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Abstract: Landslides are among the most dangerous and catastrophic events in the world. The
increasing progress in remote sensing technology made landslide observations timely, systematic
and less costly. In this context, we collected multi-dated data obtained by Unmanned Aerial Vehicle
(UAV) campaigns and Terrestrial Laser Scanning (TLS) surveys for the accurate and immediate
monitoring of a landslide located in a steep and v-shaped valley, in order to provide operational
information concerning the stability of the area to the local authorities. The derived data were
processed appropriately, and UAV-based as well as TLS point clouds were generated. The monitoring
and assessment of the evolution of the landslide were based on the identification of instability
phenomena between the multi-dated UAV and TLS point clouds using the direct cloud-to-cloud
comparison and the estimation of the deviation between surface sections. The overall evaluation of
the results revealed that the landslide remains active for three years but is progressing particularly
slowly. Moreover, point clouds arising from a UAV or a TLS sensor can be effectively utilized for
landslide monitoring with comparable accuracies. Nevertheless, TLS point clouds proved to be denser
and more appropriate in terms of enhancing the accuracy of the monitoring process. The outcomes
were validated using measurements, acquired by the Global Navigation Satellite System (GNSS).
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1. Introduction

Landslides are among the most dangerous and catastrophic natural disasters in the
world. They usually occur suddenly and can be detrimental to the natural environment,
the infrastructure or even human life itself. As climate change is unequivocal, model-
based estimations propose that warming temperatures would lead to increased activity of
landslides [1-3]. Over the years, several researchers dealt with the investigation of such
phenomena and various methods focused on landslide vulnerability mapping, hazard
zoning, risk assessment, or rock-fall simulations, have been developed [4,5]. However,
landslide research has never been more urgent and important.

The increasing progress in remote sensing technology have made landslide observa-
tions more timely, systematic and less costly. Moreover, new possibilities for high-precision
research of landslides located in inaccessible areas or extensive landslides have emerged.
Novel methodologies, based on multiple remote sensing data, have already been indispens-
able tools for landslide assessment and risk prevention [6,7].

The growing use of Unmanned Aerial Vehicles (UAVs) has been a real milestone in
Earth observation, and therefore, in landslide research [8,9]. The first approaches were
based on the successful exploitation of UAVs with compact cameras for the rapid identifica-
tion of landslides [10]. Subsequently, UAVs mounted with digital single-lens reflex (DSLR)
cameras, were used for the documentation and monitoring of large earthflows [11]. An
academic research team developed a UAV, equipped with a consumer-grade optical camera
in order to generate 3D surface models for the more comprehensive characterization and
monitoring of unstable areas [12].
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Moreover, time series of UAV images were processed via the Structure from Motion
(SfM) technique and the outputs were utilized for the quantification of the surface defor-
mation, the measurement of the landslide volumetric change and the determination of
the landslide’s dynamics [13,14]. In a respective study, UAV data contributed effectively
to the assessment of residual risk (post-landslide risk) on a medium- and long-term scale
through the estimation of the evolution of the area [15]. UAV imagery along with digital
photogrammetry has successfully assisted in the recording of slope conditions as well as in
the enhancement of the understanding of landslide processes and the precise assessment of
slope instabilities [16]. As time passes, new and more innovative approaches for landslide
investigation are emerging based on the combined use of UAVs and machine learning algo-
rithms for the extraction of landslide susceptibility maps and the monitoring of landslide
risk areas [17].

Another common tool for many geotechnical studies and landslide investigations is
Light Detection and Ranging (LiDAR) technology [18]. In particular, Airborne LiDARs
have proven to be particularly effective in the detailed and accurate representation of
the landslide’s surface, the recognition of different types of mass movements and the
monitoring of landslide dynamics as well as the classification of slow-moving landslides in
densely vegetated areas [19-22]. In addition, a variety of studies have already been carried
out regarding the utilization of LiDARs on rockfall mapping, rock mass characterization
and rockfall susceptibility analysis [23,24]. However, landslide research through airborne
LiDAR constitutes a quite expensive approach and thus continuous airborne monitoring is
relatively limited.

