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Abstract: Rockfall simulations constitute the first step toward hazard assessments and can guide
future rockfall prevention efforts. In this work, we assess the impact of digital elevation model (DEM)
resolution on the accuracy of numerical rockfall simulation outputs. For this purpose, we compared
the simulation output obtained using 1 m, 2 m and 3 m resolution UAV-derived DEMs, to two other
models based on coarser topographic data (a 5 m resolution DEM obtained through interpolating
elevation contours and the Shuttle Radar Topographic Mission 30m DEM). To generate the validation
data, we conducted field surveys in order to map the real trajectories of three boulders that were
detached during a rockfall event that occurred on 1 December 2018. Our findings suggest that the
use of low to medium-resolution DEMs translated into large errors in the shape of the simulated
trajectories as well as the computed runout distances, which appeared to be exaggerated by such
models. The geometry of the runout area and the targets of the potential rockfall events also appeared
to be different from those mapped on the field. This hindered the efficiency of any prevention or
correction measures. On the other hand, the 1m UAV-derived model produced more accurate results
relative to the field data. Therefore, it is accurate enough for rockfall simulations and hazard research
applications. Although such remote sensing techniques may require additional expenses, our results
suggest that the enhanced accuracy of the models is worth the investment.

Keywords: rockfall simulation; Rif; DEM resolution; UAV; back analysis

1. Introduction

Rockfalls and rock avalanches are characterized by high velocities and important
runout distances [1], which could lead to injuries or even casualties in populated areas.
In the western Mediterranean region, the population growth and its consequential urban
expansion have led to the exploration of hazardous rocky cliffs, which resulted in many
rockfall occurrences in the last few decades [2-8]. In some cases, this natural hazard can
threaten the lives and goods of people residing in high-risk areas, which subsequently
affects their socio-economic development.

To assess rockfall hazards, different laboratory and field tests (e.g., [9]) as well as
numerical techniques are being used by hazard scientists (e.g., [10,11]). For the latter
approach, topographic data are needed to predict the trajectory of potential future events.
Such data can be freely downloaded with different spatial resolutions depending on the
location of the study area or generated by landslide researchers. For instance, airborne
LiDAR data, which provide more accurate digital elevation models (DEMs) compared to
other DEM generation techniques, cover only a small portion of the globe [12]. In other
parts of the world, airborne imagery techniques can be deployed to generate LiDAR scenes
for local and regional applications. However, the cost is often high making it inaccessible
to many researchers worldwide [13-15]. Other techniques such as structure-from-motion
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(SFM), also known as digital aerial photogrammetry (DAP), are less expensive but are
difficult to use in densely vegetated areas [16]. Therefore, the resolution and accuracy of
DEMs that are used for rockfall trajectory simulations depend on the availability of the
data for a given study area as well as the financial resources dedicated to the research
project. Such challenges may affect the usability and reliability of the output spatial hazard
maps and hinder the ability to compare the results coming from different areas of the
world. In fact, previous research efforts attempted to assess the effects of DEM resolution
on rockfall numerical simulations. Generally, the researchers agreed that, in addition to the
physical parameters of the soil layers, DEM resolution is equally significant in determining
the output of the said models (e.g., [17-20]). Despite this obvious effect, some authors
(e.g., [21-23]) used coarse DEMs to build rockfall hazard assessment models and based
their conclusions and assumptions on the said models. Since the latter constituted the basis
for all hazard prevention and mitigation attempts, it is important to assess the significance
and potential influence of simulation errors on prevention scenarios and strategies. If
such investigations show that coarser DEMs are practically unusable, the investment into
acquiring more detailed topographic data becomes more justified.

Based on this and given the popularity of numerical modeling techniques, the accuracy
and usability of rockfall simulation models may be compromised in various applications.
In fact, incorrect models can decrease the value of property in low-hazard areas while
limiting the ability of decision makers and authorities to prevent future occurrences in high-
hazard locations. To avoid this, validation data needs to be generated through either field
investigations and the documentation of previous occurrences if possible, or by conducting
laboratory tests that simulate such processes [24-29] in order to assess the accuracy of
the simulations. However, most efforts have mostly used laboratory tests and rarely field
data. Though the former can be rightly used for such purposes, the latter is more objective
and, therefore, excludes any experimental biases. However, it is difficult to map rockfall
trajectories on a field, given their spatio-temporal unpredictability.

Therefore, a well-documented rockfall occurrence in the Bouanane cliff in Northern
Morocco, is used in this paper as the validation data to assess the performance of five DEMs
used for the rockfall simulations. The event that took place on 1 December 2018, offers the
opportunity to evaluate the accuracy of rockfall simulation models that were produced using a
1m,2m, 3 m,5m and 30 m DEM through conducting a back-analysis of this event. The results
will be analyzed and an attempt to explain the variability of the results will be presented.

