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Al fin y al cabo, las dificultades no son más que cosas a las que sobreponerse. 

Difficulties are just things to overcome, after all. 

         

        Ernest Shackleton 





 

 

 

 

The sea loved the moon 

When she was supposed to love the shore. 

 

The moon knew 

And hence made his intentions known.  

 

That she should love the shore 

Who was destined for her. 

 

Yet his protests seemed weak.  

And even when he pushed her towards the shore- 

She always retreated back. 

 

To want, to need, to love the moon 

For all she's worth. 

 

Everyone said, it wasn't meant to happen. 

Yet, the Tsunami rose that night for their union 

 

    Saiber, Stardust and sheets 
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Nota Previa: Sobre el uso y grafía en castellano del 

extranjerismo tsunami 

 

 

Es común en literatura científica el error de recurrir a extranjerismos superfluos o innecesarios 

para identificar vocablos para los que existen equivalentes españoles con plena vitalidad 

(Ejemplos: abstract-resumen; paper-artículo; consulting-consultoría). De acuerdo a las 

recomendaciones de la Real Academia Española de la lengua, el uso de extranjerismos en 

castellano debe limitarse a aquellos para los que no existen, o no es fácil encontrar, términos 

españoles equivalentes, o cuyo empleo está arraigado o muy extendido. 

La última Ortografía académica, siguiendo los criterios de adaptación de extranjerismos que ya 

contenía el Diccionario panhispánico de dudas, recomienda la grafía adaptada sunami (escrita en 

redonda), conforme con la pronunciación de esta voz en español. Sin embargo, la nueva edición 

del DRAE (2014) ha incorporado tanto esta adaptación como el extranjerismo crudo (en cursiva) 

tsunami: 

       tsunami. (Del jap. tsunami). m. Ola gigantesca producida por un maremoto o una erupción 

volcánica en el fondo del mar. 

En lo relativo al significado de esta voz, la definición actual de maremoto en el DRAE es la 

siguiente:  
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       maremoto. (Formado a imit. de terremoto; del lat. mare, mar, y motus, movimiento). 1. m. 

Agitación violenta de las aguas del mar a consecuencia de una sacudida del fondo, que a veces se 

propaga hasta las costas dando lugar a inundaciones. 

      De forma que la ola gigante o sunami puede también considerarse el maremoto mismo, y así 

abundan los textos en los que se emplean ambos términos de forma equivalente. En otros casos, 

se diferencia bien entre el maremoto (restringido su significado al de 'terremoto submarino') y la 

ola gigante que, como consecuencia, puede llegar a la costa y se denomina sunami. Cabe señalar 

que el uso de la voz sunami es muy reciente en español y, hasta su introducción en nuestra lengua, 

se empleaba la voz maremoto sin que se considerara necesario otro término específico para la ola 

gigante que era su consecuencia. Ahora, al introducirse el empleo de sunami, se ha producido una 

especialización, delimitándose los referentes de ambas voces. 

Por ello, y debido a la especialización que en el concepto de este fenómeno introduce el vocablo 

japonés, se ha optado para las secciones en castellano de esta tesis, recurrir a dicho vocablo, si 

bien se ha preferido la utilización del extranjerismo crudo y en cursiva tsunami.  
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Resumen en castellano* 

 

I. Introducción 

Las regiones costeras acogen una gran parte de las actividades que desarrolla la población, tales 

como pesca, turismo, transporte marítimo, construcción y explotación de infraestructuras 

marítimas, obtención de energía, etc. Alrededor de 700 millones de personas viven en zonas bajas, 

situadas por debajo de 10 m de altitud y 13 de las 20 mayores ciudades del mundo son costeras  

(UNESCO et al., 2012).  

Sin embargo estas regiones son vulnerables a diversas amenazas costeras las cuales pueden afectar 

a grandes áreas y provocar efectos desastrosos. Como consecuencia de esto, durante las últimas 

décadas han aumentado la preocupación y la concienciación relativas a ciertos riesgos, tales como 

el cambio climático, las inundaciones fluviales o el aumento en la frecuencia de temporales 

extremos. En ocasiones, las consecuencias de estos eventos pueden llegar a ser graves lo que lleva 

a calificarlas como Desastres Naturales. Entre estos eventos extremos, los maremotos o tsunamis 

están probablemente entre los más destructivos, habiendo causado en el último siglo cerca de 

450.000 víctimas en todo el mundo. 

Aunque los tsunamis son comúnmente percibidos como eventos no muy frecuentes, de media 

ocurre un tsunami destructivo cada año.  Por ello, eventos extremos en los últimos años, tales 

como los ocurridos en el Océano Índico en 2004, en Chile en 2010 y en Japón en 2011, han 

fortalecido el interés de la comunidad científica en profundizar en el entendimiento de este 

fenómeno natural. A grandes rasgos, los esfuerzos científicos se centran en la identificación y 

                                                      

* Este resumen en español contiene una versión reducida del contenido total de la tesis. Comprende los 

principales argumentos, resultados y conclusiones. Para una información más detallada se remite al lector 

a la versión íntegra en inglés.  

This summary in Spanish contains a reduced version of the thesis. It includes main results and conclusions. 

For a more detailed information, please see the complete version, in English, from Chapter 1.  
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cuantificación del riesgo en zonas propensas a sufrir tsunamis, en el desarrollo e implementación 

de sistemas de alerta y en la propuesta y aplicación de medidas de mitigación para reducir el 

riesgo, las cuales están basadas en la prevención y en la preparación de la población, de la 

sociedad, del medioambiente, de las infraestructuras, etc.  

No obstante, la tsunami science and engineering  o  ciencia e ingeniería de los tsunamis no está 

enteramente desarrollada. La aparición de nuevas técnicas, nuevas metodologías y nuevos 

enfoques genera continuamente nuevos planteamientos para avanzar en el conocimiento de este 

fenómeno. Cada nuevo tsunami reta a los científicos a evaluar el conocimiento existente y a 

proponer nuevas soluciones, nuevas rutas encaminadas hacia la reducción del riesgo. En este 

sentido, el evento de tsunami del año 2004 en el océano Índico supuso un antes y un después. A 

la luz de sus investigaciones, Synolakis y Bernard, (2006) corroboraron está afirmación en su 

reconocido artículo del año 2006 “Tsunami science before and beyond boxing day 2004”. En 

este artículo, dentro de un análisis global del estado del arte de la ciencia de los tsunamis, los 

autores definieron dos importantes aspectos a ser tratados cuando se aborda un estudio de análisis 

y reducción del riesgo por tsunami: “la determinación de la inundación y el run-up de los 

tsunamis y de las fuerzas sobre estructuras costeras es la quintaesencia de los problemas en 

la mitigación de la amenaza por tsunami”. 

De esta manera, se acepta que resolver estas dos cuestiones es fundamental en el estudio de los 

tsunamis y son considerados dos pilares básicos en el establecimiento de estrategias de reducción 

del riesgo: 

I.-Determinación del run-up. La evaluación de la peligrosidad en zonas propensas a sufrir 

tsunamis es el primer paso en una correcta evaluación del riesgo de este tipo de eventos. La 

peligrosidad por tsunami se centra en la estimación del área que sería inundada durante un tsunami 

y en el cálculo de las variables o parámetros que definen el fenómeno en el área de estudio, tales 

como altura de ola, profundidad de la lámina de agua, tiempo de viaje, etc. Entre estos parámetros 

el run-up máximo proporciona la cota máxima en tierra a la que llega el tsunami en su proceso de 

inundación. El run-up es, por tanto un parámetro clave que debe ser determinado de forma 

adecuada, y que es comúnmente calculado a través de la aplicación de modelos numéricos (Titov 

et al., 2011; Wang, 2009) y fórmulas empíricas (e.g. Synolakis, 1987).  

Cuando se realiza un estudio de peligrosidad por tsunami a escala local, la metodología óptima 

para calcular la inundación y el run-up es típicamente la aplicación de modelos numéricos 

determinísticos validados. Sin embargo, éstos tienen ciertas limitaciones. Primero, su aplicación 

acarrea un gran coste computacional. Segundo, los modelos numéricos requieren, para calcular 

correctamente la inundación, de datos de alta resolución de topografía y batimetría, los cuales no 
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siempre se encuentran disponibles. Y tercero, los mecanismos focales de los terremotos 

generadores de los tsunamis, que funcionan como forzamiento de los modelos numéricos, tienen 

mucha incertidumbre en su definición.   

Por otro lado, los estudios a gran escala (escala nacional), permiten identificar zonas de gran 

peligrosidad a lo largo de una gran longitud de costa en los que serían necesarios estudios de 

mayor resolución a escala local. En estos estudios a gran escala, los inconvenientes de la 

aplicación de modelos numéricos son incluso más evidentes, y la ausencia de datos 

topobatimétricos continuos de calidad a lo largo de un gran tramo de costa, así como el alto coste 

computacional asociado lleva a buscar metodologías y enfoques alternativos. Una alternativa para 

estimar el run-up, y consecuentemente, el área inundada es la aplicación de fórmulas empíricas o 

analíticas, tales como la de Sepúlveda y Liu (2016) o las de Madsen y Schäffer (2010). Sin 

embargo, la aplicación de estas fórmulas no siempre es evidente, el enfoque de cada una de ellas 

considera diferentes variables para el cálculo, y, además, comúnmente, se basan en perfiles 

batimétricos teóricos, lo que añade incertidumbres adicionales cuando son utilizadas para el 

cálculo en geometrías reales.  

De acuerdo con esta exposición, es necesario avanzar en el desarrollo de metodologías de 

evaluación de la peligrosidad que permitan su estudio a gran escala, cuando la aplicación de 

modelos numéricos no es computacionalmente asequible, no existen datos de alta resolución y la 

utilización de fórmulas empíricas no es óptima.  

 

II.-Determinación de las fuerzas sobre estructuras costeras. En caso de tsunami, las 

estructuras marítimas se presentan como la primera barrera de defensa de la costa, y, por ello, 

juegan un papel fundamental en la mitigación de los impactos provocados. Diversas campañas de 

campo realizadas después de eventos de tsunami recientes (Jayaratne et al., 2016; Kato et al., 

2012) han puesto de manifiesto los diferentes comportamientos hidráulicos de las infraestructuras 

costeras, tanto diques verticales como diques en talud. La respuesta de los diques verticales ha 

sido tratada por diversos autores (Asakura et al., 2002; Kato et al., 2006; Mizutani and Imamura, 

2001). Sin embargo, la eficiencia y estabilidad de diques en talud de materiales sueltos durante 

eventos de tsunami no ha sido suficientemente estudiada. Este tipo de diques son normalmente 

diseñados para resistir las cargas de oleaje generado por el viento, pero las cargas de ondas de 

tsunamis son raramente tenidas en cuenta en su diseño. Por otro lado, es común que estas 

estructuras suelan ser construidas con un espaldón. Las cargas que, en caso de tsunami recibiría 

éste tampoco han sido tratadas en profundidad en la literatura existente. Sin embargo, tanto la 

estabilidad como las presiones en el espaldón en caso de tsunami sí deben ser tenidas en cuenta 
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en el diseño de estas estructuras en zonas propensas a este tipo de eventos. La incorporación de 

las acciones de tsunamis al diseño busca que estas estructuras puedan soportar el impacto 

manteniendo cierta funcionalidad y operatividad, aspecto fundamental para reducir la afección 

del tsunami en la costa, ya que son estas estructuras precisamente las primeras en enfrentarse a 

las acciones del tsunami. 

Tradicionalmente, los estudios de estabilidad de diques en talud frente al oleaje de viento han sido 

llevados a cabo mediante ensayos de laboratorio. Los resultados de estos ensayos no son 

aplicables a tsunamis principalmente porque las acciones hidráulicas provocadas por éstos son 

diferentes. Los tsunamis pueden producir fuerzas impulsivas particularmente violentas (Nistor et 

al., 2009) cuando impactan en el dique. Uno de los primeros estudios que presentó formulaciones 

para cuantificar el peso de las piezas de los mantos necesario para soportar la acción de tsunamis 

fue el llevado a cabo por Esteban et al. (2012), los cuales propusieron el uso de la altura del 

tsunami en la fórmula de Hudson, como primera aproximación al cálculo de estructuras resistentes 

a tsunami. Pero estos autores también destacaron la necesidad de llevar a cabo nuevos ensayos de 

laboratorio para entender mejor el comportamiento de los diques. 

De acuerdo con esto, se estima necesario avanzar en el entendimiento de la interacción entre los 

tsunamis y los diques en talud, como un primer paso para incluir las acciones del tsunami en el 

diseño de estas estructuras marítimas. Este avance es abordado en esta tesis mediante la 

realización y posterior análisis de nuevos ensayos de laboratorio centrados tanto en analizar la 

estabilidad de las piezas de los mantos en caso de tsunami como en evaluar el comportamiento de 

sus espaldones.   

 

a. Preguntas de investigación y objetivos 

De acuerdo a lo expuesto, se ha estimado oportuno ahondar en el estudio de estas dos cuestiones 

que, como se ha indicado, son cruciales en el desarrollo de medidas para la reducción del riesgo: 

 El cálculo del run-up por tsunami cuando la aplicación de modelos numéricos no es 

oportuna, como es el caso de estudios a gran escala. 

 El estudio del diseño de diques rompeolas de materiales sueltos ante tsunami, cubriendo 

específicamente 2 aspectos: 

o La estabilidad de sus mantos 

o El cálculo de las presiones que producen los tsunamis en el espaldón.  

Por tanto, las preguntas de investigación (PI) surgidas de la motivación expuesta son las 

siguientes: 
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 PI1 ¿Cómo se podrían elaborar mapas de evaluación de la peligrosidad por tsunami a 

gran escala cuando existen limitaciones importantes en cuanto a datos y coste 

computacional? 

 PI2 ¿Se pueden mejorar las metodologías existentes para conseguir una rápida estimación 

del run-up de tsunamis en áreas costeras? 

 PI3 ¿Cómo afecta el perfil topo-batimétrico que recorre un tsunami al valor final del run-

up que provoca en la costa? 

 PI4 ¿Se podría complementar el diseño tradicional de diques rompeolas de materiales 

sueltos con el análisis de su estabilidad ante tsunamis para conseguir estructuras tsunami-

resistentes? 

 PI5 ¿Cómo evoluciona el daño que un tsunami provoca en un dique en talud? 

 PI6 ¿Cómo afecta la presencia de un espaldón a la estabilidad de diques ante tsunami? 

 PI7 ¿Cómo son las presiones que un espaldón debe soportar bajo la acción de tsunamis?  

 PI8 ¿Se pueden extender los métodos tradicionales de diseño de espaldones a la 

determinación de la acción de tsunamis? 

 

b. Objetivos de la tesis 

En consecuencia, los objetivos principales de esta tesis son: 

 Desarrollar y validar una metodología para estimar el run-up por tsunami a escala 

nacional-regional, y en aquellas situaciones en las que el uso de modelos numéricos no 

es directo u oportuno, como cuando no se puede asumir su coste computacional o no 

existen los datos topobatimétricos de alta resolución necesarios para llevar a cabo las 

simulaciones numéricas (respondiendo a la PI1).  

 Incluir la adecuación de modelos numéricos para que resuelvan de manera apropiada 

todas las fases del desarrollo de un tsunami en su proceso de generación-propagación-

inundación (respondiendo a la PI2). 

 Incluir en esta metodología una definición óptima de los perfiles topo-batimétricos que 

un tsunami recorre, basado en la parametrización de perfiles reales (respondiendo a la  

PI3). 

 Estudiar la estabilidad de diques rompeolas de materiales sueltos bajo la acción de 

tsunamis (respondiendo a las preguntas PI4 y PI5). 

 Establecer como resultado del estudio de estabilidad relaciones matemáticas que puedan 

ser utilizadas por investigadores e ingenieros para el diseño de estructuras marinas, de 
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manera que se complemente el diseño tradicional en aquellas zonas donde la ocurrencia 

de tsunami deba ser considerada (respondiendo a las preguntas PI4, PI5, PI6 y PI7). 

 Analizar las presiones que un tsunami genera en el espaldón de los diques rompeolas de 

materiales sueltos y desarrollar, en base a dicho análisis una metodología de cálculo de 

las presiones y fuerzas a la que se ve sometido un espaldón en caso de tsunami 

(respondiendo a las preguntas PI6, PI7 y PI8).  

 

El planteamiento de estos objetivos se basa en el análisis del estado del arte actual y en las 

prioridades encontradas en el mismo. De este modo, para la realización de las tareas asociadas a 

dichos objetivos se han utilizado, principalmente, dos tipos de herramientas: los ensayos físicos 

y las simulaciones numéricas, ambos desarrollados y utilizados en el marco de trabajo del 

proyecto europeo ASTARTE (Assessment, Strategy and Risk Reduction for Tsunamis in Europe, 

European Union's Seventh Framework Programme (FP7/2007-2013) under grant agreement n° 

603839), el cual ha financiado parcialmente el desarrollo de esta tesis. 

 

c. Estructura de la tesis 

El capítulo 1 de esta tesis, presenta, a grandes rasgos, las motivaciones de este estudio, centrando 

las prioridades de investigación en el campo de los tsunamis y definiendo, en base a dichas 

prioridades, los objetivos de investigación.  

En el capítulo 2 se analizan en profundidad los aspectos más importantes de lo que se ha venido 

llamando tsunami science, o ciencia de los tsunamis. Se presentan los aspectos generales de los 

tsunamis, su generación, las transformaciones que sufre a lo largo de su propagación hasta zonas 

costeras y la interacción con los agentes costeros (playas y estructuras marítimas) y la inundación. 

Del mismo modo, se resume a su vez, la estrategia general existente para luchar contra las 

evidentes consecuencias negativas de este tipo de eventos. Finalmente, se muestra el encaje de 

esta tesis en dicha estrategia de reducción del riesgo.  

