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Coastal cliffs provide a high landscape value to many natural sites around the world. This means that an ever-
increasing number of people are attracted to them. At this point, there is a growing need to manage these
spaces from the safety of visitors, but with a view to preserving the environment. With this aim, this paper
presents an approach to analyze and manage instabilities in these environments, particularly those subjected to
significant anthropic activity, which has been implemented in the cliffs of the Basque Coast Geopark. The starting
point is a detailed topographic information, obtained from UAV flights, and the identification on site of unstable
elements, including their typology, active source areas, dynamics and reach. From this information, the simu-
lation of rockfall processes, which basically correspond to toppling and infinite slope instabilities favored by
differential erosion along the coastline, is approached in two and three dimensions. Results allow the design of
precise actions by sectors, according to the energy, height and reach of the detached blocks, including barriers,
middle slope actions, ditches and information strategies, depending on the different uses of the sectors. There-
fore, this approach leads to a more detailed and environmentally friendly management of these environments.

1. Introduction

Coastal cliffs are geological-geomorphological elements that give
rise to unique landscapes of high scientific, cultural and social value on
coasts around the world (Emery and Kuhn, 1982; Panizza, 2001;
Kubalikova, 2013; Kirchner and Kubalikova, 2013; Kirchner and
Kubalikova, 2015; Young, 2018). Defined as a steeply sloping surface
where elevated land meets the shoreline (Hampton and Griggs, 2004),
constitute about 80% of the world seashore (Emery and Kuhn, 1982).
Rising above the geological outcrops developed on a wave-cut platform,
upon beaches or directly over the sea (Trenhaile, 2010; Sunamura,
2015) are affected by different marine and subaerial processes (Alessio
and Keller, 2020), including waves (Young et al., 2011), groundwater
flow (Pierre and Lahousse, 2006), mechanical and chemical weathering
(Porter and Trenhaile, 2007) and rainfall (Collins and Sitar, 2007); while
acting as conditioning factors the cliff lithology (Sunamura, 1992), coast
geometry (Hampton and Griggs, 2004) and structural characteristics
(Duperret et al., 2004).
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Some of them are recognized and recognizable natural settings that
attract an increasingly large audience. A particularly significant
example of this situation is the Basque Coast Geopark (Geoparkea).

This protected area extends over 14 km from the eastern coast of the
Basque Country (northern Spain). It is dominated by cliffs, with outcrops
of high geological value, as evidenced by the award of two golden spikes
ratified in 2010 by the International Commission on Stratigraphy (ICS),
part of the International Union of Geological Sciences (IUGS). In
November 2010, it joined the European and Global Network of Geo-
parks, which brings together sites of international geological impor-
tance, managed with values of conservation, education and sustainable
development (Black and Gonggrijp, 1990; Brilha, 2002; Andrasanu,
2009; Henriques et al., 2011; Wimbledon and Smith-Meyer, 2012;
Brilha, 2018).

Within this protected environment, the most visited sectors are those
corresponding to the beaches of Itzurun and Algorri, together with the
cliffs around the village of Zumaia. Given that the Basque coast is pre-
dominantly erosive, these beaches attract significant summer tourism. In
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addition, cult films and series have been filmed in the area in recent
times, which has led to a significant increase in the number of visitors
throughout the year.

It is a natural environment of active dynamics, where coastal cliffs
evolve through gravitational processes, with the development of
different forms of instability, resulting in rockfalls (Canuti et al., 2009),
which is one of the most recurrent processes in coastal environments
(Rosser et al., 2005; Michoud et al., 2012).

In this context, the need arises to know in detail the evolutionary
processes that condition safety in the area. To this end, it is essential to
analyze the factors and conditions of their origin (Luckman, 2013;
Hernandez-Gutiérrez and Santamarta, 2015), with the aim of carrying
out specific risk management (Glade, 2003; Crosta and Agliardi, 2004;
Frattini et al., 2008, 2012). However, unlike usual slope engineering
projects, conservation and stabilization attempts in environments of
recognized natural and cultural value must not only address the damage
that may be generated, but also the need to maintain their natural
condition when intervening on the site (Guo et al., 2009; Margottini and
Vilimek, 2014; Morales et al., 2018).