2. Study Area
2.1. Geological and Geomorphological Setting

The Bouanane cliff is located immediately to the South of Tetouan (Figure 1a). From a
morphological point of view, it is characterized by a subvertical topography with an elevation
difference of about 120 m. The geological material outcropping at the site is attributed to
the Dorsale Calcaire structural unit, which is mainly formed by thick layers of Triasic and
Jurassic carbonate rocks with a fairly developed Tertiary sedimentary cover [30-33]. This
structural unit is considered a unique morphostructural domain that is essentially constructed
by carbonate rock ridges consequential to the thrust sheet structure of the Rif Cordillera [34].

However, the structure of the Bouanane cliff is not attributed to these N-S oriented
thrust faults. It is, in fact, the result of late Miocene to Pliocene extensional deformation,
which reactivated the E-W striking, right-lateral, strike-slip Tetouan accident into a normal
faulting system (Figure 1b). This system of strike-slip faults, mainly N50° to N90°, is
believed to be responsible for the morphogenesis of the Tetouan water-gap [35,36]. The
field observations and visual interpretation of the aerial photographs allow for the mapping
such structures to the south of the Bouanane site. These aerial photographs show that the
Bouanane ridge is formed by thick limestone and dolostone strata that are affected by the
E-W strike-slip faults (Figure 1). Using the thick strata as a reference mark, the right-lateral
motion of the faults can be clearly distinguished. The Bouanane cliff is also considered to
be the result of complex right-lateral normal faulting that cuts the Bouanane ridge short to
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the north. On the field, one can also observe a dense tectonic joint network striking mainly
N130° to N160°, which split the massive carbonate rocks into multiple metric blocs.
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Figure 1. (a) Geological map of the study area. (b) Aerial photographs showing strike-slip faults
affecting the Bouanane massif. (c) Geological cross section of the Dorsale Calcaire thrust sheets south

of Tetouan.
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2.2. Rockfall Occurences in the Bouanane Site

In Northern Morocco, which is part of the Mediterranean peripheral chains, several
rockfall and rock avalanche occurrences have had pronounced consequences. The sites
subject to such phenomena include the village of Ametrass [37], El Onsar village north
of Tetouan [38] and the cliff of Bouanane which is the subject of the present paper. The
common characteristics between the above-mentioned cases is the damage caused due to
the presence of human dwellings and infrastructures in the piedmont of these cliffs and
the lack of protection structures against rockfalls. In Bouanane, three previous events have
caused material damage without any casualties. The first, which dates back to 1994, did
not cause any damage despite the large size of the detached boulder. The second, unlike
the first, damaged two parked vehicles in 2011, despite the relatively smaller size of the
boulders involved. The most recent occurrence, which took place on 1 December 2018,
caused damage to the decorative fence surrounding a car parking spot and stopped at the
doorstep of a coffee shop. The latter event will be investigated in detail. The trajectory and
some of the impact points will also be used as validation data to assess the accuracy of the
simulation models produced using the three DEMs with different resolutions.

3. Materials and Methods
3.1. Stability of the Bouanane Cliff

Before presenting the simulation models, we will attempt to study the detachment
mechanisms and assess the stability of the Bouanane cliff. To do so, the strike and dip of
56 tectonic joints were measured during several field surveys conducted in 2017 and 2018.
This helps to identify the major joint directions/families in the area and their geometrical
association with the cliff’s morphology.

Regarding the stability of the Bouanane cliff, the SMR (slope mass rating) index [39]
was calculated using the automated SMRTool beta 1.10 [40]. Although this classification
constitutes a good tool for assessing the stability of the rocky slopes, several modifica-
tions were developed to further enhance its performance in heterogeneous or anisotropic
slopes [41]. Given the important elevation difference of the Bouanane cliff, we opted for the
Chinese adaptation CSMR [42], which integrates the elevation difference of the investigated
slope into the calculation Formula (1)

CSMR=E-RMR+L (F1-F2-F3)+F4 D

where E = 0.43 + 0.57 (80/elevation difference), RMR (rock mass rating) is the Beniawski
index [43], F1, F2, F3 and F4 are the correction parameters and L is an index that reflects the
state of the geological fractures affecting the cliff [39].

L (between 0.8 and 1) is the index that reflects the state of the geological fractures
affecting the cliff. A value of 0.8 is generally assigned where the involved geological
fractures are large-scale metric or decametric joints, and a value of 1 in the opposite case.
In this study, the former value is adopted. The height of the slope used in this calculation
was 65 m, while its dip and dip direction were 50° and N315, respectively. As the general
slope was natural, the F4 parameter value used was 15.

