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Abstract: Landslides are posing a significant global hazard as they occur instantaneously with
devastating consequences. The development of new remote sensing technologies and innovative
processing techniques over the past few years opened up new horizons and perspectives in landslide
monitoring research. The purpose of the current research is the integrated monitoring of an active
landslide, located in Western Greece, using low-cost and high-repeatability remote sensing data
like those obtained by unmanned aerial vehicles (UAVs). Repeated UAV campaigns and global
navigation satellite systems (GNSS) surveys were performed to assess the activity of the landslide
and determine its kinematic behavior. UAV data were processed using structure from motion (SfM)
photogrammetry and the generated high-detailed orthophotos and digital surface models (DSMs)
were submitted in further processing procedure in an ArcGIS environment. Regarding the GNSS
data, a new low-cost technique for the estimation of the direction and the rate of movement of the
displaced material was developed. The repeated measurements were displayed in a vector format
in a three-axis diagram. In addition, GNSS measurements were used to verify the results of the
photogrammetric processing. The final assessment was carried out taking into account geological
data such as petrographic and crystallographic features of the material of the landslide. It was
observed that the lithology and consequently the petrographic properties of the material plays a key
role regarding the activity of the landslide.
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1. Introduction

Mass movements constitute a broad term that encompasses any movement of ground
material down a slope caused by either sliding, falling, toppling, flowing, or creeping [1,2].
Landslides or any other type of mass movement usually occur instantaneously with dev-
astating consequences and therefore are posing a significant hazard in global scale. Their
activation is regulated by several geological, morphological, hydrological, and anthro-
pogenic factors such as tectonics and lithological properties, volcanic eruptions, steepness
of slopes, erosion process, intense rainfalls, traffic vibrations, urbanization, etc. The sci-
entific community around the world has been dealing with landslide research for years,
in order to provide proper information to planners, geotechnical consultants, or govern-
ments for efficient landslide management that enhances the conservation of the physical
environment and infrastructures as well as the human safety.

The development of new remote sensing technologies and innovative processing
techniques over the past few years opened up new horizons and perspectives in landslide
monitoring research. In this context, several studies have been conducted, utilizing remote
sensing data acquired from different sensors with various techniques. These techniques
focus on providing information regarding landslides with the aim of minimizing human
and infrastructures losses using low-cost and timely data provided by unmanned aerial
vehicles (UAVs). The first approaches dealt with the utilization of UAV data along with

Minerals 2021, 11, 300. https://doi.org/10.3390/min11030300 https://www.mdpi.com/journal/minerals

https://www.mdpi.com/journal/minerals
https://www.mdpi.com
https://orcid.org/0000-0003-4040-9444
https://orcid.org/0000-0003-1028-9541
https://orcid.org/0000-0002-4363-0390
https://doi.org/10.3390/min11030300
https://doi.org/10.3390/min11030300
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3390/min11030300
https://www.mdpi.com/journal/minerals
https://www.mdpi.com/article/10.3390/min11030300?type=check_update&version=1


Minerals 2021, 11, 300 2 of 26

high-resolution airborne images with the aim of mapping landslides and surface displace-
ments quickly and accurately [3]. Moreover, orthophotos and digital elevation models
(DSMs) data acquired by UAV were used for quantifying the displacements monitoring [4].
Different types of UAVs were tested in other studies. In particular, images acquired by
fixed-wing UAV automatically processed through image analysis algorithms provide ac-
curate data at active landslide regions [5]. Moreover, micro-UAVs were developed for
photogrammetric surveys and landslide monitoring in different scenarios. Special attention
was given to the design and execution of the flights, and the processing and alignment of
the images through standard photogrammetry and computer vision algorithms [6].

Recently, the use of UAVs finds particularly wide acceptance in the landslide monitor-
ing. Specifically, UAV data were successfully used for the assessment of the monitoring
of a landslide and its correlation with meteorological phenomena, while monitoring the
photogrammetric measurements seemed to be remarkable in completeness, compared with
the conventional tachymetric measurements [7]. Additional geophysical methods, global
navigation satellite system (GNSS) measurements, and products resulting from UAV data
processing in combination can accurately document and monitor landslides [8,9]. In fact,
these UAV products consist of orthophotos and DSMs exhibiting an accuracy lower than
10 cm. In a respective study, UAVs were utilized for the monitoring of landslides mani-
festing rapidly in forested regions [10]. It was proven that the resulting high-resolution
orthophoto-maps, DSMs, and density point clouds could potentially contribute to the
analysis of landslide behavior. At the same time, other approaches focused more on the
technical part by either analyzing the misalignment biases as well as unresolved systemic
errors, which arose from the UAV data processing in the generated products [11] and the
influence of the fisheye distortion on the geometric accuracy of the 3D models [12]. Further-
more, the COSI-Corr (Co-registration of Optically Sensed Images and Correlation) image
correlation algorithm was implemented to the high-resolution UAV-based products, aiming
to map and quantify surface movements and thus determining the landslide dynamics [13].

