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Abstract

displacement

Quantitative horizontal displacement in the landslide potential area is necessary for mitigating casualties, property
damage, and economic loss. Focusing on a sliding within a deep-seated landslide potential area located in Guang-
hua area in northern Taiwan, this study employed an unmanned aerial system (UAS) to capture and produce seven
high-precision orthomosaics from February 23 to March 26, 2021. Through particle image velocimetry (PIV) method,
these orthomosaics were used to assess the two-dimensional land surface displacement in the sliding-movement
region. The results revealed substantial displacement in the study region within the monitoring period. The direction
of displacement was consistent with the slope aspect in the region. To evaluate the suitability of the proposed model|,
the coefficient of efficiency was chosen to determine the goodness-of-fit between the observed and calculated
two-dimensional displacement in situ land surface displacement extensometer. The result showed that coefficient
of efficiency was up to 0.998. In addition, the greatest displacement was observed in the vegetated section located
at the bottom of the sliding-movement region. This section also had the highest slope, and its maximum tree-crow
displacement exceeded 9 m. PIV facilitated easy identification of the range and boundaries of the sliding area. This
noncontact monitoring technique overcame the limitations of single-point displacement assessment, obviating the
time-consuming, costly processes involved in conventional monitoring methods. The achieved results obtained by
proposed method gave a worthy support for an accurate understanding and evaluation of the landslide processes in
the watershed. The technique can also be applied to other critical infrastructure sites, allowing hazard risk reduction.
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Introduction

Taiwan has a high landslide potential because of its cli-
mate, location on the active boundary between Eurasian
Plate and Philippine Sea Plate, topography with more
mountains than plains predominated by mountains,
as well as seasonal rains and typhoons. For instance,
the heavy rainfall that came with Typhoon Morakot in
2009 caused landslides in various mountainous areas
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in Central and Southern Taiwan. Landslides affect the
configuration of land surfaces, making it a main factor
that contributes to land erosion. Various types of land-
slides have resulted in substantial mortality and socio-
economic damage (Chen 2000; Chen et al. 2006, 2020;
USGS 2004). The hazard of such slope disasters can
be assessed before they actually occur by using several
survey techniques or monitoring the history of slope
disasters in the particular area. This includes collecting
and interpreting remote sensing images, investigating
and testing the hydrological and geological characteris-
tics, analyzing the slope stability, or installing different
types of monitoring instruments (Chung et al. 2016).
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However, slope stability analysis and hydrological and
geological surveying both require a large amount of
diverse, long-term in situ survey data—which leads
to increased costs, discontinuous survey stations, and
difficulties in conducting surveys in multiple areas.
Accordingly, remote sensing imaging techniques have
been commonly used to support in situ analysis, poten-
tial assessment, and monitoring of slope disasters.

Unmanned aircraft system (UAS) integrated with
an aerial photography system for nonmetric cameras,
which is an aerial photography system that quickly
captures spatial information of land surfaces, has been
developed recently (Gomez and Purdie 2016; Green-
word et al. 2020). This aerial photography system is
flexible and quick and can function under low clouds.
Compared with conventional aerial remote sensing
imaging, this new aerial photography system is less sus-
ceptible to cloud conditions, more portable, more flex-
ible, and of lower cost. It also acquires image data of
disaster areas more quickly and thus facilitates smooth
rescue operations in disasters (Karantanellis et al. 2020;
Conforti et al. 2021; Ybanez et al. 2021).

Building on a UAS, this study produced multiperiod
high-resolution orthomosaics for the study area and
employed particle image velocimetry (PIV) to assess land
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surface displacement in the study landslide area. In the
past, PIV was mostly applied in indoor fluid mechanics
experiments or in situ flow field observations; the particle
images in flow fields captured with a high-speed or fixed
camera were used to analyze the amount of deformation
and estimate the velocity field of fluids. The relationships
between precision, accuracy, and resolution of the analy-
sis results were clarified in a stepwise manner during the
analysis (Adrian 1991; White et al. 2003; Baba et al. 2012;
Daigle et al. 2013). PIV has also been applied in various
indoor mechanical tests for rock fractures and case studies
of landslides in Taiwan. For instance, PIV has been used in
a physical model that simulates land surface materials on
a fault plane to observe the relative lateral and rotational
movements in the displacement field and thus delineate
the cracks. Land surface displacement analysis has been
conducted for landslides occurring in various areas (Tseng
et al. 2009). These studies have used multiperiod orthoim-
ages to assess land surface displacement at various time
points; established an analysis procedure for estimating
the amount of displacement; discussed the sources of error
in orthoimages, including aerial photography equipment
and time-variable factors such as shadows, vegetation, and
seasons; and explored how post-processing and filtering
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Fig. 1 Location maps of the study regions
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techniques could be used to test parameter relevance and
reduce the influence of error.