3.2. Detachment Mechanisms

To decide which detachment mechanism controls the rockfall dynamics at the study area,
dip and dip direction measurements were used to graphically estimate the probability of top-
pling (T), planar sliding (P) and wedge sliding (W) in Bouanane, using the Goodman method [44].
To estimate the risk of toppling, we counted the number of joint planes poles that were
projected inside the zone and delimited by the friction cone (trend = slope dip direction + 90,
plunge = 0; and angle = 60) and the sliding limit surface (dip = slope dip-friction angle;
dip direction = slope dip direction). Such joints have a high potential for producing rock-
falls through toppling. The more poles there are, the greater the risk. To determine which
joint planes may cause planar sliding, the density of the poles located outside the friction
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cone (trend = 0, plunge = 90 and angle = friction angles) and delimited by the daylight
envelope of the slope, were visually estimated, which reflected the probability of rockfall
occurrence by planar sliding. For the last mechanism, the intersection points between the
average planes of each joint family, located within the zone delimited by the slope and the
friction cone (trend = 0; plunge = 90; and angle = 90 friction angle), indicated the potentially
unstable planes that may produce wedge sliding. The quantification of this risk was also
achieved through a graphical estimation of the density of unstable joint families.

3.3. Preparation of Topographic Data

In this study, we will use five DEMs with varying spatial resolution and vertical
accuracies. The first was downloaded from the USGS’s Earth Explorer platform (https://
earthexplorer.usgs.gov/, accessed on 3 December 2022). It is a 1 arc second (approximately
30 meter) resolution DEM produced by the Shuttle Radar Topography Mission (SRTM).
This dataset has the lowest resolution. The second DEM (5 m resolution) was generated
using elevation contours derived from the 1:25,000 topographic map of the study area. The
elevation contours were digitized manually and an interpolation of the data was performed.

Another high-resolution digital surface model (DSM) (11 cm) was generated using
a set of UAV-derived aerial photographs. The UAV used was a DJI Phantom 4 drone
equipped with a Global Positioning System (GPS) module, with a vertical accuracy of
0.1 m and a horizontal accuracy of 0.3 m. The camera used for capturing the aerial
photographs is a 1/2.3” CMOS camera with a total number of effective pixels of 12.4 M.
Further information regarding the hardware specifications and acquisition parameters is
presented in Supplementary Table S1.

The processing chain that was followed to obtain this model first consisted of eliminat-
ing the bad quality tie points and introducing 310 ground control points (GCPs) (Supple-
mentary Figure S1) to optimise the initial point cloud before generating the 3D dense points
cloud and the digital surface model (DSM). The GCPs that were exploited to enhance the
model were acquired by the Urban Agency of Tetouan using a dual frequency SpectraSP60
D-GPS in static mode, with a spatial accuracy of +/— 5 cm. The tool used to perform
the structure-from-motion (SFM) analyses in this study was the open source MicMac
photogrammetry software that is freely available at https://micmac.ensg.eu, accessed on
3 December 2022.

One of the main difficulties that we encountered in this study, was the presence of
a dense forest canopy in the surveyed area, which needed to be filtered out in order to
avoid creating artificial barriers in the simulation model. To do so, several post-processing
steps were performed to correct the altitude values of the forest canopy tie points. The
correction methods frequently deployed were based on the use of GCPs that were measured
using precise ground positioning techniques. These were subsequently used to correct the
elevation values for the areas with dense vegetation [45], a near-infrared based filtration
of the points corresponding to the forest canopy [46] and the use of a ground-based
scanner (TLS) [47]. LIDAR imagery was an alternative, but its cost was higher and it was
consequently not considered in this study for budgetary reasons. In addition, obtaining
permits for the use of this technique in our study area was not possible, so we opted for the
SEM alternative.

To correct the forest canopy points, we used the first approach where 186 of the
310 GCPs, provided by the Urban Agency of Tetouan (Supplementary Figure S1) and
measured using differential GPS, were used to calculate the mean elevation of the pine
tree canopy in the study area. This was achieved through subtracting the interpolated
elevation surface, calculated using the GCPs, from the canopy elevation raster provided by
the UAV-derived model. The average tree height was found to be around 9.23 m with a
standard deviation of 2.74 m. This low variance was due to the fact that all the trees at the
site were planted in the same year (1969) as part of a reforestation effort by the Moroccan
government and, therefore, have a more or less similar size. After the subtraction was done,
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the surface was smoothed using a majority filtering algorithm that replaced each cell value
based on the twelve contiguous neighboring cells (Figure 2).
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Figure 2. Processing chain of the UAV images.

The resolution of the UAV model was downgraded to 1 m to avoid memory allocation
errors in the Rocpro 3D simulation software (Figure 3). Two other models were derived
from the UAV DEM with spatial resolutions of 2 m and 3 m. Along with the other two DEMs
(Figure 3), the topographic data was prepared for simulation purposes. An additional
102 GCPs (Supplementary Figure S1B) acquired from the same agency were used to assess
the vertical accuracy of the used DEMs and compare them to one another. The vertical error
distribution presented in Figure 3D shows that the 1 m and 3 m DEMs are very similar
in terms of the mean error values, the standard deviation and the overall distribution.
Surprisingly, the 2 m DEM was less accurate than the 3 m one. Finally, the 5 m and 30 m
DEMs were shown to present the highest mean error values and also presented a more
uniform error distribution compared to the UAV-derived DEM.