Active processes in landslides could be mapped and monitored by combining data
from UAVs and terrestrial laser scanning surveys. It is worth mentioning that comparable
high-resolution representations of the topography can be created by both sensors, provid-
ing a better understanding of the kinematic behavior [14,15]. In this context, the multiscale
model-to-model cloud comparison (M3C2), which corresponds to a new method for change
detection analysis between point clouds, proved to work efficiently in areas with complex
topography [16]. Other researchers attempted to investigate the effectiveness of a synergis-
tic use of different earth observation data for landslide analysis. Therefore, high-resolution
optical and radar data, as well as data acquired by UAVs photogrammetry, ground-based
InSAR, and terrestrial laser scanning as well as infrared thermography, were assessed in
several case studies with different characteristics [17]. In addition, multi-source datasets,
consisting of historical aerial photographs, UAV images, and terrestrial photos were uti-
lized for the development of a landslide catalog, the definition of landslide’s boundaries,
the geomorphological characterization of the area, and the estimation of the deformation
rate [18]. Moreover, a multidisciplinary approach for the watching of an energetic landslip
has already taken place, proving how multiple data acquired by high-resolution satellite
missions, air photos, UAVs, and satellite radar can combined efficiently with GNSS and
inclinometer measurements towards the prevention and mitigation of the risk [19].

Nowadays, the most innovative methodologies for landslide monitoring, in terms
of cost and time, are based on more robust and automated approaches. Specifically, 3D
point cloud, resulting from UAV time series are combined with automated methods to
effectively detect old or newly-shaped landslide scarps, evaluate the landslide evolution,
extract displacement rates, understand landslide mechanism, and estimate the volume of
the sliding material [20,21]. These automated approaches are taking into consideration
morphometric characteristics and geomorphological factors (surface roughness, slope,
etc.) of the 3D point clouds. In a respective study, a semiautomated object-based image
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analysis procedure was developed for the identification, characterization, and modeling of
landslides using ultra-high-resolution products acquired by UAVs [22].

The purpose of our research is the surveying of an energetic landslide, located in the
prefecture of Achaia, using low-cost and high-repeatability remote sensing data obtained
from UAVs and GNSS surveys. In a previous study, we used Sentinel-1 radar data that were
processed via three different approaches aiming at identifying terrain changes [23]. For the
first time, 24 UAV airborne surveys and concurrent field GNSS surveys have been executed
in a period of four years in order to assess the monitoring of the landslide. Structure
from motion (SfM) photogrammetry was used for the UAV imagery processing and two
high-resolution outputs were generated: orthophotos and digital surface models (DSMs).
Then, different approaches were applied to the derived products in the frame of mapping
and monitoring of the landslide area. Orthophotos and DSMs have been further processed
in GIS environment aiming at quantifying the mass of the landslide materials and mapping
the changes in landslide body for the four year period (i.e., January 2017 till December
2020). The static GNSS measurements were inserted into an excel table and after every
survey the absolute differences in xyz coordinates were calculated in order to display the
surface movements in vector format in three dimensions. The final assessment was carried
out taking into account geological data such as petrographic features of the material of the
landslide trying to resolve the correlation between lithology and sliding processes.

2. Study Area and Landslide Description

Generally, the northwestern part of Peloponnese is strongly deformed during the
Alpine orogeny and during the post-Alpine to present period. In particular, the post-
Alpine deformation is related to an array of seismically active faults. These faults are
trending WNW- or ENE- [24,25]. As a consequence of the aforementioned deformation and
along with the highly sheared lithology, the seismicity, and the meteorological conditions,
this region of Western Greece is prone to landslides [26,27]. The broader study area is
composed of lithologies belonging to the Mesozoic sequences of Pindos, Gavrovo, and
Ionian units and post-Alpine formations.

The study area (Figure 1) is located a few kilometers away of the city of Patras, in the
mountainous chain of Panachaiko—Erymanthos mountains and close to the settlement
of Moira. Formations of Pindos unit in the area are affected by an imbricate system
of moderate- to high-angle thrust faults producing shear deformation of siliceous and
siliciclastic rocks, limestones, and flysch deposits (sandstones and clay shales). On 19
January 2017, on a southwest facing slope in Panachaiko Mountain at an elevation of about
800 m, a landslide was progressively developed. The main event of the landslide occurred
on 20 January 2017, with an extent of 300 m length and 300 m width.

