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Abstract: In recent years, there was an increasing number of studies focusing on rockfalls due to
their impacts on social and sustainable development. This work carries out a three-dimensional (3D)
simulation of rockfalls at a cultural heritage site nearby the village of Cortes de Pallás (Valencian
Community, East Spain). The simulation is based on data collected previously, during an emergency
declaration due to the occurrence of a considerable rockfall (7980 m3 ) on the southern bank of the
Cortes de Pallás reservoir, on 6 April 2015. The hydroelectric power plant was damaged, and the
main access road to the village of Cortes de Pallás was blocked for eight months. The predominant
discontinuities of the rock mass were analyzed by means of the application of structure from
motion (SfM) photogrammetry techniques to the set of images taken by remotely piloted aircraft
systems (RPAS). The average size of the block was determined as 3.2 m in diameter and 17.6 m3
in volume. Additionally, a digital elevation model (DEM) was generated from an aerial laser
scanning (ALS)-derived point cloud using a 1 × 1 grid. These data were implemented in RocPro3D
software, obtaining the distances traveled by the blocks detached from different source areas at a
cultural heritage site located near the rockfall event, which presents the same geological context.
The simulation presented herein shows aggravating circumstances that endanger the cultural heritage
area, with higher rockfall hazards than previous official studies (1991) displayed.
Keywords: rockfall; unmanned aerial vehicle (UAV); 3D point cloud (3DPC); SfM; 3D modeling;
cultural heritage

1. Introduction
Rockfalls are the most frequent and dangerous rock movements in mountainous zones, generating
high economic and social damages [1,2]. The danger is mainly due to the high speed of the falling rocks
that, in terms of defining protective measures, is translated into the difficulty of achieving fast response
times [3–6]. Rockfalls occur because of different instability mechanisms, detachments, rollovers,
displacement of wedges, etc. from source areas located in the rock. These source areas are not randomly
distributed, and are conditioned by geological, geomorphological, and environmental factors [7].
The source areas that originate the movements are mostly controlled by existing discontinuities, such
as joints, faults, etc. [8–10].
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Currently, the landslide research community is focusing on advances in the early detection
of precursor mechanisms and on the temporal prediction of detachments. The rock slopes
affected by progressive ruptures provide a series of early indicators, such as small deformations or
micro-seismicity, which are currently the object of several analyses and studies, producing innovative
work methodologies [11–14]. There are also several new contributions in optimization and simulation
models for rockfalls. The interaction of the blocks with the topographic surface during successive
impacts is one of the greatest challenges [15]. Recent studies include the effect of the fragmentation
of blocks during impact, which can considerably modify trajectories, extensions, rebound heights,
and simulated speeds [16,17]. Ruiz-Carulla et al. [18] developed the rockfall fractal fragmentation
model (RFFM), where rock fragmentation starts with the disaggregation of the rock, from pre-existing
discontinuities. Therefore, the correct identification of the discontinuities that affect the rock mass is