On the contrary, Terrestrial LIDAR (TLS) surveys are more affordable, providing data
with a higher temporal and spatial resolution. An overall overview of TLS acquisition
and data processing concerning the characterization, volume estimation and monitoring
of rock slopes has already been published [25]. Furthermore, a truly comprehensive
study took place in Yosemite Valley where TLS and SfM were utilized for the detection
of rockfalls over a 40-year period and the updating of the inventory database with more
precise measurements (number, area, volume) [26]. In fact, the terrain models resulting
from remote sensing techniques (TLS, StM) were compared with the corresponding models
derived from the processing of historical oblique photographs allowing the detection and
quantification of surface changes and providing long-term monitoring.

The integrated use of a variety of remote sensing data is suggested as an alternative
perspective for more comprehensive landslide research. Specifically, spaceborne satellite
data (high resolution multispectral and radar images) were combined with UAV imagery
and ground-based techniques, such as Ground-Based Interferometric SAR (GB-InSAR), TLS,
etc., in order to identify, map and monitor landslides, which vary in their characteristics,
failure mechanisms, evolution processes, spatial distribution and risk of instability [27].
Moreover, the analysis of the activity of the landslide and the estimation of its kinematic
evolution can be achieved effectively either by the execution of repeated UAV campaigns
along with Global Navigation Satellite Systems (GNSS) surveys [28] or by the utilization of
UAV data in conjunction with (a) airborne LiDAR data [29] or (b) TLS surveys [30].

In the current study, we collected multi-dated data obtained by Unmanned Aerial
Vehicle (UAV) and Terrestrial Laser Scanning (TLS) surveys for the accurate and immediate
monitoring of a landslide aiming at the provision of operational information concerning
the stability of the area to the local authorities. Specifically, a landslide occurred in an
environmentally sensitive area, which is located in a steep and narrow valley. Thus, the
monitoring of the area constitutes a particularly challenging task, as it must be achieved
timely and accurately with as little environmental impact as possible and minimum costs.
As both UAV and TLS field campaigns involve only transportation expenses to the study
area, they have proved to be a reliable and cost affordable tool for continuous monitoring
of small (ten of meters) to moderate (hundreds of meters) active landslides. The afore-
mentioned challenge is the main objective of the current work. In this framework, the
derived data were processed appropriately, and UAV-based as well as TLS point clouds
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were generated. The monitoring and assessment of the evolution of the landslide were
based on the identification of instability phenomena between the multi-dated UAV and TLS
point clouds using the direct cloud-to-cloud comparison and the estimation of the deviation
between surface sections. Moreover, systematic measurements, obtained by the Global
Navigation Satellite System (GNSS) were utilized for the verification of the results. Finally,
research outcomes were communicated to local authorities in order to execute appropriate
measures for the mitigation of the risk.

2. Landslide Area

Northern Peloponnese is characterized as one of the most tectonically and seismically
active continental regions worldwide due to the existence of the fast-extending Corinthian
rift [31-35]. The rift is dissecting the entire region, from the coastline in the north to
the ridges inland since the Pliocene. Normal faulting, sea level changes, as well as the
tectonic uplift of rift sediments, are recognized as dominant features in this process. The
morphology of the wider area is obviously affected by the ongoing tectonics and it is
evidenced by the development of deep and narrow valleys.

Our area of interest is located on the outskirts of the village of Kato Zachlorou within
the Region of Western Greece (Figure 1). The first phenomena of instability at the spe-
cific site started as rock falls on 19 April 2019. A subsequent reactivation took place on
14 November 2019 through rockfalls and debris falls, while a more extensive event, includ-
ing rock falls and debris falls occurred on 4 April 2020. Landslide material covered the area
of the road in three different locations, contributing to the isolation of the local community
from the surroundings (Figure 2).

Area Of Interest
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Figure 1. Area of Interest.
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Figure 2. (a,b) UAV photos of the area of interest after the landslide on 4 April 2020. (c) Photo of the
landslide material displaced on the area of the road.

The specific site is an outstanding natural heritage area, as well as a famous tourist des-
tination. A historic rack railway, named “Odontotos” runs through the gorge of Vouraikos
since 1896 and it is one of the most iconic touristic features of the wider area. In this context,
the mitigation of landslide risk and the maintenance of human security are top priorities,
especially in our area of interest, which is located in a particularly narrow area of the gorge
and quite close to the railway lines (~30 m) (Figure 2a). Additionally, this environmentally
sensitive area must be safeguarded and thus any monitoring should take place with as little
environmental disturbance as possible.

