
were installed. The rainfalls hit in June 2017. The first event (1st June to 4th June) has
902.5 mm rainfall and 640 mm rainfall after several days (11th June to 18th June). This event
induced about 120 mm in the east direction, 38 mm in the south direction, and 78 mm in the
vertical direction at GNSS1. There is another significant rainfall event in 2019. The hourly
rainfall reached a peak of 52 mm, but accumulated rainfall was less than the event in 2017.
However, displacements were measured in this event. The south direction displacement
at GNSS2 is more than east since its slope direction is heading south. The horizontal
displacement at GNSS2 is almost the same as vertical displacement. But the horizontal
displacement at GNSS1 is much more than vertical displacement. The displacement result
means that the location of GNSS2 is at a single sliding surface and GNSS1 is at multiple
sliding surfaces, which means there is a deeper sliding surface underneath. The field
identification and numerical simulation are executed to verify this observation.
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Figure 5. Measured GNSS displacement and rainfall at GNSS1.
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The vertical displacement is adopted for verification. Vertical displacements at GNSS1
and GNSS2 are extracted for SBAS SAR comparison, as shown in Figures 7 and 8. GNSS1
vertical displacement is very consistent with ascending SBAS within centimeter accuracy.
The descending SBAS is quite different from actual displacement behavior owing to to-
pography. This result shows that the aspect of the mountain is controlling the selection
of tracks to analyze landslide behavior. The GNSS2 is installed inside Lushan elementary
school with a slope facing south. The comparison results show that the descending track is
more consistent than the ascending track. However, the ascending track has more accurate
displacement after four years of waiting. Thus, the following result discussion will focus
on the ascending track in this study area. Moreover, it is interesting that both GNSS and
SBAS measured uplift after the main events in 2017. The mechanism will be discussed in
the next section.

ement (mm)

L S

18 Aug 16 6 Mar17 22 Sep 17 10 Apr 18 27 Oct18 15 May 19 1Dec19 18 Jun 20 4Jan21 23 Jul 21

Figure 7. Measured GNSS displacement and SAR displacement at GNSSI.
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Figure 8. Measured GNSS displacement and SAR displacement at GNSS2.

The slope (steepness) and aspect (azimuth) of GNSS stations are shown in Table 1.
For the accuracy of DINSAR results, the GNSS measurements are adopted as an exact
reference. Only the data on the same day of the DINSAR result and GNSS solution is used.
As shown in Table 1 of GNSS1 data, the ascending orbit result shows a 13 mm error with
a 10 mm standard deviation. Moreover, the correlation coefficient is 0.95, which means
highly correlated. For the descending orbit at GNSS1, the error is 84 mm. The correlation
coefficient is —0.69, which implies that descending data cannot be used in this location. For
the site of GNSS2, the error and standard deviation of ascending data are more significant
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than GNSS1, but the correlation coefficient is only 0.51. The result shows that the DInNSAR
result is still applicable at this location with lower accuracy. The descending data also
shows low accuracy and is not appropriate at this location. The correlation coefficient is
the relation between the GNSS and DInSAR measurements. If the coefficient approaches
one, this indicates that these two data are the same.

Table 1. The slope (steepness) and aspect (azimuth) of GNSS stations and related DINSAR comparison

errors.

GNSS1 Location

Slope (degree) Aspect (degree)
15.6 88.9
Ascending orbit Descending orbit
Error Mean (mm) 13.21 84.74
Error Standard Deviation (mm) 10.14 37.82
Correlation coefficient 0.95 —0.69
GNSS2 Location
Slope (degree) Aspect (degree)
19.8 169.8
Ascending orbit Descending orbit
Error Mean (mm) 24.43 25.76
Error Standard Deviation (mm) 15.17 17.52
Correlation coefficient 0.51 —-0.20

On the other hand, if the coefficient is less than zero, this means completely different
results and even indicates minor mean errors. Thus, we can conclude that ascending SAR
data is better than descending SAR data in this study area. The results show that ascending
SAR data is suitable for the east aspect slope.

