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Abstract: Rockfalls are natural geological phenomena characterized by the abrupt detachment and
freefall descent of rock fragments from steep slopes. These events exhibit considerable variability in
scale, velocity, and trajectory, influenced by the geological composition of the slope, the topography,
and other environmental conditions. By employing advanced modeling techniques and terrain
analysis, researchers aim to predict and control rockfall hazards to prevent casualties and protect
properties in areas at risk. In this study, two rockfall events in the villages of Myloi and Platiana of
Ilia prefecture were examined. The research was conducted by means of HY-STONE software, which
performs 3D numerical modeling of the motion of non-interacting blocks. To perform this modeling,
input files require the processing of base maps and datasets in a GIS environment. Stochastic modeling
and 3D descriptions of slope topography, based on Digital Elevation Models (DEMs) without spatial
resolution limitations, ensure multiscale analysis capabilities. Considering this capability, seven
freely available DEMs, derived from various sources, were applied in HY-STONE with the scope
of performing a large number of multiparametric analyses and selecting the most appropriate and
efficient DEM for the software requirements. All the necessary data for the multiparametric analyses
were generated within a GIS environment, utilizing either the same restitution coefficients and
rolling friction coefficient or varying ones. The results indicate that finer-resolution DEMs capture
detailed terrain features, enabling the precise identification of rockfall source areas and an accurate
depiction of the kinetic energy distribution. Further, the results show that a correct application of the
model to different DEMs requires a specific parametrization to account for the different roughness of
the models.

Keywords: rockfalls; HY-STONE; DEMs; spatial resolution

1. Introduction

Estimating a rockfall risk, a process that involves risk assessment, susceptibility model-
ing, and delineating hazard zones, represents a challenging endeavor in rockfall research [1].
A variety of methods have been developed recently, with many focused on measuring the
rockfall’s intensity, identifying specific areas of concern, and determining the frequency
of rockfall occurrences [2]. The complexity of rockfall risk analysis, which necessitates
multiscale approaches, has led to the integration of various disciplines and techniques.
Remote sensing, in particular, has proven to be a useful tool in rockfall investigations,
providing precise models of potential hazard areas and capturing intricate details such as
the lithological composition and angles of slopes and source zones [3]. These capabilities
are essential, particularly because many hazardous rock slopes are inaccessible, where
crucial data can only be obtained via remote sensing techniques. Slope characteristics
play a critical role in rockfall hazard assessments, as they significantly influence both the
initiation and behavior of rockfalls [4,5]. Digital Elevation Models (DEMs) are utilized to
extract slope data and topographical parameters, which are essential for assessing and
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categorizing these geological features. One of the most beneficial features of DEMs is their
capacity to support the generation, analysis, and mapping of slope parameters through Ge-
ographic Information System (GIS) tools [5]. The spatial resolutions of DEMs are a crucial
aspect in rockfall simulations: lower-resolution DEMs tend to oversimplify the terrain’s
roughness, thereby reducing the accuracy of the predicted rockfall areas [6]; conversely,
higher-resolution DEMs typically provide more detailed results for various rockfall-related
factors [7]. Consequently, DEMs of varying resolutions are incorporated into numerous
rockfall simulation software to meet the diverse requirements of rockfall analysis [8–19].

A variety of software has been developed to facilitate two-dimensional (2D) and
three-dimensional (3D) rockfall trajectory simulations using DEMs. Currently, the accuracy
of trajectory calculations has reached a high level due to advancements in numerical
simulation techniques [20]. A notable example of such software is RocFall, developed
by Stevens, W.D. (1998), which is recognized for its capability to calibrate various slope
materials. In this process, DEMs indirectly contribute by providing slope profiles [21,22]. In
RocFall, the spatial resolution plays a critical role in the simulations, where smaller cell sizes
result in increased bounce heights and kinetic energies [23]. Recent studies involving seven
different spatial resolutions ranging from 0.05 m to 90 m have shown that only those with
higher pixel sizes can produce realistic trajectories [24]. Rotomap, another model that uses
the lumped-mass approach, illustrates how higher-accuracy DEMs more accurately reflect
the actual rockfall trajectories [25]. Furthermore, the impact of DEM spatial resolution on
rockfall modeling has been explored through the empirical model CONEFALL, which has
proven most effective for regional-scale studies [26]. Testing various spatial resolutions
within this software has shown that DEMs with 1 m and 5 m resolutions are suitable for
small-scale rockfall events, while those with 12.5 m and 25 m are better suited for larger
scales. However, DEMs with a 100 m resolution are found to be unsuitable for such studies
due to their low accuracy [26].

Conversely, STONE is a lumped-mass 3D rockfall simulation software that directly
utilizes DEMs to model topography in raster format [27]. Renowned for its capability to
simulate rockfall trajectories, STONE stands out due to its algorithm’s ability to operate
without the constraints of spatial resolution [28,29]. In conducting hazard assessments
for both regional and large-scale events, STONE applies resampling techniques to DEMs,
demonstrating that finer resolutions provide more detailed and accurate simulations of
rockfall trajectories [28]. Furthermore, the precision of DEMs in STONE significantly
influences the lateral dispersion, particularly noting an increase in dispersion with finer
resolutions on slopes angled at 45 degrees [30]. Meanwhile, in the RAMMS software,
although cell size does not influence the outcomes in flatter terrains, it is crucial in rough
terrains where fine-resolution DEMs are recommended for accurately depicting terrain
irregularities [31].

HY-STONE is another software designed for the 3D numerical modeling of rockfall
processes. It simulates the trajectory of non-interacting blocks through various stages,
including free fall, impact, and rolling, with a hybrid approach [30,32,33]. Notable features
of HY-STONE include its ability to utilize a 3D vector representation of slope topography
derived from raster Digital Elevation Models (DEMs), along with its compatibility with
both raster and vector ArcGIS formats [27,34,35]. The software uses three coefficients
(two restitution coefficients, normal and tangential, and a rolling friction coefficient), which
are spatially described according to the DEM’s accuracy by demonstrating that simulated
runout distance increases as the DEM’s resolution decreases [36,37]. A calibration process
of the coefficients is therefore necessary [38].

