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1. Introduccion

Entorno playero de la Costa Vasca: contexto de estudio
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1. Introduccion

Los acantilados costeros son elementos geoldgico-geomorfoldgicos que dan lugar a paisajes de
alto valor cientifico, cultural y social en costas de todo el mundo (Emery and Kuhn, 1982; Panizza,
2001; Young, 2018). Estos ambientes naturales presentan una dindmica particularmente activa,
en la que destacan los procesos gravitacionales, con el desarrollo de numerosas formas de
inestabilidad, que incluyen caidas de rocas y desprendimientos de distinta entidad y desarrollo
(Canuti et al., 2009; Westoby et al., 2020; Letortu et al., 2021) como procesos recurrentes

(Rosser et al., 2005; Lim et al., 2010; Michoud et al., 2012, Benjamin et al., 2020).

Esta realidad conlleva una elevada susceptibilidad al desarrollo de procesos de ladera, que
entronca con la necesidad de elaborar estudios que permitan introducir y evaluar estrategias de
gestién adecuadas (Jaboyedoff et al., 2012; Cevasco et al., 2013; Brandolini et al., 2018; Caputo
et al.,, 2018; Federici et al., 2019). Esta aproximacion requiere investigaciones de detalle
adaptadas a cada entorno, que tengan en cuenta su valor intrinseco, para el desarrollo de
acciones sostenibles en el actual contexto de cambio climatico global. En este sentido, su estudio
a través de modelizaciones tridimensionales probabilisticas (Bourrier et al., 2012; Wang et al.,
2014; Asteriou and Tsiambaos, 2018; Tang et al., 2021), con base en informaciones topograficas
de detalle (Baum and Godt, 2010; Basher et al., 2015) y el reconocimiento de los condicionantes
geoldgicos y geotécnicos de las inestabilidades (Okura et al., 2000; Dorren et al., 2004; Giacomini
et al., 2009; Spadari et al., 2012; Ma et al., 2021), permite contextualizar las caidas de rocas del

pasado, analizar las presentes, para elaborar modelos de previsién de futuro.

En el caso de los acantilados costeros que evolucionan hacia playas, vias de transito y
construcciones a pie de los taludes, las actuaciones a desarrollar requieren un enfoque de
protecciéon, conservacién y resiliencia (Andrasanu, 2009; Wimbledon and Smith-Meyer, 2012;

Brilha, 2018; Accastello et al., 2019; Castelle et al., 2019; Van der Meulen et al., 2022), que
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determina que la metodologia a aplicar adquiera una mayor complejidad (Margottini et al.,
2016). La estrategia de gestidn de los entornos costeros debe priorizar la intervencion minima
frente a acciones constructivas (Yepes et al., 2020), que habitualmente conllevan percepciones
negativas (Godschalk et al., 1999; Touili et al., 2014; Gray et al., 2017), minimizando el riesgo
mediante actuaciones proporcionales, ajustadas a cada proceso de inestabilidad (Alejano et al.,
2007; Hu et al., 2021; Sarro et al., 2021; Bozdag, 2022; Howard and Abbruzzese, 2022). Ademas,
en los ultimos afos se busca avanzar en dindmicas de investigacién con el enfoque de las
denominadas Nature-Based Solutions (NBSs), cuya finalidad es trabajar con soluciones
adaptadas localmente, que sean eficientes en la utilizacion de los recursos y holisticas,
proporcionando beneficios ambientales, sociales y econdmicos (Cecchi, 2015; Sarabi et al., 2019;

Villegas-Palacio et al., 2020; Kumar et al., 2021; Solheim et al., 2021; Vojinovic et al., 2021).

En este contexto, la presente investigacién se ha desarrollado en entornos de alto valor
reconocido de los litorales de la Costa Vasca y en Portofino (Costa de Liguria). Inicialmente, se
seleccionaron como marco de trabajo la playa de Itzurun (Zumaia) en el Geoparque de la Costa
Vasca (capitulo I); la playa de Atxabiribil en Sopelana en el marco de la zona protegida del Flysch
de Bizkaia (capitulo Il) y las Galerias Punta Begofia en Getxo (capitulo Ill), en un entorno de
notable relevancia cultural y patrimonial. Seguidamente, se desarrollaron dos investigaciones
complementarias, una en la playa de Barinatxe de Sopelana (capitulo IV) y otra en las bahias de
San Fruttuoso y Paraggi, de la Costa de Liguria, Italia, que ha permitido avanzar en la

internacionalizacién de la investigacion (capitulo V).

En el caso de la Costa Vasca, que se considera en los capitulos I, I, Il y IV, las investigaciones
tienen un caracter complementario, en espacios costeros con procesos de inestabilidad de alta
recurrencia y una gestién comprometida debido a su elevado uso. Este litoral incluye un total

de 32 Lugares de Interés Geoldgico (Geosites, LIGs) y dos espacios de especial relevancia
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geoldgica y medioambiental: el Geoparque de la Costa Vasca y el Flysch de Bizkaia. En la
actualidad, toda la franja costera esta protegida en su conjunto como “area de especial

|”

proteccién y mejora ambiental” de acuerdo con el “Plan Territorial Sectorial de Proteccion y

IM

Ordenacién del Litoral” del Gobierno Vasco (Decreto 43/2007). De esta forma, las estrategias de
gestion a desarrollar deben garantizar los valores naturales y patrimoniales del espacio original,

lo que hace necesario un conocimiento de detalle de los procesos dindmicos para su disefio.

En el Parque Natural de Portofino, considerado en el capitulo V, la investigacién se ha
desarrollado sobre un territorio protegido desde el afio 1935, con la creacién de la figura de
Parque Natural. Desde 1995, la zona es gestionada por la autoridad del propio parque, que
definié en el afio 1999 el Area Marina Protegida de Portofino, lo que es un valor afiadido de cara
al desarrollo de gestiones medioambientalmente sostenibles. Por ultimo, en el afio 2017 se
establecid la figura de Portofino como Parque Nacional, lo que eleva su categoria desde el punto

de vista de la proteccién y conservacion de su estado natural.

En todos los casos, los sectores estudiados destacan como espacios naturales con una alta
susceptibilidad al desarrollo de caida de rocas, que suponen un riesgo para el gran nimero de
visitantes que acuden a ellos cada afio y sus infraestructuras. Es por ello que existe una creciente
necesidad de gestionar estos espacios desde un punto de vista medioambientalmente
sostenible, utilizando herramientas: efectivas, para resolver el problema; minimamente
invasivas, para preservar el caracter natural del entorno; proporcionales, de acuerdo con los

objetivos de estabilidad establecidos; y reversibles, para garantizar la durabilidad del medio.

Los estudios pormenorizados realizados en cada caso permiten disefiar y contrastar
aproximaciones de investigacién y estrategias de gestién especificas para cada entorno:
actuaciones locales constructivas con una alta componente natural (medidas mixtas: capitulos |

y V), soluciones de base natural (capitulos Il y IV), y acciones de educacion, sefializacion y
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prevencion (capitulos I, II, 1ll, IV y V). En el caso de Punta Begofia, se consideran, en un entorno
construido, un seguimiento en continuo para orientar actuaciones proporcionales en un

elemento patrimonial singular (medidas constructivas: capitulo Il1).

En conjunto, la aproximacion conceptual, metodoldgica y de andlisis desarrollada en esta tesis
permite avanzar en el desarrollo de estrategias de gestion especificas en entornos de alto valor
medioambiental, cultural y paisajistico frente a riesgos geoldgicos, que han sido validadas en
cuatro entornos de la Costa Vasca y uno de la Costa de Liguria, y que puede ser ampliada y

adaptada a otros entornos, no solo litorales.

1.1 Introduction

Coastal cliffs are geological-geomorphological features that give rise to landscapes of high
scientific, cultural and social value on coasts around the world (Emery and Kuhn, 1982; Panizza,
2001; Young, 2018). These natural environments present particularly active dynamics, in which
gravitational processes stand out, with the development of numerous forms of instability,
including rockfalls and landslides of different entity and development (Canuti et al., 2009;
Westoby et al., 2020; Letortu et al., 2021) as recurrent processes (Rosser et al., 2005; Lim et al.,

2010; Michoud et al., 2012, Benjamin et al., 2020).

This reality entails a high susceptibility to the development of slope processes, which connects
with the need to develop studies that allow the introduction and evaluation of appropriate
management strategies (Jaboyedoff et al., 2012; Cevasco et al., 2013; Brandolini et al., 2018;
Caputo et al., 2018; Federici et al., 2019). This approach requires detailed investigations adapted
to each environment, which take into account their intrinsic value, for the development of
sustainable actions in the current context of global climate change. In this sense, its study
through probabilistic three-dimensional modeling (Bourrier et al., 2012; Wang et al., 2014;

Asteriou and Tsiambaos, 2018; Tang et al., 2021), based on detailed topographic information



Andlisis de inestabilidades en acantilados costeros del Pais Vasco y Liguria

(Baum and Godt, 2010; Basher et al., 2015) and the recognition of the geological and
geotechnical constraints of instabilities (Okura et al., 2000; Dorren et al., 2004; Giacomini et al.,
2009; Spadari et al., 2012; Ma et al., 2021), allows contextualizing past rockfalls, analyzing the

present ones, in order to elaborate future forecast models.

In the case of coastal cliffs that evolve into beaches, walkways and constructions at the foot of
slopes, the actions to be developed require a protection, conservation and resilience approach
(Andrasanu, 2009; Wimbledon and Smith-Meyer, 2012; Brilha, 2018; Accastello et al., 2019;
Castelle et al., 2019; Van der Meulen et al., 2022), which determines that the methodology to
be applied acquires greater complexity (Margottini et al., 2016). The management strategy for
coastal environments should prioritize minimal intervention over constructive actions (Yepes et
al., 2020), which usually entail negative perceptions (Godschalk et al., 1999; Touili et al., 2014;
Gray et al., 2017), minimizing risk through proportional actions, adjusted to each instability
process (Alejano et al., 2007; Hu et al., 2021; Sarro et al., 2021; Bozdag, 2022; Howald and
Abbruzzese, 2022). In addition, in recent years, research dynamics have sought to advance with
the approach of the so-called Nature-Based Solutions (NBSs), whose purpose is to work with
locally adapted solutions that are efficient in the use of resources and holistic, providing
environmental, social and economic benefits (Cecchi, 2015; Sarabi et al., 2019; Villegas-Palacio

et al,, 2020; Kumar et al., 2021; Solheim et al., 2021; Vojinovic et al., 2021).

In this context, the present research has been developed in environments of high-recognized
value of the coastlines of the Basque Coast and in Portofino (Ligurian Coast). Initially, the Itzurun
beach (Zumaia) in the Basque Coast Geopark (chapter 1); the Atxabiribil beach in Sopelana within
the protected area of the Flysch of Bizkaia (chapter Il) and the Punta Begofia Galleries in Getxo
(chapter Ill), in an environment of remarkable cultural and patrimonial relevance, were selected

as a frame of work. Then, two complementary researches were developed, one in the Barinatxe
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beach of Sopelana (chapter IV) and another one in the bays of San Fruttuoso and Paraggi, in the
Ligurian Coast, Italy, which has allowed advancing in the internationalization of the research

(chapter V).

In the case of the Basque Coast, which is considered in chapters |, II, lll and IV, the research has
a complementary character, in coastal areas with highly recurrent instability processes and a
compromised management due to its high use. This coastline includes a total of 32 Sites of
Geological Interest (Geosites, LIGs) and two areas of special geological and environmental
relevance: the Basque Coast Geopark and the Biscay Flysch. At present, the entire coastal strip
is protected as a whole as an "area of special protection and environmental improvement" in
accordance with the Basque Government's "Sectorial Territorial Plan for the Protection and
Management of the Coast" (Decree 43/2007). Thus, the management strategies to be developed
must guarantee the natural and heritage values of the original space, which makes detailed

knowledge of the dynamic processes necessary for their design.

In the Portofino Natural Park, considered in chapter V, research has been carried out in a
protected territory since 1935, with the creation of the Natural Park status. Since 1995, the area
has been managed by the park authority itself, which defined in 1999 the Portofino Marine
Protected Area, which is an added value for the development of environmentally sustainable
management. Finally, in 2017 the figure of Portofino was established as a National Park, which

raises its status from the point of view of protection and conservation of its natural state.

In all cases, the sectors studied stand out as natural areas with a high susceptibility to the
development of rockfalls, which pose a risk to the large number of visitors who visit them each
year and their infrastructures. For this reason, there is a growing need to manage these areas
from an environmentally sustainable point of view, using tools that are: effective, to solve the

problem; minimally invasive, to preserve the natural character of the environment;
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proportional, in accordance with the established stability objectives; and reversible, to

guarantee the durability of the environment.

The detailed studies carried out in each case allow us to design and contrast research
approaches and specific management strategies for each environment: local constructive
actions with a high natural component (mixed measures: chapters | and V), nature-based
solutions (chapters Il and V), and education, signaling and prevention actions (chapters |, II, IlI,
IV and V). In the case of Punta Begofia, in a built environment, continuous monitoring is
considered to guide proportional actions in a singular heritage element (constructive measures:

chapter Ill).

Overall, the conceptual, methodological and analytical approach developed in this thesis allows
to advance in the development of specific management strategies in environments of high
environmental, cultural and landscape value against geological hazards, which have been
validated in four environments of the Basque Coast and one of the Ligurian Coast, and that can

be extended and adapted to other environments, not only coastal.

1.2 Sarrera

Itsaslabarrak elementu geologiko-geomorfologikoak dira, eta balio zientifiko, kultural eta sozial
handiko paisaiak sortzen dituzte mundu osoko kostaldeetan (Emery and Kuhn, 1982; Panizza,
2001; Young, 2018). Ingurune natural horiek dinamika bereziki aktiboa dute. Bertan, grabitazio-
prozesuak nabarmentzen dira, ezegonkortasun-forma ugari garatuz; besteak beste, arroka-
erorketak eta bestelako garrantzia eta garapena duten lur-jausiak (Canuti et al., 2009; Westoby
et al., 2020; Letortu et al., 2021) errepikapen handiko prozesu gisa (Rosser et al., 2005; Lim et al

2010).
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Errealitate horrek ezegonkortasun-prozesuak garatzeko suszeptibilitate handia dakar, eta
horrek lotura du kudeaketa-estrategia egokiak sartu eta ebaluatzeko azterlanak egiteko
beharrarekin (Jaboyedoff et al., 2012; Cevasco et al., 2013; Brandolini et al., 2018; Caputo et al.,
2018; Federici et al., 2019). Hurbilketa horrek ingurune bakoitzera egokitutako xehetasun-
ikerketak eskatzen ditu, haien berezko balioa kontuan hartuko dutenak, egungo klima-aldaketa
globalaren testuinguruan ekintza iraunkorrak garatzeko. Alde horretatik, hiru dimentsioko
modelizazio probabilistikoen bidez aztertzea (Bourrier et al., 2012; Wang et al., 2014; Asteriou
and Tsiambaos, 2018; Tang et al., 2021), informazio topografiko zehatzetan oinarrituta (Baum
and Godt, 2010; Basher et al., 2015) eta ezegonkortasunen baldintzatzaile geologiko eta
geoteknikoak aintzat hartuta (Okura et al., 2000; Dorren et al., 2004; Giacomini et al., 2009;
Spadari et al., 2012; Ma et al., 2021), iraganeko arroken erorketak kokatzeko, gaur-egunekoak

aztertzeko eta etorkizuneko gertakizunentzako aurreikuspen-modeloak garatuz.

Hondartzetarantz, igarobideetarantz eta ezponden oinetara doazen itsaslabarren kasuan, egin
beharreko jarduerek babes, kontserbazio eta erresilientzia ikuspegia eskatzen dute (Andrasanu,
2009; Wimbledon and Smith-Meyer, 2012; Brilha, 2018; Accastello et al., 2019; Castelle et al.,
2019; Van der Meulen et al.,, 2022), aplikatu beharreko metodologia konplexuagoa izatea
zehazten duena (Margottini et al., 2016). Kostaldeko inguruneak kudeatzeko estrategiak
lehentasuna eman behar dio eraikuntza minimoko ekintzei (Yepes et al., 2020); beste ekintza
konstruktibo horiek, normalean, pertzepzio negatiboak dakartzate eta (Godschalk et al., 1999;
Touili et al.,, 2014; Gray et al.,, 2017). Edonola, arriskua minimizatu egin behar da,
ezegonkortasun-prozesu bakoitzari egokitutako jarduera proportzionalen bidez (Alejano et al.,
2007; Hu et al., 2021; Sarro et al., 2021; Bozdag, 2022; Howald and Abbruzzese, 2022). Gainera,
azken urteotan ikerketa-dinamiketan aurrera egin nahi da, Naturan Oinarritutako Irtenbideak
(NBSs) direlakoen ikuspegiarekin, zeinen helburuak lokalki moldatutako konponbideekin lantzea

diren, baliabidetan eraginkorrak eta holistikoak, onurak ingurumenean, sozietatean eta

10
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ekonomian eskaintzen dituztenak (Cecchi, 2015; Sarabi et al., 2019; Villegas-Palacio et al., 2020;

Kumar et al., 2021; Solheim et al., 2021; Vojinovic et al., 2021).

Testuinguru horretan, ikerketa hau Euskal Kostaldeko eta Portofinoko (Liguriako Kostaldea)
balio handiko inguruneetan garatu da. Hasieran, Itzurungo (Zumaia) hondartza aukeratu zen lan-
esparru gisa, Euskal Kostaldeko Geoparkean (l. kapitulua); Sopelanako Atxabiribil hondartza,
Bizkaiko Flyscharen gune babestuaren esparruan (ll. kapitulua), eta Getxoko Punta Begofia
galeriak (Ill. kapitulua), kultura- eta ondare- garrantzi handiko ingurunean. Ondoren, bi ikerketa
osagarri egin ziren, bata Sopelako Barinatxeko hondartzan (IV. kapitulua) eta bestea Liguriako
Kostako San Fruttuoso eta Paraggi badietan, ikerketaren nazioartekotzean aurrera egiteko

aukera eman duena (V. kapitulua).

Euskal Kostaren kasuan L., II., Ill. eta IV. kapituluetan aipatzen da, eta ikerketa osagarriak dira,
errekurrentzia handiko ezegonkortasun-prozesuak eta kudeaketa konprometitua dituzten
kostaldeko eremuetan, asko erabiltzen direlako. Itsasertz horretan, interes geologikoko 32 leku
(geositeak, GlLak) eta garrantzi geologiko eta ingurumeneko bereziko bi gune daude: Euskal
Kostaldeko Geoparkea eta Bizkaiko Flyscha. Gaur egun, itsasertzeko zerrenda osoa “ingurumena
babesteko eta hobetzeko eremu berezi” gisa babestuta dago, Eusko Jaurlaritzaren “Itsasertza
Babesteko eta Antolatzeko Lurralde Plan Sektorialaren” arabera (43/2007 Dekretua). Horrela,
garatu beharreko kudeaketa-estrategiek jatorrizko espazioaren natura- eta ondare-balioak
bermatu behar dituzte, eta, horretarako, beharrezkoa da prozesu dinamikoak xehetasunez

ezagutzea, ahalik eta hoberen diseinatzeko.

Portofinoko Parke Naturalean (V. kapituluan aztertzen da), 1935az geroztik Parke Naturala den
babestutako lurralde batean egin da ikerketa. 1995az geroztik, parkeko bertako agintaritzak
kudeatzen du eremua; 1999an Portofinoko Itsas Eremu Babestua definitu zuen, eta hori balio

erantsia da ingurumenaren aldetik iraunkorrak diren kudeaketak garatzeko. Azkenik, 2017an

11
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Portofinoren irudia ezarri zen Parke Nazional gisa, eta horrek bere kategoria handitu du bere

egoera naturalaren babes eta kontserbazioaren ikuspuntutik.

Kasu guztietan, aztertutako sektoreak arrokak erortzeko joera handia duten naturgune gisa
nabarmentzen dira, eta horrek arriskuan jartzen ditu urtero haietara joaten diren bisitariak eta
haien azpiegiturak. Hori dela eta, gero eta beharrezkoagoa da eremu horiek ingurumenaren
aldetik iraunkorra den ikuspegitik kudeatzea, tresna eraginkorrak erabiliz arazoa konpontzeko;
gutxienezko inbasibotasuna daukatenak, ingurunearen izaera naturala babesteko;
proportzionalak, ezarritako egonkortasun-helburuen arabera; eta itzulgarriak, ingurunearen

iraunkortasuna bermatzeko.

Kasu bakoitzean egindako azterketa espezifikoek aukera ematen dute ingurune bakoitzerako
ikerketa-hurbilketak eta kudeaketa-estrategia espezifikoak diseinatzeko eta kontrastatzeko:
osagai natural handiko tokiko jarduerak (neurri mistoak: I. eta V. kapituluak), oinarri naturaleko
irtenbideak (ll. eta IV. kapituluak), eta hezkuntza-, seinaleztapen- eta prebentzio-ekintzak (l., II.,
lll., IV. eta V. kapituluak). Punta Begofaren kasuan, eraikitako inguru batean etengabeko
jarraipena egiten da, ondare elementu berezi batean jarduera proportzionalak bideratzeko

(eraikuntza neurriak: IIl. kapitulua).

Oro har, tesi honetan garatutako kontzeptu-, metodologia- eta analisi-hurbilketak aukera
ematen du ingurumen-, kultura- eta paisaia-balio handiko inguruneetan kudeaketa-estrategia
espezifikoak garatzeko, arrisku geologikoen aurrean. Estrategia horiek Euskal Kostaldeko lau
ingurunetan eta Liguriako Kostako batean balioztatu dira, eta beste ingurune batzuetara zabal

eta egoki daitezke, ez itsasertzera bakarrik.
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2. Contexto e interés
global de la investigacion

Nube de puntos del entorno de la ermita de San Telmo (Zumaia)
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2. Contexto e interés global de la investigacion

Las costas rocosas representan alrededor del 75-80% de los litorales del mundo (Emery and
Khun, 1982; Sunamura, 1992), dando lugar a paisajes Unicos de alto valor cientifico, cultural y
social (Panizza, 2001; Kubalikovd, 2013; Kirchner and Kubalikova, 2013; Kirchner and Kubalikov3,
2015; Young, 2018), entre los que destacan los acantilados que se elevan sobre las plataformas
intermareales, sobre playas o directamente sobre el mar (Trenhaile, 2010; Sunamura, 2015). Se
trata de entornos particularmente activos, afectados por procesos marinos y ambientales, en
los que la geometria costera, la litologia de los materiales y sus caracteristicas estructurales,
actuan como significativos factores condicionantes de su evolucidn (Sunamura, 1992; Duperret

et al., 2004; Hampton and Griggs, 2004).

El interés por su investigacion ha aumentado principalmente en los uUltimos afios (Naylor et al.,
2010), a medida que su ocupacién y uso han generado un problema de creciente magnitud

(Moore and Griggs, 2002) entre la actividad humana y los procesos de inestabilidad.

En este contexto, en las ultimas décadas, un elevado nimero de trabajos de investigacion han
avanzado en el estudio del desarrollo de inestabilidades y la medicidn del retroceso de la linea
de costa (Epifanio et al., 2013; Prémaillon et al., 2018; Dominguez-Cuesta et al., 2020; Cuervas-
Mons et al., 2021; Dominguez-Cuesta et al., 2022) desde un punto de vista eminentemente

evolutivo.

Otro enfoque prioritario se centra en el analisis de los procesos de caida de rocas desde los
acantilados rocosos (Gibb, 1978; Rosser et al., 2007; Hapke et al., 2009; Whadcoat et al., 2017),
en vistas a la gestidon de riesgos. En este sentido, estos procesos suelen ser extremadamente
rapidos (Corominas et al., 2017), y la capacidad de reaccidn para evitar sus dafios es limitada

(Volkwein et al., 2011), por lo que la actuacién mediante medidas preventivas se muestra como
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particularmente recomendable. En este sentido, clasicamente se ha trabajado con
intervenciones de regulacién y planificacion de usos del suelo y medidas estructurales como
muros, cunetas de recogida y barreras, con el fin de aumentar el nivel de proteccion (Holub and
Hibl, 2008; Moos et al., 2018; Accastello et al., 2019). Los aspectos negativos de estas medidas,
como los elevados costes de construccion y mantenimiento que conllevan y el impacto
ambiental y estético que suponen (Godschalk et al., 1999; Touili et al., 2014; Gray et al., 2017),
ha llevado a una creciente busqueda de medidas no estructurales menos invasivas (Li and
Eddleman, 2002; Cruz, 2007; Lacambra et al., 2008), combinadas con estrategias de prevencion,
alerta y educacién basadas en analisis detallados del terreno (Baum and Godt, 2010; Basher et

al., 2015).

El interés de estos trabajos ha hecho que la produccidn cientifica en temas relacionados con las
caidas de rocas haya experimentado una evolucion exponencialmente creciente en el tiempo.
Asi, mientras entre los afios 1975 y 2001 se registran sobre una centena de publicaciones, en el
periodo de 2002 a 2016 se alcanzan practicamente las 500 publicaciones, con una media de
33.13 documentos al afio, y la tendencia se consolida, como un punto fundamental del estudio
sobre riesgos geoldgicos, con mas de 200 publicaciones entre 2017 y 2019 (Briones-Bitar et al.,
2020). La curva de evolucién de las publicaciones presenta un ascenso evidente (Figura 1), que
se ve favorecido por el desarrollo de nuevas tecnologias de adquisicion y analisis de la
informacién (Sarro et al., 2018; Zabota and Kobal, 2020; Akin et al., 2021), la consideracion de
nuevos enfoques de proteccién mas sostenibles (Masuya et al., 2009; Chen et al., 2013) y la
valoracion de la influencia del cambio climatico en el proceso (Bodin et al., 2015; Gallach et al.,

2020).
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Figura 1. Produccion cientifica de articulos de caida de rocas. Ajustes de las lineas de tendencia lineales y
exponenciales para el nimero de publicaciones (Briones-Bitar et al., 2020)

En cuanto a las estrategias de obtencidon de imagenes, existe una amplia gama de técnicas de
trabajo complementarias que permiten documentar geométrica y visualmente la realidad fisica
con gran detalle, rapidez y precision (Margottini et al. 2015; Themistocleous and Danezis, 2019);
incluyendo el uso del laser escaner terrestre (TLS) o aerotransportado (ALS) para obtener
imagenes LiDAR, la interferometria satelital (InSAR) y de radar terrestre (GB-InSAR), o imagenes
fotogramétricas obtenidas mediante vehiculo aéreo tripulado, no tripulado (VANT) y sobre el

terreno (Colomina and Molina 2014; Tang et al. 2016).

El alcance, precision-resolucion y capacidades de estos equipos en continuo desarrollo,
permiten una caracterizacion y seguimiento del terreno a distintas escalas (Collins and Sitar
2008; Jaboyedoff et al., 2012; Abellan et al.,, 2014), resultando particularmente utiles en

entornos inestables (Williams et al., 2018; Gilham et al., 2019; Guerin et al., 2020).
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A partir de esta informacién se obtienen imagenes detalladas del terreno, que una vez
georreferenciadas pueden ser utilizadas para obtener, a partir de las nubes de puntos obtenidas,
modelos tridimensionales del terreno en formato rdster que pueden ser combinados con otras
informaciones de distinta naturaleza mediante Sistemas de Informacién Geografica (SIG) (Adam

et al., 2002; Bruyninx et al., 2019), y son la base para el desarrollo de los modelos de simulacion.

En el caso de caida de rocas, las modelizaciones permiten el andlisis de trayectorias a escala
bidimensional (Azzoni et al., 1995; Chen et al., 2013; Keskin, 2013) y tridimensional, incluyendo,
en este caso, la evaluacion de energia, evolucidn lateral y alcance de los desprendimientos (Li
and Lan, 2015; Margottini et al., 2015; Sarro et al., 2018; Akin et al., 2021), tanto a escala regional
(Antoniou, 2013; Fanos and Pradhan, 2016) como local (Gigli et al., 2014; Sarro et al., 2018;

Fanos and Pradhan, 2019; Sala et al., 2019).

Estos seguimientos pueden ser complementados con redes de control geotécnico ubicadas in
situ, que permiten, en el caso de movimientos extremadamente lentos (Greif et al., 2006),
seguimientos en continuo de alta precisién. La principal limitacion de estos dispositivos es su
establecido alcance espacial (Zhu et al. 2017; Themistocleous et al. 2018), mientras que su
principal ventaja es que permiten el registro directo y continuo del desplazamiento en escalas

de corto y largo plazo.

Esta informacién de detalle es la base para el desarrollo de estrategias de gestion de espacios
de alto valor natural, paisajistico y social, mas sostenibles y proporcionales a sus caracteristicas
especificas. En este sentido, en los ultimos tiempos, han aumentado los esfuerzos para abordar
los desafios ambientales, sociales y econdmicos a través de lo que se conoce como soluciones
basadas en la naturaleza (NBSs). Aunque existe una amplia gama de definiciones de las NBSs
(Sarabi et al., 2019; Solheim et al., 2021), la Comision Europea (Cecchi, 2015) las identifica como:

"Soluciones que se inspiran y apoyan en la naturaleza, que son rentables, proporcionan
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simultdneamente beneficios ambientales, sociales y econdmicos y ayudan a crear resiliencia.
Dichas soluciones aportan mas naturaleza, caracteristicas y procesos naturales a las ciudades,
los paisajes terrestres y marinos, a través de intervenciones adaptadas localmente, eficientes en

cuanto a recursos y sistémicas".

2.1 Context and overall research interest

Rocky coasts represent about 75-80% of the world's shorelines (Emery and Khun, 1982;
Sunamura, 1992), giving rise to unique landscapes of high scientific, cultural and social value
(Panizza, 2001; Kubalikova, 2013; Kirchner and Kubalikova, 2013; Kirchner and Kubalikova, 2015;
Young, 2018), among which cliffs rising over wave-cut platforms, over beaches or directly over
the sea stand out (Trenhaile, 2010; Sunamura, 2015). These are particularly active
environments, affected by marine and environmental processes, in which the coastal geometry,
the lithology of the materials and their structural characteristics, act as significant conditioning

factors in their evolution (Sunamura, 1992; Duperret et al., 2004; Hampton and Griggs, 2004).

Interest in their research has mainly increased in recent years (Naylor et al., 2010), as their
occupation and use have generated a problem of increasing magnitude (Moore and Griggs,

2002) between human activity and instability processes.

In this context, in the last decades, a high number of research works have advanced in the study
of the development of instabilities and the measurement of shoreline retreat (Epifanio et al.,
2013; Prémaillon et al.,, 2018; Dominguez-Cuesta et al., 2020; Cuervas-Mons et al., 2021;

Dominguez-Cuesta et al., 2022) from an eminently evolutionary point of view.

Another priority approach focuses on the analysis of rockfall processes from rocky cliffs (Gibb,
1978; Rosser et al., 2007; Hapke et al., 2009; Whadcoat et al., 2017), in view of risk management.

