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Abstract: Remote sensing constitutes an advantageous tool towards the landslide/rockfall sus-
ceptibility mapping by incorporating optical satellite or radar data and photogrammetric data in
Geographical Information System environment. A plethora of rockfall data can be derived by gigital
surface models (DSMs). This article focuses on the effect of the spatial resolution of DSMs in rockfall
investigations solely. DSMs with pixel size ranging from 5 cm to 90 m were taken into account for
the study of three different rockfall events occurring in Western Greece, namely, at Moira, Myloi and
Platiana settlements. Elevation profiles along the rockfall bodies were created from the diverse DSMs
in GIS environment. Then, these profiles were implemented into the RocFall software for 2D rockfall
simulations. The produced simulations were evaluated against their spatial resolution of DSMs and
were confirmed with field observations and measurements. The ultimate scope of this paper is to
conclude to the most appropriate DSM for rockfall simulations via RocFall software. It is observed
that DSMs with high spatial resolution depicted a detailed and realistic topography, while DSMs
with coarse/low resolution flattened the surface roughness. As rockfall simulations are linked to
slope profile, this observation has an impact on RocFall outcomes. According to this study the most
appropriate DSM, pertaining to this type of research, is the UAV, which produces the more accurate
and realistic results. These results were assessed through the use of in situ measurements taken by
the real rockfall events.

Keywords: rockfalls; rockfall software; DSMs; spatial resolution; slope profiles

1. Introduction

Rockfall activity is a physical phenomenon linked either to endogenous factors, such
as earthquakes and volcanic activities, or to exogenous factors, such as heavy rainfalls,
avalanches, anthropogenic processes, etc. Moreover, rockfall triggering factors can be
distinguished between natural (e.g., rainfall, weathering, freeze–thaw, root wedging, snow
melt, wind, erosion, earthquake and volcano activity) [1–3] or anthropogenic (e.g., explo-
sions, vibrations, deforestation, etc.) [4]. In addition, many rockfall phenomena are linked
to karst processes, as karst environments are extremely susceptible to rock failures [5–7].
Rockfall catastrophes and fatalities motivated many researchers to focus on mapping slope
instabilities, aiming to predict and minimize the negative effects of a failure event. The
instability or stability of slopes can be measured through rockfall hazard assessment, ap-
praisal of hazard, hazard zoning, risk analysis and susceptibility mapping methods. The
increased demand in rockfall investigation leads to the production of various software
for rockfall two-dimensional (2D) or three-dimensional (3D) simulation. Each software
has different characteristics, input parameters and extracted data. For example, the 2D
software, RocFall, requires parameters such as surface roughness, slope geometry and
coefficient of restitution, while the 3D software STONE requires a digital terrain model
(DTM), representing topography in raster format [8]. In general, parameters related to slope
characteristics are used. The most common extracted data measurements pertain to the
kinetic energy, the highest distance and the bouncing point. Three-dimensional simulation
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methods usually give more reliable results, as more topographic parameters are taken into
account. Consequently, the topographic illustration is closer to the real one. The choice of
the most appropriate method for research depends on the extent of the rockfall event, the
existing surface roughness data, the access to the in situ observation and the availability of
time for analysis.

The most widely used 2D rockfall software is RocFall, as a plethora of slope materials
are well calibrated in it [8,9]. Probabilistic analysis, rockfall prediction and remedial actions–
measures design are all functions of this tool [10]. RocFall requires some crucial parameters
to achieve landslide simulations and block trajectory depictions such as surface roughness,
slope geometry and coefficient of restitution [11,12]. Reliable risk analysis by rating slope
stabilities and slope mass classifications [13] as well as delineation of unstable areas and
suggestions of possible remedial measures can be reached with the use of the software [14].
In addition, investigation of slope condition is in connection with the performance of
kinetic energy and rockfall simulations. Thus, their determination leads to vulnerable areas
zoning via RockFall [15,16]. The type of the geological material, such as slopes from various
lithological blocks, affects the rockfall path [17]. Geological discontinuities and the size of
dislodged blocks should be determined for the production of landslide distribution maps
for every single slope profile [18,19]. The mass of falling block is proportional to the kinetic
energy [20] and, also, the kinetic energy augments with rocks of higher mass [21].

The comparison of rockfall data and the selection of the most trustworthy results
have led many researchers to the use more than one method or software [22–25]. Finite
element program RS2™ for analyzing failure progression, RocFall for landslide assessment
of rock slope profiles and Dan-W™ software for runout assessment of failure zones are
methods for modeling rockfall investigation [26]. V-shaped gully (V-gully) method designs
control effects through rainfall discharge and kinetic energy reduction, MSARMA software
determines surface sliding positions and RocFall calculates slope movements from various
slope angles. These three methods provide up-to-date rockfall prevention techniques [27].
Discrete element method achieves a landslide simulation closer to the real event, a detailed
calculation process and a complete motion process, while RocFall software is simpler and
depicts a broader area of rock block dispersion than the one observed in situ [28]. RocFall
and CRSP [29] are both able to define the ideal slope geometry for the least rollout risk of
falling blocks but the first provide more detailed results than the second [22]. In the lower
parts of slope profiles, the results from CRSP and STONE exhibit high similarity, while, in
the middle and upper slope parts, have the same velocity and heights to the ground from
RocFall and STONE [23].

Digital surface models (DSMs) contribute to rockslide modeling either directly in a
rockfall software (e.g., STONE) or indirectly (e.g., RocFall) through the use of slope profiles.
The spatial resolution of DSMs affects rockfall simulation, as higher pixel sizes produce
enhanced bounce heights and kinetic energies in both RAMMS (3D) and RocFall (2D)
programs [24]. The use of a 2 m resolution digital terrain model (DTM) illustrates better
an actual rockfall trajectory in Rockyfor3D, which is a 3D software, than in RocFall, which
is 2D [25]. In many landslide investigations and existing rockslide simulation models,
DSMs with high resolution and accuracy derived from LIDAR techniques were preferred
for evaluating and characterizing rockfall trajectories [30], as these DSMs enable useful
parameters to be gained, such as slope, curvature, aspect, flow direction, etc. [31]. DSM
created by Greek National Cadastral and Mapping Agency have been also used for the
selection of slope profiles. The high spatial resolution of this DSM (5 m) depicted a detailed
2D rockfall simulation via RocFall software [32]. The selection of SRTM30 DEM for slope
profile extraction and aspect map production, in the same software, is more appropriate for
large-scale events but without excluding smaller occurrences [33]. DSMs with cell sizes
ranging from 1 m to 25 m have been tested though rockfall hazard investigation and high-
resolution DSMs delineated accurate slope angles and profiles which are in accordance
with the real topography.
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The advantage of DSM use in rockfall mapping is the detection of rockfall sources in
inaccessible steep slopes. The spatial resolution of DSMs affects the rockfall simulation
procedure. The aim of this study is the determination of the degree of cell size influence
in exported rockfall data from RocFall software. The aforementioned software processes
slope profiles derived from DSMs; consequently, this is in conjunction with DSMs’ accuracy.
To this end, three different areas of interest, Moira, Myloi and Platiana settlement located
in Peloponnese, in Western Greece were studied. In these settlements, recent events of
rockfalls occurred between 2017 and 2019, causing huge disturbance in villager’s lives. The
under-study rockfall events are attributed to climatic phenomena without being triggered
by strong ground motions during earthquakes. Intense rain precipitation, along with the
corroded soil of those regions, lead to rockfall phenomena. In situ measurement and field
observations took place and the collected data were compared with the software outputs.
End-point rock locations, bounce heights and total kinetic energies were calculated via
RocFall. Three slope profiles for each area were extracted from eight different DSMs,
ranging from 5 cm to 90 m (Table 1), and were used by the software. The accuracy of the
results was checked and was evaluated in accordance with the field measurements.