The main objective of this study is to assess how the DEM’s cell size impacts the
rockfall data generated by the HY-STONE software, given that the spatial resolution of
DEMs significantly influences the rockfall simulation process. Secondly, the paper aims
to investigate the effect of the resolution on the calibration of model parameters. This
research employs HY-STONE to analyze two rockfall events in Western Greece, specifically
in the Myloi and Platiana settlements of the Peloponnese region. The goal is to determine
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how the accuracy of various DEMs affects the software’s output and to validate these
results with field observations. To this end, seven freely available DEMs (with spatial
resolutions ranging from 5 cm to 90 m) are utilized, including the UAV DEM, DEM from
the Greek Cadastral, ALOS AW3D30 DEM, ASTER GDEM, SRTM30 DEM, SRTM90 DEM,
and TanDEM_X, to explore their effects on the modeling outcomes.

2. Software and Materials

HY-STONE is a software developed for 3D numerical modeling of rockfall processes,
including the simulation of the motion of non-interacting blocks, utilizing a high-resolution
3D description of slope geometry for accurate multiscale stochastic modeling [30,32,33].
It is capable of modeling the free fall, impact, and rolling of blocks, with energy loss
simulations upon impact or by rolling based on a hybrid (cinematic and dynamic) approach.
It exports the results as raster grids and vector files, detailing the frequency of rockfall,
fly height, velocity, kinetic energy, and information on each simulated block’s kinematics
and dynamics.

The software features a 3D vector description of slope topography by means of a vector
triangular network (TRN) obtained from a raster DEM [27,34]. The TRN offers a continuous
description of the topography by transforming the DEM’s grid points into vertices of a
network of contiguous, non-overlapping triangles. In the XYZ global (inertial) Cartesian
system, the 3D space is defined by the orthogonal axes X, Y, and Z, where Z represents
the elevation. The xp, yp, and zp local (triangle) in the Cartesian system are positioned
within this global context, oriented on each triangle’s plane, allowing for localized terrain
descriptions on the triangle’s surface. In the context of rockfall simulation, the software
uses the normals to the triangles to compute the angles of impact and to adjust the trajectory
of rock blocks upon collision with the ground.

Furthermore, HY-STONE takes into account the slope’s lithology, land use, and rough-
ness to inform the rolling friction coefficient (tanΦr, named AT in this work), as well as the
normal (EN) and tangential (ET) restitution coefficients that control energy loss upon im-
pact. These coefficients are derived from the literature or experience and can be calibrated
against field observations. In particular, EN and ET are essential for managing the energy
dissipation of blocks, influenced by factors that include the type of surface lithology and
the existing vegetation or land use patterns. The coefficients range from 0 (indicating no
restitution) to 1 (indicating complete restitution). In the GIS, raster datasets are typically
produced by first reclassifying maps of “unique condition units,” which are areas defined
by specific environmental characteristics such as lithology and vegetation or land use.
These maps are then transformed into a raster format. The initial values are typically
sourced from scholarly literature and subsequently fine-tuned through multiple simulation
iterations to ensure they match well with the field observations, including historical and
experimental data. The third coefficient (AT), which determines the energy dissipated as
blocks roll over the slope’s surface, depends on various attributes such as surface lithology,
land use, and surface roughness. This coefficient is typically a positive floating number
between 0 and 1 and is assigned to each model cell. These data are also generated by
reclassifying unique condition unit maps and necessitating calibration through iterative
simulations to ensure precision and reliability in the modeling outcomes.

For the stochastic simulation, a normal distribution is used to simulate the natural
variability of the restitution and friction coefficients within ±30% and 20% of their initial
values, respectively. These specific distributions are chosen to realistically represent the
variability and uncertainty inherent in natural rockfall events, enhancing the predictive
accuracy of the simulations.

In summary, the software requires five spatially distributed input data, provided as
ASCII raster files in the ESRI GridAscii format as follows: (i) DEM, (ii) rockfall source
locations, (iii) normal (EN) restitution coefficients, (iv) tangential (ET) restitution coefficients,
and (v) the rolling friction coefficient (AT).



Geosciences 2024, 14, 200 4 of 24

This study applies HY-STONE to execute a series of analyses, repeated seven times
using DEMs of varying accuracies, aiming to conclude the most appropriate one for
rockfall simulation. The resolutions explored include a 0.05 m spatial resolution UAV DEM
generated from field surveys, a 5 m resolution DEM from the Greek Cadastral, three 30 m
resolution DEMs (ALOS AW3D30 DEM, ASTER GDEM, and SRTM30 DEM), and two 90 m
resolution DEMs (SRTM90 DEM and TanDEM_X). Two well-known rockfall events in the
villages of Myloi and Platiana of Ilia prefecture were examined (Figure 1).
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3. Study Areas
3.1. Myloi Settlement

Located in the Ilia prefecture of Western Greece’s Peloponnese region, the village of
Myloi is geologically situated within the Olonos-Pindos and Gavrovo-Tripolis geotectonic
units. According to the engineering geological map of Greece provided by the Hellenic
Survey of Geology and Mineral Exploration (HSGME), the area predominantly consists of
Upper Cretaceous limestones. The mountainous terrain above the Myloi settlement is char-
acterized by extensive areas of barren limestones and cherts. Research by Depountis et al.
(2010) indicates that the predominant fault orientations in the region are east–west (E-W)
and northeast–southwest (NE-SW) [39]. Certain weathering processes have significantly
weakened the cohesion of the underlying limestone, leading to the detachment of rock
blocks and the occurrence of rock sliding. These geological formations are characterized
by a slope angle ranging from 45 to 60 degrees [40]. Additionally, the Ilia prefecture ex-
perienced devastating wildfires in August 2007, which obliterated the vegetation across
approximately 870 km² of forested and agricultural land. This extreme event resulted in
over sixty fatalities, hundreds of injuries, and extensive damage. The loss of vegetation,
compounded by heavy rainfall, reactivated the mechanisms responsible for various scales
of rockfall events. Despite the authorities designating the broader Myloi area as reforestable
land, a significant rockfall occurred near Andritsaina town on 26 January 2019. This event
was triggered by the combined effects of intense rainfall and the complete absence of a root
system, which led to weathering and subsequent loss of cohesion. As a result, detached
boulders rolled down the slope, causing substantial damage to two houses and blocking
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the main roads at the village entrance (Figure 2). The slope fragments displaced onto the
road and at the end of the slope profile were estimated to have a total volume of 147 m3.
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3.2. Platiana Settlement

Similar to Myloi, Platiana is another village in the Ilia prefecture of Peloponnese,
located approximately 25 km from Myloi (Figure 3). The surrounding area is primarily
composed of Upper Cretaceous limestones, as indicated by the engineering geological map
of Greece, and is part of the Pindos geotectonic unit according to the Hellenic Survey of
Geology and Mineral Exploration (HSGME). This region is a segment of the broader Pindic
Unit that has been thrust westward. Near the settlement, there are significant outcrops of
limestone with varying thicknesses from thin to medium layers. According to Vagenas
(2020) [40], these limestone layers are locally intercalated with chert layers.