In this sense, these processes are usually extremely fast (Corominas et al., 2017), and the
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reaction capacity to avoid their damage is limited (Volkwein et al., 2011), so that action through
preventive measures is shown to be particularly advisable. In this sense, classically, work has
been done with regulatory and land use planning interventions and structural measures such as
walls, collection ditches and barriers, in order to increase the level of protection (Holub and
Hibl, 2008; Moos et al., 2018; Accastello et al., 2019). The negative aspects of these measures,
such as the high construction and maintenance costs involved and the environmental and
aesthetic impact they entail (Godschalk et al., 1999; Touili et al., 2014; Gray et al., 2017), led to
a growing search for less invasive non-structural measures (Li and Eddleman, 2002; Cruz, 2007,
Lacambra et al., 2008), combined with prevention, warning and education strategies based on

detailed field analysis (Baum and Godt, 2010; Basher et al., 2015).

The interest of these works has led to an exponentially increasing evolution of the scientific
production in topics related to rockfalls over time. Thus, while between the years 1975 and
2001 around a hundred publications are recorded, in the period from 2002 to 2016 almost 500
publications are reached, with an average of 33.13 papers per year, and the trend is
consolidated, as a fundamental point of the study on geological hazards, with more than 200
publications between 2017 and 2019 (Briones-Bitar et al., 2020). The evolution curve of
publications shows an evident ascent (Figure 1), which is favored by the development of new
information acquisition and analysis technologies (Sarro et al., 2018; Zabota and Kobal, 2020;
Akin et al., 2021), the consideration of new and more sustainable protection approaches
(Masuya et al., 2009; Chen et al., 2013) and the assessment of the influence of climate change

in the process (Bodin et al., 2015; Gallach et al., 2020).
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Figure 1. Scientific production of rockfall articles. Linear and exponential trend line fits for the number of publications
(Briones-Bitar et al., 2020).

In terms of imaging strategies, there is a wide range of complementary working techniques that
allow geometrically and visually documenting physical reality with great detail, speed and
accuracy (Margottini et al. 2015; Themistocleous and Danezis, 2019); including the use of
terrestrial (TLS) or airborne (ALS) laser scanning for LiDAR imaging, satellite (InSAR) and ground-
based radar (GB-InSAR) interferometry, and photogrammetric imagery obtained by manned
aerial vehicle, unmanned aerial vehicle (UAV) and on the ground (Colomina and Molina 2014;

Tang et al. 2016).

The range, accuracy-resolution and capabilities of this equipment in continuous development,
allow terrain characterization and monitoring at different scales (Collins and Sitar 2008;
Jaboyedoff et al., 2012; Abellan et al., 2014), proving particularly useful in unstable

environments (Williams et al., 2018; Gilham et al., 2019; Guerin et al., 2020).
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From this information, detailed images of the terrain are obtained, which once georeferenced
can be used to acquire, from the point clouds obtained, three-dimensional terrain models in
raster format that can be combined with other information of different nature through
Geographic Information Systems (GIS) (Adam et al., 2002; Bruyninx et al., 2019), and are the

basis for the development of simulation models.

In the case of rockfall, modeling allows the analysis of trajectories at two-dimensional (Azzoni et
al., 1995; Chen et al., 2013; Keskin, 2013) and three-dimensional scales, including, in this case,
the assessment of energy, lateral evolution and runout of detachments (Li and Lan, 2015;
Margottini et al., 2015; Sarro et al., 2018; Akin et al., 2021), both at regional (Antoniou, 2013;
Fanos and Pradhan, 2016) and local (Gigli et al., 2014; Sarro et al., 2018; Fanos and Pradhan,

2019; Sala et al., 2019) scales.

This detailed information is the basis for the development of management strategies for areas
of high natural, landscape and social value that are more sustainable and proportional to their
specific characteristics. In this regard, in recent times, efforts to address environmental, social
and economic challenges through what are known as nature-based solutions (NBSs) have
increased. Although there is a wide range of definitions of NBSs (Sarabi et al., 2019; Solheim et
al.,, 2021), the European Commission (Cecchi, 2015) identifies them as: "Solutions that are
inspired and supported by nature, that are cost-effective, provide simultaneous environmental,
social and economic benefits and help build resilience. Such solutions bring more nature, natural
features and processes to cities, landscapes and seascapes through locally adapted, resource-

efficient and systemic interventions."

2.2 Testuingurua eta ikerketaren interes globala

Kostalde arrokatsuek munduko itsasbazterren %75-80 inguru ordezkatzen dute (Emery and

Khun, 1982; Sunamura, 1992), eta balio zientifiko, kultural eta sozial handiko paisaia paregabeak
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sortzen dituzte (Panizza, 2001; Kubalikova, 2013; Kirchner and Kubalikova, 2015; Young, 2018),
horien artean, marearteko plataformen gainean, hondartzen gainean edo zuzenean itsasoaren
gainean dauden itsaslabarrak nabarmentzen dira (Trenhaile, 2010; Sunamura, 2015). Ingurune
bereziki aktiboak dira, itsas- eta ingurumen-prozesuen eragina dutenak. Kostaldeko geometriak,
materialen litologiak eta haien egitura-ezaugarriek baldintzatzen dute haien bilakaera

(Sunamura, 1992; Duperret et al., 2004; Hampton y Griggs, 2004).

Haren ikerketarekiko interesa handitu egin da batez ere azken urteotan (Naylor et al., 2010),
gaur eguneko okupazioak eta erabilerak giza jardueraren eta ezegonkortasun-prozesuen arteko

arazo gero eta handiagoa sortu ahala (Moore and Griggs, 2002).

Testuinguru horretan, azken hamarkadetan, ikerketa-lan ugarik egin dute aurrera
ezegonkortasunen garapenean eta kosta-lerroaren atzerapena neurtzean (Epifanio et al., 2013;
Prémaillon et al., 2018; Dominguez-Cuesta et al., 2020; Cuervas-Mons et al., 2021; Dominguez-

Cuesta et al., 2022), ikuspegi erabat ebolutibotik.

Lehentasunezko beste ikuspegi bat labar harritsuetatik arrokak erortzeko prozesuak aztertzea
da (Gibb, 1978; Rosser et al., 2007; Hapke et al., 2009; Whadcoat et al., 2017), arriskuen
kudeaketari begira. Alde horretatik, prozesu horiek oso azkarrak izan ohi dira (Corominas et al.,
2017), eta kalteak saihesteko erreakzio-gaitasuna mugatua da (Volkwein et al., 2011); beraz,
prebentzio-neurrien bidezko jarduera bereziki gomendagarria da. Alde horretatik, lurzoruaren
erabilerak arautzeko eta planifikatzeko esku-hartzeekin eta egiturazko neurriekin egin da lan,
hala nola hormekin, bilketako arekekin eta hesiekin, babes-maila handitzeko (Holub eta Hiibl,
2008; Moos et al., 2018; Accastello et al., 2019). Neurri horien alderdi negatiboak, besteak beste,
eraikuntza- eta mantentze-kostu handiak eta horiek ingurumenean eta estetikan duten eragina
dira (Godschalk et al., 1999; Touili et al., 2014; Gray et al., 2017). Horren ondorioz, egiturazko

neurri ez hain inbaditzaileak bilatu dira (Li y Eddleman, 2002; Cruz, 2007; Lacambra et al., 2008),
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prebentzio-, alerta- eta hezkuntza-estrategiekin konbinatuta, lurraren azterketa zehatzetan

oinarrituta (Baum eta Godt, 2010; Basher et al., 2015).

Lan horien interesaren ondorioz, arroken erorketekin lotutako ekoizpen zientifikoak bilakaera
esponentzialki gorakorra izan du denboran. Hala, 1975 eta 2001 urteen artean ehun argitalpen
inguru izan ziren, eta 2002 eta 2016 artean, berriz, ia 500 argitalpen izan ziren, batez beste 33,13
dokumentu urtean, eta joera finkatu egin da, arrisku geologikoei buruzko azterketaren
funtsezko puntu gisa, 200 argitalpen baino gehiago izan baitira 2017 eta 2019 artean (Briones-
Bitar et al., 2020). Argitalpenen bilakaera-kurbak gorakada nabarmena izan du (1. irudia),
informazioa eskuratzeko eta aztertzeko teknologia berrien garapenak lagunduta (Sarro et al.,
2018; Zabota and Kobal, 2020; Akin et al., 2021), babes-ikuspegi iraunkorragoak hartzean
(Masuya et al., 2009; Chen et al., 2013) eta klima-aldaketak prozesuan duen eragina baloratzean

(Bodin et al., 2015; Gallach et al., 2020).
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kopuruarentzat (Briones-Bitar et al., 2020).
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Irudiak lortzeko estrategiei dagokienez, lan-teknika osagarri ugari daude, errealitate fisikoa
doitasun, azkartasun eta zehaztasun handiz geometrikoki dokumentatzeko (Margottini et al.
2015; Themistocleous y Danezis, 2019); besteak beste, lurreko eskaner-laserra (TLS) edo
aerotransportatua (ALS) erabiltzea LiDAR irudiak lortzeko, satelite bidezko interferometria
(InSAR) eta lurreko radarra (GB-InSAR), eta tripulatu edo tripulatu gabeko aireko ibilgailuen

bidez lortutako irudi fotogrametrikoak (Colomina and Molina 2014; Tang et al., 2016).

Ekipamendu horien irismenari, ebazpenari eta gaitasunei esker, lurzoruaren karakterizazioa eta
jarraipena egin daiteke eskala desberdinetan (Collins and Sitar 2008; Jaboyedoff et al., 2012;
Abellan et al., 2014), eta bereziki erabilgarriak dira ingurune ezegonkorretan (Williams et al.,

2018; Gilet al., 2019; Guerin et al., 2020).

Informazio horretatik abiatuta, lurzoruaren irudi zehatzak lortzen dira. Irudi horiek,
geoerreferentziatu ondoren, lurzoruaren hiru dimentsioko ereduak lortzeko erabil daitezke,
lortutako puntu-hodeietatik abiatuta, raster formatuan. Eredu horiek Informazio Geografikoko

Sistemen (1GS) bidez (Adam et al., 2002; Bruyninx et al., 2019), garapenerako ereduak dira.

Arrokak eroriz gero, modelizazioei esker, bi dimentsioko ibilbideak (Azzoni et al., 1995; Chen et
al., 2013; Keskin, 2013) eta hiru dimentsioko ibilbideak azter daitezke, eta, kasu horretan,
energia, alboko bilakaera eta harri-jausien irismena ebaluatu (Li and Lan, 2015; Margottini et al.,
2015; Sarro, 2015), bai eskualde-mailan (Antoniou, 2013; Fanos and Pradhan, 2016), bai tokiko

mailan (Gigli et al., 2014; Sarro et al., 2018; Fanos and Pradhan, 2019; Sala et al., 2019).

Jarraipen horiek in situ kokatutako kontrol geoteknikoko sareekin osa daitezke. Sare horiek,
mugimendu oso motelen kasuan (Greif et al., 2006), doitasun handiko segimendu jarraituak
egiteko aukera ematen dute. Gailu horien muga nagusia irismen espazial mugatua dutela da
(Zhu et al. 2017; Themistocleous et al. 2018). Abantaila nagusia, berriz, desplazamendua

zuzenean eta etengabe erregistratzea ahalbidetzen dutela, epe labur eta luzeko eskaletan.
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Informazio xehe hori natura, paisaia eta gizarte aldetik balio handia duten espazioak kudeatzeko
estrategien garapenerako oinarria da, iraunkorragoak eta beren ezaugarri berariazkoekin
proportzionalak direnak. Alde horretatik, azkenaldian, ahalegin handiagoa egin da ingurumen-,
gizarte- eta ekonomia-erronkei naturan oinarritutako irtenbideak (NBS) direlakoen bidez aurre
egiteko. NBSen definizio-sorta zabala dagoen arren (Sarabi et al., 2019; Solheim et al., 2021),
Europako Batzordeak (Cecchi, 2015) honela identifikatzen ditu: "Naturan inspiratzen diren eta
laguntzen duten irtenbideak, errentagarriak direnak, aldi berean ingurumen-, gizarte- eta
ekonomia-onurak ekartzen dituztenak eta erresilientzia sortzen laguntzen dutenak. Konponbide
horiek natura, ezaugarri eta prozesu natural gehiago ematen diete hiriei, lurreko eta itsasoko

paisaiei, tokian tokiko esku-hartze eraginkorren bidez, baliabideei eta sistemikoei dagokienez".
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3. Hipotesis y objetivos
generales y especificos

Actuaciones recientes en la plaza Pena-Gantxegi de Donostia-San Sebastian
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3. Hipotesis y objetivos generales y especificos

El desarrollo cientifico y tecnolégico actual permite realizar actuaciones de distinta naturaleza
en el territorio con un amplio abanico de enfoques, que van desde contundentes intervenciones
constructivas a planes de gestion sostenible que buscan ser minimamente invasivos con
medidas locales de bajo impacto. En el caso de riesgos por caida de rocas, la aproximacion
constructiva busca disminuir el nivel de riesgo, sin profundizar en los aspectos
medioambientales de los sistemas socio-ecoldgicos sobre los que se actua (Accastello et al.,
2019). Estas medidas, aunque pueden resultar necesarias, constituyen una fuente de
perturbacién en su entorno (O’Farrell and Anderson, 2010; Rimbock et al., 2014), como las

desarrolladas en el Peine del Viento en Donostia-San Sebastian.

En el otro extremo, las actuaciones basadas en propuestas medioambientalmente amistosas
(friendly) buscan preservar el cardcter original del lugar, mediante el uso de aproximaciones que
impliquen su proteccidn y desarrollo (Margottini et al., 2016), con medidas proporcionales a los

objetivos de seguridad establecidos y el menor dafio posible a sus valores naturales y culturales.

Esta aproximacién, entronca con las directrices de las Nature-Based Solutions (NBSs), que
buscan garantizar la conservacién de los espacios naturales y beneficiar a la sociedad, mitigando
los riesgos y aumentando la resiliencia (Villegas-Palacio et al., 2020; Kumar et al., 2021; Vojinovic

et al., 2021; Wu et al., 2021).

La aplicacion de este enfoque en el estudio de los procesos de inestabilidad hace imprescindible
el desarrollo de estrategias para la obtencion de informaciones detalladas del territorio (Abellan
et al., 2010; Pham et al., 2016; Fanos and Pradhan, 2019), que permitan desarrollar analisis de

simulacién y modelizaciones precisas (Dorren, 2003; Lan et al., 2007; Stoffel et al., 2010; Keskin,
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2013; Ansari et al., 2018), con las que contrastar propuestas de actuacién adaptadas a las

dindmicas de los entornos de estudio.

De esta forma, la presente tesis aborda, a partir de aproximaciones metodoldgicas especificas,
la gestion del riesgo de caida de rocas, que es uno de los procesos mas recurrentes en ambientes
costeros (Rosser et al., 2005; Michoud et al., 2012), en cuatro entornos del litoral vasco y uno

de Liguria, a partir de su estudio de detalle.

El objetivo principal de esta tesis es establecer un marco conceptual para el desarrollo de
estrategias integradas de gestidon de riesgos medioambiental y socialmente sostenibles, en
entornos litorales con acantilados costeros. Estas aproximaciones buscan avanzar en la
incorporacion de medidas basadas en la naturaleza o de minimo impacto, y documentar su

eficiencia solas o combinadas, en un plan de gestidén conjunto del territorio y del paisaje.

En este marco general, se pueden diferenciar como objetivos especificos:

OBJETIVO 1. Avanzar en la caracterizacidn, desde un punto de vista geomecanico, de los
materiales rocosos que constituyen los acantilados y reconocer la tipologia de elementos
inestables en funcion de la orientacion de los acantilados respecto al macizo rocoso y sus

discontinuidades.

En este sentido, el andlisis geomecanico es una herramienta adecuada para comprender los
mecanismos subyacentes que impulsan la inestabilidad, al existir una clara relacién entre Ila
disposicion de discontinuidades, su orientacion, espaciado y persistencia, y la tipologia de

roturas (Cooke et al, 2006; Corominas et al., 2017; McGinnis et al., 2017).

Este objetivo se aborda en los capitulos I, 11, lll, IV y V, puesto que resulta el primer acercamiento

a los materiales geoldgicos en los entornos de trabajo.
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OBJETIVO 2. Desarrollar y generar la informacion topografica de detalle (MDT, nubes de puntos,
ortofotos) que sirva de base para el desarrollo de modelizaciones tridimensionales, mediante
LiDAR satelital, Ldser Escaner Terrestre y fotogrametria mediante Vehiculos Aéreos No
Tripulados (VANT o “dron”) segun el caso y atendiendo a las caracteristicas y limitaciones de

cada zona de estudio.

Asi, la investigacidn en Italia se ha realizado mediante técnicas LiDAR satelitales (capitulo V),
mientras que el resto de investigaciones se han desarrollado mediante Laser Escaner Terrestre

(capitulos 11, 11, IV) y VANT (capitulo 1) sobre el terreno.

OBJETIVO 3. Seguimiento de desprendimientos, magnitud y frecuencia. ldentificacion,
caracterizacion y anadlisis de areas fuente de caida de rocas, tipologia de rotura, trayectorias,

caracteristicas dimensionales y alcance de los bloques desprendidos.

Este objetivo se ha abordado en los capitulos |, II, IV y V, en los que la evolucion de los acantilados
se desarrolla, en gran medida, mediante desprendimientos continuos que pueden ser

identificados y contextualizados segun su escala espacial y temporal.

OBJETIVO 4. Avanzar en la utilizacidon de redes de control geotécnico dispuestas in situ para

realizar seguimientos en continuo de gran precision.

Esta metodologia se ha implementado especificamente en el capitulo Ill, en el que se ha
realizado una evaluacion de movimientos estructurales extremadamente lentos (Greif et al.,
2006) a largo plazo (long-term) mediante andlisis espectrales. Estas técnicas podran ser

extrapolables tanto a otros entornos culturales como naturales.

OBJETIVO 5. Desarrollar y adaptar modelos de simulacién de trayectoria de caidas, que permitan
reconocer, como parametros basicos, su alcance, altura y energia a lo largo de las vertientes,

incluyendo la dispersién lateral de las trayectorias. Esta aproximacidon permite avanzar en la
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valoracién y validacién de los parametros caracteristicos que condicionan la evolucién de los

fragmentos rocosos en distintos materiales y contextos.

Este objetivo, que constituye uno de los puntos principales de la investigacion realizada, se ha

desarrollado en los capitulos I, I, IVy V.

OBJETIVO 6. Integrar el conjunto de informacidn previa en zonificaciones precisas de
susceptibilidad al alcance, energia cinética, altura y peligrosidad de los desprendimientos, y
valorar soluciones de proteccidon y gestidon adaptadas a cada entorno, en funcion de sus valores

naturales y paisajisticos.

Tabla 1. Objetivos de la tesis doctoral

OBJETIVO Capitulo | Capitulo Il Capitulo Ill Capitulo IV Capitulo V
OBJETIVO 1

Avanzar en la caracterizaciéon geomecanica 9 9 9 9 9

y tipologia de inestabilidades

OBIETIVO 2

Desarrollar y generar informacion topografica

de detalle (LiDAR, MDT, nubes de puntos...) 9 9 9 9 9
OBIJETIVO 3

Seguimiento de desprendimientos, magnitud 9 9 9 v

y frecuencia: areas fuente, trayectorias, carac-

teristicas dimensionales y alcance de bloques

OBIJETIVO 4

Avanzar en la utilizacion de redes geotécnicas in 9

situ para realizar seguimientos en continuo de

movimientos extremadamente lentos

OBIETIVO 5

Desarrollar y adaptar modelos tridimen- 9 9 9 9
sionales de trayectoria de caida de rocas

OBJETIVO 6

Integrar la informacién generada para la

elaboracién de mapas de susceptibilidad 9 9 9 9
y peligrosidad, y valorar las actuaciones

de proteccion y gestion

Este apartado se ha realizado en los capitulos I, 1, IV y V. Aunque el estudio de actuaciones
singulares para elaborar planes de gestion se ha desarrollado de acuerdo con las

particularidades de cada entorno, la aproximacion desarrollada en su conjunto puede ser
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adaptada y extrapolada a otros espacios con problematicas analogas, tanto litorales como de
interior, priorizando la consideracién de medidas no estructurales, combinadas con estrategias

de prevencién, alerta y educacidn.

3.1. General and specific hypotheses and objectives

Current scientific and technological development allows actions of different nature to be carried
out in the territory with a wide range of approaches, ranging from forceful constructive
interventions to sustainable management plans that seek to be minimally invasive with low-
impact local measures. In the case of rockfall risks, the constructive approach seeks to decrease
the level of risk, without delving into the environmental aspects of the socio-ecological systems
on which action is taken (Accastello et al., 2019). These measures, although they may be
necessary, constitute a source of disturbance in their environment (O'Farrell and Anderson,
2010; Rimbock et al., 2014), such as those developed at the Comb of the Wind in Donostia-San

Sebastian.

At the other extreme, actions based on environmentally friendly proposals seek to preserve the
original character of the site, using approaches that involve its protection and development
(Margottini et al., 2016), with measures proportional to the established safety objectives and

the least possible damage to its natural and cultural values.

This approach is in line with the Nature-Based Solutions (NBSs) guidelines, which seek to
guarantee the conservation of natural areas and benefit society, mitigating risks and increasing

resilience (Villegas-Palacio et al., 2020; Kumar et al., 2021; Vojinovic et al., 2021; Wu et al., 2021).

The application of this approach in the study of instability processes makes it essential to

develop strategies for obtaining detailed information of the territory (Abelldn et al., 2010; Pham
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etal., 2016; Fanos and Pradhan, 2019), which allow the development of simulation analyses and
accurate modeling (Dorren, 2003; Lan et al., 2007; Stoffel et al., 2010; Keskin, 2013; Ansari et
al., 2018), with which to contrast proposals for action adapted to the dynamics of the study

environments.

Thus, the present thesis addresses, from specific methodological approaches, the management
of rockfall risk, which is one of the most recurrent processes in coastal environments (Rosser et
al., 2005; Michoud et al., 2012), in four environments of the Basque coast and one in Liguria,

from its detailed study.

The main objective of this thesis is to establish a conceptual framework for the development of
integrated strategies for environmentally and socially sustainable risk management in coastal
environments with coastal cliffs. These approaches seek to advance the incorporation of nature-
based or minimum impact measures, and to document their efficiency alone or in combination,

in a combined land and landscape management plan.

Within this general framework, specific objectives can be distinguished as follows:

OBJECTIVE 1. To advance in the characterization, from a geomechanical point of view, of the
rocky materials that constitute the cliffs and to recognize the typology of unstable elements

depending on the orientation of the cliffs with respect to the rock massif and its discontinuities.

In this sense, geomechanical analysis is a suitable tool to understand the underlying mechanisms
driving instability, as there is a clear relationship between the arrangement of discontinuities,
their orientation, spacing and persistence, and the typology of breaks (Cooke et al, 2006;

Corominas et al., 2017; McGinnis et al., 2017).

This objective is addressed in chapters |, II, lll, IV and V, as it results in the first approach to

geological materials in working environments.
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OBJECTIVE 2. To develop and generate detailed topographic information (DTM, point clouds,
orthophotos), to serve as a basis for the development of three-dimensional modeling using
satellite LiDAR, Terrestrial Laser Scanning and photogrammetry by Unmanned Aerial Vehicles
(UAV or "drone") as appropriate and according to the characteristics and limitations of each

study area.

Thus, the research in Italy has been carried out using satellite LiDAR techniques (chapter V),
while the rest of the research has been developed using Terrestrial Laser Scanning (chapters I,

I, IV) and UAVs (chapter I) on the ground.

OBJECTIVE 3. Monitoring of detachments, magnitude and frequency. Identification,
characterization and analysis of rockfall source areas, breakage typology, trajectories,

dimensional characteristics and runout of the detached blocks.

This objective has been addressed in chapters |, II, IV and V, in which the evolution of the cliffs
is largely developed through continuous rockfalls that can be identified and contextualized

according to their spatial and temporal scale.

OBJECTIVE 4. Advance in the use of geotechnical monitoring networks arranged in situ to

perform highly accurate continuous monitoring.

This methodology has been specifically implemented in chapter Ill, in which an evaluation of
extremely slow structural movements (Greif et al., 2006) in the long-term has been carried out
by means of spectral analysis. These techniques can be extrapolated to other cultural and

natural environments.

OBJECTIVE 5. To develop and adapt simulation models for fall trajectories that allow to
recognize, as basic parameters, their runout, height and energy along the slopes, including the

lateral dispersion of the trajectories. This approach allows advancing in the assessment and
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validation of the characteristic parameters that condition the evolution of rock fragments in

different materials and contexts.

This objective, which is one of the main points of the research carried out, has been developed

in chapters |, I, IVand V.

OBJECTIVE 6. Integrate all previous information in precise zoning of susceptibility to rockfall
runout, kinetic energy, height and hazard, and evaluate protection and management solutions

adapted to each environment, according to its natural and landscape values.

This section has been carried out in chapters |, Il, IVand V. Although the study of singular actions
to elaborate management plans has been developed according to the particularities of each
environment, the approach developed as a whole can be adapted and extrapolated to other
areas with similar problems, both coastal and inland, prioritizing the consideration of non-

structural measures, combined with prevention, warning and education strategies.

Table 1. Objectives of the doctoral thesis

OBJECTIVES Chapter | Chapter Il Chapter lll Chapter IV Chapter V
OBJECTIVE 1

Advance in the geomechanical characterization 9 9 9 9 v

and typology of instabilities

OBIJECTIVE 2

Develop and generate detailed topographic 9 9 9 9 9
information (DTM, LiDAR, point clouds...)

OBJECTIVE 3

Detachments monitoring, magnitude and 9 9 9 9

frequency: source areas, trajectories, dimensional
characteristics and runout of blocks

OBJECTIVE 4

Advancing the use of in-situ geotechnical 9
networks for continuous monitoring of

extremely slow movements

OBJECTIVE 5

Develop and adapt three-dimensional *J 9 9 ")
rockfall trajectory models

OBIJECTIVE 6

Integrate the information generated for the 9 9 9 9

elaboration of susceptibility and hazard maps,
and to assess protection and management
actions
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3.2. Hipotesi eta helburu orokor eta berariazkoak

Gaur egungo garapen zientifiko eta teknologikoari esker, hainbat motatako jarduerak egin
daitezke lurraldean, askotariko ikuspegiekin: eraikuntzako esku-hartze sendoetatik hasi eta
kudeaketa iraunkorreko planetara, eragin txikiko tokiko neurriekin ahalik eta inbasibotasun

txikiagoa izan nahi dutenak.

Arrokak erortzearen ondoriozko arriskuen kasuan, eraikuntza-hurbilketaren helburua arrisku-
maila gutxitzea da, sistema sozioekologikoen ingurumen-alderdietan sakondu gabe (Accastello
et al.,, 2019). Neurri horiek, beharrezkoak izan daitezkeen arren, perturbazio-iturri dira
ingurunean (O’Farrell and Anderson, 2010; Rimbock et al., 2014), Donostiako Haizearen Orrazian

garatutako ekintzak bezalakoak.

Beste muturrean, ingurumenaren aldetik adiskidetsuak diren proposamenetan (friendly)
oinarritutako jarduketen bidez, lekuaren jatorrizko izaera gorde nahi da, hura babestu eta
garatzeko hurbilketak erabiliz (Margottini et al., 2016), ezarritako segurtasun-helburuekiko
proportzionalak diren neurriekin eta haren balio natural eta kulturalei ahalik eta kalte gutxien

eginez.

Hurbilketa hori Nature-Based Solutions-en (NBSak) jarraibideekin lotuta dago. Naturguneen
kontserbazioa bermatzea eta gizarteari onura ateratzea dute helburu, arriskuak arinduz eta
erresilientzia handituz (Villegas-Palacio et al., 2020; Kumar et al., 2021; Vojinovic et al., 2021;

Wu et al., 2021).

Ezegonkortasun-prozesuen azterketan ikuspegi hori aplikatzeko, ezinbestekoa da lurraldearen
informazio zehatzak lortzeko estrategiak garatzea (Abellan et al., 2010; Pham et al., 2016; Fanos
eta Pradhan, 2019), simulazio-analisiak eta modelizazio zehatzak garatzeko aukera emango

dutenak (Dorren, 2003; Lan et al., 2007; Stoffel et al., 2010; Keskin, 2013; Ansari et al., 2018),
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eta horiekin ikerketa-inguruneen dinamiketara egokitutako jarduera-proposamenak

alderatzeko.

Hala, tesi honek, hurbilketa metodologiko berariazkoetatik abiatuta, arrokak erortzeko
arriskuaren kudeaketa aztertzen du, hori baita kostaldeko inguruneetan gehien errepikatzen
den prozesuetako bat (Rosser et al., 2005; Michoud et al., 2012), euskal kostaldeko lau

ingurunetan eta Liguriako batean, xehetasun-azterketatik abiatuta.

Tesi honen helburu nagusia esparru kontzeptual bat ezartzea da, itsasertzeko itsaslabarrak
dituzten guneetan ingurumenaren eta gizartearen aldetik jasangarriak diren arriskuak
kudeatzeko estrategia integratuak garatzeko. Hurbilketa horien bidez, naturan edo inpaktu
minimoan oinarritutako neurriak txertatu nahi dira, eta haien eraginkortasuna bakarrik edo

konbinatuta dokumentatu, lurraldea eta paisaia batera kudeatzeko plan batean.

Esparru orokor horretan, helburu espezifiko hauek bereiz daitezke:

1 HELBURUA. ltsaslabarrak osatzen dituzten material harritsuen karakterizazioan aurrera egitea,
ikuspuntu geomekanikotik, eta elementu ezegonkorren tipologia ezagutzea, labarrek

mendigune harritsuaren eta haren etenuneen inguruan duten orientazioaren arabera.

Alde horretatik, azterketa geomekanikoa tresna egokia da ezegonkortasuna bultzatzen duten
azpiko mekanismoak ulertzeko, erlazio argia baitago etenguneen antolaketaren, orientazioaren,
tartekapenaren eta jarraitutasun eta hausturen tipologiaren artean (Cooke et al., 2006;

Corominas et al., 2017; McGinnis et al., 2017).

Helburu hori I, I, lll., IV. eta V. kapituluetan lantzen da, lan-inguruneetako material

geologikoetara lehenengo hurbilketa baita.

2 HELBURUA. Informazio topografiko zehatza garatzea eta sortzea (MDT, puntu-hodeiak,

ortofotoak), modelizazio tridimentsionalen garapenerako oinarria izango dena satelite bidezko
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LiDAR, Lurreko Eskaner Laser eta fotogrametria Tripulatu Gabeko Aireko Ibilgailuen (TGAI edo
“drona”) bidez, kasuaren arabera, eta azterketa-eremu bakoitzaren ezaugarriak eta mugak

kontuan hartuz.

Horrela, Italiako ikerketa sateliteetako LiDAR tekniken bidez egin da (V. kapitulua); gainerako
ikerketak, berriz, Lurreko Laser Eskanerraren (ll., lll., IV. kapituluak) eta TGAl-en (I. kapitulua)

bidez egin dira landan.

3 HELBURUA. Luizien jarraipena, magnitudea eta maiztasuna. Arrokak erortzeko iturri diren
eremuak, haustura-motak, ibilbideak, dimentsio-ezaugarriak eta eroritako blokeen irismena

identifikatu, karakterizatu eta aztertzea.