3.4. D trajectory Simulation

The software deployed in this study (RocPro3D) used physical parameters such as
rebound (restitution coefficient and lateral deviation), rolling (friction coefficient, limit
velocity) and transition parameters of the soil and boulders in order to estimate the possible
propagation trajectories, energy, velocity and impact points. The approximate values of
these parameters for bare and densely vegetated dolomite scree deposits and loose soils
were taken from the typical values table available in the Help section of the website (www.
rocscience.com, accessed on 3 December 2022), which is based on previous experimental
research [21,23]. This research estimated the parameter range for soils that are similar to
the ones present at Bouanane. Although the individual trees were not integrated into the
3D mesh, their effects on the soil parameters were also included in these estimation efforts.
The soils covered by the forest canopy in our study area were considered densely vegetated
soils and, therefore, their corresponding parameters were adopted. With respect to the
trajectory estimation, we chose the rigid body approach of the RocPro3D simulator for a
maximum output of 50 simulated trajectories. The boulder diameter used was that of the
biggest dolomite boulder that fell in 2018. This was done in order to validate our simulation
results using the field data, which cannot be achieved if the boulder sizes are different.
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Figure 3. DEMs used for simulating the 2018 event. (A) UAV-derived DEM. (B) 5 m DEM. (C) SRTM
30 m DEM. (D) Vertical error distribution for the three DEMs used in this study.

3.5. Statistical Analyses

While visual interpretation of the results allowed for a comparison the three models
used in this study, numerically deploying statistical techniques quantified the difference,
which provided more solid evidence regarding the degree of significance of our findings.
Therefore, we first attempted to assess the horizontal error distribution through a histogram
plot of the distance to real trajectory of each of the five simulated models. To do so, the
polyline shapefiles representing the simulated trajectories were first rasterized using a GIS
tool. Then, the latter were used to compute the Euclidean distance separating the centre
of each pixel from the field trajectories. Generally speaking, an error range of 0 to 2 m is
considered good since all of the potential rockfall targets at Bouanane are objects wider than
4 m (e.g., buildings, cars, café terraces, etc.). Therefore, the probability that the simulated
boulder missed its real target is low for such an error range.

Additionally, we prepared a box plot of the runout simulation results in order to
graphically represent the simulated samples and compare them to the field reference values.
Subsequently, the Kruskal-Wallis non-parametric test [48] was performed to compare the
three produced simulations, since the data were clearly non-normally distributed [48]. The
input variables introduced to the Kruskal-Wallis algorithm were the simulated velocity,
energy and bounce height, obtained from our 3D simulation effort. The null hypothesis
for such a test was that all five models would be equal and that the observed difference
would not be statistically significant. Dunn’s (PostHoc) test [49] was also performed to
point out which of the models were similar and which were different based on a pairwise
comparison approach.
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3.6. Morphometry of Scree Pebbles and Boulders

To study the morphometry of the piedmont deposits at Bouanane, the length (a),
width (b) and thickness (c) of 1749 pebbles were measured at 11 sampling stations during
several field investigations (Supplementary Tables S2 and S3 and Figure S2). The same
measurements were taken for 55 boulders, the locations of which were determined using
a GPS tool (Supplementary Tables S4 and S5). For the boulders, the measured values
were projected onto the Sneed and Folk ternary diagram [50] using the Hockey coordinate
system [51]. The latter was adopted for its simplicity. The computer tool used in this study
was "Tri-plot" (https:/ /www.lboro.ac.uk/microsites/research /phys-geog/tri-plot/index.
html, accessed on 3 December 2022). The results should allow for the studying of the
morphology of the pebbles and boulders and consequently the characterization of their size
and shape distributions. For the scree pebbles, the value of the ‘b’ axis was used to generate
a cumulative frequency plot in order to determine the statistical mode of the samples. This
allowed for the determination of the physical soil parameters of the scree deposits layers
using the above-mentioned reference values table.

4. Results
4.1. Stability of the Bouanane Cliff and Detachment Mechanisms

The geometric attributes and geomechanical measurements of the seven tectonic
joint families identified in the study area were used in CSMR calculations. Our results
yielded a value of around 70 in the study area (Table 1), which means that the Bouanane
cliff can be considered as a class II slope according to the Romana classification [39]. In
terms of the stability, this class was deemed stable with few rockfall occurrences. Their
temporal probability should not exceed 0.2 according to the same classification, which was
in accordance with the testimonies and accounts of the local people.

Table 1. CSMR analysis results for the Bouanane cliff.