Platiana, like Myloi, experienced the devastating wildfires of 2007 and has been
declared reforestable land over the past decade. Following the natural reforestation efforts,
the vegetation levels have been fully restored (Figure 4). However, from 2008 to 2018,
the mountain slopes adjacent to Platiana were completely barren. Similar to other cases,
the lack of vegetation exposed the slopes to corrosion factors that compromised their
structural integrity and triggered the release of internal stresses. As a result, rocks of
various sizes became detached from the main body and collapsed. Notably, on 4 December
2018, after heavy rainfall, a massive boulder, approximately 10 m3 in volume, slid down
the slope. Fortunately, it came to a stop in a churchyard, causing no casualties. During
its downward course, the boulder penetrated two dry stone walls that served as field
boundaries (Figure 3).
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4. Results

In this section, the results of the rockfall simulations through HY-STONE software
are presented. Two different methods were accomplished; the first method is by using the
rockfall simulations with DEMs of various resolutions—the same restitution coefficients
(EN and ET) and rolling friction coefficient (AT) calibrated for the highest resolution DEM.
The second method consisted of adjusting the parameters to calibrate the model to each
resolution in order to study the variations of calibrated coefficients as a function of the
DEM’s resolution.

4.1. Results by Using the Same Restitution Coefficients and Rolling Friction Coefficient
4.1.1. Myloi Rockfall

HY-STONE utilizes spatially distributed data for rockfall modeling, which involves
accurately mapping topography, identifying rockfall sources, and evaluating the slope
surface characteristics related to energy dissipation from block impacts and rolling. Addi-
tionally, detailed information on the geometry of falling blocks, such as their shape and
size, along with the initial conditions and algorithm settings, is essential. To achieve this,
seven DEMs were used, including the UAV DEM, DEM from the Greek Cadastral, ALOS
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AW3D30 DEM, ASTER GDEM, SRTM30 DEM, SRTM90 DEM, and TanDEM_X, spanning
resolutions from 0.3 m to 90 m to provide a precise topographical representation.

Given the extensive tree coverage, the UAV’s original DSM underwent processing
in Cloud Compare Software to manually remove vegetation, obtaining the UAV DEM.
This is a necessary step before conducting a HY-STONE simulation because trees may be
interpreted as barriers [33]. Specifically, Figure 5 provides the differences in vegetation
coverage before (left image) and after (right image) the procedure in the Cloud Compare
Software. The left image shows the landscape with full vegetation, where the dense canopy
masks the underlying ground features. After processing, the right image shows some
residual green areas, which are actually areas where the vegetation density was difficult to
resolve completely using the software; however, these might be shadows and low-lying
shrubs that remain post-processing. What might seem like gaps in the right image are
actually areas where the vegetation has been effectively removed.
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The restitution coefficients, EN and ET, along with the rolling friction coefficient AT,
were established through back-calibration on the highest resolution DEM, based on the
2018 rockfall event (Table 1).

Table 1. Coefficients of restitution and rolling friction in Myloi rockfall, calibrated on the UAV DEM.

Description EN ET AT

Houses 0.20 0.20 1.00
Road-asphalt 0.55 0.75 0.37
Debris well vegetated 0.35 0.60 0.55
Debris without vegetation 0.40 0.65 0.42

Given that HY-STONE operates on a stochastic model, simulations were performed
with 3000 rocks to provide a more accurate representation of the rockfall dynamics. The
outcomes of the HY-STONE analysis for the Myloi rockfall are displayed in terms of
transit frequency. The following maps (Figure 6) illustrate the cumulative count of rockfall
trajectories that pass through each model cell.

Figure 6a, derived from the UAV DEM, illustrates the areas of high transit frequency
predominantly in the central sections of the rockfall’s left and right flanks. Moving outward
from the central rockfall mass, the transit frequency gradually diminishes to zero towards
the periphery. This pattern aligns with the actual conditions observed on-site, where the
bulk of the rockfall material halted in the high transit zones while only a few scattered
blocks reached the outer edges.
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The result from using the Greek Cadastral DEM, depicted in Figure 6b, shows that
the rock movement ceased around the houses, where the transit frequency values were
observed to be medium to low.

The simulations using the ALOS AW3D30 DEM, ASTER GDEM, and SRTM30 DEM
(Figure 6c–e) show a distinct distribution of only high or low frequencies without interme-
diate values. Given the small scale of the Myloi rockfall event (about 30 m of maximum
runout), the 30 m resolution DEMs do not yield reliable results. Consequently, the SRTM90
DEM and TanDEM_X, with their coarser resolution, are deemed unsuitable for modeling
rockfalls of this particular magnitude, and therefore, simulations using these DEMs were
not performed.

The software also produces output files labeled min-ecv.asc, med-ecv.asc, and max-
ecv.asc (and optionally, min-ecv.img, med-ecv.img, and max-ecv.img), which represent the
minimum, average, and maximum translational kinetic energy of the blocks, respectively,
calculated for each model cell in Joules (J). Subsequently, the maximum translational kinetic
energies for the Myloi rockfall are presented in kJ in Figure 7a–e.

Figure 7a illustrates the calculated maximum translational kinetic energy using the
UAV DEM, which estimates this energy as ranging from 0 to 500 kJ. The highest energy
levels were recorded in the central mass of the rockfall, while lower energy levels were
observed at the periphery. The energy simulation ceases at the points where the rock
movement stops. The Greek Cadastral DEM displays maximum kinetic energies with
values of 0 J at the rockfall source and significantly higher values ranging from 200–500 kJ
on the right side of the rockfall mass (Figure 7b). Similar kinetic energy ranges are depicted
in the simulations using the ALOS AW3D30 DEM and SRTM30 DEM (Figure 7c,e), showing
small ranges of variation. Conversely, the ASTER GDEM registered very low values of
maximum kinetic energies, not exceeding 10 kJ (Figure 7d).
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The comparison of the slope profile from the various DEMs reveals that finer reso-
lutions depict a more detailed and precise topography. Figures 8 and 9, from the UAV
DEM and Greek Cadastral DEM, respectively, demonstrate a more accurate slope decline
compared to the broader and smoother profiles from coarser-resolution DEMs. The UAV
DEM, with the finest resolution, shows a detailed descent pattern (Figure 8a), whereas
the Greek Cadastral DEM, though slightly coarser (Figure 8b), still maintains a good level
of detail. In contrast, DEMs such as the ALOS AW3D30, ASTER GDEM, and SRTM30
DEM (Figure 8c–e) offer progressively less detail as their resolution decreases, which sim-
plifies the terrain’s complexities. Additionally, the contour lines from the ASTER GDEM
(Figure 7d) show a wider spacing compared to those from the ALOS AW3D30 (Figure 7c)
and SRTM30 DEMs (Figure 7e). This broader spacing of contour lines and the less detailed
slope profile could account for the notably lower values of maximum translational kinetic
energy that were recorded by the ASTER GDEM (Figure 7d).
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4.1.2. Platiana Rockfall