En el capítulo 3 se presenta una nueva metodología de cálculo del run-up debido a tsunami. Esta 

metodología se basa en la elaboración de una gran base de datos de cálculos de run-up sobre la 

que se interpola el valor del run-up de cualquier nuevo escenario. Para la elaboración de dicha 

base de datos se han parametrizado perfiles reales a través de 5 parámetros y se han caracterizado 

ondas de tsunami mediante modelo numérico. De esta manera, se ha procedido a combinar ondas 

y perfiles y calcular el run-up producido en cada caso, utilizando para ello un canal numérico 

desarrollado para este estudio. Del mismo modo, se muestra la validación del canal numérico y 



   Resumen en Castellano 

xliii 

 

de la propia metodología. (Un artículo donde se explica en detalle esta metodología ha sido 

aceptado en Natural Hazards and Earth System Sciences (NHESS), y un segundo artículo con la 

aplicación de la metodología a la evaluación de la peligrosidad por tsunami para la costa de Omán, 

se encuentra en revisión en dicha revista). 

En el capítulo 4 se presenta el análisis de la estabilidad de diques rompeolas ante tsunami, 

utilizando para ello los resultados de ensayos de laboratorio sobre 2 tipologías de diques 

rompeolas de materiales sueltos: con espaldón y sin espaldón. Ambos, ensayos y tipologías,  son 

detallados en profundidad. Se han realizado a su vez diversos ajustes en base a dichos ensayos 

que han permitido obtener fórmulas de diseño que pueden ser utilizadas por ingenieros y 

científicos como herramienta para el cálculo de obras marítimas. Además, se han particularizado 

para el caso de tsunamis los umbrales del valor del número de estabilidad que definen el estado 

de daño de una estructura. (Un artículo donde se detalla este análisis de estabilidad ha sido 

publicado en Coastal Engineering). 

En el capítulo 5 se analizan las presiones que un tsunami genera sobre el espaldón de un dique 

rompeolas de materiales sueltos. Para ello se ha utilizado los registros de presión tomados durante 

los ensayos sobre diques de esta tipología descritos en el capítulo anterior. Este análisis ha 

permitido conocer la forma de las leyes de presión y subpresión que la acción del tsunami genera 

sobre esta superestructura. Con base en los resultados obtenidos y en las metodologías 

tradicionales de diseño de espaldones, se ha desarrollado una nueva metodología que permite 

calcular las presiones a las que un espaldón se verá sometido en caso de tsunami en función de 

las características de éste. (Un artículo en el que se detallan esta parte del estudio se encuentra en 

revisión para Coastal Engineering). 

Finalmente, el capítulo 6 presenta las principales conclusiones obtenidas durante la realización de 

esta tesis y presenta los que se consideran principales aspectos a ser investigados en el futuro.   

 

II. Antecedentes y revisión bibliográfica 

a. Aspectos generales de los tsunamis 

Un tsunami es una onda o grupo de ondas generado por un movimiento súbito de una gran masa 

de agua (Bryant, 2014). Este movimiento súbito ocurre, por ejemplo, y principalmente, cuando 

una placa tectónica subduce bajo otra en el fondo oceánico. Debido a la fricción que se genera 

entre ambas placas, la subducción puede quedar retenida, acumulando tensión. Durante un 

terremoto esa tensión se libera y se puede llegar a provocar la fractura de las placas, produciéndose 

un desplazamiento vertical, súbito, del fondo oceánico. Ese movimiento es transferido a la 



Tsunami coastal impacts assessment   

xliv 

 

superficie a través de toda la columna de agua existente desde del fondo, generando una 

deformación de la superficie del agua que forma una ola de gran longitud y bajo peralte: un 

tsunami (Ver Fig.II.1). Cuanto mayor sea el desplazamiento vertical mayor será el tsunami. Se 

admite, como aproximación, que los tsunamis son generados por aquellos terremotos cuya 

profundidad focal es menor que 20 km por debajo del suelo oceánico y cuya magnitud es mayor 

que Mw=7, siendo Mw la magnitud de momento (Kanamori and Anderson, 1977).   

 

Fig. II.1. Fases de la generación de tsunamis (Fuente: USGS). 

Existen otras fuentes de tsunamis, tales como deslizamientos de tierras en cuerpos de agua 

(Iglesias et al., 2012), erupciones volcánicas (Paris, 2015), impacto de meteoritos (Wünnemann 

and Weiss, 2015). Además, bajo ciertas condiciones de temperatura y cambios de presión, en 

algunos lugares del mundo se generan ondas parecidas a un tsunami. Son los llamados 

meteotsunamis (Monserrat et al., 2006; Pattiaratchi and Wijeratne, 2015).  

Los tsunamis siempre se propagan en profundidades someras, es decir, su longitud de onda es 

mucho más grande que la profundidad por la que viajan, de manera que su profundidad  relativa 

es muy baja ( = / <0.05, donde h es la profundidad y L es la longitud de onda). Además, un 

tsunami es una onda larga, y como tal, la velocidad c la que se desplaza no depende más que de 

la profundidad en la que se encuentra . Esto significa que en grandes profundidades 

la velocidad del tsunami puede alcanzar los 700-800 km/h.  

Del mismo modo, al estar formado por un fluido, considerado incompresible, el comportamiento 

de los tsunamis está gobernado por las ecuaciones de Navier-Stokes. Si en éstas se asumen ciertas 

simplificaciones, tales como no considerar términos viscosos ni gradientes verticales, 

promediando las ecuaciones en vertical sobre la profundidad, se obtienen las llamadas ecuaciones 

en aguas someras o Shallow Water Equations (SWE, por sus siglas en inglés). Si además, en las 
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SWE se mantienen los términos no lineales, se obtiene las ecuaciones no lineales,  NLSWE 

(Wang, 2009). La interpretación de estas ecuaciones permite conocer el comportamiento de los 

tsunamis desde su generación hasta la costa.  

Cuando un tsunami se genera en una región profunda del océano, la energía contenida en toda la 

columna de agua que ha sido desplazada por el terremoto (desde el fondo oceánico hasta la 

superficie), viaja radialmente desde la zona de generación hasta las regiones costeras. En este 

proceso de propagación la energía del tsunami se transforma al ir alcanzando regiones menos 

profundas. En zonas profundas la altura del tsunami es reducida (del orden de unos centímetros), 

pero su velocidad es muy grande, como se ha visto anteriormente. Cuando alcanza zonas más 

someras la ola se refleja, se ralentiza y se asomera en la plataforma continental, dando como 

resultado una onda de gran altura y gran longitud de onda con un gran poder destructivo. La forma 

en que llega el tsunami a la costa viene marcada por la forma de la batimetría sobre la que se 

desplaza. En función de ésta, el tsunami alcanza la costa manifestándose, típicamente, de 3 

maneras diferentes: (i) como una ola no rota, produciendo un rápido aumento del nivel del mar 

que rebasa las estructuras e inunda la costa; (ii) como un bore plenamente desarrollado, 

comúnmente experimentado cuando la onda se traslada a lo largo de una gran plataforma 

continental; y (iii) como una serie de solitones en los que se ha desintegrado un bore (ver Fig. II.2 

y Fig. II.3).  

 

Fig. II.2. a: Tsunami como onda larga sin romper (Fuente: Video grabado durante el evento de marzo de 2011 

en Miyako City (Japón). b: Bore completamente desarrollado alcanzando una playa durante el evento de 

tsunami del 26 de diciembre de 2004 en el océano Índico. c: Desintegración del tsunami en una serie de 

solitones al alcanzar la costa, tomada en la isla Koh Jun, Tailandia (copyright Anders Grawin, 2006). 
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Fig. II.3. Variaciones de la forma del tsunami en su llegada a la costa(Shuto, 1985)) 

b. Estrategias para la reducción del riesgo por tsunami 

A pesar de las dimensiones de los daños que generan los tsunamis, existen estrategias que ayudan 

a mitigar sus consecuencias, y a evitar que un peligro natural como éste se convierta en un desastre 

natural. El fin último de estas estrategias es la reducción del riesgo por tsunami. Un buen ejemplo 

de este tipo de estrategias es el programa Nacional de Mitigación de la amenazas de tsunami de 

los Estados Unidos (NTHMP, por sus siglas en ingles), el cual establece 3 pasos fundamentales 

en esta estrategia: 

1. Evaluación de la peligrosidad por tsunami, cuyo principal objetivo es estimar de manera 

precisa qué región, dentro de una zona de estudio, sería inundada en caso de tsunami. Para ello, 

se caracteriza dicha zona potencialmente inundada mediante el cálculo de variables tales como la 

altura de ola, la profundidad de la lámina de inundación, el nivel de peligrosidad para el arrastre 

de personas, etc. Un valor clave es el run-up, la elevación topográfica máxima a la que llegaría el 

tsunami en su proceso de inundación. El resultado de este análisis se representa en mapas de 

inundación de la zona de estudio donde están recogidas las variables descritas, lo que permite, a 
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gestores y receptores de los mismos, conocer de manera adecuada la amenaza bajo la que se 

encuentra su zona de estudio.  

2. Desarrollo e implementación de sistemas de alerta, cuyo principal objetivo es generar 

productos que sirvan para alertar a la población sobre la posibilidad de que un tsunami esté 

llegando a sus costas. Estos productos incluyen mensajes de alerta, procedimientos de actuación, 

ejercicios de simulación, sistemas de diseminación de la alerta, etc. Estos sistemas se han ido 

desarrollando principalmente en aquellos países que en el último siglo han sufrido un tsunami de 

graves consecuencias. Lógicamente, el sistema pretende que en caso de repetirse un evento como 

el que provocó la creación del propio sistema de alerta, la población pueda ser avisada y pueda 

actuar en consecuencia, siguiendo los protocolos que se hayan desarrollado e implementado a tal 

efecto.  

3. Desarrollo y aplicación de medidas de mitigación para la reducción del riesgo. En el campo 

de los tsunamis se entiende por mitigación la reducción o limitación del impacto a través de 

estrategias, enfoques y medidas cuyo fin es la reducción del riesgo. Generalmente se dividen estas 

estrategias en 2 enfoques: prevención y preparación. Las estrategias de prevención se centran en 

proteger del tsunami mediante acciones o medidas previas a la ocurrencia del mismo, tales como 

la construcción de diques que reduzcan la afección en las zonas que protegen, regeneración de 

playas y zonas dunares que sirvan de barrera natural, desarrollo de códigos de edificación o 

construcción para construir estructuras o edificios que mantengan su funcionalidad en caso de 

tsunami, etc. Por otro lado, las estrategias de preparación se centran en la generación de 

conocimiento que ayude a responder de manera adecuada ante un tsunami, tales como la 

realización de los propios mapas de peligrosidad explicados, la formación de la población, la 

elaboración de mapas y rutas de evacuación, etc.  

Como se indicó en la introducción, la ciencia de los tsunamis y las estrategias de prevención y 

preparación se encuentran en continua evolución, siguiendo la aparición de nuevos enfoques, 

nuevas técnicas etc., que ayuden a cubrir los huecos existentes. Del mismo modo la aplicación 

global de las metodologías existentes no es siempre sencilla ya que aquellas que tienen un 

comportamiento óptimo en una zona pueden no funcionar en otra, debido a la falta de datos o de 

los recursos necesarios para su aplicación. Por ello, cada nuevo evento de tsunami es estudiado 

por los científicos, con la intención de mejorar la estrategia existente hacia la reducción del riesgo.  

En este sentido y como también fue definido en la Introducción, Synolakis and Bernard (2006) 

indicaron dos de los aspectos de mayor importancia: 



Tsunami coastal impacts assessment   

xlviii 

 

 La determinación de la inundación y del run-up, que lleva a la evaluación de la 

peligrosidad, que puede ser considerada como una medida de prevención 

 La determinación de las cargas en las estructuras costeras, centrada en la incorporación 

de dichas cargas al diseño de estructuras, y que es considerada a su vez como una medida 

de prevención, cuya consecución reduce el riesgo en la zona a la que protege.  

Teniendo esto en cuenta se presenta a continuación un resumen de los estudios desarrolladas para 

la consecución de los objetivos indicados. 

 

III. Nueva metodología para el cálculo del run-up por Tsunami  

Cuando se aborda un estudio de evaluación por tsunami la metodología óptima para calcular la 

inundación y el run-up es la aplicación de modelos numéricos validados  (Álvarez-Gómez et al., 

2013; Titov et al., 2011; Wang, 2009) y fórmulas empíricas. No obstante, la aplicación de dichas 

metodologías tiene ciertas limitaciones e incertidumbres asociadas lo que lleva a plantear nuevas 

metodologías que, de alguna manera superen dichas limitaciones, tal y como se ha justificado en 

la introducción de este resumen.  

Por ello, se presenta aquí, como complemento a estas metodologías (modelos numéricos o 

fórmulas empíricas), un nuevo enfoque para calcular el run-up por tsunami. A grandes rasgos, 

esta metodología consiste en la generación de una base de datos de cálculos de run-up sobre la 

que se interpolen nuevos escenarios para obtener de forma rápida y sin simulaciones de ningún 

tipo una buena estimación del run-up en costa. La base de datos se alimenta de cientos de 

escenarios simulados numéricamente combinando perfiles topobatimétricos parametrizados y 

ondas de tsunami. Para obtener los valores de run-up asociados a esos escenarios de manera 

precisa se procedió a acoplar dos modelos numéricos, uno que resuelve las ecuaciones de aguas 

someras (SWE, por sus siglas en inglés) y otro que resuelve las ecuaciones de Navier-Stokes 

promediadas por Reynolds (RANS, por sus siglas en ingles), creando un canal numérico sobre el 

que realizar propagaciones de tsunami de manera óptima, aprovechando las bondades de cada 

modelo en aquéllas zonas donde su comportamiento y resultados son más precisos. A 

continuación se describen brevemente las características principales de los componentes de esta 

metodología: Parametrización de perfiles, generación de ondas de tsunami, acoplamiento de 

modelos para el canal numérico, cálculo de la base de datos e interpolación sobre la base datos 

generada para calcular nuevos escenarios.  
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a. Parametrización de perfiles topobatimétricos 

Se han analizado 50 perfiles topobatimétricos reales para identificar patrones geométricos 

comunes con el fin de construir una parametrización de los mismos que sea representativa de los 

perfiles que se pueden encontrar en el mundo. Como resultado, se ha obtenido una 

parametrización en 5 parámetros, dos profundidades (d1 and d2) y tres pendientes (tan β0, tan β1 y 

tan β2). Dicha parametrización se ha aplicado a los 50 perfiles seleccionados (ver Figura III.1). 

 

Fig. III.1. Parametrización del perfil topobatimétrico 

Del mismo modo, se han estudiado las ondas de tsunami de eventos sintéticos generados con el 

modelo numérico COMCOT  (Wang, 2009). Este modelo utiliza el llamado modelo de Okada 

(Okada, 1985) para transformar el movimiento generado por un terremoto, dado por los 

parámetros que definen su mecanismo focal, en deformación de la superficie libre, la cual es 

propagada con el citado modelo COMCOT. Como resultado del análisis de las ondas de tsunami 

generadas se han parametrizado las mismas por medio de 2 parámetros: la altura del tsunami H y 

su periodo T.  

 

b. Canal numérico 

El canal numérico está formado por el acoplamiento de dos modelos numéricos. Este 

acoplamiento se ha realizado con el fin de aplicar cada modelo en la zona de la propagación del 

tsunami donde su comportamiento es óptimo. Estos modelos son el modelo COMCOT y el 

modelo IH2VOF (Lara et al., 2006).  

El modelo COMCOT es un modelo en 2 dimensiones horizontal (2DH) que permite resolver la 

propagación del tsunami desde su generación hasta la cercanía a la costa a un coste computacional 

aceptable. El modelo IH2VOF es un modelo en 2 dimensiones vertical (2DV) que permite 
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resolver la interacción de la onda de tsunami con la costa a través de un perfil. De esta manera, el 

modelo acoplado resultante resuelve de forma correcta todos los procesos del tsunami, desde la 

generación hasta la inundación.   

 

c. Generación de la base de datos 

El modelo acoplado COMCOT-IH2VOF fue creado con el objetivo de generar una base de datos 

de cálculos de run-up, combinando perfiles topobatimétricos y ondas de tsunami. El objetivo de 

esta base de datos fue crear un espacio de interpolación que permitiera la evaluación 

prácticamente inmediata del run-up de un nuevos escenario, sin realizar simulaciones numéricas, 

algo especialmente útil cuando se realizan análisis de la peligrosidad por tsunami a escala nacional 

y no existen datos topobatimétricos de alta resolución disponibles.  

Los 50 perfiles mundiales analizados fueron incluidos en la base de datos. Sus parametrizaciones 

fueron analizadas para estudiar las posibles combinaciones de parámetros que daban como 

resultado perfiles realistas, y con base en ese análisis se construyeron 5000 perfiles. Éstos fueron 

analizados por medio de un algoritmo de máxima disimilitud (Camus et al., 2011) tras cuya 

aplicación se obtuvieron 49 perfiles representativos. Estos 49 perfiles aseguran la máxima 

variabilidad entre los 5000 perfiles generados. Del mismo modo, se obtuvieron con el modelo 

COMCOT once ondas de tsunami dadas por sus alturas y su periodo. De esta manera, la base de 

datos se construyó combinando los 49 perfiles topobatimétricos y las 11 ondas de tsunami. 

 

d. Interpolación de nuevos escenarios sobre la base de datos 

Como resultado del proceso anterior se construyó una base datos formada por 49x11=539 

escenarios de tsunami. Para cada uno de estos escenarios se calculó el run-up en el canal numérico 

formado por el acoplamiento de modelos. De esta manera, se obtuvo un espacio de interpolación 

de 7 dimensiones (d1,  d2, tan β0, tan β1, y tan β2, H, y T) sobre el que se puede realizar el cálculo 

de nuevos escenarios.  

Para realizar dicho cálculo se codificó una herramienta de simulación por interpolación del run-

up por tsunami (IH-TRUST, por sus siglas en inglés). Para proceder al cálculo, es necesario 

proporcionar a IH-TRUST el perfil topobatimétrico real sobre el que se va a realizar el cálculo y 

la serie temporal en aguas profundos del tsunami en cuestión. IH-TRUST parametriza el perfil 

topobatimétrico y la onda de tsunami dados, y realiza una interpolación RBF (Radial Basis 

Function) que da como resultado el run-up del nuevo escenario.  
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e. Validación de la metodología 

La metodología desarrollada fue validada de 2 maneras distintas.  