Table 1. Digital surface models used in the current study.

Dataset Spatial
Resolution (m)

Date of Data
Acquisition

Date of DSM
Release

Abbreviation for
the Text

UAV DSM 0.05 After the rockfall
occurrence

After the rockfall
occurrence UAV DSM

Cadastral DSM 5 2007–2008 2008 Cadastral

DSM from the Ministry of Agriculture 20 1995–1996 1996 AGRIC

ALOS AW3D30 30 2006–2011 2016 ALOS

SRTM30 DEM 30 2000 2015 SRTM30

ASTERGDEM 30 1999–2007 2009 ASTER

SRTM90 DEM 90 2000 2003 SRTM90

TANDEM-X 90 2010–2015 2016 TANDEM-X

2. Study Areas
2.1. Moira Settlement

Moira is a village located in Achaia prefecture of Peloponnese in northwestern Greece
(Figure 1). The Alpine orogeny and post-Alpine period are the two main deformation
periods for the NW part of Peloponnese so far. A high number of seismically active
faults are linked with the post-Alpine deformation. The trend of these faults is WNW—or
ENE [34,35]. Geodynamically active grabens and faults are closely related to rockslide
events [36]. A series of factors such as extreme meteorological conditions (heavy rainfalls),
deformation and extensively sheared lithologies lead to rockfall records of the wider area
of Western Greece [37]. According to the geotectonic map of Greece, the broader area
of interest belongs to Gavrovo and Pindos Units. Further, based on the geologic map of
Greece, the above area consists primarily of Upper Cretaceous limestones (Hellenic Survey
of Geology & Mineral Exploration—HSGME).

In particular, Moira village is located at the foot of Panachaiko–Erymanthos mountain
and is close to the East Glafkos riverbank. Limestones with sparse vegetation, flysch
deposits and siliceous and siliciclastic rocks are the predominant formations of the area.
These formations have been affected by an imbricate system of thrust faults, with angles
ranging from moderate to high, which consequently caused two rockfalls [38]. The first
was in 19 January 2017 at 800 m elevation on an SE-facing slope of Panachaiko Mountain
and the second was in 20 January 2017, which essentially was the main event. At the
northwestern part of the area, where the rockfall occurred, a downslope movement of a
huge volume of soil and rock was recorded. Subsequently, only a few minutes later from
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the first record, at the southern part of the rockslide, a substantially higher volume of
coarse debris slid and altered the slope profile. The volume of rock fragments displaced
in Moira rockfall, on the road area and at the end of the slope profile, was estimated at
80 m3 approximately. The lithological characteristics of the two parts were different. In the
northwestern part, siliciclastic and/or siliceous lithologies were slid, while the southern
part included limestones.
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In Moira rockfall five slope profiles were selected, aiming to achieve a 2D rockfall
simulation via RocFall software (Figure 1). These profiles were extracted from seven
different DSMs in ArcGIS environment: one 5 cm spatial resolution DSM created by UAV
data, one 5 m DSM from the Greek Cadastral, three 30 m resolution DEMs (ALOS AW3D30
DEM, ASTER GDEM, and SRTM30 DEM) and two 90 m cell size DEMs (SRTM90 DEM
and TanDEM_X). Subsequently, the geological and material characteristics of these slope
profiles were defined (Table 2). The values of these characteristics were derived from in situ
observations and published studies (Figures 2 and 3) [38,39]. In order to offer more realistic
results, a barrier was considered at a certain point of the examined slope. In particular, this
barrier is a local road which connects Moira with other villages. After the rockfall events,
the road was covered with debris and restoring procedures were required.

Table 2. Geological and material characteristics.

MOIRA ROCKFALL

Geological formation Limestone with sparse vegetation

Date of the rockfall 20 January 2017

Length (m) 260

Width (m) 110

Slope profiles 3

Number of throw rocks 50

Barrier 1 road

Coefficient of normal restitution (Rt) Mean: 0.47/St. dev. 0.04

Coefficient of tangential restitution (Rn) Mean: 0.85/St. dev. 0.04

Friction angle (Phi) Mean: 10/St. dev. 2

Horizontal velocity (m/s) Mean: 22/St. dev. 2.2
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2.2. Myloi Settlement

Myloi is a village of Ilia prefecture in Peloponnese, Western Greece (Figure 4). Geologi-
cally, it belongs to Olonos–Pindos and Gavrovo–Tripolis geotectonic Units and, according to
the engineering geological map of Greece, is characterized primarily by Upper Cretaceous
limestones (Hellenic Survey of Geology & Mineral Exploration—HSGME). Limestones
with no vegetation and cherts predominate in the mountain volume above the settlement.
The direction of the faults is E–W and NE–SW [40]. Various corrosion factors have severely
decreased the coherence of the limestone bedrock. As a result, detachments of rock blocks
and rock sliding phenomena occurred. The slope angle of these formations ranges from
45◦ to 60◦ [41].
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In August 2007, in the broader region of Ilia Prefecture, devastating wildfires destroyed
the vegetation cover of huge areas. More than 60 people were killed, hundreds were injured
and several communities were severely damaged, resulting in the loss of around 870 km2

of mostly forest and agricultural area. Heavy rains and human activities triggered the
appearance or reactivation of varying scale rockfall events, which were aided by the
vegetation loss and the general sensitivity of geological formations to rockslides. Due
to these wildfires, Myloi has been declared a reforestable area. On 26 January 2019, a
significant rockfall occurred at Myloi settlement, near to Andritsaina town, and the volume
of rock fragments displaced in Myloi rockfall on the road area and at the end of the slope
profile was estimated at 147 m3 approximately. The rockfall event is considered to be the
result of the combined action of intensive rainfalls with the total absence of root system
(due to the past wildfires). Those characteristics led to corrosion phenomena and, thus, the
soil lost its coherence. Then, abrupt rock detachment events occurred. The debris rolled
down the slope, inducing damages in two houses and to the block of the main roads at the
entrance of the village (Figures 5 and 6).
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The aforementioned rockfall was studied via RocFall software and a 2D simulation was
performed. Three slope profiles were selected (Figure 4) and extracted from eight different
DSMs: one 5 cm spatial resolution DSM created by UAV field data, one 5 m DSM from the
Greek Cadastral, one 20 m DSM from the Ministry of Agriculture, three 30 m resolution
DEMs (ALOS AW3D30 DEM, ASTER GDEM and SRTM30 DEM) and two 90 m cell size
DEMs (SRTM90 DEM and TanDEM_X). Geological and material characteristics of the slopes
were derived from in situ observations and previous studies (Table 3, Figures 5 and 6) [41,42].
In the same manner as the case of Moira settlement, two barriers were added in the slope to
simulate two rural roads located at x = 26 m and x = 37 m (measuring from the beginning
of the slope profile), respectively.