Helburu hori ., 11., IV. eta V. kapituluetan landu da. Kapitulu horietan, labarren bilakaera, neurri
handi batean, luizi jarraituen bidez garatzen da. Luizi horiek beren espazio- eta denbora-

eskalaren arabera identifikatu eta testuinguruan kokatu daitezke.

4 HELBURUA. In situ jarritako kontrol geoteknikoko sareen erabileran aurrera egitea, doitasun

handiko segimendu jarraituak egiteko.

Metodologia hori lll. kapituluan ezarri da zehazki. Kapitulu horretan, oso motelak diren egitura-
mugimenduen ebaluazioa egin da (Greif et al., 2006) epe luzera (long-term), espektro-analisien

bidez. Teknika horiek beste ingurune kultural eta natural batzuetara estrapola daitezke.

5 HELBURUA. Erorketen ibilbidea simulatzeko ereduak garatzea eta egokitzea, isurkietan zehar
duten irismena, altuera eta energia oinarrizko parametro gisa ezagutzeko, ibilbideen alboko
sakabanaketa barne. Hurbilketa horri esker, arroka-zatien eboluzioa baldintzatzen duten
parametro karakteristikoak baloratzen eta egiaztatzen aurrera egin daiteke, hainbat material

eta testuingurutan.
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Helburu hori egindako ikerketaren puntu nagusietako bat da, eta I., Il., IV. eta V. kapituluetan

garatu da.

6 HELBURUA. Aldez aurreko informazioa sartzea, harri-jausien irismenari, energia zinetikoari,

altuerari eta arriskugarritasunari buruzko zonifikazio zehatzetan, eta ingurune bakoitzera

egokitutako babes- eta kudeaketa-soluzioak baloratzea, natur eta paisaia-balioen arabera.

Atal hau I, II., IV. eta V. kapituluetan egin da. Kudeaketa-planak egiteko jarduera berezien
azterketa ingurune bakoitzaren berezitasunen arabera garatu den arren, oro har garatutako
hurbilketa antzeko arazoak dituzten beste gune batzuetara egokitu eta estrapolatu daiteke, bai
itsasertzera, bai barnera, eta lehentasuna eman dakioke egiturazkoak ez diren neurriei,

prebentzio-, alerta- eta hezkuntza-estrategiekin konbinatuta.

1.taula. Doktorego tesiaren helburuak

HELBURUAK

I. Kapitulua II. Kapitulua 1lI. Kapitulua V. Kapitulua V. Kapitulua

1. Helburua
Karakterizazio geomekanikoan eta ezezgonkor- 9
tasunen tipologian aurrera egitea

v

/

v

\/

2. Helburua
Detailezko informazio topografikoaren 9
sorkuntza (DTM, LiDAR, hodei-puntuak...)

3. Helburua

Luizien jarraipena, magnitude eta maiztasuna: 9
iturburu-eremuak, ibilbideak, dimentsio espezi-
fikoak eta blokeen irismena

4. Helburua
In situ sare-geoteknikoen erabileran aurrera egitea,
mugimendu oso motelen monitoring-a egiteko

5. Helburua
Harri-jausien ibilbide hiru-dimentsioko 9
modeloen garapena eta egokitzea

6. Helburua

Sortutako informazioa suszeptibilitate- eta arrisku- v
garritasun mapak garatzeko, babes eta
kudeaketako aktuazioak baloratzea
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Abstract

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 simulation 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. Therefore,
this approach leads to a more detailed and environmentally friendly management of these

environments.

Keywords: Coastal cliffs; Stability analysis; 2D-3D simulation; Friendly management; Basque

Coast Geopark.

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,
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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).

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 Geoparks, which brings together sites of international
geological importance, 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 predominantly erosive, these beaches attract significant summer tourism.
In 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.
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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, Frattini
et al., 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 simulation and modeling analyzes (Dorren, 2003; Lan et
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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 instability processes in the Basque
Coast Geopark (Geoparkea), which preserves a natural environment including Itzurun and
Algorri beaches, with the aim of proposing environmentally friendly management strategies and

protection measures in this protected area.

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 Vvillages of Deba, Mutriku and Zumaia (Fig. 1)

(https://geoparkea.eus/es/).
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Fig. 1. Geographical context of the Basque Coast Geopark.

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 continuity. During the Alpine

Orogeny, these materials underwent a notable deformation, giving rise to a mountainous relief
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that constitutes the western continuation of the Pyrenean mountain range (Arz et al., 1992;

Baceta et al., 2012; Barnolas and Pujalte, 2004).
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Fig. 2. Sketch map of the main structural features of the Pyrenean belt (modified from Boillot and Capdevila, 1977)
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and geological map of the studied zone in the Basque Coast Geopark (modified from Baceta et al., 2012).

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 successions allows
a precise analysis of them, which concluded with the award of two golden spikes in 2010, a
fundamental milestone for the declaration of this space as part of the Global Geoparks Network.
Both milestones 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
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al., 2007; Arenillas et al., 2008; Bernaola et al., 2009), is the first of the two strata marked with
the “golden spike”. Further to the northeast is the Itzurun Formation, in which the stratotype
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;
Gonzdlez-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 ltzurun beach are developed (Bird, 2000; Alvarez-Marrén et al., 2008;
Gutiérrez-Elorza, 2008). These are, however, 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.
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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 geosciences

(Westoby et al., 2012; Jing et al., 2017; Feurer and Vinatier, 2018), which allows obtaining a high-
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resolution data, capable of representing 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).
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Fig. 3. Methodological flow chart.

3.2.1dentification 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 images of the UAV. Fieldwork also includes the characterization of materials and
discontinuity network that affect the rock mass. This network gives rise to a structure of planes
of weakness that determine the shape and size of the unstable elements. Furthermore, their

orientation with respect to the cliffs determines the dynamics of the instabilities. Its
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characterization includes the measurement of the orientation of the discontinuity planes and
their geomechanical characteristics (roughness, filling, opening and spacing) (Fraternali, 2007;
Zhang et al., 2018; Kong et al., 2020). Based on these measurements, the different discontinuity
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 facilitate 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 incorporates. 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 coefficient (RN), which indicated the degree of elasticity in a normal collision
with the slope; and the tangential restitution coefficient (RT), 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
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(Pfeiffer and Bowen, 1989; Budetta and Santo, 1994; Spadari et al., 2013; Asteriou, 2018;

Reboucas et al., 2019; Jiang et al., 2020; Li et al., 2020; Wang et al., 2020):

Reflected normal velocity (v, ,-):

Un,i'Rn

Unr= = 2
|”ni|
1+ =
Where:
vy ;= incident normal velocity,

K=empirical reference velocity

Reflected tangential velocity (v, ,.):

R%(I- w(y)2+m-vy,;2)-FF-SF
vt,T:\/ (2)

I+m-R?

Where:

R = radius of the rock

w(q)= initial rotational velocity

m= rock mass

V¢ ;= initial tangential velocity

FF= friction function

SF =scaling factor

I = rock moment of inertia.

Considering the final rotational velocity (w,)) as:

W) = 5 (3)

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

1-Rr

vt'i—R-w(l) 2
kq

FF = (4)

1.2+ (
And a scaling factor (SF):
Rt

Un,i )2
1+(k2 .Rn

SF =

Where k; and k; are empirical reference velocities.
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3.3.1. Three-dimensional (3D) rockfall simulation

The rockfall simulation process was approached by using RocPro3D software. This software
performs three-dimensional simulations of individual trajectories from a Digital Terrain Model
(DTM), which is extracted from the three-dimensional point cloud obtained by the drone. The
same software allows the generation 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.

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 dimension, including the lateral
evolution of the trajectories in the simulation. On the contrary, it does not allow modifications

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. This
software allows performing individualized rockfall simulations (Frattini et al., 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 were considered.

3.3.3. Validation of results and proposals for action

The results were contrasted 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.

53



Capitulo |

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 actions that respect the environment, including
barriers at the foot of the cliffs in sensitive areas (access area), which can be complemented with
middle slope actions and ditches, and information measures at the beach, once the

characterization of rockfalls got completed.

4. Results

4.1. Characterization of the instabilities in the study area

At ltzurun beach (sector 1, Fig.4a), the general strata orientation, SO: 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), which
limits the development of the discontinuity planes that affect the massif; in fact, only the
stratification (SO) presents large developments (over 40 meters), while the rest of the weakness
planes generally present developments of less than a meter. Specifically, these are the families
of joints J1: 70/285, oriented to the beach, and J2: 20/110, oriented to the inside of the massif
(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 (Table 1) that evolve over J1. 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 infinite slope type

failures may develop (Table 1). On the reverse side, the resistant materials give rise to an
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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.

Table 1
Typology and main characteristics of instabilities by sectors

Dip Dip Direction Type Recurrence* Size**
General slope 80 280 Rock Plane Moderate Small
Sector 1
Obverse slope 75 030 Infinite Slope Low Medium
Itzurun beach
Reverse slope 50 200 Toppling Very high Medium
Sector 2
General slope 65 020 Infinite Slope Exceptional Extraordinary
Archs
Sector 3 North slope 70 010 Toppling High Large
Algorri beach South slope 75 240 Infinite Slope Exceptional Extraordinary
Sector 4 General slope 80 280 Rock Plane Moderate Small
ltzurun txiki Obverse slope 75 030 Infinite Slope Low Medium
Reverse slope 50 200 Toppling Very high Medium
PuntaMariantén South slope 80 190 Massive Slide Exceptional Extraordinary

*Recurrence: Exceptional: 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

**Sjze: Small: <1 dm?3; Medium: 1-5 dm?3; Large: > 5-25 dm?3; Very large: > 25 dm3; Extraordinary: several m3

To the south of Itzurun beach, differential erosion has given rise to a sharply headland (sector 2,
Fig.4a, c) developed over competent materials. The erosive action of the waves has generated
in its front some characteristic arch morphologies that constitute one of the most recognizable
images of the geopark. The general geological structure is favorable to stability; however, in
recent times 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

entity. Thus, on the northern slope, where the K-Pg boundary is located, the conditions for the
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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 recent times.

SECTOR4 N
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SECTOR1 w =
—~ " J2

=50 \
=1 3

=J2

SECTOR 2

SECTOR 3

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; c) 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

Mariantdn: characterized by coastal cliffs over a wave-cut platform.
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Finally, to the north of 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 development of massive breaks in Punta Mariantén

(Fig.4e).

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.

There, the origin areas of the main rockfalls or source areas have been identified, determining
their height, development, materials 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).

As far as the evolution of the blocks is concerned, some of the rockfalls evolve from the general
slope in a largely direct path, even though the most frequent movements start with a toppling
from the secondary obverse slope and draw a more complex evolution towards the foot of the

reliefs.

Altogether, a total of 363 rocks were weighed in the accumulation areas. From this information,
an overall bar diagram was elaborated that allows 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
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consequently lighter fragments come mainly from the marlier layers of the series, while the

larger materials come from the more competent ones.

With regards to the reach of the detached fragments is concerned, 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 meters. 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.

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 evolution 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 distribution were obtained. As an
example, in areas F and G, the blocks coming from the most competent levels, which present
greater size and energy, are adjusted to a normal distribution (Fig.6). 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 figure 6, for a number of samples n = 54 and
70, the corresponding characteristic weight values (tn-195%) are 824 N and 578 N, respectively.
In the areas with a smaller number of blocks, the simulations 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 our

approach, 4 types of terrain have been considered in the modeling: flysch, beach, vegetation
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and access. The characteristic coefficient of restitution, rebound and friction obtained from the

adjustment process are shown in table 2.
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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.

4.2.2. Modeling

From these values, possible random deviations are considered, following Gaussian distributions

with the standard deviation values predefined in the RocPro3D program (Table 2).
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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 proceed to the launch of

100 rockfall simulations per source area, obtaining a wide representation of trajectories.
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Fig. 6. Photographs, normality analysis and three-dimensional simulations of the F (a) and G (b) zones.
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Table 2

Terrain adjusted parameters and random deviations considering Gaussian distributions

Prob.
. Adjusted .
Factor Material Type Parameter ) Gaussian
Value
(1.0)
Sliding/Rolling Dynamic friction (k) 0.45 0.45, 0.045
Normal Coefficient of restitution (Rn) 0.6 0.6,0.011
Flysch Tangential Coefficient of Restitution (Rt) 0.9 0.9,0.011
Impact
Lateral deviation (°) 0 0,10
Rebounds flattening (°) 0 0,1
Sliding/Rolling Dynamic friction (k) 0.5 0.5.0.036
Normal Coefficient of restitution (Rn) 0.3 0.3,0.012
Beach Tangential Coefficient of Restitution (Rt) 0.8 0.8, 0.012
Impact
Lateral deviation (°) 0 0,5
H (o]
Soil Rebounds flattening (°) 0 0,1
properties Sliding/Rolling Dynamic friction (k) 0.6 0.6, 0.036
Normal Coefficient of restitution (Rn) 0.6 0.6,0.0125
Access Tangential Coefficient of Restitution (Rt) 0.8 0.8,0.0125
Impact
Lateral deviation (°) 0 0, 8.75
Rebounds flattening (°) 0 0,1
Sliding/Rolling Dynamic friction (k) 0.45 0.45, 0.045
Normal Coefficient of restitution (Rn) 0.3 0.3,0.012
Vegetation Tangential Coefficient of Restitution (Rt) 0.8 0.6, 0.0125
Impact
Lateral deviation (°) 0 0,5
Rebounds flattening (°) 0 0,1

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 zone A and G, with values up to 10 meters from the baseline

of the slope (Fig.7). In zones E and F, the current presence of barriers limit the reach of rockfalls.
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Table 3
Energy and reach of rockfalls by zones. In zones E and F the reach is limited for barriers.

ITZURUN ZONEA ZONEB ZONEC ZONED ZONEE ZONEF ZONEG ZONEH

Energy (k) 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

3D

a
Energy (kJ) 59.17 4 b
-12.05 ? 12
| 10
9.038

38.87 58

Altitude @ =
Bs025 o8 | So

w

4
3013 1857 O |
. ol
- - " A
0
-1.732 0 4 8 12 16 20 24 28 32 36 40
0 13.8 276 414 Curv. coord. (m)
Curv. coord. (m)

Fig. 7. Individualized analysis of trajectories in the G zone of Itzurun

4.3. Mitigation measures
Unlike usual slope engineering projects, conservation and stabilization 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 Itzurun beach, with the elimination of

unstable elements.
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Barriers (a)

Collection (b)
ditches

Barrier+ middle (c)
slope action

Fig. 8. Current status (left figures) and proposed mitigation actions in 2D (middle figures) and 3D (right figures). a)

Rigid barrier; b) collection ditch; c) barrier and actions in the middle slope.
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-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 elements of
100 mm diameter, internally reinforced with corrugated steel bars of 10 mm diameter, which
have proven 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 actions) were
considered to limit rebounds (Fig.8b). These actions may correspond to barriers similar to those
previously described or local plantations of shrubs that may favor rock retention in a natural
way. Finally, in stretches where the terrain profile allows it, the barriers were complemented
with catch areas or benches at the base of the slope. The effectiveness of these last measures
cannot be verified with the 3D model, since it does not allow modifications of the relief, so in

this case 2D profiles extracted from the three-dimensional trajectories were considered (Fig.8c).

Informative and preventive measures at the beach area, beyond the general removing of loose
materials on the cliffs. In this sense, local 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 preventive zone (Fig.9). The 2 m preventive zone width corresponds to the
grid cell size used in the modeling. This information is communicated to users by means of
information panels, flyers, computer applications, warning signs and through maintenance

personnel.
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Proposals for action:

Engineered: constructive

Collection ditch

Vegetation in middle slope

oo 0.5-1 m barrier

avarannn) 1.5-2 m barrier

Non- Engineered: Informative and
preventive strategies

— Reach area

0 19 ZP SP 49 50 m

Fig. 9. Map of the recommended measures at Itzurun beach

5. Discussion

The approaches for studying rockfall events are included in three main categories (Shirzadi et
al., 2012): empirical models based on relationships between topography and rockfall reach; GIS-

based models handling large amounts of geospatial information linked to the development of
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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 rockfalls 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 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 distribution 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 symmetrical distribution. Rockfall typologies correspond mainly to

topplings, 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
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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 observations. In
any case, this item presents field of improvement, since the characteristic parameters of
materials were obtained through adjustment, 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 protection 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 ltzurun 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
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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 information 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 requires the development of specific characterization
strategies to assess their susceptibility to instabilities and implement friendly and minimally

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 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 proposed, 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 geomorphological environments, not necessarily coastal, with

similar processes of instability, particularly in cliff areas enclosing widely visited environments.
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4.2. Capitulo Il: Modelizacion de caida de rocas en los
acantilados carbonatados “tipo flysch” de la playa de
Atxabiribil (Sopela, Bizkaia): analisis tridimensional.
Modeling of rockfall in the carbonate flysch cliffs of
Atxabiribil beach (Sopela, Bizkaia): three-dimensional
analysis

Acantilados del sector central de la playa de Atxabiribil (Sopela)
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Abstract

Coastal cliffs attract millions of people every year for their landscape, natural and recreational
value. However, these spaces develop instability processes that condition the practice of users,
as well as their safety. For this reason, there is a need to develop detailed studies of instabilities,
which allow the development of specific actions to ensure the safety and preserve the nature of
these environments. The study carried out on Atxabiribil beach (Sopela, Bizkaia) seeks to
understand the dynamics of rockfall on coastal cliffs and to develop three-dimensional models
that reflect the observed reality. The modeling allows the simulation of individual rockfall
trajectories, their lateral evolution, energy and reach, as well as detailed diagrams. This study
allows advancing proposals based on informative measures and specific warnings with the
delimitation of areas of greater process activity, seeking safety while the naturalness of the

environment is maintained, avoiding constructive interventions.

Keywords: coastal cliffs, rockfalls, three-dimensional analysis.

Resumen

Los acantilados costeros atraen a millones de personas cada afo por su valor paisajistico, natural
y recreativo. Sin embargo, estos espacios desarrollan procesos de inestabilidad que condicionan
el uso de los visitantes, asi como su seguridad. Por esta razén, existe la necesidad de elaborar
estudios detallados de inestabilidades, que permitan desarrollar actuaciones especificas que
garanticen la seguridad y conserven la naturaleza de estos entornos. El estudio realizado en la
playa de Atxabiribil (Sopela, Bizkaia) busca conocer las dindmicas de caida de rocas en los
acantilados costeros y desarrollar modelos tridimensionales que reflejen la realidad observada.
La modelizacion permite simular trayectorias individuales de caida de rocas, su evolucion lateral,
energia y alcance, asi como realizar diagramas detallados. Este estudio permite avanzar

propuestas basadas en medidas informativas y advertencias especificas con la delimitacién de

79



Capitulo 11

areas de mayor actividad de procesos, buscando la seguridad mientras la naturalidad del

entorno se mantiene, evitando las intervenciones constructivas.

Palabras clave: acantilados costeros, caida de rocas, analisis tridimensional.

Introduccion

Las regiones costeras son la residencia de mds de 1.200 millones de personas a lo largo del
mundo (Tonmoy et al., 2018). De estos espacios, se estima que entre el 52 y el 80% estan
limitados por acantilados costeros (Emery y Kuhn, 1982; Young y Carilli, 2019) que pueden

contactar directamente con el mar, y evolucionar hacia rasas mareales o playas.

Estos espacios son de uso continuo, tanto por parte de la poblacion local, como por su uso estival
y turistico. En este sentido, a lo largo de las Ultimas décadas, han sufrido el desarrollo, a veces

incontrolado, del urbanismo, con la invasion de espacios y la degradacion del paisaje natural.

Por otra parte, estos espacios destacan por una alta dindmica litoral, en la que se incluyen
procesos de inestabilidad, como la caida de rocas, que es un proceso de alta recurrencia y
complejidad, resultado de factores geoldgicos y meteoroldgicos, que dan lugar a una gran
variabilidad de dinamicas. En este contexto, la caida de rocas destaca como un proceso que se

registra practicamente en la totalidad de costas con afloramientos rocosos.

La Costa Vasca, en la que se desarrolla el estudio, se extiende a lo largo de 176 kildmetros. En
ella, una parte importante de los acantilados costeros se desarrolla en alternancias
sedimentarias de materiales carbonatados y siliciclasticos tipo flysch. En zonas protegidas se
desarrollan playas, limitadas hacia el continente por acantilados que llegan a alcanzar alturas de
30 a 60 metros, en las que se registran continuos procesos de inestabilidad, especialmente

caidas de rocas, particularmente peligrosas para las personas en verano. Ejemplos de playas con
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estas caracteristicas son la playa de Itzurun en Gipuzkoa (Morales et al., 2021), y Atxabiribil,

Barrika y Muriola en la costa de Uribe.

En este contexto, el objetivo del presente trabajo es plantear un estudio de detalle de los
acantilados de la playa de Atxabiribil, que fueron modificados en los afios 80 a 90, con la
eliminaciéon de parte de los resaltes naturales al considerar que hacian peligrar la seguridad de
los usuarios. Esta actuacién generd en su momento una notable controversia. En la actualidad,
la zona se encuentra protegida como zona de especial proteccidon y mejora ambiental por el Plan
Territorial Sectorial de Proteccién y Ordenacion del Litoral de la Comunidad Auténoma del Pais
Vasco (CAPV), por lo que las actuaciones constructivas no estdn recomendadas y, dado que los
acantilados estan en contacto directo con la playa, las actuaciones de prevencion, sefializacion
e informacion adquieren un cardacter prioritario (Morales et al., 2021). Para el desarrollo de las
mismas, es necesario conocer el origen, evolucidn y desarrollo de procesos gravitacionales en
los taludes actuales. Para ello se genera un Modelo Digital del Terreno y una cartografia de
detalle, se caracterizan litoldgicamente los materiales en campo y laboratorio, se estudia la
tipologia de roturas, frecuencia y entidad de las mismas, y se desarrollan modelizaciones 3D que

permiten el andlisis tridimensional de la caida de rocas sobre la playa.

Contexto geografico y geoldgico

La playa de Atxabiribil, con una longitud préxima a los 800 metros, forma parte de la conocida
costa de Uribe en el litoral de Bizkaia (Fig. 1). La costa de Uribe tiene una longitud total de 13
kildmetros, desde el municipio de Getxo hasta Gdrliz, como limite septentrional. Todo el sector
costero esta reconocido geoldgicamente como Lugar de Interés Geoldgico (LIG CV008),
principalmente por su valor geomorfoldgico, con un litoral acantilado practicamente constante,

playas de arena en entrantes protegidos, y el estuario del rio Butroe. Sopela, municipio en el
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gue se localiza la playa de Atxabiribil, recibe en los meses estivales una de las mayores afluencias

de visitantes de todo el litoral de la comarca.

1D
" Francia /61
Golfo de ?HI
Bizkaia | L~
e
S/ o )]

“Gorliz
LIG90”

Barrika

Vitoria
T3

0 25  50km
)

4G 49: “Clavo d& Qro’s:

Playas: SV -

1. Gorrondatxe 2. Barinatxe e =
3. Atxabiribil 4. Mefiakoz i Getxo
5. Barrika 6. Muriola ¢ ek

]

7. Plentzia-Gorliz

Fig. 1. Contexto geografico, playas y Lugares de Interés Geoldgico (LIG) de la costa de Uribe. LIGS: CV00S8, Costa de
Uribe; 44: Limite K/T Sopela (K/Pg en la actualidad); 49: Ypresiense-Luteciense de Gorrondatxe (GSSP); 90: Paleorrasa

de Barrika; 91: Dunas fésiles de Astondo.

Desde un punto de vista geoldgico, el area de estudio se encuentra en la denominada Cuenca
Vasco-Cantabrica, y mas concretamente en el flanco noreste del Sinclinorio de Bizkaia (Fig. 2),
dentro del Arco Vasco (Feuillé y Rat, 1971; Ramirez del Pozo, 1973). La evolucion
tectosedimentaria de esta cuenca es compleja, y comienza con una fase extensiva desarrollada
durante el Mesozoico, particularmente durante el Cretacico, con una tasa de subsidencia
elevada que dio lugar a una acumulacién de materiales de gran potencia. Esta sedimentacién se
desarrollé en un fondo de cuenca (1000-1500 m) (Pujalte et al., 1998) en el que alternan series

continuas de pares marga-caliza, zonas dominantemente margosas y eventos turbiditicos
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carbonatados eventuales procedentes del continente, en funcidn de los ciclos de Milankovitch

(Dinares-Turell et al., 2013; Batenburg et al., 2014).

Posteriormente a la etapa extensiva, en la Cuenca Vasco-Cantabrica se desarrollé un gran evento
compresivo durante la Orogenia Alpina, que elevd los materiales de fondo de cuenca
previamente mencionados plegandolos. En este contexto, se desarrollé un sistema de fallas
inversas subparalelas a la estratificacién (70/210), que definen un movimiento cabalgante

general hacia el norte, que se reconocen también en la playa de Atxabiribil (Fig. 2).

En cuanto a las litologias que afloran en los acantilados que bordean la playa de Atxabiribil, los
materiales predominantes son sucesiones de pares de margas y margocalizas grises depositadas
en un fondo de cuenca en el Maastrichtiense inferior (Alvarez-Llano et al., 2006), que son el
material mds antiguo del drea de estudio. Para el mismo periodo geoldgico, destaca un
afloramiento de aproximadamente 20 metros de margas y margocalizas grises y rojas del
Maastrichtiense superior, depositados en un ambiente similar al anterior, que representan el
ultimo episodio sedimentario previo al limite con el Cenozoico (Iridoy et al., 2010; Dinares-Turell
et al., 2013). El limite Cretacico-Paledgeno (K/Pg) ha sido definido en la playa de Atxabiribil (LIG
44), y contiene un nivel rico en iridio con origen en el impacto meteoritico de hace 65 millones
de afos, que marca un cambio en el contenido de foraminiferos en ambos lados del citado limite
(Lamolda et al., 1983). En concreto, la unidad inferior al limite es la definida como una
alternancia de margas y margocalizas grises y rojas, que progresivamente desarrollan menor
cantidad de estratos margocalizos, con un nivel margoso de color rojo en los ultimos metros
(Dinares-Turell et al., 2013). La unidad suprayacente esta formada por las calizas rosas del
Daniense (Apellaniz et al., 1983), que esta constituida por calizas pelagicas de colores rosados y
grises. Este sector es particularmente accesible desde que en el afio 2008 y en aplicacion de la

Ley de Costas (Ley 22/1988, de 28 de julio) se derribaron los locales comerciales construidos en
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la zona. Por ultimo, el material mas joven, del Eoceno, aflora de forma discordante al noreste
del area de estudio, en relacidn al contacto mecdnico en una zona altamente tectonizada por la
Orogenia Alpina. Se trata de una alternancia de margas y margocalizas, similar a las descritas
para el Cretacico, pero que destacan por una mayor presencia de eventos turbiditicos y, como
se ha indicado, por una mayor deformacion tecténica, que da lugar a pliegues, estructuras de
cizalla e incluso inversién tecténica (Rodriguez et al., 2008). De esta forma, el sistema de fallas
inversas dispone, en este sector norte, los materiales del Maastrichtiense por encima de los

materiales Eocenos.
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Fig. 2. Contexto geoldgico regional del drea de estudio y de las estructuras principales de la Cuenca Vasco-Cantabrica

(modificado de Feuillé y Rat, 1971). A la derecha se indica el mapa geoldgico del drea de la playa de Atxabiribil.
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Metodologia

Informacidn geografica de detalle

La primera fase del trabajo ha consistido en la obtencion de un Modelo Digital del Terreno,
generado a partir de una nube de puntos tridimensional de detalle. Para ello, el drea de estudio
ha sido digitalizada mediante un equipo de Laser Escaner Terrestre (TLS) modelo FARO Focus 3D
330. Las nubes de puntos generadas mediante el TLS se utilizan en numerosas aplicaciones (Li
et al., 2020), entre las que destacan la reconstruccidn tridimensional de modelos (Dong et al.,
2020) y la gestion del patrimonio de monumentos histéricos construidos (Margottini y
Spizzichino, 2014; Margottini et al., 2016; Spizzichino et al., 2019). Es fundamental que la
informacién generada a partir del TLS en el campo, y que se establece con un sistema de
coordenadas especifico del drea de estudio, sea convertida a un sistema de georreferenciacién
estandar, con el fin de facilitar no solo la combinacion de esta informacién con documentos
previamente generados, sino para facilitar la estandarizacion de todos los datos en un sistema

comun (Fan et al., 2015; Pandzic et al., 2017).

A partir de esta informacion, se obtiene una topografia de detalle, con una equidistancia entre
curvas de nivel de 20 cm, que sirve de base para el trabajo de campo, y la nube de puntos
previamente mencionada, que es utilizada para la modelizacién (Morales et al., 2021). En este
sentido, se ha combinado la informacién generada con ortofotografias descargadas desde la
Infraestructura de Datos Espaciales GeoEuskadi (https://www.geo.euskadi.eus/s69-15375/es/).
El conjunto de la informacién se ha georreferenciado mediante la herramienta SIG (Sistemas de

Informacién Geografica) QGIS 3.8.

Caracterizacion geomecanica

La caracterizacién geomecdnica de los materiales de los acantilados, se ha realizado mediante

el indice de calidad RMR (Rock Mass Rating) de Bieniawski, 1989. Este indice incluye 5
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pardmetros de partida: resistencia a compresion simple de la roca, que obtenemos en campo
mediante el Martillo de Schmidt (Fig. 3A); el valor de RQD (Rock Quality Designation) de Deere
et al., 1967, que obtenemos a partir del nimero de juntas, que en nuestro caso corresponden
al sistema de diaclasas y la estratificacion, por metro cubico (Jv); espaciado de las
discontinuidades; estado/meteorizacidn y presencia de agua. Ademas de estos parametros se
determina el grado de alterabilidad de los materiales menos resistentes de los acantilados
mediante el Slake Durability Test (Fig. 3B). La resistencia a compresién simple de los materiales
competentes se verifica en laboratorio mediante el ensayo de carga puntual (Fig. 3C).
Finalmente, se realizan ensayos de inclinacion o Tilt Test para determinar el angulo de
rozamiento residual de las juntas del macizo (Fig. 3D) y la rugosidad de las juntas o JRC (Joint

Roughness Coefficient) mediante un perfildmetro de contacto.

Fig. 3. Equipos utilizados para la caracterizacién de parametros resistentes de los materiales. A) Martillo de Schmidt.
B) Slake Durability test. C) Carga puntual. D) Tilt test.
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Analisis de inestabilidades

El trabajo de campo se completa con el reconocimiento general de inestabilidades del drea de
estudio. La orientacién, continuidad y desarrollo de las distintas familias de discontinuidad en
los acantilados determina los procesos de inestabilidad, que son a su vez los precursores de las

caidas de rocas.

Con el objetivo de desarrollar un analisis gecométrico de los procesos potenciales de inestabilidad
se han realizado proyecciones estereograficas sobre falsilla de Wulff mediante el programa
Dips.v.6.0. de RocScience (RocScience, 2013). Este programa permite sintetizar la informacion
de medida de planos recogida en el campo y realizar andlisis cinematicos para cada posible

proceso de inestabilidad.