For the Platiana rockfall analysis, six DEMs, including the Greek Cadastral DEM,
ALOS AW3D30 DEM, ASTER GDEM, SRTM30 DEM, SRTM90 DEM, and TanDEM_X, were
used, covering a resolution range from 5 m to 90 m. The coefficients of restitution EN and
ET and the rolling friction coefficient AT were back-calibrated on the higher-resolution
DEM based on the rockfall event (Table 2). In this scenario, two masonry stone walls are
located at the base of the slope and simulated with low values of EN and ET and high
values of AT, similar to buildings. Given that HY-STONE operates on a stochastic model,
simulations were performed with 1000 rocks to provide a more accurate representation of
the rockfall dynamics.

Table 2. Coefficients of restitution and rolling friction in Platiana rockfall, calibrated on the Greek
Cadastral DEM.

Description EN ET AT

Houses 0.20 0.20 1.00
Road-asphalt 0.55 0.70 0.25
Debris well vegetated 0.35 0.60 0.42
Debris without vegetation 0.40 0.65 0.35
Stone wall 0.20 0.20 1.00

Figure 9a illustrates the transit frequency of the rocks using the Greek Cadastral DEM.
High values are observed throughout the rockfall path, with a decrease in frequency from
the midpoint to the endpoint of the rock trajectory. The transit frequency data extends
almost up to the point where the rocks stop moving. More accurately, the rockfall trajectory
ended just to the left of the actual endpoint.

All other considered DEMs simulated rock transits that extended beyond the actual
rockfall path. The ALOS AW3D30 DEM exhibited a trajectory that passed from the left
side of the real rock endpoint and captured high values from the rockfall source to the
endpoint, with the values diminishing past the point where the rocks stopped (Figure 9b).
The ASTER GDEM showed similar results but followed a distinct trajectory that crossed
the rock stop point (Figure 9c). Meanwhile, the SRTM30 DEM also recorded high values
at the rockfall source, which gradually decreased along a separate pathway, showing low
values beyond the rock endpoint (Figure 9d). As is the case with the ALOS AW3D30 DEM,
the SRTM30 DEM rockfall simulation also passed from the left side of the real endpoint.

The SRTM90 DEM and TanDEM_X, both with a 90 m spatial resolution, simulated the
rock transit frequency in a less realistic manner (Figure 9e,f). Each recorded high values
from the rockfall source to the endpoint and then displayed lower values past the endpoint.
Specifically, the simulation using the SRTM90 DEM depicted a trajectory that extended
beyond the actual endpoint, terminating on its right side. Meanwhile, the simulation with
TanDEM_X also surpassed the real endpoint but continued along its initial trajectory.

The following data presents the maximum translational kinetic energies for the Pla-
tiana rockfall, expressed in kJ (Figure 10).

The outcomes based on the maximum translational kinetic energy from the Greek
Cadastral are displayed in Figure 10a. The map, generated using HY-STONE within a GIS
environment, shows high to very high kinetic energies near the rockfall source and in the
central area, which then progressively decrease to very low levels towards the end of the
slope. The maximum translational kinetic energy values range from 0 to 1500 kJ.

The computation of the maximum translational kinetic energy using the ALOS AW3D30
DEM is depicted in Figure 10b. This DEM outlined a single trajectory where kinetic energies
near the rockfall source area are very low, ranging from 0 to 1 kJ, escalating to high energies
between 100 to 1500 kJ in the middle of the path and tapering to medium energies from
0.2 to 100 kJ towards the end of the path. Conversely, the ASTER GDEM and SRTM30
DEM delineated multiple paths: low energies in the rockfall source area (0–1 kJ), high
energies in the middle part (100–1500 kJ), and medium energies in the residential areas
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(0.1–100 kJ), as shown in Figure 10c,d. All the DEMs with a 30 m spatial resolution thus
calculated energies extending beyond the actual endpoint of the rockfall.
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Figure 10. HY-STONE results in terms of the maximum translation kinetic energy for the site of
Platiana. (a) Greek Cadastral DEM, (b) ALOS AW3D30 DEM, (c) ASTER GDEM, (d) SRTM30 DEM,
(e) SRTM90 DEM, and (f) TanDEM_X.

Figure 10e illustrates the computation using the SRTM90 DEM, which generated
two paths that were characterized by very high kinetic energies (500–1500 kJ) at the endpoint
of the rockfall and low energies (0.2–1 kJ) near the source area. In contrast, the TanDEM_X
mapped a single trajectory (Figure 10f) that displays a progression of medium, high, very
high, back to medium, and then low energies, starting from the source area and extending
beyond the actual endpoint of the rockfall. Both DEMs calculated kinetic energies that
continued past the real endpoint of the rockfall.

The slope profiles (Figure 11) from the DEMs reveal differences in the elevation rep-
resentation that correlate with the DEMs’ spatial resolutions. The Greek Cadastral DEM
(Figure 11a) provides a detailed topography due to its higher resolution, with an abrupt
elevation drop, suggesting a potentially steeper terrain. In contrast, DEMs with coarser
resolutions, such as the ALOS AW3D30 DEM (Figure 11b), ASTER GDEM (Figure 11c),
SRTM30 DEM (Figure 11d), SRTM90 DEM (Figure 11e), and TanDEM_X (Figure 11f), show
smoother elevation transitions, which might under-represent the actual terrain roughness.
Also, the contour lines vary based on the spatial resolution of each DEM, as observed
in Figure 10a–f. This variation influences the hillshade, which in turn affects the rock-
fall trajectories modeled by the HY-STONE software. Consequently, these differences in
terrain representation explain the diversity of the rockfall simulations generated by the
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software, concluding that the path of the rockfall trajectory in the Platiana site is an issue of
the topography.
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4.2. Results by Using Different Restitution Coefficients and Rolling Friction Coefficient

Considering the overestimation of the maximum runout distance projected by the
simulations of both case studies with the low-resolution DEMs, a calibration of the normal
(EN) and tangential (ET) coefficients of restitution, as well as the rolling friction coefficient
(AT) is required. In this section, the values of these coefficients are manually adjusted
for each DEM scenario to obtain simulations that more closely resemble actual events.
Specifically, to reduce the simulated runout distances, progressively lower restitution
coefficients and higher friction coefficients are tested until the observation is matched. These
adjustments compensate for different morphological roughness represented in each DEM.