3. Materials and Methods
3.1. Data Acquizition

The precise monitoring of our area of interest started after the occurrence of the
extensive rock falls and debris fall on 19 April 2019 and is still in progress. Our datasets
included repetitive representations of the study area acquired by either UAV or by TLS as
well as high-precision GNSS measurements (Table 1). Repeated UAV /TLS surveys have
been carried out at regular intervals for the immediate provision of stability information
to the local authorities. UAV flights are operated within 1 h while each TLS survey lasts
approximately 4 h.

A DJI Matrice 600 was utilized for the collection of the UAV imagery. The specific
hexacopter is equipped with a Zenmuse X5 camera with a 15 mm F/1.7 lens and a 72-degree
diagonal field of view. The camera operates with an electronic shutter, capturing images at
16 MP analysis, i.e., photo analysis of 4608 x 3456 pixels. The campaigns were executed
once per month at an altitude of 70 m above the ground level, maintaining the same flight
grid (Figure 3) and the corresponding photogrammetric characteristics throughout the
monitoring period. The acquired UAV photos have 90% along-track and 75% across-track
overlap and photogrammetric processing was carried out in Agisoft Metashape software.

TLS surveys were conducted using a Leica ScanStation P50, which allows the extremely
fast scanning (1 million points per second) of large areas along with the extraction of high-
quality 3D representations. The range accuracy of the specific laser scanner is estimated
at about 1.2 mm for ranges varying from 120 m to 270 m. In addition, scanning can
be performed under almost any weather conditions (exceptions include stormy winds
and heavy rainfall) in a 360-degree horizontal and 270-degree vertical field of view. A
Canon EOS 80D camera with 24 MP resolution is mounted onto Leica ScanStation P50
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for the improvement of the sharpness of the obtained point clouds. The processing of the

multi-dated point clouds took place in Leica Cyclone software.

Table 1. Dates of the repeated UAV, TLS and GNSS surveys.

Survey Date UAV TLS GNSS Main Events
19 April 2019 Rock falls
1 21 April 2019 X
2 19 May 2019 X
14 November 2019 Rock falls and earth slides
4 April 2020 Extensive rock falls and earth slides
3 11 April 2020 X
4 7 May 2020 X
5 10 June 2020 X X
22 July 2020 Slope remediation
6 23 July 2020 X
24 July 2020 Construction of GNSS pillars
7 10 August 2020 X X
8 14 August 2020 X X
9 25 August 2020 X X
10 25 September 2020 X X X
11 3 October 2020 X X
12 16 December 2020 X X
13 26 April 2021 X X
14 28 May 2021 X X
15 3 July 2021 X X
16 7 November 2021 X X X

Figure 3. The flight grid of the photogrammetric UAV campaigns.
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Moreover, several repetitive static GNSS measurements were executed utilizing a Leica
GS08 GNSS Receiver. The adopted methodology for the construction of the permanent
GNSS pillar and the and subsequent monitoring has already been described in detail [28].
The measurements were performed on permanent pillars (Figure 4), which are located
at key points within the area of interest in order to guarantee the performance of each
measurement exactly at the same position. In particular, three of these permanent pillars
were constructed along the paved road, while two others were placed outside the landslide.
GNSS measurements were utilized both to monitor instability phenomena and to verify
the results of remote sensing approaches.

R,

Figure 4. Permanent location on the road area for the execution of GNSS measurements.

Finally, square 4.5” black and white targets were distributed throughout the area
of instability (Figure 5) in each UAV campaign or TLS survey, aiming at minimizing
georeferencing errors and enhancing the registration quality of the multi-dated outputs.
The position of each target was measured using a Leica G508 GNSS Receiver.