A live video footage was captured at the moment of sliding and provides significant
details for the landslide evolution. According to this video and along with witnesses from
locals, a large volume of loose soil and rock land started moving downslope deforming
the northwestern part of the landslide, while a few seconds later, a much larger volume
of moving coarse debris modified the southern part of the landslide. These two parts of
the landslide present characteristic lithological differentiation: the northwest part includes
primarily siliciclastic and/or siliceous lithology, while in the southeast, the prevailing
lithology is limestone. However, although the progressive initiation of the phenomenon
started from northwest to southeast in different lithology, ultimately, the landslide shows a
typical elliptical pattern with an almost identical rupture and landslide zone. The Moira
landslide is overall classified as a composite slide.
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The general principle for the occurrence of landslides states that they are caused
when gravity or other shear forces within a steep slope overpass the shear strength of the
formations. In particular, the strength of the Moira landslide material weakened due to
rapid snow melting and thus the power that holds the rocks or the soil grains together was
reduced, allowing the forces of gravity to move it. After the occurrence of the landslide the
main road, which connects the city of Patras with the nearby mountainous settlements was
destroyed and covered by the displaced material. The debris material is lying between 685
and 775 m, consisting of reddish loose materials of siliciclastic deposits, compact formations
of siliceous rocks, and cobbles to boulders of limestones.

3. Materials and Processing Methodologies
3.1. Materials

Our data set consists of repeated UAV flights and contemporaneous measurements of
a GNSS network. The measurements were performed once per month for the time window
starting from January 2017 until July 2018. During this specific period, the measurements
were dense in time to ensure full monitoring of the landslide’s activity and to mitigate the
risk in a possible reactivation. The analysis of the data, collected during these 17 months,
revealed that the landslide moves particularly slowly, and therefore we accordingly modi-
fied the campaign’s repeatability to three times per year for 2019 and twice per year for
2020. The dates of the repeated UAV and GNSS campaigns are presented in Table 1.

Table 1. Unmanned aerial vehicles (UAV)-global navigation satellite system (GNSS) campaigns,
characteristics of UAV flights, and pixel size of orthophotos and digital surface models (DSMs).

UAV
Altitude (m)

Total of
Photos

Along the
Track

Overlap %

Across the
Track

Overlap %

Orthophoto
Pixel (cm)

DSM Pixel
(cm)

110 295 90 75 4 4
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UAV flight campaigns were operated utilizing commercial DJI UAVs (Matrice 600 and
Phantom 4). As mentioned in studies [28], using SfM photogrammetry should include
diverse specifications about the sensors used (e.g., model, sensor size, image size, sensor
shutter type, etc.). Matrice 600 is equipped with a X5 camera which captures images at
16 Mp analysis resulting to photos of 4608 × 3456 pixels. Phantom 4 is equipped with
a 12.4 MP camera resulting to photos of 4000 × 3000 pixels respectively. Both cameras
use electronic shutters. Each flight executed with the same flight grid and the exact same
ground control points were used. The corresponding flight characteristics were applied
to all acquisitions (Figure 2) (Table 1) at an altitude of 110m above the ground level.
Each acquisition of photos took place with a 90% along and 75% across the track overlap
of photos. The photogrammetric processing of UAV data was performed into Agisoft
PhotoScan software and led to the creation of orthophotos and DSMs with 4 cm spatial
resolution. More details on photogrammetric procedure are described in the next section.
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Figure 2. Flight grid.

In addition, hundreds of static measurements were executed during the repeated
GNSS campaigns. The measurements were performed at permanent pillars utilizing a
Leica GS08 GNSS Receiver (Figure 3). The pillars are located both inside and outside of
the instability zone, in order to ensure a comprehensive monitoring of the activity and
the kinematics of the landslide as well as to verify the results of the photogrammetric
processing. In that context, 13 permanent pillars were installed at these specific locations,
aiming to perform the repeated measurements of a network in exactly the same position
(Figure 4). The network included 10 pillars inside and 3 outside the landslide. In more
details, the pillars (monuments) of this study were constructed by excavating a hole in
loose to rocky soil within or outside the landslide. In the hole, we drove a vertical steel
rod. The hole is 15 cm in diameter and 80–100 cm deep depending on the lithology in
each position. The steel rod is 1.5 cm thick and 120 cm long with a pointed edge (Figure 3).
The rod was driven into the centre of the hole until its top was slightly above the surface,
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and the edge was driven until refusal wherever possible. Moreover, a 10 cm in diameter
PVC tube was placed around the steel rod. The space between tube and soil was filled to
the surface with concrete, while the PVC tube was filled with gravel [29]. The GPS antenna
mounts on top of the rod directly on the pillar or using a 1 m long extension (Figure 3).
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3.2. Methods