3.2. The Sliding Behavior Comparing with Slope Inclinometer

The study site was investigated for more than ten years. However, the continuous
GNSS measurement was quite expensive before that. The borehole is the traditional method
to understand underground geology and deformation measurement. Two boreholes, BH1
and BH2, are adopted in this study, as shown in Figure 1. The depths of BH1 and BH2 are
100 m and 80 m, respectively. The measurement of deformation is initiated from the far
bottom of the hole. The algorithm assumes that the far bottom is not moving and measures
the tilt angle in two perpendicular directions tilt angle. Then the horizontal displacement
at each depth can be derived by tilt angle times depth. The horizontal displacement can
be used as a reference compared with the SBAS method when the GNSS is limited. The
horizontal ground surface displacements are plotted in Figure 9 with daily rainfall. There
are two horizontal directions measured, which are A direction and B direction. The two
directions are perpendicular to each other. The direction of horizontal displacement is
hard to identify because the underground pipe could be twisted. Thus, we merge two
directions into one displacement. The results show that A direction is a controlled direction
in this case. The slope inclinometer was initiated to measure from 2011. There were two
significant events in 2012 and 2017, respectively. The two events were caused by heavy
rainfall of more than 1000 mm. Because SBAS can only detect ground deformation, this
study uses ground surface displacements with time as a reference.
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Figure 9. The measured ground surface horizontal displacement from slope inclinometer.
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A concept to convert horizontal displacement to vertical displacement is proposed in
this research. The idea of this concept is shown in Figure 10. The slope indicator measures
a horizontal displacement in referenece to the deep ground surface. With an average slope
at the hole, the vertical displacement at the same point can be estimated based on Equation
(2). The recommended distance (radius) to calculate slope degree is from the center of the
hole to the radius larger than the depth of the inclinometer.

tan9:%—>V:H><tan9

@

where, 0: average slope at slope indicator; H: ground surface displacement from slope
indicator; V: estimated vertical displacement.
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Figure 10. Illustration of slope inclinometer measuring lateral ground displacement and vertical

displacement conversion.

The converted vertical displacement is plotted in Figure 11. The vertical movement
derived from ESA Sentinel-1 is also plotted in the same period to compare. The result
shows that this method can be used for estimating the vertical displacement trends cor-
rectly at BH1. However, the displacement comparison at BH2 is only consistent with the
deformation trend, not accurate. The method proposed is based on landslide monitoring,
in which the observation point is moving down in general. The process should be carefully
checked in case the observation point is moving up (uplift). This method allows comparing
DInSAR and slope indicator data, especially traditional monitoring sites without GNSS or
leveling data. There are two interesting observations when comparing these locations. The
first one is that the deformation was reversed after the 2017 event. And the second one is
that these locations are not affected by the 2019 event.
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Figure 11. The converted vertical displacement of slope indicator compared with ascending SBAS.

3.3. Potential Landslide Scar Mapping from SBAS Method

Since the accuracy of the SBAS method is verified in this area with GNSS and slope
inclinometer, landslide mapping based on this method is possible in the study area. In
order to set up a standard operating procedure to map the landslide area, the following
steps are executed after several tests.

1.  Calculate vertical displacement from LOS displacement after SBAS analysis.

2. Interpolate vertical displacement to raster format.

3. Overlap raster vertical displacement with shaded hill derived from the digital eleva-
tion model.

4. Compare displacement with LiDAR identified scars.

The potential landslide scars are mapped after the procedures, as shown in
Figure 12. The landslide scars from LiDAR are also shown in the figure to compare the
differences. The figure shows that most of the LiDAR base landslide area is moving,
which means mapping landslides from LiDAR data is correct. However, the sliding dis-
placement also means the priority to do further monitoring or engineering treatment.
The SBAS method shows a possible procedure to select sites for hazard mitigation. The
method based on this research mapped more potential landslides than LiDAR mapped
landslides. These potential landslides are moving, but the sliding threshold is difficult
to define due to continuous regular sliding. The primary observation from this LIDAR
DEM-based SBAS deformation shows that most of the sinking displacement occurs at
the mapped scar’s crown. Also, some uplift deformation can be observed at a lower
elevation of the slope.