Los resultados obtenidos son contrastados con observaciones de campo, realizadas mediante
revisiones periddicas en la zona durante los 3 afios de duracién de esta investigacion, y una vez
establecidos los procesos de caida de roca, se identifican las areas fuente mas activas, zonas de
acumulacidn de bloques desprendidos, alcance desde el pie del talud y posible trayectoria. Esta
informacién se recoge en la cartografia de detalle y posteriormente se compara con las
modelizaciones. Junto con la dindmica del proceso, se caracteriza la morfologia, dimensiones y
peso de las rocas desprendidas mediante dinamdmetros, lo que permite realizar simulaciones

realistas del entorno.

Modelizacién

La modelizacién se realiza mediante el software RocPro3D (RocPro3D, 2014), que permite
analizar la dindmica de caida de rocas en tres dimensiones. El primer paso es obtener, mediante
triangulacién, una malla tridimensional sobre la que simular los procesos considerados a partir
de la nube de puntos previamente generada. Sobre esta malla se definen los distintos materiales

identificados en el area de estudio. En nuestro caso se diferencian basicamente: zonas de
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afloramiento rocoso, zonas de vegetacién, de playa y construidas. Cada uno de estos terrenos
condiciona, mediante una serie de parametros caracteristicos, la evolucion de la caida de rocas
en funcidn de la energia que retiene el terreno en los impactos, principalmente mediante los
coeficientes de restitucion normal (Rn), tangencial (Rt) y angulo de rozamiento (&) (Pfeiffer y

Bowen, 1989).

Sus resultados permiten identificar las zonas donde la caida de rocas alcanza una mayor energia,
altura y velocidad, que resulta fundamental a la hora de elaborar propuestas de gestidn

preventivas e informativas, que son las recomendadas en la playa de Atxabiribil.

Resultados

Sectorizacion del acantilado

Teniendo como punto de partida la caracterizacion geomecanica del acantilado, se diferencian
a lo largo de la playa 3 sectores en funcién de: la disposicidn general de los materiales respecto
al talud del acantilado, el comportamiento frente a la erosidn, la tipologia de roturas dominantes
y los usos de la playa (Fig. 4A, B). El primer sector, de menor calidad general del macizo (RMR:53),
se desarrolla en el acceso norte de la playa y destaca por un mayor desarrollo de la fracturacién,
con una orientacidn general de la estratificaciéon hacia el interior del acantilado. En el sector
central de la playa el macizo es de mayor calidad (RMR:65), con una notable continuidad de la
estratificacion y dominio de los materiales mas competentes, lo que favorece el desarrollo de
un saliente en el acantilado; a diferencia del sector previo, la estratificacion se dispone
perpendicularmente a la linea de costa. Por ultimo, el tercer sector, de calidad intermedia
(RMR:58), se desarrolla en la zona de acceso sur a la playa; los estratos presentan también una
marcada continuidad, y al igual que en el sector central se disponen perpendicularmente a la

linea de costa.
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Es importante afiadir que en el sector 2 de la playa se instald6 un muro de hormigdn
practicamente continuo, con el objetivo de proteger el saliente del efecto del oleaje, lo que evita

gue la dinamica erosiva de la zona sea natural (Fig. 4C: cortesia de Javier Elorza).

Sector 1 Sector 2 : Sector 3
RMR: 53 RMR: 65 RMR: 58

Fig. 4. A) Nube de puntos y sectorizacion de la playa de Atxabiribil. B) Disposicién de materiales, estructuras tectdnicas
principales y valores de Rock Mass Rating (RMR) por sectores. C) Fotografias de la instalacién del muro de hormigén

en el sector 2, afio 2008 (cortesia de Javier Elorza).

En lo que se refiere a las determinaciones de parametros resistentes, los ensayos de campo y
laboratorio se han centrado en los materiales del Maastrichtiense inferior y superior, que

abarcan la mayor parte del drea de estudio.

Para los materiales mas competentes (margocalizas), se ha desarrollado una comparativa entre

los valores de resistencia a compresion simple obtenidos en el campo mediante el martillo de
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Schmidt y los del ensayo de carga puntual Point Load de laboratorio (Fig. 5A). Ambos valores
muestran una clara correlacion y varian entre 75 y 180 MPa, lo que equivale a una roca muy

resistente (100-250 MPa).

Respecto de los materiales menos competentes (margas), los ensayos de durabilidad (Slake
Durability Test) han permitido calcular su pérdida de peso después de 3 ciclos del ensayo. Esta
pérdida supone Unicamente un 2% del material, con una evolucién muy similar en ambos
tambores (Fig. 5B), lo que permite identificarlos como muy poco alterables. Destacar que este
ensayo se desarrolla en ciclos de 10 minutos y caracteriza una degradacidon de naturaleza
fundamentalmente fisica. No tiene en cuenta procesos de evolucion mas lenta y compleja, con

componentes quimicos y bioldgicos.
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Fig. 5. Resultados graficos de los ensayos de caracterizacion de materiales. A) Comparacidn entre los valores de
resistencia a compresion simple obtenidos a partir del ensayo de carga puntual y esclerémetro o martillo de Schmidt.

B) Pérdida de porcentaje de peso mediante slake durability test.

Tipologia y caracterizacion de inestabilidades

En cuanto a la tipologia de inestabilidades, la distinta orientacion de materiales por sectores
indicada en el apartado previo, da lugar a formas de rotura diferenciadas entre el sector 1y los

sectores 2y 3.
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En el sector 1, el talud principal tiene una orientacion 80/285, y la estratificacion presenta una
orientacién media (60/150), lo que dispone los estratos hacia el interior del acantilado, de forma
general, como se ha indicado anteriormente. La labor erosiva del oleaje y las mareas favorece
su descalce, dando lugar a movimientos rotacionales de bloques individuales (single block
toppling, Alejano et al., 2010) que se desprenden de la masa rocosa, y mas complejos, que
involucran un volumen mayor de materiales, tienen una cierta componente de flexion y
permanecen en gran medida unidos al macizo (flexural toppling), como el que se observa en la

figura 6A.

En los sectores 2 y 3, se identifican tres familias de discontinuidad principales relativamente
constantes. Destaca una estratificacién muy continua (SO: 60/210), oblicua al acantilado (con
angulos préximos a 909), y dos familias de juntas con orientaciones: 75/305 (J1) y 30/030(J2). En
estos sectores, ademas del talud principal (70/295), la erosion diferencial da lugar a dos taludes
adicionales enfrentados (Fig. 6B), uno sobre el techo de los estratos (talud anverso: 70/210) y
otro a su base (talud reverso: 65/050). La interaccidn de estas tres familias da lugar a distintos
procesos de inestabilidad, identificados tanto en campo como en las proyecciones
estereograficas. En el talud principal, la estratificaciéon (SO) y la junta J2 dibujan claras

morfologias en cufia, limitadas hacia el interior por la junta J1, proxima a la vertical (Fig 6B, C).

En todo caso, dada la escasa inclinacién de la linea de interseccidn entre los planos SOy J2, no
se registran deslizamientos de cufias de tamafio resefiable. Sin embargo, dado que se trata de
una alternancia de niveles decimétricos de materiales, las roturas, limitadas por los planos
citados, se desarrollan como desprendimientos de bloques individuales, que en su conjunto dan
lugar a los vaciados en forma de cufias de desarrollo métrico que se observan en el talud (Fig 6B,
C). En el talud anverso, la rotura mas caracteristica es el deslizamiento de estratos capa sobre

capa, con un plano de rotura paralelo al del talud, y una potencia del elemento que desliza
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pequena en comparacién con su longitud, asimilable a un talud infinito (Matos Fernandes,
2020). En el reverso, se desarrollan taludes en extraplomo en los que se registran abundantes

desprendimientos de fragmentos rocosos por vuelco.

Una vez reconocidos los materiales y establecida la tipologia de inestabilidades, se procede a
caracterizar los desprendimientos: areas fuente, actividad, zonas de acumulacidn, trayectorias,

tamaniio y peso de los bloques.

La figura 7A recoge las principales areas activas en los ultimos 3 afios, las zonas de acumulacion
preferencial y se establece la linea de maximo alcance de bloques individuales. En lo que se
refiere a los bloques desprendidos, se han realizado un total de 89 medidas de tamafio y peso
sobre las caidas identificadas y registradas en las visitas trimestrales realizadas al entorno
durante los 3 afios de desarrollo de esta investigacidn. Se discriminan las rocas de menos de 1
kilogramo por razones de operatividad, y se obtiene la distribucién recogida en la figura 8,

censurada en esta cota inferior.

La distribucidon obtenida es de caracter potencial, con un gran nimero de bloques de menor
tamano y peso, que progresivamente desciende a medida que asciende el peso. Los valores
maximos alcanzados para las rocas desprendidas en el periodo de investigacidon no superan los
30 kilogramos. Indicar a este respecto, que en los depdsitos se observan bloques caidos de

mayor tamario y peso.
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Fig. 6. Tipologia de roturas y proyeccion estereografica por sectores. A) Sector 1. B) Sector 2. C) Sector 3.
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Aunque parte de los mismos pueden tener un origen natural, también podrian estar
relacionados con las actuaciones de estabilizacidn realizadas en afos previos en la playa y sus
acantilados. Esta situacion incide directamente en la energia alcanzada por los

desprendimientos, por lo que sera considerada en posteriores fases de la investigacion.

£ Zonas de acumulacion
----  Maximo alcance
— Areas fuente activas 10m

— Trayectorias
Areas fuente activas y potenciales

Fig. 7. A) Modelo tridimensional de la playa de Atxabiribil e identificaciones en campo. B) Simulacién 3D de caidas de

rocas: trayectorias (lineas rojas) y areas fuente activas y potenciales (lineas amarillas).
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Fig. 8. Histograma de medidas de peso de caidas de roca registradas.

Modelizacidon de caida de rocas en 3D

A partir de la informacidn previa, se ha realizado una modelizacidon de conjunto de la playa de
Atxabiribil (Fig. 7B). Para ello se superpone a la malla tridimensional previamente generada la
ortofoto georreferenciada y se establecen sobre el modelo los distintos tipos de terreno basicos

considerados en esta aproximacion: flysch, debris, vegetacion y playa.

Seguidamente, se marcan sobre el modelo las areas fuente activas y potenciales identificadas
en campo, y se establece para cada una de ellas el nimero de trayectorias a modelizar. En el
caso de la playa de Atxabiribil, se han definido 23 areas fuente activas y 12 potenciales, que se
situan principalmente en los estratos mas competentes de los acantilados, y se han realizado un
total de 350 simulaciones de caida de rocas, 10 por cada zona. En cuanto al peso de los bloques,
se ha considerado un valor de 28 kilogramos, que es el peso maximo registrado en el apartado

previo y que ofrece, por tanto, los valores mayores de energia.

La calibracién del equipo y de los pardmetros resistentes de los terrenos definidos permiten

ajustar el modelo para asemejarlo al maximo a la realidad. Siguiendo las orientaciones indicadas
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en el programa, los pardmetros finales utilizados en la modelizacién correspondientes a

restitucién normal, tangencial, rozamiento y desviacién estandar, se recogen en la tabla 1.

Tabla 1. Valores empleados en la modelizacién de los desprendimientos: Rn: coeficiente de restitucion normal, Rt:
coeficiente de restitucién tangencial, ¢: dngulo de rozamiento y Std: desviacién estandar.

Rn Rt (i) Std

Flysch 0.6 0.9 39 0.4

Terrenos Debris 0.5 0.8 39 0.3
Vegetacién 0.3 0.5 30 0.3

Playa 0.3 0.3 30 0.3

Como resultado, cada linea roja en la figura 7B es una caida de rocas individual, de la que
podemos reconocer su trayectoria, tanto frontal como lateral, su alcance desde el pie del talud
y energia tanto en su recorrido como de impacto. Las acumulaciones se encuentran
mayoritariamente en la base del acantilado y en los entrantes generados por la erosion
diferencial, y los maximos alcances de las rocas son de 5 metros desde el pie de talud, aunque

principalmente alcanzan maximos de entre 2 y 3 metros (Fig. 7B).

Propuesta de actuaciones

Ademas de la simulacidon de trayectorias, la modelizacién tridimensional permite realizar mapas
de distintos parametros que pueden favorecer la gestion de estos espacios. Para la elaboracidn
de estos mapas, el terreno se divide en celdas de distinto tamafio. En nuestro caso, dado que
los acantilados bordean la playa de Atxabiribil y se trata de un area protegida, como se ha
indicado previamente, las medidas estructurales no son recomendables. En este punto, resulta
fundamental establecer el alcance de los bloques desprendidos y delimitar las zonas activas de
caida de rocas, lo que podrd permitir la elaboracion de mapas de peligrosidad, con los que
orientar la utilizacion de estos espacios. Con este objetivo, se elaboran los siguientes mapas con
celdas de 2x2 metros: nimero de trayectorias que pasan por cada una de las celdas en que se

ha discretizado el terreno (Fig. 9A), energia maxima alcanzada en cada celda (Fig. 9B) y niumero
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de impactos de bloques por celda (Fig. 9C). La figura de trayectorias, permite reconocer los
recorridos preferenciales de caida de rocas, mientras las de energia maxima y nimero de

impactos informan de la entidad del proceso en distintas areas del acantilado.
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Fig. 9. Mapeos por celdas de algunos parametros de los procesos de caidas de rocas en la playa de Atxabiribil. A)

NuUmero de trayectorias. B) Energia. C) NiUmero de impactos.
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A partir de esta informacidn, la relacién entre la energia y la recurrencia del proceso, obtenida
mediante el seguimiento plurianual de los desprendimientos, determina la peligrosidad por
caida de rocas (Fig. 10A). En el caso de la playa de Atxabiribil, la energia individual de las caidas
alcanza maximos de 5 kJ, y la recurrencia observada es de entre 20 y 30 caidas al afio en los
distintos tramos de la playa, lo que segun la clasificacién establecida por Volkwein et al., 2011,
supone un peligro medio. De este modo se realiza un mapa de peligrosidad de la playa en el que
se delimitan (Fig. 10B) las zonas activas (desde el talud hasta el alcance maximo) y una zona de
seguridad para los usuarios de la playa con un margen de 2 metros, que es el tamafo de celda
utilizado. En todo caso, dado que la modelizacién se ha hecho con observaciones de 3 afios de
seguimiento, estos margenes deberan ser contrastados y podrian ser aumentados en la medida

en que se disponga de una informacidn mas completa del proceso.
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Fig. 10. Mapa de peligrsidad de la playa de Atxabiribil
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Discusion y conclusiones

En la playa de Atxabiribil, la aproximacién aplicada al analisis de caida de rocas en acantilados
costeros permite resaltar el valor de los estudios de detalle para el desarrollo de propuestas de
actuacion ajustadas a cada espacio. Para ello, las nuevas herramientas de adquisicion de
informacién topogréfica, fundamentalmente drones y laser escdner terrestres, facilitan la
obtencién de modelos digitales del terreno de detalle, de forma rapida y eficiente. Se optimiza
el trabajo de campo y puede desarrollarse de manera mas precisa la localizacion de areas fuente,
trayectoria y zonas de acumulacion de bloques desprendidos. En este estudio, la calidad del
macizo rocoso se ha establecido mediante el indice Rock Mass Rating (RMR) de Bieniawski, si
bien en futuros trabajos se considera incluir indices especificos para entornos flyschoides, como
el GSI (Geological Strength Index) de Marinos y Hoek, 2001. El trabajo de campo se completa
con la identificacion de los tipos de rotura en el acantilado, y la determinacién del peso,
dimensiones y alcance de bloques caidos. A partir de esta informacién, la modelizacidon
tridimensional, en nuestro caso utilizando el programa RocPro3D (RocPro3D, 2014), permite

precisar la evolucidn, trayectoria y energia de los desprendimientos.

En este sentido, a partir de los registros de 3 afios de seguimiento se establece que la
distribucion general de frecuencias de peso de bloques caidos sigue una ley potencial, similar a
la obtenida de inventarios de caida de rocas recogidos en trabajos previos (Bunce et al., 1997,
Hungr et al., 1999; Dussauge-Peisser et al., 2003; Volkwein et al., 2011; Morales et al., 2021),
con un valor de bloque maximo de 30 kilogramos. Este valor es utilizado como base para el
desarrollo de mapas de peligrosidad, considerando el mdaximo alcance de los bloques

desprendidos y su recurrencia.

Estos resultados posibilitan el desarrollo de estrategias de gestién especificas adaptadas al

entorno investigado. En el caso de la playa de Atxabiribil, al tratarse de un espacio protegido
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donde el acantilado se situa directamente sobre la playa, se propone la delimitacién de zonas
de advertencia. Este tipo de aproximacién, basada en el principio de actuacién minima, requiere
un proceso de seguimiento, tanto para profundizar en las dindmicas de detalle del entorno,
como para verificar las actuaciones planteadas a corto, medio y largo plazo (Morales et al.,
2018). En este sentido, en lo que se refiere al analisis de detalle de las dindmicas de caida de
rocas, se trabaja en el reconocimiento de posibles relaciones entre las caracteristicas
geomecanicas del macizo rocoso y el desarrollo y evolucion de los desprendimientos. Del mismo
modo, a medida que se continde la investigacidn, se ird recogiendo mas informacion sobre las
dimensiones y alcance de los bloques caidos, lo que permitira validar, o en su caso modificar, los
resultados obtenidos. En todo caso, la informacidn recogida permite tener una imagen

tridimensional de la situacion actual del entorno.
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4.3. Capitulo lll: Assessment of long-term structural
movements in a historic Cliffside construction
through Lomb-Scargle spectral analysis of unevenly
spaced time records: The Punta Begofna Galleries
(Getxo, Spain)

Vista panoramica de las Galerias Punta Begona en Getxo
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Abstract

Long-term monitoring of structural movements in historic buildings and heritage sites allows
assessing their stability and recognizing damages that require intervention. The Punta Begofia
Galleries, built in the earlier part of the 20th century, present pioneering techniques in the use
of reinforced concrete in building construction. They stand directly over a coastal cliff, and their
recovery requires first to guarantee their stability, while maintaining their historic and
patrimonial values. Thus, with the goal of analyzing their global stability, as well as the extent of
the observed damages, we implemented a motion monitoring network that includes three
boreholes for extensometric control, an inclinometer, and five crack gauges (crackmeters). This
monitoring was complemented with the recording of hydrometeorological variables at the
surface and in four piezometers. The spectral analysis of the signals of movements was
performed by introducing the use of the Lomb-Scargle (LS) periodogram, which is particularly
well-suited for the analysis of unevenly spaced time series. This analysis allowed us to
differentiate the reversible seasonal elastic components of the records and to recognize the
irreversible long-term plastic displacements, which highlight the sectors with active instability.
In our case, the identified damages are related to two local problems of building support. Even
though the irreversible component of the displacement after seasonal sinusoidal detrending is
small (with maximums up to 0.12 mm/y), it does imply a dynamic plastic deformation, which

calls for the need to adopt structural stabilization measures.

Keywords: Heritage sites stability - Long-term monitoring - Lomb-Scargle periodogram - Damage

assessment - Conservation plan
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Introduction

Conservation and stabilization projects in environments of well-known cultural relevance, not
only must address the repairs of any existing damages, but also must ensure the preservation of
the historical value of the site (Guo et al. 2009). Thus, and following the recommendations
compiled in the “ICOMOS Charter — Principles for the analysis, conservation and structural
restoration of architectural heritage (2003)”, the rehabilitation measurements aim to address
the root of the problems while being minimally invasive in order to guarantee the safety and

durability of the site and to mitigate damage to the patrimony.

Consequently, the diagnosis and knowledge of both the building techniques and the processes
of alteration and structural damages are fundamental to rehabilitate and repurpose the historic
building (Heinemann 2008, 2013; ICOMOS 2010, 2014; Laborde Marqueze 2013; Custance-Baker
and Mac Donald 2014). The diagnosis must follow specific methodologies in order to understand
the structure and building methods, to characterize the alteration processes, and to evaluate
and control the structural safety of the site (Chang el al. 2003; ICOMOS 2003; Heinemann 2008;
Laborde Marqueze 2013; Damas Molld et al. 2018, 2020). For cultural heritage and
archaeological sites considered to be affected by geologically based issues and geo-hazards,
monitoring strategies incorporate a wide range of complementary survey techniques
(Margottini et al. 2015; Themistocleous and Danezis, 2019); including, at the local-scale
(Themistocleous et al. 2018), in-situ observation, 3D laser scanning, differential GNSS, satellite
and ground-based radar interferometry, UAV imagery (Colomina and Molina 2014; Tang et al.
2016), along with geotechnical instrumentation for displacement control, mainly extensometers
and crack gauges (Ding et al. 2000; Greif et al. 2006; Mulas et al. 2020), and environmental

sensors.
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Itis within this framework that we approach the recovery and revalorization of the Punta Begofia
Galleries (Getxo, Spain). Previous reports question the overall stability of this early 20th century
building. The stability of its most significant spaces, namely the Northwest and Southwest
Galleries, in relation to the stability of the cliff upon which they were built was highly questioned,
leading to pose the need to demolish the building and only preserve architectural elements of
the fagade. In this context, given the local development of the damage observed, and the fact
that these are extremely slow movements, in the sense that they do not pose an immediate
threat to the structure, but have proven to be detrimental over the long course of time (Greif et
al. 2006), a permanent geotechnical recording system (Cempel 2003; De Stefano et al. 2016) was
designed in order to monitor the instability symptoms. This geotechnical monitoring system is
chiefly based on wire-extensometers and crack gauges seeking to identify the behavior of this
dual context in which the development of instabilities in the cliff can lead to the development
of damage to the building’s structure, whose supports in turn alter the state of the terrain’s

original stresses.

Records from these devices are affected by temperature changes giving rise, due to materials
thermal dilatancy, to opening-closing cycles in the time-series that can mask significant and
worrisome small irreversible displacements (Weber et al. 2017; Janeras et al. 2017; Mulas et al.
2020). To separate these reversible (elastic) components from the signals and quantify the
irreversible (plastic) displacements, Weber et al. (2017) have proposed a linear fit method
between temperature and fracture opening. This approach requires temperature series, so
Mulas et al. (2020) propose a sinusoidal wave fit of displacement time series, avoiding the
consideration of temperature series that may lead to biased results as they observed significant
time-lag of the temperature signal with depth. In this work, we introduce the use of the Lomb-
Scargle spectral analysis of the time-series (Lomb 1976; Scargle 1982). The Lomb-Scargle analysis

can be understood as a Least-Squares Spectral Analysis (LSSA) method. This technique was
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originally developed for the analysis of astronomical time-series, but it has been adopted to
analyze time-series in different geology fields such as environmentology, climatology and
paleoclimatology (Pestiaux and Berger 1984; Schulz and Stattegger 1997; Hocke and Kampfer
2009), seismology (Park et al. 1987) and cyclostratigraphy (Weedon 2003; Pardo-lgtzkiza and
Rodriguez-Tovar 2011; Vaughan et al. 2015). The main advantage of this method is the ability to
overcome the limitations imposed by other methods that require continuous and evenly spaced
time-series; thus, this method eliminates the need to fill unevenly sampled time-series with
interpolated values, which can have an effect on the spectral analysis results (Schulz and

Stattegger 1997; Pardo-lguzkiza and Rodriguez-Tovar 2012).

Our main objective is to analyze the efficiency of the installed monitoring network, as the basis
of a cliff and structural health monitoring system, and to show how the Lomb-Scargle spectral
analysis can be used to quantify the magnitude of the instabilities and the scope of the damages.
This information will be essential for the design of mitigation strategies that would preserve the
natural and cultural value of the cliff-structure complex, while incorporating the necessary

safety measures for its public use.

Construction context

The Punta Begoia Galleries are located in the municipality of Getxo, on the coastal cliffs of this
sector of the Bay of Biscay (Fig. 1). Designed by Ricardo Bastida as an extension of Horacio
Etxevarrieta's house, the galleries were built directly on the rocky wall of the cliff, constituting a

watchtower over the entrance of Bilbao’s Estuary.
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Fig. 1 (a) Geographical location (b) image prior to construction (c) Punta Begofia Galleries today.

From a geological point of view, materials outcropping in this sector of the coast are Mesozoic
and Cenozoic successions of marine deposits folded during the Alpine Orogeny (Morales et al.
2004). In the area where the galleries were built, these materials show a flyschoid alternation,
consisting of hemipelagic marls and marly limestones (Upper Cretaceous gray and red marls and
marly limestones). The arrangement of rock strata shows a northwest-southeast direction

dipping deeply towards the south.

In this geological context, Punta Begofia Galleries were built at the beginning of the 20th
century, adapting its shape and structure to the morphology of the cliff (Figs. 1b, c). Their origin
appears to be related to a rockfall that made necessary the stabilization of the area. The
architect Ricardo Bastida designed, for this purpose, a wall with out-facing pavilions in 1918,
which eventually resulted, in 1921, in a more ambitious construction: the current galleries. The
final building structure resulted in two main fagades that are perpendicular to each other: the
so-called Northwest Gallery, with a large room, called the Hall, followed by an elevated corridor;
and the Southwest Gallery (Fig. 2a). The galleries are separated by a semicircular structure,

known as the "Tholos" that acts as a juncture.
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Their construction coincided with the beginning of the use of reinforced concrete (Rosell and
Carcamo 1994; Diaz Morlan 1999, 2011). The facades are based on a sandstone masonry wall
(Figs. 2b, d), on which an intermediate section of reinforced concrete blind wall was built. The
blind wall supports a corridor gallery with concrete columns and prefabricated balustrades,
crowned by an upper garden. The pillars of the structure are also made of reinforced concrete
and were built directly on the original cliff (Figs. 2c, e, f), resting on small footings excavated in
a staggered manner. An important aspect to highlight is the differing relationship between the
rocky cliff and the structure of the building on both fagcades. Namely, while the orientation of
the Northwest Gallery facade is perpendicular to the direction of the strata (Fig. 2c), the

direction of the stratification and the fagade of the Southwest Gallery are parallel (Figs. 2e, f).

Consequently, after years of neglect, when in 2014 the Getxo City Council promoted the
recovery and enhancement of this heritage site, it emerged as a priority issue to establish the
nature and extent of the damages to the building. Initially, its general stability in relation to the
cliff-construction interaction was particularly questioned, so a monitoring strategy was designed

with the aim of measuring and assessing the observed damage.
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a) b) and ¢) viewpoint

Northwest
Gallery -

d), e) and f)
viewpoint
v

Southwest
Gallery

Interior view

Fig. 2 (a) Plan of the Punta Begofia Galleries (b) exterior of the Northwest Gallery Hall (c) interior space underneath
The Hall, showing the pillars standing on the cliffside (d) and (e) exterior of the Southwest Gallery (f) interior

showing the supporting pillars over the chalky strata. SO: stratification.

Methodology

Movement control network

As a first step, in order to have a highly accurate digital reference to include the different
observations of the building, we created a geometrical model of the building and its supports in
the rocky slope. For this, a Terrestrial Laser Scanner (TLS), with a FARO Laser Scanner Focus 3D
X330 equipment was used to make a full scanning of the building and the rocky slope. The TLS
is an ideal technique for buildings with irregular and not very accessible morphologies (Casula

et al. 2009; Montuori et al. 2014; Dong et al. 2020). The 3D Point Cloud (3DPC) clearly depicts
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both the detailed structure of the building and the cliff. The 3DPC is essential for the detailed
management of high value heritage elements, before acting on them. In our project, the
software Web Share 2 Go (FARO 3D Visionary) enabled real viewing of the scanned space
through an external cloud service, which allowed us to make measurements. We completed

planimetrics based on the 3DPC point cloud using CAD software.

Based on this planimetric model, and after reviewing the building’s structural damages, we set

up the movement monitoring network together with a hydrogeological control system (Fig. 3):

a) Extensometer

o ‘
(S)
%

0O 10m

Fig. 3 Movement control and hydrogeological monitoring devices in Punta Begofia Galleries. Equipment installation:
(a) extensometers (b) inclinometer (c) crackmeters. EXT: borehole for extensometric control. CRK: crackmeter. INC:

inclinometer. SP: piezometer.
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Northwest Gallery

The area known as “the Hall” is located here. This is the area where most activity is registered
by researchers and where the main social and outreach events take place, including thematic
workshops and some of the most attended activities open to the public, such as the regular

venue for the International Image Festival Getxofoto (www.getxophoto.com).

In this facade (Fig. 4a), despite the orientation of the strata being perpendicular to the slope,
and therefore favorable for stability, previous reports identified a crack, with a maximum
aperture of 1 cm, in the upper concrete slab at its northeastern corner (Fig. 4b), coinciding with
the access stairway to the building from the upper esplanade. This observation was interpreted
as a sign of global instability of the building in relation to the cliff, so the first extensometer set
(EXT-1) was installed in 2014 from the lower masonry wall of the galleries (Fig. 4a). For this
purpose, an 11 meters deep horizontal drilling was carried out, with a diameter of 101 mm for
the first 3.60 m, and of 86 mm for the remaining depth. This drilling went through 1.20 m of
wall, clayey fills of anthropic nature up to 3.40 m deep, 0.20 m of fragmented rock without
matrix, and marly rocks and marly limestones up to the end of the drilling. We then performed
the extensometric control by placing 2 potentiometric sensors arranged in an external head,
with two sets of rods fixed with hydraulic anchors (Fig. 3a): from 2.50 to 3.25 m (short rod) and
from 10.00 to 10.75 m (long rod), respectively (Fig. 4a). The measuring range of the IKM
potentiometers (DPF Sensors) is 50 mm, with an accuracy of +0.01 mm. A Campbell Scientific
CR200X Series datalogger recorded, at the desired time step, environmental temperature and
ground movements on both rods. The frequency of data recording has varied throughout the

research period, as needed, from hourly to every 4 to 12 hours.

Slightly further south, in the most prominent zone of the original cliff, and therefore of the

building, we decided (in 2016) to perform one inclinometric drilling (INC-1) from the upper
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esplanade. The borehole reaches a depth of 21 m, with a diameter of 101 mm. Initially, it passed
through 1.20 m of loose material and fill before reaching the rock massif, consisting of an
alternation of marls and marly limestones. This borehole was equipped with an inclinometric
pipe. The inclinometric measurements were made with a Soil Instruments C17-pro biaxial probe
with a monthly periodicity, which allows quantifying the relative horizontal movements on a

vertical line.

Max. groundwater level

& Short rod

L
IV

SP-3
CTD-Diver
SP-1
CTD-Diver

N

Fig. 4. (a) Schematic cross-section of the Point Cloud of the Punta Begofia Galleries in the Hall, with the location of
the EXT-1 extensometer, SP-1 and SP-3 piezometric boreholes (b) image of the existing crack in the upper slab of the

building.

At the same time we installed a hydrogeological monitoring system (Fig. 4a), consisting of two
piezometers, one located on the upper terrace of the building (SP-3 piezometer) and the other
at its base (SP-1 piezometer). Each of these piezometers were equipped with water

temperature, water level, and electric conductivity control devices (CTD-Divers) from the brand
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Schlumberger. In both boreholes, barometric devices were also installed at 20 cm depth to
record air temperature and pressure. Figure 4 shows the monitoring network in the area around

the Hall.