Table 3. Geological and material characteristics.

MYLOI ROCKFALL

Geological formation Limestone with no vegetation

Date of the rockfall 26 January 2019

Length (m) 60

Width (m) 20

Slope profiles 3

Number of throw rocks 50

Barrier 2 roads

Coefficient of normal restitution (Rt) Mean: 0.47/St. dev. 0.04

Coefficient of tangential restitution (Rn) Mean: 0.85/St. dev. 0.04

Friction angle (Phi) Mean: 10/St. dev. 2

Horizontal velocity (m/s) Mean: 11/St. dev. 1.1

2.3. Platiana Settlement

Platiana is a village of Ilia prefecture in Peloponnese, Western Greece (Figure 7).
According to the engineering geological map of Greece, it is characterized by Upper
Cretaceous limestones and belongs to Pindos geotectonic Unit (Hellenic Survey of Geology
& Mineral Exploration—HSGME). This large area constitutes a part of the vast Pindic Unit,
which was thrusted towards the west. Large limestone outcrops (of thin and medium layer
thickness) exist in the vicinity of the settlement. These limestones are locally intercalated
with chert layers [41]. Corrosion factors have affected the slope and caused tensional release
in the rock mass. As a result, the rocks detach from the main body and collapse.

Platiana is located 25 km away from Myloi village and also suffered the catastrophic
wildfires of 2007. Since the past decade, Platiana has been declared a reforestable area. In
2008, the slope next to Platiana village was bare of vegetation, while, in 2018, after the
reforestable procedures, it was converted to a verdant area (Figure 8). Heavy rainfalls led to
a rockslide of one piece of rock with a mass of 10 m3 on 4 December 2018 (Figures 9 and 10).
The rock stopped in a churchyard and, luckily, no fatalities were recorded. During the rock
rolling, two fences, made of drystone, were destroyed. The first fence was at the location
x = 195 m and the second at x = 215 m, measuring from the beginning of the slope profile
(Figure 7), with an inclination angle of about 70◦.



Geosciences 2023, 13, 57 9 of 29Geosciences 2023, 12, x FOR PEER REVIEW 9 of 29 
 

 

 
Figure 7. Slope profiles used RocFall analysis regarding Platiana region. The slope picture is taken 
from Greek Cadastral (2008). 

Table 4. Geological and material characteristics. 

PLATIANA ROCKFALL   
Geological formation  Limestone with dense vegetation 
Date of rockfall 4 December 2018 
Length (m) 240 
Width (m) 120 
Slope profiles 3 
Number of throw rocks 1 
Barrier 2 fences 
Coefficient of normal restitution (Rt) Mean: 0.39/St. dev. 0.04 
Coefficient of tangential restitution (Rn) Mean: 0.8/St. dev. 0.04 
Friction angle (Phi) Mean: 15/St. dev. 2 
Horizontal velocity (m/s) Mean: 11/St. dev. 1.1 

 
Figure 8. The slope next to Platiana village before and after the reforestation procedures. 

Figure 7. Slope profiles used RocFall analysis regarding Platiana region. The slope picture is taken
from Greek Cadastral (2008).

Geosciences 2023, 12, x FOR PEER REVIEW 9 of 29 
 

 

 

Figure 7. Slope profiles used RocFall analysis regarding Platiana region. The slope picture is taken 

from Greek Cadastral (2008). 

Table 4. Geological and material characteristics. 

PLATIANA ROCKFALL   

Geological formation  Limestone with dense vegetation 

Date of rockfall 4 December 2018 

Length (m) 240 

Width (m) 120 

Slope profiles 3 

Number of throw rocks 1 

Barrier 2 fences 

Coefficient of normal restitution (Rt) Mean: 0.39/St. dev. 0.04 

Coefficient of tangential restitution (Rn) Mean: 0.8/St. dev. 0.04 

Friction angle (Phi) Mean: 15/St. dev. 2 

Horizontal velocity (m/s) Mean: 11/St. dev. 1.1 

 

 
(a) (b) 

 

Figure 8. The slope next to Platiana village before and after the reforestation procedures. 

Figure 8. (a,b) The slope next to Platiana village before and after the reforestation procedures.
Geosciences 2023, 12, x FOR PEER REVIEW 10 of 29 
 

 

 
Figure 9. Pictures taken from Platiana region after rockfall event. 

 
Figure 10. Picture of the rockfall in Platiana region, illustrating the final position of the rock. 

3. Software and Materials 
For this investigation, RocFall 4.0 from Rocscience was used, which is a two-dimen-

sional rockfall modeling tool for steep slopes. The detection of rockfall susceptibility is 
achieved through a lumped mass statistical analysis. Protective measures can be easily 
identified by modifying the material properties of each slope segment and, if necessary, 
changing the material. The materials from which the slope consists of might differ signif-
icantly from one part to another [44]. Slopes also exhibit large anomalies with their geom-
etry. A numerical analysis, via RocFall, may be rerun with new data, and the findings can 
be compared to the prior ones. This software comprises the collision theory and Newton’s 
laws of motion, so as to simulate the path of the rolling rock mass/boulder [45]. 

Figure 9. Pictures taken from Platiana region after rockfall event.



Geosciences 2023, 13, 57 10 of 29

Geosciences 2023, 12, x FOR PEER REVIEW 10 of 29 
 

 

 
Figure 9. Pictures taken from Platiana region after rockfall event. 

 
Figure 10. Picture of the rockfall in Platiana region, illustrating the final position of the rock. 

3. Software and Materials 
For this investigation, RocFall 4.0 from Rocscience was used, which is a two-dimen-

sional rockfall modeling tool for steep slopes. The detection of rockfall susceptibility is 
achieved through a lumped mass statistical analysis. Protective measures can be easily 
identified by modifying the material properties of each slope segment and, if necessary, 
changing the material. The materials from which the slope consists of might differ signif-
icantly from one part to another [44]. Slopes also exhibit large anomalies with their geom-
etry. A numerical analysis, via RocFall, may be rerun with new data, and the findings can 
be compared to the prior ones. This software comprises the collision theory and Newton’s 
laws of motion, so as to simulate the path of the rolling rock mass/boulder [45]. 

Figure 10. Picture of the rockfall in Platiana region, illustrating the final position of the rock.

For examining this particular rockfall phenomenon, three slope profiles were selected
(Figure 7) and extracted from eight different DSMs, aiming at a 2D simulation via RocFall
software: one 5 cm spatial resolution DSM created by UAV data, one 5 m DSM from the
Greek Cadastral, one 20 m DSM from the Ministry of Agriculture, three 30 m resolution
DEMs (ALOS AW3D30 DEM, ASTER GDEM and SRTM30 DEM) and two 90 m cell size
DEMs (SRTM90 DEM and TanDEM_X). The two aforementioned barriers, drystone fences,
were taken into account in software settings, as well as geological and material characteris-
tics of the slope profiles (Table 4). In situ surveys and literature data were accomplished
(Figures 9 and 10) [40,41,43].

Table 4. Geological and material characteristics.