4.2.1. Myloi Rockfall

After the coefficient adjustment procedure, it was determined that, for the Myloi case,
only the Greek Cadastral DEM yielded reliable results, as the other DEMs (ALOS AW3D30
DEM, ASTER GDEM, SRTM30 DEM, SRTM90 DEM, and TanDEM_X) proved unsuitable
for small-scale events like the Myloi rockfall, leading to unrealistic outputs. Regarding
the UAV DEM, no new trials were conducted as the results with the initial coefficient
values already align with the in situ observations. The forthcoming results showcase the
transit frequency and maximum translational kinetic energy from the Greek Cadastral
DEM, obtained with the revised coefficients shown in Table 3.
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Table 3. Optimal coefficients for the Myloi rockfall using the Greek Cadastral DEM.

Description EN ET AT

Houses 0.20 0.20 1.00
Road-asphalt 0.35 0.55 0.50
Debris well vegetated 0.20 0.45 0.80
Debris without vegetation 0.25 0.50 0.70

The results from the Greek Cadastral DEM reveal that the transit frequency values were
high, nearing 1000, in the rockfall source area and along the main rockfall path (Figure 12a).
In terms of the maximum translational kinetic energy, the HY-STONE calculations showed
energy levels ranging from 0 to 500 kJ. The rockfall source area and the endpoint recorded
minimal energies, whereas the main body exhibited significantly higher energies, up to
500 kJ (Figure 12b). This simulation using the Greek Cadastral DEM accurately reflects the
actual rockfall event.
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Figures 6b and 12a from the HY-STONE simulations illustrate the effect of coefficient
customization on rockfall modeling accuracy for the Myloi site by using the Greek Cadastral
DEM at a 5 m resolution. In Figure 12a, where the values of the coefficients were fine-
adjusted to match the in situ observations, the depicted rockfall trajectories accurately
terminate at the exact rock endpoints that were observed on-site, demonstrating a precise
localization of rockfall impact. In contrast, Figure 6b uses standard empirically derived
coefficients, resulting in trajectories that extend beyond the actual observed endpoints,
suggesting an overestimation of the impact area. This comparison highlights the importance
of adjusting the simulation parameters to specific site conditions to ensure the accuracy
and reliability of rockfall risk assessments. Furthermore, Figures 7b and 12b illustrate
the HY-STONE results for the maximum translation kinetic energy, also at the Myloi site,
using the Greek Cadastral DEM at a 5 m resolution. As can be seen in Figure 12b, utilizing
the adjusted coefficients for a closer match to the in situ observations shows a precise
distribution of kinetic energy with high values concentrated near the rockfall source, thus
closely reflecting the actual rockfall paths. In contrast, Figure 7b employs empirically
derived coefficients, resulting in a more dispersed and extended kinetic energy distribution
across the area.

4.2.2. Platiana Rockfall

For the Platiana rockfall, the coefficients EN, ET, and AT have been adjusted for each
DEM scenario, except for the Greek Cadastral DEM, which was already calibrated in the
previous section against the in situ observations. Presented next are the outcomes for the



Geosciences 2024, 14, 200 15 of 24

transit frequency and maximum translational kinetic energy from the simulations using
the ALOS AW3D30 DEM, ASTER GDEM, SRTM30 DEM, SRTM90 DEM, and TanDEM_X
using the optimal restitution and rolling friction coefficients for each scenario.

Table 4 and Figure 13 showcase the optimal coefficients and simulation results in terms
of the transit frequency and kinetic energies for the ALOS AW3D30 DEM.

Table 4. Optimal coefficients for the Platiana rockfall using the ALOS AW3D30 DEM.

Description EN ET AT

Houses 0.20 0.20 1.00
Road-asphalt 0.45 0.60 0.40
Debris well vegetated 0.25 0.45 0.64
Debris without vegetation 0.30 0.55 0.50
Stone wall 0.20 0.20 1.00
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Figure 13. HY-STONE results by using the ALOS AW3D30 DEM with optimal coefficients shown
in Table 4 for the site of Platiana: (a) the transit frequency and (b) the maximum translation
kinetic energy.

According to Figure 13a, the ALOS AW3D30 DEM exhibited a single corridor of
trajectories that pass on the left side of the real rock endpoint and show only low transit
frequencies close to the endpoint. The computation of maximum translational kinetic
energy displayed a range of values, beginning with low energies (50–100 kJ), escalating to
very high energies (500–1000 kJ), and finally ending again with low energies (50–100 kJ)
before reaching the endpoint (Figure 13b).

The comparison between Figures 13a and 9b highlights the differences in the transit
frequency before and after the parameter adjustment. While Figure 13a depicts a very
concentrated narrow path, suggestive of a well-defined rockfall trajectory, Figure 9b shows
a more dispersed and broad frequency distribution that extends beyond the actual observed
endpoints, implying either different simulation settings or more complex terrain interac-
tions. Similarly, Figures 10b and 13b contrast in their portrayal of kinetic energy; Figure 13b
presents a linear decrease in energy from the source along a controlled path, whereas
Figure 10b depicts a diffuse energy pattern with values further from the rock endpoint.

Table 5 and Figure 14 showcase the optimal coefficients and simulation results in terms
of the transit frequency and kinetic energies for the ALOS AW3D30 DEM.

Regarding the transit frequency maps, the ASTER GDEM documented (Figure 14a)
high to low transit frequencies during the rock path crossing the rock stop point.
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Table 5. Optimal coefficients for the Platiana rockfall using the ASTER GDEM.

Description EN ET AT

Houses 0.20 0.20 1.00
Road-asphalt 0.45 0.58 0.38
Debris well vegetated 0.22 0.42 0.69
Debris without vegetation 0.27 0.52 0.48
Stone wall 0.20 0.20 1.00

Geosciences 2024, 14, x FOR PEER REVIEW  16  of  24 
 

 

interactions. Similarly, Figures 13b and 10b contrast in their portrayal of kinetic energy; 

Figure 13b presents a linear decrease in energy from the source along a controlled path, 

whereas Figure 10b depicts a diffuse energy pattern with values  further  from  the rock 

endpoint.   