3.4. Numerical Simulation and Field Investigation of Uplift Condition

Vertical displacement in the previous figure (Figure 5) shows an uplift behavior after
the severe rainfall event in 2017. The observation from GNSSI indicates that the horizontal
displacement is much larger than the vertical displacement. The minor effect detected
means there are multiple sliding planes. Field investigation in this site is checked to find
the sliding mechanism. Figure 13 shows the crack in the wall, where a GNSS was installed
at the top of the roof. The displacement of the retaining wall to the bottom is larger than
the top, illustrating a circular failure condition, which may have resulted in rotation with
higher elevation at the sliding toe. In order to simulate this condition, a simple slope model
was adopted for finite-element analysis RS2 from Rocscience is adopted for finite-element
analysis. A profile from crest to toe was cut to simulate landslide displacement. The
simulated result is as shown in Figure 14. The GNSS location is indicated in the plot.
Simulated displacements are divided into horizontal and vertical components. The result
shows that the horizontal displacement is more significant than vertical displacement at the
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GNSS position. Moreover, the simulation indicates at least two sliding planes for this site.
Two slips are identified from the numerical simulation. The main slip happens with more
significant rainfall, which causes overall sliding and GNSS vertical elevation to decrease.
The minor slide occurred when the major slide stopped slightly, and slight rain attacked
and resulted in circular rotation and vertical elevation increasing.

=== LiDAR identified scar

D Deep-seated Landslide

sar_asc_no_filter(mmiyr) |
e High : 29354 F

- Low 1 45927

LiDAR DEM (m)
- High : 1560.45

- Low : 1040.94

Figure 12. Vertical displacement velocity derived from SBAS from March 2017 to June 2021.

' e LU CERSS—

Figure 13. Crack on retaining wall shows the displacement at the bottom is larger than the top

(GNSS1 installed on the roof of the building).
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Figure 14. Finite element numerical displacement simulation result.

4. Conclusions

A landslide monitoring procedure and validation methodology from DInSAR and
SBAS data are proposed in this study. The mapped scars from LiDAR DEM shows past
landslide event but not the current situation. The active landslides should be identified,
and further monitoring and treatment should be carried on if the variance speed is fast.

DInSAR can detect the landslide area and map with a displacement map. DInSAR
can map landside scars from fringe and displacement maps with an appropriate threshold
once events have occurred during two scenes. However, DINSAR has some issues when
doing the pair-to-pair solution, which induces noisy signals and is merely challenging to
determine whether the slope is slipping or not. The results from DInSAR are not so precise
and easy to use for the following stages.

GNSS data can detect three-dimensional displacement and help to explain the land-
slide behavior. Such as possible sliding surfaces and sliding location in the slope. SBAS has
more precise displacement derivation with modeling assumed, and landslide boundary
can be thus defined. The SBAS method used in this study adopted parameter optimization
resulting in more candidate points in the vegetated area. Several deep-seated landslides
were selected for instrumentation to compare with DINSAR and SBAS methods. SBAS
results show that that method is more appropriate for creeping landslide mapping and
monitoring. The verification from GNSS shows that SBAS can derive high-accuracy results
for landslide monitoring. According to the correlation between SBAS and GNSS results,
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ascending DInSAR is suitable for the study area. The judgment of a high-accuracy displace-
ment is not the only issue for SBAS or PS methods. The correlation between SBAS and
GNSS should also be considered.

A vertical displacement estimation method is also proposed in this research. Many
landslide sites have enough data of slope inclinometer, a typical underground surface
deformation monitoring method. The slope inclinometer obtains horizontal ground surface
displacement, assuming that the bottom of the hole remains in the same position. The
estimated vertical displacement can help to provide more vertical deformations despite
GNSS data. However, the slope inclinometer was measured several months each time. The
result indicates the sliding behavior and initiation time appropriately with SBAS vertical
displacement. The slope inclinometer data is very precious and probably has decades of
data. These data can have more useful applications.

The numerical simulation also examined the sliding behavior of slope, which resulted
in different sections of vertical movement. Therefore, large-area landslide monitoring
can be performed with such a method, and extended monitoring instrumentation can be
selected to install at fast-displacement locations. Moreover, the SBAS method can detect
unstable landslides and provide early warning for engineering treatment or monitoring
works.

Potential Landslide mapping based on the SBAS method is proposed in this research
and is consistent with field investigation. The method provides an opportunity to map
landslides and rank priority to do engineering treatment to stable landslides.
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