The framework of the methodology applied in this specific research is as appear
in Figure 5. As already mentioned, the objective of this research was the integrated
investigation of an active landslide on the base of detail mapping of the landslide and the
continuous monitoring for the determination of its activity. Thus, the multidate UAV and
GNSS data were processed, and then the results were associated with geological data.
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In detail, UAV data processed according to the structure from motion (SfM) pho-
togrammetric technique. SfM constitutes a low-cost and user-friendly technique which
combines photogrammetry and computer vision for 3D reconstruction of an object or a
surface model [30–32]. The technique is based on similar principles as stereoscopic pho-
togrammetry; however, the geometry of scenes, the orientation, and camera positions
are solved simultaneously and automatically, without defining a network of targets with
already known 3D positions. Therefore, a series of 2D, overlapping, offset images are uti-
lized along with a highly redundant bundle adjustment, which performs automatic feature
matching, in order to create high-resolution 3D structures. In our case, SfM procedure took
place in Agisoft PhotoScan software, and high-resolution orthophotos and DSMs covering
the study area were generated. The highest-quality option was used for the alignment of
the photos. According to the Agisoft manual [33], higher accuracy settings help to calculate
more accurately the camera positions but dramatically increase the processing time. High
accuracy option means that the software processes the photos at the original size, while
the medium, low, and lowest options cause image downscaling by factor of 4, 16, or 64,
respectively. By contrast, the highest accuracy setting upscales the image by factor of 4.
Since the positions of tie point are chosen on the basis of feature marks detected on the
original images, it could be important to upscale the original photo to accurately locate a tie
point. Respectively, during the dense point-cloud generation, the ultra-high-quality option
leads to processing of original photos, while each lower-quality option implies preliminary
image size downscaling by factor of 4 (2 times by each side). As the highest quality options
were used in photos alignment, dense point cloud, and mesh generation, we managed
to create orthophotos and DSMs with the exact same pixel size. The combination of the
110 m flight altitude above ground level with the 16MP camera of the Matrice produced a
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2.8 cm pixel size, while the 12.4 MP camera of Phantom 4 produced a pixel size of 3.8 cm.
In order to be able to compare the data from the two different UAVs, we decided to produce
orthophotos and DSMs with a pixel (ground sampling distance) of 4 cm (Table 2). Then,
these products were further processed by applying different approaches in ESRI ArcGIS
environment.

Table 2. Dates of UAV-GNSS campaigns.

NO. Date NO. Date NO. Date

1 28 January 17 9 5 November 17 18 9 June 18
2 4 February 17 11 18 November 17 19 25 July 18
3 15 February 17 12 7 December 17 20 18 December 18
4 13 April 17 13 5 January 18 21 19 March 19
5 23 June 17 14 26 January 18 22 5 June 19
6 14 July 17 15 17 February 18 23 18 December 19
7 7 September 17 16 11 March 18 24 13 March 20
8 8 October 17 17 9 May 18 25 23 December 20

Concerning GNSS data, we established a new low-cost technique network for the
estimation of the direction and the rate of movement of the landslide. In particular, the
repeated measurements are displayed in a vector format in a three-axis diagram and the
vector arrows correspond to the differentiation that occurred in the initial measurement
(Figure 6). The plot of the measurements was implemented using MATLAB software. As
it can be observed, the measurements at the external pillars (named external 1, external
2, and external 3) have been depicted as points since no movement occurred. In addition,
the measurements of pillars called 3, 4, and E display small displacements, while B, C,
D, and 5 pillars seem to move more. The larger displacements appeared in the GNSS
measurements located at pillars named 1, 2, and A. It is worth mentioning that the direction
of movement at pillar A is different from the other pillars. This out of sequence movement
is considered as the result of the pillar position. The specific pillar is located lower than the
dirt road, and its movement is probably affected by the human activities rather than by the
landslide evolution. Materials from the dirt road widening are deposed lower in the slope
affecting the pillar A. Moreover, the evolution of the variations in x, y, and z-coordinates of
the permanent pillar D during 2017–2020 is given as an example in Figure 7. The x-axis of
the diagram represents the multidated GNSS measurements, while the y-axis is occupied
by the values of difference in meters.
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4. Results
4.1. Mapping
4.1.1. Orthophotos

Our initial stage of this research is to determine the area affected by the landslide.
Thus, a prelandslide orthophoto from the Hellenic Cadastre covering our study area was
compared to a postlandslide orthophoto derived from a UAV campaign. In particular, the
first UAV flight a few days after the landslide took place on 28 January 2017. The compari-
son of these two orthophoto maps is used to define the boundary of the landslide which is
displayed in red color in Figure 8.
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It is worthwhile to mention that the procedure of detailed mapping of the landslide’s
boundaries as well as any possible change that occurred within the area and potentially
affects it, continued throughout the monitoring. Figure 9a presents the landslide area as it
emerged from the derived orthophoto. In the next few days, as the road was hidden by
the shifted material, a dirt (earth) road was formed through the landslide material in order
to connect the city of Patras and the mountainous settlement of Moira (Figure 9b), while
a secondary alternative road was constructed along the toe of the landslide (Figure 9c).
In addition, a large-scale restoration process was implemented in mid-2018 in the wider
area of the road (Figure 9d). This restoration included the widening of the dirt (earth) road.
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Moreover, the extents and volumes of change within the slide have been measured
utilizing the cut and fill tool of ArcGIS software. The tool contrasts two surfaces at different
time periods, and then it identifies parts where the surface material has been removed or
added as well as regions that have not been modified [34]. In detail, we used a prelandslide
and a postlandslide orthophoto maps to recognize the surface subsidence and uplift of
the landslide (Figure 10). The green color depicts regions of erosion (material removal),
while the red corresponds to accumulation of the landslide material. Regions that have not
changed are highlighted in grey shade. Then, we calculated the area of each region and the
volume of the modified material (Table 3) using the following formula (Equation (1)):

Volume = (area) × (Zbefore − Zafter)

Minerals 2021, 11, x FOR PEER REVIEW 11 of 27 
 

 

 
Figure 9. Continuous mapping of the landslide area. (a) UAV orthophoto on 28 January 2017. (b) UAV orthophoto on 15 
February 2017. (c) UAV orthophoto on 13 April 2017. (d) UAV orthophoto on 23 December 2020. Red arrows show the 
direction of the movement. 