Joints

Family * RMR « (j) BG  o(s) B(s) H(@m) L E F1 F2 F3 F1*F2*F3 CSMR
F1 40.12 225 55 315 50 65 085 223 0.15 1 0.65 0 89.5
F2 27.32 270 66 315 50 65 1 2.23 0.22 0.98 1.19 —0.25 61
F2’ 27.32 90 66 315 50 65 1 2.23 0.22 1 —2.15 —047 60
F3 34.6 315 54 315 50 65 1 223 1 096 —4.68 —4 73
F4 39.4 180 65 315 50 65 09 223 1 096 —1.76 —0.39 88
F5’ 27.1 135 80 315 50 65 1 2.23 1 1 —25 -25 35
F5 27.1 315 80 315 50 65 1 223 1 099 —0.64 —0.63 60
F6 39.33 225 85 315 50 65 08 223 0.15 1 —25.31 —4 85
F7 39.3 0 63 315 50 65 1 2.23 0.22 097 —147 —0.31 87

Average = 70

* RMR (rock mass rating). « (j) joint dip direction. f (j) joint dip. « (s) slope dip direction. 3 (sj) slope dip. H (m)
height of the slope. L (index that reflects the state of the geological fractures affecting the cliff). E = 0.43 + 0.57
(80/elevation difference). F1, F2 and F3 are the correction parameters of Romana.

According to our field surveys and the UAV high-resolution images, the main joints
family responsible for the segmentation of the cliff into smaller metric blocks is the conju-
gated WNW-ESE to NW-SE tectonic joints (Figure 4). Together, they form X-shaped lines
that intersect the cliff at a 60° to 70° angles.
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Figure 4. Major joint directions obtained from the field investigations and UAV images.

Regarding the boulder detachment mechanisms, the Goodman analysis [44] performed
in the Bouanane cliff (Figure 5) showed that wedge sliding processes had a high occurrence
probability. This was explained by the presence of the above-described dense joint network,
the orientation of which was quasi-orthogonal to the main scarp direction. As for the other
possible detachment styles, the probability of planar sliding and toppling were found to be
low (<5%) due to the low frequency of NE-SW oriented tectonic joints (Figures 4 and 5).
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Figure 5. Result of the Goodman analysis conducted on the Bouanane cliff. (a) Toppling analysis,
(b) Planar slide analysis. (c) Wedge slide analysis.

4.2. Investigation of the December 2018 Event

Our field surveys that were conducted immediately after the rockfall event of
1 December 2018, allowed us to draw the trajectory of three detached boulders (Figure 6a).
At the source area, fresh impact holes were identified (Figure 6b). These holes were not
very deep but were large enough to suggest a significant impact force that exposed the dark
quaternary soil layers. Immediately below the source area, fresh mechanical injuries were
seen on some trees that did not show any signs of impact prior to the event (Figure 6¢,d).
The fresh yellowish color of the impacts on the Pinus halepenesis trunks also indicated the
freshness of the injuries, since old impacts on these pine trees tend to darken very quickly
due to the hardening of the resin secretions [52]. At the bottom of the steep slope, the
three detached boulders landed separately. The two that reached the inhabited zone were
easy to locate since they left behind clear impacts on manmade structures (Figure 6e,f).
However, the third boulder was more difficult to find since it was stopped by an older and
bigger buried boulder (Figure 6g). The latter boulder was distinguished from the older
boulders by the presence of reddish wood and resin stains on its surface. The size of all
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three boulders was measured on the field. Their diameters were found tobe 1.2 m, 1.8 m
and 1.5 m, respectively, indicating a more or less similar size.

Figure 6. (a) Trajectories of the 2018 event projected over the UAV-derived orthoimage. (b) Boulder
impact near the source area. (c) and (d) Mechanical injuries on the tree stems. (e) and (f) impact
observed on manmade structures. (g) photograph showing a recently detached boulder with fresh
resin and live wood stains on its surface and its supposed impact on a nearby tree.

4.3. Significance of the 2018 Event

The diameter-frequency distribution (Figure 7a) for the 55 boulders measured be-
low the source area, showed that 0.5-to-2-meter large boulders constituted the dominant
category in the study area (Figure 7a). Given that 26 of the 55 boulders belonged to the
1 to 1.5 m category (Figure 7a), the rockfall event of December 2018 can be considered
typical of the Bouanane site. In fact, with a boulder diameter ranging from 1.2 to 1.8 m,
the detached boulders were “coarse” according to the [53] classification, with this category
being the most dominant in the study area.
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Figure 7. (a) Size-frequency distribution of boulders in the Bouanane site. (b) Boulders measured in
the Bouanane site projected onto the Sneed and Folks (1958) diagram. The used classification for the
boulders investigated in the study area is shown in Table S6 of the Supplementary Materials.

4.4. Rockfall Trajectory Simulation and Back-Analysis

The trajectory simulations produced using the five above-mentioned DEMs are shown
in Figure 8. The first model, which used the 1 m resolution DEM as the topography input,
produced complex trajectories that corresponded more or less to the field observations
(Figure 8a). Of the different calculated trajectories, a significant portion did not reach
manmade structures, while the rest either stopped at the coffee shop impacted by the
2018 event or continued further to impact other buildings downhill. As can be seen in
Figure 8, the runout distances rarely exceed that of the longest documented path (Figure 8f),
suggesting a reasonably accurate depiction of the real event. The 2 m (Figure 8b) and 3 m
(Figure 8c) DEM simulations were more or less similar trajectories with slightly wider
invasion zones and longer runout distances. These differences, although small, produced a
significant runout calculation error according to Figure 8f, since the runout value range did
not intersect that of the real trajectories.