Table 5 and Figure 14 showcase  the optimal coefficients and simulation  results  in 

terms of the transit frequency and kinetic energies for the ALOS AW3D30 DEM. 

Table 5. Optimal coefficients for the Platiana rockfall using the ASTER GDEM. 

Description  EN  ET  AT 

Houses  0.20  0.20  1.00 

Road - asphalt    0.45  0.58  0.38 

Debris well vegetated  0.22  0.42  0.69 

Debris without vegetation  0.27  0.52  0.48 

Stone wall  0.20  0.20  1.00 

 

 

Figure 14. HY-STONE results by using the ASTER GDEM with the optimal coefficients shown in 

Table 5 for the site of Platiana: (a) the transit frequency and (b) the maximum translation kinetic 

energy. 

Regarding the transit frequency maps, the ASTER GDEM documented (Figure 14a) 

high to low transit frequencies during the rock path crossing the rock stop point. 

Concerning the kinetic energy calculations, the ASTER GDEM develops similarly to 

the ALOS AW3D30 DEM simulation, starting with  low values, followed by an  increase 

until the final part of the trajectories where the blocks stopped.   

Figure 14a presents a single concentrated transit frequency along a narrow path, re-

flecting a precise and realistic depiction of rockfall trajectory. In contrast, Figure 9c results 

in a broader and less defined distribution of transit frequencies, indicating multiple po-

tential trajectories and a potential overestimation of the impact area. According to the ki-

netic energies, Figure 10c shows a detailed gradient of kinetic energy with multiple zones 

ranging from low- to high-energy values, reflecting a nuanced understanding of energy 

dissipation along the trajectory. This gradient indicates a more refined simulation where 

kinetic energy decreases progressively from the source, offering a detailed perspective on 

energy distribution during rockfall. On the other hand, Figure 14b exhibits a more simpli-

fied  energy distribution, primarily  concentrating high kinetic  energy near  the  rockfall 

source with a sharp drop to lower values, suggesting a less complex interaction with the 

terrain. 

Table 6 and Figure 15 showcase  the optimal coefficients and simulation  results  in 

terms of the transit frequency and kinetic energies for the SRTM30 DEM. 

   

Figure 14. HY-STONE results by using the ASTER GDEM with the optimal coefficients shown
in Table 5 for the site of Platiana: (a) the transit frequency and (b) the maximum translation
kinetic energy.

Concerning the kinetic energy calculations, the ASTER GDEM develops similarly to
the ALOS AW3D30 DEM simulation, starting with low values, followed by an increase
until the final part of the trajectories where the blocks stopped.

Figure 14a presents a single concentrated transit frequency along a narrow path,
reflecting a precise and realistic depiction of rockfall trajectory. In contrast, Figure 9c
results in a broader and less defined distribution of transit frequencies, indicating multiple
potential trajectories and a potential overestimation of the impact area. According to the
kinetic energies, Figure 10c shows a detailed gradient of kinetic energy with multiple zones
ranging from low- to high-energy values, reflecting a nuanced understanding of energy
dissipation along the trajectory. This gradient indicates a more refined simulation where
kinetic energy decreases progressively from the source, offering a detailed perspective
on energy distribution during rockfall. On the other hand, Figure 14b exhibits a more
simplified energy distribution, primarily concentrating high kinetic energy near the rockfall
source with a sharp drop to lower values, suggesting a less complex interaction with
the terrain.

Table 6 and Figure 15 showcase the optimal coefficients and simulation results in terms
of the transit frequency and kinetic energies for the SRTM30 DEM.

Table 6. Optimal coefficients for the Platiana rockfall using the SRTM30 DEM.

Description EN ET AT

Houses 0.20 0.20 1.00
Road-asphalt 0.45 0.60 0.40
Debris well vegetated 0.25 0.45 0.64
Debris without vegetation 0.30 0.55 0.50
Stone wall 0.20 0.20 1.00
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Figure 15. HY-STONE results by using the SRTM30 DEM with the optimal coefficients shown
in Table 6 for the site of Platiana: (a) the transit frequency and (b) the maximum translation
kinetic energy.

The SRTM30 DEM displayed medium transit frequencies over an extended section
of the rock path, high frequencies in the source area, and no recorded values at the rock
endpoint (Figure 15c). The kinetic energy results delineated two rock paths: the left, with
energy levels up to 500–1000 kJ, and the right, with lower values around 200 kJ (Figure 15d).

Figure 9d, Figure 10d, and Figure 15a,b present the rockfall simulation results for
the transit frequency and kinetic energies, correspondingly, using the SRTM30 DEM. Fig-
ure 15a,b uses the adjusted coefficients, while Figures 9d and 10d use coefficients on the
highest resolution DEM. Figure 15a shows a more diverse color spectrum, indicating a
dynamic interaction with a varied terrain that ends at the left side of the rock endpoint,
while Figure 9d presents a more uniform and concentrated frequency, suggesting simpler
terrain interactions or model settings that end after the rock endpoint. Figure 10d displays
a linear distribution of kinetic energy with clear high-energy zones concentrated near the
rockfall source, suggesting a direct rockfall trajectory. In contrast, Figure 15b shows a
more uniform distribution, with fewer fluctuations in energy levels along the trajectory,
indicating a potential oversimplification of the terrain’s impact on energy dissipation.

Table 7 and Figure 16 showcase the optimal coefficients and simulation results in terms
of the transit frequency and kinetic energies for the SRTM90 DEM.

Table 7. Optimal coefficients for the Platiana rockfall using the SRTM90 DEM.

Description EN ET AT

Houses 0.20 0.20 1.00
Road-asphalt 0.42 0.55 0.45
Debris well vegetated 0.22 0.40 0.70
Debris without vegetation 0.28 0.50 0.55
Stone wall 0.20 0.20 1.00

The SRTM90 DEM shows a constant decrease in the transit frequencies along the
slope (Figure 16a), resembling the results of the ASTER GDEM and ALOS AW3D30 DEM.
Regarding the kinetic energy (Figure 16b), the SRTM90 DEM exhibited initial lower energies
of 200–500 kJ at the source area, increasing to 500–1000 kJ along the slope, without any
decrease in energy before the rock stop point (Figure 16b).
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Figure 16. HY-STONE results by using the SRTM90 DEM with the optimal coefficients shown
in Table 7 for the site of Platiana: (a) the transit frequency and (b) the maximum translation
kinetic energy.