PLATIANA ROCKFALL

Geological formation Limestone with dense vegetation

Date of rockfall 4 December 2018

Length (m) 240

Width (m) 120

Slope profiles 3

Number of throw rocks 1

Barrier 2 fences

Coefficient of normal restitution (Rt) Mean: 0.39/St. dev. 0.04

Coefficient of tangential restitution (Rn) Mean: 0.8/St. dev. 0.04

Friction angle (Phi) Mean: 15/St. dev. 2

Horizontal velocity (m/s) Mean: 11/St. dev. 1.1
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3. Software and Materials

For this investigation, RocFall 4.0 from Rocscience was used, which is a two-dimensional
rockfall modeling tool for steep slopes. The detection of rockfall susceptibility is achieved
through a lumped mass statistical analysis. Protective measures can be easily identified by
modifying the material properties of each slope segment and, if necessary, changing the
material. The materials from which the slope consists of might differ significantly from one
part to another [44]. Slopes also exhibit large anomalies with their geometry. A numerical
analysis, via RocFall, may be rerun with new data, and the findings can be compared to the
prior ones. This software comprises the collision theory and Newton’s laws of motion, so
as to simulate the path of the rolling rock mass/boulder [45].

RocFall software calculates four parameters for the entire slope, including the final
position of the rock, bounce height and velocity, as well as energies. For the first parameter,
“rock ends” is the terminus or the point at which the falling rock will halt. The correct
and accurate computation of this factor is critical for the hazard mapping, since natural
or human-caused disasters can be prevented. The second parameter, “bounce height”, is
influenced by slope gradient, slope geometry, size and shape of the failure rock blocks
and is one of several significant elements in landslide assessment [46]. The computation
of the third parameter, “velocity”, is also affected by slope geometry and establishes an
important step towards the determination of potential catastrophic events [47]. Changing
elevation measurements, along the under-review trajectory, leads to serious discrepancies
of the calculated velocity. Last but not least, the kinetic energy is described by the produced
energy of a falling and driven-by-gravity rock. The existence of barriers (roads, fences,
buildings and vegetation) along a slope profile affects all the aforementioned parameters.
The software’s data collector processes the input factors and a multiparameter rockfall
simulation is presented.

Slope definition, slope material definition, materials to the slope segment assignment,
rock starting location determination, analysis computation and graph of the results are
parts of RocFall software analysis. The creation of slope profiles was accomplished in
ArcGIS environment and the produced slope lines were introduced in RocFall simulation
program. In this study, three slope profiles for each area of interest, Moira, Myloi and
Platiana settlements, were selected. Eight different DSMs with spatial resolution ranging
from 5 cm to 90 m were used for the extraction of the slope profiles. More specifically,
these DSMs are UAV DSM, DSM taken from the Greek Cadastral, DSM from the Ministry
of Agriculture, ALOS AW3D30 DEM, ASTER GDEM, SRTM30 DEM, SRTM90 DEM and
TanDEM_X. The outcome of the rockfall simulation is affected by the roughness of the
slopes. Hence, the determination of roughness is necessary and is easily gained via remote
sensing techniques. Furthermore, slopes’ geological features influence the output of the
rockfall simulation, a fact that has been taken into consideration. Energy loss is recorded
due to the before-mentioned characteristics and depends on the type of the trajectory [48].

For the accurate simulation of rock blocks’ movement, the RocFall software for each
imported slope profile considers constant values of both coefficient of normal restitution
(Rn) and coefficient of tangential restitution (Rt). Furthermore, the software does not allow
the user to manually alter the above coefficients [8]. The constant value of these coefficients
is supported by the PhD thesis of N. Vagenas (2020) [41], who performed laboratory tests,
emphasizing those three rockfall events mentioned before, directed by the Laboratory of
Engineering Geology of the University of Patras, Greece.

In addition, the determination of input parameters for a RocFall analysis includes
the type of soil/rock and the vegetation of the area of interest. More specifically, the tool
“material editor” has some fixed options, such as asphalt, bedrock outcrops, clean hard
bedrock, soil with vegetation, talus cover and talus with vegetation [8]. These fixed options
correspond to default values for the coefficient of normal and tangential restitution, friction
angle and slope roughness. In this work, additional types/materials were chosen, as the
default options were not appropriate. The aforementioned materials are available for each
study area presented in Section 3.
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Last but not least, according to RocFall software, roads can be simulated as barriers [8]
and, since roads do exist in the under-study rockfall regions, they have been taken into
consideration in order for the software to ponder the topographic conditions in a more
realistic manner. These roads have a notable impact on the under-study rockfall events,
since they create discontinuities and zero-inclination surfaces on the slopes. Consequently,
as is observed either numerically or by in situ observations, a vast number of rocks stop
upon these road/barriers.

4. Results
4.1. Moira Rockfall Simulation

The initial step for the simulation of Moira rockfall, via RocFall software, was the
creation of the slope profiles. These profiles were extracted from seven different DSMs and
led to the depiction of slope geometry. A barrier, in the form of a road inside the rockfall
body, at the location x = 128 m was taken into account, as it affects the slide of the rock block
and impacts the software calculations. In the following pictures, 2D rockfall simulations of
50 rocks, pertaining to Moira rockfall, are presented and correspond to the second slope
profile (Figure 11).
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Graph depiction divergence depends on the used DSMs for the creation of the slope
profiles. It is observed that UAV DSM and DSM from the Greek Cadastral designed a
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detailed topography by altering steep slopes and smooth areas. On the other hand, the other
DSMs, with coarse spatial resolutions, tended to flatten the topography and create uniform
areas throughout the length of the slope. The relief of the area holds key information for the
rockfall simulation, as it affects the motion of the rock, either by bouncing or by rolling. UAV
DSM, DSM from the Greek Cadastral and ALOS AW3D30 DEM profiles presented rocks
bouncing, while ASTER GDEM, SRTM30 DEM, SRTM90 DEM and TanDEM_X illustrated
only rocks rolling. According to the in situ observations, some rocks crossed the road
(barrier) and reached the end of the slope profile. Consequently, UAV DSM, DSM from
the Greek Cadastral and ALOS AW3D30 DEM best simulate the real rockfall trajectory.
Rockfall simulations based on ALOS AW3D30 DEM show that just one rock overcomes the
barrier (road). This result opposes the in situ measurements, which recorded a plethora
of rocks at the lower slope (Figure 3). The horizontal location of rock end points was also
calculated, with the purpose of presenting the precise location of rock stop points from
each DSM profile (Table 5, Figure 12).

Table 5. Horizontal location of rock end points for the 2nd slope profile.

Slope Profile 2 BARRIER ROAD AT X = 128 m

Min. Location (m) Max. Location (m)

UAV DSM 128.20 248.56

CADASTRAL DSM 127.98 258.56

ASTER GDEM 127.97 127.97

ALOS_AW3D30 DEM 127.85 258.35

SRTM 30 DEM 127.80 127.80

SRTM 90 DEM 128.04 128.04

TANDEM_X 127.86 127.86
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The UAV DSM slope profile indicated that the rocks stopped at four sites. The first was
at the location x = 128.20 m (the point of the barrier/road), the second at x = 222.39 m, the
third at x = 227.62 m and the fourth at x = 248.56 m (which is almost at the end of the slope
profile). The DSM from the Greek Cadastral depicted three end points, at x = 127.98 m, at
x = 237.67 m and at x = 258.56 m. The ALOS AW3D30 DEM presented two end points, at
the barrier (x = 127.85 m) and at the end of the slope (x = 258.35 m). Based on the rest of the
DSMs, the boulders end up at the barrier/road that is located at x = 128 m. The horizontal
location of rock end points is in conjunction with the type of slope; hence, smoother slope
profiles (ASTER GDEM, SRTM30 DEM, SRTM90 DEM and TanDEM_X) force the rocks to
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stop at the barriers. A common observation is that all the DSMs stopped the majority of the
rocks in the position of the barrier–road.