3.2. Methodology

The current research focuses on the accurate and timely monitoring of landslide
activity using low-cost, repeatable remote sensing data obtained by UAV and TLS sensors,
in an environmentally sensitive area. Our main purpose is to inform the local authorities
about the stability of the area, within two days (maximum) from the field surveys, in
order to respond immediately by planning the appropriate measures, in case of a possible
emergency (future landslide). An overview of the adopted methodology is shown in the
following flowchart (Figure 6). The validation of the results takes place through their
comparative assessment with GNSS measurements, performed on permanent positions
(Figure 7).
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Figure 5. (a) Distribution of GCPs in the area of interest, (b) 4.5” black and white target, (c) 4.5” black
and white target within the landslide area.
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Figure 6. Flowchart depicting the applied methodology.
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Figure 7. Distribution of the GNSS permanent pillars. The orthophoto presents the sliding area on 21
April 2019.

Specifically, the obtained UAV images were processed in Agisoft Metashape (v. 1.7.2.,
Agisoft LLC, St. Petersburg, Russia) according to the SfM photogrammetry. The tech-
nique transforms the overlapping, multi-view UAV images into a three-dimensional object
model [36-38]. The origin of SfM is traced to the fields of computer vision and photogram-
metry. In our case, the UAV images were aligned using the highest-quality option as
described in the Agisoft Metashape manual [39]. The specific option is inextricably linked
to the quality of the 3D reconstruction since the camera positions are calculated more
accurately. In addition, the collected images were processed in their original size and at
the same time, they were upscaled by a factor of 4. The dense point cloud generation was
performed according to the ultra-high-quality setting which allows for the creation of more
detailed and precise depth maps. Concerning the camera calibration and optimization,
the default setting of Agisoft Metashape was selected. The SfM processing ended up in
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the extraction of point clouds, which were projected into the Hellenic Geodetic Reference
System 1987.

The processing of the indicative TLS data was carried out in Leica Cyclone software.
Six scan stations were required in each TLS survey to fully cover the area of interest. There-
fore, the primary step of the processing was the correct registration of the scans obtained
by the different scan positions. The procedure took place using Leica Cyclone REGISTER
360 through the identification of the 4.5” black and white targets. The registration error
in the specific step was measured at 6 mm. Afterward, the multi-dated point clouds were
imported into Leica Cyclone REGISTER in order to be properly aligned. The alignment was
executed through the detection of common points between the point clouds. The derived
TLS three-dimensional representations along with the corresponding UAV-based point
clouds were utilized for the monitoring of the landslide’s evolution

4. Results
4.1. UAV Surveys

The systematic monitoring of mass movements across the investigated area using
UAV imagery was based on change detection approaches. Specifically, high-resolution
orthophotos were utilized for the visual identification of surface changes between the
repetitive sliding episodes. Some typical relief changes, detected between the first mass
movements in April 2019 (Table 1) and the more extensive ones in April 2020, are presented
in Figure 8. Specifically, Figure 8a,b show area 1 between the two episodes, while Figure 8c,d
correspond to area 2. In both cases, the crosshair is located in the same position. As
can be observed, instabilities were evolving as evidenced by the displacement of large
conglomerate boulders and soil towards the area of the road as well as vegetation changes.

RArcad

Figure 8. Orthophotos: (a) Area 1 on 11 April 2020, (b) Area 1 on 21 April 2019, (c) Area 2 on 11 April
2020, (d) Area 2 on 21 April 2019.
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Local authorities after the occurrence of the extensive mass movements (April 2020)
decided to execute some stabilization measures in order to reduce the risk. Operations took
place in late July 2020 and included scaling and trimming of the overhanging conglomerates.
Therefore, the evolution of the topography of the investigated area from April 2020 to the
end of 2021 is strongly related to man-made activities as well as natural processes.

The derived products of UAV photo processing were used for monitoring the topo-
graphic variation arising from both factors. In fact, multi-dated orthophotos, covering
the investigated area, were exploited for the determination of the areas of instabilities
through the monitoring of the vegetation evolution (Figure 9). The initial extent of the mass
movements is displayed in blue, whilst the corresponding boundary of November 2021 is
shown in red. The lines present significant changes, which are expressed by local vegetation
variations and they are related to stabilization operations. Relief modifications related to
the specific operations are equally obvious in surface profiles derived from UAV’s DSMs
(Figure 10). The surface profile of April 2019 is shown in magenta, while the respective
profile after the remediation of the slope is depicted in red.
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m—— landslide extent 11/042020 EE
Orthophoto 07/11/2021
RGB
B R Band_1
I Green: Band_2z
Il oue Band 3