The work therefore acquires a new complexity (Margottini et al.,
2016), since the measures and ways of acting must be effective, to solve
the problem; non-invasive, to preserve the original aspect of the site; and
feasible with the use of techniques that involve the protection and
development of the environment. The nature and purpose of these
measures can be completed with the recommendations of the ICOMOS
(2003), among which it can be highlighted that each intervention should
be proportional to the previously established safety objectives, and
limited to the minimum necessary to guarantee the safety and durability
of the property, with the least possible damage to the heritage values. An
additional recommendation would be that the actions be reversible. The
implementation of this approach in the study of instability processes
requires a detailed information about the terrain (Abellan et al., 2010;
Pham et al., 2016; Fanos and Pradhan, 2019) to develop precise simu-
lation and modeling analyzes (Dorren, 2003; Lan et al., 2007; Stoffel
et al., 2010; Keskin, 2013; Ansari et al., 2018), which will allow the
proposals for action to be adjusted to the dynamics of the environment
under study.

In our work, we seek to make progress in the recognition of insta-
bility processes in the Basque Coast Geopark (Geoparkea), which pre-
serves a natural environment including Itzurun and Algorri beaches,
with the aim of proposing environmentally friendly management stra-
tegies and protection measures in this protected area.
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2. Geoparkea study area

The Basque Coast Geopark (Geoparkea) is located in the Bay of
Biscay, to the west of the Pyrenees, and covers the villages of Deba,
Mutriku and Zumaia (Fig. 1) (https://geoparkea.eus/es/).

Geologically (Fig. 2), this Geopark is located in the so-called Basque-
Cantabrian basin (Feuillée and Rat, 1971; Ramirez del Pozo, 1973).
There, in a basin-bottom marine environment, thick sedimentary series
were deposited during the Lower Cretaceous - Eocene, characterized by
a persistent and well-defined stratification, with a great lateral conti-
nuity. During the Alpine Orogeny, these materials underwent a notable
deformation, giving rise to a mountainous relief that constitutes the
western continuation of the Pyrenean mountain range (Arz et al., 1992;
Baceta et al., 2012; Barnolas and Pujalte, 2004).

Specifically, the study area corresponds to the coastline between
Deba (Sakoneta) and Zumaia, where the geological record is practically
continuous from the Maastrichtian (Upper Cretaceous) to the Ypresian
(Lower Eocene). The subvertical arrangement of the flyschoid succes-
sions allows a precise analysis of them, which concluded with the award
of two golden spikes in 2010, a fundamental milestone for the declara-
tion of this space as part of the Global Geoparks Network. Both mile-
stones are located at the Itzurun beach (Zumaia). To the east of it, the
boundary between the Danian and the Selandian, associated with a drop
in sea level (Orue-Etxebarria et al., 2007; Arenillas et al., 2008; Bernaola
etal., 2009), is the first of the two strata marked with the “golden spike”.
Further to the northeast is the Itzurun Formation, in which the strato-
type for the Selandian-Thanetian boundary (golden spike), defined by an
inversion in the Earth’s magnetic field (Pujalte et al., 1995; Schmitz
et al., 1998; Schmitz et al., 2011), has also been awarded.

With respect to the hydrodynamic setting, the study area is exposed
to large storms and preferential winds from the NW, which develop
waves to SE orientation that dominate all the Basque Coast (Galparsoro
et al., 2010; Bilbao-Lasa et al., 2020). These waves rarely exceed 5 m
high, and the most habitual height is between 1 and 2 m for summer and
2-5 m for winter. The tidal wave is semi-diurnal and the main tidal
range along the Basque Coast is approximately 1.65 m on neap tides and
4.01 m on springs (REDMAR, 2005).

The current landscape is made up of coastal cliffs with heights of
between 30 and 70 m that stand out on a coastline dominated by the
current wave-cut platforms (Genna et al., 2005; Gonzalez-Amuchastegui
et al., 2005; Pedoja et al., 2014). Coastal dynamics condition that, in
areas protected from the action of waves and marine currents, beaches
such as the aforementioned Itzurun beach are developed (Bird, 2000;
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Fig. 1. Geographical context of the Basque Coast Geopark.
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Fig. 2. Sketch map of the main structural features of the Pyrenean belt (modified from Boillot and Capdevila, 1977) and geological map of the studied zone in the

Basque Coast Geopark (modified from Baceta et al., 2012).

Alvarez-Marrén et al., 2008; Gutiérrez-Elorza, 2008). These are, how-
ever, localized and scarce geomorphological elements, and hence they
concentrate notable summer tourism. This combination of landscape,
geological and leisure values, has led to a growing influx of general and
specialized tourism into the area, which is why the study of stability and
safety of the cliffs and their management in a high-value environment is
a challenge and a necessity.