The bounce height was calculated as a function of (i) the height above the slope (m),
(ii) the horizontal location (m) and (iii) the number of bounces (Table 6, Figure 13).

Table 6. Bounce height for the 2nd slope profile.

Slope Profile 2 BARRIER ROAD AT X = 128 m

Max. Height above
Slope (m)

Horizontal Location
(m) Number of Bounces

UAV DSM 6.26 125.36 4

CADASTRAL DSM 23.06 260 5

ASTER GDEM 6.26 125.36 4

ALOS_AW3D30 DEM 10.35 260 4

SRTM 30 DEM 5.13 125.18 4

SRTM 90 DEM 4.66 78.38 2

TANDEM_X 7.01 125.02 2
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Figure 13. Bounce height for the 2nd slope profile.

The rocks in the slope profiles created by UAV DSM, DSM from the Greek Cadastral
and ALOS AW3D30 DEM jumped along the relief without rolling, and the horizontal
location of rock end points was at the end of the slope, whereas ASTER GDEM, SRTM30
DEM, SRTM90 DEM and TanDEM_X exhibited two to four rock bounces approximately,
with height above the slope less than 7.5 m (in the beginning of the slope profiles), and
then rolled until their kinetic energy reduces to zero. The above is logical, as the DSMs
with spatial resolution over 30 m illustrated the reliefs more smooth and flat, where rocks
just rolled. On the other hand, the steep slopes from DSMs with high cell size led to rock
bounces in the unsmooth areas.

The computation of the total kinetic energy distribution was accomplished in the
middle of the slope profile at the location x = 130 m (Table 7, Figure 14).
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Table 7. Total kinetic energy distribution at x = 130 m for the 2nd slope profile.

Slope Profile 2 BARRIER ROAD AT X = 128 m

Min.
Kinetic Energy (kJ)

Max.
Kinetic Energy (kJ)

Slope
Degrees

Number of
Rocks

UAV DSM 42.12 62.18 40.13 4

CADASTRAL DSM 58.22 65.74 21.95 5

ASTER GDEM 0 0 16.41 0

ALOS_AW3D30 DEM 71.61 71.61 29.54 1

SRTM 30 DEM 0 0 23.42 0

SRTM 90 DEM 0 0 20.96 0

TANDEM_X 0 0 20.01 0
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Figure 14. Total kinetic energy distribution at x = 130 m for the 2nd slope profile.

The UAV DSM, DSM from the Greek Cadastral and ALOS AW3D30 DEM recorded
total kinetic energy distribution at x = 130 m ranging from 42 kJ to 71 kJ. These kinetic
energy values are due to the bouncing phenomena. When the rocks in the slope profiles
created by the aforementioned DSMs jumped, as in the previous diagrams presented, they
then developed high speed and, consequently, the software computed high kinetic energies.
On the other hand, for the rest of the DSMs, the total kinetic energies were not calculated,
as the rocks stopped at the barrier (x = 128 m).

4.2. Myloi Rockfall Simulation

In Myloi rockfall, eight DSMs with spatial resolutions ranging from 5 cm to 90 m were
used for the extraction of three slope profiles. In reference to Moira study area, we disposed
an additional DSM created from aerial photos by the Ministry of Agriculture. The specific
DSM has a spatial resolution of 20 m. RocFall software simulated the motion of 50 rocks.
Two barriers, in the form of local roads, were added at the position x = 26 m and at x = 37 m.
In the following pictures, the 2D rockfall simulations are presented and correspond to the
second slope profile (Figure 15).

According to the figures above, the UAV DSM produced the most detailed slope
profiles, with steep slopes, which led to many rock jumps and plenty of rock rollings until
a number of them reached the end of the slope. The DSM from the Greek Cadastral, DSM
from the Ministry of agriculture and ALOS AW3D30 DEM created slopes smoother than
the UAV DSM. In these cases, also, some rocks jumped and reached the end. The rest pf
the DSMs flattened the line of the slope and the rocks stopped in the first barrier at the
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location x = 26 m. So, the higher the spatial resolution of the DSM, the more accurate the
slope depiction. Based on the in situ observations, the rocks overcame the barriers/roads
and stopped at the end of the relief. Thus, it is proved that only UAV DSM, DSM from the
Greek Cadastral, DSM from the Ministry of agriculture and ALOS AW3D30 DEM achieved
a rockfall simulation close to real conditions.
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Figure 15. Two-dimensional rockfall simulations via RocFall software for the 2nd slope profile.

The extracted end points of the rock trajectories are presented in the following table
(Table 8, Figure 16) and correspond to the second slope profile of Myloi settlement.

Table 8. Horizontal location of rock end points for the 2nd slope profile.

Slope Profile 2 BARRIER ROAD 1 AT X = 26 m and ROAD 2 AT X = 37 m

Min. Location (m) Max. Location (m)

UAV DSM 25.58 56.25

CADASTRAL DSM 26.86 56.28

DSM AGRIC. 26.12 56.37

ASTER GDEM 25.59 25.59

ALOS_AW3D30 DEM 26.23 56.41

SRTM 30 DEM 26.05 26.05

SRTM 90 DEM 25.95 25.95

TANDEM_X 25.62 25.62
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Figure 16. Horizontal location of rock end points for the 2nd slope profile.

The results of the above figures indicated that, via the use of UAV DSM slope profile
for rockfall simulation, the rocks stopped at four different points. The first point was a few
centimeters before the first barrier/road at x = 25.58 m (where almost 33 rocks stopped),
the second point was at the second barrier/road at x = 37.10 m (15 rocks stopped), the third
at the location x = 51.93 m and the fourth at x = 56.25 m. The rocks that simulated from
the DSM from the Greek Cadastral and from the DSM from the Ministry of Agriculture
showed three end points, which are the two barriers/roads and the end of the slope profile,
while, from ALOS AW3D30 DEM slope profile, the rocks stopped at the first barrier/road
and at the end of the slope. From ASTER GDEM, SRTM 30 DEM, SRTM 90 m DEM and
TanDEM X simulation, the rocks’ trajectory stopped at the first barrier.

The bounce height was also simulated and the results of the second slope profile are
presented below (Table 9, Figure 17).

Table 9. Bounce height for the 2nd slope profile.

Slope Profile BARRIER ROAD 1 AT X = 26 m and ROAD 2 AT X = 37 m

Max. Height above
Slope (m)

Horizontal Location
(m) Number of Bounces

UAV DSM 12.17 59.07 4

CADASTRAL DSM 11.43 59.13 2

DSM AGRIC. 10.12 59.18 2

ASTER GDEM 1.08 22.74 3

ALOS_AW3D30 DEM 6.79 57.18 2

SRTM 30 DEM 2.09 25.15 2

SRTM 90 DEM 0.9 18.25 2

TANDEM_X 1.81 25.05 2

Bounce height diagrams showed that the rocks in the slope profiles created by ASTER
GDEM, SRTM30 DEM, SRTM90 DEM and TanDEM_X mainly rolled or jumped the slope
and stopped before the first barrier in horizontal locations less than 26 m. The number
of bounces ranged from two to three and the height above slope was between 0.9 m and
2.09 m. On the other hand, in the DSMs with high spatial resolution (UAV DSM, DSM
from the Greek Cadastral, DSM from the Ministry of Agriculture and ALOS AW3D30
DEM), the rocks jumped along the slope profile until they reached the end of the slope. The
height above slope ranged from 6.79 m to 12.17 m. The maximum number of bounces was
recorded by the UAV DSM simulation.
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In the following step, the total kinetic energy was calculated in the middle of the slope
profile (x = 28.5 m) (Table 10, Figure 18).