The transit frequency results shown in Figures 9e and 16a demonstrate a vertical layout
with varying degrees of distribution; Figure 9e shows a poor gradation of the frequency
zones along the slope continuing after the rock endpoint, whereas Figure 16a presents
a more streamlined frequency layout ending at the rock endpoint. Similarly, the kinetic
energy results in Figures 10e and 16b display linear energy distributions along the rockfall
path. Figure 10e shows a complex pattern of low- and high-energy zones near the rockfall
source and at the endpoint. On the other hand, Figure 16b portrays a simpler and more
uniform distribution of kinetic energy, highlighting the role of the model’s parameters in
shaping the energy dissipation outcomes.

Table 8 and Figure 17 showcase the optimal coefficients and simulation results in terms
of the transit frequency and kinetic energies for the TanDEM_X.

Table 8. Optimal coefficients for the Platiana rockfall using the TanDEM_X.

Description EN ET AT

Houses 0.20 0.20 1.00
Road-asphalt 0.35 0.52 0.48
Debris well vegetated 0.20 0.38 0.72
Debris without vegetation 0.25 0.47 0.58
Stone wall 0.20 0.20 1.00

Geosciences 2024, 14, x FOR PEER REVIEW  19  of  24 
 

 

 

Figure 17. HY-STONE results by using the TanDEM_X with the optimal coefficients shown in Table 

8 for the site of Platiana: (a) the transit frequency and (b) the maximum translation kinetic energy. 

According to the TanDEM_X rockfall simulation map, the transit frequency for the 

Platiana rockfall is high in the source area and low at the endpoint of the rockfall (Figure 

17a). The maximum  translational kinetic energies show  little variation along  the slope, 

ranging in the 200–500 kJ class (Figure 17b).   

The comparison between Figures 17a and 9f concluded that the simulation with the 

parameters optimized on the TanDEM_X presents a simplified and very linear represen-

tation of the transit frequency ending at the rock endpoint, which strictly follows a vertical 

pattern, indicating a highly targeted and specific rockfall path. Meanwhile, Figure 9f dis-

plays a more complex distribution with a smaller spectrum of transit frequencies, suggest-

ing more variability in rockfall behavior. Last but not least, the compared Figures 17b and 

10f sum up that both figures show a constant vertical distribution of kinetic energy values, 

but Figure 17b depicts a less spread-out energy distribution with a more realistic ending 

point. 

To explore how the spatial resolution of the DEMs influences the normal (EN) and 

tangential (ET) restitution coefficients and the rolling friction coefficient (AT), a plot report-

ing the differences in the coefficients for the most representative land cover class (debris 

without vegetation) is shown for the Platiana case (Figure 18). This plot clearly shows that 

the optimal normal (EN) and tangential (ET) coefficients decrease with increasing spatial 

resolution, whereas the rolling friction coefficient (AT) increases with a higher spatial res-

olution. 

 

Figure 17. HY-STONE results by using the TanDEM_X with the optimal coefficients shown in Table 8
for the site of Platiana: (a) the transit frequency and (b) the maximum translation kinetic energy.



Geosciences 2024, 14, 200 19 of 24

According to the TanDEM_X rockfall simulation map, the transit frequency for the Pla-
tiana rockfall is high in the source area and low at the endpoint of the rockfall (Figure 17a).
The maximum translational kinetic energies show little variation along the slope, ranging
in the 200–500 kJ class (Figure 17b).

The comparison between Figures 17a and 9f concluded that the simulation with the pa-
rameters optimized on the TanDEM_X presents a simplified and very linear representation
of the transit frequency ending at the rock endpoint, which strictly follows a vertical pattern,
indicating a highly targeted and specific rockfall path. Meanwhile, Figure 9f displays a
more complex distribution with a smaller spectrum of transit frequencies, suggesting more
variability in rockfall behavior. Last but not least, the compared Figures 17b and 10f sum
up that both figures show a constant vertical distribution of kinetic energy values, but
Figure 17b depicts a less spread-out energy distribution with a more realistic ending point.

To explore how the spatial resolution of the DEMs influences the normal (EN) and
tangential (ET) restitution coefficients and the rolling friction coefficient (AT), a plot report-
ing the differences in the coefficients for the most representative land cover class (debris
without vegetation) is shown for the Platiana case (Figure 18). This plot clearly shows
that the optimal normal (EN) and tangential (ET) coefficients decrease with increasing
spatial resolution, whereas the rolling friction coefficient (AT) increases with a higher
spatial resolution.
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Figure 18. The effect of spatial resolution in the normal (EN) and tangential (ET) restitutions and the
rolling friction (AT) coefficients. For 30 m and 90 m, three and two DEMS are available, respectively.

The graph shows a roughly logarithmic relationship between the spatial resolution of
DEMs and the optimal rockfall simulation coefficients. As the pixel size increases, indicative
of coarser spatial resolution, the rolling friction coefficient (AT) exhibits an increasing trend.
This suggests that larger pixel sizes, which represent less detailed terrain data, demand
high values of rolling friction coefficient to halt rocks more rapidly on the slope.

In contrast, the restitution coefficients, EN and ET, show a decreasing trend with
increasing pixel size. This pattern indicates that, in simulations, rocks lose more energy
upon impact with coarser-resolution DEMs, resulting in shorter bounces and less travel
distance, which is characteristic of more inelastic collisions.

The correlation depicted here highlights the significance of selecting DEMs with
appropriate pixel sizes for rockfall modeling to ensure that the physical behavior of rockfalls
is realistically replicated in the simulation outcomes. The variability of the coefficients
for a certain resolution is due to slight differences in the morphological description of
the different DEMs. Future research will expand the dataset to validate these findings
further. However, the observed trend provides valuable insights into the behavior of each
coefficient in relation to each spatial resolution.
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5. Discussion

The use of HY-STONE in analyzing rockfall simulations across different DEMs has
highlighted the pivotal role of spatial resolution in the accuracy of rockfall modeling
outcomes. The detailed analyses from the rockfall events at Myloi and Platiana, utilizing
DEMs with a broad range of resolutions, confirm that higher-resolution DEMs, such as
the UAV DEM and Greek Cadastral DEM, produce more accurate simulations of rockfall
trajectories, aligning with our field observations. This finding is in line with previous
studies suggesting that finer resolutions enhance the simulation’s precision due to their
ability to capture critical topographical details [34,36,41]. Remote sensing techniques, as
used in this research, offer significant advantages by minimizing the data collection time
and enabling access to otherwise inaccessible areas, thus enhancing the efficiency of rockfall
hazard assessments [11,29,42]. This study further highlights the variations in performance
among high-resolution DEMs, highlighting the importance of careful DEM selection based
on the specific characteristics of a rockfall area and the methodologies behind data collection
and processing [36]

This study extends the previous findings by not only confirming the influence of spatial
resolution on simulation accuracy but also exploring how HY-STONE’s capabilities can be
optimized through strategic DEM selection. Large differences in the results can be observed
by using the same parameter sets with different DEMs, with a longer runout simulated
for coarser DEMs and a shorter runout with more resolute DEMs [36]. This effect can be
attributed to the different ruggedness of DEMs as a function of the cell size [30]. For instance,
the discrepancies in simulation outcomes among various high-resolution DEMs prompt
a recommendation for future research to develop more sophisticated algorithms within
HY-STONE. While the influence of DEM resolution is clear, DEMs created using distinct
algorithms require unique parameter sets, even when sharing the same cell size [36]. These
algorithms would compensate for the limitations of lower-resolution DEMs, especially in
economically constrained settings where high-resolution DEMs are not feasible [32].