3. Methodology
3.1. Detailed topographic information

The first phase of the work consisted of obtaining a detailed image of
the terrain, for which we acquired aerial imagery using a commercial
DJI Mavic Pro 2 drone or unmanned aerial vehicle (UAV). The UAV is
equipped with a 20 Megapixel digital compact camera with a fixed 28-
mm lens and we added a Reach M+ RTK (Real Time Kinematic) device
that was in continuous radio communication with a base EMLID Reach
RS+ station. This technique is widely used for topography, where a
single reference station provides corrections to a rover device in real
time, obtaining a submetric accuracy (Raquet and Lachapelle, 2001; Wu
et al., 2019; Valente et al., 2020).

The UAV was launched from the highest parts of the cliffs at 40 m
above launch points, and the survey plan, designed with the assistance
of a 1 m resolution LIDAR mosaic, provided a consistent flight altitude of
~80 m above sea level and a ground sampling distance (GSD) of ~3 cm
per pixel. Flights were planned with the flight planning software

Pix4Dcapture and the UAV flight speed was set to 6 m/s. For all flights,
the overlap of both front and side images was set to be 70%, although the
real overlap is supposed to be even larger because most of the modelled
terrain lies lower than the UAV launching points from the highest part of
the cliffs.

Photogrammetric outputs were calculated from images and camera
positions using Agisoft Metashape Professional v1.6.3 software (https
://www.agisoft.com/). Processing workflow and parameters were set
according to official Agisoft guidelines (Agisoft, 2018), and Structure
from Motion (SfM) algorithm was used to create the final dense point
cloud, from where the orthomosaics at 0.15 m resolution and geoid-
corrected Digital Terrain Models (DTMs) at 0.20 m resolution were
derived. The SfM technique is highly employed in the field of geo-
sciences (Westoby et al., 2012; Jing et al., 2017; Feurer and Vinatier,
2018), which allows obtaining a high-resolution data, capable of rep-
resenting a 2D to 3D object with a series of photographs from different
points of view (Tomas et al., 2016; Kim et al., 2018; Garrido-Carretero
et al., 2019; Zhang et al., 2020) (Fig. 3).

3.2. Identification of unstable elements

Instabilities are identified directly on site, through monthly visits
during the last 2 years, which were documented photographically.
Survey is completed, particularly in not accessible areas, with the im-
ages of the UAV. Fieldwork also includes the characterization of mate-
rials and discontinuity network that affect the rock mass. This network
gives rise to a structure of planes of weakness that determine the shape
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Fig. 3. Methodological flow chart.

and size of the unstable elements. Furthermore, their orientation with
respect to the cliffs determines the dynamics of the instabilities. Its
characterization includes the measurement of the orientation of the
discontinuity planes and their geomechanical characteristics (rough-
ness, filling, opening and spacing) (Fraternali, 2007; Zhang et al., 2018;
Kong et al., 2020). Based on these measurements, the different discon-
tinuity families of slope are established, and a kinematic analysis of
instabilities in stereographic projection is performed. In our case,
RocScience’s Dips.v.6.0. software (RocScience, 2013) is used to facili-
tate data processing. With this information, the types of instabilities,
active rockfall source areas, evolution and reach are defined.

At the same time, a specific recognition of the detached blocks was
carried out, which includes the collection of data on their weights and
morphologies, fall trajectories and reaches. The determination of
weights was done with two KAMER model dynamometers: one for rocks
up to 25 kg, with an accuracy range of +/— 20 g; the other for rocks up
to 150 kg, with an accuracy range of +/— 100 g. The size of the rocks
was obtained with a measuring tape that the same dynamometer in-
corporates. The weight and dimensional measurements were made on
the rocks deposited at the foot of the slope, along with the quantification
of the number of falls, their reach, the areas of influence and, where
observable, the entity of impacts. This section also included information
provided by technicians from the Geopark and the City Council.

3.3. Modeling and simulation of rockfalls

The evolution in the terrain of detached rock fragments is controlled
by the dissipation of their energy, which is usually approximated by two

coefficients (Pfeiffer and Bowen, 1989): the normal restitution coeffi-
cient (Ry), which indicated the degree of elasticity in a normal collision
with the slope; and the tangential restitution coefficient (Ry), which is a
measure of the resistance to the movement parallel to the slope. From
both parameters, and after establishing the impact angle, the resulting
velocity components can be obtained from the equations (Pfeiffer and
Bowen, 1989; Budetta and Santo, 1994; Spadari et al., 2013; Asteriou,
2018; Rebougas et al., 2019; Jiang et al., 2020; Li et al., 2020; Wang
et al., 2020):
Reflected normal velocity (vy, ,):