b

T T T m
338983 338990 338947 338004 338011 33s018

42 I'.IT‘I B0
4217150

4217140

Figure 9. Evolution of the extent of the mass movements over time.
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Concerning the monitoring of the instabilities using UAV point clouds, the processing
relied on the direct cloud-to-cloud comparison, which was carried out in the Leica Cyclone
3DR extension. The results of this comparison, related to either manmade activities or
natural processes are presented in Figure 11. In particular, UAV point clouds, obtained on
10 June 2020 and 25 September 2020 were exploited to detect relief variations that emerged
from the stabilization measures (Figure 11a). The greatest changes were varying from
1.5 m to 1.7 m and were highlighted in reddish to magenta colors. Regarding the evolution
of the mass movements influenced by natural processes, 3D point clouds acquired on
25 September 2020 and 7 November 2021 were compared (Figure 11b). Following this
comparison, small, scattered surface variations were detected throughout the landslide.
In the specific output, the topographic variations were overestimated concerning their
distribution, which is associated with the sparser density of UAV point clouds and the
temporal changes in vegetation. It is worth mentioning that in both periods, the surface
changes depicted the dispersion area, despite the positive values that emerged from the
processing procedure. Unfortunately, local authorities were removing the sliding materials
daily in the area of the road, thus it is impossible to map the volume accumulated.

) Spatial Profile Line 2
650 T

(b) Elevation (21 April 2019)

——— Elevation (25 September 2020)

(=)
=
=

Elevation (m)

[N
o8]
=

20
6_(,) 3 6 9 12

Distance (m)

Figure 10. Surface profiles capturing relief modification after the stabilization operations.
(a) Disribution of the profile sections within the area of interest. (b) Multitemporala surface pro-
files. The surface profile of April 2019 is shown in magenta, while the respective profile after the
remediation of slope is depicted in red.

4.2. TLS Surveys

The detection of potential phenomena of instability within the area of interest, utilizing
TLS surveys, was performed through cloud-to-cloud comparisons between the acquired
multi-dated point clouds. In particular, TLS sensors are able to identify surface differences
arising from manmade activities (Figure 12a) or natural processes (Figure 12b) in a more
accurate way. The largest surface change associated with the stabilization measures was
calculated at about 1.60 m and is close enough to the actual topographic modifications
(Figure 12a). On the other hand, scattered relief changes related to erosion processes were
noticed between the point clouds obtained on 25 September 2020 and 7 November 2021;
they were estimated at about 0.5 m (Figure 12b). The procedure concerned the dispersion
areas and not the areas of accumulation, as has already been noted.
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(a)

(b)

(©)

1:484 —8m—

Figure 11. (a) Cloud-to-cloud comparison between the UAV point clouds, acquired on 10 June 2020
and 25 September 2020. (b) Cloud-to-cloud comparison between the UAV point clouds, acquired
on 25 September 2020 and 7 November 2021. (c) UAV point cloud acquired on 25 September 2020
in RGB.



Remote Sens. 2022, 14, 4745 13 of 21

(a)
(b)
(c)

Figure 12. (a) Cloud-to-cloud comparison between the TLS point clouds acquired on 10 June 2020
and 25 September 2020. (b) Cloud-to-cloud comparison between the TLS point clouds, acquired on
25 September 2020 and 7 November 2021. (c) TLS point cloud acquired on 10 June 2020 in RGB.
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Moreover, surface profiles of the multi-dated TLS 3D topographic representations
were generated in the context of more comprehensive monitoring of the mass movements
within the area of interest. Specifically, the intersection between the surface profiles of
the TLS point clouds managed to capture accurately and efficiently the parts where the
works for the remediation of the slope took place (Figure 13a). Red shades highlighted the
areas where the greatest topographic changes have taken place due to the aforementioned
operations. Although the output was expected, considering the accuracy of TLS data, it
was truly surprising to discover that TLS sensors are able to detect micro-displacements
associated with the particularly slow evolution of the topography of the area of interest
(Figure 13b). The blue-green colors of the intersection depict the micro-displacements,
while the road area seems to be lifting. In fact, these local surface changes, which emerged
from the intersection of TLS surface profiles, were estimated at about 0.321 m and they
have been confirmed by field observations and GNSS measurements (Table 2). These
micro-displacements that indicate the ongoing activity of the slide, are easily observable
in the contours of the multi-dated TLS representations, especially in the area of the road
(Figure 14).