Table 10. Total kinetic energy distribution at x = 28.5 m for the 2nd slope profile.

Slope Profile 2 BARRIER ROAD 1 AT X = 26 m and ROAD 2 AT X = 37 m

Min.
Kinetic Energy (kJ)

Max.
Kinetic Energy (kJ)

Slope
Degrees

Number of
Rocks

UAV DSM 13.62 106.24 88.86 17

CADASTRAL DSM 71.15 163.23 24.09 7

DSM AGRIC. 157.33 177.63 37.45 2

ASTER GDEM 0 0 21.46 0

ALOS_AW3D30 DEM 146.41 154.77 26.76 2

SRTM 30 DEM 0 0 29.24 0

SRTM 90 DEM 0 0 19.98 0

TANDEM_X 0 0 21.02 0
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The total kinetic energy was computed in the middle of the slope profile at the location
x = 28.5 m. This position is after the first barrier/road (x = 26 m) and before the second
(x = 37 m). According to the diagram “horizontal location of rock end points”, in ASTER
GDEM, SRTM30 DEM, SRTM90 DEM and TanDEM_X slope profiles, the rocks stopped at
the first barrier/road (x = 26 m). Consequently, at the location x = 28.5 m, the number of
rocks was zero and, thus, there was no kinetic energy. In contrast, in the UAV DSM, DSM
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from the Greek Cadastral, DSM from the Ministry of Agriculture and ALOS AW3D30 DEM
profiles, a number of rocks reached the end of the slope profiles; therefore, kinetic energy
was recorded. From DSM from the Ministry of Agriculture simulation, two rocks were
calculated with maximum kinetic energy equal to 177 kJ. The kinetic energies of seventeen
rocks were computed by the UAV DSM slope profile, seven rocks by the DSM from the
Greek Cadastral slope profile and two rocks by the two ALOS AW3D30 DEM.

4.3. Platiana Rockfall Simulation

Eight DSMs with spatial resolutions ranging from 5 cm to 90 m were used for the
extraction of three slope profiles in Platiana rockfall. In this case, only one large rock was
simulated instead of fifty rocks that were inserted in the previous examples. The mass of
the rock was over 10 m3. Two barriers, drystone fences, were taken into account at the
position x = 195 m and at x = 215 m. Two-dimensional rockfall simulations are presented in
the following figures and correspond to the second slope profile (Figure 19).
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Figure 19. Two-dimensional rockfall simulations via RocFall software for the 2nd slope profile.

According to the figures above, only the UAV DSM created a detailed slope profile,
with steep slopes and smooth areas. The other DSMs tended to flatten the topography. The
rock in the UAV DSM slope profile jumped the first barrier/fence and broke the second
barrier/fence. This result, in comparison with the field observations, is reliable, as the rock
stopped a few meters before the end of the slope, in the churchyard (Figure 9). In the DSM
from the Greek Cadastral, DSM from the Ministry of Agriculture, ALOS AW3D30 DEM,
ASTER GDEM, SRTM30 DEM, SRTM90 DEM and TanDEM_X slope profiles, the rock rolled
and stopped in the first barrier/fence. This is in contrast to the real trajectory. Therefore,
only the UAV DSM simulated a trajectory close to the real.



Geosciences 2023, 13, 57 20 of 29

The end point of the rock was calculated and presented in the next step. The fol-
lowing figures correspond to the second slope profile of Platiana settlement (Table 11,
Figures 20 and 21).

Table 11. Horizontal location of rock end points for the 2nd slope profile.

Slope Profile 2 BARRIERS FENCE 1 AT X = 195 m and FENCE 2 AT X = 215 m

Min. Location (m) Max. Location (m)

UAV DSM 223.45 223.45

CADASTRAL DSM 194.76 194.76

DSM AGRIC. 194.73 194.73

ASTER GDEM 194.21 194.21

ALOS_AW3D30 194.56 194.56

SRTM 30 DEM 194.35 194.35

SRTM 90 DEM 195.24 195.24

TANDEM_X 194.42 194.42
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Figure 20 shows that the rock simulated by the UAV DSM slope profile stopped at the
location x = 223.45 m, crossing the two barriers/fences and stopping a few meters before
the end of the slope. The simulation by the DSM from the Greek Cadastral, DSM from the
Ministry of Agriculture, ALOS AW3D30 DEM, ASTER GDEM, SRTM30 DEM, SRTM90
DEM and TanDEM_X indicated the horizontal location of rock end point approximately as
x = 195 m (Figure 21). This location was the first barrier/fence.

The bounce height also simulated and the results of the second slope profile are
presented below (Table 12, Figure 22).

Table 12. Bounce height for the 2nd slope profile.

Slope Profile 2 BARRIERS AT X = 195 m and AT X = 215 m

Max. Height above
Slope (m)

Horizontal Location
(m) Number of Bounces

UAV DSM 3.79 211.68 5

CADASTRAL DSM 0.054 154.87 3

DSM AGRIC. 3.91 98.53 1

ASTER GDEM 3.32 28.07 2

ALOS_AW3D30 3.4 18.75 1

SRTM 30 DEM 4.07 177.95 2

SRTM 90 DEM 1.7 164.66 2

TANDEM_X 2.93 163.97 2
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Figure 22. Bounce height for the 2nd slope profile.

The bounce height diagram from UAV DSM slope profile showed three rock jumps
during the first 80 m of the slope. Then, the rock rolled further for 110 m, after bouncing
twice, and finally stopped at x = 224. The rock simulation by the DSM from the Greek
Cadastral profile illustrated only rock rolling without jumping. In the DSM obtained from
the Ministry of Agriculture, ASTER GDEM, ALOS AW3D30 DEM, SRTM30 DEM, SRTM90
DEM and TanDEM_X slope profiles, the rock initially jumped once/twice in the first 30 m
and then rolled until it stopped in different horizontal locations. UAV DSM, DSM from the
Ministry of Agriculture, ASTER GDEM, ALOS AW3D30 DEM and SRTM30 DEM recorded
maximum height above slope over 3 m.

The total kinetic energy distribution was computed in the middle of the slope profile,
at x = 117.3 m, and is presented below (Table 13, Figure 23).
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Table 13. Total kinetic energy distribution at x = 117.3 m for the 2nd slope profile.