crucial for successful modeling, as it determines the size of the block, which is a fundamental parameter.
The gradual evolution and application of remote-sensing techniques enabled the monitoring
of rockfalls and detection of early movements, changing the state of this field. The most employed
technique is light detection and ranging (LiDAR), which provides a three-dimensional point cloud
(3DPC) of the scanned surface. This geometric information can be used for the characterization of
detachments, production of risk and susceptibility maps, and for monitoring and modeling slides,
detachments, and flows [19].
The high costs and restrictions associated with LiDAR instrumentation (e.g., high weight and
occlusion areas) motivated the scientific community to investigate alternative techniques, such as
structure from motion (SfM), for the development of topographic models. SfM emerged at the end of the
1970s [20] and is currently very well accepted [21], and along with multiview-stereo (MVS) algorithms,
enables 3D automatic reconstruction of surfaces and does not require background knowledge from the
user [22]. The SfM technique entails less costs and is easier to use than LiDAR instrumentation, as a
conventional digital camera can be mounted on a remotely piloted aircraft system (RPAS). Precision is
limited by the calibration model of the selected camera, but usually reaches 1:1000 (i.e., centimeter
precision for 10-m distances) [22]. The resolution, precision, and quality of the point cloud generated
depends not only on the photos, but also on the acquisition strategy [23] and metric information
introduced in the model.
Digital surface models (DSM) include vegetation and existing constructions (buildings, roads,
bridges, etc.). The analysis of rockfalls requires the use of digital elevation models (DEM) and, therefore,
the classification of the 3D point cloud is a key factor to determine the surface of the terrain. DSM
can be generated using interferometry [24], radargrammetry techniques [25,26], aerial laser scanning
(ALS) instruments [27], or with the SfM technique [22], despite the disadvantages associated with
errors and parameter sensitivity of the latter [28]. Existing software packages enable the generation
of DEMs from basic topographic information (e.g., ArcView; Terrain Modeler, Intergraph; INROAD,
Microstation; etc.). DEM can also be generated from 3D point clouds and from the application of
classification techniques [29].
The SfM technique is widely employed by the scientific community in the field of slope and
hillside stability [16,30–32]. Recently, its validity was demonstrated for the generation of point clouds
and extraction of plane discontinuity sets for the evaluation of the stability of slopes [33]. This technique
enables the identification of plane discontinuities through the application of algorithms [34–42], and
the determination of the normal spacing of each set [43] followed by the estimation of the volume of
the block.
The work presented herein utilizes data obtained during an emergency declaration due to a
rockfall event that occurred in the surroundings of the village of Cortes de Pallás in 2015. There was
intense media coverage because the rockfall damaged the Iberdrola hydroelectricity power plant and
blocked traffic in the main access road to Cortes de Pallás for several months. The SfM technique
was applied to the 2015 detachment slope to determine the average block volume, fundamental
information for the simulation. The estimated average block size and the DEM generated from the