Vyi-Rn
Yy = — 2 @)

Vi
1+ ( 2 )
where

Vp, i = incident normal velocity,

K = empirical reference velocity.
Reflected tangential velocity(v;, ,)

R%-(I- 2 ;2 )-FF-SF
Vt.r\/ ( @D(1) +mv"v ) (2)

I+ m-R*

where
R = radius of the rock.
(1) = initial rotational velocity.
m = rock mass.
v;, i= initial tangential velocity.
FF = friction function.
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SF =scaling factor.
I = rock moment of inertia.
Considering the final rotational velocity (w(g)) as:

Vir
D) = ﬁ 3

With a friction function (FF), that considered the energy loose in the
collision:

1—-R
FF=——"T 4

2
12+ (—’fl '“’<“>

and a scaling factor (SF):

spo_ fr )

2
1 + (k;%n)

where k; and kg are empirical reference velocities.

3.3.1. Three-dimensional (3D) rockfall simulation

The rockfall simulation process was approached by using RocPro3D
software (RocPro3D, 2014). This software performs three-dimensional
simulations of individual trajectories from a Digital Terrain Model
(DTM), which is extracted from the three-dimensional point cloud
derived from the SfM processing. The same software allows the gener-
ation of a three-dimensional terrain mesh by triangulation. The mesh is
the basis on which the simulation of rockfall from the identified source
areas is carried out. From this simulation, analysis of parameters are
mapped onto the DTM, with individual cell sizes over 1 m.

The main advantage of this model, according to the comparative
study conducted by Li and Lan (2015), is that it allows the relief to be
considered in three dimensions, including the lateral evolution of the
trajectories in the simulation. On the contrary, it does not allow modi-
fications to the relief, since it works with the topographic information
obtained previously.

3.3.2. Two-dimensional (2D) rockfall simulation

Once the general 3D simulation process is completed, in those cases
where fall profile modification is considered, the process is studied
locally with RocScience’s RocFall software (RocScience, 2004). This
software allows performing individualized rockfall simulations (Frattini
etal., 2012; Dorren et al., 2013), based on the previously defined 3D fall
trajectories. In our approach the main advantage it brings, is that it
makes possible to vary the topographic profile (Li and Lan, 2015), and
thus, to observe its effect on the evolution of materials. In this 2D
simulation process, the topographic profiles previously generated by the
RocPro3D software (RocPro3D, 2014) were considered.

3.3.3. Validation of results and proposals for action

The results were ground-truthed with field observations, allowing to
check the similarities and differences between the observed data and the
simulated ones, and to adjust the calculation parameters of the models.

Once the detailed modeling of each reference area was achieved, and
the types of failure, their reach and energy were established, specific
actions to minimize the negative effects of rockfalls can be simulated. In
our work, we consider a combination of engineered and non-engineered
actions, depending on the uses and characteristics of the zone involved.
Thus, in the beach access zones, constructed elements (Volkwein et al.,
2011), as barriers at the bottom of the slope (Agliardi and Crosta, 2003;
Crosta and Agliardi, 2003; Agliardi et al., 2009; Crosta et al., 2015), are
complemented with quasi-natural protection measures, as middle slope
vegetation (Masuya et al., 2009; Chen et al., 2013) and collection
ditches (Lorentz et al., 2010; Lambert and Bourrier, 2013). In zones
where the cliff evolves directly to the beach, information campaigns,
complemented with panels and flyers are proposed, once the
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susceptibility map is established.
4. Results
4.1. Characterization of the instabilities in the study area

At Itzurun beach (sector 1, Fig. 4a), the general strata orientation, Sy:
80/010, is mainly perpendicular to the coastline (Fig. 4a, b), with steep
dips towards the northeast. The geological materials are arranged in
alternating layers of different competition (flysch sequences), with
Uniaxial Compressive Strength (UCS) values varying from 30 to 34 MPa
for limestone levels to 20-27 MPa for marls and 10-20 MPa for
calcareous and sandy siltstones (Morales et al., 2004).