Southwest Gallery

Unlike in the Northwest Gallery, the direction of the facade in the southwest side of the building
is parallel to the stratification. The stability of this gallery was compromised as part of the
structure was loaded on the original cliff strata (Fig. 2f and 5a). In fact, the Southwest Gallery is
the sector that shows the main damages, including several cracks affecting its structure,
particularly in two well-localized sectors: the "Tholos", with a maximum crack aperture of 1 cm
(Fig. 5d), and the section where the gallery widens, in which cracks reach 2 cm of aperture in the

upper terrace (Fig. 5b) and up to 1 cm in other parts of the building, as in the facade (Fig. 5c).

With the aim of analyzing the evolution of damages in both sectors, two extensometric control
units were implemented in 2014 (EXT-2) and 2016 (EXT-3). The extensometer set EXT-2 was
located in the "Tholos" (Figs. 3 and 5). To install it, we carried out a horizontal drilling of 9 m in
length and a diameter of 101 mm for the first 1.10 m, and 86 mm for the rest of its length. After
1.30 m of masonry wall, we reached the marls and marly limestones of the rock massif on which
the “Tholos” rests. Two potentiometric measurement sensors were installed, with the technical
characteristics previously indicated, as well as two sets of rods with hydraulic anchors from 2.5

to 3.25 m (short rod) and 8.00 to 8.75 m (long rod), respectively.
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a) w Upper Terrace

SP-5
CTD-Diver Sp-2
: EC'I’D-Dm—:-r

Fig. 5 (a) Schematic cross-section of the Point Cloud of the Punta Begoiia Galleries in the “Tholos” and Southwest
Gallery (b) and (c) images of the main cracks in the section where the gallery widens (d) main crack in the “Tholos”

fagade.

The extensometer set EXT-3 was installed in the outer facade corner where the Southwest
Gallery widens (Fig. 3). For this purpose, a 20.80 m horizontal drilling was made, with a diameter
of 101 mm along its entire length. Due to its parallel disposition to the wall, it ran along the wall
for 5.30 m, where it reached the marls and marly limestones of the rocky substrate on which
the corner rests. The control equipment has a head with two OG400VW vibrating wire sensors
(OTR) and two sets of rods with hydraulic anchors fixed from 10.00 to 10.75 m and from 19.50
to 20.25 m, respectively. The measurement range of these sensors is 50 mm, with an accuracy

of £0.1 mm. The Geosense Geologger LINX data logger continuously records the environmental
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temperature and the movements of both rods. The periodicity of data acquisition was varied as

needed.

In order to monitor the activity of the main cracks in this gallery, five crackmeters were installed:
three KLR potentiometric ones (Novotechnik) at the "Tholos" (CRK-1, CRK-2 and CRK-3), with an
accuracy of £0.05 mm; and two VWDT vibrating wire (Geosense VW) on the facade where the
Southwest Gallery widens, with an accuracy of +0.05 mm, named CRK-4H and CRK-4V (set CRK-
4). The data were recorded in the same data loggers that collected the extensometric

information and with the same periodicity, ranging from 1 h to 12 h increments.

Monitoring in this sector was also completed with two piezometers (Fig. 5), one in the upper

terrace (SP-5) and the other at the foot of the galleries (SP-2).

Spectral analysis of data series

From the information obtained in the field campaign, we used the time-series analysis to
differentiate between the reversible tendencies characterized by cyclic components,
representative of elastic behavior, and the irreversible tendencies that would point to the

existence of plastic deformations.

To this end, after importing the data with the pandas data analysis tool (McKinney 2010; Reback
et al. 2020), first we performed a least-squares linear fit to all the signals to remove any linear
trend. After removing the linear trends and the mean from our signals we performed a spectral
analysis using the Lomb-Scargle method (Lomb 1976; Scargle 1982) to identify the most
dominant periods of cyclic reversible changes. To perform the calculation of the periodogram
we used the gastpy package developed by VanderPlas and lvezi¢ (2015). Specifically we use the
fast periodogram implementation based on the algorithm developed by Press and Rybicki

(1989).
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For a data series x,, sampled at nonuniform times t,, the expression for the Lomb-Scargle

periodogram is given by:

Ps(f) = %{(EanCOS(ZTEf[tn—T]))Z (annsin(an[tn_T]))z}' "

Ynxncos?(2nf[ty—1]) Ynxnsin?(2nf[ty,—1])

where f is the frequency and 7 is an offset specified for each frequency to ensure time-shift

invariance:

Xn Sin(‘l'n'ftn)) (2)

__1 -1
T tan (Zn cos(4mfty)

- 4nf

When written in this form, the expression for the periodogram resembles that of the classical
periodogram of evenly sampled data using the Fourier transform. The Lomb-Scargle method can
also be interpreted in terms of a least-squares fit to a sinusoidal function at each frequency of

the form:

y(t, f) = Agsin (27Tf(t - (pf)) (3)

where the amplitude A and the phase ¢ parameters can vary as a function of frequency and

are fitted to the data using a least-squares method (VanderPlas 2018). In our case, we use:

y(t, f) = A + Agsin (an(t — (pf)) (4)

where A, is the average value of the oscillation, which depends on the initial setting of the

equipment.
Results

Monitoring data

In this section, we present the results obtained from the crackmeter set CRK-4, and
extensometers EXT-1 and EXT-2, which are the three control units that provided the most

significant information regarding the cliff-building stability. In order to allow for a comparative
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view of the data registered by these instruments, in Fig. 6 we include the direct observations

obtained from 2015 to 2019.
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Fig. 6. Records from 2015 to 2019: (a) crackmeter CKR-4, horizontal (CRK-4H) and vertical (CRK-4V) movements,
together with the ambient temperature at Punta Galea weather station (b) extensometer EXT-1 long rod (anchored
at 10.00 to 10.75 m depth) and short rod (anchored from 2.50 to 3.25 m depth), together with temperature evolution
at SP-3 (c) extensometer EXT-2 long rod (anchored at 8.00 to 8.75 m depth) and short rod (anchored from 2.5 to 3.25

m depth), together with temperature at SP-5 piezometer.

Thus, in Fig. 6a, we show the data from the crackmeter set CRK-4, which registers the horizontal
(CRK-4H) and vertical (CRK-4V) displacements in the fagade’s main crack in the sector where the

Southwest Gallery widens (Fig. 5c). Both signals show a clear periodicity, with a peak to peak
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amplitude of 0.566 mm for the horizontal displacement (CRK-4H) and of 0.403 mm for the
vertical displacement (CRK-4V). In this figure, we also show the variation in ambient
temperature recorded in the nearby weather station of Punta Galea (Getxo). The daily average
temperatures also show a clear seasonal tendency, with highs of up to 25 2C during the
summertime and lows of 5 2C during the wintertime. As can be seen, the displacements in the
crack show a logical inverse relationship with the ambient temperature (Mulas et al. 2020), with
maximum crack openings corresponding to colder periods, and crack closing during the warmest
months, in relation to the thermal retraction-dilatation processes of the facade materials,

respectively.

In Fig. 6b, we present the data from the extensometer EXT-1 in the Northwest Gallery (Fig. 4),
those obtained by the rod anchored between 10.00 and 10.75 m (long rod) and those obtained
by the rod anchored between 2.50 and 3.25 m depth (short rod). These signals show a clearer
cyclicality, with a peak to peak amplitude of 0.533 mm for the long rod and 0.723 mm for the
short one. We note that during the first year and a half, the long rod showed a relatively static
behavior (Fig. 6b), but that after replacing the sensor, its measurements were similar in
magnitude and direction to those obtained from the short rod. In both cases, the largest
elongation of the rods corresponds to the winter time. This apparently paradoxical behavior can
be explained taking into account the offset of the temperature evolution inside the ground. In
order to clearly show this evolution, Fig. 7 shows the standardized records of ambient
temperature, air temperature at 20 cm depth in the SP1 piezometer (measured by the
barometric device) and water temperatures recorded by the CTD-divers in the piezometers SP-
1, SP-2, SP-3 and SP-5. This figure clearly shows how there is essentially no noticeable offset
between the ambient temperature and the air temperature inside the piezometer, and how the
latter is a smoother version of the former. Regarding the piezometers located at the base of the

building, Fig. 7 (panels a and b) shows how the water temperatures recorded at depths of 6.1 m
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and 8.6 m in the piezometers SP-1 and SP-2 exhibit lags of 80 to 106 days with respect to the
previous signals, and a clear incidence of the arrival of rainwater in the records. Finally, the CTD-
divers located at depths of 19.4 m (SP-3) and 21.7 m (SP-5) in the piezometers of the upper
terrace of the building, exhibit lags of 228 and 194 days (Fig. 7c), respectively, in their
temperature signals, which are not significantly affected by rainfall water. In this regard, even
though the water level recorded by piezometer SP-3 is clearly influenced by the arrival of rainfall
waters (Fig. 7a), the location of the CTD-diver in the practically impervious bottom of the
piezometer (Uriarte et al. 2020) minimizes its thermal response. These temperature offsets,
evidenced through piezometer water, are much larger than those reported by Mulas et al.
(2020) in fissure clayey fillings at depths of up to 1 m, and show a complex thermal context in
which contraction and dilation processes differentially affect the materials as a function of
depth. The final result in extensometer EXT-1 is a practically inverse evolution with respect to
the ambient temperature and to some extent directly proportional to the temperature recorded

by piezometer SP-3 (Fig. 6b).

Finally, in Fig. 6c we show the records from extensometer EXT-2, located in the "Tholos" (Fig. 5),
those corresponding to the rod anchored between 8.00 and 8.75 m (long rod) and those
corresponding to the rod anchored between 2.5 and 3.25 m (short rod), together with the
temperature evolution recorded in the piezometer SP-5. The displacements show a markedly
cyclical behavior, with a peak to peak amplitude of 0.578 mm for the long rod and of 0.380 mm
for the short one. The largest elongation is once again recorded during the winter months, with
a moderate offset with respect to the signal from extensometer EXT-1, and of the temperature
signal recorded by the piezometer SP-5. In any case, an upward trend in the long-term

displacement signal of this extensometer can be seen.
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Fig. 7. Hydrometeorological records and temperature evolution inside de rock massif trough piezometers
groundwater monitoring: (a) precipitation at Punta Galea meteorological station and groundwater level at piezometer
SP-3 (b) comparison between ambient and air temperature recorded at the barometric device placed 20 cm depth in
SP-1 and temperatures registered in the piezometers SP-1 and SP-2 (c) comparison with temperatures registered in

the piezometers SP-3 and SP-5.

Lomb-Scargle spectral analysis results

Once the displacement records were obtained, discriminating reversible temperature effects
from irreversible damaging effects is required (Bottelin et al. 2013; Weber et al. 2017; Mulas et
al. 2020). Since our instruments are exposed to the elements, rainfall and winds produce gaps

in the registry of the instrumental records (Fig.6). To account for this, we introduce the use of
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the Lomb-Scargle spectral analysis method to analyze the spectral content of the signals, as this

technique is particularly well-suited for the analysis of unevenly sampled time series.

Given the difference in the recording rate of the instruments, we used daily averages in all the
analyses. First, before calculating the power spectrum of each signal we did a least-squares
linear fit to the raw data. After signal detrending and demeaning, the spectral power analysis
allowed us to recognize the most representative periods in the data series. The spectral analysis
results along with the phase curves of all the signals are shown in Fig. 8. In Table 1, we show the
values of both the linear fits used to detrend the raw data as well as the parameters of the

sinusoidal fits derived from the spectral analysis.

As can be seen from Fig. 8, all of the periodograms show a clear peak around 365 days, with
spectral peaks between 0.4 and 0.8. These peaks are particularly well defined for the two EXT-1
rods and for the long rod of EXT-2. For the crackmeter signals the peaks are broader due in part
to the lowest number of cycles available in the registry as shown in Fig. 6. In addition to this, for
the crackmeter CRK-4H and the short rod of extensometer EXT-2, the main peak height is lower
due to the large dispersion of the data, as can be seen in the corresponding phase curves.
However, for all cases, the annual periodicity derived from the main peak is highly significant.
In this sense, the precision with which a peak’s period (or frequency) can be identified is directly
related to the width of the peak and often the half-width at half-maximum is used (Vanderplas
2018). The peak width would be the inverse of the observational baseline, which is somewhat
different for all our signals. The precision of the periods in our periodograms is marked by the
shaded vertical region in Fig. 8. The figure also shows the line corresponding to the 5% False-
Alarm Probability (FAP) level calculated using the Baluev (2008) method. This is the typical
approach to quantify the significance of a peak in a periodogram, as it represents the probability

that a series with no signal would lead to a peak of similar magnitude. It gives an estimate of the
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level that corresponds to a 5% false alarm probability for the largest peak, assuming a null

hypothesis of non-varying data with Gaussian noise.

In addition to the clear annual period, there are other peaks that are less significant. At periods
shorter than the main annual period, these peaks are a combination of harmonics of the annual
signal as well as high-frequency noise. Some others peaks, like the one found around three and
a half years present in the EXT-2 spectra are too broad to be significant, despite being above the
FAP level, and are associated with periodicities in the signal residuals. Finally, other imprecise
peaks, like the one between 1.5 and 2 years in the same EXT-2 spectra would be caused by

aliases of the main seasonal signal with periodicities introduced by gaps in the data series.
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Fig. 8. Periodograms and phase curves for the data series obtained: (a) and (b) horizontal and vertical crackmeters (c)

and (d) extensometer EXT-1 short and long rods (e) and (f) extensometer EXT-2 short and long rods.
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The values of the main periods (P;s = 1/f) derived from this method for the main peaks, range
from 364 to 375 days (Table 1). The values of the amplitude (4f) range from lows of about 0.16
mm in the crackmeter CR-4 to highs of about 0.305 mm in the extensometer EXT-1 long rod. The
peak to peak amplitude values (Ap.,= 2Af) are slightly lower to the ones previously derived

directly from the experimental data (App exp)-

Table 1. Parameters of fits to the displacement signals. PLS(%) is the period determined through power spectrum

analysis; Ay and Ay are the mean value and amplitude of the signals derived from sinusoidal fits to equation (1) above;
Ap_p is the peak to peak amplitude, obtained as 24y, and A,,_, .«p, are the values obtained directly from the raw data.
The first column (Lin slope) shows the slope of the linear fit to the raw data, while the last column (Lin slope detr)

shows the slope after detrending the sinusoidal fit.

Signal Lin slope P Ay Af Ay Ap—pexp  Linslope detr
(mm/y) (days) (mm) (mm) (mm) (mm) (mm/y)
CRK-4H 0.05 375 0.174 0.158 0.316 0.566 0.07
CRK-4V -0.13 375 0.151 0.161 0.322 0.403 -0.09
EXT-1 Short -0.03 362 -0.167 0.305 0.610 0.723 -0.01
EXT-1 Long -0.03 351 -0.200 0.223 0.446 0.533 -0.02
EXT-2 Short 0.11 364 -0.133 0.148 0.296 0.380 0.11
EXT-2 Long 0.10 364 0.022 0.269 0.538 0.578 0.12

From this information, we plotted two new sets of figures: Fig. 9, which shows the evolution of
the signals before and after removing the linear trend, together with the sinusoidal fits; and Fig.
10, which shows the permanent displacements not explained by the seasonal variation, after
removing the sinusoidal trend. With this detrended series further least-squares linear fits were
made, whose slopes, as expected, were very close to those obtained from the raw data (Table
1). These complementary figures facilitate the interpretation of the information contained in
the records, highlighting the non-reversible component of the signals that informs about the

active instability process.
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Fig. 9. Raw data (in grey) and detrended data (in black) for the different signals: (a) and (b) horizontal and vertical
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The red line shows the sinusoidal fit to the detrended data with the period found through the spectral analysis.
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linear fit corresponding to the non-reversible plastic displacement.
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Extent of instabilities

Thus, Figs. 9a and b, and more clearly Figs. 10a and b show a slow irreversible trend in the
evolution of the fagade’s main crack monitored in the sector where the Southwest Gallery
widens (Fig. 5c). It displays a slight opening of the horizontal crackmeter (0.07 mm/y) and a
closing tendency from the vertical one (-0.09 mm/y). Two main things to highlight from these
figures are: first, the very low magnitude of the irreversible plastic deformation with respect to
the peak-to-peak amplitude of the seasonal displacements, which are slightly over 0.3 mm
(Table 1); second, the lack of specific seasonal moments of acceleration in the detrended signals,
which show a linear tendency (Fig. 9a, b). Regarding the stability of this sector of the building,
the observed trends imply a very slowly sinking and moving outward motion of the outermost
element of the southwest fagade. This motion is consistent with the slight expansion (0.12
mm/y) recorded by the long rod of extensomenter EXT-3, which is located as shown in Fig. 3; it
should be noted, at this point, that its short rod was only functioning during the first year of
monitoring (14/06/2016-19/09/2017). Contextualizing all this information into the observations
of this sector, the origin of the instability would be in the intermediate pillars that were built
directly on the original cliff (Fig. 2f) and more precisely in the intermediate pillar that is located
underneath the stairs that give access to the upper terrace (Fig. 5). The greater load of this pillar
breaks the superficial stratum locally and produce a slight descending displacement towards the
exterior of the building. This motion is jointly transmitted by the concrete structure producing
the traction crack in the staircase of the upper terrace (Fig. 5b) and the detachment of the upper
part of the facade with respect to the base of the building, which is directly grounded on the
underlying terrain. Even though the irreversible component of the displacement is small, it does
imply an active plastic deformation, which calls for the need to reinforce the supports of the
intermediate pillars. In any case, the rocky massif as a whole is stable, not developing pressure

on the structure.
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Referring to the data from extensometer EXT-1 it shows a similar tendency for the short and
long rods, with a clearly marked seasonal component (Figs. 9c, d). The displacements after
removing the cyclic component (Figs. 10c, d) show that there is almost no irreversible plastic
deformation since the slopes are barely -0.01 mm/y for the short rod and -0.02 mm/y for the
long rod. This behavior, indicative of a stable environment in the Northwest Gallery, is consistent
with the rest of the observations in this part of the building, including those from the
inclinometer INC-1, which does not show any movement. Regarding the crack found in the top
slab, it was determined that this was caused by the careless demolition carried out by a backhoe
at the upper entrance to the gallery. Thus, the rocky massif as a whole provides a stable support

for the building in this sector.

Finally, the data from extensometer EXT-2 show that the short and long rod follow a similar
evolution (Figs. 9e, f). The irreversible plastic displacements, after sinusoidal fit detrending,
evidence in this case a clear elongation tendency (Figs. 10e, f) with small but continuous
displacement values of 0.11 mm/y for the short rod and 0.12 mm/y for the long rod. Again, it is
worth noting the limited amplitude of these movements, compared to the peak-to-peak
amplitudes of the seasonal displacements that go from 0.3 mm to slightly over 0.5 mm (Table
1); in addition, after the sinusoidal fit detrending, the signal shows a linear upward trend,
without accelerations associated with specific seasonal periods (Fig. 10e, f). The fact that
practically all the displacement can be explained by the motion registered in the short rod, which
is anchored at a depth between 2.5 and 3.25 m, would indicate that the movement occurs in
the outermost environment of the cliff-building complex. Putting into context all the information
derived from the observations in this sector, the origin of the instability would be in the different
foundation of the “Tholos”, whose innermost part is placed directly over the rocky massif, while
its outermost part is placed over a cavity and supported only by the perimeter wall of the facade.

With this layout (Fig. 11), the load of the outermost columns of this pavilion causes the
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subsidence and local cracking of the facade wall and the inner concrete slab. The slight
downward movement towards the outside recorded by the extensometer is consistent with
apertures of the order of 0.12 mm/y recorded in the cracks of this sector. Also, in this case, even
though the irreversible component of the displacement was found to be very small, its dynamics
prompts to take action aimed at reinforcing the support of the outermost columns of the
pavilion. As in the previous sectors, the rock massif is stable and is not in itself the cause of the

existing damage.

5m

Fig. 11 Movements explanatory diagram at the “Tholos”. Explanation in the text

Discussion

Monitoring issues

The identification, damage assessment, and evaluation of the exposure of cultural heritage sites
to geohazards, in order to establish appropriate corrective and conservation measures, is
currently a great challenge. To address this challenge, different monitoring techniques including
satellite and aerial imagery, satellite and ground based radar interferometry, laser scanning,

total station and geotechnical networks have proven to be useful to analyze more and more
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precisely displacements at different scales, ranging from medium-large site scale to local-scale
displacements and structural deformations (e.g. Greif et al. 2006; Roje-Bonacci et al. 2014;

Margottini et al. 2015; Janeras et al. 2015; Themistocleous et al. 2018; Dal Cin and Russo 2019).

In the case of extremely slow movements (Greif et al. 2006), geotechnic networks placed on site,
allow for continuous monitoring with high precision. In this regard, image-based methods can
attain sub millimeter precisions, with an accuracy of 0.5-0.7 mm for GB-InSar (Ferrigno et al.
2017), while the extensometers and crackmeters used in this work have an accuracy of +0.01
mm (extensometer EXT-1 and EXT-2) to +0.05 mm (crackmeters CRK-1 to CRK-4) and 0.1 mm
(extensometer EXT-3). The main limitation of these devices is their limited spatial reach (Zhu et
al. 2017; Themistocleous et al. 2018), while their main advantage is that they allow for the

continuous direct record of displacement in short and long term scales.

Our records show an evident relationship with temperature. In the case of the most superficial
devices, crackmeters, the records display reversible opening-closing seasonal movements
characteristic of the materials thermal response to ambient temperature variations (Mentes
2012; Colombero et al. 2018). The extensometers, which measure displacements relative to
internal points in the rock massif, show a more complex behavior, with the highest elongations
occurring cyclically during the coldest months. This evolution would be related to the offset of
the temperature signal in the interior of the rock massif (Bottelin et al. 2013; Mulas et al. 2020).
In our work, this thermal signal offset has been recognized by the water temperature records of
the hydrogeological monitoring piezometers. At this point, a more detailed analysis of these
seasonal evolutions would require a specific monitoring system, e.g. by including temperature
sensors at different depths in the extensomeric boreholes. In any case these elastic movements
are reversible and would not involve destabilization processes by themselves (Greif et al. 2006;

Weber et al. 2017; Mulas et al. 2020).
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Lomb-Scargle analysis and damage assessment

The removal of these seasonal reversible evolutions is the starting point to characterize often
less marked trends of irreversible nature that condition the stability of the cultural heritage site
in the medium-long term. For this purpose, we introduce the use of the Lomb-Scargle analysis
to identify seasonal trends in geotechnical data series. This analysis, like the one proposed by
Mulas et al. (2020) avoids the bias that the consideration of temperature series (Weber et al.
2017) could introduce in the results, and as Vanderplas (2018) points out, it is the optimal
statistic for fitting a sinusoidal model to data. Furthermore, an additional advantage of this
methodology is that it allows working with unevenly spaced time series, which is a notable
advantage given the considerable exposure to the elements of the measurement equipment
that in many cases leads to discontinuous series. In our case, all the periodograms obtained from
daily data series showed a clearly marked annual cyclical component, with the remaining cyclical

components not being statistically significant.

Detrending of the signal with the sinusoidal fit derived from the Lomb-Scargle spectral analysis
allows to display ultimately the magnitude and temporal evolution of the irreversible damage.
In our work, long-term monitoring of movements in the Punta Begofia Galleries show a clearly
differentiated behavior: The Northwest Gallery is stable, while the Southwest Gallery shows
evidence of slow continuous displacements in the two monitored sectors, with velocities up to
0.12 mm/y. The small magnitude of these movements, when compared to the seasonal
component between 0.3 and 0.5 mm, highlights the need of a continuous monitoring system
composed of accurate geotechnical devices. These movements are not related to instability
processes of the massif, which appears stable, but to local support problems of the building
structure. In addition, the records do not show movement accelerations associated with specific

weather events, displaying the residuals a linear tendency.
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Overall, the Lomb-Scargle analysis proved to be a particularly well suited tool for the analysis of
long term geotechnical records at cultural heritage sites. Its applicability, to analyze and
characterize movements in environments where accelerations associated with specific seasonal
events (such as snowmelt, freeze-thaw cycles or intense rainfall periods e.g. D’Amato et al. 2016;
Frayssines and Hantz 2006; Sandersen et al. 1997) give rise to steps in the signal of residuals

remains to be investigated.

Conclusions

The monitoring of long-term structural movements in the most compromised sectors of the
Punta Begofia Galleries and the processing of the data series through Lomb-Scargle spectral
analysis has allowed us to recognize the nature of damage and its temporal evolution in this

building sited on a coastal cliff.

The main advantage of the Lomb-Scargle spectral analysis is that it allows work with unevenly
spaced data series to facilitate the identification of periodic components in the signals. From
this, it is possible to recognize the role of seasonal patterns in the measurements and to
understand the long-term evolution of the series, differentiating reversible elastic movements

from irreversible plastic ones.

In our case, it has been possible to distinguish the stable behavior of the Northwest Gallery of
the building, contrary to the active dynamics of two sectors of the Southwest Gallery. The limited
magnitude of the identified irreversible movements (with a maximum of 0.12 mm/y)
underscores the need for long-term monitoring for an adequate contextualization of the
information. This information is particularly necessary for the recovery of heritage buildings and
natural environments that require interventions that respect their values, avoiding irrecoverable

losses (Heinemann 2008; Kyriazi 2019; ICOMOS 2014).
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4.4. Capitulo IV: Rockfall hazard mitigation in coastal
environments by dunes protection: a nature-based

solution case on Barinatxe beach (Basque Coast,
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Abstract

Across the world, coastal environments of great landscape, recreational and environmental
value are coming under increasing pressure. Within such environments, cliffs are particularly
unique and characteristic elements, in which processes of instability develop, and their
management requires a transdisciplinary approach that enables the natural condition of the
environment to be protected, while at the same time allowing for continued use and enjoyment.
In the case of Barinatxe (Basque Coast), the beach evolves into a system of foredunes, flanked
by cliffs with frequent rockfall processes. This research analyzes the effect of coastal dunes as
an element of natural protection. To this end, and based on a Digital Terrain Model developed
by Terrestrial Laser Scanning (TLS) and in situ geological characterization, 3D modeling has been
used to analyze rockfall trajectories, evaluating their runout and energy. These models confirm
the protective role of coastal dunes, which act as efficient natural barriers against detached rock
blocks from cliffs, particularly important in areas where the use of tools based on Nature-Based

Solutions (NBSs) guidelines is recommended.

Keywords: coastal dunes, rockfall, Terrestrial Laser Scanner, 3D modeling, Nature-Based solutions (NBSs).

1. Introduction

Rockfall is one of the most frequent and damaging types of mass movement (Rosser and Massey,
2022), common in areas of the world with steep rock slopes and cliffs, both in coastal areas and
in inland rock formations (Geertsema and Highland, 2011). In many natural spaces around the
world, cliffs have a high landscape and recreational value and attract increasing numbers of
visitors. There is therefore a growing need to manage these spaces from the perspective of
visitor safety, but also with a view to preserving the environment (Morales et al., 2021). In such
contexts, risk avoidance has classically been pursued through interventions such as appropriate

land use planning regulations and structural measures such as dikes, mounds, dams and barriers,

143



Capitulo IV

in order to increase the level of protection (Holub and Hiibl, 2008; Accastello et al., 2019). The
negative aspects of these measures, such as the high construction and maintenance costs
involved and the environmental and aesthetic impact they entail (Godschalk et al., 1999; Touili
et al., 2014; Gray et al., 2017), have led to a growing search for less invasive non-structural
measures (Li and Eddleman, 2002; Cruz, 2007; Lacambra et al., 2008), combined with
prevention, warning and education strategies based on detailed analyses of the terrain (Baum

and Godt, 2010; Basher et al., 2015; Morales et al., 2021).

In recent times, there have also been increasing efforts to address environmental, social and
economic challenges through what are known as nature-based solutions (NBSs). Although there
is a wide range of definitions of NBSs (Sarabi et al., 2019; Solheim et al., 2021), the European
Commission (Cecchi, 2015) identifies them as: "Solutions that are inspired and supported by
nature, which are cost-effective, simultaneously provide environmental, social and economic
benefits and help build resilience. Such solutions bring more, and more diverse, nature and
natural features and processes into cities, landscapes and seascapes, through locally adapted,
resource-efficient and systemic interventions". A general review of the application of NBSs in
urban settings is given in Sarabi et al. (2019), while Solheim et al. (2021) assess the value of
implementing NBSs in rural landscapes, by managing vegetation cover and surface waters to
reduce impacts from small, frequent events. Specifically in relation to gravitational risks,
Accastello et al. (2019) consider protective forests in mountainous areas as a mitigating measure

to be integrated into Environmental Risk Management Strategies.

In this context, the aim of this paper is to analyze the role of coastal dunes as natural barriers to
control rockfalls and their effectiveness as a nature-based solution to limit risks in coastal
environments. Dunes are found along most of the world's coasts (Martinez et al., 2004, Gao et

al., 2020), and in Europe alone the total area of coastal dunes has been estimated at over 5,300
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square kilometers (Delbaere, 1998, Heslenfeld et al., 2004). These environments often remain
relatively stable over time, and in previous works they have been considered as natural solutions
against rising sea levels (Sterr, 2008; Pontee et al., 2016; Castelle et al., 2019; Van der Meuler,

2022).

The novelty of our study is that it considers dunes as barriers against gravitational processes.
The methodological approach, based on detailed topography, assessment of rockfall dynamics
and 3D rockfall modeling, seeks to evaluate the way in which dunes can naturally prevent
possible damage caused by these events and the safety implications of the removal of dunes.
For this purpose, a real case study has been trialed, framing its characteristics and discussing its
role from a risk management perspective. To this end, the Barinatxe beach on the Basque Coast
(northern Spain) has been selected. This beach has a dune system developing at the base of the
bordering cliffs, which are 35 —70 m in height and regularly suffer falls of rock fragments. These
processes entail a hazard to visitors and users, which need to be managed in a way that respects
the geological, environmental and landscape values of the surroundings, making this site

particularly suitable for testing our approach.

2. Case study: Barinatxe beach

Barinatxe beach is 755 m long and has an area of about 200,000 square meters at low tide and
61,000 square meters at high tide. It is located on the Cantabrian coast of the Bay of Biscay (Fig.
1), between the municipalities of Getxo and Sopelana, in the of Uribe Kosta region (Basque

Country, northern Spain).
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Fig. 1. Geographical location of the study area.

In geological terms (Fig. 2), the region is part of the so-called Basque-Cantabrian basin (Feuillée
and Rat, 1971, Ramirez del Pozo, 1973). There, in a basin-bed marine environment, thick
sedimentary series were deposited during the Lower Cretaceous - Eocene, characterized by a
persistent and well-defined stratification, with great lateral continuity. During the Alpine
Orogeny, these materials underwent considerable deformation, giving rise to a mountainous
relief that constitutes the western continuation of the Pyrenean mountain range (Baceta et al.,

2012).