Remote Sens. 2018, 10, 1923

3 of 20

analyzed
area
with
parameters extracted from scientific literature were utilized to
Remote Sens.
2018,
10, xits
FORsurface
PEER REVIEW
3 ofcarry
20
out a 3D rockfall simulation at the Barranco de la Barbulla area. This area presents similar geological
out a 3D rockfall
simulation
at the Barranco
de la Barbulla
area.of
This
presents
similar
conditions
(morphology,
lithology,
and structural
conditions
thearea
source
areas),
and geological
is a cultural
conditions
(morphology,
lithology,
and
structural
conditions
of
the
source
areas),
and
is a cultural
heritage site due to the presence of Moorish terraces from the 16th century. The objectives
of this
heritage
due
to the the
presence
of hazard
Moorishthat
terraces
16th
century. Thelocated
objectives
this
study
weresite
(1) to
analyze
rockfall
couldfrom
affectthe
new
constructions
on aofcultural
study were (1) to analyze the rockfall hazard that could affect new constructions located on a cultural
heritage
site; (2) to determine, precisely, the run-out of the simulated blocks; and (3) to update the
heritage site; (2) to determine, precisely, the run-out of the simulated blocks; and (3) to update the
existing rockfall hazard map [44] for the urban area.
existing rockfall hazard map [44] for the urban area.
2. Test Site Description
2. Test Site Description
2.1. Geographic and Geological Settings
2.1. Geographic and Geological Settings
Cortes de Pallás is a municipality of the Valencia province, in the Valencian Community (Spain),
Cortes de Pallás is a municipality of the Valencia province, in the Valencian Community (Spain),
situated in the region of the Ayora-Cofrentes Valley (Figure 1). It is located in a mountainous region,
situated in the region of the Ayora-Cofrentes Valley (Figure 1). It is located in a mountainous region,
with steep orography constituted by a series of peaks with heights of approximately 1000 m above sea
with steep orography constituted by a series of peaks with heights of approximately 1000 m above
level (asl). The Júcar River crosses the region, forming an impressive canyon. The river is dammed
sea level (asl). The Júcar River crosses the region, forming an impressive canyon. The river is dammed
in the Corte de Pallás reservoir, the largest pumped-storage hydroelectric scheme in Europe, which
in the Corte de Pallás reservoir, the largest pumped-storage hydroelectric scheme in Europe, which
includes
the Cortes de Pallás hydroelectric plant and the La Muela upper water deposit (Figure 1).
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the stability of the most competent limestone layers; and (c) increased interstitial pressures
within the rock mass, due to saturation and the occurrence of hydrostatic forces in the pre-existing
cracks caused by previous rainfall events.
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through an RPAS flight with no specific pattern. A video and a series of photos of the slope were
produced.
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When the state of emergency was declared, the hydroelectric company (Iberdrola España, S.A.U.)
started carrying out recognition works of the slope, while it was still unstable and dangerous, through
an RPAS flight with no specific pattern. A video and a series of photos of the slope were produced.
3. Methods and Data
The first step consisted of the calculation of the mean size of the block. From the images obtained
with RPAS flights over the rockfall event that occurred on 6 April 2015, a 3D cloud point was generated
for the detached wall through the application of SfM/MVS techniques (Figure 5). The point cloud was
obtained with the Agisoft Photoscan Pro [47] software. Application of SfM techniques requires the
insertion of a scale, and orientation of data with respect to the north and the vertical, to enable the
measurements of geometric features and orientations. This was accomplished through the introduction
of the coordinates in a global reference system of ground control points (GCP) from the georeferenced
cloud obtained with aerial laser scanning (ALS), downloaded from the National Geographic Institute
of Spain (CNIG) [48]. Therefore, GCP were identified on the 3D point cloud generated from the photos
captured during the RPAS flight over the rockfall event and then compared to the cloud obtained with
ALS for the acquisition of coordinates.
Once the 3D point cloud was acquired for the detached zone, a sector of the source area
was identified, with the objective of extracting the plane discontinuities that were exposed by
the detachment. The analysis of the visible discontinuities was carried out with the open-source
software discontinuity set extractor (DSE) [49]. This software applies the methodology proposed by
Riquelme et al. [34], which calculates the normal associated vector for each point and its k closest
neighbor points, representing its pole in stereographic projection. Then, statistical analysis was carried
out for these poles, providing the stereogram and enabling the extraction of the principal discontinuity
sets. Consequently, a discontinuity set was assigned to each point of the point cloud analyzed. This
enabled the isolation of the points that belonged to a specific set, followed by cluster analysis with the
density-based spatial clustering of applications with noise (DBSCAN) algorithm [50]. The results were
the clusters of points that, belonging to the same set, formed plane continuous surfaces in space and,
therefore, could be considered as planes. With this result, the normal set spacings were calculated [43].
This calculation can be accomplished by adopting one of the following hypotheses: (i) persistent planes,
adequate for bedding planes or when the exposed planes present continuity with the unrepresented
part (within the slope or free zone); or (ii) non-persistent planes, adequate for the remaining cases,
generally [51].
The mean volume was estimated using the mean discontinuity spacing value for each
discontinuity set, according to the expression proposed by Palmström [52]:
Vb = S1 × S2 × S3 × (sinγ1 × sinγ2 × sinγ3 ),

(1)