Primero se comparó el resultado de su aplicación con el resultado de la aplicación de modelos 

numéricos con datos de alta resolución. Así se tomaron resultados de proyectos reales de 

evaluación de la peligrosidad por tsunami en diversas partes del mundo, como El Salvador, Omán 

y Perú, y se compararon los resultados, siendo esta comparación consistente. Del mismo modo, 

se comparó también con el resultado de aplicar las fórmulas analíticas de Synolakis (1987) y de 

Madsen y Schäffer (2010). Estas fórmulas en general sobreestiman el run-up, siendo el resultado 

de la metodología presentada más cercano al de la aplicación de modelos numéricos.  

Y segundo, la validación se completó comparando los resultados de la aplicación de la 

metodología con registros reales de run-up y datos observados u obtenidos en campañas de campo 

realizadas tras eventos reales. Para proceder con esta comparación se utilizaron a su vez registros 

de boyas DART para obtener las series temporales de altura de ola sobre las que parametrizar las 

ondas de tsunami. Se realizó la comparación para los eventos de tsunami ocurridos en Chile (1960 

y 2010) y en Japón (2011). Aunque las comparaciones en estos casos contienen más 

incertidumbres el resultado fue nuevamente satisfactorio.  

 

IV. Estabilidad de diques rompeolas de materiales sueltos ante 

tsunami 

Tal y como se ha justificado en la introducción de este resumen, como parte de esta tesis, se ha 

abordado la interacción entre tsunamis y diques en talud de materiales sueltos. Para ello, se han 

estudiado estructuras marítimas de tipología y geometría típicas del mar Mediterráneo. En esta 

región, se han registrado diversos tsunamis a lo largo de la historia y sin embargo, en el diseño de 

obras marítimas, no han sido tenidas en cuenta las posibles solicitaciones extraordinarias 

provocadas por este tipo de solicitación. Con el objetivo de avanzar en el conocimiento del 

comportamiento de este tipo de estructuras ante tsunami se han realizado experimentos en el canal 

de tsunamis del IH Cantabria, en Santander (Coastal and Current TSUnami  flume, COCOTSU). 

Estos experimentos han permitido conocer mejor la hidrodinámica y estabilidad existente en la 

interacción tsunami-estructura. Del mismo modo, los resultados obtenidos son aplicables en el 

diseño de estructuras más resistentes ante tsunami, de manera que los efectos negativos de estos 

eventos extremos se vean en parte mitigados. 
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a. Características de los estructuras ensayadas y generación de tsunami 

en el laboratorio 

Se construyeron a escala 1:20 dos tipologías de diques en talud: con espaldón (Tipo I) y sin 

espaldón (Tipo II). La profundidad a pie de dique fue de 8 m, con una marea de diseño 

(astronómica más meteorológica) de 0.5 m. Los valores de diseño de los diques son: Profundidad 

a pie de dique h = 8.5 m, altura de ola significante Hs=6 m, período de pico Tp=10 s. La pendiente 

del manto exterior en ambos modelos es de 1/3. Las pendientes de los mantos interiores fueron 

1/1.5 y las piezas que forman parte de los mantos fueron escolleras naturales de cantera.  

 

Fig. IV.1. Perfil de la tipología I de dique en talud de materiales sueltos 

En el dique tipo I (ver sección transversal en Fig. IV.1), la altura de la berma superior fue de 5 m 

sobre el cero del puerto y su anchura de 4 m. El espaldón asciende hasta 7 metros e incluye un 

camino de acceso de 15 metros de anchura, situado un metro por encima del datum del puerto. En 

el modelo tipo II (ver sección transversal en Fig. IV.2), la coronación se encuentra a 5 metros 

sobre el cero del puerto y su anchura fue de 4 m.  

 

Fig. IV.2. Perfil de la tipología II de dique en talud de materiales sueltos 

La escala geométrica (1/20) se eligió teniendo en cuenta las capacidades de las instalaciones, las 

características del flujo fueron escaladas siguiendo leyes de escala de Froude. 
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La generación de la onda de tsunami en el laboratorio fue realizada dividiendo su acción en dos 

partes. El primer impacto fue simulado con ondas solitarias de gran tamaño que provocaron un 

gran run-up y un gran rebase u overtopping sobre el dique. A continuación, el flujo continuo del 

tsunami sobre la estructuras, provocado por el rápido incremento del nivel, fue simulado mediante 

la generación de una corriente. 

 

b. Características de los experimentos 

Ensayos de ondas solitarias. Se generaron en laboratorio ondas solitarias de altura creciente desde 

0.10 m hasta 0.45 m (2 m a 9 m en prototipo), tal y como se indica en la tabla IV.1. 

Tabla IV.1. Alturas de ola ensayadas 

 Alturas de onda solitaria (m) 

 Modelo Prototipo 
Test En generación A pie de dique En generación A pie de dique 

SW1 0.20 0.22 4.0 4.4 

SW2 0.25 0.28 5.0 5.6 

SW3 0.30 0.33 6.0 6.6 

SW4 0.35 0.38 7.0 7.6 

SW5 0.40 0.43 8.0 8.6 

SW6 0.45 0.48 9.0 9.6 

 

 Cada experimento de onda solitaria se repitió 5 veces, sin reconstruir la geometría de los diques, 

para obtener también el daño acumulado por cada nueva ola de la misma altura. La profundidad 

inicial a pie de dique fue de 0.4 m (8 m  en prot.). La marea meteorológica no se ha tenido en 

cuenta por ser independiente del tsunami. Después de cada ola el canal fue drenado para permitir 

la medida adecuada del daño provocado durante el ensayo mediante fotografía y perfilador láser. 

Después de cada set de 5 olas de la misma altura, la geometría fue recompuesta a su condición 

original y, a continuación, se realizó el siguiente set de 5 olas incrementando 5 cm la altura de la 

onda solitaria. Los ensayos de onda solitaria terminaron, bien si el filtro del dique quedaba visible, 

bien cuando se realizó el último experimento con onda de 45 cm (ver Fig. IV.3).  
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Fig. IV.3. Perfil de la tipología I bajo la acción de una onda solitaria de altura 0.38 m en el modelo físico a 

escala 1:20 (7.6 m en prototipo) 

Ensayos de corriente: Se llevaron a cabo después de los ensayos de onda solitaria para cada 

sección tipo, usando las bombas de recirculación y llenado con que cuenta la instalación. Estos 

ensayos consistieron en la recirculación del agua en el canal para crear una corriente que genera 

un rebase sobre la coronación de ambas tipologías de diques. En cada test se fue incrementando 

la potencia de las bombas hasta llegar a la coronación del dique. A continuación se incrementó de 

nuevo la potencia para imitar una curva de carga triangular similar a la que provocaría un tsunami, 

y que está caracterizada por un periodo To y espesor máximo de la lámina de rebase Hp. (ver Fig. 

IV.4). 

 

Fig. IV.4. Perfil de la tipología I bajo la acción de una onda solitaria de altura 0.38 m en el modelo físico a 

escala 1:20 (7.6 m en prototipo) 

c. Resultados 

La instrumentación dispuesta en el canal durante los ensayos permitió registrar diversas variables 

tales como nivel del agua, presiones en la estructura, y velocidad de corriente. De esta manera, la 

hidrodinámica asociada a cada ensayo quedó caracterizada. Además, se midió el daño provocado 

sobre las diferentes capas de las estructuras, midiendo para ello la modificación en la geometría, 



   Resumen en Castellano 

lv 

 

antes y después de cada ensayo, mediante fotografías y perfilador laser. Con las medidas del daño 

registradas se ha calculado el área de erosión y el llamado parámetro de daño S (S=Ae/Dn50, donde 

Ae es el área de erosión y Dn50 es el diámetro nominal de las piezas del manto principal)), lo que 

permitió evaluar la estabilidad del manto, relacionando dicho parámetro S y el número de 

estabilidad Ns.  

Así, para la tipología I, no se apreció ningún daño hasta que las ondas solitarias alcanzaron una 

altura de 0.25 m (5 m en prototipo). En ese caso, se observó la extracción de varias piezas del 

manto principal. A medida que la altura de ola se incrementaba en los ensayos, se observó un 

incremento muy lento del daño sobre las estructuras. Los ensayos terminaron cuando para la ola 

de 45 cm (10 m en prototipo) el daño observado solo afectó a la capa exterior del manto principal.  

En cuanto a los ensayos realizados con ondas solitarias sobre la tipología II para una altura de ola 

de 20 cm (4 m en prototipo) se alcanzó un daño acumulado de en torno a 10 piezas desplazadas 

tras las 5 olas de esa altura. El daño fue bastante más notable que en el caso de la tipo I. La capa 

del filtro quedo expuesta en la tercera ola de altura 40 cm. Tras esto, se inició un nuevo set de 45 

cm de altura en el que la destrucción del dique se alcanzó en la segunda ola. Para la tipología II, 

el daño se concentró en la coronación y en el talud interior de la estructura. 

Con base en los resultados de los ensayos de laboratorio con ondas solitarias, se obtuvieron 

representaciones matemáticas del daño, para lo cual se realizaron una serie ajustes exponenciales, 

para cada tipología de dique y en cada zona del manto principal, exterior e interior. No se obtuvo 

expresión para la zona interior del sique de tipología I porque el daño registrado en los ensayos 

sobre esta estructura fue despreciable:  

Ajuste Tipología Zona R2 

. .  I Exterior 0.92 

. .  II Exterior 0.94 

. .  
Conjunto 

I y II 
Exterior 0.93 

. .  II Interior 0.6 
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Donde S es el parámetro de daño ( , N es el número de olas, Fn es el francobordo 

adimensional (  y Ns, el número de estabilidad ( , donde Δ=(s/w)-1, con w 

densidad del agua), y Dn50 es el tamaño de las piezas.  

Estas expresiones matemáticas pueden ser utilizadas por ingenieros y científicos para el diseño 

de diques rompeolas de materiales sueltos en aquellas zonas donde la acción de un tsunami sea 

esperable.  

Del mismo modo, para los ensayos de corriente sobre la tipología I (con espaldón),  no se observó 

ningún daño ni en el lado de mar ni el de tierra, ya que el rebase caía directamente sobre el camino 

de acceso amortiguando el impacto sobre las pieza interiores. En los ensayos de corriente sobre 

el tipo II aparecieron las primeras extracciones en el talud interior para un espesor de la lámina 

de rebase de en torno a 11 cm (2.2 m  en prototipo). El rebase se fue aumentando gradualmente y 

la estructura finalmente colapsó para un espesor Hp=12 cm (2.4 m en prototipo) tras 5 minutos de 

tiempo de rebase. Para dotar de mayor representatividad a este resultado, se repitió la serie de 

ensayos y se alcanzó la destrucción en el mismo instante. 

d. Conclusiones 

Del análisis directo de los resultados se derivan las siguientes conclusiones: 

 Existe una correlación clara entre altura de ola, el número de olas y el daño en estructuras. 

 La estabilidad de diques bajo la acción de tsunamis varía en función de la tipología de la 

estructura y de la zona de la misma donde se desarrolle el análisis.  

 La presencia del espaldón disminuye el daño en el manto interior. 

 El daño debido a ondas solitarias en el manto principal exterior es similar en ambas 

tipologías. Sin embargo la coronación y el talud interior de los diques sin espaldón son 

los puntos débiles de esta tipología en lo referente a la estabilidad de las piezas del manto 

principal. 

 El daño en el manto exterior debido a la acción tipo corriente es despreciable. 

 La tipología con espaldón no se destruyó en ningún experimento, ni de onda solitaria ni 

de corriente.  

 La evolución del daño no sigue para tsunamis el mismo patrón que para ondas de viento.  

 El análisis de estabilidad ante tsunami realizado complementa el diseño tradicional bajo 

la acción de ondas de gravedad para determinar si son efectivamente los tsunamis o las 

ondas de viento el evento limitante en el diseño de una estructura en zona de tsunamis 
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V. Presiones sobre espaldones de diques en caso de tsunami 

Como ya se ha indicado con anterioridad el comportamiento adecuado de las estructuras marinas 

es esencial para mitigar sus consecuencias en tierra. Los tsunamis ponen a prueba de forma 

definitiva las capacidades resistentes de estas estructuras debido a las extraordinarias cargas que 

suponen estos eventos extremos. Un diseño adecuado de las mismas y de sus componentes 

contribuye a la reducción del riesgo en las áreas que protegen.  

Los diques rompeolas de materiales sueltos suelen ser construidos con un espaldón en su parte 

superior, con el fin de permitir el acceso rodado para labores de mantenimiento o para reducir el 

rebase y proteger las piezas interiores del manto, además de para la operatividad de los atraques 

adosados. El diseño de esta superestructura depende normalmente de las cargas esperables según 

el clima marítimo de la zona. Sin embargo, las cargas debido a tsunami no suelen ser consideradas 

en su diseño.  

Existen diferentes metodologías para el cálculo de las presiones que las olas de gravedad producen 

sobre el espaldón (ej. (Günbak, 1985); (Martin et al., 1999; Pedersen, 1996)). Sin embargo, los 

tsunamis no entran en el rango de aplicabilidad de estas metodologías, debido principalmente a 

su gran longitud y a que se desplazan siempre en aguas someras.  

Algunos autores como Harbitz et al., (2016) y Guler et al., (2015) han utilizado ensayos de 

laboratorio para el cálculo de las presiones debidas a tsunami sobre espaldones. Sin embargo, en 

sus experimentos el espaldón podía ser desplazado bajo la acción del tsunami. Este efecto, aunque 

quizás representa adecuadamente la realidad no permite obtener el registro continuo de la presión 

hasta su valor máximo. En esta parte de la tesis se utilizan los resultados de los ensayos de 

laboratorio ya explicados en el apartado anterior,  para cubrir esta carencia, ya que el espaldón 

fue fijado al fondo, y, por tanto, no se permitió ni su deslizamiento ni su vuelco, de manera que 

el registro de presiones en el espaldón es completo. Al tener el registro completo se pudo analizar 

las leyes de presión completas y establecer las presiones máximas que debe soportar el espaldón, 

así como el momento en que éstas ocurren.  

a. Medida de las presiones en el espaldón 

La estructura sobre la que se realizó el estudio es la que corresponde a la tipología I, presentada 

en el apartado anterior (ver Figura IV.1). En esta estructura se dispusieron una serie de sensores 

que fueron los encargados de registrar los valores de las presiones generadas durante los ensayos, 

tanto de ondas solitarias como de corrientes. En la figura V.1 se puede observar la disposición de 

los sensores localizados en el cuerpo del espaldón objeto de estudio. Cuatro sensores (del P4 al 

P7) fueron instalados en la parte vertical del espaldón para medir las presiones por el lado por el 
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que se produce el impacto del tsunami. Debido a la disposición de la berma el único sensor que 

se encontraba completamente expuesto a la acción del oleaje fue el P4. El resto de sensores (P5 a 

P7) se encontraban protegidos por la citada berma. Además, otros cuatro sensores (del P8 al 11) 

fueron instalados justo por debajo de la parte horizontal del espaldón, para medir las subpresiones 

generadas.  

 

Fig. V.1. Detalle con la localización exacta de los sensores de presión instalados en el espaldón del modelo 

ensayado 

b. Resultados 

Tal y como se detalló en la sección IV la estructura fue ensayada bajo la acción de ondas solitarias 

y corrientes, de varias alturas y duraciones.  

Para las Ondas solitarias:  

En cuanto a las presiones en la parte vertical (fuerzas horizontales sobre el espaldón), las series 

temporales de presión (ver figura V.2, para una onda solitaria de altura H=0.35 m) mostraron 2 

picos claramente diferenciados. El primero de ellos es un pico dinámico que se produce como 

consecuencia del impacto del tsunami en la parte vertical del espaldón. A continuación, aparece 

un segundo pico, más pequeño que el anterior, asociado al descenso del agua a través de la pared 

vertical. 
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Fig. V.2. Series temporales de presión en cada sensor para una onda solitaria de altura 0.35 m (7 m en 

prototipo). Presión en Pascales. Las escalas son diferentes para apreciar de forma adecuada la forma de la 

serie temporal 

En las presiones registradas en la parte horizontal (subpresiones), se observa un pico secundario, 

retrasado con respecto al pico dinámico inicial. Este pico es provocado por la presión transmitida 

por el impacto del agua rebasada sobre la superficie del agua en la parte interior. Esta onda de 

presión entra en la estructura a través del manto interior, el filtro y el núcleo (ver Fig. V.3). 

 

Fig. V.3. Representación de la onda de presión provocada por el rebase impactando en el lado interior del 

dique. 

Del mismo modo, las presiones registradas permitieron comparar las series temporales de olas de 

varias alturas en un mismo sensor, tal y como se observa en la figura V.4, para los sensores 4, 6 

y 10.  
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Fig. V.4. Comparativa de las series temporales de presión de las 6 ondas solitarias ensayadas en los sensores 4, 

6, y 10. La presión viene dada en Pascales. Las curvas han sido desplazadas para superponer el primer pico y 

facilitar la comparación.  

El análisis de las fuerzas verticales y horizontales permitió determinar cuál es el peor instante 

desde el punto de vista de la estabilidad del espaldón, evaluando los márgenes de seguridad en la 

estructura ante el vuelco o deslizamiento de la misma, definidos como la diferencia entre las 

fuerzas o momentos estabilizadores y desestabilizadores. En la Figura V.5 se observa el esquema 

de equilibrio de fuerzas utilizado.  
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Fig. V.5. Esquema del equilibrio de fuerzas en el espaldón. Fh: resultante de las fuerzas horizontales; Fv: 

resultante de las fuerzas verticales; W: peso del espaldón; Mh, Mv, Mw: Momentos de Fh, Fv y W 

respectivamente.  