 
Figure 10. Map of the landslide showing volume loss (green colored area), volume gain (red colored area), and stable areas 
(grey color). 

Figure 10. Map of the landslide showing volume loss (green colored area), volume gain (red colored area), and stable areas
(grey color).

Table 3. Calculation of the area and the volume of the regions, resulted from cut-fill tool.

Regions Area (m2) Volume (m3)

Net gain 38,650 63,914.30

No change 25,850 0

Net loss 40,650 73,357.40

The results of the Table 3 indicate the balance between erosion (material removal) and
accumulation zones in the landslide both in area and volume. This coincidence between
volume gain and loss is expected as the Moira landslide toe area ended about 100 m above
the Glafkos river and the landslide zone is almost identical with its rupture zone and the
in-place deposits. For the use of the terms of landslide and rupture zones, we use the
definitions by [35].
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4.1.2. Digital Surface Models (DSMs)

Furthermore, we compared two DSMs, one prior to the slide and another one af-
terwards to determine surface changes. We drew sections throughout the landslide area
(Figure 11), and we generated elevation profiles. The blue line depicts the elevation outline
prior to the landslide, whilst the red corresponds to the aforementioned outline a few
days after the event (Figures 12 and 13). It is obvious that a removal of surface material is
detected in the crown area of the landslide, whilst mass was deposed at the toe of surface
of rupture of the landslide, corresponding to about 10 m of accumulation of material.
Based on this, along with the use of simple mathematical calculations, we estimated that
22.976 m3 of displaced material covered the preexisting road.
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4.2. Monitoring
4.2.1. Orthophotos

Our second concern was the continuous monitoring of the landslide area. The or-
thophotos resulting from the SfM processing procedure were imported in an ArcGIS
environment in order to conduct its area changes. Specifically, the boundaries of the
landslide were digitized aiming at the assessment of the change of the landslide over
time. Digitization was based on the mapping of the landslide boundaries as well as the
subsequent existence of new cracks. Figure 14 displays the evolution of the extent of the
landslide from 2017 until 2020. Thus, the blue lines in Figure 14a depict the initial landslide
boundaries and the displaced material as well as the boundaries of the earth road, which
was constructed a few days after the landslide aiming at restoration of the circulation
between Patras and Moira. The orange lines in the Figure 14b annotate the corresponding
boundaries and the earth road as mapped on 19 March 2019. Based on the data of the
optical imagery and their processing, the areas that display no change over time and areas
where the changes are significant, e.g., the subareas A and B, can be observed. In more
detail, the in situ observations as well as the analysis of the GNSS data and UAV imageries
during these three years revealed that the landslide area is progressively changing at a
particularly slow pace. Nevertheless, areas exhibiting change are associated with two
distinct mechanisms: landslide remobilized material and translation and break up of blocks
and human activity as well. Thus, subarea A was affected by both human activity and
remobilized landslide materials (Figure 14c,d). As already mentioned, after the occurrence
of the landslide in January 2017, the earth road was opened and restored several times
while the potentially unstable landslide material on its border was removed and deposited
in new locations. In that context and along with the local topography, the movement of
runoff water was facilitated through the formation of temporary surface streams and there-
fore the landslide material was weathering more easily. On the other hand, the evolution
of landslide’s extent in the subarea B is associated with vegetation loss, arising from the
creation of new cracks (Figure 14e,f). Thus, the ongoing activity of the landslide is reflected
in the presence of dry trees or the deforestation of landslide rupture area.
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evolution of the extent of the landslide between 2017 and 2019 in area B.

In addition, the comparison between the different orthophotos took place utilizing the
zonal change detection algorithm implemented in ERDAS IMAGINE software. The specific
algorithm is able to compute the change between two layers through the application of
a pixel-over-pixel comparison. The values range between 0 and 1. The minimum value
corresponds to no change, while value 1 corresponds to the maximum change. The greatest
differences are imprinted in red shades and are presented in the area of the destroyed
asphalt road and the toe of the landslide (Figure 15). Some minor changes are detected
close to the crown of the landslide. It is quite characteristic that the new road constructed
outside of the landslide zone presents the higher values.