where S is the normal spacing, and γ is the angle between the discontinuity sets.
The DEM utilized herein is an aerial LiDAR-derived georeferenced 3D point cloud from an official
repository [48]. The density of points of this dataset is approximately 0.4 points per m2 . This 3D point
cloud provided rough GPC coordinates for step 1, and the generation of a rasterized DEM, which was
used as a model for the rockfall simulation. The 3D point cloud was already classified; thus, vegetation
and constructions were extracted from the model to consider terrain only. Generation of a valid DEM
for posterior insertion into the simulation required the point cloud to be rasterized using a grid size of
1 m, with software CloudCompare (Figure 5).
Finally, RocPro3D software [53] was employed to carry out the rockfall simulation in a nearby
urban area (cultural heritage site). The rockfall simulation area is located 500 m from the rockfall event
and it also presents the same geological context. In fact, the stratigraphic sequence in both sites is
identical: a rhythmical series of dolostone and calcarenite, and marls. The hard levels corresponding
to dolostone and calcarenite (source areas) present continuity along the valley. RocPro3D is a
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software that enables 3D simulation of rockfall trajectories, using a probabilistic approximation
that considers the variations of block forms, characteristics of the soil, and irregularities of the
terrain. The three-dimensional digital terrain model (DTM) is developed from importing the mesh file.
The block parameters can be defined by the following probabilistic variables: position, the source of
starting blocks, mass (and size), and initial conditions. The beginning of each trajectory is randomly
selected along the previously delimited source areas. Soil parameters are defined by the dynamic
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According to the geological information, available DEM, and analysis of aerial orthophotos and
photos of the study zone, the locations of the source areas were determined on three layers of
limestone/dolomite that stand out clearly in the landscape (Figure 6a). Firstly, DEM was carried out
from the 3D point cloud of the simulation area, acquired with aerial LiDAR. Hard levels
corresponding to dolostone and calcarenite were investigated, aiming to establish areas with
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According to the geological information, available DEM, and analysis of aerial orthophotos
and photos of the study zone, the locations of the source areas were determined on three layers of
limestone/dolomite that stand out clearly in the landscape (Figure 6a). Firstly, DEM was carried out
from the 3D point cloud of the simulation area, acquired with aerial LiDAR. Hard levels corresponding
to dolostone and calcarenite were investigated, aiming to establish areas with differential erosion.
There is preferential erosion in the loamy levels, leaving the hardest levels of limestone and dolomite
exposed and, therefore, more vulnerable to rock detachment. In addition, photointerpretation of aerial
images used 1:25,000 aerial photography to detect and delimit the most prominent geomorphological
attributes
as xscarps,
rockfall
masses, and related features.
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Table 1. Parameters utilized in the modeling, according to the lithological units identified at the study zone.
PARAMETERS Lithological Units
RESTITUTION COEFFICIENT
Mean normal value µ_Rn (-)
Mean tangential value µ_Rt (-)
Standard.-Deviation σ_R (-)
Limit velocity V_R(lim) (m/s)
Limit Std.-Deviation σ_R(lim) (-)
LATERAL DEVIATION
Standard.-Deviation σ_ θh (◦ )
Limit velocity V_θ h(lim) (m/s)
Limit Std.-Deviation σ_ θ h(lim) (◦ )
REBOUND FLATTENING
Standard.-Deviation σ_ θv (◦ )
Limit velocity V_θ v(lim) (m/s)
Limit Std.-Deviation σ_ θ v(lim) (◦ )
FRICTION COEFFICIENT
Mean value µ_k (-)
Standard.-Deviation σ_k (-)
Limit velocity V_k(lim) (m/s)
Limit Std.-Deviation σ_k(lim) (-)
TRANSITION PARAMETERS
Angle β _lim (acute case) (◦ )
Angle β _lim’ (obtuse case) (◦ )