As shown above, applying PIV in land surface displace-
ment analysis is a mature practice in research. However,
in the past, orthoimages were generated using data cap-
tured through aerial photography with manned aircrafts.
Images captured with manned aircrafts have a relatively
high resolution, attributable to the high flying height,
large swath width, and large photographic coverage;
however, the elevation error can easily lead to distorted
orthoimages. Accordingly, producing appropriate image
data for PIV analysis is difficult. The recent rapid devel-
opment of UAS has facilitated the collection of high-
precision images through aerial photography. This study
integrated the UAS with PIV to ensure that adequate land
surface displacement information could be obtained from
the high-resolution aerial image data; the information
included the scale, direction, and amount of displace-
ment. The integrated approach may have a wide applica-
tion to the assessment of land surface deformation.

Study area

The study area was a large-scale landslide potential area
in the Guanghua region in Fuxing District, Taoyuan City;
the area is coded Taoyuan City-Fuxing District-T002 by
the Soil and Water Conservation Bureau in Taiwan. This
landslide potential area had an area of 12.4 ha (circled
in red in Fig. 1), and the actual scale of the sliding area
was appropriately 3.1 ha (circled in blue in Fig. 1). In the
sliding-movement region, the sliding started in 2002 and
has been accelerating since January 2021. A landslide, if
it occurs, would directly affect people and properties in
the landslide area, which include those on the farm road,
and increase sediment deposition and undermine water
quality in reservoirs. Land surface displacement was only
noticeable in the sliding-movement region, and no signs
of sliding were observed in the remainder of the landslide
potential area. Figures 2, 3 are the slope and aspect maps
of the sliding-movement region before the movement
accelerated produced using a 5-m-resolution digital ele-
vation model, respectively. According to the slope map,
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Fig. 5 The daily rainfall records from 2/20 to 4/19 in the study area

Date (2021)

the vegetated section, located in the lower part of the
sliding region, is relatively steep. The aspect map shows
that all the slopes face eastward. This information could

Fig. 6 The groundwater flow exfiltration in the study area

all be used to verify the results of the subsequent land
displacement analysis.

Regarding the geology of the large-scale landslide
potential area, the predominant stratum is the Paling
formation—which features mainly dark-gray to gray
argillite and slate, and occasionally, a thin layer of gray,
fine, and argillic sandstone in the lower part of the stra-
tum. An interlaced layer structure can occasionally occur
in the sandstone layer. The fragments created through
weathering are in round or pencil-like shapes. The geo-
logical structure near the study area comprises mainly
an unnamed anticline and the Kuaishan Fault, located
80 m to the east of the large-scale landslide potential
area and oriented in the northeast-southwest direction.
The upper and lower blocks of the Kuaishan Fault are all
composed of the Paling formation. According to 1/50,000
geological map of Taiwan (Fig. 4), an unnamed anticline
seems to traverse the study area. However, the meas-
ured attitude of the anticline suggested that the anticline
is distant from the Guanghua region, and the measured
outcrop attitude also showed that the anticline does not
travel through the study area.

Landslides belong to the most important natural haz-
ards in all mountainous regions. It is well known that
water is one of the major triggers of landslides. Numer-
ous landslide studies discuss different effects that water
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Fig. 7 Locations of ground control points and the coordinates and precision of TWD97

may have on slope stability: decreasing suction, rising
groundwater table and subsequent increasing pore water
pressure, groundwater exfiltration from the bedrock,
seepage erosion, hydraulic uplift pressure from below the
landslide. Figure 5 shows the daily rainfall records from
2/20 to 4/19 and only few accumulated rainfall in the
study area (annual rainfall is up to 3000 mm). Accord-
ing to results obtained from terrain surveys, geological
boring, and monitoring coupled with subsurface data
retrieved during the collecting conduit operation, the
landslide mechanism was preliminarily determined to

be the following factors (which contributed to slope
instability): deposition of a thick layer of regolith on the
slope surface, broken rocks at several depths of the rock
formation, high-angle cracks, multiple slide depths, the
exposed toe area’s susceptibility to environmental con-
ditions and instability, and the flow characteristics and
complexity of the regional groundwater. The predomi-
nant landslide type is regolith slides, which occur at
approximately 5-27 m below the land surface (Soil and
Water Conservation Bureau in Taiwan 2021). As shown
in Fig. 6, the groundwater was exfiltration on the slope
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in the study area. The regional groundwater flow exfiltra-
tion may be the major trigger of the landslide in the study
area.