Moreover, the vegetation variations between 2017 and 2020 were digitized in ArcGIS
environment and are displayed with orange outline in Figure 16. The digitization was
implemented with visual criteria and therefore was focused on areas where extended
vegetation variations occurred, since it was easier to recognize them. Areas that lost
their vegetation were calculated, corresponding to approximately 2366 m2. The greatest
vegetation losses are located in the area near the earth road and southwestward of it.
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4.2.2. Digital Surface Models (DSMs)

The derived DSMs were utilized for the detection of surface changes. In more details,
elevation profiles were created from the sections which were drawn transversely to the
landslide crown (Figure 11). The visualization of all the profiles in a diagram was complex
and illegible for the readers; therefore, we present here two representative profiles. In
these profiles the dark-green line reciprocates at the elevation outline before, whilst the
magenta one represents the same outline on 18 December 2019 (Figures 17 and 18). In terms
of comparison, the elevation profiles of 28 January 2017 (dark green) and 18 December
2020 (magenta) exhibited local differences, which were either significant or negligible. The
variations in the upper part and main body of the landslide area are related to erosion
processes and vegetation changes. Furthermore, the peaks which appeared in the profile
of November 2017 and switched to smoother in the corresponding profile of December
2019 are intertwined with the loss of vegetation. It is worth mentioning that the greatest
differences are identified again in the wider area of the earth road, where the multidate
restoration processes took place. These differences were estimated at about 5 m and are in
line with the field observations (Figure 19).
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At the same time the identification of surface changes within the landslide area
between 2017 and 2020 was implemented in an ArcGIS environment through the estimation
of the slope derived from DSMs. The evolution of the slope angle is depicted in Figure 20.
These results attest to slope angle decrease in the first year. On the other hand, slope values
increased in 2019, and they remained similar during the 2020. Although the reduction of
the inclinations was expected, the inclination increase constitutes an unexpected result. We
consider that to be the result of the increasing erosion combined the deforestation. Further,
variations near the area of the earth road are related as already mentioned with its opening
and multidate restoration.

Moreover, the UAV point clouds, acquired on 13 April 2017, and 23 December 2020,
were imported in Cloud Compare software in order to calculate the distances and therefore
surface changes between them. The point clouds were primarily aligned by identifying
common points and applying the iterative closest points (ICP) algorithm [36], while the
distances were calculated using M3C2 algorithm (Figure 21). The specific algorithm
is more suitable for the calculation of distances between two points clouds created by
photogrammetric procedure and is more appropriate for areas with complex topography.
The calculated distances are ranging from −4 m to 4 m and are in line with the results
arising from the other methods.
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Figure 20. The evolution of the slope in the study area between 2017 and 2019. (a) The slope of the landslide area in 2017. (b)
The slope of the landslide area in 2018. (c) The slope of the landslide area in 2019. (d) The slope of the landslide area in 2020.

Minerals 2021, 11, x FOR PEER REVIEW 19 of 27 
 

 

 
Figure 20. The evolution of the slope in the study area between 2017 and 2019. (a) The slope of the landslide area in 2017. 
(b) The slope of the landslide area in 2018. (c) The slope of the landslide area in 2019. (d) The slope of the landslide area in 
2020. 

 
Figure 21. (a) The point cloud derived from a UAV flight on 13 April 2017. (b) M3C2 distances in x axis calculated between 
the point cloud of 13 April 2017, and the respective point cloud of 23 December 2020. (c) M3C2 distances in y axis and (d) 
M3C2 distances in z axis, respectively. 

Figure 21. (a) The point cloud derived from a UAV flight on 13 April 2017. (b) M3C2 distances in x axis calculated between
the point cloud of 13 April 2017, and the respective point cloud of 23 December 2020. (c) M3C2 distances in y axis and (d)
M3C2 distances in z axis, respectively.
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5. Petrographic Analysis

Aiming at understanding the possible role of lithology on the landslide occurrence,
we collected a series of samples for petrographic analysis in the laboratory. The sampling
strategy was based on the mapping of the landslide showing that the landslide is divided
lengthwise into two different lithologies. In the northwest reddish siliceous and siliciclastic
rocks are cropped, while in the southeastern part limestones are the predominant lithol-
ogy. According to the macroscopic description of collected samples from the landslide
lithologies, the following materials types have been distinguished: (A) massive pale-yellow
or light red limestones (samples LS1 and LS2 respectively) and red crusted laminated
limestone (sample LS3). (B) Radiolarites (red colored cherts having conchoidal fracture,
samples R1, 2). (C) Loose materials ranging in grain size from fine to coarse (samples LM1,
2) (Table 4). Petrography of the collected rocks was studied on thin sections by a polariz-
ing microscopy. Limestones under polarizing microscope indicated that LS1, 2 samples
(Figure 22a,b) were constituted of carbonates (calcite according to X-ray powder diffraction
(XRPD) results), with a mainly micritic texture while low amounts of microcrystalline
siliceous material as well as veins of sparitic carbonates were also presented. Moreover,
secondary minerals such as iron oxides/hydroxides or clays filled pores or microcracks,
which was something that was not detected by XRPD analyses. LS3 sample (Figure 22c,d)
represented a sparitic limestone with micritic and less siliceous adhesive material and
random microveins impregnated with opaque minerals (such as iron oxides/hydroxides).
Radiolarites (Figure 23a) were described by a microcrystalline to cryptocrystalline matrix of
quartz with characteristic spherical skeletons of radiolarian. Sometimes calcite aggregates
or network of carbonates microveins also appeared in the groundmass, assuming the XRPD
results (Figure 23b). In addition, secondary clay minerals and opaque ones participated in
their bulk compositions reflecting probably weathering phenomena.