From a geomorphological perspective, the Basque Coast is generally E-W in orientation (Fig. 1)
and is dominated by rocky cliffs with average heights ranging from 20 to 50 meters. In enclaves
protected from ocean currents and waves, sandy beaches of moderate extension have
developed (Sanjaume et al., 2011, Flor and Flor-Blanco, 2014), generally less than 800 meters in
length. From them, and depending on the environmental conditions, dune fields have developed

(Cowell and Thom, 1995, Bailey and Bristow, 2004, Provoost et al., 2009, Bateman et al., 2010).
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They include active dunes; systems degraded by anthropogenic action; and fossilized dunes

(Gallego-Fernandez et al., 2011) (Fig. 2).
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Fig. 2. Sketch map of the main structural features of the Pyrenean belt (modified from Boillot and Capdevila, 1977)
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and simplified geological map of the Barinatxe beach in the Basque Coast (Bernaola et al., 2009)

In view of the quality and continuity of the coastal outcrops, various recognized areas and
protected sites have been created, among them the Basque Coast Geopark, with 2 golden spike
marks (Schmitz et al., 2011), and the Bizkaia Flysch, with one golden spike (Payros et al., 2009),

evidencing the area’s major geological and geomorphological value.

Specifically, the study area forms part of a coastline in which the geological record evolves from

Maastrichtian (Upper Cretaceous) to the NE, at Atxabiribil-Arrietara beach (Batenburg et al.,
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2014; Clemente et al.,, 2021), to Lutetian (Eocene) to the SW, at Gorrondatxe beach. At
Gorrondatxe, the golden spike of the Bizkaia Flysch marks the GSSP (Global Stratotype Section
and Point) for the base of the Lutetian Stage (early/middle Eocene boundary; Molina et al.,
2011), while at Atxabiribil-Arrietara beach the K/Pg (Cretaceous/Paleogene) boundary is also
recognized (Lamolda et al., 1983). Barinatxe beach is located between these two, and the cliffs
flanking it show an alternation of marly materials of varying competence ("marly flysch"), from
the Ypresian stage (early Eocene; Payros et al., 2007). The materials are arranged in steep dips,
a characteristic feature of much of the Basque Coast (Payros et al., 2011). At the base of the
cliffs there is a dune system. Since 2008, defensive measures have been taken to protect the
dunes against the increasing influx of visitors, especially during the summer season, due to their

geomorphological and environmental value.

3. Methods

In this context, the effect of the dunes in relation to the hazard posed by continuous rockfalls
from the sea cliffs bordering the beach and the dunes’ capacity as a protective natural barrier

has been analyzed in the following stages.

3.1. Topographic data

First, detailed topographic information was generated (Fig. 3). Although the environment would,
in principle, be an ideal site for use of an Unmanned Aerial Vehicle (UAV), the limitations
resulting from the proximity of Bilbao Airport made it more advisable to employ a Terrestrial
Laser Scanner (TLS). The equipment used was a FARO Focus 3D X330, which enables objects to
be scanned from a distance of up to 330 meters, with an interval error of £2 mm. Our survey
was conducted on March 28, 2021 in the beach area, at 16 points positioned between 150 and
200 meters from the target, allowing us to generate an overall point cloud of the area,

comprising 74,459,375 points with an accuracy range of up to 976 kpts/s. It includes GPS for
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data georeferencing. In our case, all data was georeferenced in accordance to the European
Terrestrial Reference System (ETRS89) of the EUREF (Regional Reference Frame Sub-

Commission for Europe) (Adam et al., 2002; Bruyninx et al., 2019).

Using the free Cloud Compare v.2.11 software, we were able to modify the point cloud and
create the corresponding DTM, for analysis in raster format, by projecting the point cloud
perpendicularly onto a flat raster surface, with a cell size of 0.5 m. The software also enabled us
to export the original point cloud in other formats, such as ASCIl or TXT, which are required for

the modeling phase of the research.

The raster was then combined with georeferenced orthophotos in ECW format, obtained from
the Geoeuskadi Spatial Data Infrastructure of the Basque Country (www.geoeuskadi.com).
These 2021 orthophotos can be modified and adapted to the above information, using the

Geographic Information System QGIS 3.6 NOOSA.

Thematic Topographic Data
55 Pt lowd GDPC) by

Terrestrial Laser Scanner (TLS) | ;
| Georeferencing topographic information | Recognition Planes of weakness
Dimensions Discontinuity network

Intact rock

\ /

Protection Rockfall
measures survey

Vegetation

3D Point Cloud processing and
DTM generation with
CloudCompare v2.11

Detailed Ortophotos
from Geoeuskadi

Superposing information

'
by QGIS 3.6 NOOSA Preliminary susceptibility analysi

= )
Rockfall 3D simulation
by RocPro3D

|

Valuation of coastal dunes
as a nature-based solution

:

Fig. 3. Methodological flow chart
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3.2. Rock mass and dunes survey

In relation to the rock mass, special attention was paid to the network of discontinuities affecting
the massif and the nature of its materials. In this regard, the persistence of discontinuities is one
of the most limiting factors for the extent of fragmentation (Cai et al., 2004; Kim et al., 2007;
Morelli, 2016). Likewise, the main characteristics of the discontinuity families were assessed,
including dip and orientation, spacing, persistence, roughness, opening and filling (ISRM, 1978;

Bieniawski, 1989; Palmstrom, 2001).

As well as identifying the litology of the intact rock, we also estimated its strength in situ using

a Schmidt Hammer (Ulusay, 2015).

Characterization of the rock massif was completed with a determination of the Rock Mass Rating
(RMR) as per Bieniawski (1989) and the Geological Strength Index for flyschoid materials as per

Marinos and Hoek (2001).

With respect to the dune system, the assessment included identification of materials, origin,
degree of development, morphology and typology, relation to external dynamic agents,
fundamentally the prevailing winds at the Punta Galea meteorological station (Fig. 1,2), and

vegetation coverage.

3.3. Rockfall survey (typology and falling rock fragments characterization)

Bimonthly visits were made for 3 years to record and identify the origin of falls (source areas),
typology of failure and trajectory and runout of detached blocks. In this regard, if the network
of discontinuities gives rise to the structure of planes of weakness that determine the shape and
size of the unstable elements, their orientation with respect to the cliffs determines the failure
dynamics (Corominas et al., 2017; Morales et al., 2021). In our work, an analysis of instabilities

in stereographic projection was performed using RocScience's Dips.v.6.0 software.
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These field surveys established the weight and dimensions of the blocks. In areas in which access
was not limited by dune conservation, direct measurements were taken at the foot of the cliffs
(weight and volume of fallen blocks) and from scars on the cliff wall (Palmstrom, 2005,

Corominas et al., 2017).

These observations were checked against the availability of natural and anthropogenic

protective elements as part of the preliminary susceptibility analysis.

3.4. Modeling and rockfall simulation

Using the above information, individualized rockfall simulations were performed with RocPro3D
software (RocPro3D, 2018). This software allows a 3D mesh of the study area to be generated
from the point cloud created with the Terrestrial Laser Scanner (TLS) with triangulation using
the Delaunay method. Through this hybrid model, rockfall simulations can be addressed from a
lumped mass approach, as a single material point, or a rigid body approach, accounting for the
fragment shape. In our study, we used the rigid body approach, which considers the block impact
on the soil surface as a quasi-instantaneous phenomenon during which movement is nil. The
main advantage of this software is that it enables 3D simulation of rockfall trajectories, using a
probabilistic approximation that considers the variations of block forms, characteristics of soils,
and irregularities of the terrain. The impact is characterized by an energy dissipation, taking into
account the two restitution coefficients R, (normal restitution) and R; (tangential restitution),
which are the parameters most commonly used in rockfall studies (Pfeiffer and Bowen, 1989;
Chau et al., 2002; Paronuzzi, 2009; Bourrier et al., 2012; Buzzi et al., 2012; Wang et al., 2014;

Giokari et al., 2015; Asteriou and Tsiambaos, 2018; Li et al., 2020; Tang et al., 2021).

This processing results in the generation of detailed three-dimensional rockfall simulations,
including rockfall trajectories and energies, and the superimposition of orthophotos provides

more realistic three-dimensional models.
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3.5. Valuation of dunes as an element of natural protection

Once the fall trajectories had been defined, changes in the topography, in relation to the
disappearance of the dunes, were entered into the original point cloud using the CloudCompare

software and introduced into the RocPro3D program.

Taken together, the runout of the detached rock blocks, the impact energy and the height in
both scenarios enabled a detailed assessment to be made of the effect of coastal dunes as a
natural retention barrier against detached frock fragments and their role in limiting the negative

impact of the instability processes.

4, Results

4.1. Core information on dune system

The Barinatxe dunes are located on a steeply sloping beach with a NE-SW orientation. They
consist of fine to medium-sized quartzite sands with fragments of organic origin removed by the
wind from the beach foreshore. In this sense, the wind in the area shows a clear NW prevalence,
mainly perpendicular to the beach and dunes (Fig.4a), with an average speed of 18.6 km/h (5.16
m/s), exceeding the threshold speed of 5 m/s for the development and preservation of coastal
dunes (Sloss et al., 2012). The climate is humid temperate, with an average temperature of
14.8°C and annual rainfall of between 700 and 1,200 mm/year, according to data from the Punta

Galea weather station for 2001 - 2019.

Morphologically the dunes are asymmetrical in shape, characterized by a lower slope on the
windward side and a steep ramp on the leeward side (Fig. 4a, b and c). On the inland side, the
coastal cliff acts as an obstacle to the wind, favoring the development of wind eddies that create
a marked depression between the crest of the dunes and the cliff, giving them the character of

echo dunes (Tsoar, 1983, 2001). This depression of about 130 meters in length and 5 m in width
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is maintained over time. Overall, the dune system covers an area of 6,100 m?, acting as a natural

barrier against rockfall from the cliff.

One additional aspect of note is the relatively abundant vegetation growing on the dunes (Fig.4),
especially in the summer periods (Fig. 4b), when incipient vegetation develops. This vegetation
cover is subsequently destroyed in the erosive phases of winter (Fig. 4c). The flora includes a
small population of tree mallow (Lavatera arborea). This species is listed in the Catalogue of
Threatened Species of the Basque Country, and as a result, in 2008 a protective perimeter was

staked out around the dunes.

Rockfalls
NW
Foreshore Backshore Dune Ditch
Bottom-Dune
Beach Echo Dune vegetation

Rockfall

Tidal-Zone | Top-Dune vegetation ;
acumulatiol

Fig. 4. Dunes of Barinatxe beach: a) conceptual sketch, differentiating beach sectors and depicting the main dynamic

processes; b) in winter; c) in summer.

4.2. Characterization of instability processes: rockfalls

The outcrops of flysch sequences in the cliffs show an alternation of marl and marly limestone

layers, ranging from a few centimeters to several decimeters in thickness (Fig. 5a), with varying
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levels of resistance to erosion. The result is an uneven surface with protrusions and indentations
at different scales. A Schmidt hammer was used to characterize the strength of both types of
materials (360 determinations), giving rebound values (R) of 30 - 40 for the more resistant marly
limestones and less than 12 for the marls (Table 1), equivalent to simple compressive strength
values (Miller, 1965) of 60 to 80 MPa, in the first case, and less than 20 MPa in the second. These

findings coincide with the results of previous studies (Morales et al., 2004).

Fig. 5. Rock mass and instability processes characterization. a) Flyschoid sequence; b) planar instabilities on the main

slope on Jy; c) block toppling on the secondary slope over J,; d) maximum runouts at the northern end of the protected

dunes area.

The massif is affected by three principal well-defined joint sets, one running parallel to the
bedding planes and the others intersecting it, mainly at right angles. The bedding is the most

evident plane of weakness and has the greatest persistence (more than 10 m); it runs
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perpendicular to the main cliff throughout the environment of the beach, with steep dips to the
southwest (So: 60/220). The two main joint families, J; (45/330) and J, (30/100), complete the
joint system of the rock mass. These have a much lower persistence, and are mainly limited to
the thickness of the strata (less than 1 m). Indeed, these joints appear well developed in the
more brittle layers of the interbedded sequence (marly limestones) and tend to terminate at the
adjoining marly layers (Fig. 5a), since the distributed deformation within the ductile layer
dissipates the stresses at the fracture tip and promotes fracture termination (Cooke et al, 2006;
McGinnis et al., 2017). The orientation of the bedding and joints is maintained along the length

of the beach.

Table 1. Rock mass characteristics

Uniaxial compressive strength

MATERIALS Schmidt rebound number (Ga)
Marls 6-12 10 - 20 MPa
Marly limestones 30-40 60 - 80 MPa
DISCONTINUITIES So )i )2
Dip/Dip direction 60/220 45/330 30/100
Spacing 2-65cm 20-90cm 10-55cm
Persistence >10m <1lm <1lm
Aperture <0.1mm <0.1mm <0.1mm
Roughness (JRC) Slightly rough (6 - 8) Smooth (4 - 6) Smooth (4 - 6)
Infilling None Calcite filling <5 mm Calcite filling <5 mm
Weathering Slightly weathered Slightly weathered Slightly weathered

ROCK MASS INDEX

RMR
GSI

45-50
35-40

This arrangement results in the detachment of rock blocks of moderate size. The larger blocks
come from the thicker calcareous levels (with a maximum thickness of up to 62 cm) and are

bounded by the aforementioned joint families which, with usual spacing of 20 to 40 cm for J;

155



Capitulo IV

and 10 to 30 cm for J;, and maximums of up to 90 and 54 cm respectively, limit and determine

their size.

With regard to the instability process, the favorable perpendicular orientation of the bedding
causes the detached blocks to evolve on the J; plane over the main slope (planar failure, Fig. 5b).
In addition, greater erosion of the less resistant marly strata than the more competent strata
creates marked indentations that leave the competent strata unsupported, allowing the
detached blocks to rotate on their base before falling (toppling failure, Fig. 5c) over secondary

slopes perpendicular to the main one.

Figure 6 shows the kinematic analyses by stereographic projection for the main and secondary
slopes, evidencing the potential development of planar failure and toppling, respectively (Fig.
6). In the same figure, the main rockfall source areas, trajectories and runout determined in the
field surveys are collected (Fig. 5d and 6). The maximum sizes of detached blocks recorded in
the accessible areas of the beach are of the order of 0.3 m? (7,200 N), which is consistent with

the scar volumes observed on the cliff and the maximum spacing of the discontinuities.

4.3. 3D modeling of rockfalls

For the purpose of evaluating the action of the dunes in the rockfall process, the northern part
of the beach was selected (Fig. 6), since it includes a sector of protected dunes to the south and
a marginal sector to the north, where the dune is poorly developed, in a similar dynamic
environment. The lack of construction interventions in this area also facilitates observations of
the rock cliff, which in other sectors is limited, e.g. by the existence of a mesh in a large stretch

of the access ramp and restricted access in the central area of protected dunes.
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Fig. 6. Differentiation of materials at Barinatxe beach, showing main active source areas and rockfall trajectories.
Includes kinematic analysis of the planes of weakness (bedding So, joints J; and J,) in stereographic projection

(Dips.v.6.0 software, RocScience 2013).

For modeling, the materials were first differentiated and 7 separate terrain types identified
according their nature and properties (Fig. 6): sandy beach, sandy dune system; dune ditch,
(corresponding to the leeward depression of the dune, which retains continuous vegetation);

the flysch sequences; lush cliff grass cover; light cliff grass cover; and anthropized access areas.
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Using this differentiation, rebound values were calibrated via 3D back analysis to achieve the

best agreement between observations and modeling estimates (Sarro et al., 2018; Fanos and

Pradhan, 2019). The values obtained (Table 2) are within the ranges given in the literature for

similar materials, from nearly nil to about 0.7 for the normal rebound coefficient and 0.7 to 1 to

tangential coefficient (Bourrier et al., 2012; Sarro et al., 2018; Fanos and Pradhan, 2019).

Table 2. Terrain adjusted parameters and random deviations considering Gaussian

distributions

Light Lush Sand Sand Dune Access
MATERIAL PROPERTIES Flysch . i i
y vegetation vegetation beach dune ditch zone
Restitution coefficients units
(R)
Mean normal value p_Rn 0.55 0.45 0.4 0.32 0.35 0.3 0.5
Mean tangential value p_Rt 0.9 0.85 0.7 0.72 0.65 0.5 0.90
Std.-Dev. c_R 0.011 0.012 0.012 0.0048 0.016 0.0125 0.011
Limit velocity V_R (lim) (m/s) 10 10 10 10 10 10 10
Limit Std.-Dev. ¢_R (lim) 0.0055 0.006 0.006 0.0016 0.012 0.0075 0.0055
Lateral deviation (Oh)
Std.-Dev. c_6h (9) 10 5 5 6.25 7.5 8.75 10
Limit velocity V_6h (m/s) 10 10 10 10 10 10 10
Limit Std.-Dev. c_6h (lim) (9) 5 2.5 2.5 3.125 3.75 4.355 5
Vertical deviation (0v)
Std.-Dev. ¢_6v () 1 1 1 1 1 1 1
Limit velocity V_6v (m/s) 10 10 10 10 10 10 10
Limit Std.-Dev. ¢_6v (lim) (9) 2 2 2 2 2 2 2
Friction coefficient (k)
Mean value p_k 0.45 0.6 0.6 0.6 0.55 0.5 0.45
Std.-Dev. ¢_k 0.036 0.045 0.045 0.036 0.045 0.045 0.036
Limit velocity V_k (lim) (m/s) 10 10 10 10 10 10 10
Limit Std.-Dev. o_k (lim) 0.03 0.03 0.03 0.03 0.03 0.03 0.03
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. Dune Ditch Protected Dunes . Lush Vegetation

Beach | Flysch ~ Light Vegetation

Fig. 7. 3D model showing terrains differentiated and trajectories (red lines) from: zenithal (a and b); profile (c and d)

and frontal (e and f) views.
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With regard to the results of the modeling, the simulations collected in figure 7 show the
trajectories corresponding to the largest volumes indicated in the previous section, as the largest
detached blocks constitute the worst case scenario for safety when they remain intact while
traveling (Pfeiffer and Bowen, 1989), reaching the highest energy (Sarro et al., 2018; Akin et al.,
2021; Morales et al., 2021). To this end, 12 source areas were considered in the study area, from
which 270 rockfalls were simulated. The trajectories of the detached blocks on the cliff follow
the lines of maximum energy; their progress is limited by two elements: the lush vegetation at
the bottom of the depression; and the dune, including the dune ditch. In the first case, the
retention is partial and some blocks reach the base of the cliff. In the second case, the retention
is total; none of the blocks get past the dune to reach the beach, unlike in the northern sector,

where the dune system is poorly developed (Fig. 5d).

In addition, Figure 8 shows the position of the stopping points recorded in the field (Fig. 8a) and
those obtained by modeling (Fig. 8b). In both cases, it can be seen that in the southern sector of
the modeled area no block get past the crest of the dune and reaches the beach. On the
contrary, in the northern sector, where the dune is poorly developed, the blocks reach the beach
and even go beyond the delimited protection line. The figure is completed with the information
corresponding to the number of trajectories per cell (Fig. 8c), and minimum times of traveling

(Fig. 8d).

4.4. Assessment of the protective role of the dune

To evaluate the protective action of the dune, two approaches were used: first, the effect of its
disappearance was considered; then, the basic parameters for the sizing of a protective barrier
that matches the retention capacity of the dunes were evaluated. In this case, in addition to the

runout, another essential parameter to be considered is the energy of the rock blocks along their
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entire trajectory. In our work, it is especially critical to assess the energy of the blocks arriving

the dune.
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Fig. 8. Analysis of rockfalls; a) fieldwork identification of detached blocks; model results: b) stopping points; c) number

of trajectories per cell; and d) minimum time of trajectories.

In the first case, the consideration of dune disappearance was addressed by modifying the
original point cloud (Fig. 9a) with Cloud Compare v.2.11 software and creating the corresponding
DTM (Fig. 9b and d). As can be seen, the degradation of the dunes would favor some detached

blocks to reach the beach, up to distances of 20 m from the base of the cliffs (Fig. 9b), in a
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situation similar to that already existing at the northern sector of the modeled area (Fig. 8), with

the consequent risk for visitors.

40.91 81.74 1226
Energy (kJ)

Fig. 9. Evolution of rockfall trajectories: a) in the current situation; b) considering the disappearance of the dunes; c)

after the installation of a protection barrier; d) basic parameters for barrier design.

Thus, to avoid the negative effects of the disappearance of the dune, the incorporation of a
protective artificial barrier in the 3D model is considered (Fig. 9c and d). In this case, the barrier
tool of the RocPro3D software allows analyzing the passage of the detached rocks in the desired
vertical profile. The graph in Fig. 9c shows the energies of passage through a profile in the line
of the dunes, with a maximum value of 163.4 kJ, and passage heights remaining below 3 m (blue
line) above the ground (brown line). These are the basic parameters for the design of a barrier
that replaces the protective role that the dune offers naturally, favoring, in addition to safety,
conservation and resilience in an environment of high anthropic pressure. In this regard, it
should be noted that in the area with protected dunes there has been no record, even in

historical registers, the fall of blocks from the cliffs onto the beach open to the public.
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In this way, the protection and conservation of the dune is shown as an efficient Nature-Based

solution (NBSs) in a space of compromised management.

5. Discussion

Current land management requires the development of innovative approaches that guarantee
the conservation of natural spaces and dynamics, and benefit society, mitigating risks and
increasing resilience, as stated in the guidelines of the Nature-Based Solutions (NBSs) (Villegas-
Palacio et al., 2020, Kumar et al., 2021, Vojinovic et al., 2021, Wu et al., 2021). In this way,
previous works have considered the efficiency of these interventions in rural (Solheim et al.,
2021), mountainous (Accastello et al, 2019) and coastal (Sterr, 2008; Pontee et al., 2016; Castelle

etal., 2019; Van der Meulen, 2022) settings, in the latter case mainly in relation to sea level rise.

This paper introduces the consideration of coastal dunes as natural barriers to control rockfalls
and their contribution in coastal adaptation strategies. For this purpose, the effectiveness of the
Barinatxe dune system in reducing the impacts of small and frequent rockfalls (extensive
hazards) from the surrounding coastal cliffs is evaluated, as a pilot experience that can be

extrapolated to larger environments.

Rockfall process was approached by 3D modeling. 3D numerical models allows including
geometrical and dynamic effects of the 3D topography, taking into account the lateral dispersion
in the generation of 3D trajectories (Sarro et al.,, 2018; Fanos and Pradhan, 2019), thus
overcoming the limitations of 2D models (Volkwein et al., 2011). In our work, a detailed digital
terrain model obtained by TLS with a precision of +-2 mm is included in RocPro3D software

(RocPro3D, 2018).

As input information for modeling, the typology, frequency and entity of rockfall events was

addressed by field surveys conducted over 3 years and completed with historical information
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(Bunce et al., 1997; Hungr et al., 1999; Copons et al., 2009). The size of detached blocks, which
is one of the main decisive factors controlling their fall path (Hungr et al., 1999; Okura et al.,
2000; Erismann and Abele, 2001; Corominas et al., 2017; Sarro et al., 2018), is defined by the
thickness of the most competent rock strata and the persistence and separation of the
discontinuity families (Cai et al., 2004; Kim et al., 2007; Morelli, 2016), reaching volumes of up
to 0.3 m3, which is consistent with the maximum separation of discontinuities and coincides with
the dimensions of the scars on the cliff. The activity of the source areas is determined by the
favorable orientation of the stratification with respect to the slope, so instabilities are limited to
moderate detachments on J;, with an inclination of 45° and more complex toppling processes
on J,, with only 30° tilt, on the secondary slopes. Thus, the kinematic approach is shown as an
essential requirement in the identification of source areas activity, both by direct assessment or

image processing (Riquelme et al., 2018; Sarro et al., 2018; Albarelli et al., 2021).

From this information, after calibrating the 3D model, we proceeded to carry out simulations in
3 scenarios corresponding to the current situation of the dunes, the situation corresponding to
the disappearance of the dunes and the needs for action resulting from their degradation.
Modeling focuses on the larger rock blocks previously established, as they constitute the worst
case scenario for safety when remain intact while traveling down slope (Pfeifer and Bowen,
1989;), reaching the highest energy (Corominas et al., 2017; Morales et al., 2021). Referring to
the materials in the slope, 7 types of terrains with clearly different mechanical responses were
considered. Results were ground-truthed with field observations. In any case, this item presents
field of improvement, since the characteristic parameters of materials were obtained through
adjustment, and additional experimental determinations in the field and laboratory (Bourrier et
al., 2012; Asteriou and Tsiambaos, 2016, 2018; Ji et al., 2020) will enable us to verify and refine

the results.
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The approach tested at Barinatxe beach, verifies the efficiency of dune systems as a reasonable
natural solution to avoid risks related with rockfall. Dunes limit the evolution of the blocks that
reach the beach, in no case exceeding the crest of the dune. On the contrary, it is noted that not
preserving the dunes would allow the blocks to reach distances of 20 m in the most frequented
area of the beach, according to the 3D modeling; a fact that is confirmed by the observations in
the northern sector of the modeled area where the dunes end. This situation introduces a risk
that could be avoided by preserving the dunes or building a 3 m high protective barrier capable
of withstanding energies of up t0163.4 kJ, which would have a significant impact on the
environmental, ecological and landscape value of the beach, causing a negative public
perception (Touili et al., 2014; Gray et al., 2017). In this sense, the future application of nature-
based solutions (NBSs) in coastal adaptation management seeks to take advantage of the local
natural elements and processes from small-scale to large-scale (Van der Meulen et al., 2022) to
harness the forces of nature for the benefit of society.

6. Conclusions

This work allows to verify the protective role of coastal dunes as natural barriers against the risk
of rockfall from coastal cliffs. Thus, their protection and conservation are shown to be an

effective strategy that can be integrated into the framework of nature-based solutions (NBSs).

The methodology, based on a Digital Terrain Model developed by Terrestrial Laser Scanning
(TLS), in situ geological characterization and 3D modeling, has been tested in Barinatxe beach,
proving to be adequate to evaluate the trajectory, energy and runout of rockfalls. From this,
detailed 3D models allow analyzing the effect of the dunes on the rockfall evolution and to

assess the impact of their disappearance on beach safety.

The dunes have proven to be an effective natural barrier that prevents the rockfalls from

reaching the beach area open to the public. In this way, the conservation of the dunes returns
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to us, in the form of safety, the endeavor of protecting these natural elements of high

geomorphological, ecological and environmental value.
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4.5. Capitulo V: Rockfall susceptibility analysis
through 3D simulations in marine protected areas of
the Portofino coastline: case studies of San Fruttuoso
and Paraggi bays
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Abstract

The research focuses on the assessment of the potential geomorphological hazards affecting the
stability of the Promontory of Portofino (northern Italy), mainly on the bays of San Fruttuoso
and Paraggi. The study area constitutes one of the most representative and most populated
environments, both by locals and tourists, of the entire Liguria area. For this reason, there is a
growing need for investigation on the natural dynamics of these landscapes, based on detailed
topographic information. The research starts from a regional geological and geomorphological
analysis specific to the study area, combined with a multi-model comparison algorithm (M3C2),
which allows comparing two LiDAR datasets acquired in 2008 and 2020, respectively, to assess
the overall dynamics of the promontory development. Then, a detailed study of San Fruttuoso
and Paraggi bays, two key points for visitors and therefore for management, is performed.
Three-dimensional modeling of rockfalls is carried out, which allows the development of a
specific management oriented to the use of Nature-Based Solutions (NBSs) strategies,

respecting the environment and increasing safety against instability processes in these areas.

Keywords: Geomorphological hazards;, Promontory of Portofino; M3C2 algorithm; Three-dimensional

rockfall modeling; Nature-Based Solutions (NBSs).

1. Introduction

The paper focuses on the risk assessment of ongoing and potential landslide hazard (e.g. rockfall)
affecting the Regional Natural Park of Portofino (Roccati et al. 2021). Located at less than 20km
east of Genoa (Liguria region of Italy), the park covers a natural and cultural area of more than
18km? whose 13km are of coastal strip. Along the whole area it is possible to walk in a unique
natural and cultural heritage, visiting small historical village and sites (e.g. Portofino, Camogli,

San Fruttuoso and Paraggi bays) and, at the same time, in a stunning landscape shaped for
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thousand years (e.g. track trails along the ancient terraces of vineyards and olive grove)

(Brandolini et al. 2006; Faccini et al. 2018; Coratza et al. 2019).

Main geo-hazards that affect the site are landslides affected by marine erosion due to sea
storms, and both are closely related to the increasing meteo-climatic extreme events, such as
windstorms or extreme precipitation, driven by climate changes (Kabisch et al. 2016; Ruangpan
et al. 2019; Roccati et al. 2020; Turconi et al. 2020). As a contribution to the short and long-term
sustainable conservation policies of sites, a research team was established in the framework of
a collaboration among ISPRA, GISIG, Universita di Genova and Universidad del Pais Vasco

(UPV/EHU), under the RECONECT Project (www.reconect.eu). In this sense, a specific survey was

carried out both in Paraggi and San Fruttuoso bays with the aim to test and calibrate the 3D
simulation of rockfalls in the whole Park. The structural setting of the rock mass, related to the
stratigraphical setting and to the geomorphological evolution of the slopes, was identified,
collected and classified. Additional information on local rock mass conditions, potentially
triggering rockfall that may affect both the heritage itself and the visitors, were collected. Some
focus areas and catchments were tested in order to assess the preliminary exposure and
vulnerability level: the San Fruttuoso Abbey and the Paraggi Bay. Morphometric and geo-
mechanical parameters, as input for the modeling, where calibrated along the most
representative park trails to check the model’s reliability. The activities are characterized
thorough multidisciplinary approach (Perrone et al. 2021) including expertise in geomorphology,
engineering geology, rock mechanics, nature and earth science, landslide risk assessment and
management, as well as conservation, protection and sustainable mitigation measures (Crosta
et al. 2017; Calista et al. 2019; Pazzi et al. 2019). Reliable and true advanced modeling results
are fundamental for proper conservation and mitigation intervention on the Natural Park
heritage. The use of Nature-Based Solutions (NBSs) (Naumann et al. 2014; Kumar et al. 2020;

Villegas-Palacio et al. 2020) in areas of high cultural, natural and landscape value is strongly
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recommended, also because of the high reduction of cost and impact (Debele et al. 2019; Kumar
et al. 2021). The above-mentioned collaborative activities, between the different research
teams, are aimed at the conservation and protection of cultural landscape site (Jongman 2002),
with the ultimate target of making the area accessible to the public in a complete state of safety

from rockfalls and slides (Margottini and Spizzichino 2021).

LiDAR technologies developed in this research are now widely used in geological risk
management, including rockfall hazard assessment (Kenner et al. 2014; Rieg et al. 2014). LiDAR
techniques can provide high resolution and spatially accurate point clouds making them
indispensable tools for accurately capturing dense information to facilitate detailed topographic
analysis. With this base information, the point clouds modified using cloud processing tools such
as CloudCompare, allow the comparison of different LiDAR’s with specific algorithms, to
determine the regional evolution of the terrain. In this sense, adjusted and georeferenced
models can be developed, which combined with three-dimensional simulation software for
rockfalls and georeferenced aerial orthophotographies in the same common reference system,

let realistic modeling of each studied area.