Methodology

This study employed PIV to analyze the land surface
displacement of a landslide. The analysis procedure was
as follows: using an UAS to capture orthoimages of the
study area; identifying appropriate ground control points
within the area; use high-precision satellite positioning
devices to obtain the three-dimensional coordinates of
the ground control points; and inputting the high-reso-
lution coordinate data when producing the orthomosa-
ics to enhance the overall precision of the orthomosaics.
Through this procedure, multiperiod orthomosaics were

obtained and analyzed using PIV to calculate the land
surface displacement at various periods. The subsequent
paragraphs detail on the tasks involved at each stage of
the procedure.

For producing orthomosaics, the authors ensured that
the entire large-scale landslide potential area was covered
in the images. Four ground control points were selected
outside the main sliding area, where coordinate and ele-
vation data were collected using high-precision satellite
positioning devices (Fig. 7). The unmanned aerial vehicle
was installed with a 24-million-pixel camera for captur-
ing images and flew at 150 m. An image captured had
an 85% overlap with the ones above and below it and a
70% overlap with the one to the left and right of it. The
captured images were subject to matching, mosaicking,
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Fig. 10 Grayscale images of different periods

Fig. 11 PIV evaluation setup in the study area

aerial triangulation, and point cloud densification in
Pix4D mapper pro to produce orthomosaics and digi-
tal surface model data (Fig. 8). Following the aforemen-
tioned steps, the authors could maintain a precision of
>10 cm in the average ground sampling distance and
ground control points.

The obtained multiperiod orthomosaics were used
to analyze the land surface displacement in the land-
slide area on PIVview2C (version 3.6; PIVTEC). Figure 9
presents the mechanics of the software. First, an image
is fixed and compared with another one to obtain the
relative displacement. Comparison and correlation cal-
culations were performed on similar pixels to detect the
peak correlation coefficient. The coefficient indicates the

vector field in which the two images’ particle features can
be mutually superimposed and are completely matching,
and the correlation offset is identical to the displacement.
These steps were taken to identify the mean displace-
ment of particles and thus understand the overall particle
movement in the environment (PIVTEC GMBH 2015).
After images of two periods are imported to the soft-
ware program, several critical parameter settings are
required before the horizontal displacement analysis
can be started. First, the first image was divided into a
mesh of test patches with the same size; the amount of
two-dimensional displacement of each test patch mesh
was obtained after its analysis was complete. For cal-
culating the amount of displacement between the test
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patches in two images, the size of search patch was set
in another image; the search zone was determined to be
the area of the maximum test patch movement in rela-
tion to the two directions in a two-dimensional space. A
larger patch encompasses a greater number of image fea-
tures and hence provides more precise results. However,
a fixed-size image provides few measurement points for
displacement calculation, making window size and step
size of the search patch two critical parameter settings
that require testing.

Search patches with identical coordinates in two
images were subject to cross-correlation to determine the
level of correlation between the two images. The cross-
correlation analysis were performed using the following
equation:

C(s)= / / W@l W @+ x+sdxe, (1)

where C(s) is the level of correlation; I’ and I” are the win-
dow size of search patches; W and W are the image files
of the first and second images, respectively; and s is the
amount of displacement between the two images. Using
search patches of varying sizes could directly undermine
the precision of analysis results. The relationship between
error and search window size is expressed as follows:

Ppizel = 0.6/L + 150000/L%, )

where L is the search window size and pjil is the stand-
ard error.

According to the literature, the larger the search patch,
the more precise is the analysis results but the fewer are
the obtained measurement points. Moreover, the analysis
precision decreases if the amount of image displacement
is not an integer multiple of the number of image pixels.
In addition to window size and distance of movement,
the image feature points are a primary factor affecting
the analysis results. Image features are variable across
times and seasons, such as vegetation; for buildings and
construction structures, their features may change with
the lighting and shadow conditions at the time of shoot-
ing. In situations where the study area is large and a low
correlation is observed in the image analysis, valley or
shadow areas can be excluded in the subsequent analyses
because the surface features of valleys are highly variable,
and shadowed features cannot be identified. Subjecting
images to grayscale processing and equating the grayscale
distribution before PIV analysis can effectively increase
the matching correlation coefficient of non-shadowed
areas. These are all the crucial factors affecting the result
of PIV analysis (White et al. 2003; Tseng et al. 2009).
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Fig. 13 PIV displacement analysis results for orthomosaics captured on February 23 and March26