Table 4. Groups of collected rock materials.

Sample Material

LS1 Massive pale-yellow limestone
LS2 Massive light-red limestone
R1,2 Red chert

LM1,2 Loose materials

Mineral compositions of specimens determined by XRPD analyses were presented
in Table 5. Prepared random powder samples were slightly pressed into the holders.
The scanning area was the 2–70◦ 2θ, and the step time was 0.015◦/0.1 s. The mineral
phases were detected by the DIFFRACplus EVA 12® software (Bruker-AXS, Billerica, MA,
USA) based on the PDF-2 2006 database. Semiquantitative analyses were done using the
abovementioned software and toolbox of peak area calculations. After centrifugation, clay
fractions (<2 µm) from selected samples were coated on glass slides and remained in the
lab in normal conditions, in order to be observed their behavior after water saturation and
drying. Moreover, selected oriented clay fractions specimens were prepared and scanned
at 2–30◦ 2θ, and clay minerals were determined through the XRD patterns (after air-drying
at 25 ◦C and after ethylene glycol treatment and heating at 490 ◦C for 2 h). Representative
qualitative and semiquantitative XRPD analyses results of studied samples are presented
in Figure 24a–d and Table 5. The major crystalline detected phase of limestones samples
(Figure 24a, Table 5) was calcite (96–99 wt%), as expected, while there were indices of low
amounts of quartz (1–4 wt%). Despite the dominant red color of LS2 and LS3 hand samples,
the XRPD analyses did not reveal the presence of an iron oxide crystalline phase. This
could be explained either by the entrance of iron in the lattice of the detected phases, or to
the low amounts of opaque minerals participation (under to the detection limit) or even
to their cryptocrystalline/amorphous character. Radiolarite rock samples (R1, 2, Figure
24b, Table 5) were characterized mainly from the expected phase of quartz (87–96 wt%),
while significant amounts of calcite participation were detected in R2 sample (11 wt%).
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Bulk compositions of these materials were completed by low amounts of clay minerals
(2 wt%) and oxides (0–2 wt%). In the case of siliciclasatic rocks (Figure 24c, Table 4), the
results show that both LM1, 2 assemblages consisted mostly of quartz (86–97 wt%) and less
of calcite (0–11 wt%) and clay minerals (3 wt%). XRPD clay fractions analyses of studied
materials are presented in Figure 24d. According to those, the clay minerals of smectite
and mixed-layer illite/smectite along with illite were consisting of their bulk compositions.
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Figure 22. Representative photomicrographs of limestones. (a): Micritic texture of LS1 sample, in
cross polarized light (XPL). Note topically microcracking with black color; (b): Veins with different
sizes and orientation filled by sparitic carbonates in a micritic microstructure of LS2 sample (XPL);
(c,d): Sparitic to microsparite mainly texture of LS3 sample. Oxides/hydroxides (brown to red
colors) impregnated the microstructure, especially along to the microcrackings or pores (black color).
Presence in low amounts of siliceous material in micro areas with low birefringence (first order
white-grey polarized colors) (XPL).
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Table 5. Mineral composition of studied rock materials. Abbreviations: Cc: calcite; Ox: oxides; Qz:
quartz; and (-): not detected.

Samples wt% Mineral’s Content
Mineral Cc Clays Ox Qz

LSI 99 - - 1
LS2 99 - - 1
LS3 96 - - 4
R1 - 2 2 96
R2 11 2 - 87

LM1 11 3 - 86
LM2 - 3 - 97
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6. Discussion

The provision of knowledge and proper information by researchers or companies
regarding landslides is a key issue aiming at mitigating the risk, ensuring human safety
and protecting the natural environment and infrastructure. Remote sensing scientists are
working towards this direction by developing new, innovative, and promising method-
ologies. The purpose of this research was the integrated surveying of an active landslide
using low-cost and high-repeatability remote sensing data and associating them with GNSS
measurements and the petrographic features of the material of the landslide area. The
images acquired by commercial UAVs were processed utilizing structure from motion (SfM)
algorithm, while the generated high-resolution orthophotos and DSMs were imported
in ArcGIS and ERDAS IMAGINE software for further processing. The accuracy of the
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derived orthophotos and DSMs has already been considered in several studies. These
studies examined the accuracy in different scenarios, and it was proven that the products
of UAV processing can be used effectively in field research [37–40].