Previous studies using HY-STONE software for rockfall simulations also emphasize
the critical role of the selected DEM and the calibration of its three coefficients concluding
to similar results. It has been noted that an improved DEM accuracy correlates directly
with higher precision in the HY-STONE simulation results, particularly with a target
grid resolution of one meter by one meter or less in the volume scenarios from local-
scale rockfalls [37,38,43,44] and a grid resolution of five meters by five meters for larger-
scale rockfalls.

In this paper, it has been highlighted that the proper calibration of restitution and
friction coefficients can compensate for the effects of different morphological roughness,
represented in each DEM, by reaching satisfactory results, even with coarser-resolution
DEMs. Different degrees of accuracy compared to the high spatial resolution simulations
are achieved in terms of the transit frequencies and kinetic energies. Furthermore, for
small-scale events, low-resolution DEMs are unsuitable for reliable predictions, such as
the case of the Myloi rockfall. Another limitation of DEMs with coarser resolutions is how
the rockfall source area is located inside large pixels, which could lead to potential misfits
of the initial trajectory, leading to very large errors in the final outcome. This limitation
cannot be overcome by parameter optimization; however, it is a potential improvement in
the development of the HY-STONE software.

Additionally, the role of vegetation cover in influencing rockfall trajectories has been
reaffirmed [33,45,46]. Studies have shown that vegetation can significantly impact the
path and energy of falling rocks, emphasizing the need for HY-STONE to incorporate the
vegetation parameters effectively [33]. Future studies should also investigate the integration
of multiple DEMs to refine the predictive capabilities and adapt to the constraints of
resource-limited settings. Ultimately, this discussion emphasizes the necessity of using
high-resolution DEMs for detailed and accurate rockfall modeling, particularly when
employing HY-STONE software. The continuous refinement of DEMs and the integration
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of new data sources, such as UAV photogrammetry, are crucial for advancing rockfall
simulation techniques and improving the reliability of rockfall hazard assessments.

This research provides a substantial contribution to the geoscience field, particularly in
rockfall hazard management and mitigation. By evaluating the impact of a DEM’s spatial
resolution on 3D rockfall simulations within a GIS environment, this study offers key
insights into the optimization of rockfall prediction models. It shows how different DEM
resolutions affect the accuracy of rockfall trajectory simulations, which is crucial for effective
hazard assessments and planning in vulnerable areas. This advancement allows for better-
informed decision-making regarding land use and civil protection measures in areas prone
to rockfalls. Moreover, the study’s methodological approach, utilizing the HY-STONE
software for detailed multiscale analyses, sets a new benchmark in the field. It paves the
way for further research on the integration of various DEMs and modeling techniques
to refine rockfall hazard predictions. Ultimately, this research not only progresses our
scientific understanding but also contributes to improving public safety and infrastructure
protection in rockfall-prone regions.

6. Conclusions

This research exemplifies the application of HY-STONE in modeling rockfalls of
varying scales. The software performs effectively for both small-scale events, as shown
in the Myloi settlement, and larger-scale occurrences, such as the Platiana rockfall, by
appropriately selecting and adjusting DEMs and simulation parameters. The variability
in results between different DEMs emphasizes the importance of selecting the correct
spatial resolution for a given rockfall scenario. The spatial resolution directly influences
the ability of the HY-STONE software to produce simulations that closely resemble the
physical behavior observed in real-world events.

The results highlight the critical role of spatial resolution in rockfall modeling, with
finer-resolution DEMs providing the superior detail necessary for precise modeling out-
comes. The analysis indicates that high-resolution DEMs not only provide a detailed terrain
representation crucial for identifying rockfall sources but also enhance the accuracy of
kinetic energy distribution in the simulations. In this study, the comparative analysis of a
multitude of freely available DEMs within HY-STONE reveals the significance of choos-
ing the right model for a given scenario, with higher resolutions preferred for detailed
local-scale analyses. This study also highlights the importance of empirical knowledge and
calibration against field data in setting the restitution and rolling friction coefficients, which
significantly influence the behavior of simulated rockfalls.

More specifically, the results show that:

1. By maintaining constant values for the restitution and rolling friction coefficients
(determined empirically) for the Myloi rockfall, the UAV DEM with a spatial resolution
of 0.05 m led to the most reliable simulation via HY-STONE, as the transit frequency
stopped precisely where the rocks did, thus matching the in situ observations.

2. In the case of the Platiana rockfall, keeping the aforementioned empirically defined
coefficients constant, the Greek Cadastral DEM with a 5 m spatial resolution yielded
results that most closely resembled the actual rockfall.

3. By altering the EN, ET, and AT parameters, for the Myloi rockfall, only the Greek
Cadastral DEM provided a reliable representation. DEMs with larger spatial resolu-
tions did not lead to an accurate rockfall simulation due to the small scale of the event
and the DEMs’ pixel size being too large to capture detailed results.

4. In contrast, for the Platiana rockfall, which is a larger-scale event, changing the EN,
ET, and AT parameters—specifically, decreasing EN and ET and increasing AT as
the spatial resolution increased—resulted in simulations through HY-STONE that
increasingly resembled the actual rockfall event.

5. In all instances, the topography depicted by the DEMs with a spatial resolution
exceeding 30 m showed a minimal variation in the HY-STONE rockfall simulations.



Geosciences 2024, 14, 200 22 of 24

To sum up, the most accurate results are those obtained by keeping the restitution
and rolling friction coefficients constant, as they have been established based on empirical
experience. Regarding the spatial resolution of the DEMs, the finer the pixel size, the
closer to reality the simulation will be. This suggests that high-resolution DEMs should be
prioritized when available and are applicable to rockfall studies.
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