1 Dolostone

2 Calcarenite and Sandstone

3 Calcarenite and Limestone

4 Green Marl

5 Debris

0.67
0.88
0.011
10
0.005

0.65
0.86
0.012
10
0.006

0.67
0.79
0.0135
10
0.01

0.58
0.72
0.014
10
0.011

0.42
0.69
0.012
10
0.006

9
10
4.5

10
10
4.5

8
10
4.15

8
10
4

5.5
10
2.75

1
10
2

1
10
2

1
10
2

1
10
2

1
10
2

0.4
0.04
10
0.03

0.45
0.045
10
0.03

0.52
0.045
10
0.03

0.6
0.045
10
0.03

0.72
0.042
10
0.03

4
30

3
25

4
35

4
35

6
45
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This step was carried out during the state of emergency. The 3D point cloud of the detached area
This step was carried out during the state of emergency. The 3D point cloud of the detached
was generated using the SfM/MVS technique (Figure 7). Analysis of the study area shows four
area was generated using the SfM/MVS technique (Figure 7). Analysis of the study area shows four
statistically relevant discontinuity sets (Figure 8): J1 (320°/72°), J2 (356°/86°), J3 (220°/88°), and J4
statistically relevant discontinuity sets (Figure 8): J1 (320◦ /72◦ ), J2 (356◦ /86◦ ), J3 (220◦ /88◦ ), and J4
(145°/16°). Set J2 was rejected posteriorly because it was the slope plane. The analysis of the patches
(145◦ /16◦ ). Set J2 was rejected posteriorly because it was the slope plane. The analysis of the patches
of each discontinuity set provided the mean values of the normal spacing: J1 (2.6 m), J3 (2.3 m), and
of each discontinuity set provided the mean values of the normal spacing: J1 (2.6 m), J3 (2.3 m), and J4
J4 (2.9 m).
(2.9 m).
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Characterization of the rock mass followed the observation of its state and spatial disposition,
Characterization of the rock mass followed the observation of its state and spatial disposition,
considering the discontinuity sets and weakness planes, and enabled the determination of the volumes
considering the discontinuity sets and weakness planes, and enabled the determination of the
of the blocks that were utilized a posteriori in the simulation. Figure 7 shows how sets J1, J3, and J4
volumes of the blocks that were utilized a posteriori in the simulation. Figure 7 shows how sets J1,
constitute a wedge (colors blue, yellow, and purple), which was formed with much greater dimensions
J3, and J4 constitute a wedge (colors blue, yellow, and purple), which was formed with much greater
at the detached area, where a pronounced zone of differential erosion was produced at the base of
dimensions at the detached area, where a pronounced zone of differential erosion was produced at
the limestone layers. Considering that the three discontinuity sets are almost orthogonal in pairs
the base of the limestone layers. Considering that the three discontinuity sets are almost orthogonal
(i.e., γ1 = γ2 = γ3 = 90◦ in Equation (1)), it was assumed that the detached blocks were hexahedrons
in pairs (i.e., γ1 = γ2 = γ3 = 90° in Equation (1)), it was assumed that the detached blocks were
with sides equal to the average normal spacing of each discontinuity set. This way, the volume was
hexahedrons with sides equal to the average normal spacing of each discontinuity set. This way, the
calculated as the product of the three average spacings. The average resulting volume was 17.6 m3 ,
volume was calculated as the product of the three average spacings. The average resulting volume
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was 17.6 m3, with an equivalent diameter of 3.2 m.
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4.2. Simulation at the Urban Area
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RocPro3D carries out a three-dimensional simulation
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the source
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by launching 150 rock blocks, with calculations
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Figure 13. Trajectories with longest distances traveled and that affected the buildings located at the
Figure 13. Trajectories with longest distances traveled and that affected the buildings located at the
intermediate
part of the slope, with details on the time elapsed for the block to follow the trajectory.
intermediate part of the slope, with details on the time elapsed for the block to follow the trajectory.
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One of the key features influencing the final results of a 3D rockfall simulation is the size of the
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developed. The rockfall event occurred on 6 April 2015, on the meridional slope of the dam of one
of the most important hydroelectric plants in Europe. After the rockfall, the hydroelectric company
performed an RPAS flight that enabled the elaboration of a high-resolution DEM in the rockfall area,
through the application of the SfM technique. The exposed discontinuities of the rock mass were
analyzed in detail: discontinuity sets, their orientations, normal spacings, persistence, failure mode,
etc. In many occasions, data obtained during an emergency declaration are not reutilized later for
any other analyses. The case herein reutilized data from an RPAS flight, applied to a site with similar