Layers arrangement limits the development of the discontinuity
planes that affect the rock mass; in fact, only the stratification (Sp)
presents large developments (over 40 m), while the rest of the weakness
planes generally present developments of less than a meter. Specifically,
these are the families of joints J;: 70/285, oriented to the beach, and Jo:
20/110, oriented to the inside of the rock mass (Fig. 4a). This orientation
of discontinuities is in principle favorable to slope stability and makes
the instability processes to be limited, in general, to moderate falls of
rock fragments of small dimensions that evolve over J; (rock plane
failures, Table 1). However, differential erosion results in a succession of
headlands and inlets, of different dimensions, which give rise to two
types of secondary slopes. One, developed at the top of the most resistant
layers, with the same dip as the stratification (obverse), and the other on
the opposite side of the overhang (reverse). In the first case, the front of
the slope is the resistant stratum, in principle stable, although small
layer over layer slides with parallel slope and failure planes (infinite
slope type failures, Table 1) may develop. On the reverse side, the
resistant materials give rise to an overhanging slope that favors the
development of abundant rock fragment topplings (Table 1), which are
the main instability processes on the cliffs surrounding Itzurun beach.

To the south of Itzurun beach, differential erosion has given rise to a
sharply headland (sector 2, Fig. 4a, c) developed over competent ma-
terials. The erosive action of the waves has generated in its front some
characteristic arch morphologies that constitute one of the most recog-
nizable images of the Geopark. The general geological structure is
favorable to stability; however, in 2019, an infinite slope failure of a
stratum plate of 30 cm thickness and several meters of development has
been recorded.

Further south of the Itzurun beach, the small beach of Algorri (sector
3, Fig. 4a, d) draws a small inlet flanked by two cliffs that present the
typology of failures described for Itzurun. Nevertheless, in a more
erosive environment, the development of instabilities is of greater en-
tity. Thus, on the northern slope, where the K-Pg boundary is located,
the conditions for the development of topplings are very favorable and
the fall of blocks of moderate size is relatively frequent. In the southern
slope, developed at the top of a competent layer, an infinite slope failure
of similar dimensions to those of sector 2 has been recorded in 2018.

Finally, to the north of the Itzurun beach (sector 4: Itzurun Txiki,
Fig. 4e), the flyschoid sequence is similar to sector 1; the main difference
with the previous one is that it runs along a wave-cut platform, so the
base of the cliffs is of a highly erosive nature. Towards the north, the
series become marlier in general and the presence of a smaller number of
competent levels is a fundamental factor that determines the develop-
ment of massive breaks in Punta Marianton (Fig. 4e), which corresponds
to a complex movement (Varnes, 1978).

4.2. Analysis of rockfall at Itzurun beach

4.2.1. Characterization of instabilities

Once the general reconnaissance of the area had been carried out, the
work focused on the analysis of falls on the cliffs bordering Itzurun
beach (sector 1). This is the most visited area, as well as the one where
the accesses to the beach are located.
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Fig. 4. a) Sectors differentiated in the study area: b) Itzurun beach: corresponds to the area of the most use, where a large part of the summer tourism is concentrated;
¢) Archs: the beach is framed by spectacularly developed cliffs marked by the presence of large natural arches; d) Algorri beach: where the K/Pg boundary outcrops;
e) Punta Marianton: characterized by coastal cliffs over a wave-cut platform.
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Table 1
Typology and main characteristics of instabilities by sectors.
Dip DipDirection Type Recurrence” Size”
Sector 1 General slope 80 280 Rock Plane Moderate Small
Itzurun beach Obverse slope 75 030 Infinite Slope Low Medium
Reverse slope 50 200 Toppling Very high Medium
Sector 2 General slope 65 020 Infinite Slope Infrequent Extraordinary
Archs
Sector 3 North slope 70 010 Toppling High Large
Algorri beach South slope 75 240 Infinite Slope Infrequent Extraordinary
Sector 4 General slope 80 280 Rock Plane Moderate Small
Itzurun txiki Obverse slope 75 030 Infinite Slope Low Medium
PuntaMarianton Reverse slope 50 200 Toppling Very high Medium
South slope 80 190 Massive Slide Infrequent Extraordinary

2 Recurrence: Infrequent: less than 1 per more than 5 years; Very low: less than 10 per 1-5 years; Low: less than 10 per year; Moderate: less than 10 per month; High:

less than 10 per week; very high: more than 10 per week.

b Size: Small: <1 dm? Medium: 1-5 dm?; Large: 5-25 dm?; Very large: > 25 dm®; Extraordinary: several m®.

There, the origin areas of the rockfalls, or source areas, correspond to
the rocky outcrops of the front of the cliffs. The most active areas were
identified by fieldwork, determining their height, development, mate-
rials involved and landslide marks (Fig. 5a). At the bottom of the slope,
the number of accumulated blocks, their location, origin, reach, impact
and damage are identified (Fig. 5a).