The fourth and fifth models, which used the 5 m and 30 m DEMs as the topographic
data, respectively, produce smoother and longer trajectories that did not follow the paths
of the 2018 rockfall occurrence (Figure 8d,e). For the mid-resolution model, most if not all
calculated runouts significantly exceeded the observed values with no boulders stopping
before they reached the inhabited area (Figure 8f). As for the low-resolution simulation,
the runout values were even bigger, with all the boulders reaching areas that presented no
signs of any recent occurrences (Figure 8e,f). The simulated trajectories of the fifth model
also missed the coffee shop that was affected by the recorded 2018 rockfall, yielding a
deformed representation of the real event. The consequences of such errors are discussed
in Section 5.

In terms of the horizontal error distribution, the distance to real trajectory histogram
presented in Figure 9 confirmed the visual interpretation results. According to this his-
togram, the percentage of the 0 to 2 m error range (good error range) negatively correlated
with the DEM resolution, which means that the lower the resolution, the greater the overlap
between the simulated and real invasion zones. Conversely, the >25 m error range was
dominated by the 30 m model (Figure 9), which also correlated well with our visual inter-
pretation of the results. Consequently, the high spatial errors were reverse proportional
to the resolution of the data where coarser models produced significantly worse results
relative to the real trajectories.
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Figure 8. Simulated rockfall trajectories using the 1 m UAV-derived DEM (A), the 2 m DEM (B), the
3 m DEM (C), the 5 m DEM (D) and the 30 m DEM (E). (F) Box plot of the runout distances obtained
from the simulation models compared to the observed runouts of the 2018 event.
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Figure 9. Statistical distribution of the horizontal error for all five simulated models.
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4.5. Energy and Velocity Simulation

The simulated velocity values showed that the 3 m resolution DEM produced the
widest range of values. It also yielded the highest velocity with a maximum of 33.96 m/s
compared to a maximum of only 29.28 m/s, 28.17 m/s, 26.69 m/s and 21.56 m/s for the
other models (Figure 10). However, when the simulated boulders reached the manmade
structures, the velocity for the first and third models (Figure 10a,c) was low in comparison
to the rest, which presented higher velocities reaching up to 20 m/s. By comparing these
values to the impacts observed on the field, the latter appeared to correspond more to
the high-resolution simulation since the damage was mainly aesthetic and indicated low-
velocity impacts. As for the 2 m and the medium and low-resolution models, they were
found to exaggerate the true velocity downhill. Similar remarks can be given regarding the
spatial distribution of the energy values (Figure 11).
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Figure 10. Simulated rockfall velocity simulation in the Bouanane cliff obtained using the 1 m
DEM (a), the 2 m DEM (b), the 3 m DEM (c), the 5 m DEM (d) and the 30 m DEM (e).

In terms of the percentage, the spatial distribution of both the velocity and energy
values differs, where low to medium values tend to cover the most area in the 1 m and 3 m
models, while high values dominate in the other models, especially the 5 m model. The
probable reasons for this are explained in Section 5.

This spatial distribution difference was well attested by the Kruskal-Wallis test results
(Table 2) that showed a low P-value output (<0.0001). Given a threshold of 0.05, these
findings proved that the observed spatial distribution difference was statistically significant.
The pairwise Dunn test also yielded a similar output for the velocity and energy, with
P-values largely inferior to 0.05 (<0.001) (Table 3), with the exception of the 2 m and 3 m
DEMs, which appeared to have similar velocity distributions.
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Figure 11. Simulated rockfall energy simulation in the Bouanane cliff obtained using the 1 m DEM (a),
the 2 m DEM (b), the 3 m DEM (c), the 5 m DEM (d) and the 30 m DEM (e).

Table 2. Kruskal-Wallis test results.

Kruskal-Wallis Test

Dependent Variable
H p-Value
Velocity 470.035 <0.001
Energy 1387.988 <0.001
Bouncing height 498.55 <0.001

Table 3. Dunn’s (Post Hoc) test results.

Dependent Variable DEMs p-Value  Dependent Variable DEMs p-Value

12m <0.001 1-2m <0.001
1-3m <0.001 1-3m <0.001
Velocity 1-5m <0.001 Bouncing height 1-5m <0.001
1-30 m 0.002 1-30 m <0.001

2-30m <0.001 2-3m <0.001
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Table 3. Cont.