Figure 13. (a) Deviation between the surface sections of TLS point clouds acquired on 10 June 2020
and 25 September 2020. (b) Deviation between the surface sections of TLS point clouds, acquired on
25 September 2020 and 7 November 2021.

(@)

s Contours on 10/06/2020
s Contours on 07/11/2021

s Contours on 10/06/2020
s Contours on 25/09/2020

Figure 14. (a) Contours of the 3D TLS representations acquired on 10 June 2020 and 7 November
2021. (b) Contours of the 3D TLS representations acquired on 10 June 2020 and 25 September 2020.
The black boxes surround the micro-movements along the road area.



Remote Sens. 2022, 14, 4745

15 of 21

Table 2. Surface deformation on permanent GNSS pillar 2.

Data Type Surface Deformation (m)
GNSS measurements 0.334
UAV-based point clouds 0.203
TLS-based point clouds 0.312

4.3. Monitoring Overview and Computational Effort

As already mentioned, the main objective of this work is to provide information
regarding the stability of the investigated area to the local authorities immediately, using
low-cost and environmentally friendly approaches. The results demonstrated that UAVs,
as well as TLS point clouds, are able to monitor the stability of the selected area precisely
and effectively at regular intervals; local authorities have access to operational information
about the selected site within 2 days.

In more detail, each UAV flight is performed in about 60 min and each scanning
requires approximately 4 h for an 11,423 m? area with 120 m length (Table 3). The processing
of the collected UAV and TLS data was performed in Agisoft Metashape and Cyclone
software, respectively. The processing time for each approach is displayed in Table 3, while
Table 4 contains the characteristics of the used computer. It is worth noting that TLS cloud
density was particularly high between the repeated surveys, in contrast to the density of
the UAV point clouds, which was obviously sparser. On the other hand, the increased and
constant point density of the TLS point clouds is responsible for the good performance
of the specific sensor even in the identification of micro-displacements. Furthermore,
the operational cost of the applied approach is directly related only to the purchase of
equipment and software or to repairing/upgrading issues.

Table 3. Characteristics and computational effort of UAV/TLS point clouds.

Sensor Date Point Cloud Density Survey Time Processing Time
10 June 2020 ~60 min ~24h
UAV 25 September 2020 708.567 points ~60 min ~24 h
7 November 2021 ~60 min ~24h
10 June 2020 ~4h ~12h
TLS 25 September 2020 6.000.000 points ~4h ~12h
7 November 2021 ~4h ~12h

Table 4. Characteristics of the used computer.

Processor RAM Disk GPU
Intel Core i9 3.6 GHz 128 GB SSD 1TB/HDD 2TB NVIDIA GeForce RTX 3080

Meanwhile, we calculated the volume of these hanging rocks utilizing the point clouds
obtained by either UAV or TLS, in the context of a comparison of the data used (Table 5).
The calculation was carried out using the stockpile tools in Cyclone 3DR. Both approaches
yielded similar results, which are slightly different from the assessment of the volume of the
detached hanging rocks, as calculated by the local authorities. In particular, local authorities
appointed staff from the Department of Geology of University of Patras, as consultants to
monitor the instabilities within the area of interest [40]. In this framework, multi-dated
UAV orthophotos and DSMs were imported into a GIS environment in order to calculate
the volume of the hanging rocks. The estimation was based on simple mathematical
operations between the digitized extents of the hanging rocks and the elevation differences.
As can be observed, the specific estimation led to an overestimation of the volume, which is
expected since the calculation took place in a rougher way. On the contrary, the proposed
methodology, consisting of UAV and TLS surveys achieved a more realistic calculation of
the volume with millimetric-scale accuracies.
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Table 5. Estimation of the volume of the hanging rocks using UAV /TLS point clouds.