This fieldwork also allows differentiating the paths followed by the
detached blocks. Thus, some blocks fall directly from the front of the cliff
to the bottom of the slope, defining an almost straight trajectory. The
most frequent rockfalls, however, start with a toppling from the sec-
ondary obverse slope and draw a more complex curved evolution to the
bottom of the slope.

Altogether, a total of 363 rocks were weighed in the accumulation
areas. A lower weight limit of 10 N is taken, which allows collecting the
elements of greater energy and reach, avoiding the measure of the
smaller elements. From this information, an overall bar diagram was
elaborated allowing to observe that most of the fragments have a weight
lower than 500 N, and 80% are lower than 100 N. Locally, blocks of
more than 5000 N were identified, which represent less than 0.01% of
the total (Fig. 5b). The smaller and consequently lighter fragments come
mainly from the siltstone layers of the series, while the larger materials
come from the more competent ones, which are limestones and marls.

In regards to the reach of the detached fragments, most of the falls
are of limited dimensions and the blocks remain accumulated at the foot
of the slope. However, some fragments evolve to the access area and to
the beach. Their reach, measured from the baseline of the slope, does not
exceed 10 m. They are precisely the problems associated with these falls
that make it necessary to analyze in detail their dynamics, reach and
energy, with a view to designing friendly interventions that prevent
damage without substantially disturbing the environment.

4.2.2. Modeling

For the detailed analysis of the detached blocks, the sector of Itzurun
beach has been divided into 8 zones (Fig. 5). In each of these, the evo-
lution of materials is simulated on the DTM obtained previously. In the
areas with a high number of fallen blocks, a statistical analysis of their
weight was carried out and the characteristic parameters of their dis-
tribution were obtained. As an example, in areas F and G, the blocks
coming from the most competent levels aforementioned, which present
greater size, energy and reach (Fig. 6), are adjusted to a normal distri-
bution, considering a lower limit of weight of 100 N. From this, the mean
and a superior characteristic value that includes the 95% of sample
weights were calculated (Bond and Harris, 2008). Specifically, in the
examples of Fig. 6, for a number of samples n = 54 and 70, the corre-
sponding characteristic weight values (tﬁ:”f/") are 824 N and 578 N,
respectively. In the areas with a smaller number of blocks, the simula-
tions have been carried out with the maximum-recorded sizes.

As for the characteristic parameters of the materials in the slope, they
are calibrated to reproduce the trajectories and reach of rock fragments

recognized in the fieldwork. In this approach, 4 types of terrains with
clearly differentiate mechanical response have been considered in the
modeling: flysch, beach, vegetation and access. Flysch is used for the
alternating layers of the series that constitute the rocky outcrops; beach
corresponds to the sandy zone, with high damping capacity; vegetation
is defined as the zone where the rocky outcrops are covered by different
types of flora that condition the development of the instability process;
finally, access represents pathways constructed with rigid elements.

The characteristic coefficients of restitution, rebound and friction
obtained from the adjustment process are shown in Table 2.

From these values, possible random deviations are considered,
following Gaussian distributions with the standard deviation values
predefined in the RocPro3D software (RocPro3D, 2014) (Table 2).

With the above-mentioned parameters of rock weight, source area
and zero initial speed, on the one hand, and those of the four terrains, on
the other hand, we launched 100 rockfall simulations per active source
area, obtaining a wide representation of trajectories.

For the whole sector, the maximum energy values were obtained in
zone G (Table 3, Figs. 5, 6 and 7), where 12 kJ were computed. In the
rest of the zones, except for zones A and F, where values of up to 5 kJ
were achieved, the maximum values were around 2 kJ (Table 3). The
maximum reaches were obtained in zones A and G, with values up to 10
m from the baseline of the slope (Fig. 7). In zones E and F, the current
presence of barriers limit the reach of rockfalls.

4.3. Mitigation measures

Unlike usual slope engineering projects, conservation and stabiliza-
tion efforts in environments of high landscape and environmental value
must not only deal with the damage that may be generated, but also with
the need to observe the principle of maintaining their natural condition
when intervening on the site (Guo et al., 2009).

In accordance with these criteria, the following main mitigation
measures are considered in the Basque Coast Geopark:

- Removing loose materials on the cliffs and slopes around the Itzurun
beach, with the elimination of unstable elements.