Dependent Variable DEMs p-Value  Dependent Variable DEMs p-Value

2-3m 0.237 2-5m <0.001
2-5m <0.001 2-30 m <0.001
3-5m <0.001 3-5m <0.001
3-30 m <0.001 3-30m <0.001
5-30 m <0.001 5-30 m <0.001
12m <0.001
1-3m <0.001
1-5m <0.001
1-30 m <0.001

Energy 2-3m <0.001
2-5m <0.001
2-30 m <0.001
3-5m <0.001

3-30m <0.001
5-30 m <0.001

5. Discussion
5.1. How the DSM Resolution Impacts the Rockfall Numerical Simulations

In the rockfall simulations, the researchers sought to model the geometry of the
possible boulder trajectories, which allowed for distinguishing between hazardous and
safe areas, the runout values that determine how far a detached boulder can travel and
the velocity and energy of boulders once they descend the slope. The DEM resolution
influenced all the above-mentioned aspects of the rockfall research. In fact, [18] declared
that the use of coarser topographic grids translated into a decreased variability in the
computed trajectories, higher mean velocity values and lower bounce heights due to the
smoother geometry of the DEM. Similar remarks were reported in a more recent study
by [19] who showed that higher resolution input data exhibited more complex trajectory
shapes that agreed more with historical inventories. In our case study, the UAV-derived
1 m DEM yielded more complex geometries that agreed well with our field observations
(Figure 11a). The invasion zone produced by this high-resolution model was also smaller
but had more variability in terms of the shape and length of the simulated trajectories,
which was similar to the previous findings.

In the previous research, the runout extent was also shown to change significantly
in some cases [19,20] and stayed the same in others [18]. This effect can be explained by
the roughness of the terrain which was demonstrated to be proportional to the runout
variability using anecdotal evidence [20]. In this work, the mean runout for the high-
resolution model was lower than those obtained using coarser DEMs. In fact, it appeared
that the lower the resolution of the topographic data, the longer a boulder will travel
downhill. Such results were due (in our study as well) to the rugged and bumpy topography
of the site, which translated into large differences between the DEMs used in this study.
However, the effects of the slope roughness on the travel mode of rockfalls depends on the
slope ratio as well. [54] showed that while rough surfaces tend to promote higher velocity
rockfalls in steep slopes, their influence is reversed in gentler slopes due to a loss of energy
on impact (Figure 10). This explains why the highest velocity calculated in this case study
was given by the higher resolution DEMs near the source area, despite them presenting
the shortest runouts. Consequently, the appropriateness of a DEM for use in a simulation
can be summarized in its ability to depict the micro-topographic geometries, such as micro
terraces, small holes and micro-ridges. Such small but significant details regarding the
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on the steepness of the hillslopes and its real shape. In Bouanane, the topography was
dominated by small convex uphill surfaces, which explained why the simulated velocity in
this segment of the slope was higher in the high-resolution model compared to the medium
and low-resolution models (Figure 12a). Larger concave downhill surfaces were accurately
represented by the 1 m DEM but appeared smoother in the coarser DEM, resulting in
shorter runouts in the former and longer trajectories in the latter (Figure 12b,c).
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Figure 12. Theoretical 2D profiles of a rockfall event, drawn on a topographic profile extracted from
the 1 m resolution DEM (a), the 5 m resolution DEM (b) and the 30 m resolution DEM (c).

In addition to the roughness, the elevation of the unstable cliff/slope determined
how big the effect of the DEM resolution was on the simulation results, especially the
runout distance. The experimental results published by [18] showed that the runout did
not change significantly when using different DEM resolutions. However, in cases where
the source area belongs to the domain of middle slopes and ridges, such as the case of the
Bouanane cliff, the resolution and detailed depiction of the topography determined mostly
where the boulders stop. This was because the valley floor was a flat surface, the shape of
which does not vary from one DEM to the other. Therefore, the falling boulder stopped at
approximately the same area due to an absence of a horizontal component of acceleration.
In addition, the moving object lost energy quickly regardless of the initial impact force.
Nevertheless, when the topography was inclined, the stopping position was more sensitive
to the acceleration component and friction forces that mainly depended on the shape of the
impact surface. As such, the existence of micro topography features became more relevant
to the results. For instance, the 1 m, 2 m and 3 m DEMs adopted in this study produced
significantly different invasion zones and runout distributions despite being derived from
the same techniques. The reason for this was the loss of the microtopographic details
mentioned above.