Slope Profile 2 BARRIERS FENCE 1 AT X = 195 m and FENCE 2 AT X = 215 m

Total Kinetic Energy (kJ) Slope Degrees Number of Rocks

UAV DSM 17.24 75.72 1

CADASTRAL DSM 88.94 35.59 1

DSM AGRIC. 370.78 33.82 1

ASTER GDEM 710.61 30.26 1

ALOS_AW3D30 DEM 541.79 33.5 1

SRTM 30 DEM 367.41 29.73 1

SRTM 90 DEM 726.44 30.9 1

TANDEM_X 593.02 30.8 1
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From Figure 23, it is observed that the rock that participated in the Platiana rockfall
event demonstrated low kinetic energy values when slope profiles derived from UAV DSM
and DSM from the Greek Cadastral are used. In contrast, medium kinetic energy values
are produced from the DSM from the Ministry of Agriculture, ALOS AW3D30 DEM and
SRTM30 DEM and high kinetic energy values corresponded to ASTER GDEM, SRTM90
DEM and TanDEM_X. So, the DSMs with coarser spatial resolution (more than 30 m)
flattened the relief; consequently, the rock recorded higher speed than in the other DSMs
with high spatial resolution (less than 30 m), which created unsmooth surfaces.

5. Discussion

Rockfall investigations are carried out to evaluate the hazard and mitigate the risk of
rockfall events. As in the study areas, rockfall occurred near to roads; hence, the assessment
of rockfall risk along roads has been widely studied [49–51]. Remote sensing techniques
contribute to this research, offering advantages such as minimization of data collection
time, contrary to in situ observations, data acquisition in inaccessible areas and, sometimes,
limitation of research expenditures. The purpose of this study was to determine the level
at which spatial resolution of DSMs may affect rockfall simulations. Data obtained from
these three different rockfall events were extracted and compared with each other and/or
with previous studies. In particular, the correlation between the spatial resolution of the
DSM and the extent of the rockfall and the existence or not of vegetation are examined and
discussed below.
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In general, a plethora of rockfall/landslide investigations have been accomplished
in the last 30 years via remote sensing techniques. DSMs with spatial resolutions ranging
from 0.3 m to 200 m have been used in rockfall/landslide surveys [52]. Some of the used
DSMs in this study, such as DSM from the Greek Cadastral, ALOSAW3D30 DEM, ASTER
GDEM, SRTM30 DEM, SRTM 90DEM and TanDEM_X, have also been selected for rockfall
mapping by other researchers. More specifically, Kawabata et al. (2009); Oh et al. (2013);
Fuchs et al. (2014); Mahalingam et al. (2016); Rasyid et al. (2016); Wang et al. (2016);
Pradhan et al. (2017) and Juliev et al. (2019) selected ASTER GDEM in their studies, which
pertain to medium-scale landslides events [53–60]. Moreover, SRTM 30DEM was chosen
by Mclean (2011) and Fenton et al. (2013) for medium-scale occurrences [61,62]. On the
other hand, for large-scale rockfall/landslides, Calvello et al. (2013) and Huang et al. (2014)
preferred the use of SRTM 90DEM [63,64]. Nowadays, DSMs with 90 m cell size are sparsely
used in rockfall studies. Kakavas et al. (2021) summarized previous research in a review
paper pertaining to the use of DSMs in the study of rockfalls and landslides [52]. According
to the specific review, only 6% of the published (eight studies, namely [63–70]) used DSM
with coarser resolution than 90 m. In the current paper, 90 m DSMs were selected in order
to check the reliability of their results. The outcome was that 90 m DSMs are not reliable in
rockfall/landslide investigations and the previous studies should be revised.

The current study examined three rockfall events with extents varying from 20 m
width (Myloi) to 120 m width (Platiana) and from 60 m length (Myloi) to more than 260 m
(Moira). At the same time, the spatial resolution of the used DSMs varies between 5 cm
and 90 m. As it was proved in all the cases as the spatial resolution ameliorates, the rockfall
simulation becomes more realistic. In all the studied areas, the DSMs with the higher spatial
resolution (UAV, Cadastral and Ministry of Agriculture DSM) produced better results than
the DSMs with the coarser spatial resolution, such as ASTER GDEM or SRTM DEM. In
the case of Moira and Myloi rockfalls, the simulations from the UAV DSM and DSM of
Greek Cadastral are in line with the in situ observations. Especially in Myloi case, the
DSM from the Ministry of Agriculture also simulated rockfall trajectories close to the real
event. ASTER GDEM, SRTM30 DEM, SRTM90 DEM and TanDEM_X are not trustworthy
since, according to the rockfall simulations, all the rocks should stop at the barriers/roads.
The outcomes from the Platiana rockfall study were slightly different compared to the
other two cases. In this case only the UAV DSM offered a simulation the same as the real
one. The huge rock penetrated through the two barriers/drystone fences and stopped in
the churchyard. The slope profile created by UAV DSM illustrated the aforementioned
trajectory. According to the simulations derived by the rest of the DSMs (DSM from the
Greek Cadastral, DSM from the Ministry of Agriculture, ALOS AW3D30 DEM, ASTER
GDEM, SRTM30 DEM, SRTM90 DEM and TanDEM_X), the rock stopped rolling at the first
barrier/fence. These results differ from the field observations. Consequently, only UAV
DSM offered a realistic trajectory.

These results are in accordance with previous studies. A previous similar study [62]
determined how the resolution of DEMs affects regional landslide probability and con-
cluded that, for each DEM, the ability to accurately reflect the nature of the terrain is directly
related to the DEM cell size. As the size of the cell increases, the representation of the
terrain’s true roughness becomes less accurate [62]. In rockfall investigations, the use of
DSMs with spatial resolution over 50 m is not preferable due to the low accuracy [71].
The resampling of a large pixel size into a smaller one offers a more detailed depiction of
the topography. Kakavas et el. (2021) composed a literature review for the effect of DEM
resolution on rockfalls and concluded that only 1% of the researchers chose DSMs with
resolution over 50 m in their studies, while the majority used DSMs with resolution less
than 10 m [52]. Consequently, DSMs with low spatial resolution are not appropriate in
rockfall investigations according to the literature. Moreover, Wechsler (2007) and Wechsler
and Kroll (2006) have recognized uncertainty and errors associated to DEMs and their prop-
agation into derivative terrain variables and have given recommendations to overcome the
problem, which is particularly relevant where the morphometric variables are derived from
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a DEM acquired after the occurrence of the slope failures [72,73]. High-resolution DSMs
should be preferred in regional-scale events, while coarse cell sizes should be preferred in
large-scale rockfall zones, as these affect the reliability of rockfall simulation programs [74].

Regarding the areas of interest, having extracted slope profiles from eight different
DSMs with spatial resolutions ranging from 5 cm to 90 m, it is observed that the DSMs
with high spatial resolution led to more accurate slope depiction, while those with coarse
spatial resolution lose a circumstantial illustration. High-resolution models calculate acute
slope angles [62] and provide detailed information on slope parameters [52,75]. Finally,
the slope profiles created by UAV DSM are the most appropriate for 2D rockfall simula-
tions, via RocFall software, as the extracted parameters and calculations are closer to the
real measurements than those from other DSMs. Yakar et al. (2022) concluded that UAV
photogrammetry is also the most preferable for 3D modeling [76]. Senkal et al. (2021) sum-
marized that UAV measurements are as reliable as terrestrial ones [77]. Kakavas et al. (2022)
accomplished a series of tests by resampling a 5 cm UAV DSM to pixel sizes with lower
accuracy (1 m, 2 m, 3 m, 4 m and 5 m) and concluded that DSMs of spatial resolution lower
than 1 m offer the most realistic results [78].