Data Type Volume of the Hanging Rocks (m?)
GIS methods 24.00
UAV-based point clouds 17.12
TLS-based point clouds 18.42

5. Discussion

Over the years, numerous researchers dealt with the investigation of landslides
through the development of effective methodologies and tools for different aspects of
landslide research, such as vulnerability mapping, risk assessment, etc. Nevertheless,
proper landslide research has never been more urgent. New possibilities for landslide
assessment and risk mitigation arose from the evolving development of technology and
remote sensing. The aim of the current study is to provide the local authorities with useful
and immediate operational information regarding the stability of an environmentally sensi-
tive area while keeping at the same time operational costs as low as possible. On this basis,
we performed multiple UAV flights and TLS surveys between April 2020 and November
2021. The collected UAV data were processed via SfM photogrammetry, resulting in the
generation of multi-temporal point clouds. The accuracy assessment of the derived SftM
products has already been examined in several studies using quantitative and qualitative
methods along with a variety of reference data sets consisting of GNSS measurements,
classical topographic measurements, etc. [41-43]. Most studies are emphasizing the effect of
the number of GCPs and their distribution on the accuracy of the derived products [44—46].
Additionally, the registration and alignment of the TLS data led to the extraction of dense
three-dimensional representations.

The monitoring and assessment of the landslide activity were carried out through
the exploitation of the derived UAV-based point clouds and the respective TLS three-
dimensional representations. TLS sensors have proven their effectiveness in the analysis
of the spatio-temporal evolution of landslides in previous studies [47—49]. In this context,
we tried to identify any surface change related to instability phenomena between the
multi-dated UAV/TLS point clouds through the direct cloud-to-cloud comparison and
the estimation of the deviation between surface sections. Surface variations emerging
from either human activities or natural processes were successfully traced by both types of
remote sensing data. The greatest surface modifications within the area of interest varied
between 1.5 and 1.7 m; they were closely associated with the execution of the stabilization
operations. Small, scattered surface displacements were detected throughout the area of
interest during the last year as a result of erosion processes. Local authorities are constantly
removing the newly induced sliding materials from the road area in order to keep the
traffic flowing; however, this affects research in a way, as it only allows the mapping of the
dispersion areas. In general, the outputs of the photogrammetric and the TLS processing
were comparable; nevertheless, the evolution of the landslide area can be achieved more
precisely (millimeter-scale) with the TLS-based point, as the corresponding UAV models
were less accurate (centimeter-scale) due to the lower density of the point clouds (Table 3).
Indeed, the micro-displacements which were observed in the TLS outputs (Figures 12-14),
have been confirmed by field observations and the analysis of the GNSS measurements. In
particular, Figure 15 depicted the x-, y-, z- coordinate variations of the permanent pillar
2 after the works for the remediation of the slope until now. The greatest differences
vary between 0.1 m and 0.28 m. Therefore, it was demonstrated that the phenomena of
instability within the area of interest were still ongoing until the end of 2021, but they are
evolving slowly. We also have to mention that with the exception of the artificial boulder
removal, all the other mass wasting over the slope is regularly distributed over the sliding
area. These observations help the landslide classification as debris falls including minor
conglomerate boulders. Similar methodologies based on cloud-to-cloud comparison have
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been applied towards the determination of the deformation of active landslides or in other
emergencies [50-52].
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Figure 15. Variation of the coordinates of permanent pillar 2 over time. The x-axis corresponds to the
period of GNSS measurements, while y-axis displays the observed displacements.