Las presiones se integraron a lo largo de las longitudes horizontal y vertical del espaldón para 

obtener las fuerzas Fh, y Fv. . Los márgenes de seguridad de la estructura al deslizamiento (Ss) y al 

vuelco (Sv) utilizados se definen como: 

	 (V.1)	

	 (V.2)	

donde  es el coeficiente de fricción entre el espaldón y el material que forma el núcleo del dique. 

c. Cálculo de las presiones de diseño para ondas solitarias 

El análisis de las leyes de presiones en cada ensayo, junto con la comparación de las presiones 

que provoca cada altura de ola en cada sensor y el cálculo de los márgenes de seguridad, ha 

permitido conocer los valores de la presión en el momento de menor margen de seguridad para 

los modos de fallo de deslizamiento y vuelco. Estas presiones han sido utilizadas para elaborar 

una metodología para el cálculo de las presiones de diseño para ondas solitarias. Esta metodología 

se basa en la que diseñaron Martin et al. (1999) para ondas de viento, pero particularizando su 

desarrollo al caso de tsunamis. Así, por ejemplo, el cálculo del run-up sobre la estructura, 

parámetro fundamental en la metodología de Martín, se evalúa a través de la fórmula de Synolakis 

(1987). Synolakis desarrolló su fórmula para playas de manera que se ha utilizado un coeficiente 

reductor que tiene en cuenta las características permeables del dique. El cálculo de este coeficiente 

permite establecer una fórmula de Synolakis modificada, aplicable al cálculo del run-up de 

solitarias sobre diques rompeolas de materiales sueltos: 
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. 	 (V.3)	

Donde RuE es el run-up equivalente y 	es la pendiente de la berma. 

Además, siguiendo la metodología de Martin se ha establecido un coeficiente de protección 	que 

relaciona las presiones en la parte protegida y no protegida de la pared vertical del espaldón. De 

esta manera, con base en las presiones registradas en los ensayos se ha calculado que la presión 

en la zona no protegida es tres veces mayor que en la zona protegida ( 0.33 .  En cuanto a la 

subpresiones, se ha asumido una ley rectangular. 

d. Cálculo de las presiones de diseño para las acciones de corrientes 

En general las presiones medidas en los ensayos de rebase fueron menores que en los de ondas 

solitarias. Sin embargo, los tsunamis no generan siempre solitones, y, en ocasiones, se manifiestan 

como un aumento rápido y continuo del nivel del mar que genera directamente un rebase sobre la 

estructura. Por ello, también se ha propuesto una metodología para el cálculo de las presiones 

provocadas por dicha acción en el momento en el que los márgenes de seguridad a vuelco y 

deslizamiento son mínimos. Para ello, nuevamente, se ha seguido, como en el caso de la ondas 

solitarias, la metodología de Martin et al., (1999).  

Así, la forma de la ley de presiones en la cara vertical del espaldón es el resultado de la 

combinación de fuerzas hidrostáticas y una componente dinámica. Los valores de la presión 

hidrostática en cada sensor fueron comparados con los registrados en los ensayos. Como resultado 

se ha observado un ratio Pmedida/Phidrostatica constante para cada sensor lo que permite aproximar una 

expresión en tramos para la presión total Pof: 

∗ . .

												 ∗ . .
				 .  

Donde z es la elevación sobre el nivel del mar, Ac es la elevación de la berma sobre el nivel medio, 

Hp el espesor de la lámina de rebase y F es el francobordo.  

En cuanto a las subpresiones bajo la parte horizontal del espaldón, la forma de la ley de 

subpresiones tiene forma trapezoidal. La presión en el lado de mar (Psea) es la misma que en el 

punto más bajo de la parte vertical (por continuidad) y por tanto se puede calcular de la misma 

manera, aplicando la expresión (V.4). En cuanto a la presión en la parte de tierra (Plee) de la parte 

horizontal del espaldón, se ha comparado en los ensayos el valor de Plee y Psea llegando a la 

conclusión de que es prácticamente constante: / .8. 
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De esta manera, con Plee y Psea definidos, el cálculo de las subpresiones quedaría resuelto.  

e. Conclusiones 

Teniendo en cuenta el análisis realizado relativo a las presiones que un tsunami ejerce sobre un 

espaldón de un dique rompeolas de materiales sueltos se pueden deducir las siguientes 

conclusiones: 

 Las mayores presiones horizontales en el espaldón provienen del impacto inicial de la 

onda solitaria 

 En lo relativo a las acciones ejercidas por las ondas solitarias: 

o La presión en la parte no protegida por la berma de la cara vertical del espaldón 

es alrededor de tres veces la presión en la parte que sí está protegida.  

o La serie temporal de fuerzas horizontales presenta dos picos claros. El primero 

de ellos es producido por el impacto dinámico inicial de la onda. El segundo es 

producido por el efecto de arrastre hacia  debajo de la onda tras el impacto.  

o Las series temporales de subpresiones bajo la parte horizontal del espaldón 

presentan un primer pico dinámico seguido por un inesperado y retrasado pico 

secundario. El origen de este pico secundario es la onda de presión provocada 

por el rebase sobre el espaldón que cae en el agua situada en el lado de tierra. 

Esta onda pasa a través de las capas del manto interior y alcanza el espaldón por 

detrás. Este pico, para las ondas ensayadas más altas, es incluso mayor que el 

primer pico dinámico.  

o Las ondas más altas no generan las subpresiones más grandes, debido al hecho 

de que una gran cantidad del agua que forma la onda rebasa por encima de la 

superestructura, reduciendo el agua retenida por el espaldón.  

 En lo relativo a las acciones de corrientes de rebase sobre el espaldón: 

o Para el rango de ondas ensayadas las presiones producidas por  las corrientes de 

rebase son más bajas que las presiones provocadas por el impacto inicial de la 

onda de tsunami.  

o Las presiones en la cara vertical del espaldón siguen un perfil pseudo-

hidrostático. 

 

VI. Futuras líneas de investigación 

Como se ha indicado, la ciencia e ingeniería de los tsunamis se encuentra en desarrollo. En esta 

tesis se han identificado y abordado diversos temas relativos al impacto de tsunami en costa, pero 
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aún existen muchos temas en este campo sobre los que se debe profundizar en futuros trabajos de 

investigación. De entre ellos, los temas principales directamente relacionados con los asuntos 

abordados en esta tesis son: 

 Sería necesario incrementar la base de datos de run-up calculada de manera que más 

geometrías topobatimétricas y más tipos de ondas de tsunami estén representadas en la 

misma, obteniéndose así un espacio de interpolación aún más representativo.  

 Además, es necesario llevar a cabo un análisis más profundo del grado de influencia en 

el run-up de cada uno los 7 parámetros considerados en la base de datos. Este análisis 

tendría como resultado final la derivación de una fórmula de cálculo de run-up, de fácil 

aplicación, y cuyos resultados debido a su elaboración, tengan en cuenta perfiles 

topobatimétricos y ondas de tsunami reales.  

 En cuanto a metodologías de laboratorio, a pesar de que en los últimos años se han 

conseguido avances en la forma de generar tsunamis en las instalaciones actuales que 

existen en el mundo, aun no se ha desarrollado una forma óptima que permita una 

representación continua y a escala del fenómeno. 

 Del mismo modo, los resultados obtenidos en los ensayos de laboratorio sobre diques 

rompeolas de materiales sueltos están condicionados por la geometría seleccionada para 

su elaboración. Así, estos ensayos y estos resultados pueden y deben ser complementados 

con nuevas tipologías, geometrías, niveles del mar, francobordos, número de olas, altura 

de ola etc. para dotar de representatividad global al resultado.  
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1 INTRODUCTION AND SCOPE 
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1.1 Introduction and Motivation 

World coastal regions host a relevant part of the mankind activities, such as fisheries, aquaculture, 

tourism, ports and marine infrastructures, maritime transport, energy, etc. Nearly 700 million 

people live in low lying coastal areas less than ten meters above sea level and 13 of the 20 most 

populated cities in the world are coastal cities  (UNESCO et al., 2012).   

However, these regions and their activities are vulnerable to coastal hazards which can affect 

great areas and trigger disastrous effects. As a consequence, during the last decades the concern 

and consciousness about risks such as climate change, river flooding or storm surge extreme 

events has raised. Among these risks, tsunamis are probably one the most destructive ones.  

During the last century, tsunamis have caused more than 450.000 casualties worldwide, becoming 

a threat greater than earthquakes, hurricanes and tornadoes. Although tsunamis are commonly 

perceived as rare events, in average, at least one destructive tsunami occurs annually. 

Furthermore, recent tragic tsunami events, such as those occurred in the Indian Ocean in 2004, in 

Chile in 2010, and in Japan in 2011, have strengthen the interest of the scientific community 

towards a deepest understanding of them. These efforts focus on the identification and 

quantification of the risk in tsunami prone areas, the development and implementation of tsunami 

warning systems and, the proposal and application of mitigation measures to reduce the tsunami 
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risk, based on the prevention and preparedness of the population, artificial and natural 

infrastructures and protection of the environment, etc.   

Tsunami science is not fully developed. The emergence of new technologies, methodologies, and 

approaches promote continuous works to improve this phenomena understanding. Each new event 

challenges tsunami scientists to reconsider the existing knowledge and to contemplate new 

solutions, new paths towards the reduction of risk.  

In this way, the 2004 event in the Indian Ocean set a watershed in tsunami science. Synolakis and 

Bernard (2006) highlighted this statement in their renowned paper of 2006 “Tsunami science 

before and beyond boxing day 2004”. In this paper, within a global approach to the tsunami 

science, they defined two main aspects to be addressed when tackling tsunami risk reduction: 

“The determination of the inundation and run-up of tsunamis and forces on coastal 

structures is one of the quintessential problems in tsunami hazard mitigation”  

These two important aspects of the tsunami science are the main object of study in this thesis. In 

the following subsections (1.1.1 and 1.1.2), a brief introduction to these topics is addressed, 

focused on presenting and explaining their key characteristics that motivate the further research 

covered in this manuscript.  

1.1.1 Determination of the inundation 
The evaluation of tsunami hazard in tsunami-prone areas is the first step in a proper risk 

assessment process (UNESCO-IOC, 2009). Tsunami hazard assessment focuses on the estimation 

of the area that would be flooded during a tsunami and on the calculation of the variables or 

parameters that characterize the phenomenon in that area, e.g., wave amplitude, current depth, 

tsunami travel time, etc. Among these parameters, maximum run-up provides the elevation to 

which water from a tsunami wave will rise during its flooding process. Therefore, run-up is a key 

parameter that must be adequately determined and it is commonly calculated by means of 

numerical models (e.g., Wang, 2009; Titov et al., 2011) and /or empirical and analytical formulae 

(e.g. Synolakis, 1987). 

When tsunami flooding is addressed at local scale the optimal methodology to calculate the 

flooding and run-up is typically the application of validated deterministic numerical models 

(Álvarez-Gómez et al., 2013). These models allow reproduction of the three main tsunami 

processes: generation, propagation and inundation. To address these processes and to properly 

estimate the flooded area, high-resolution topography-bathymetry data of the study area are 

required, as well as the focal parameters that define the tsunamigenic mechanism. Nevertheless, 

as highlighted in the introduction of this thesis, the application of tsunami numerical models has 
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some limitations and uncertainties (Park et al., 2015; Selva et al., 2016). First, their use requires 

a high computational cost and expert modelers. Second, the necessary high-resolution data to 

properly study the hazard in local areas are not always available. In addition, the correct definition 

of the tsunamigenic mechanisms, e.g., the parameters of the focal mechanism, contains 

uncertainties in itself. Finally, even though models are evolving to reduce uncertainties, there is 

still ongoing work on several aspects, such as wave transformation near the coast, interaction of 

waves with coastal structures, and accurate incorporation of bottom friction.  

On the other hand, large scale (National scale) analyses are important to identify black spots along 

the coast in which higher-resolution studies are necessary. In this large scale studies, the 

drawbacks of numerical models are more evident, and the lack of continuous high-resolution 

topobathymetry and the elevated computational cost foster the use of other approaches. An 

alternative methodology to estimate the tsunami run-up and, consequently, the flooded area, 

includes the application of run-up analytical or empirical formulae, such as the ones by Synolakis 

(1987), Sepúlveda and Liu (2016) or Madsen and Schäffer (2010). In these cases, numerical 

models, despite the lower resolution of bathymetry, adequately calculate the tsunami wave 

characteristics offshore and their results can then be used as input for the formulae. Afterwards, 

by applying this method to several topobathymetric profiles along the coast, the total flooded area 

due to tsunami action can be estimated. However, the application of these formulae is not always 

evident, each approach considers different inputs, and they are based on theoretical bathymetric 

profiles what adds a lot of uncertainties when applying them to real geometries.  

According to this, there is a need of further study to develop adequate tsunami hazard assessment 

at large scales, where the application of numerical models is not computationally affordable, high 

resolution data are not available and empirical formulae utilization is not optimal.  

1.1.2 Forces on coastal structures 
In case of tsunami, marine structures stand as the first defense barrier at the coastline, and, thus, 

they play an important role in the mitigation of tsunami wave impacts (Takagi et al., 2014). As 

an example, Tomita et al. (2012) presented a work developed after the 2011 tsunami event in 

Japan, in which the presence of harbor structures at Kamaishi port played an active role in 

decreasing the destructive effect of the tsunami wave. Although breakwaters at Kamaishi port 

were partially destroyed, they delayed the arrival of the wave to land by six minutes, reducing the 

inundation area considerably, and helping in the evacuation of the population. In addition, field 

surveys after tsunami major events  (Jayaratne et al., 2016; Kato et al., 2012) have revealed the 

different hydraulic performance of vertical and rubble-mound breakwaters during tsunami events. 
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The response of vertical structures has already been addressed by several authors, e.g. Asakura et 

al. (2002), Kato et al. (2006), Mizutani and Imamura (2001). However, the effectiveness and 

stability of rubble-mound breakwaters (RMBs) during tsunami events have not been sufficiently 

studied. RMBs are usually designed to resist the wave loads generated by wind waves, but tsunami 

wave loads are rarely considered in their design. Besides, RMB are commonly constructed with 

a crown-wall or parapet, but the loads that a tsunami can prompt on this superstructure have not 

been addressed either, and they are not taken into account in their design.  

Stability analyses of RMBs have been traditionally performed for storm waves through scaled 

laboratory models. However, knowledge on armor unit stability design for storm wave loads, 

cannot be extended to tsunami waves, mainly because the hydraulic loads are applied differently. 

Tsunamis can produce violent impulsive forces (Nistor et al., 2009), when the wave crest impacts 

the breakwater. One of the first studies  presenting formulations to quantify the weight to design 

stable armor units in RMBs for tsunami waves was the one presented by (Esteban et al., 2012). 

They proposed using the tsunami’s wave height in Hudson’s (Hudson, 1959) formulation, as a 

first approach to calculate armor unit size to design tsunami resilient structures, but they also 

highlighted the necessity of further work to better understand breakwater behavior. Specifically, 

the necessity of new laboratory experiments with a realistic generation of tsunami waves was 

pointed out as a valuable approach to complement field surveys.  

According to this, there is a need of further study to understand the interaction between tsunamis 

and RMBs, as a first step to include the tsunami actions on this marine structures’ design. This 

advance in tsunami science is addressed here by means of new laboratory experiments focused 

on analyzing the stability of the armor units in case of tsunami and on approaching the behavior 

of their crown-walls.  

1.2 Research Questions 

According to what has been exposed, there is a need to further study these 2 topics: 

 Calculation of the tsunami run-up on a prone area when the application of numerical 

models is not reliable, e.g. at large scales.  

 Study the design of RMB under tsunami attack, covering 2 aspects:  

o The stability of RMBs’ armor units  

o The calculation of the pressures produced by tsunamis on the crown-wall of 

RMBs  

Based on the existing gaps in tsunami science, several research questions can be posted:  
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 RQ1: How can large-scale hazard assessment maps be elaborated if high-resolution topo-

bathymetry is not available or there are computational limitations? 

 RQ2: How can existing numerical models and methodologies be improved to achieve an 

accurate estimation of the run-up of tsunamis in coastal areas? 

 RQ3: What is the importance of the topobathymetric profile on which the tsunami 

propagates from its generation to the coast in the final value of the run-up?  

 RQ4: Can tsunami stability analysis complement traditional wind waves rubble-mound 

breakwaters design towards more resilient structures? 

 RQ5: How does the damage of rubble-mound-breakwaters due to tsunami action evolve 

 RQ6: How does the presence of a crown-wall affect to the stability of a RMB under 

tsunami actions? 

 RQ7: How are the pressures that the crown-wall of RMB must support under tsunami 

actions?  

 RQ8: Can traditional wind waves design methods of crown-walls be extended to 

tsunamis? 

 

Summing up, when a tsunami hits the coast, it impacts on marine structures and penetrates inland, 

flooding the coastal area until a maximum elevation, called run-up. And this is precisely the main 

motivation of this thesis: To contribute to broadening tsunami science by improving the 

knowledge about tsunami coastal impacts on marine structures and coastal areas.  

1.3 Objectives of the thesis 

According to the motivation exposed above, and the research questions presented in the previous 

section, the main objectives of this study are: 

 To develop and validate a methodology to estimate the tsunami run-up in those situations 

when the application of numerical models is not reliable, high resolution topo-

bathymetric data are not available or there are computational limitations (Answering 

RQ1) 

 To include a numerical model that solves appropriately all the stages of the tsunami: 

generation-propagation and inundation (Answering RQ2). 

 To include in this methodology an improved definition of the bathymetry that the tsunami 

traverses, based on real topobathymetric profiles (Answering RQ3).  
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 To study the stability of rubble-mound breakwaters under tsunami action (Answering 

RQ4 and RQ5) 

 To complement traditional wind waves design of rubble-mound breakwaters with the 

incorporation of tsunami design criteria (Answering RQ4, RQ5, RQ6 and RQ7) 

 To develop a methodology to estimate tsunami pressures on crown-walls of rubble-

mound breakwaters (Answering RQ6, RQ7 and RQ8) 

1.4 Thesis outline 

The thesis comprises 6 chapters and it is structured as follows: 

Chapter 1, in which this introduction is included, presents a general approach to coastal risks in 

general and tsunamis in particular, showing the motivation of the thesis and introducing its object 

of study and main objectives. 

Chapter 2 presents a general background of tsunami science, including the characterization of 

the main processes involved in the propagation of these waves. In addition, an approach of the 

existing strategies towards the reduction of the tsunami risk is also presented, explaining how the 

objectives of the thesis fit in those strategies, covering some of the existing research gaps.  