In our research, we pursue making progress in the recognition of instability processes in the
Portofino Park, which preserve a natural environment including San Fruttuoso and Paraggi bays,
with the aim of proposing nature-based solution strategies and protection measures above-
mentioned in this threatened area. The degree of innovation of this research resides mainly in
the combination of studies using in situ and remote techniques for obtaining topographic
information, with which to develop three-dimensional modeling to enable specific management

for each study area.
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2. The Portofino cultural heritage site

Thanks to its wide recognized landscape, natural and cultural values (Fig. 1), the Portofino
Promontory has been protected since 1935 with the establishment of the Portofino Natural Park
(Coratza et al. 2019). Since 1995, the protected area has been managed by the Regional Park
Authority: current protected area is approximately 1,056ha wide, covering the territory of the

municipalities of Camogli, Portofino and Santa Margherita Ligure.
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Fig. 1 Geographical context of the study area in Italy and the location of San Fruttuoso, Paraggi and Portofino bays,

along with the cultural heritage in Portofino Promontory

The resident population of the Portofino Park is about 750 (Turconi et al. 2020), while the total
population of the three municipalities is about 15,000. The number of tourists is very high
throughout the year: along the coast, in Portofino town, there are more than one million
tourists/year, while in San Fruttuoso the boat connections from the Tigullio and Paradiso Gulfs
provide around 400,000 tourists/year (Faccini et al. 2018). In addition to tourists, there are also
hikers along the more than 80 km of paths (Brandolini et al. 2006): the section from “Portofino
Vetta” to “Pietre strette” is travelled by more than 70,000 hikers/year.

In addition to the Portofino Park, there is the Portofino Marine Protected Area, established in
1999; finally, in 2017 the process to convert Portofino into a National Park was started, even if

the boundaries are still to be well defined.
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The entire promontory is also extraordinarily rich in cultural heritage, not only represented by
the seaside towns of Camogli and Portofino, but above all linked to the ancient medieval
religious trails that connected various monastic centers (Figs. 1, 3): on the western side there is
the Church of San Nicolo di Capodimonte (Fig. 2a), dating back to the 12th century, in San
Fruttuoso there is the Benedictine abbey (Fig. 2b) dating back to the 10th-11th century, on the
eastern side there is the Cervara monastery complex (Fig. 2c), built in 1361 and maintained by
Benedictine monks. Other important buildings of great cultural interest are the Hermitage of S.

Antonio di Niasca, and the Church of Divo Martino in Portofino (Figs. 1, 3).

Fig. 2 Some examples of Portofino's cultural heritage: a) Church of San Nicolo di Capodimonte; b) San Fruttuoso

Benedictine abbey; c) Cervara monastery complex

Most of this cultural heritage is however threatened by geomorphological hazards: many of
these centers were built on ancient and relict landslides (San Nicolo, Divo Martino, S. Antonio di
Niasca, Abbazia della Cervara), but occasionally they are reactivated, especially by heavy, short-

term rainfall triggered by the atmospheric low depression over the gulf of Genoa (the so-called
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“Genoa Low”) (Roccati et al. 2020). On september 25, 1915, an intense and concentrated rainfall
triggered a debris-mud flow that channeled into the hydrographic network and partially
destroyed the San Fruttuoso abbey and surrounding houses (Paliaga et al. 2022). In fact, it is
located exactly at the mouth of the Fontanini valley, which is also subject to frequent rockfall
phenomena (Faccini et al. 2008b; 2009). The Cervara complex was severely threatened by the

effects of the 2018 Vaia sea storm surge (Biolchi et al. 2019; Turconi et al. 2020; Betti et al. 2021).

3. Geological setting

The geology of the whole area is dominated by two formations (Fig. 3): the “Mt. Antola Flysch”
on the north (Elter and Pertusati 1973; Corsi et al. 2001), dated between 90 and 55 million years
ago, and the “Portofino Conglomerate” at the south, dated about 30 million years ago
(Terranova 1964). Conglomerates, which outcrop at the entire southern slope of the
promontory, are made by of heterogeneous pebbles, mainly from marly limestone and
secondarily from other lithotypes, in a sandy-limestone matrix (Faccini et al. 2008a). The
formation shows a fragile tectonic deformation, with several fault and fracture systems oriented
mainly NW-SE and NE-SW (Fig. 3) (Bonaria et al. 2016; Terrone et al. 2021). Regarding the quality
indexes of the Portofino Conglomerate, its high resistance stands out (Table 2). At rock mass
scale, the Geological Strength Index (GSI) (Marinos and Hoek 2000) ranges from 65 to 70,
consequence of the good surface conditions together with a blocky structure (Faccini et al.
2008a). In a detailed scale, field tests using the Schmidt’'s Hammer, distinguishing between
limestone, arenaceous clasts and matrix (Cevasco et al. 2004), with a modal rate between 25
and 50 were calculated (Faccini et al. 2008a). Besides, laboratory tests have been developed
using a Point Load Test, carried out directly on rock samples, and providing compressive strength

ranges between 50 and 100 MPa (Faccini et al. 2008a).
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Table 2 Rock mass characteristics

Schmidt Uniaxial
MATERIALS Date GSI rebound compressive
number strength (o)
(modal)
Mt. Antola Flysch 55-90M.a. 35-40 15-35 30-70 MPa
Portofino Conglom. 30M.a. 65-70 25-50 50 - 100 MPa

This characterization serves as a basis for the definition of different terrains in the modeling
part, depending on the values obtained by the techniques used, in addition to the calibration
and adjustment process. The tectonic structures, along with the high resistance of the
conglomerate, controls the development of instability processes along the entire coastline,
which are especially evident in the south-facing conglomeratic outcrops, such as those identified

in San Fruttuoso area (Fig. 3).

At present, the bays of San Fruttuoso and Paraggi, respectively located to the south and east of
the promontory, have different morphologies. San Fruttuoso has local outcrops of
conglomerate, which are found among abundant vegetation of various types, where a deeper
terrain is developed, which means that during heavy rainfall, several debris and mudflow
processes have historically developed. Shallow landslides often occur in terraced areas with dry
stone walls (Paliaga et al. 2016, 2020). In the case of the rocky outcrops, which are relatively
isolated and with metric continuity of fractures in the rock mass, rockfalls with spherical shape
that exceed one cubic meter are developed. These dimensions of spacing and block volumes are
obtained during the days of fieldwork developed in the area, with a classical tape measure, in
order to make more accurate measurements for the simulation. On the other side, in Paraggi
Bay the coastal zone draws practically a continuous line of rocky cliffs, where diverse processes

of rockfalls with decimeters size take place.
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Fig. 3 Geological sketch map of the study area along with the cultural heritage locations (modified from Faccini et al.

2018)

4. Methodology

4.1. Large scale base data and analysis

The study began with the acquisition of the basic topographic information of the ground surface,

in order to carry out a general morphometric and geomorphological analysis at the scale of the

Promontory of Portofino. This preliminary study was conducted to perform then detailed

analyses of the areas of greatest activity and interest, in those that demonstrate modifications

on a general scale, and where numerous events have been identified over the last few years.
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In the regional context, a comparison was made between the LIDARs 2008 (by the Italian
Ministry of the Environment) and 2020 (acquired by EUROSENSE in the framework of RECONECT
project), after the necessary Coordinate Reference System alignment using the Open Access GIS
QGIS (v. 3.14). This preliminary work was made based on the multiscale model-to-model cloud
comparison (M3C2) algorithm through CloudCompare software (James et al. 2017; DiFrancesco

et al. 2020; Bernard et al. 2021; Hu et al., 2022).

4.2, Detailed topographic information

Once the general framework was completed, based on this information, a local study of San
Fruttuoso and Paraggi bays, south sector of the Promontory, was carried out. Using the free
CloudCompare v.2.12 Alpha software, the original LiDAR was modified and the specific DTM of
each zone was elaborated, for analysis in raster format, by projecting the point cloud
perpendicularly onto a flat raster surface, with a cell size of 0.5 m. The raster was then combined
with georeferenced orthophotos, which is combined with above-mentioned information
through Geographic Information System QGIS 3.6 NOOSA.

From the detailed DTMs, the basic point cloud was extracted and, by means of a triangulation
process using the Delaunay method performed in RocPro3D software (RocPro3D 2018), a three-
dimensional mesh reflecting the real relief of the environment was obtained. All the data
regarding terrain properties and instability processes were added to the model, and were
represented over the orthophoto, allowing working with detailed realistic three-dimensional

model of the study area.

4.3. Modeling and simulation of rockfalls

The development on the ground of rockfalls is limited by the dispersion of their energy, which is
usually approximated by two coefficients (Pfeiffer and Bowen 1989; Morales et al. 2021): the
normal coefficient of restitution (Rn), which indicates the degree of elasticity in a normal

collision with the slope; and the tangential coefficient of restitution (Rt), which is a measure of
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the resistance to movement parallel to the slope (Pfeiffer and Bowen 1989), which are
calculated by the following expressions (Li et al. 2020; Wang et al. 2020; Morales et al. 2021;

Zhang et al. 2021):

Reflected normal velocity (v, ):
2 (1)
Where:

Vp,i= incident normal velocity,

K=empirical reference velocity

Reflected tangential velocity (v, ,-)

R%-(I- w(y)2+m-vy;2)-FF-SF
vt,‘r'z\/ (2)

I+m-R?

Where:

R = radius of the rock

w(1)= initial rotational velocity

m= rock mass

v ;= initial tangential velocity

FF= friction function

SF =scaling factor

I = rock moment of inertia.

By means of these two equations, the restitution coefficients that will be fundamental in the
rockfall modeling process and which are characteristic of each differentiated terrain are
acquired, in addition to other factors such as dynamic friction (k) and vertical and lateral

deviation acquired from contrasted previous researches.
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4.4. Three-dimensional rockfall modeling

The modeling process was approached by using RocPro3D software (RocPro3D, 2018). This
software performs three-dimensional simulations of individual trajectories from a Digital Terrain
Model (DTM), which is extracted from the above-mentioned acquired topography. Software
permits generating a mesh developed by triangulation as stated before. The mesh is the
beginning of the model, which represent the real relief of the studied environment, on which
the simulation of rockfall from the identified source areas is carried out. This type of modeling

allows including the lateral evolution of rockfalls.

For the definition of the source areas, it is essential to carry out fieldwork to identify and locate
exactly the origin of the rockfalls, evaluating scars in the rock mass (Palmstrom 2005; Corominas
et al. 2017), which will then be reflected in the models. Regarding the volume established, the
study has been prioritized for rocks of 1m?3, which is the largest size recorded in the area and
also the highest energy (Corominas et al. 2017; Morales et al. 2021), except for the specific case

studied below, where a block reached 3m?3.

In order to calibrate the input parameters of the modeling, the first step has been to carry out a
recent papers review of several authors working in different terrains (Ji et al. 2020; Ji et al. 2021;
Tang et al. 2021; Ye et al. 2021; Prades-Valls et al. 2022; Sardana et al. 2022; Shadabfar et al.
2022), with the aim of frame each of those defined in San Fruttuoso and Paraggi within
established limits. From this starting point, rebound values were calibrated via 3D back analysis
to achieve the best agreement between observations and modeling estimates (Sarro et al., 2018;

Fanos and Pradhan, 2019)

Finally, it should be noted that in the modeling the densely vegetated areas have also been
characterized and established, since they represent a degree of protection that less abundant

vegetation does not provide. Likewise, in this case, land uses as such have not been taken into
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account, since this section is contemplated in the proposed solutions of the mitigation plan.
However, anthropic materials are defined, such as roads and walkways, with resistance values
different from other identified materials, since they condition the rebound and evolution of the

blocks in a completely different way.

5. Results
5.1. Large scale DTM comparison through M3C2 algorithm

The DTM assessment, obtained via the CloudCompare (v. 2.12 Alpha) software, has been
established using the multiscale model-to-model comparison (M3C2) algorithm, which is a
robust way to compute distances directly between two point clouds, established with limits of -
1 to 1 meter, since, being 12 years apart, it is estimated that the vast majority of ground

movements are local and with a decimeter difference (Fig. 4).

Number of pixel by
rate of erosion

08 63 0 03 08 08
Win or loss of material between
2008-2020 (m

Fig. 4 Comparison between the elevations of the 2008 and 2020 DTMs on the Portofino’s Promontory
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This comparison makes it possible to identify that the study area is relatively stable from the
viewpoint of slope stability and erosion, since differences close to zero (green color)
predominate throughout the sector. However, significant differences can be identified between
the northern area, with less evolution, and the southern area, where significant settlements of
around 1 meter (blue color) and raise of up to 1 meter (red color) can be identified. Often,
especially remarkable in San Fruttuoso, these zones of gain or losses of terrain elevation are
aligned to NW-SE orientation (structural patterns that control hydrographic network evolution),
that fits with the ground movements highlighted by the Geological Survey of Italy (ISPRA) in the

“Dissesto idrogeologico in Italia: pericolosita e indicatori di rischio — Edizione 2018”, where the

landslide hazard of the area under study was collected (Fig. 5).
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Fig. 5 Comparison between: a) the landslide hazard analysis map developed by the Geological Survey of Italy (ISPRA)

and b) our comparison between DTM’s

5.2. 3D modeling terrains adjusted parameters

In order to perform a detailed analysis of the rockfall processes in San Fruttuoso and Paraggi
bays, specific models of both areas have been generated from the topographic information

described above.

For an accurate representation of the rockfalls occurring in the study area, the terrains must be
differentiated and defined in the field (Pfeiffer and Bowen 1989), as well as their values of

dynamic friction (k), normal and tangential restitution coefficients (R, and Ry, respectively) and
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final degree of lateral and vertical deviation (Guzzetti et al. 2003), which absolutely affect the
development of the rock fragments. Calibration accuracies were calculated based on
comparison of inventory and simulated raster pixels, and were found to be 95% (Fanos and
Pradhan 2019), along with the subsequent adjustment as defined in the methodological section,

ending with the values for each differentiated terrain shown in Table 1.

Table 1 Terrain properties and adjusted parameters in San Fruttuoso and Paraggi bays

Porto. L il with Access Water
oose soil wi
MATERIAL PROPERTIES Conglom . area surface
vegetation
erate
Restitution coefficients (R) units
Mean normal value pi_Rn 0.55 0.3 0.5 0
Mean tangential value p_Rt 0.9 0.8 0.8 0
Std.-Dev.c_R 0.011 0.012 0.016 0
Limit velocity V_R (lim) (m/s) 10 10 10 0
Limit Std.-Dev. ¢_R (lim) 0.0055 0.006 0.012 0
Lateral deviation (Oh)
Std.-Dev. c_60h ©) 10 5 7.5 0
Limit velocity V_0h (m/s) 10 10 10 0
Limit Std.-Dev. c_60h (lim) (© 5 2.5 3.75 0
Vertical deviation (6v)
Std.-Dev. _0Ov ©) 1 1 1 0
Limit velocity V_6v (m/s) 10 10 10 0
Limit Std.-Dev. _6v (lim) © 2 2 2 0
Friction coefficient (k)
Mean value p_k 0.45 0.6 0.5 0
Std.-Dev. 6_k 0.036 0.045 0.045 0
Limit velocity V_k (lim) (m/s) 10 10 10 0
Limit Std.-Dev. o_k (lim) 0.03 0.03 0.03 0
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5.3. 3D local simulation of rockfalls: San Fruttuoso and Paraggi bays

With this baseline information, 14 rockfall source areas have been identified in San Fruttuoso
and 8 in Paraggi fieldworks, from which 350 and 120 trajectories have been simulated,
respectively. Despite there are areas with relatively smaller blocks, a diameter of 1m has been
standardized for spherical blocks (Fanos and Pradhan 2019) detached from conglomeratic
outcrops, as the highest energy identified for the pilots. As for the size of the blocks, a necessary
input to develop a model (Hungr et al. 1999), only one exception has been made, and that is the
source area identified in the 25" October 2016 rockfall in San Fruttuoso, where a detached block
of 3m diameter, much larger than the one currently identified in the bay, destroyed a house (Fig

7).

Due to the geomorphology of the San Fruttuoso Bay, and mainly on its northwest flank, rockfall
trajectories tend to concentrate in small canyons, identifiable with the field survey, which are in
turn the preferential waterways. The southeastern flank, however, due to the proximity and the
verticality of the conglomeratic cliffs to the sea, develops almost straight trajectories (Fig. 6a).
Paraggi Bay, on the other hand, depicts a much more direct rockfall dynamic, with vertical cliffs

close to the main road and the sea, which address this evolution (Fig. 6b).

5.4. 3D trajectories, energy and runout analysis

Given that the Paraggi sector has undergone numerous instability processes in recent years, it
is an area where the managing authorities have carried out numerous constructive actions,
making it a relatively less natural area and therefore less suitable for the study presented. Thus,
a more in-depth analysis was proposed in the San Fruttuoso area, where instability processes
are taking place, but on largely natural spaces that have not yet been acted upon, which

facilitates the proposal of actions based on the NBSs.
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Fig. 6 3D model showing scarp main active source areas (orange lines) and trajectories (red lines) of a) San Fruttuoso

Bay and b) high rocky coast on the eastern side Paraggi Bay

Two trajectories have been selected in San Fruttuoso Bay, representing a higher degree of
exposure and hazard for both the structures, tourist and residents in the area. On the one hand,
there is an area of special interest and need for protection, which is represented by trajectory
198 (Fig. 7a), on the northwest flank, whose path ends in the restaurant at the foot of the slope
(Fig. 7e). On the other hand, trajectory 304 (Fig. 7c) represents the most important recent
episode that has occurred in the bay in 2016 (back analysis approach), where a block 3m wide
hit a house and destroyed it (Fig. 7f). The large amount of data collected in this episode allow

for a more calibrated and robust model. An individual analysis of these trajectories has been
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modeled, analyzing the energy during their entire trajectory (He et al. 2020), the rebound zones

and the stopping zone (Fig. 7b, d).
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Fig. 7 Analysis of individual trajectories of rockfalls: a) trajectory 198 in the 3D simulation; b) energy profile of

trajectory 198; c) trajectory 304 in the 3D simulation; d) energy profile of trajectory 304; e) potential rockfall trajectory

304 and f) house destroyed by rockfall in 2016
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5.5. Elaboration of maps and valuation of results

In addition to the simulation of individual trajectories, three-dimensional modeling allows the
production of maps of different parameters that can address the management of these spaces
(Sarro et al. 2018; Fanos and Pradhan 2019; Akin et al., 2021). For the elaboration of these
analysis maps, the terrain is divided into cells of 5x5 meters, which in the case of San Fruttuoso
were 308 horizontal and 377 vertical cells, giving almost 120,000 simulation cells. In this way,
the fundamental parameters are calculated for each cell resulting from the rockfall modeling
(Akin et al. 2021; Clemente et al. 2021). In the case of the present study, all analysis maps are
performed for a Confidence Limit (CL) of 95%, such as: a) energy, representing the maximum
energy recorded; b) height, the maximum vertical height of the trajectories; c) density, number
of rocks passing through each cell; d) impacts, the number of impacts by cell; e) velocity,
maximum speed reached by the falls; and f) minimum time, the time interval between the rock

detachment and its stop (Fig. 8).

As for the energy map, the maximum energy reached is, in specific and scattered cases, 1,600
kJ, although practically all the detachments collected in the cells comprise energies of a few
hundred at the origin, 800-1,200 in the impact zones, which usually evolve towards 1,400 kJ (Fig.
8a). Regarding the vertical height of the rockfalls, which are fundamental input parameter for
sizing the mitigation measures (e.g. barriers, meshes, walls) needed to stop the most dangerous
blocks, rarely it is greater than 5 m, except in specific cases where the coastal strip is more
verticalized, which are mainly located far from the accessible areas (Fig. 8b). The number of
trajectories per cell (Fig. 8c) and the impacts (Fig. 8d) are mainly concentrated on the levels
previously recognized in the individual trajectories. With respect to the speed of the falls
calculated in the maps, three phases are evidenced: the first 5-10 meters of the trajectories,

with speeds of less than 5m/s; an intermediate and longest zone, between 60-90 meters, with
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speeds around 16m/s where the blocks accelerate; and final part, 10-30 meters long, where
speeds of more than 30m/s are reached (Fig 8e), exhibiting maximum fall times of 70 seconds,

although times around 30 are more common (Fig. 8f).
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Fig. 8 Cell-based analysis maps of simulated rockfall parameters for a Confidence Limit (CL) of 95% in the San Fruttuoso

Bay: a) energy; b) height; c) number of trajectories; d) impacts; e) velocity and f) minimum path time
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6. Proposal for a short- and long-term low impact (NBSs) mitigation master plan

In the whole investigated area, the present and active morphological processes should be
framed within a management and conservation master plan having two different timeline
references: emergency mitigation measures, to be defined and undertaken in the short-
medium-term, and preventive mitigation measures to be implemented in the medium-long term

(Spizzichino et al. 2016).

Short-medium term actions should be always preceded by an investigation phase including:

. Field survey and detailed geomatics Terrestrial Laser Scanner (TLS) acquisition coupled
with UAV flight acquisition, in order to provide high-resolution 3D topographical models of the

whole heritage area.

o Laboratory and in situ test execution.
. Detailed geomorphological and geo-mechanical survey of the rock slope.
J Global kinematic analysis of the rock including the calculation of the most probable

rockfall trajectories (3D rockfall modeling).

o Exposure and vulnerability assessment and mapping of the natural and cultural heritage
in the area.

. Detailed landslide hazard and risk assessment.

o Slope stability modeling (2D and 3D) for specific blocks and/or unstable portions of the
cliff.

. Temporary supports of unstable rock portions.

o Urgent reinforcement in the most instable volumes to avoid detachments.

198



Andlisis de inestabilidades en acantilados costeros del Pais Vasco y Liguria

o Redefinition of touristic paths and accesses, to prevent tourists from being exposed to

potential collapses or instabilities.

. New communication plan and billboard for touristic management.

The long-term actions include:

o General master plan with detailed design of mitigation through NBSs approach.

o Design of an integrated monitoring system. The adopted monitoring integrated system
could also be set, with some small modifications and thresholds definition, as a warning system

for flash flood as well as for detection of large rock block deformations.

In both cases, the mitigation options must be supported by scientific and technical analysis in a
holistic framework. The proposed numerical 3D rockfall modelling is a fundamental tool to

support the above-mentioned strategies.

7. Discussion

The management of coastal areas needs to advance in methodological approaches that allow
detailed studies of the current dynamics, in order to develop specific management plans for
each environment, based on the guidelines of the NBSs (Villegas-Palacio et al. 2020; Kumar et
al. 2021; Vojinovic et al. 2021). In previous works, a large number of authors have assessed these
strategies as a line of action for natural hazards in different environments (Pontee et al. 2016;

Castelle et al. 2019; Van der Meulen, 2022), but rarely dedicated to geological hazards.

The proposed study in the Portofino Natural Park has allowed the development of a
methodology that combines remote sensing techniques with local digital terrain models, as long
as with data collection through fieldwork. This detailed topographic information is derived to
the design of three-dimensional point clouds, which are modified and adjusted by means of

specific software, which serve as a basis for the elaboration of investigations on slopes that
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present complex morphology (Abelladn et al. 2010; Pham et al. 2016; Ansari et al. 2018), such as
the coastline of Portofino, and especially the San Fruttuoso Bay, where a realistic representation
of the relief is the only way to develop geo-hazard studies useful in future management

strategies (Ratter, 2013; Jia et al., 2016; Preti et al., 2021).

The advance of adding a third dimension to traditional 2D rockfall modeling involves taking into
account the lateral deviation of block trajectories (Bourrier et al. 2012; Asteriou and Tsiambaos
2018; Ji et al. 2020), which was previously overlooked considering only terrain profiles, and
which is essential to understand the processes in detail in order to mitigate their negative
impacts (Volkwein et al. 2011). This is especially important in coastal environments, where
sometimes the shape of the cliffs tends to develop trajectories with lateral evolutions almost in

their entirety.

The detailed analysis of the most important rockfall trajectories studied in the past (most of
them of 1m3), that reach high energies and volumes up to 3m?3, even destroying local structures,
lead to study and recognize the potential new events in the selected environments, with which
evaluate, adjust and simulate detachments occurring in the near and far future. Thus, it will be
possible to develop management strategies that adhere to the environment in a more
respectful, environmentally friendly, controlled and efficient way, improving in turn the safety
against geo-hazards (Morales et al. 2021; Dominguez-Cuesta et al. 2022). These actions that
combine constructive elements with warning campaigns and delimitation of access and use
areas, will result in establishing a base methodology applicable to other environments with
similar characteristics, where the population's negative perception because of these

interventions will be significantly reduced (Touili et al. 2014; Gray et al. 2017).

The development of analysis maps of different parameters that define rockfalls makes it possible

to analyze the necessary height and the minimum energy that the hypothetical control
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structures to be installed in the area should withstand, or the response time and velocity against
possible block falls (Sarro et al. 2018; Fanos and Pradhan 2019; Akin et al., 2021). This
information provides a deeper understanding of the dynamics of instability processes in the
environment, which in any case must constantly update its data and add new information, in

order to progressively generate more realistic and accurate models of the environment.

8. Conclusions

The investigated area of Portofino Natural Park, covers a wide natural and cultural area where
it is possible to visit remarkable heritage sites walking in an incredible high value landscape. The
entire area is characterized by the presence of conglomerate rocks. The geological and geo-
mechanical characteristics of this formation affect the potential instability of the natural and

cultural heritages sites, especially during heavy rainfall and extreme events.

In the present paper a comprehensive analysis of potential instability mechanisms (rockfall) and
their spatial evolution (e.g. runout distance, trajectories and impact energy) is described for the
selected area of San Fruttuoso and Paraggi bays. Such approach and methodology allow to carry
out further studies and analysis supporting the adoption of the so-called Nature-Based Solutions
(NBSs), aiming to reduce the impact by the construction of mitigation measures and to increase

resilience in high value natural and cultural area.

At the same time, the proposed advanced modeling constitutes a useful tool for the verification
and calibration of the adopted design choices (e.g. size and correct location of the barriers,
hypothesis of structural interventions for the protection of exposed elements such as paths,
terraces and cultural heritage), as well as a useful guidance for the implementation of
medium/long-term non-structural measures, such as in situ monitoring systems to be eventually

transformed into early warning systems.
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The detailed knowledge of the morphological dynamics of the area are in fact a fundamental
cognitive element to develop participatory planning, directly involving stakeholders and
providing the tools for a correct cost-benefit analysis to policy makers and funders. A co-creation
process, in fact, runs across all the steps for the implementation of NBSs interventions, from the
initial co-design, to co-monitoring of their performance, to maintenance and finally

decommissioning.

The advanced 3D modeling phase here proposed, in addition to being a real digital twin of the
natural dynamics of the area, is expected to be integrated into this co-creation process for the

sustainable management of high value areas.
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5. Discusion

La presente tesis avanza en estrategias de adaptacién al riesgo de caida de rocas desde
acantilados costeros en espacios litorales con notable actividad humana. En este sentido, la
gestién actual del territorio requiere el desarrollo de enfoques innovadores que garanticen la
conservacién de los espacios y dinamicas naturales, y beneficien a la sociedad, mitigando los
riesgos y aumentando la resiliencia (Pontee et al., 2016; Castelle et al., 2019; Villegas-Palacio et
al., 2020), mediante estrategias de bajo impacto y minimamente invasivas (“friendly”)
(Dominguez-Cuesta et al., 2022), acordes con las directrices de las Nature-Based Solutions

(NBSs) (Kumar et al., 2021; Vojinovic et al., 2021).

Esta forma de aproximacidn requiere profundizar en conocimientos de detalle del entorno de

estudio y de sus condicionantes dindmicos (Pradhan, 2011; Chen et al., 2013; Pham et al., 2016).

En el contexto de estudio, el alcance espacial delimitado de los procesos de caida de rocas en
un marco geomorfoldgico bien definido, facilita la obtencion de medidas directas en los
afloramientos rocosos del frente de los acantilados, la identificacién y caracterizaciéon de
trayectorias de caidas, caracteristicas dimensionales y alcance de los bloques desprendidos

(Masuya et al., 2009; Lorentz et al., 2010; Lambert and Bourrier, 2013).

En lo que se refiere a la tipologia y dimensiones de los desprendimientos, quedan determinadas
por las propiedades geomecdnicas de los materiales, las caracteristicas de la red de
discontinuidades y su orientacidn respecto a los acantilados (Cai et al., 2004; Kim et al., 2007;

Morelli, 2016; Corominas et al., 2017).

En la Costa Vasca (capitulos I, I, lll y V), la naturaleza flyschoide de los materiales ha dado lugar,
por erosioén diferencial, a una sucesién de entrantes y salientes de distintas dimensiones, en los

que la tipologia de caidas esta condicionada, principalmente, por la orientacion de los planos de
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estratificacion respecto a los taludes de los acantilados. En este sentido, la estratificacion es la
familia de discontinuidad mds marcada y que presenta un mayor desarrollo superficial (superior
a los 10 metros), mientras en el resto de discontinuidades, en gran medida ortogonales a la
estratificacion, registran un desarrollo que se limita basicamente a la potencia de los estratos.
Como consecuencia, la caida de rocas de tamafio moderado que llegan a alcanzar la playa es un
proceso recurrente que supone un riesgo para usuarios y visitantes. Los bloques desprendidos,
en general inferiores a 0,2 m3, presentan formas paralelepipedas (Leine et al., 2013; Farvacque
et al., 2019; Mavrouli and Corominas, 2020), con angulos entre planos préximos a 90°,
caracteristicos de entornos flyschoides (Marinos and Hoek, 2001), y muestran una frecuencia

inversamente proporcional a su tamano.

En los casos en los que la orientacion de la estratificacion es paralela a los acantilados, se
registran inestabilidades menos frecuentes, con roturas asimilables al tipo talud infinito (Matos,
2020) y vuelcos, que llegan a alcanzar dimensiones de desarrollo métrico. La distribucién de
tamafo de bloques muestra un cardcter de conjunto del tipo “power law” (capitulos | y Il),
asimilable a la obtenida por otros autores (Hovius et al., 1997; Pelletier et al., 1997; Guzzetti et

al., 2002; Corominas et al., 2017).

Cuando el analisis se centra en zonas concretas de alta actividad, las distribuciones censuradas
por encima de un valor minimo muestran un caracter normal (capitulo 1), en la medida en que
los bloques desprendidos provienen mayoritariamente de los estratos mas competentes de la

serie (caliza, margocaliza, arenisca).

Respecto a la formacidn conglomeratica de Portofino (capitulo V), las roturas se desarrollan de
manera mas irregular. Los bloques presentan morfologias esféricas (Asteriou and Tsiambaos
2018; Chen et al., 2019), con tamafios medios de 1 m3® y maximos registrados de hasta 3 m* en

los ultimos afios, que llegan a impactar en las poblaciones locales (Turconi et al., 2020).
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En lo que se refiere al analisis de caida de rocas, los modelos numéricos 3D permiten considerar
procesos de dispersion lateral en la generacién de trayectorias, incluyendo los efectos
geométricos de la topografia en su dindmica (Sarro et al.,, 2018; Fanos y Pradhan, 2019),
superando asi las limitaciones de los modelos 2D (Volkwein et al., 2011). En nuestro trabajo, se
parte de modelos digitales del terreno (MDT) de alta resolucion obtenidos mediante
fotogrametria con vehiculo aéreo no tripulado (ltzurun, capitulo 1), Laser Escaner Terrestre
(Atxabiribil, Punta Begofia y Barinatxe, capitulos Il, Ill y IV) y LiDAR satelital (Portofino, capitulo
V), en funcién de las condiciones geomorfoldgicas del entorno y las restricciones de utilizacién
(Delmonaco et al., 2015; Frodella et al., 2016), que representan de modo realista el relieve
original (Dorren, 2003; Lan et al., 2007; Stoffel et al., 2010; Keskin, 2013; Ansari et al., 2018) y
facilitan combinar la informacién mediante georreferenciacion (Adam et al., 2002; Bruyninx et
al., 2019). En el caso de Portofino, se dispuso de informacién correspondiente a los afios 2008 y
2020, lo que permitié ademas valorar la evolucién espacial de los procesos de erosion y depdsito

en la zona de estudio durante este intervalo de tiempo.