geological context, with clear economic advantages, offering a new perspective for the reutilization of
data collected previously.
The discontinuity sets obtained and their corresponding orientations showed good correlation
with the measurements made in situ by geologists. However, the normal spacing could not be
characterized because the rock wall was not accessible. The use of the 3D point cloud plus available
methodologies provided an objective estimation of the normal spacing of discontinuities and,
consequently, the mean volume of the detached block. The distances traveled and the energies
obtained are more realistic taking this size into consideration because the fallen block will be
fragmented according to the existing discontinuities. RocPro3D software was demonstrated to
be a very robust tool to reproduce rockfall events; however, it does not present the possibility of
modeling rock fragmentation. As a consequence, rockfall simulation of a larger boulder with its
subsequent fragmentation is not possible. Obtainment of the block size based on the discontinuities,
through employing unmanned aerial vehicle (UAV) photogrammetry data obtained during an
emergency declaration, yields more accurate results (energy, velocities, etc.) that can be used to
delimit rockfall-prone areas.
The DEM generated using a public domain aerial LiDAR was used to simulate rockfalls in a
terraced slope over the urban area of Cortes de Pallás. This area is a cultural heritage site with Moorish
orchards and small hydraulic constructions from the 16th century. Along the slope, three rockfall
source levels were identified at different heights.
The simulation of rockfall trajectories is difficult due to the uncertainties associated with
the rockfall process and the numerical modeling. The rockfall uncertainties can be solved by
probabilistically modeling the location of source areas, soil properties, starting conditions, and
topography, while the uncertainties related to numerical modeling can be solved by probabilistically
modeling the dynamics of rockfalls. Most rockfall simulation software do not enable the introduction
of uncertainties, nor consider variability in the parameters using probabilistic functions [63] RocPro3D
software includes a probabilistic component that considers most parameters, but does not feature rock
fragmentation modeling. This methodology uses a probabilistic approach and provides a reasonable
alternative for emergency scenarios in which data are limited.
The results indicated that the simulated trajectories for the upper level presented the highest
energy and longest runout distance, and the blocks could potentially reach the huts and sheds built at
the intermediate part of the slope. However, all simulated blocks would be stopped by the terraces
before reaching the original elements of the cultural heritage, as well as the urban area of Cortes de
Pallás. Nevertheless, despite the protective role that the old terraces play, the rockfall simulation
developed in the present work shows a hazardous situation in the cultural heritage area, in comparison
with that displayed in previous official studies (1991).
6. Conclusions
This manuscript presented an improved rockfall hazard evaluation for the Cortes de Pallás
urban area, using accurate input data in a 3D rockfall simulation. Data obtained during an
emergency declaration (a rockfall event that affected a hydroelectric power plant) in 2015 were utilized.
A numerical simulation was then carried out for the historical set of Moorish orchards of the Barranco
de la Barbulla, a hillside that overlooks the urban area of Cortes de Pallás.

Remote Sens. 2018, 10, 1923

17 of 20

According to the existing literature on the variability of conditioning factors for rockfall
simulations, the size of the detached block was considered to be a key factor in the improvement of 3D
rockfall simulation.
The geometric analysis of a 3D point cloud obtained from the processing of a set of photos
taken with the RPAS (SfM technique) identified the exposed discontinuities, from which the size of a
representative average block was determined. The size of this block was used within the RocPro3D
software to establish the maximum distances reached, as well as the distribution of velocities and
energies, for the rock detachments that could potentially affect the urban area of Cortes de Pallás.
Analysis of results showed that the simulated trajectories with longest distances traveled do not
endanger the village of Cortes de Pallás. Only three buildings located at the higher part of the terraced
hillslope could be reached in the case of future rockfall events.
This study demonstrated the utility of a fast and effective method for the (i) estimation of the
rock volumes susceptible to detachment, and (ii) delimitation, through simulations, of the endangered
elements in the area of interest. The works developed herein combined remote acquisition techniques,
such as SfM, and the application of a probabilistic simulation model, which reproduces the trajectories
of rock blocks, determining the velocities and energies.
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