Chapter 3 addresses the investigation regarding a new methodology to estimate the tsunami run-

up. This methodology is based on the elaboration of a database of run-up calculations that are also 

addressed. In addition, the elaboration of this database demanded a coupling of several numerical 

models that is also presented. This chapter targets RQ1, RQ2 and RQ3. 

Chapter 4 involves the study of the stability of rubble-mound breakwaters under tsunami attack. 

This study was addressed by means of laboratory experiments carried out for this research. From 

the analysis of the experimental results, new design formulae for armor layers stability are 

presented. This chapter targets RQ4, RQ5 and RQ6. 

Chapter 5 addresses the development of a methodology to calculate the pressures or loads that a 

tsunami impinges on the crown-wall of rubble-mound breakwaters. This methodology allows 

incorporating tsunami actions into the design process of this superstructures. This chapter targets 

RQ6, RQ7 and RQ8. 

Finally, Chapter 6 summarizes the main results and conclusions of the thesis, highlighting the 

gaps that these results help to cover. In addition, in this chapter future research lines in this field 

are drawn. 
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2 BACKGROUND AND 

LITERATURE REVIEW 

_____________________________________________________________________________ 

This chapter presents the framework of this thesis, introducing the background of tsunami science 

and analyzing the tsunami characteristics and basic mechanics, explaining the generation, 

propagation and transformations processes, treating the existing strategies to head them, and 

explaining the scientific topics that are intended to be covered in the next chapters.  

2.1 Introduction 

Tsunami is a Japanese word that means harbor wave (tsu=harbor; nami=wave). It is probably one 

of the few Japanese words that have been added to almost every language and the reason for the 

generalization of this term is that although tsunamis can occur in almost every basin, the Pacific 

Ocean in general and the Japanese coast in particular, are the most tsunami-prone areas in the 

world. The original term for a tsunami in English was ‘tidal wave’, due to the fact that tsunamis 

were initially considered as an extreme version of a tide (Cartwright and Nakamura, 2008). 

However, the origin of the tides is astronomical, far from the source of tsunamis, what has led 

scientists to abandon the old English term. On the other hand, the Spanish, Italian and Portuguese 

word for tsunami, maremoto (from Latin, mare=sea, motus=movement), is still widely accepted.  
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2.1.1 Tsunami generation 
Therefore, a tsunami is a wave. More precisely, a tsunami is a wave or group of waves generated 

by a sudden, vertical displacement of a large mass of water (Bryant, 2014). Typically, this sudden 

movement occurs when a tectonic plate is sliding under another one in the seabed, in what is 

known as a subduction area. Due to the friction between the plates, they bend and the subduction 

sticks, accumulating stress. During an earthquake, those plates fracture and that stress is released, 

producing a sudden vertical displacement of the seafloor. This movement is transferred through 

the column of water to the sea surface generating a deformation that evolves naturally forming an 

extremely long wave of small steepness: a tsunami (see Fig.  2.1).    

 

 

Fig.  2.1Tsunami generation stages (Source: USGS) 

The vertical displacement is commonly called slip, and, the greater the slip, the greater the 

amplitude of the tsunami. Broadly speaking, in this displacement one plate uplifts and other 

subducts. In the uplifted side, the generated wave propagates with a leading crest (Bryant, 2014), 

but in the subducted side the generated wave propagates with a leading trough. The arrival of this 

through to the coast generates the retreat of the sea from the coast, giving the incoming wave a 

wall effect. It is generally admitted that major tsunamis are generated by earthquakes greater than 

magnitude Mw=7 and focal depth shallower than 20 km beneath the surface, where Mw is the 

moment Magnitude (Kanamori and Anderson, 1977). 

In addition, there are other tsunami generation mechanisms, always linked to a large mass of water 

being displaced in a short time (see Fig.  2.2). A landslide above or below water into a reservoir 

or lake  (Iglesias et al., 2012), a meteorite impact in a water body (Wünnemann and Weiss, 2015), 

and a volcanic explosive eruption (Paris, 2015) are examples of other tsunamigenic mechanisms. 
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Moreover, under certain specific conditions of barometric pressure changes, tsunami-like waves 

(meteotsunamis) can be generated (Monserrat et al., 2006; Pattiaratchi and Wijeratne, 2015). 

 

Fig.  2.2 Tsunami Sources 

2.1.2 Basic Mechanics of tsunami waves  

It is common in Water Wave Mechanics to classify waves by its relative depth	 / , where h 

is the water depth and L is the wavelength (see Fig.  2.3). If >0.5, the wave is considered in deep 

waters. If <0.05 then the wave is in shallow waters. Tsunamis propagate in very deep areas of 

the ocean (the average depth in the Pacific Ocean is around 4 km) but their wavelength reaches 

hundreds of km. Therefore, tsunamis always propagate in Shallow Waters.  

 

Fig.  2.3 Tsunami characteristics geometric definition. 

The dispersion equation is commonly used to characterize any wave, relating wavelength, wave 

period and depth (Kamphuis, 2000).  

	 (	1)	
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where T is the wave period (time between two crests), and g is the gravitational acceleration 

(g=9.81 m/s2). In the case of waves in Shallow Waters, /  is small and	 2 ~2 . The 

phase velocity is 	 / , what gives the expression of the velocity of long waves, and, 

consequently, the speed of tsunamis: 

	 (2)	

Thus, in Shallow Waters, the velocity does not depend on the wavelength or period but exclusively 

on the water depth. The tsunami periods are typically of 1 to 40 minutes and tsunami heights vary 

from some centimeters offshore to several meters at the shore.  Each tsunami has its own period, 

wave height and directionality, due to the fact that each earthquake is different. But they have a 

common characteristic: they all travel at the same speed:  (Bernard et al., 2006).  

Table 2.1Evolution of the tsunami velocity with the ocean depth 

 
Velocity 

Depth  m/s  km/h 

8000  280  1009 

5000  222  798 

2000  140  505 

1000  99  357 

500  70  252 

 

As for all incompressible fluids, the equations that govern the motion of tsunamis, are the Navier–

Stokes equations. If Navier-Stokes equations are averaged over the depth and viscous terms and 

vertical gradients are neglected, the Linear Shallow Water Equations are obtained (LSWE). As 

explained, the wavelength of a tsunami is usually long compared to the water depth. Then, 

dispersion effects can be practically neglected if /  is smaller than 1/20. In this scenario, LSWE 

are adequate for studying tsunami motion. In addition, if non-linear terms of the equations are 

kept, the Non-Linear Shallow Water Equations (NLSWE) are obtained (Wang, 2009). In a 

Cartesian coordinate system, the NLSWE can be expressed as follows:   

Mass conservation equation: 

	 (3)	

Momentum conservation equations: 
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	 (4)	

	 	

	 (5)	

where η is the free-surface elevation above mean sea level (see Fig.  2.3); x and y represent the 

longitude and latitude of the earth; τx and τy are the bottom shear stress; P and Q stand for the 

volume fluxes (P =Du and Q=Dv, with u and v being the depth-averaged velocities in the 

longitude and latitude direction); D is the total water depth (D =h+ η), with h being the water 

depth; f represents the Coriolis parameter; and g is the acceleration due to gravity.  

Numerical models based on LSWE and NLSWE are generally very efficient simulating tsunami 

propagation, despite the fact that they do not consider wave dispersion. In this sense, if these 

effects are to be included, as an alternative, Boussinesq models have been used. However, both 

approaches (NLSWE and Boussinesq models) lack accuracy on breaking criteria. Finally, recent 

advances on computational capabilities allowed developing Computational Fluid Dynamic (CFD) 

models. These models solve accurately physical dispersion and wave breaking. However, CFD 

models are computationally demanding and thus, it is necessary that simpler models are 

developed (Larsen, 2018).  

2.1.3 Tsunami transformations towards coastal impact 
When a tsunami is generated in a deep region of the Ocean the energy contained in the whole 

column of water that has been displaced, from the seabed to sea surface, travels radially, from 

generation area to coastal regions. In this propagation process, the energy transforms when 

reaching shallower areas. In deep areas of the ocean, the tsunami height is typically small 

compared to its wavelength, but, as seen in Table 2.1, its velocity is quite bigger than the one of 

common waves. When propagating towards shallower regions, the wave reflects and shoals on 

the continental slope and its energy flux is constrained into the continental shelf. As a result the 

wave height increases and, frequently, the tsunami disintegrate in multiple solitons that hit the 

coast with great destructive power.     

The shape of the tsunami wave and the way it reaches and impacts the coast is determined by the 

existing bathymetry during its propagation process.  The presence of steep abyssal slopes, 

continental shelves, etc., transforms the tsunami and provides a certain variability to the way it 

appears at the coast due to shoaling, reflection, refraction and diffraction processes. Hence, even 
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the same tsunami event has different manifestations in different locations, as it is observed in Fig.  

2.4.  

 

Fig.  2.4 Variations on the tsunami wave shape when reaching the coast. (Shuto, 1985) 

This figure contains the different tsunami shapes recorded during the Nihonkai-Chubu 

Earthquake Tsunami On The North Akita Coast (Shuto, 1985). Broadly (Fig.  2.5), they can be 

classified (Sriram et al., 2016): 

a. Long Non-breaking waves, similar to a fast and extreme tide.  

b. Breaking bore or hydraulic jump (wall of water), observed as a result of wave breaking 

during large tsunami events after short distance propagation; 

c. Undular bore, i.e. the disintegration into series of solitons. 
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Fig.  2.5 a: tsunami as a long non-breaking wave, rising rapidly the sea level and overtopping coastal 

structures (Miyako city, Japan) during the March 11th 2011 event. b: tsunami as a fully developed bore 

reaching a beach during the Indian Ocean event the 26th of December of 2004. c: Disintegration of the tsunami 

wave into a series of solitons, taken on Koh Jum Island, off the coast of Thailand (copyright Anders Grawin, 

2006). 

2.2 Tsunami historical data 

Major tsunamis are relatively low frequent phenomena but their destructive energy makes this 

natural hazard to produce serious consequences in those coastal areas they affect. During the last 

century there have been, in average, 10 events annually with a tsunami height on the coast lower 

than 1 m, one event per year with a height between 1 and 5 m, and one event every 15 years with 

a tsunami height greater than 5 m (updated from Otero, 2008).  

There are 4 main basins where tsunamis occur: 

 Pacific Ocean 

 Indian Ocean 

 Atlantic Ocean 

 Mediterranean and connected Seas 

The Pacific Ocean is the basin where more seismic activity occurs. The dense oceanic plates slide 

under the lighter continental plates, generating a subduction area, a scar that surrounds all the 

continental coasts of the Pacific border, commonly known as the Pacific Ring of Fire (see Fig.  

2.6.  
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Fig.  2.6 The Pacific Ring of Fire. (Source: USGS) 

In this basin occur the 59% of the worldwide major tsunamis (see Fig.  2.7). In particular, the 

Japan, the Peru-Chile, and the Aleutian trenches have generated some of the most catastrophic 

tsunamis of the last century: 

 

Fig.  2.7 Tsunami events per Ocean Basin (Source: NOAA) 

 

 On the 1st of April of 1946, an earthquake of magnitude Mw=7.8 in Alaska triggered a 

tsunami that traveled through the Pacific Ocean killing 160 people in Hawaii, and 

fostering the foundation of the Pacific Tsunami Warning Centre  (Johnson and Satake, 

1997).  

 On the 22nd of May of 1960, the greatest recorded seism occurred in Valdivia, Chile. This 

magnitude Mw=9.5 earthquake generated a tsunami that impacted Chilean coasts in 15 

minutes time. The estimated maximum tsunami height was 25 meters, and it killed around 

1.500 people in Chile and Hawaii.  
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 On the 27th of February of 2010, a Mw=8.8 earthquake in the Chilean Sea triggered a 

tsunami that reached the Chilean coasts of Maule and Bio-Bio regions in less than 20 

minutes. Its effects were recorded in Central America, New Zealand and Hawaii.  

 Finally, on the 11th of March of 2011, a Mw=9.0 magnitude earthquake shook Tohoku, in 

Japan. This earthquake is known as the Great East Japan earthquake, it lasted for 6 

minutes, produced an average uplift of the seabed of 7 m, and caused more than 15.000 

casualties and the serious nuclear accident in the Fukushima Nuclear power plant 

(Synolakis and Kanoglu, 2015).   

The Indian Ocean basin, for its part, is the witness of the 4 % of the worldwide tsunamis. This 

relatively low frequency made totally unexpected an event like the one that occurred on the 26th 

of December of 2004. An earthquake with a Mw=9.2 magnitude struck Indonesia, and the triggered 

tsunami effects covered all the Indian Ocean Basin, from Indonesia and Thailand to India, Oman 

and even the coasts of Africa (Okal et al., 2006). The earthquake and tsunami killed 230.000 

people. The Indian Ocean tsunami of 2004 received the attention of the world, due its disastrous 

consequences helped by the great amount of material that was recorded during the event, such as 

photos, videos, witnesses’ testimonies, etc. All the collected data, together with the subsequent 

scientific field trips made evident the different ways in which the tsunami waves appear on the 

coast. India and Sri Lanka received a clear wave crest, and, on the other side of the generation 

area, on the west coast of Thailand, the sea water clearly retreat before the tsunami impact. The 

2004 tsunami, one of the top 10 deadliest natural disasters the world has recorded, expanded the 

tsunami hazard reduction programs from just the Pacific Ocean to all coastlines of the world 

(Bernard and Titov, 2015).  

The 25% of the recorded tsunamis occur in the Mediterranean Sea.  Fig.  2.8 shows the 

tsunamigenic zones in both eastern and western Mediterranean basins, including the sources in 

the Black Sea (Papadopoulos et al., 2014).   
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Fig.  2.8 Tsunamigenic zones in the Mediterranean region: WMS= Western Mediterranean, GC=Gulf of 

Cádiz, AB=Alborán, EMS= Eastern Mediterranean, AS= Aegean Sea, ADS= Adriatic Sea, MS= Marmara Sea, 

BS= Black Sea. (Papadopoulos et al., 2014) 

Tsunamis in the Mediterranean Sea have been reported since ancient times. The Mediterranean 

Sea is, together with Japan, the world region that is better documented in this sense 

(Papadopoulos, 2016). One of the most severe events occurred the 28th of December of 1908. An 

earthquake of Mw=6.7-7.2 with the epicenter in the region of the Messina Straits, struck Southern 

Italy and the Ionian Sea. 10 meters tsunami waves were observed within minutes after the 

earthquake, that possibly triggered a submarine landslide (Billi et al., 2008). The earthquake and 

tsunami caused at least 60.000 deaths.  

The subduction zones of the Mediterranean are small, and the tsunamis that have affected its 

coasts have been destructive locally, like the last recorded ones:  

 On the 21st of May of 2003, a Mw=6.8 earthquake in the north of Algeria occurred where 

the Eurasian plate slips under the African plate (Meghraoui et al., 2004). The earthquake 

generated a tsunami that was recorded in the all the Western Mediterranean. It reached 

the Balearic Islands in 40 minutes, causing serious damages in ports. Wave heights 

between 1 and 3 meters were recorded (Alasset et al., 2006) 

 On the 20th of July of 2017, a Mw=6.6 earthquake occurred between Bodrum town 

(Turkey) and Kos island (Greece). The earthquake triggered a tsunami that affected both 

areas (Yalçıner et al., 2017). The sea retreat 5 minutes before the tsunami hit the coast 

and the maximum run-up recorded was 2 m. 

Finally, in the Atlantic Ocean occur the 12% of the tsunamis in the world. The historic event that 

is commonly used as reference in this basin is the earthquake and tsunami of Lisbon that occurred 

in 1755. The 1st of November of that year a Mw=8-8.4 magnitude earthquake, with epicenter 
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located 200 km away from the Cape of San Vicente, the southwestern extreme of the Iberian 

Peninsula, triggered a tsunami that reached the coasts of Europe and Africa in less than 30 

minutes. In Lisbon, three waves between 6 and 20 meters high swept from the coast the few that 

the earthquake had left standing. In Lisbon, around 60.000-100.000 people died. In the Spanish 

provinces of Cadiz and Huelva, the tsunami caused around 2.000-4.000 casualties. The tsunami 

was noted in the north of Africa, Caribbean Islands, like Barbados and Martinique, and also in 

the south coast of England (Baptista et al., 2003; Otero, 2008).  

2.3 General aspects of the strategy against tsunamis 

Despite the enormous dimensions of the damages that tsunamis trigger, it is still possible to 

develop strategies to mitigate their consequences and to avoid that a natural hazard becomes a 

Natural Disaster.  

The 2004 Indian Ocean tsunami caused more than 200.000 people dead. Although each tsunami 

is different, a comparable recent event, such as the 2011 Great East Japan earthquake prompted a 

death toll of around 15.000 people. The main reason that justifies the differences between these 2 

extreme tsunami events was the preparation of the population, their awareness about the 

phenomena and the available resources. In 2004, a tsunami like the Indian Ocean one was totally 

unexpected. There were no historical records of similar events, several generations grew with no 

news about tsunamis, no country had an operative warning system, or an emergency planning to 

face this kind of natural disaster, and the infrastructures were not prepared to support the loads 

prompted by the tsunami impact.  On the other hand in 2011 Japan already was the most prepared 

country of the world in case of tsunami. Japan has suffered tsunamis throughout history and this 

recurrence has foster the development of strategies to reduce tsunami risk. These strategies have 

grown in parallel with the technology advances. They started with simple stones indicating the 

elevation reached by previous tsunami (see Fig.  2.9), and, nowadays, alerts are received on each 

mobile phone almost instantly, vertical protection structures are disposed all along the country´s 

coast, evacuation routes are established and prepared by means of frequent drills, etc.   
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Fig.  2.9 Aneyoshi Tsunami stone: “Remember the disastrous giant tsunami / do not build homes below here. 

(Source: Rosalinde Bon, Flickr) 

However, even if Japan is still the most prepared country, and their preparation avoids greater 

damages, field surveys after the 2011 event demonstrated that further work is needed: 

 In Natori city, the evacuation plans and the tsunami hazard map was based on tsunamis 

of 1, 2 and 4 m high. But the wave that reached the city exceeded 8 m. In addition, the 

wireless system for broadcasting emergency information was damaged during the 

earthquake, and no evacuation order was broadcasted through loudspeakers. 42% of the 

population tried to use their cars when evacuating, resulting in a traffic jam that put them 

in danger (Murakami et al., 2012).  