Las nubes de puntos obtenidas, son la base para generar mallas tridimensionales de las zonas
de estudio con las que modelizar la caida de rocas, en nuestro caso mediante un enfoque de
cuerpo rigido (“rigid body approach”) que incluye la forma y tamafio de los bloques
desprendidos. Este enfoque considera el impacto del bloque sobre la superficie del suelo como
un fenémeno casi instantdneo durante el cual el movimiento es nulo. Para ello se utiliza
fundamentalmente el software RocPro3D (RocPro3D, 2018), que permite incorporar una
aproximacion probabilistica con variaciones en la forma de los bloques, caracteristicas de los
suelos e irregularidades del terreno. El impacto queda caracterizado por la disipacién de energia,
que tiene en cuenta los coeficientes de restitucion Rn (restitucién normal) y Rt (restitucion
tangencial), que son los parametros mas utilizados en los estudios de caida de rocas (Pfeiffer

and Bowen, 1989; Bourrier et al., 2012; Wang et al., 2014; Asteriou and Tsiambaos, 2018; Li et
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al., 2020; Tang et al., 2021). En nuestro caso, estos parametros se obtienen para cada terreno
diferenciado por ajuste (back-analysis), reproduciendo las trayectorias y alcance de los
fragmentos de roca reconocidos (ground-truthed). En trabajos futuros, se considera la
posibilidad de revisar estos valores mediante determinaciones experimentales adicionales en
campo y laboratorio que permitan verificar y precisar los resultados (Bourrier et al., 2012;

Asteriou and Tsiambaos, 2018; Ji et al., 2020).

Tras el proceso de calibracién, los analisis de susceptibilidad a la caida de rocas de los entornos
de estudio aportan lainformacién espacial necesaria para el desarrollo de estrategias de gestidn.
La modelizacion se centra, prioritariamente, en los bloques de roca de mayor tamafio, ya que
constituyen el peor escenario de seguridad cuando permanecen intactos mientras se desplazan
ladera abajo (Pfeiffer y Bowen, 1989), alcanzando la mayor energia (Corominas et al., 2017). En
este sentido, el tamafo de los bloques desprendidos es uno de los principales factores que
controlan la trayectoria de caida (Hungr et al., 1999; Okura et al., 2000) y queda definido por el
espesor de los estratos rocosos mas competentes y la persistencia y separacién de las familias
de discontinuidades (Cai et al., 2004; Palmstrom, 2005; Cooke et al, 2006; Kim et al., 2007;
Morelli, 2016; McGinnis et al., 2017). En este punto la definicion y determinacién del mayor
evento creible de caida de rocas (“largest credible volume”), que no el mayor evento concebible,
es un reto que futuras investigaciones tendran que abordar para concretar y perfeccionar el
disefio de medidas y la delimitacién de zonas de riesgo (Abbruzzese et al., 2009; Agliardi et al.,

2009; Li et al., 2009; Corominas et al., 2017).

En el caso de Itzurun (capitulo 1), dado que las distribuciones por zonas de los principales bloques
depositados en la base de los taludes de los acantilados se ajustan a funciones de densidad
normal, el tamafo del bloque considerado para el disefio corresponde al 95% de la distribucion

(como valor caracteristico superior, Bond y Harris, 2008).
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A partir de los andlisis de susceptibilidad, se avanzan las propuestas de gestién y proteccién
especificas para cada entorno de estudio, en funcién del alcance y energia de impacto de las
caidas de roca (Volkwein et al., 2011). En nuestro caso, dado el alto valor reconocido de los
litorales de la Costa Vasca y Liguria, las estrategias de gestidon buscan minimizar el riesgo
mediante actuaciones proporcionales, que garanticen la conservacién de los espacios y
dindmicas naturales (Andrasanu, 2009; Wimbledon and Smith-Meyer, 2012; Brilha, 2018;
Accastello et al., 2019; Castelle et al., 2019; Van der Meulen et al., 2022). Para ello, se desarrollan
propuestas de gestidn que priorizan las actuaciones de prevencidn, sefializacién e informacién
(capitulos I, I, 1lI, IV y V) y que se combinan con actuaciones locales de bajo impacto (friendly)
en las zonas en que sea recomendable (capitulos | y V), seguimiento de movimientos
extremadamente lentos del terreno mediante dispositivos de control geotécnico permanente
(capitulo 1) y elementos de proteccion basados en la naturaleza (NBSs; capitulos Il y IV), cuya

eficacia es revisada en los modelos dindmicos.

En conjunto, en el presente trabajo se ha desarrollado una aproximacién conceptual y
metodoldgica que sirve de base para avanzar en el desarrollo de estrategias de gestion
adaptadas a entornos de alto valor medioambiental, cultural y paisajistico frente a riesgos

geoldgicos, y que puede ser ampliada y validada en otros entornos, no solo litorales.

5.1. Discussion

This thesis advances in adaptation strategies to the risk of rockfall from coastal cliffs in coastal
areas with significant human activity. In this sense, current land management requires the
development of innovative approaches that ensure the conservation of natural spaces and
dynamics, and benefit society, mitigating risks and increasing resilience (Pontee et al., 2016;

Castelle et al., 2019; Villegas-Palacio et al., 2020), through low-impact and minimally invasive
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(friendly) strategies (Dominguez-Cuesta et al., 2022), in line with Nature-Based Solutions (NBSs)

guidelines (Kumar et al., 2021; Vojinovic et al., 2021).

This form of approach requires deepening detailed knowledge of the study environment and its

dynamic constraints (Pradhan, 2011; Chen et al., 2013; Pham et al., 2016).

In the study context, the delimited spatial extent of the rockfall processes in a well-defined
geomorphological setting facilitates obtaining direct measurements on the rocky outcrops of
the cliff face, identification and characterization of fall trajectories, dimensional characteristics
and extent of detached blocks (Masuya et al., 2009; Lorentz et al., 2010; Lambert and Bourrier,

2013).

Regarding the typology and dimensions of detachments, they are determined by the
geomechanical properties of the materials, the characteristics of the discontinuity network and
its orientation with respect to the cliffs (Cai et al., 2004; Kim et al., 2007; Morelli, 2016;

Corominas et al., 2017).

On the Basque Coast (chapters |, II, lll and IV), the flyschoid nature of the materials has given
rise, by differential erosion, to a succession of inlets and ledges of different dimensions, in which
the type of falls is mainly conditioned by the orientation of the stratification planes with respect
to the cliff slopes. In this sense, stratification is the most marked family of discontinuities with
the greatest surface development (greater than 10 meters), while the rest of the discontinuities,
largely orthogonal to the stratification, show a development that is basically limited to the
strength of the strata. Therefore, the fall of moderate-sized rocks that reach the beach is a
recurrent process that poses a risk to users and visitors. The detached blocks, generally smaller
than 0.2 m3, present parallelepiped shapes (Leine et al., 2013; Farvacque et al., 2019; Mavrouli

and Corominas, 2020), with inter-plane angles close to 90° characteristic of flyschoid
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environments (Marinos and Hoek, 2001), and show a frequency inversely proportional to their

size.

In cases where the orientation of the stratification is parallel to the cliffs, less frequent
instabilities are recorded, with breaks comparable to the infinite slope type (Matos, 2020) and
toppling, which can reach metric dimensions. The block size distribution shows a set character
of the “power law” type (chapters | and Il), assimilable to that obtained by other authors (Hovius

et al,, 1997; Pelletier et al., 1997; Guzzetti et al., 2002; Corominas et al., 2017).

When the analysis is focused on specific zones of high activity, the censored distributions above
a minimum value show a normal character (chapter 1), insofar as the detached blocks come

mostly from the most competent strata of the series (limestone, marlstone, sandstone).

With respect to the Portofino conglomeratic formation (chapter V), the breaks are more
irregularly developed. The blocks present spherical morphologies (Asteriou and Tsiambaos
2018; Chen et al., 2019), with average sizes of 1 m*® and maximum recorded of up to 3 m? in

recent years, which come to impact local populations (Turconi et al., 2020).

Regarding rockfall analysis, 3D numerical models allow considering lateral dispersion processes
in the generation of trajectories, including the geometrical effects of topography on their
dynamics (Sarro et al., 2018; Fanos and Pradhan, 2019), thus overcoming the limitations of 2D
models (Volkwein et al., 2011). In our work, we start from high-resolution digital terrain models
(DTM) obtained by unmanned aerial vehicle photogrammetry (ltzurun, chapter 1), Terrestrial
Laser Scanner (Atxabiribil, Punta Begofia and Barinatxe, chapters Il, lll and IV) and satellite LiDAR
(Portofino, chapter V), depending on the geomorphological conditions of the environment and
use restrictions (Delmonaco et al., 2015; Frodella et al.,, 2016), with which to realistically
represent the original relief (Dorren, 2003; Lan et al., 2007; Stoffel et al., 2010; Keskin, 2013;

Ansari et al.,, 2018) and to combine the information by georeferencing (Adam et al., 2002;
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Bruyninx et al., 2019). In the case of Portofino, information was available for the years 2008 and
2020, which also allowed us to assess the spatial evolution of erosion and deposition processes

in the study area during this time interval.

The point clouds obtained are the basis for generating three-dimensional meshes of the study
areas with which to model the rockfall, in our case using a rigid body approach. This approach
considers the impact of the block on the ground surface as an almost instantaneous
phenomenon during which the movement is nil. For this purpose, the RocPro3D software
(RocPro3D, 2018) was used primarily, which allows incorporating a probabilistic approach with
variations in block shape, soil characteristics and terrain irregularities. The impact is
characterized by the energy dissipation, which takes into account the restitution coefficients Rn
(normal restitution) and Rt (tangential restitution), which are the most commonly used
parameters in rockfall studies (Pfeiffer and Bowen, 1989; Bourrier et al., 2012; Wang et al., 2014;
Asteriou and Tsiambaos, 2018; Li et al., 2020; Tang et al., 2021). In our case, these parameters
are obtained for each ground differentiated by adjustment (back-analysis), reproducing the
trajectories and runout of the recognized rock fragments (ground-truthed). In future work, we
consider the possibility of revising these values by additional experimental determinations in
field and laboratory to verify and refine the results (Bourrier et al., 2012; Asteriou and

Tsiambaos, 2018; Ji et al., 2020).

Following the calibration process, rockfall susceptibility analyses of the study environments
provide the spatial information necessary for the development of management strategies. The
modeling focuses on the larger rock blocks, as they constitute the worst-case safety scenario
when they remain intact while moving downslope (Pfeiffer and Bowen, 1989), reaching the
highest energy (Corominas et al., 2017). In this sense, the size of detached blocks is one of the

main factors controlling the fall trajectory (Hungr et al., 1999; Okura et al., 2000) and is defined
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by the thickness of the most competent rock strata and the persistence and separation of
discontinuity families (Cai et al., 2004; Palmstrom, 2005; Cooke et al, 2006; Kim et al., 2007;
Morelli, 2016; Corominas et al., 2017; McGinnis et al., 2017). At this point the definition and
determination of the largest credible rockfall event ("largest credible volume"), which is not the
largest conceivable event, is a challenge that future research will have to address in order to
concretize and refine the design of measures and the delimitation of risk zones (Abbruzzese et

al., 2009; Agliardi et al., 2009; Li et al., 2009; Corominas et al., 2017).

In the case of Itzurun (chapter 1), since the zonal distributions of the main blocks deposited at
the base of the cliff slopes conform to normal density functions, the block size considered for
the design corresponds to 95% of the distribution (as upper characteristic value, Bond and

Harris, 2008).

Susceptibility analyses allow specific management and protection proposals to be made for each
study environment, depending on the runout and impact energy of rockfalls (Volkwein et al.,
2011). In our case, given the recognized high value of the coastlines of the Basque and Ligurian
coasts, the management strategies seek to minimize the risk through proportional actions that
guarantee the conservation of natural spaces and dynamics (Andrasanu, 2009; Wimbledon and
Smith-Meyer, 2012; Brilha, 2018; Accastello et al., 2019; Castelle et al., 2019; Van der Meulen
et al., 2022). To this end, management proposals are developed that prioritize prevention,
signaling and information actions (chapters I, II, lll, IV and V) and that are combined with low-
impact local actions (friendly) in areas where it is advisable (chapters | and V), monitoring of
extremely slow ground movements through permanent geotechnical control devices (chapter
IlI) and nature-based protection elements (NBSs; chapters Il and IV), whose effectiveness is

reviewed in the dynamic models.
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Overall, this work has developed a conceptual and methodological approach that serves as a
basis for advancing in the development of management strategies adapted to environments of
high environmental, cultural and landscape value in the face of geological hazards, and that can

be extended and validated in other environments, not only coastal.

5.2. Eztabaida

Tesi hau giza jarduera nabarmena duten itsasertzetan kostako labarretatik arrokak erortzeko
arriskura moldatzeko estrategietan aurrerakuntzak eskaintzen ditu. Alde horretatik,
lurraldearen egungo kudeaketak ikuspegi berritzaileak garatzea eskatzen du, espazio eta
dinamika naturalen kontserbazioa bermatuko dituztenak eta gizarteari mesede egingo diotenak,
arriskuak arinduz eta erresilientzia handituz (Pontee et al., 2016; Castelle et al., 2019; Villegas-
Palacio et al., 2020), inpaktu txikiko eta inbasio minimoko estrategien bidez (Dominguez-Cuesta
et al.,, 2022), Nature-Based Solutions-en arautegiarekin bat datozenak (Kumar et al., 2021;

Vojinovic et al., 2021).

Hurbiltze-modu horrek azterketa-ingurunearen eta haren baldintza dinamikoen xehetasunetan

sakontzea eskatzen du (Pradhan, 2011; Chen et al., 2013; Pham et al., 2016).

Azterketaren testuinguruan, ondo zehaztutako esparru geomorfologiko batean izanda, arrokak
erortzeko prozesuek espazioan duten irismena kalkulatu daitezke, neurri zuzenak labarren
fronteko arroka-azalemenduetan, erorketen ibilbideak, dimentsio-ezaugarriak eta eroritako
blokeen irismena identifikatuz eta karakterizatuz (Masuya et al., 2009; Lorentz et al., 2010;

Lambert and Bourrier, 2013).

Erorketen tipologiari eta neurriei dagokienez, materialen propietate geomekanikoek, etengune-
sarearen ezaugarriek eta itsaslabarrekiko orientazioak zehazten dituzte (Cai et al., 2004; Kim et

al., 2007; Morelli, 2016; Corominas et al., 2017).
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Euskal Kostan (I., Il., lll. eta IV. kapituluak), materialen izaera flyschoideak, higadura-
diferentzialaren ondorioz, hainbat dimentsiotako sarguneak eta irtenguneak sortu ditu;
horietan, erorketen tipologia, batez ere, estratifikazio-planoek itsaslabarretako ezpondekiko
duten orientazioaren mende dago. Alde horretatik, estratifikazioa jarraitutasun handieneko
familia markatuena da, eta azalera-garapen handiena du (10-metrotik gorakoa); gainerako
etenguneak, berriz, estratifikazioarekiko neurri handi batean ortogonalak, estratuen potentziara
mugatzen den garapena dute. Ondorioz, hondartzara iristen diren tamaina ertaineko arroken
erorketa prozesu errepikaria da, eta arriskutsua da erabiltzaileentzat eta bisitarientzat. Eroritako
blokeek, oro har, 0,2 m* baino txikiagoak, forma paralelepipedoak dituzte (Leine et al., 2013;
Farvacque et al., 2019; Mavrouli and Corominas, 2020), 90°tik hurbil dauden planoen arteko
angeluak dituztenak, ingurune flyschoideen bereizgarriak direnak (Marinos and Hoek, 2001), eta

tamainaren alderantzizko maiztasuna dute.

Estratifikazioaren orientazioa itsaslabarrekiko paraleloa den kasuetan, ezegonkortasun ez hain
ohikoak garatzen dira dira, ezponda mugagabe motako hausturekin (Matos, 2020) eta
iraulketekin, garapen metrikoko dimentsioetara iristen direnak. Blokeen tamainaren banaketak
“power law” motako baterako izaera erakusten du (l. eta Il. kapituluak), beste autore batzuek
lortutakoarekin parekagarria (Hovius et al., 1997; Pelletier et al., 1997; Guzzetti et al., 2002;

Corominas et al., 2017).

Analisia jarduera handiko eremu zehatzetan oinarritzen denean, balio minimo baten gainetik
zentsuratutako banaketek izaera normala erakusten dute (I. kapitulua), askatutako blokeak
serieko estratu erresistenteagoetatik (kareharria, kareharri tupatsua, hareharria) datozelako

nagusiki.

Portofinoren izaera konglomeratikoari dagokionez (V. kapitulua), hausturak modu

irregularragoan garatzen dira. Blokeek morfologia esferikoak dituzte (Asteriou and Tsiambaos
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2018; Chen et al., 2019). Batez besteko neurriak 1 m® dira, gehienezko 3 m? izan daitezkenak,

azken urteotan eragina izan dituztenak tokiko populazioetan (Turconi et al., 2020).

Arroken erorketaren azterketari dagokionez, 3D zenbakizko ereduek aukera ematen dute
ibilbideak sortzeko alboko sakabanatze-prozesuak kontuan hartuta, topografiak bere dinamikan
dituen ondorio geometrikoak barne (Sarro et al., 2018; Fanos eta Pradhan, 2019), eta, hala, 2D
ereduen mugak gaindituz (Volkwein et al., 2011). Gure lanean, bereizmen handiko lurzoruaren
eredu digitaletatik (MDT) abiatzen gara. Eredu horiek fotogrametriaren bidez lortzen dira,
tripulatu gabeko aire-ibilgailuekin (ltzurun, I. kapitulua), Lurreko Laser Eskanerrarekin
(Atxabiribil, Punta Begofia eta Barinatxe, Il., Ill. eta IV. kapituluak) eta LiDAR sateliteekin
(Portofino, V. kapitulua), ingurunearen baldintza geomorfologikoen eta erabilera-mugen
arabera (Delmonaco et al., 2015; Frodella et al., 2016), jatorrizko erliebea modu errealistan
irudikatzeko (Dorren, 2003; Lan et al., 2007; Stoffel et al., 2010; Keskin, 2013; Ansari et al., 2018)
eta informazioa geoerreferentziazioaren bidez konbinatzeko (Adam et al., 2002; Bruyninx et al.,
2019). Portofinoren kasuan, 2008. eta 2020. urteetako informazioa jaso zen, eta, horri esker,
gainera, denbora-tarte horretan eremuko higadura- eta metatze-prozesuen bilakaera espaziala

baloratu ahal izan zen.

Lortutako puntu-hodeiak harri-jausiak modelizatzeko azterketa-eremuetako hiru dimentsioko
sareak sortzeko oinarria dira, gure kasuan, gorputz zurruneko ikuspegi baten bidez (“rigid body
approach”). Ikuspegi horren arabera, blokeak lurzoruaren gainazalean duen eragina ia bat-
bateko fenomeno gisa hartzen da, eta mugimendu nulua izaten du. Horretarako, batez ere
RocPro3D softwarea erabili da (RocPro3D, 2018). Horren bidez, hurbilketa probabilistikoa egin
daiteke, blokeen forma-aldaketak, lurzoruen ezaugarriak eta lurzoruaren irregulartasunak
kontuan hartuta. Inpaktuaren ezaugarria energia xahutzea da, Rn leheneratze-koefizienteak

(leheneratze normala) eta Rt koefizienteak (leheneratze tangentziala) kontuan hartuta, horiek
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baitira arroken erorketa-azterketetan gehien erabiltzen diren parametroak (Pfeiffer and Bowen,
1989; Bourrier et al., 2012; Wang et al., 2014; Asteriou andTsiambaos, 2018; Li et al., 2020; Tang
etal., 2021). Gure kasuan, parametro horiek doikuntzaz bereizitako lurzoru bakoitzerako lortzen
dira (back-analysis), eta ezagutzen diren arroka zatien (ground-truthed) ibilbideak eta irismena
erreproduzitzen dira. Etorkizuneko lanetan, balio horiek landako eta laborategiko esperimentu-
determinazio gehigarrien bidez berrikusteko aukera aztertzen da, emaitzak egiaztatu eta

doitzeko (Bourrier et al., 2012; Asteriou and Tsiambaos, 2018; Ji et al., 2020).

Kalibrazio-prozesuaren ondoren, azterketa-inguruneetako arrokak erortzeko suszeptibilitate-
analisiek kudeaketa-estrategiak garatzeko behar den informazio espaziala ematen dute.
Modelizazioa tamaina handiagoko arroka-blokeetan oinarritzen da, ezpondan behera mugitzen
diren bitartean (Pfeiffer eta Bowen, 1989) segurtasun-egoerarik okerrena osatzen baitute,
energia handiena lortuz (Corominas et al., 2017). Alde horretatik, erorketa-ibilbidea
kontrolatzen duten faktore nagusietako bat askatutako blokeen tamaina da (Hungr et al., 1999;
Okura et al., 2000), eta honako hauek definitzen dute: arroka-estratu konpetenteen potentzia
eta etengune-familien jarraitutasuna eta bereizketa (Cai et al., 2004; Palmstrom, 2005; Cooke et
al, 2006; Kim et al., 2007; Morelli, 2016; Corominas et al., 2017; McGinnis et al., 2017). Puntu
horretan, arrokak erortzeko gertaera sinesgarririk handiena definitzea eta zehaztea (“largest
credible volume”), pentsa daitekeen gertaerarik handiena ez dena, etorkizuneko ikerketek egin
beharko duten erronka bat da, neurrien diseinua eta arrisku-eremuen mugaketa zehazteko eta

hobetzeko (Abbruzzese et al., 2009; Agliardi et al., 2009; Li et al., 2009; Corominas et al., 2017).

Itzurunen kasuan (l. kapitulua), itsaslabarretako ezponden oinarrian dauden bloke nagusien
zonakako banaketak dentsitate normaleko funtzioetara doitzen direnez, diseinurako kontuan
hartutako blokearen tamaina banaketaren %95i dagokio (goiko balio bereizgarri gisa, Bond eta

Harris, 2008).
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Suszeptibilitate-analisien bidez, ikerketa-ingurune bakoitzerako berariazko kudeaketa- eta
babes-proposamenak egin daitezke, harri-jausien irismenaren eta inpaktu-energiaren arabera
(Volkwein et al., 2011). Gure kasuan, Euskal Kostaldeko eta Liguriako itsasertzek balio altuko
inguruneak direnez, kudeaketa-estrategien helburua arriskua minimizatzea da, jarduera
proportzionalen bidez, espazio eta dinamika naturalen kontserbazioa bermatzeko (Andrasanu,
2009; Wimbledon and Smith-Meyer, 2012; Brilha, 2018; Accastello et al., 2019; Castelle et al.,
2019; Van der Meulen et al., 2022). Horretarako, prebentzio-, seinaleztapen- eta informazio-
jarduerei lehentasuna ematen dieten kudeaketa-proposamenak garatzen dira (l., II., lll., IV. eta
V. kapituluak), inpaktu txikiko (friendly) tokiko jarduerekin konbinatzen direnak, hala komeni
den eremuetan (I. eta V. kapituluak), lurzoruaren mugimendu oso motelen jarraipena eginez,
kontrol geoteknikoko gailu iraunkorren bidez (lll. kapitulua) eta naturan oinarritutako babes-
elementuak garatuz (NBSak; Il. eta IV. kapituluak). Horien eraginkortasuna eredu dinamikoetan

berrikusten da.

Oro har, lan honetan, hurbilketa kontzeptual eta metodologiko bat garatu da, ingurumen-,
kultura- eta paisaia-balio handiko inguruneetara arrisku geologikoen aurrean egokitutako
kudeaketa-estrategien garapenean aurrera egiteko oinarri gisa balio duena, beste ingurune

batzuetara, ez bakarrik itsasertzean, zabaldu eta balidatu daitekeena.
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6. Conclusiones

Arcos del acantilado de Zumaia
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6. Conclusiones

La gestion de los espacios costeros que a nivel mundial mantienen un alto valor paisajistico,
natural y cultural, y que reciben un elevado nimero de visitantes, como los litorales de la Costa
Vasca y Liguria, requieren la elaboracidn de estrategias de gestién especificas. Estas estrategias
deben permitir evaluar la susceptibilidad al desarrollo de procesos de inestabilidad (como
movimientos del terreno o caidas de rocas) en detalle, con el objetivo de desarrollar planes de
gestion minimamente invasivos, que garanticen la seguridad de los espacios, acordes a las

directrices de las Nature-Based Solutions (NBSs).

En este contexto, la presente tesis doctoral aborda la problematica de los riesgos geolégicos,
principalmente caidas de rocas en los capitulos |, I, IV y V y movimientos del terreno en el lll,
gue se corresponden con los afloramientos rocosos de los acantilados costeros. En estos casos,
tanto la informacidn topografica detallada como la caracterizacién directa en campo sobre los
procesos de desprendimiento de rocas permiten desarrollar modelos 3D detallados, con los que
realizar andlisis de susceptibilidad que definan el alcance y la energia maxima de los bloques

desprendidos.

A partir de estas informaciones, se pueden proponer estrategias de gestidn
medioambientalmente sostenibles, ajustadas a cada espacio estudiado, con los siguientes
objetivos prioritarios: que sean eficaces, para resolver el problema; minimamente invasivas,
para preservar el caracter natural del entorno; proporcionales, de acuerdo con los objetivos de
seguridad establecidos; y reversibles, para garantizar la durabilidad del entorno. Estos objetivos
base, unidos al desarrollo de actuaciones focalizadas en las NBSs, daran lugar a espacios mas

naturales y seguros para los usuarios, que permitan su uso y disfrute.
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Este enfoque integral ha sido contrastado en la playa de Itzurun en el Geoparque de la Costa
Vasca (capitulo 1), playa de Atxabiribil (capitulo Il), Galerias Punta Begofia (capitulo IIl), playa de
Barinatxe (capitulo V) y costa de Portofino (capitulo V). Estos estudios complementarios pueden
ser aplicables en diferentes entornos geomorfolégicos espacialmente bien definidos, no
necesariamente costeros, con procesos de inestabilidad similares, especialmente en zonas de

acantilados en entornos con altos indices de ocupacién y uso.

6.1. Conclusions

The management of coastal areas that maintain a high landscape, natural and cultural value
throughout the world, and that receive a high number of visitors (more than 1 million) each year,
such as the coastlines of the Basque Coast and Portofino, requires the development of specific
analysis strategies. These strategies should allow to evaluate the susceptibility to develop
instability processes (such as ground movements or rock falls) in detail, with the aim of
developing minimally invasive management tactics, which guarantee the safety of the spaces

and are based on the guidelines of the Nature-Based Solutions (NBSs).

In this context, this doctoral thesis addresses the problem of geological hazards, mainly rockfalls
in chapters |, Il, IV and V and ground movements in Chapter lll, which correspond to the rocky
outcrops of coastal cliffs. In all these cases, both the detailed topographic information and the
direct field characterization of rockfall processes allows the development of detailed 3D model

for susceptibility analysis, that define the runout and maximum energy of the detached blocks.

Based on this information, friendly management strategies can be proposed, tailored to each
area studied, with the following priority objectives: 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.
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These basic objectives, together with the development of actions focused on the NBSs, will

result in more natural and safer spaces for users, allowing their use and enjoyment.

This integrated approach verified at Itzurun beach in the Basque Coast Geopark (chapter 1),
Atxabiribil beach (chapter Il), Galerias Punta Begofia (chapter lll), Barinatxe beach (chapter V)
and Portofino coast (chapter V). These complementary studies can be useful in different spatially
well-defined geomorphological environments, not necessarily coastal, with similar instability

processes, especially cliffs in environments with high rates of occupation and use.

6.2. Ondorioak

Munduan zehar paisaia-, natura- eta kultura-balio handia duten eta urtero bisitari ugari (milioi
1 baino gehiago) jasotzen dituzten itsasertzeko espazioen kudeaketak, hala nola Euskal
Kostaldeko eta Portofinoko itsasertzekoak, analisi-estrategia espezifikoak lantzea eskatzen du.
Estrategia horiek aukera eman behar dute ezegonkortasun-prozesuak (hala nola lurraren
mugimenduak edo arroken erorketak) xehetasunez garatzeko sentikortasuna ebaluatzeko,
gutxieneko kudeaketa-taktika inbaditzaileak garatzeko helburuarekin, espazioen segurtasuna
bermatuko dutenak eta Naturan Oinarritutako Irtenbide (NBS) delakoen jarraibideetan

oinarritutak egongo direnak.

Testuinguru horretan, doktorego-tesi honek arrisku geologikoen problematika jorratzen du,
batez ere I, I, IV. eta V. kapituluetako arroka-erorketak eta Ill. kapituluko lur-mugimenduak,
kostaldeko labarretako arroka-azaleratzeekin bat datozenak. Kasu horietan guztietan, bai
informazio topografiko xehatuak, bai harrien luizi-prozesuen landa-karakterizazio zuzenak
aukera ematen dute 3D eredu xehatuak garatzeko, eta horietatik abiatuta, jaregindako blokeen

irismena eta gehieneko energia definituko duten suszeptibilitate-analisiak ezartzeko.
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Informazio horietatik abiatuta, kudeaketa-estrategia lagunkoiak proposa daitezke, aztertutako
espazio bakoitzera egokituak, lehentasunezko helburu hauekin: eraginkorrak izatea, arazoa
konpontzeko; inbaditzaileak ez izatea, ingurunearen izaera naturala babesteko; proportzionalak,
ezarritako segurtasun-helburuen arabera; eta itzulgarriak, ingurunearen iraunkortasuna
bermatzeko. Oinarrizko helburu horiek, NBSetan ardaztutako jardueren garapenarekin batera,
espazio naturalagoak eta seguruagoak sortuko dituzte erabiltzaileentzat, haien erabilera eta

gozamena ahalbidetzeko.

Ikuspegi integral hori Itzurungo hondartzan, Euskal Kostaldeko Geoparkean (l. kapitulua),
Atxabiribilgo hondartzan (II. kapitulua), Punta Begofako galerietan (lll. kapitulua), Barinatxeko
hondartzan (IV. kapitulua) eta Portofinoko kostaldean (V. kapitulua) berretsi da. Azterlan
osagarri horiek erabilgarriak izan daitezke espazioari dagokionez ondo definitutako hainbat
ingurune geomorfologikotan, ez ezinbestean itsasertzekoak, antzeko ezegonkortasun-

prozesuekin, bereziki erabilera eta okupazio-tasa altua daukaten horietan.
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