In comparing the differences between orthomosaics of
different periods, the orthomosaics were cropped to the
same photographic coverage and adjusted to the same
level of resolution, with the effect of color minimized,
to facilitate the analysis and comparison of land surface

displacement under identical standards. Seven orthomo-
saics from the period of February 23 to March 26, 2021,
were selected, cropped to the same photographic cov-
erage, adjusted to the same level of resolution (10 cm/
pixel), and processed using grayscale equation before



Liu et al. Geoscience Letters (2022) 9:17

Table 1 Displacement values collected by K-C1 and calculated
for reference points (unit: mm)

Time K-C1 Point 1 Point 2 Point 3
2/23 (12:00) 500 600 535 1436
3/01 (12:00) mm 1109 916 2591
3/05 (12:00) 1801 2009 1660 4008
3/12 (12:00) 3222 3422 2612 6225
3/19 (12:00) 4390 4330 3174 7761
3/26 (12:00) 5366 5515 4101 9214
CE 0.998 0917 0.793

n n
CE=1- 3 (Drec(t) — Dcal(r))z/ > (Drec(r) - 5rec)zl where Drec (t) and Dey (1)
denote thé:gecorded and calculatercﬂiisplacement at time t, respectively; Dyec is
the mean recorded displacement, and n is the number of displacement records.
The CE is used to measure the similarity between the calculated and observed
displacements. A more accurate fit is obtained when the value of CE is
approximately one

10,000
——K-C1 )
9,000 .
-+-Point 1 7

8,000 -<=-Point 2 =g
‘S 7,000 ==l AT E Point 3,7
g
© 6,000
- 4
s rd
~ 5,000 7
g 4,000 Point1_, s
©n y gl

y -~ Point 2
3,000 KCL_.:
2,000
1,000 /
0
2/23 3/01 3/05 3/12 3/19 3/26
Date
Fig. 14 Monitoring results by K-C1

further analyses were conducted (Fig. 10). According to
the PIV user’s manual (2010), the interrogation window
size is the rectangular size with which the PIV images are
sampled to perform the local cross-correlation analysis.
Frequently the interrogation window is also referred to
as interrogation spot. The window dimensions can be
freely set. Because the study area size is only 3335 x 2359
pixels (333.5x 235.9 m), the search window size is set
256 pixels (25.6 m) which is less than the study area
(Fig. 11). Step size defines the increment with which the
images are sampled. These values define the mesh size
of the final data size. Typical values are around 50% of
the window size which satisfies the sampling criterion.
Greater sample overlap (e.g., smaller step sizes) produces
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oversampled data, but does not necessarily yield addi-
tional information. Consequently, the step size is set 128
pixels (12.8 m), 64 pixels (6.4 m), and 32 pixels (3.2 m)
to calibrate the best step size. The detailed results are
shown in Fig. 12, when the step size is set large pixels
(128 pixels) could not provide the representative slide
movement with highly precision in the study area. When
the step size is set as small pixels (32 pixels), only few fea-
ture points can be found. If the step size is greater than
or close to the local horizontal displacement in the study
area, some error results such as the error direction of
sliding would occur. Through testing, the PIV search win-
dow size and step size for two-dimensional displacement
of land surface analysis were determined to be 256 and 64
pixels, respectively.

Results and discussion

Seven orthomosaics of the sliding-movement region in
the Taoyuan City-Fuxing District-T002 large-scale land-
slide potential area captured between February 23 and
March 26, 2021, were used for PIV analysis so as to calcu-
late the land surface displacement in the region. Figure 13
presents the analysis results of orthomosaics captured
on February 23 and March 26 (31 days apart). The red
arrow indicates the amount and direction of displace-
ment obtained through analysis. The larger arrows mean
the grid is with large displacement. Accordingly, the scale
and boundaries of the displacement areas as well as the
amount and direction of sliding can be identified easily
through Fig. 13. A comparison with the aspect map in
Fig. 3 revealed that the direction of displacement in the
sliding-movement region was consistent with the slope
aspect. Notably, the aforementioned result was generated
using orthomosaics in PIV; in other words, the calculated
displacement was two-dimensional, and thus, the slope
must be considered if it is to be compared with the in situ
monitoring result.