 In the same way, Ishinomaki city suffered the largest death toll in Japan, losing the 4 % 

of the population in the inundated area. In this city, tsunamis were not included in the 

community disaster drills and some evacuation shelters were undersized. 40 % of the car 

users fell in a traffic jam, and 6% of them were hit by the tsunami. On average, those who 

evacuate on foot were able to reach further areas than those who evacuate by car. The 

most effective evacuation mean was the bicycle. Fig.  2.10 shows the population actions 

after the earthquake that generated the tsunami, demonstrating that although a great part 

of the population evacuated immediately, others delayed fatally their response to the 

emergency (Murakami et al., 2014). 



  2 Background and Literature Review 

19 

 

 

Fig.  2.10 Actions taken by population before starting to evacuate in Ishinomaki City, after the 2011 Great 

East Japan earthquake. Data obtained from questionnaire survey  (Murakami et al., 2014). 

Therefore, the strategy of fighting against tsunamis and its consequences is still a developing 

topic. 

The ultimate goal of any of these strategies is the reduction of the tsunami risk (UNESCO-IOC, 

2009). A remarkable effort in the development of a global strategy is the U.S National Tsunami 

Hazard Mitigations Program (NTHMP). Fig.  2.11 shows the NTHMP emblem. This scheme 

summarizes the 3 legs in which the program supports: 

 Tsunami hazard assessment 

 Developments and implementation of tsunami early warning systems 

 Development and application of mitigation measures towards tsunami risk reduction 

In the following subchapters, a global view of these 3 legs is given. 
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Fig.  2.11 Logo of the NTHMP, showing the three main parts of the program towards the mitigation of the 

tsunami hazard. 

2.3.1 Tsunami hazard assessment 
The main objective of the tsunami hazard assessment is the accurate estimation of the coastal 

region that would be flooded in case of tsunami. This objective is commonly tackled by 

calculating the variables or parameters that define the tsunami affection in the study area, such as 

tsunami wave height, water depth onshore, tsunami travel time, etc. A key value to determine is 

the maximum run-up, i.e. the maximum elevation to which water from a tsunami wave will rise 

during its flooding process. 

Once the tsunami hazard is assessed, the study of the potentially flooded area is commonly 

followed by an assessment of its vulnerability, which can be approached from several points of 

view: human, economic, infrastructures, environmental, etc. The combination of the tsunami 

hazard and vulnerability assessments provides the tsunami Risk (González-Riancho et al., 2014; 

UNESCO-IOC, 2009). 

The optimal methodology to calculate the flooded area in case of tsunami is the application of 

validated numerical models. These numerical models solve the governing equations to simulate 

the processes related to tsunamis: generation, propagation and inundation. The result are maps 

that contain the calculated variables, characterizing the flooded area (Fig.  2.12): 

 Elevation η: free-surface elevation above mean sea level 

 Water depth, h 

 Run-up, Ru 

 Inundation length, IL, horizontal distance from the coastline to the limit of the maximum 

inundation 
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 Flow velocity, u 

 Drag force, df or hazard degree for people instability, defined as df=u·h (Jonkman et al., 

2008) 

 Tsunami Travel time, TTT, from the generation area to a coastal community.  

 

Fig.  2.12 Scheme of the variables that are commonly represented in the tsunami inundation maps, as part of a 

tsunami hazard assessment. 

The resulting maps are a useful tool to understand the hazard and to evaluate the tsunami-prone 

areas. These maps are the first step in the tsunami risk reduction of a country, state, province or 

region. Otero (2008) enumerated the steps to carry out a tsunami hazard assessment, based on the 

experience and results of the NTHMP, which, grosso modo, are: 

 Identification of locations where the assessment must be tackled 

 Identification of tsunamigenic sources affecting the study area 

 Application of a validated numerical model to calculate the flooded area 

 Elaboration of hazard and inundation maps 

 Analysis and interpretation of the obtained results 

 

The tsunami hazard can be evaluated at several scales, e.g. Local (coastal town), Regional 

(Coastal province) or National (whole country). Each scale study is useful for different aims. 

Tsunami hazard maps at national scale allow identifying the local areas that are most exposed to 

tsunamis, promoting a more detailed study of them. Fig.  2.13 shows the tsunami hazard map for 

the coast of El Salvador  (Álvarez-Gómez et al., 2013), as an example of the global perspective 

that a National scale map can provide to emergency managers, civil protection agencies and local 

authorities.  
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Fig.  2.13 Tsunami hazard map of the coast of El Salvador, Central America, at National scale, including 

several of the variables that characterize the flooded area in case of tsunami, such as, wave height, run-up and 

tsunami travel time 

Continuing with the example of El Salvador, the National map promoted the analyses at local 

scale of some municipalities. Fig.  2.14 shows the map developed at local scale for one of those 

municipalities, Acajutla, including several variables: tsunami maximum flow velocity (u), 

maximum water depth (h) and drag levels (u·h) (González-Riancho et al., 2013).  
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Fig.  2.14 Tsunami hazard assessment maps at local scale for the coast of Acajutla a municipality on the 

western coast of El Salvador, Central America, as part pf the tsunami hazard and risk assessment project for 

El Salvador. (Gonzalez-Riancho et al., 2013 (González-Riancho et al., 2013)). 

2.3.2 Tsunami warning systems 
Tsunami warning systems (TWS) objective is to generate products to warn people about the 

possibility of an arriving tsunami and to understand the emergency itself. These products include 

warning messages, graphics, procedures, exercises, and dissemination systems, focused on 

ensuring their effectiveness during a tsunami warning.  

Those countries that have carried out the implementation of TWSs, tackled its development after 

major tsunami events, as a response to protect the country from new events (see Table 2.2). Japan 

and USA opened their TWS in 1941 in 1949, respectively. Russia followed them 5 years later 

after the 1952 tsunami event in Kamchatka. The 1960 event in Chile started the coordinated 

development of a system for the whole Pacific Ocean that led to the Pacific Tsunami Warning 
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System (PTWS). After the 2004 Indian Ocean tsunami, the IOC (Intergovernmental 

Oceanographic Commission) boosted the Intergovernmental Coordination Groups (ICG) in order 

to conceive TWSs in all the oceans exposed to tsunamis, in addition to the already existing PTWS 

(Tinti et al., 2012). This initiative resulted in the establishment of TWSs in the Indian Ocean 

(IOTWS), in the Caribbean area (CARIBE EWS) and in the North Eastern Atlantic, the 

Mediterranean and Connected Seas (NEAMTWS). 

Table 2.2 Tsunami warning systems, and the tsunami event that boosted their development 

Watershed Event  TWS 

Year Country  Year Region 

1896 Japan  1941 Japan 

1946 Alaska, USA  1949 USA 

1952 Kanchatka, Russia  1954 Russia 

1960 Valdivia, Chile  1965 Pacific Basin 

2004 Indonesia  2007 Global Action 

   

Currently, there are two main approaches that are being applied in TWSs (Bernard and Titov, 

2015): centered on the earthquake and centered on the tsunami.  

The first one focuses on the analyses of the earthquake and the evaluation of the potential 

generation of tsunami.  E.g., in Japan, from 1999, the TWS defines the most relevant parameters 

of earthquakes in 3 minutes time. Seismic waves are more than 10 times faster than tsunami waves 

what provides authorities with the necessary time to spread the warning. This system is 

complemented by a database of tsunami pre-computed scenarios. This database is built with 

numerical models and cover all the possible events affecting the area of interest. When a new 

earthquake occurs, the system presents the closer pre-computed scenario, estimating relevant 

variables like the tsunami wave height. However, this data is just provided offshore, and as it was 

highlighted in 2.1.3, the tsunami wave can suffer serious transformations when reaching a coastal 

area, mainly due to the local bathymetry. In addition, the tsunami data that is provided in this 

approach has resulted inaccurate in some events. Nevertheless, in local tsunamis, i.e. when the 

time from the earthquake to the flooding is just a few minutes, this approach provides currently 

the best possible information.  

 

The second approach, centered in the analyses of the tsunami itself, is suitable for distant 

tsunamis, when the wave takes at least one hour to impact the coast. In these cases, the TWSs 
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take advantage of the possibility of recording the tsunami in real time, by means of deep ocean 

tsunami observations. The observations are obtained through the DART buoys (Meinig et al., 

2005) that are able to provide in real time the record of the tsunami. The analysis of the earthquake 

helps to evaluate if a tsunami will be generated but real observations validate the analyses and 

allow achieving more precise information regarding tsunami travel time, tsunami height, and its 

impact on the coast, leading to a more accurate warning.  

In addition, and complementing these approaches due to new advances on solving schemes of  

numerical models and the use of GPU-based models, the computing speed has been increased 

substantially, allowing to obtain results of numerical simulations in a few minutes once the focal 

mechanism of the tsunamigenic earthquake is analyzed (Macias et al., 2017; Molinari et al., 2016). 

These numerical simulations complement the existing approaches, and tend to substitute the pre-

computed database.  

2.3.3 Mitigation measures for tsunami risk reduction 
In the framework of tsunami science, mitigation is understood as the lessening or limitation of the 

impacts through strategies, approaches and measures with the ultimate objective of reducing the 

tsunami risk (UNISDR, 2009).  

To achieve a long-term or overall tsunami risk reduction, two strategies are commonly addressed: 

Prevention and preparedness (Aguirre Ayerbe et al., 2018).  

Prevention strategy focuses on the protection from the tsunami through actions and decisions 

taken in advance to reduce the hazard itself. Therefore, there are several measures that are 

included in the prevention strategy: 

 Engineered-based measures: Application of long-term man-made structures with the 

objective of reducing the flooding prompted by the tsunami, e.g., seawalls, vertical or 

rubble-mound breakwaters construction.  

 Nature-based measures: Use of ecological principles and practices targeted to reduce the 

coastal flooding, e.g., beach nourishment, dunes restoration, etc.  

 Coastal planning measures: Development of codes or recommendations of good practice, 

for buildings and infrastructures, e.g. design guidelines for tsunami resilient construction, 

standards for safety and structural integrity, etc.  

Preparedness strategy is focused on generating knowledge or skills to anticipate and respond 

adequately to the impacts of the tsunami flooding.  
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 Risk Mapping: Elaboration of easy-read maps including the Hazard and Vulnerability 

variables, focused on characterizing the maximum run-up and the flooded area in case of 

tsunami. 

 Social/Institutional measures: Rising awareness programs, capacity building and 

education of the population of tsunami-prone areas.  

 Emergency measures: elaboration of tsunami warning systems, evacuation of people to 

higher lands or the evacuation of vessels to deep waters, harbors strategy in case of 

tsunami, etc.   

The NTHMP draw an interesting approach to tsunami mitigation strategy risk reduction (Eisner, 

2005) presenting what they considered the principles for planning and designing for tsunamis 

hazards: 

 Know your community’s tsunami risk, hazard, vulnerability and exposure 

 Avoid new development in tsunami run-up areas 

 Locate and configure new developments that are built in inundation areas to minimize 

future losses 

 Design and construct new infrastructures to minimize damage 

 Protect existing developments from tsunami losses 

 Take special precautions in locating and designing infrastructure and critical facilities to 

minimize damage 

 Plan for evacuation 

The hazard assessment (2.3.1) and the implementation of tsunami warning systems (2.3.2) are 

somehow preparedness mitigation measures as well, but due to their overall relevance and 

importance in this global strategy, they are commonly treated separately, as presented here.   

2.4 Research topics in this thesis 

As it was advanced in the Introduction (Chapter 1) the strategy presented in this Chapter 2 is not 

closed but in ongoing improvement. New technologies, new methodologies, new approaches are 

in continuous development to cover existing research gaps. In addition, the global application of 

the explained strategies is not always easy, due to the particularities of each region, each country, 

the absence of resources or data, etc. Each new event is studied by tsunami scientists and 

challenges them to reconsider the existing strategy and to contemplate new solutions, new paths, 

always following the same ultimate objective: The reduction of the tsunami hazard.  
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As it was also mentioned in the introduction, Synolakis and Bernard (2006), in their renowned 

paper of 2006 “Tsunami science before and beyond boxing day 2004”, defined two main 

aspects to be addressed: 

 Determination of tsunami inundation and run-up 

 Determination of tsunami forces on coastal structures 

From the point of view of the explained strategy: 

(I) The calculation of the run-up of tsunamis on coastal areas is basic to assess the tsunami 

hazard and elaborate tsunami hazard and risk maps, as set in (2.3.1). In this way, it is 

considered as part of the prevention and preparedness mitigation measures. 

(II) The determination of forces on coastal structures is the base to design tsunami resilient 

structures, which is considered here as a prevention mitigation measure (2.3.3). Coastal 

structures are the first barrier to face the tsunami, and their proper behavior delay and 

reduce the tsunami affection in the protected coastal area, diminishing the tsunami hazard 

(Takagi et al., 2014).   

 

Taking into account the objectives of the thesis (presented in 1.3) and the background of tsunami 

science explained in this chapter, in the next chapters these topics are approached, the specific 

state of the art on each one of them is visited and studied in depth, explicit existing research gaps 

are identified and, relevant solutions to cover each one of them are obtained and explained, taking 

into account the available data, tools, technology and resources.   
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3 ESTIMATION OF TSUNAMI 

RUN-UP† 

3.1 Introduction 

The calculation and analysis of run-up was initially approached by Carrier and Greenspan (1958). 

They found the exact solution for the nonlinear shallow water equations for a sloping beach with 

non-breaking regular waves. Keller and Keller (1964) derived an analytical solution for linear 

shallow water waves at a constant depth moving up a constant slope beach. This geometry has 

become the canonical problem. Synolakis (1987) extended Carrier and Greenspan's result to this 

problem by joining Carrier and Greenspan's and Keller and Keller 's solutions to provide a closed-

form solution for solitary wave run-up. Synolakis' results are remarkable, as solitary waves have 

been widely used to model tsunamis, numerically and physically. Li and Raichlen (2001) revisited 

Synolakis’s results to determine the importance of a higher order correction to the analytical 

                                                      

† This Chapter is based on Aniel-Quiroga et al., 2018b: Aniel-Quiroga, Í., Quetzalcóatl, O., González, M. 

and Guillou, L.: Tsunami run-up estimation based on a hybrid numerical flume and a parameterization of 

real topobathymetric profiles, Hazards Earth Syst. Sci, 185194, 1469–1491, doi:10.5194/nhess-18-1469-

2018, 2018. 
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approach. Later, Madsen et al. (2008) demonstrated that solitary waves do not represent the large 

scale of a tsunami, and Chan and Liu (2012) confirmed this affirmation. Madsen and Schäffer 

(2010) found closed-form solutions for the run-up of waves of several shapes; their solutions 

included other parameters, such as the period, achieving more realistic results.  

In addition, run-up has been commonly linked with the Iribarren number (Iribarren and Nogales, 

1949), also called the surf similarity parameter (Battjes, 1974). Hunt (1959) joined this parameter 

with the non-dimensional run-up of regular waves. Kobayashi and Karjadi (1994) combined 

physical and numerical simulations to derive an equation to calculate run-up, using the ratio 

between the run-up and the wave amplitude and its relationship with the surf-similarity parameter. 

Fuhrman and Madsen (2008) demonstrated that the relationship between surf-similarity and 

solitary waves was similar to that between surf-similarity and periodic waves.  

More recently, several authors have focused their work on calculating tsunami run-up by 

developing new models with other approaches. Sepúlveda and Liu (2016) presented expressions 

for the calculation of the run-up based on the parameters that defined the focal mechanism of the 

tsunamigenic seism. Park et al. (2015) defined the run-up for compound slopes, based on the work 

of Madsen and Schäffer (2010) and numerical simulations of tsunami waves on two-slope 

topobathymetric profiles. 

However, the application of these equations and formulae is not always evident, and each 

approach considers different inputs. Moreover, the parameterization presented by Carrier and 

Greenspan (1958), extended by Synolakis (1987) and modified by Park et al. (2015), is based on 

theoretical bathymetric profiles. It does not explicitly consider real profiles or the geometry of the 

whole area, from the tsunami generation zone to the flooded area. Furthermore, the numerical 

models that do consider the natural geometry of the bathymetric profiles adequately predict 

propagation, but they cannot accurately solve the flooding calculation, in addition to the other 

exposed drawbacks.  

Complementing these methodologies, this work presents an alternative methodology to calculate 

tsunami flooding at large scales and is focused on assessing the run-up. The methodology is then 

applied to further develop a database from which the tsunami run-up of new scenarios can be 

interpolated. 

The main component of the methodology is a numerical flume where the simulations are run. 

This flume was developed by combining a nonlinear shallow-water-equations model and a 

Navier-Stokes Volume-Of-Fluid (VOF) model to create a hybrid model that applies the optimal 

numerical scheme in each area of the flume. Time series of tsunami waves and topobathymetric 

profiles are used as input to calculate the run-up.  
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This hybrid model has been applied to further develop a database from which the run-up of new 

tsunami scenarios can be interpolated. This database contains an adequate representation of 

natural bathymetric profiles worldwide and the variability in tsunami wave shapes, allowing 

calculation of the tsunami run-up of new scenarios by interpolation without running a numerical 

simulation.  

The aim of this methodology is to help specialists to further develop tsunami hazard maps at large 

scales, where, as explained in the introduction (see 1.1.1), the application of numerical models is 

not computationally affordable and high-resolution data are not available. This method can be 

used to quickly estimate the run-up in tsunami-prone areas or accurately estimate the flooded area 

for new tsunami scenarios.  

The chapter is structured as follows: Section 3.2 describes the developed methodology, including 

the parameterization of realistic bathymetric profiles and tsunami wave shapes and the 

construction of the numerical flume. In section 3.3, the application of the methodology to 

calculate the tsunami run-up database is discussed, together with a sensitivity analysis of the 

influence of each parameter on the final value of the run-up. Section 3.4 includes details of the 

tool that has been developed in order to use the database to calculate new tsunami event run-ups. 