Another crucial parameter that is taken into account in rockfall occurrences is the
vegetation cover, as it affects the path of the detached rocks. The relationship between
wildfires and rockfalls has been widely studied, as wildfires cause lack of vegetation
and, consequently, lead to the reduction in soil/rock cohesion [79]. DeGraff et al. (2013)
highlighted that, when the wildfires that consume the vegetation of steep and rugged slopes
are followed by high-intensity rain storms, destructive debris flows usually emerge [80].
Parise et al. (2012) mentioned that, over long periods, the large diameter and deep root
networks of vegetation burned during the wildfires will decay [81]. Thus, instability effects
may appear months or years after the fires. A review study about the influence of the
lack of vegetation due to wildfires on rockfall occurrence was recently presented [82].
The existence of vegetation (grasses and shrubs) on the rockfall trajectory can affect the
rocks in the same way that bedrock interacts with the rock. This is due to the increased
friction exerted on the rock from these materials. Other important influences can be
inserted by trees that generate large obstacles that a rock has to overcome. A tree has the
potential to stop or slow a boulder. Trees with wide trunks are usually strong enough to
deflect a boulder off its current trajectory. This occurs when the boulder impacts the tree
trunk away from its center of mass [83]. Vegetation is used globally as a form of rockfall
mitigation of the boulder. All the rockfall simulation software, such as Rocfall, assess
this interaction by increasing the friction the boulder experiences in a vegetated area. In
reality, the interaction between trees and boulders is not that simple. A falling or rolling
rock may miss the trees altogether and, therefore, not be affected at all in its way down
by this parameter; it may also experience a blow and be directed away from its current
trajectory. The protective effect of mountain forests against rockfall was shown using a
3D simulation model by Stoffel et al. (2006) [84]. The energy reduction effect of vegetation
was studied experimentally in detail by Dorren et al. (2005) [85]. Özdemir et al. (2021)
completed an automatic extraction of trees via LIDAR point cloud [86]. In addition, an
overview of the current scientific knowledge and methods concerning rockfalls and forests
protecting against them was described by Dorren et al. (2007) [87]. The energy absorption
of trees using a numerical single-tree model was investigated by Jonsson (2007) [88], but
there are still many problems to be solved concerning evaluation of the role of vegetation
against rockfalls [89]. In their study, Moos et al. (2020) used RockyFor3D for comparing the
differences in forest structure as a function of tree density, tree diameter and tree species in
different rockfall activity zones [90]. In a similar study, Bonneau et al. (2020) incorporated
the individual tree locations and heights into rockfall runout simulations using another
software named RockyFor3D [91]. Their objective was to investigate the implications of
tree identification in point clouds for rockfall hazard assessments using rockfall simulations.
The same software was used by Dupire et al. (2016) in order to examine the protective role
of forests against rockfalls across the French Alps [92]. Jancke et al. (2009) developed a
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simple 2D rockfall simulation model, named RockCop, in order to quantify the protective
function of vegetation and performed nine different rockfall scenarios [93].

Thus, the existence or not and the density of vegetation is a considerable parameter for
this project, as Rocfall can take this variance into account and, in our case studies, there are
significant data from the site areas that can be used as input into the model. Vegetation and
land cover are inserted in the modeling process of RocFall software by the tool “material
editor”. Therefore, each area of interest was specified according to its characteristics of
vegetation and land cover in the index roughness of the slope. In the current study, the
three areas can be distinguished in three categories: area with dense vegetation (Platiana),
as presented in Figure 8b, area with no vegetation (Myloi), as presented in Figure 4, and
area with sparse vegetation (Moira), as presented in Figure 1.

Furthermore, the vegetation density and height is a dynamic parameter that changes
over time. The UAVs are the only remote sensing platform that can provide updated and
close-to-the-reality data about the vegetation cover and the relief in order to feed the rockfall
simulation software. In the case of Platiana rockfall, the Cadastral DSM was generated
by digital orthophotos acquired on 2007–2008 after the wildfires that occurred during the
summer of 2007. Figure 8a presents the slope over Platiana settlement on 2008 and there is
no vegetation at all, while Figure 8b presents the same area 10 years later. The whole area is
covered by dense vegetation in less than 10 years after the wildfires. All the freely available
DSMs used in the current study (Table 1) are developed and released many years before
the occurrence of the rockfall. Thus, any landscape or vegetation change is not applicable
on those DSMs. The existence of dense vegetation influences the rockfall simulations in
many ways: changing the slope gradient, increasing the friction and reducing the boulder
kinetic energy or changing the boulder trajectory. At this point, it is important to underline
that a DSM offers better trajectory than a DTM, as it takes vegetation into consideration
and assumes that trees constitute the physical boundaries in software. Consequently, if the
study area is characterized by dense vegetation that changes over time, the UAV DSM is
the most dependable DSM, as it offers updated data. As Wechsler and Kroll (2006) have
mentioned, researchers often use the DSM as a truth surface rather than as a model and it
is their responsibility to determine whether uncertainty in the DSM will affect results from
specific analyses that utilize data derived from a particular DSM [73].

6. Conclusions

In the current work, the RocFall software is selected for simulating rockfall trajectories
developed in three different areas of interest (Moira, Myloi and Platiana settlements). These
areas have been extensively observed since the occurrence of the rockfall events. Therefore,
a plethora of in situ measurements and observations have been recorded and many geo-
data sets have been collected. These data significantly contribute towards the extraction of
a reliable 2D rockfall simulation, with relatively small discrepancies from the observations
of the real event.

1. DSMs from UAV data with sub-decimeter spatial resolution proved to be the most
accurate for a rockfall simulation in all the case studies examined in the current
manuscript.

2. The UAV offers a significantly different pathway among different rocks, whereas the
other DSMs have a rather stable path.

3. The DSMs can be classified into three categories according to their accuracy in rockfall
simulation. In particular:

(i) High accuracy, which corresponds to DSMs with spatial resolution less than
5 m, such as UAV DSM and DSM from the Greek Cadastral. The processing of
these DSMs in RocFall software extracted results similar to in situ observations.

(ii) Medium accuracy, which corresponds to DSMs with spatial resolutions ranging
from 20 m to 30 m, such as DSM derived from the Ministry of Agriculture,
ALOS AW3D30 DEM, ASTER GDEM and SRTM30 DEM. Against all these
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DSMs, only DSM of the Ministry of Agriculture and ALOS AW3D30 DEM
offered rockfall illustration relatively close to the real event.

(iii) Low accuracy, which corresponds to DSMs with spatial resolution of 90 m,
such as SRTM90 DEM and TanDEM_X, and led to rockfall conclusions that
abstain from the reality.

4. The existence of vegetation plays an important role in the simulation of the rock
rolling or bouncing and a very fine DSM from UAV data can represent the present real
height of the vegetation in contrast to the free available DSMs, such as SRTM DEM or
ASTER DEM, that represented the planet relief and vegetation cover a few years ago.

5. The coarse resolution of SRTM 90DEM and TanDEM_X may lead to the inaccurate
slope profiles and to the erroneous calculations of the barriers’ influence (physical,
such as roads, or technical, such as fences) on the rock bounce height and to the rock
kinetic energy. Previous rockfall simulation studies based on SRTM90 or TanDEM_X
DSMs should be re-evaluated.
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