A continuous detailed mapping of the landslide area was the basis for the monitoring
of its evolution throughout these four years. The procedure of mapping included the
digitization of the landslide’s boundaries or any other modification progressively occurred
within the area in different times. It is worth mentioning, that we calculated the volume
change before and after the landslide to have an idea about the amount of the displaced
material. In that context, variation in landslide area was detected using DSMs.

The assessment of the activity of the landslide in our study area was implemented by
applying different approaches to the orthophotos and DSMs. In that context, a digitization
procedure and image difference analysis were applied to the orthophotos, while the creation
of elevation profiles and the calculation of the slope were performed on the DSMs. The
results demonstrated that the greatest surface changes for the time window starting from
2017 until 2020 are related to three main factors. In particular, erosion processes within
the landslide probably related with the differences in lithology, and human activities for
the restoration of the road are modifying locally the landslide, while in several places, the
vegetation loss appeared to trigger faster erosion and grain coarsening [41]. As already
mentioned, GNSS surveys were performed for the validation of the UAV processing
results, while a low-cost approach was developed aiming to display the surface movements
in vector format in three dimensions. The vector arrows depict the differentiation that
occurred in the initial measurement in each GNSS pillar. It is worth mentioning that this
early effort worked quite well, and it constitutes a promising approach for tracking the
displacements that occur in a landslide. All these results attest to an active landslide,
although it is moving particularly slowly. Various researchers [42–45] extensively analyzed
similar natural processes and human activities in landslide areas. Furthermore, there are
many studies demonstrating that vegetation can either play a stabilizing role or contribute
through its absence to the instability of the area [46,47].

In terms of a more technical perspective for evaluating the applied methodologies, it
was observed that the results of UAV data processing are in line with GNSS measurements,
which is associated with the high accuracy of the derived orthophotos and DSMs. However,
the only limitation on the monitoring procedure was the inability to distinguish the surface
changes arising from human activities from those that are related to natural processes.
Overall, it is a particularly low-cost approach compared to the traditional geotechnical
techniques for landslide monitoring, which require the execution of boreholes and the
installation of expensive equipment such as inclinometers. In the proposed methodology,
after the initial construction of the pillars the researcher needs a GNSS receiver, a UAV and
a high-capacity computer. The total costs for each repeated campaign are limited to the
transportation into the field of the personnel and the equipment. The service cost of the
equipment (UAV and GNSS receiver) is also negligible.

Regarding the geological structure and the petrographic analysis, the highly de-
formed limestones and siliciclastic rocks cropping out in the landslide area along with
the high amount in participation of low-cohesion loose materials, including smectite and
illite/smectite mixed layers, could easily explain the initiation and acceleration of possible
new instability phenomena in the future in the Pindos unit [26]. Note that at present it is
considered that most of the landslides in Pindos unit are related with the flysch; however,
based on the current work it is highlighted for the first time that smectite and illite/smectite
mixed layers in the siliciclastic lithologies are probably triggering landslides. The presence
of these high-plasticity clay minerals within the siliciclastic rocks under high moisture con-
ditions can be expanded significantly causing landslide occurrence, even if their presence is
not in high concentration. Moreover, during period of dry weather smectite type minerals
could drastically shrink thus reducing internal friction and cohesion of bulk compositions.
Such behaviors were revealed in laboratory, for the representative clay fraction of studied
samples, after a cycle of water saturation and consequence drying (Figure 25).
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The final synthesis of all the results ended up in the identification of different parts
within a complex landslide. The northern part of the landslide, which was characterized
by higher mobility, landslide material erosion, and deforestation including high-plasticity
clay minerals. This is the area where the landslide started and remains the most active
part of the landslide through the monitoring period. On the other hand, the southeastern
part of the landslide, which covers the wider area of the landslide, is less active and its
modification is related with human activity.

7. Conclusions

The current work outlined a low-cost integrated approach for landslide mapping,
monitoring and activity determination through the use of data obtained by UAV campaigns
and repeated GNSS surveys. The results of GNSS and SfM processing were associated with
the petrographic features of the material of the study area. The synthesis of all the applied
approaches are concluded in the following remarks:

• Three major lythotypes of limestone and siliciclastic as well as siliceous-rich loose
materials were included in the studied landslide.

• The petrographic properties of the siliciclastic rocks appear to play a key role regarding
the activity of the landslide, mainly due to the existence of swelling minerals of
smectite and mixed-layer illite/smectite. The landslide mass probably moved slipping
on one or more saturated clay layers.

• It is a slow landslide which remains active.
• It is affected mainly by natural processed and human activities (road restorations).
• Vegetation loss is related to possible future instability phenomena.
• UAV processing results are in line with the in situ observations and GNSS measure-

ments
• This low-cost methodology of UAV campaigns in combination with GNSS pillars

network measurements is considered to be very promising for active landslide moni-
toring.

• The landslide seems to be stabilized; however we keep on monitoring the area with
combined UAV flight campaigns and GNSS measurements.

Future work regarding the low-cost approach for the plotting of the GNSS mea-
surements in three dimensions is needed in order to improve the visualization and to
automatize the overall procedure.
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