Section 3.5 presents the interpolation procedure and section 3.6 includes the validation of the 

methodology with real and numerical scenarios. Finally, section 3.7 discusses the conclusions 

drawn from this work. 

3.2 Tsunami run-up hybrid model methodology 

The run-up calculation methodology presented in this chapter consists of the numerical simulation 

of tsunami waves along real non-scaled bathymetric profiles that were previously parameterized. 

To carry out these simulations, a numerical flume was designed. This flume is formed by the 

coupling of two numerical models. 

The Cornell Multi-grid Coupled Tsunami Model (COMCOT, (Wang, 2009)) solves the nonlinear 

shallow water equations (NLSWE) using a leap-frog finite differences scheme on a 2D horizontal 

domain. In addition, the IH2VOF model solves volume-averaged Reynolds-averaged Navier-

Stokes (VARANS) equations based on the decomposition of the velocity and pressure fields into 

mean and turbulent components using a κ-ε turbulent model on a 2D vertical domain (Lara et al., 

2006). The former model is prepared to simulate the stages of tsunami propagation; meanwhile, 

the latter model is specially designed to simulate the coastal processes and wave transformations 

present when the waves reach the coastal areas. 
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In the flume, the strengths of both models are used to design a numerical space where tsunami 

waves are propagated, using COMCOT from the deep ocean (~4 km depth) to the coast, where 

the capabilities of the IH2VOF model are applied to calculate the flooding. As a result, a hybrid 

model that adequately solves the tsunami processes in both deep and shallow waters was achieved.  

Parameterized profiles and a tsunami wave time series dataset are used as input for the numerical 

flume. These inputs, the most relevant aspects of the numerical flume geometry, and the coupling 

of the models are described below. 

3.2.1 Bathymetric profile characterization 
Worldwide bathymetric profiles were analyzed, with a focus on finding a parameterization that 

properly represents natural shapes.  

To cover the existing variability in the world bathymetry, a representative sample of 50 averaged 

profiles was obtained from tsunami-prone coastal areas and basins, namely, the Pacific Ocean, 

Indian Ocean, Mediterranean Sea and Caribbean Sea (Fig.  3.1). Topographic and bathymetric 

information was obtained from the General Bathymetric Chart of the Oceans (GEBCO, 

International Hydrographic Organization, 2014), The European Marine Observation and Data 

Network (Bathymetry Consortium EMODnet, 2016) and the local bathymetry data that was 

available. The shape of these profiles was analyzed to perform an adequate parameterization.

 

 

Fig.  3.1 Distribution of sample profiles 

 

The propagation of a tsunami can affect thousands of kilometers; thus, the profiles must extend 

under both deep water and shallow water to capture tsunami generation to flooding. Considering 
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this requirement, profiles were defined from inland (50 m height) to the deep ocean (~4000 m 

depth). To avoid singularities, each defined profile is the average profile of a 10-km-wide coastal 

segment. Based on the bathymetric shapes observed in this selection, the profiles were 

parameterized using five parameters: three slopes (tan β0, tan β1, and tan β2) and two depths (d1 

and d2).Fig.  3.2 shows the five-parameter geometry.  

As an example, in Fig.  3.3, a selected profile from the Indonesian coast is shown, as well as its 

parameterized profile that was created by applying the five-parameter geometry. The parameters 

for each considered profile were fitted by using a least-squares method. 

 

Fig.  3.2 Scheme of the parameterized profiles, based on real profiles analyses. The profiles are defined by 3 

angles (tan β1, tan β2, and tan β3) and 2 depths (d1 and d2) 

 

Fig.  3.3 Sample of measured topobathymetric profiles on the Indonesian coast, as well as the mean and 

parameterized profiles. GEBCO was used as source for the topobathymetric data 

 

The maximum and minimum values of the 5 parameters are shown in Table 3.1. These values 

cover a wide range of the profiles that can be found in nature. Despite not including all the existing 
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geometries, the maximum and minimum values certainly provide enough information to 

characterize the topobathymetric profiles. 

Table 3.1 Maximum and minimum values of the profile parameters 

Parameter Min Max 

d1 20 m 1100 m 

d2 2200 m 6000 m 

tanβ0 5.0e−4 1.5e−1 

tanβ1 5.0e−4 2.5e−2 

tanβ2 1.0e−2 2.0e−1 

 

3.2.2 Initial tsunami wave characterization 
The numerical flume described in detail in the next subsection requires not only the topo-

bathymetric profile characterization but also the characteristics of the tsunami waves as input. To 

use these data as input for the hybrid model, a time series of the offshore wave amplitude must 

be provided. These time series could be obtained from either records of real tsunamis, e.g., from 

DART buoys, or from the results of numerical model tsunami propagation. In this case, COMCOT 

(Wang, 2009) was adopted. This model calculates all stages of tsunami modeling (generation, 

propagation and coastal flooding).  

The generation of the tsunamis in COMCOT is approached via elastic finite fault plane theory, 

using the so-called Okada model (Okada, 1985). This model assumes an idealized rectangular 

fault plane as a representation of two colliding tectonic plates. The Okada model requires 7 focal 

mechanism parameters as input to calculate the initial deformation of the water surface due to the 

earthquake. These parameters are the focal depth (hfocal), rupture length (L) and width (W) of the 

fault plane, dislocation (D), strike direction (θ), dip angle (δ) and slip (rake) angle (λ). A 

simulation of the numerical model provides the wave amplitude time series to be used as input 

for the hybrid model.  

3.2.3 Numerical flume geometry 
The dimensions of the numerical flume vary with the profile characteristics, adapting the domain 

for each simulation. The geometry of the flume is shown in Fig.  3.4. The total length L of the 

flume is split in two components: Loff is the submerged part of the profile and Li is the inland part 

of the profile. 
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Fig.  3.4 Numerical flume geometry, including the 5 parameters that define each profile (tan β1, tan β2, tan β3, d1 

and d2) and the general location of xcut, where numerical models are coupled 

L is determined for each simulation according to the profile parameters (tan β1, tan β2, tan β3, d1 

and d2), and the tsunami wavelength is	 , where T and H are the tsunami wave period 

and height and g is the gravitational acceleration: 

 

1
50

 

 

1.2
10 Δ

Δ  

 

 where Δx is the resolution (cell size) of the simulation with the COMCOT numerical model, as 

described in detail in the next section. 

The IH2VOF domain is located in the shallowest part of the profile, with a sufficient area of the 

inland domain to obtain an accurate measurement of run-up and an area as long as possible for 

the wave propagation. 
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3.3 Numerical models coupling 

The coupling of the numerical models was focused on accurately locating the border position 

between the models, xcut (see Fig.  3.4). This location is optimized in the domain of the IH2VOF 

model for every tsunami scenario, since that area is the most computationally demanding. Two 

criteria are followed for this optimization: 1) maximize the area of the IH2VOF domain and 2) 

simultaneously ensure that the flooding does not exceed the inland end of the IH2VOF domain. 

To achieve this optimization, it is necessary to know a rough value of the run-up in advance in 

order to fit the inland part of the grid. In this sense, the more accurate the rough estimate of the 

run-up is, the fewer inland cells are wasted (without flooding), meaning that the IH2VOF 

performance is optimized. Clearly, the complete run-up must be fully covered by this model 

domain, meaning that the vertical length of the onshore grid Lz must be adequate. To determine 

this horizontal length in advance, each simulation is precalculated with only COMCOT to obtain 

an approximation of the run-up of the considered tsunami scenario. 

The transference of data between models occurs at xcut. IH2VOF requires as input a time series of 

sea surface deformation and a velocity profile; hence, these data are obtained as an output of the 

COMCOT model. Nevertheless, in most cases, the tsunami wavelength λ is considerably longer 

than the length of the IH2VOF grid Lx (λ> Lx). Therefore, before the entire wave has passed xcut, 

the reflected wave has already reached back to that point; therefore, the amplitude tsunami wave 

series from COMCOT used in IH2VOF along xcut would be "contaminated" with the reflected 

wave.  

To avoid this situation, a second simulation with only COMCOT is performed for the considered 

scenario. In this simulation, the topobathymetric profile is the same, but β0 is set to 0 from xcut, 

and the right inshore boundary is left open (see Fig.  3.5 ). This approach minimizes the influence 

of the reflection, allowing the input data that COMCOT transfers to IH2VOF to be accurately 

obtained at the xcut position. 



  3 Estimation of tsunami run-up 

37 

 

 

Fig.  3.5 Numerical flume geometry with a modified profile to avoid the reflection phenomena on the xcut 

position 

To attest the effectiveness of this approach, an example of the wave height propagation of a 

tsunami wave with H=5.6 m for T=40 minutes in the numerical flume is shown in Fig.  3.6. Fig.  

3.6a shows the propagation of the wave height in the unaltered flume with the reflection effects, 

and Fig.  3.6b shows the same propagation in the modified flume, in which the reflection effects 

are minimized. In the plots in Fig.  3.6, the x-axis is along the length of the flume, the y-axis is 

the time of the simulation, and the xcut position is marked as a red line. The example wave enters 

the flume after 10 minutes (600 seconds) of simulation and propagates towards the coast (zero on 

the x-axis), reaching the xcut position after 30 minutes (1800 s) of simulation. At the xcut position, 

a reflected wave on the order of 1 m height is reduced by 95%, making it possible to obtain the 

boundary conditions for the IH2VOF simulation. 
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Fig.  3.6 Propagation of a tsunami wave in the numerical flume on the distance-time plane. xcut position is 

indicated on the plane with a red line. a) In the initial domain, a reflected wave is observed, aliasing the 

boundary condition for the IH2VOF domain. b) The modified domain, in which a constant infinite depth is 

modeled after the xcut position. In this case, the reflection of the wave is eliminated, allowing the boundary 

conditions for the IH2VOF model to be obtained 

 

Therefore, to sum up, the procedure to simulate the propagation of a tsunami wave in the 

numerical flume follows the following steps: i) COMCOT domain design based on the profile 

parameters and tsunami wave; ii) COMCOT simulation to obtain a first estimate of the expected 

run-up; iii) design of the IH2VOF domain, based on the run-up estimation; iv) calculation of the 

position of xcut; v) design of the COMCOT domain inland with a modified profile to eliminate the 

effect of the reflected wave; vi) COMCOT simulation to obtain the boundary conditions (input) 

for the IH2VOF simulation; vii) IH2VOF simulation and viii) run-up determination in the 

IH2VOF domain.  

To assess the tsunami hazard in a tsunami-prone area, this model can be applied to several profiles 

all along the studied coastal area. The methodology provides the run-up at each of the profiles, 

allowing the flooded area to be estimated as an envelope of the run-up limits. 
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3.4 Application example: further development of a 

tsunami run-up database 

The presented hybrid model was created with the aim of applying it to generate a tsunami run-up 

database (TRD) from a combination of bathymetric profiles and tsunami waves. The objective of 

this database is to create an interpolation space that allows the instant evaluation of the tsunami 

run-up, without needing to run numerical simulations. 

This database contains the run-up of tsunami scenarios that are combinations of parameterized 

tsunami waves and parameterized bathymetric profiles. These scenarios have been simulated 

within the described numerical flume.  

The following section is focused on explaining the details of the development of the TRD, the 

selection of the bathymetric profiles and tsunami waves, and the simulations run with the hybrid 

numerical model. Finally, an interpolation tool, which was developed ad hoc to apply the database 

to the instantaneous estimation of the run-up, is presented. 

3.4.1 TRD bathymetric profiles 
The parameterization of the 50 bathymetric profiles that were selected worldwide (see Fig.  3.1 

and Table 3.1) were added to the TRD. The 5 parameters of each of these 50 measured profiles 

were obtained by means of a least-squares fitting method.  

To increase the number of cases included in the TRD, more realistic profiles were added as 

combinations of the 5 parameters. To generate these profiles, the ranges of the values of each 

parameter over the 50-profile sample set were analyzed, with a focus on identifying trends or 

rules that characterize their variability. The new profiles follow these trends, avoiding the 

inclusion of unrealistic combinations of parameters (e.g.,  was always shorter than 2200 

m and x1 was always shorter than 210 km). By using these realistic combinations of parameters, 

the TRD was expanded to 5000 profiles. 

Finally, from those 5000 profiles, a selection of 49 profiles was made by means of the maximum 

dissimilarity algorithm (Camus et al., 2011). These 49 profiles assure a maximum variability in 

the profiles to further develop the TRD. The 49 chosen profiles are given in Fig.  3.7 
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Fig.  3.7 Scheme of the 49 profiles chosen for the TRD, by applying the Maximum Dissimilarity algorithm to 

the 5000 created cases 

3.4.2 TRD tsunami wave parameterization 
The tsunami waves for the TRD were obtained by means of simulations of realistic scenarios 

using the COMCOT model. Based on these simulations, the tsunami waves were characterized 

by 2 parameters: tsunami wave height (H) and period (T) at the depth d2. 

To generate the tsunami wave shapes with COMCOT, an infinite horizontal domain with a 

constant water depth was used. In the analyses of the seven focal mechanism parameters (see 

3.2.2), some simplifications were assumed. First, to generate higher tsunami waves, the three 

angles were fixed to the combination that provides the maximum tsunami height, i.e., θ=0°, δ=90° 

and λ=90°. Second, D was defined in Table 3.2, and a width of /6.25 ⁄  is obtained 



  3 Estimation of tsunami run-up 

41 

 

by assuming a rectangular fault with proportion ⁄ 2.5 and using the M0 formulation (Table 

3.2). Finally, Kanamori and Anderson (1977) provided a relationship between the seismic 

moment and earthquake magnitude: 2 3⁄ log	 6.07.   

Table 3.2 Formulations used in the definition of the parameters of the tsunami waves included in the addition 

to the database 

Formulation Definitions Source 

D=γL γ=6.5×10−5 (Scholz and Harris, 2002) 

Mo=µSD S=LW; µ=2.5×1011 Aki (1972) (Burridge, R.  and Knopoff, 1967; Steketee, 1958) 

 

Taking these parameters into account, the tsunami waves can be obtained in terms of earthquake 

magnitude (Mw), focal depth (hfocal) and water depth (d). Therefore, the influence of these three 

parameters on the tsunami wave height and period was explored and depicted in a general scheme 

in Fig.  3.8. As it could be intuitively expected, the higher the magnitude of the earthquake is, the 

higher the tsunami wave height; however, the deeper the focal depth is, the lower the tsunami 

wave height. On the other hand, regarding the tsunami wave period, the period increases with the 

earthquake magnitude or focal depth. The water depth in the rupture area affects only the tsunami 

period, which increases when this depth decreases. 

 

 

Fig.  3.8 General scheme of the tsunami wave height (H) and period (T) behavior in relation to the water depth 

(d) in the generation area and earthquake focal depth (hfocal) and magnitude (Mw) 

Following this characterization, a set of tsunami waves was selected, covering period values from 

5 to 40 minutes and wave height values in the source area (depth d2) from 0.2 to 2.0 m. In 

generation areas, tsunami waves are commonly within these ranges (Papadopoulos, 2016). The 
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considered waves are peak or positive waves, meaning that the wave height was considered from 

the sea level. The tsunami wave heights (from A to K) and periods are given in Table 3.3. The 

interpolation is limited to the H and T ranges included in the database. The incorporation of new 

waves will complement the existing wave database and increase the range of application of the 

methodology. 

Table 3.3 Tsunami wave height and period at the source area for the current events included in the TRD 

Name Height (m) Period (mins) 

A 1.6 35 

B 0.5 35 

C 0.5 8 

D 0.2 5 

E 1.5 15 

F 0.5 15 

G 1.5 25 

H 0.5 25 

I 1.0 35 

J 1.0 15 

K 1.0 25 

 

3.5 Run-up estimation by interpolation of the TRD 

The procedure explained at the end of section 3.3 was followed to calculate the run-up of the 

combination of the tsunami waves and the 49 topobathymetric profiles. Therefore, the TRD is 

increased by 539 scenarios, provided by 7 parameters (tanβ0, tanβ1, tanβ2, d1, d2, H and T). These 

simulated scenarios constitute the 7-dimension interpolation domain in which new run-up 

calculations are carried out. The interpolation procedure and the result of its application are 

described next. A tool to calculate the run-up by interpolation was developed. This tool allows 

the simultaneous analysis of the influence of each parameter on the final value of the run-up. 

3.5.1 The interpolation tool (IH-TRUST) 
To interpolate the value of the run-up for new scenarios, a numerical tool was programmed. This 

tool, called Instituto Hidráulica-Tsunami Run-Up Simulation Tool (IH-TRUST), processes the 

profile and wave data to calculate the run-up, and it performs an interpolation of the 7 parameters 

considered in the TRD. IH-TRUST consists of three modules, or elements (Fig.  3.9). 
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Fig.  3.9 IH-TRUST interface, showing its 3 elements: the bathymetric profile, the tsunami wave 

parameterization and the run-up calculation 

In the first element, the tool calculates the parameterization of the real topobathymetric profile 

into 5 parameters: tanβ0, tanβ1, tanβ2, d1, and d2. This parameterization is approached by means 

of a least-squares fitting. An example of the fitting of a profile is shown in Fig.  3.10, in which 

the main plot shows the quadratic error in terms of distances X1 and X2, and the star indicates the 

minimum error, which is consequently the position of the best set of five parameters. The subplot 

shows the original profile and the parameterized profile. Afterwards, the tool verifies that the 

parameterized profile is included in the ranges of the parameter values contained in the 

interpolation space. 
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Fig.  3.10 Parameterization of the bathymetric profiles. The figure maps the Erms values as a function of the 

distance from the coast to d1 (X1) and the distance from the coast to d2 (X2) obtained during the process of 

finding the best parameters for a profile. In the subplot, the original profile and the parameterization are 

shown 

 

Fig.  3.11 shows a representation of all the profile domains in black and the introduced profile in 

red. A set of bars indicates the acceptable values for each parameter, and a star marks the position 

of each parameter for the new profile. 