Three reference locations (Points 1-3 in Fig. 13) in the
sliding area were selected to explain the actual land sur-
face displacement values. The reason Point 1 was chosen
was that this location was close to the monitoring point
of the Soil and Water Conservation Bureau’s in situ land
surface displacement extensometer K-Cl1, facilitating
comparison with the in situ monitoring values. Points 2
and 3—the least and most displaced locations, respec-
tively—were selected for observing the PIV analysis
results. Point 3 was selected to explore the largest amount
of displacement within this area during the study period
because it was located at the top of the tree crowns in
the vegetated section. Table 1 lists the displacement val-
ues for the three reference locations (points) calculated
through PIV and collected in situ by K-C1 was con-
sidered in the calculation of these values, and thus, the
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Fig. 15 Comparison of the top region of the sliding-movement region in orthomosaics

calculated values for Point 1 could be directly compared
with those collected by K-C1. The quantitative relation-
ship by analyzing the correlation between the K-C1 point
and the calculated three-point data are presented in
Table 1. To evaluate the suitability of the proposed model,
the coefficient of efficiency (CE) was chosen to determine
the goodness-of-fit between the observed and calculated
two-dimensional displacement in the K-C1 Point. The
results showed that coefficient of efficiency (CE) is up to
0.998 at Point 1, 0.917 at Point 2, and 0.793 at Point 3.
Because the Point 1 is very close to K-C1 point shown in
Fig. 14, indicating that the calculated and recorded dis-
placements are in excellent agreement. The results also
shown that the displacement at downstream (Point 3) is
significantly large than the displacement at the upstream
(Point 1), and the displacement at Point 1 is large than
the displacement at Point 2. The proposed noncontact
monitoring technique (PIV with UAS) provided the two-
dimensional land surface displacement in the all land-
slide potential area with highly precision that overcame
the limitations of single-point displacement assessment
(K-C1), obviating the time-consuming, costly processes
involved in conventional monitoring methods.

Figure 15 compares the top region of the sliding-move-
ment region captured in the orthomosaics on February
23 and March 26 and shows considerable displacement
in the sliding during the 31-day period. Figure 16 depicts
the land surface displacement analysis results obtained
using the seven orthomosaics captured at different peri-
ods. The largest displacement occurred at the vegetated
section located at the bottom of the sliding region; this
section, as shown in Fig. 2, had a relatively steep slope,
and thus, the amount of land surface displacement in

this section would naturally be greater than that in other
parts of the area. In addition, the amount of displacement
appeared to be even greater when observed from the tree
crowns.

Conclusion

With the Taoyuan City-Fuxing District-T002 (Guanghua)
large-scale landslide potential area as the study area, the
present study employed a UAS to capture and produce
seven high-resolution orthomosaics between February
23 and March 26, 2021. PIV was performed to assess the
two-dimensional land surface displacement in the study
area. The results reveal substantial land surface displace-
ment in the sliding-movement region during the 31-day
period; the direction of displacement was consistent
with the aspect of slope in this region, and the amount
of displacement was close to that monitored in situ. The
greatest displacement occurred at the vegetated section
located at the bottom of the sliding-movement region.
This section also had the steepest slope in the region,
and its maximum amount of tree-crown displacement
exceeded 9 m.

Most studies employing PIV have employed a large study
area and used manned aircrafts to capture orthoimages;
the flying height was usually high and thus produced much
elevation error to be calibrated. In addition, for image data
collected in different periods, the shooting time intervals
were long, and the image quality was highly susceptible to
the vegetation or lighting conditions in different seasons.
The various sources of orthoimages and large variance in
image resolution resulted in the relatively low correlation
coefficients in the PIV analysis. This, in turn, required an
additional filtering step to filter out unreasonable vector
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Fig. 16 Color gradient map of the PIV displacement analysis results for the study period

displacement results before establishing the displacement
field of the study area, followed by a comparison between
the slope aspect, feature points, and terrain cross-section
to verify the analysis results. The present study area was
relatively small, and the orthoimages were captured using
a multirotor unmanned aerial vehicle, the flying height of
which was lower than that of conventional manned air-
crafts and thus produced low elevation error but high reso-
lution and high precision. Furthermore, the shooting time
intervals for the seven orthomosaics were short; the shoot-
ing times were fixed in the period between 11:00 to 13:00

to minimize the influence of seasons and shadow; and the
slope aspect was consistent in the study area. These char-
acteristics of the present study were all conducive to PIV
assessment of land surface displacement in the sliding-
movement region. The PIV technique is a useful tool for
accessing two-dimensional displacement of land surface,
and has been used in various indoor experiments in chan-
nels with constant slope. Based on the mature technique of
UAS and PIV, we think that third parties through the same
process can reproduce the results of the land surface dis-
placement due to a sliding in a field.
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