5.2. Impact of the Simulation Results on the Hazard Assessment and Prevention Efforts

When an area is revealed to be hazardous, various solutions are implemented to
reduce the vulnerability of constructions to rockfalls. Such protection countermeasures are
either natural (e.g., tree barrier effect, etc.), quasi-natural (e.g., building embankments and
ditches), structural (e.g., monolithic rockfall protection galleries) or flexible (e.g., fences and
other flexible barriers). The proper design and dimensions of such protection structures
varies depending on the geometry of the slope, the simulated energy of the boulders,
the impact load and the bouncing height in the runout area [55]. Since such values are
generally obtained from numerical models, the above-presented effects of the topography
on the simulation results plays a major role in rockfall prevention efforts. For instance,
the construction of rockfall protection fences in Bouanane (which are deemed the most
appropriate technique due to the geometry of the slope) required information regarding
the runout, bouncing height and the most probable targets for potential future events. In
the coarse resolution simulations, the output was shown to differ significantly from the
real trajectory drawn on the field. For the 5 m DEM model, the inaccuracies were mainly
due to the shape of the modeled trajectories, which deviated significantly from field data.
In addition, the velocity and energy values (Figures 10 and 11) were exaggerated near the
real target area compared to the slight impacts observed (Figure 6). As for the 30 m model,
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it was shown to miss the most probable trajectory, stopping far away from the observed
rockfall path (Figure 6). Therefore, if such models were to be used, they would induce
significant positioning errors. Conversely, the 1 m model presented a reasonably accurate
invasion zone that corresponded to the reality of the field, which could be used for hazard
zonation mapping and rockfall prevention efforts.

Regarding the bouncing height distribution for the modeled trajectories, the 1 m and
2 m models appeared to present the highest uphill values (Figure 13a,b) compared to the
coarse models where the boulders kept rolling downhill (Figure 13d,e). Although the
detached boulders of the 2018 event did not leave behind evidence of high bouncing, old
broken tree stems were hit at a ground elevation of 2 to 3 m (Figure 13g). The area where
these trees were found corresponded to a clear land in the middle of the forest (Figure 13f),
where the modeled trajectories revealed the highest bouncing heights. The implications
for such variation are significant, given that a future protection fence should absorb the
energy of the falling rock and, therefore, needs to be as high as or higher than the bouncing
boulder itself. As such, the underestimation of the bouncing by the medium and coarse
resolution models could hinder the effectiveness of the rockfall protection structures if the
engineers were to rely solely on such data.

5.3. How the DEM Resolution Improve the Results

Although it is obvious that higher resolution data improves the simulation results,
the question of a threshold resolution for the rockfall simulations remains valid. In this
study, we tested five DEMs with a resolution range of 1 to 30 metres, with some being
practically unusable for achieving accurate rockfall modeling. While the improvement is
very significant going from the lowest to the highest resolutions, the difference between
the 1 m and 2 m DEMs is less obvious, especially in terms of the trajectory shape and
invasion zone geometry. Therefore, we wonder if exceeding the 1 m resolution limit would
have produced any significant improvement in our case study. Some results presented
by [20], who worked on two different sites, clearly showed that the geomorphological
setting of the study area determined how the resolution will influence the output. Therefore,
such investigations need to be conducted in a variety of locations around the world to
determine a “universal” DEM threshold for rockfall hazard modeling under different
geomorphological circumstances. Failling to do so may lead to large errors in many models
that still use coarse DEMs. This matter will be more significant in developing countries
where high-resolution topographic data is scarce and the investment in data acquisition
technology is low.
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Figure 13. Bouncing height simulations produced using the 1 m DEM (a), the 5 m DEM (b) and
the 30 m DEM (c). (d) UAV-derived orthoimage showing clear land (f) caused by repetitive rockfall
events. (e) stem breakage (g) caused by an old rockfall occurrence.

6. Conclusions

Based on our findings, we believe that low-resolution DEMs are unsuitable for site
specific rockfall simulations. Moreover, medium and coarse-resolution topographic data
also induce large positioning and geometric errors that degrade the quality of a simulation
and hinder its usability for prevention and protection efforts. The results of this paper
suggest that high-resolution DEMs are required to produce reasonably accurate simulation
models, with trajectory shapes, invasion zones and runout areas that agree well with field
observations. This is especially true for areas belonging to the domain of middle slopes
and ridges, such as the case of the Bouanane cliff, where the microtopographic features
determine the simulation output. Although such data are not available worldwide, the
use of new remote-sensing technology such UAVs can solve this problem and provide the
accurate data needed for such studies. This technology is low cost, which should encourage
its use especially when we consider the significant difference it has with respect to the
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accuracy of the output. However, fieldwork must always constitute the reference data,
which allows for the calibration and validation of the simulation no matter the accuracy of
the input.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/rs14246205/s1, Figure S1: Spatial distribution of GCPs used
for constructing the UAV-derived DEM (A) and for testing the accuracy of all DEMs used in this
study (B). Figure S2: Photographs taken during field missions; A- the measured rock clast axes
(after [55]). B- and C- are photographed taken in measurement stations 1 and 8; Table S1: Hardware
specifications and UAV acquisition parameters.; Table S2: b-axis measurements (cm) for pebbles
forming the scree deposits downhill of the Bouanane cliff.; Table S3: WGS84 coordinates for pebble
measurement stations; Table S4: EPSG:26191 coordinates of the boulders subject to morphometric
analyses; Table S5: Morphometric measurements of boulders in the Bouanane site; Table S6: Sneed
and Folks classification for the boulders investigated in the study area. Ref. [56] is cited in the
Supplementary Materials.
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