- Protection of the access area by means of barriers in the base or the
middle of the slope. The installation of semi-rigid barriers similar to
those already existing in zones E and F (Fig. 6) is considered the most
recommendable option. These are barriers built with wooden ele-
ments of 100 mm diameter, internally reinforced with corrugated
steel bars of 10 mm diameter, which have proved to be efficient for
blocks of up to 800 N, with impact energies of up to 5 kJ. In each
specific zone, barriers of different heights were tested to analyze
their capacity of fall interception with the 3D model (Fig. 8a). In
those stretches where high barriers (> 2 m) would be required,
retention elements at different levels of the slope (middle slope ac-
tions) were considered to limit rebounds (Fig. 8b). These actions may
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Fig. 5. Rockfall basic information: a) source areas, trajectories and reach of rockfalls at the Itzurun beach; b) bar diagram by weight of fell rocks.

correspond to barriers similar to those previously described or local with the 3D model, since it does not allow modifications of the relief,
plantations of shrubs that may favor rock retention in a natural way. so in this case 2D profiles extracted from the three-dimensional
Finally, in stretches where the terrain profile allows it, the barriers trajectories were considered (Fig. 8c).

were complemented with catch areas or benches at the base of the - Informative and preventive measures at the beach area, beyond the
slope. The effectiveness of these last measures cannot be verified general removing of loose materials on the cliffs. In this sense, local
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Table 2
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Terrain adjusted parameters and random deviations considering Gaussian distributions.

Factor Material Type Parameter Adjusted Value Prob. Gaussian (,0)
Terrain properties Flysch Sliding/Rolling Dynamic friction (k) 0.45 0.45, 0.045
Impact Normal Coefficient of restitution (Rn) 0.6 0.6, 0.011
Tangential Coefficient of Restitution (Rt) 0.9 0.9, 0.011
Lateral deviation (°) 0 0,10
Rebounds flattening (°) 0 0,1
Beach Sliding/Rolling Dynamic friction (k) 0.5 0.5, 0.036
Impact Normal Coefficient of restitution (Rn) 0.3 0.3, 0.012
Tangential Coefficient of Restitution (Rt) 0.8 0.8, 0.012
Lateral deviation (°) 0 0,5
Rebounds flattening (°) 0 0,1
Access Sliding/Rolling Dynamic friction (k) 0.6 0.6, 0.036
Impact Normal Coefficient of restitution (Rn) 0.6 0.6, 0.0125
Tangential Coefficient of Restitution (Rt) 0.8 0.8, 0.0125
Lateral deviation (°) 0 0, 8.75
Rebounds flattening (°) 0 0,1
Vegetation Sliding/Rolling Dynamic friction (k) 0.45 0.45, 0.045
Impact Normal Coefficient of restitution (Rn) 0.3 0.3, 0.012
Tangential Coefficient of Restitution (Rt) 0.8 0.6, 0.0125
Lateral deviation (°) 0 0,5
Rebounds flattening (°) 0 0,1
Table 3
Energy and reach of rockfalls by zones. In zones E and F the reach is limited for barriers.
Itzurun Zone A Zone B Zone C Zone D Zone E Zone F Zone g Zone H
Energy (kJ) 3-4 1.5-2.5 0.8-1 0.2 0.2 4-5 12 0.5
Reach (m) 8-10 3-5 3-5 1-2 Barrier Barrier 8-10 3-5
aEnergy (kJ) 59.17 h b 12
.12. 05 \
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Fig. 7. Individualized analysis of trajectories in the G zone of the Itzurun beach.

population is against taking engineered measures, a condition that is
shared by the managers.

Modeling allows the delimitation of rockfall reach with their energy,
enabling to establish the corresponding use recommendations. In our
case, we define a maximum reach area strip, surrounded by a 2 m pre-
ventive zone (Fig. 9). The 2 m preventive zone width corresponds to the
grid cell size used in the analysis maps. This information is communi-
cated to users by means of information panels, flyers, digital applica-
tions, warning signs and through maintenance personnel.

5. Discussion
The approaches for studying rockfall events are included in three

main categories (Shirzadi et al., 2012): empirical models based on re-
lationships between topography and rockfall reach; GIS-based models
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handling large amounts of geospatial information linked to the devel-
opment of rockfalls (Evans and Hungr, 1993; Guzzetti et al., 1999; Kaur
et al.,, 2018; Reichenbach et al., 2018; Depountis et al., 2020); and
process-based models describing the motion of falling rocks (Pfeiffer and
Bowen, 1989; Kobayashi et al., 1990).

Our work deals with the characterization and management of rock-
falls in coastal cliffs, where the source areas correspond to the rocky
outcrops of the front of the cliffs. The delimited spatial reach of the
processes, in a well-defined geomorphological element, facilitates both
obtaining direct field measures and simulations using high-resolution
digital terrain models. This leads us to use a process-based approach
to determine the maximum reach and energy of the detached rock
blocks. Direct information promotes an accurate recognition of the
susceptibility of the environment from which to establish appropriate
control and management measures.