Many previous studies have examined the synergy of new technologies for landslide
monitoring in conjunction with the minimization of operational costs. Synergistic use of
TLS point clouds and GNSS measurements was proposed by [53] in order to map a landslide
deformation in Puerto Rico. In order to reduce the high cost of purchasing commercial
software, the specific study adopted the use of an open-source software package named
Generic Mapping Tools for the processing of TLS data. Another study [54] proposes
a combination of 12 low-cost single-frequency GNSS sensors, one seismometric station
enhanced with another single-frequency GGNSS sensor and only one dual-frequency
GNSS receiver established outside of the unstable area. The specific system provided daily
information to the local stakeholders about the landslide movement. Another low-cost
GNSSS network was established by [55] composed of six sensors inside the landslide area
and one outside to be used as a reference. Special attention was given to the logistic
limitations (no electrical power, no Wi-Fij, etc.). The GNNS network results were analyzed
with other data derived from boreholes, piezometers, inclinometers, crackmeters and
meteorological stations. The supplementarity of TLS and UAV point clouds and the
operational cost decrease with repeated UAV campaigns in areas with steep reliefs were
also discussed [56]. Ref. [56] have emphasized the fact that in areas of very steep topography,
the TLS data acquisition implies discontinuities in the point cloud and as a result, there
is no homogeneous rendering over the broader area. This gap in point cloud data is
filled with low-cost UAV campaigns. Similarly, it was mentioned that UAV campaigns
at low altitudes and SfM photogrammetry can prevail over the visibility limitations that
are present in land-based methodologies, such as TLS [57-59]. The TLS and UAV data
combination for landslide monitoring in Brazil is presented in [60]. It is mentioned that
the combination of those two methods presents great advantages over conventional, costly
and time-consuming methods.

The current work proposes an effective methodology for the monitoring of challenging
areas using low-cost data, acquired by UAVs and TLSs along with repetitive GNSS mea-
surements. The total survey time (for both UAV and TLS) is only 5 h, while the processing
of the collected data is carried out within 24 h. Thus, local authorities are informed about
the stability of the landslide area, almost simultaneously with the monitoring procedure
(within 2 days). The suggested methodology can be used as a guide for monitoring chal-
lenging sites or for the quick detection of surface/terrain changes in other emergencies. In
more detail the main recommendations of the proposed methodology are:
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e  Monitoring of instabilities in environmentally sensitive areas can be implemented

through repeated UAV and TLS surveys.

Repeatability is determined by the activity of the instabilities.

The installation of a permanent GNSS network is recommended. In particular, five
permanent GNSS positions, installed in critical places, are sufficient for an area of
approximately 1700 m?. Generally, the number of permanent positions should be
adjusted to the characteristics of the area under investigation.

e  UAV surveys are able to detect topographic variation on the order of centimeters. On
the other hand, TLS surveys can identify micro-displacements (millimetric-scale).

e  The synergistic use of UAV and TLS data contributes to the enhancement of the spatial
coverage and point density of UAV-based point clouds. This could be considered an
ideal monitoring method for areas with complex topography.

e  The presence of dense vegetation is an important challenge in the monitoring proce-
dure. In the current research, we tried to reduce the influence of vegetation through
the manual segmentation of UAV /TLS point clouds to contain as much topographical
information as possible. Further research on the specific issue is needed.

6. Conclusions

The provision of operational information concerning the stability of an environmen-
tally sensitive area to local authorities for the mitigation of the risk was the main objective
of the current research. Based on this, the monitoring of the selected site was implemented
using timely and low-cost remote sensing data. The appropriately processed multi-dated
UAV-based point clouds and the respective TLS point clouds were submitted to comparison
procedures aiming at the determination of the evolution of the landslide over time. Direct
cloud-to-cloud comparison and the intersection between surface sections were exploited as
change detection approaches. The overall evolution of the landslide is distinguished into
two sub-periods: the one that was in line with human activities and the other emerging
from natural processes, which are still in progress. Both types of data managed to trace
the surface changes into the different sub-periods, proving that UAV and TLS data can
be used effectively in emergencies and for the accurate landslide classification as debris
falls. In fact, the outputs of the photogrammetric and the TLS processing were comparable.
Specifically, the largest surface changes detected in UAV /TLS point clouds for the first
monitoring period were varying between 1.5 m to 1.7 m. Additionally, the small local
surface changes (0.20 m-0.30 m) which are identified on the sliding area during the second
monitoring period—related to the natural processes—indicated that the landslide was still
active until 11/2021, but it is evolving slowly. It is worth mentioning that the immediate
and precise monitoring of the evolution of the landslide seems to be more efficient with the
usage of the TLS-based point clouds, which are denser through the monitoring procedure.
However, integrated use of UAV and TLS data could be suggested as a hybrid approach
for the improvement of the spatial coverage and the point density of UAV-based point
clouds. Eventually, this low-cost methodology can be utilized as a guide for the monitoring
of challenging or sensitive sites or for the rapid detection of deformations arising from
natural disasters or human activities.
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