Thus, 2-year field records completed with historical information
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allowed to approach the typology, frequency and entity of the rockfall
events in a similar way to rockfall inventories considered in previous
works (Bunce et al., 1997; Hungr et al., 1999; Volkwein et al., 2011). At
the Itzurun beach, results show (Fig. 5) that the general frequency dis-
tribution of rockfall volumes follows a classical power law (Dussauge-
Peisser et al., 2003; Hungr et al., 1999; Volkwein et al., 2011). By zones,
however, the distribution corresponding to the major blocks (up to 100
N) deposited at the base of the slopes fits a normal density function
(Fig. 6). These blocks are originated in the most competent layers of
limestones and marls where joint families generate a relatively sym-
metrical distribution. Rockfall typologies correspond mainly to top-
plings, with a minor representation of rock plane and infinite slope
instabilities.

Rockfall modeling is approached by 3D models. 3D numerical
modeling allows including geometrical and dynamic effects of the 3D
topography and taking into account the lateral dispersion generating 3D
trajectories, overcoming the limitations of 2D models (Volkwein et al.,
2011). In our work, a detailed digital terrain model obtained by UAV
with a precision of 20 cm is included in RocPro3D software (RocPro3D,
2014). In any case, when changes in the topography are considered the
2D Rocfall software is used (RocScience, 2004).

The first main objective of the modeling effort is to establish the
maximum reach and energy of falling blocks. With this aim, the block
size considered for design in each differentiated zone corresponds to the
95% of the blocks distribution (as superior characteristic value, Bond
and Harris, 2008), where information enough allows a statistical
approach, or maximum-recorded sizes if not. Referring to the materials
in the slope, 4 types of terrains with clearly differentiate mechanical
response were considered. Results were ground-truthed with field ob-
servations. In any case, this item presents field of improvement, since the
characteristic parameters of materials were obtained through adjust-
ment, and additional experimental determinations and a more detailed
characterization of the materials (i.e. based on rock mass classification
in the case of rocky outcrops, Hoek, 1994; Morales et al., 2004) will
enable us to verify and refine the results.

Once the susceptibility analysis is achieved, management and pro-
tection measures are proposed according with the reach and impact
energies. In this sense, the information on boulder velocity, jump heights
and spatial distribution is the basis for correct design and verification of
protective measures (Volkwein et al., 2011). The main limitation in the
design of these actions is the development of measures that are
harmonious with the environment, avoiding the negative public
perception that engineered works may bring (Touili et al., 2014; Ewalt
Gray et al., 2017). For the Itzurun beach, as the maximum energy values
computed where relative low, up to 12 kJ, protection measures in the
access zones include 1-2 m barriers, if necessary combined with middle
slope natural buffers, as rows of shrubs, and ditches. The effectiveness of
those actions can be approached from guides for standardized barriers (i.
e. Volkwein et al., 2019 for flexible systems). In any case, it is more
appropriate to maintain unique protective elements, such as existing
wooden barriers, whose effectiveness was verified after two events that
took place in May and August 2020, adjusting the predicted in this work
(Fig. 6a). For the beach sandy zones, at the request of population and
managers, not engineered management actions were proposed, but in-
formation and warnings of susceptibility.

6. Conclusions

The management of cliffs that all along worldwide coasts join a high
landscape and cultural value with a growing attraction of visitors re-
quires the development of specific characterization strategies to assess
their susceptibility to instabilities and implement friendly and mini-
mally invasive management strategies to ensure safety.

In this context, this paper deals with the problematic associated with
rockfalls in environments where the source areas correspond to the
rocky outcrops of the front of the cliffs. In these cases, detailed both
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topographic information and direct field characterization of rockfall
processes allow the development of detailed 3D models, from which to
establish susceptibility analysis defining the maximum reach and energy
of the detached blocks.

From this information, friendly management strategies may be pro-
posed, having the following priority objectives: to be effective, to solve
the problem; minimally invasive, to preserve the natural character of the
environment; proportional, in accordance with the established safety
objectives; and reversible, to guarantee the durability of the
environment.

This comprehensive approach has been proved in the Basque Coast
Geopark and can be useful in different spatially well-defined geomor-
phological environments, not necessarily coastal, with similar processes
of instability, particularly in cliff areas enclosing widely visited
environments.
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