 

Fig.  3.11 Fitting of a topobathymetric profile in the TRD. Each parameter value (left) and parameterized 

profile shape (red) for the profiles are included in the TRD (black) 
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In the second element, IH-TRUST calculates the values of the H and T of the tsunami wave to be 

assessed at depth d2. The tool reads a time series containing the tsunami shape and calculates H 

and T. T corresponds to the time between the first two zero crossings for positive heights, and H 

is the maximum wave height observed within period T, but the tool allows to manually set the 

period within the time series, if desired (Fig.  3.12). 

 

Fig.  3.12 Tsunami wave profile parameterization in the IH-TRUST tool, including the part of the tsunami 

time series considered (in red) to calculate the period T and the height H 

 

After the wave parameters are calculated, IH-TRUST checks if the tsunami wave fits in the 

interpolation domain of the database. Fig.  3.13 shows the tsunami waves included on the 

database, the area where the interpolation is valid and the position of the tsunami wave that is 

being studied. 
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Fig.  3.13 Tsunami wave height and period cases included in the database. The point corresponding to any new 

wave should fall in the green shadow in order for it to be able to be interpolated with the generated TRD 

 

Finally, in the third element of IH-TRUST, the results of the calculation of the run-up Ru is given 

based on the profile parameters and the tsunami wave. The interpolation (Fig.  3.9) is calculated 

by means of the RBF (Camus et al., 2011) and linear and nearest interpolation methods. In 

addition, the horizontal flooding distance X is calculated using the inland slope. The tool uses an 

RBF interpolation by default, but the nearest or linear methods are also available, since they are 

useful to calculate events that plot closer to the boundary of the valid interpolation area. 

3.5.2 Influence of the profile parameters on the tsunami run-up 
The TRD and IH-TRUST were used to explore and analyze the influence of each parameter of 

the profile on the final value of the run-up. This analysis was approached by evaluating scenarios 

in the TRD. Although it is out of the scope of this tesis, to understand the influence of each 

parameter of the bathymetric profile, several tests were conducted with a mean profile 

(tanβ0m=0.080, tanβ1m=0.09, tanβ2m=0.110, d1m=500, and d2m=4350) and by varying only one of 

the 5 parameters that define the profile at a time; additionally, several values of H and T inside 

the boundaries of the domain were considered. 

For each pair of values of H and T, 4 of the 5 profile parameters were kept constant, and the run-

ups were calculated using IH-TRUST with the TRD by varying the 5th parameter. 

The effect of the variation in Ru/H as a function of the parameters are shown in Fig.  3.14 and 

Fig.  3.15. 
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Fig.  3.14 Maximum run-up (normalized by wave height) as a function of the profile slopes (tanβ0, tanβ1, and 

tanβ2) of the parameterized profiles for different wave heights. 

The continental slope effect (Fig.  3.14), parameterized as tanβ2, produces a maximum Ru when 

tanβ2 is close to tanβ1, reproducing a single slope profile. For smaller tanβ2 values, Ru decreases 

rapidly due to wave shoaling. Low values of tanβ2 also indicate a large platform with a low slope, 

where the shoaling increases the wave height and the wave energy diminishes gradually due to 

bottom friction until wave breaking occurs. Thus, the energy flux that reaches the shore decreases 

with the run-up height. The profile typology characterized by a low value of tanβ2 is closer to 

Synolakis’s canonical problem. 
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Fig.  3.15 Maximum run-up heights as a function of the profile slopes (d1 and d2) of the parameterized profiles 

for different wave heights 

The higher the tanβ2 is, the shorter the platform, reducing the energy dissipation and allowing the 

slopes to have similar tanβ0 and tanβ1; this maximizes the run-up height.  

Regarding tanβ1, when d1 is constant (Fig.  3.14), the higher tanβ1 is, the shorter the length of the 

shelf, reducing tsunami wave shoaling. In this case, the wave steepness increase drastically near 

the coast and breaks abruptly, triggering a considerable dissipation of energy within a short length; 

this effect reduces both the energy flux on the coast and the run-up. 

Finally, the influence of tanβ0 on the final value of the run-up is less important than those of tanβ1 

and tanβ2. The run-up decreases as tanβ0 increases. Due to the effect of gravity, the flow ascends 

less if greater slopes are present. This aspect is strengthened by the reflection of the energy.  

The behavior described above can be classified into four types of profiles, in terms of tanβ1 and 

tanβ2 for a constant d1, shown in Fig.  3.16. Profile types A) and B) have a tanβ2 lower and higher 

than tanβ1, respectively, and profile types C) and D) have a fixed tanβ2 and tanβ1 is lower and 

higher than tanβ2, respectively. Of these four cases, the maximum Ru is observed when tanβ2 is 

approximately tanβ1, but important differences are observed because the slopes differ. In profile 

types A) and D), the wave dissipation is important to reducing the wave amplitude and 

consequently the final run-up. Otherwise, B) and C) probably reflect typical profiles, in which 

shoaling is the most important process affecting the wave propagation. 
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Fig.  3.16 The four types of possible profiles: a) tanβ2 < tanβ1; b) tanβ2 > tanβ1; c) tanβ1 < tanβ2; and d) tanβ1 > 

tanβ2. Discontinuous lines indicate possible profiles for each type 

The influence of depths d1 and d2 is shown in Fig.  3.15. For deeper continental shelf depths d1, 

the shelf is wider and, consequently, the bottom friction affects the wave over a longer profile, 

creating a run-up smaller. For a constant tanβ1, lower values of d1 represent a shorter continental 

shelf, and abrupt and dissipating wave breaking. Moderate values of d1 are characterized by a 

gradual tsunami wave shoaling, during which the bottom friction allows a maximum run-up. From 

that critical point, higher values of d1 mean a longer continental shelf, generating a larger frictional 

area, reducing the energy flux that reaches the shore and consequently diminishing the run-up.  

In Fig.  3.15b, it can be observed how the run-up increases almost linearly with d2. The effect of 

d2 in the run-up is similar to the effect of tanβ2. The shallower d2 is, the greater the shoaling and 

the higher the wave. The wave energy diminishes gradually due to bottom friction until wave 

breaking, which depends on the tsunami wave height. In addition, it was found that although the 

variations in wave height produce different Ru/H values for the same profile, the influence of the 

variation in the wave period is negligible. Therefore, different wave heights but not different 

periods are shown in Fig.  3.14 and Fig.  3.15. 

Finally, these results highlight the importance of using an accurate geometry to define the run-up. 

The influence of d2 and tanβ2 in the final run-up estimation is considerable, and the use of 

complete profiles, from the generation area to the coast, is necessary but not considered in 

traditional approaches and simplifications. 
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3.6 Validation of the methodology with numerical test 

results and observational data 

The methodology presented here aims to calculate the tsunami run-up in coastal areas. This 

calculation can be applied to study the run-up of historic events but also to calculate the run-up 

of potential scenarios, which are the primary focus. These potential cases are used to evaluate 

tsunami hazard and the flooded area when a tsunami occurs. As mentioned in the introduction, 

run-up is commonly assessed by means of numerical simulations.   

Therefore, to validate this methodology/tool, the results of its application have been compared 

with both high-resolution numerical simulations of potential events and historical tsunami run-up 

scenarios.  

The results of these comparisons are detailed in the following subsection, which is focused on 

describing the strengths and limitations of the methodology for each case. 

3.6.1 Validation with numerical model simulations 
This validation was carried out as follows: first, a topobathymetric profile of the study area was 

obtained using the GEBCO database. On that profile, a point was selected offshore, and the time 

series of the tsunami was extracted at that point from the COMCOT numerical simulation of the 

event. Using the topobathymetric profile and the time series as input for the IH-TRUST tool, the 

run-up was interpolated by using the created database. The interpolated run-up was then compared 

to the run-up obtained by using the high-resolution numerical simulation of the potential scenario.  

Three numerically simulated scenarios with high resolutions have been selected for the validation. 

All these scenarios are from real projects, studies and published papers that were focused on 

analyzing and assessing the tsunami hazard in coastal areas worldwide and characterizing the 

potential flooded areas due to tsunami events in the selected zones. These simulations used high-

resolution topographic and bathymetric data to construct grids with 30 m cells. 

3.6.1.1 Tsunami scenario in Trujillo, Peru 

The results of the application of the methodology were compared to the results of a high-

resolution numerical simulation of a magnitude 8.5 event in the subduction zone located along 

the coast of Trujillo, a municipality in northern Peru. This synthetic scenario represents the event 

that occurred in this zone in 1619 and is part of the study Probabilistic evaluation of the hazard 

and vulnerability under natural disasters in the metropolitan area of Trujillo, funded by the (IDB) 

Inter-American Development Bank (IHCantabria, 2013). The numerical simulation used a 30-m-
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resolution grid to accurately calculate the flooded area for a tsunami wave height and period of 

approximately 1.5 m and 400 s at a depth of 3000 m. 

 

Fig.  3.17 Flooded area in the municipality of Trujillo in Peru, due to a tsunami triggered by an 8.5 magnitude 

earthquake, including 3 selected profiles with the run-up obtained by using the numerical model. The 

coordinates of the exact locations where the run-up was estimated are provided in Table 3.4 

In Fig.  3.17, the flooded area map of Trujillo, as well as the selected profiles, are shown. In the 

study, the numerically calculated run-ups at those profiles (Fig.  3.18) were 8.9, 10.6 and 12.8 m. 

The corresponding values for the run-up obtained by interpolating the TRD with the IH-TRUST 

tool were 8.8, 10.5 and 11.6 m (see Table 3.4). Compared to the results of the numerical 

simulation, these 3 values from the 3 zones of the study area provide a good approximation of the 

tsunami flooding. 
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Fig.  3.18 Topobathymetric profiles selected in Trujillo, Peru to validate the methodology. The 

topobathymetric profile (blue) and the parameterized profile (red) are compared 

3.6.1.2 Tsunami scenario in La Libertad, El Salvador 

Following the same procedure, a validation case was addressed in El Salvador. The event is a 

potential scenario of an earthquake of magnitude 8.1 along the El Salvador Trench, which is in 

the subduction zone along the El Salvador coast. The study area is the flat area of La Libertad, on 

the western side of this Central American country. This high-resolution numerical simulation is 

part of the project Tsunami Risk Assessment in El Salvador, financed by AECID (Spanish Agency 

for International Cooperation and Development) during the period 2009–2012 (Álvarez-Gómez 

et al., 2013). The resolution of the numerical simulation was 30 m, and the grid that was built for 

the propagation and inundation calculations used data from local bathymetric campaigns and 

high-resolution topographic studies. The tsunami wave height and period at a depth of 3000 m 

were approximately 0.9 m and 700 s. 

 

Fig.  3.19 Flooded area in the municipality of La Libertad in El Salvador, due to an 8.1 magnitude event with 

epicenter along the coast of this Central American country. The exact locations where the run-up was 

estimated are provided in Table 3.4 

In Fig.  3.19, the flooding map that was part of this project is shown, and in the same figure, the 

selected profiles have been superimposed. In this simulation, the run-ups obtained at the three 
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profiles in Fig.  3.19 were 5.2, 5.5, and 6.3 m. The corresponding run-ups obtained by 

interpolating the TRD with the IH-TRUST tool were 6.2, 6.1 and 7 m. 

3.6.1.3 Tsunami scenario in Muscat, Oman 

As part of the Multi Hazard Risk Assessment System of Oman (Aniel-Quiroga et al., 2015), more 

than 3000 potential tsunami events were numerically modeled. A selection of these events were 

selected to assess the tsunami hazard for some specific municipalities in Oman by means of high-

resolution numerical simulations of the generation, propagation and inundation processes, with a 

30 m grid. One of these cases was an extreme event of magnitude 9.0 with epicenter in the Makran 

Subduction Zone (MSZ). For the capital city area, Muscat, the resultant flooding map is shown 

in Fig.  3.20; the profiles that were selected for the validation are superimposed on this map. The 

tsunami wave height and period offshore were approximately 2 m and 2300 s. In these cases, the 

measured run-ups at each profile were 6.2, 8.7, and 7.7 m. The corresponding run-ups calculated 

with the new database were 6.3, 8.5, and 7.8 m. 
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Fig.  3.20 Flooded area in the municipality of Muscat, capital city of Oman, due to a 9.0 magnitude event with 

epicenter in the Makran Subduction zone. The extracted locations where run-up was estimated and the run-up 

values, both modeled and estimated with the IH-TRUST tool, are provided in Table 3.4 

 

Table 3.4 summarizes the results obtained for the validation with the high-resolution simulations 

in the three scenarios. The run-up values, both those calculated with the numerical model and 

those estimated with the proposed database and detailed methodology described above, have a 

similar magnitude; as can be seen, the results obtained interpolating the TRD with the IH-TRUST 

tool are accurate enough to rely on the results of the presented methodology.  

Table 3.4 Tsunamis scenarios included in the validation process of the database and tool. The numerical model 

column includes the run-up obtained with the high-resolution numerical simulations and can be compared to 

the estimations from the application of the IH-TRUST and Synolakis formula 

  

Coordinates of the run-up 
point 

 

Run-up (m) 

PLACE PROFILE LON LAT  
NUMERICAL 

MODEL 
IH-TRUST SYNOLAKIS 

Trujillo  
(Perú) 

P1 -79.076 -8.114  10.6 10.5 8.2 

P2 -79.037 -8.134  8.9 8.8 8.1 

P3 -79.000 -8.166  12.8 11.6 9.9 

La Libertad 
(El 

Salvador) 

P1 58.211 23.657  5.3 6.2 6.9 

P2 58.269 23.600  5.5 6.1 7.0 

P3 58.389 23.597  6.3 7.0 6.9 
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Muscat  
(Oman) 

P1 -89.329 13.483  6.2 6.4 8.2 

P2 -89.318 13.487  8.7 8.6 8.8 

P3 -89.283 13.486   7.7 7.9 10.4 

 

Fig.  3.21 shows this comparison in a Q-Q plot, in which the fitting between the modeled and 

calculated run-up values is noted (R2=0.986). In addition, the estimated run-up from the new 

methodology is better than the result of the Synolakis formula, which generally overestimates the 

run-up. 

 

Fig.  3.21 Plot of the numerically modeled run-up against the calculated run-up values for the validation cases. 

3.6.2 Validation with data recorded during field campaigns after real 
events 
The low frequency of major tsunami events make field campaigns taken immediately after such 

events invaluable. These field campaigns allow the evaluation of the developed strategies of risk 

reduction and the creation of new, more accurate strategies. From a pragmatic point of view, the 

data collected during these campaigns allow scientists and engineers to validate or calibrate 

numerical models and methodologies. In this case, this type of validation has been addressed 

using the available field data of the events in Japan (2011) and Chile (2010 and 1960). The 

bathymetric profiles used in the validation have been constructed using GEBCO. The tsunami 

wave time series have been obtained from the data available from DART buoys (Meinig et al., 

2005) or numerical simulations of accurate sources; this process is explained in detail later in the 

chapter. The results of the application of the methodology have been compared to observational 

data recordings and field survey papers. 



Tsunami coastal impacts assessment   

56 

 

3.6.2.1 2011 tsunami on the coast of Japan affecting the Pacific basin 

On the 11th of March, 2011, a 9.0 earthquake, which had an epicenter close to the coast of Japan, 

triggered a tsunami that reached the coast of Japan within one hour. This tsunami wave propagated 

across the Pacific Ocean, reaching the U.S. West Coast in 10 hours and the coast of Chile in 21 

hours.  

The tsunami wave time series used for this validation have been obtained from the data available 

from DART buoys (Meinig et al., 2005). The results were compared with the observed run-up 

(National Geophysical Data Center NOAA). 

It is essential to highlight that the application of the new run-up estimation methodology is 

restricted to the profiles and wave shapes whose parameters fall inside the ranges covered by the 

database (see Table 3.1). Therefore, the use of the methodology is limited to these cases. An 

example of non-applicability occurs when the tsunami height and period are obtained (d2) in a 

shallow area of the ocean or when the generation zone is too close to the study area and a complete 

time series of the tsunami wave cannot be properly recorded at an adequate depth.    

 

Fig.  3.22 Validation with DART buoy time series. 4 DART buoys were used, and their data were applied to 

several bathymetric profiles to validate the methodology. The locations of the points where the run-up was 

estimated are included in Table 3.5 

In the case of the Japan 2011 event, due to the proximity of the coast, it was not possible to obtain 

a complete time series between the epicenter and Japan, and the validation has been carried out 

in other areas of the Pacific Ocean, using four DART buoy records (near Hawaii, California, and 
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Papua-New Guinea). The names and locations of the DART buoys used are given in Table 3.5. 

This table also includes the names and locations where the run-up was estimated with the data of 

each DART buoy, the run-up value recorded in the field surveys at those locations, and the 

estimated value of the run-up by using the new methodology and by applying the Synolakis 

formulation, both by using the new methodology and by applying the Synolakis formula 

(calculating the tsunami wave height at a depth of 10 m using Green’s law. The buoy locations 

are also included in Fig.  3.22. 

 

Table 3.5. Validation with DART buoy time series of the Japan 2011 event. 4 DART buoy datasets were used 

on several bathymetric profiles to validate the methodology. Location names correspond to those given by the 

National Geophysical Data Center (NOAA). Synolakis run-up was estimated by applying the so-called Green’s 

Law to the time series of the DART buoys to obtain the tsunami height near the coast. 

DART Buoy       Run-up (m) 

# LON LAT 
DEPTH 

(m) 
LOCATION LON LAT SURVEY 

Synolakis + 
Green 

IH-
TRUST 

51407 -156.5 19.620 4771 P1 Wawalolo -156.05 19.71 2.4 3.8 2.0 

Hawaii 

   P2 OldAirport -156.01 19.64 3.1 3.8 2.0 

   P3 Kahaloo -155.97 19.58 2.0 3.8 2.4 

      P4 Keel -155.93 19.46 3.0 3.8 2.8 

46412 -120.7 32.250 3776 P6 Ocean Beach -117.26 32.74 1.0 1.9 1.5 

California 

   
P7 Marina del 
Rey 

-118.45 33.98 1.0 1.9 1.9 

      
P5 Channel 
Islands 

-119.22 34.15 1.2 1.9 1.4 

46411 -127.0 39.340 4319 P9 Jenner River -123.1 38.43 1.0 2.7 1.1 

California       P8 Dolphin isle -123.8 39.43 1.0 2.7 1.3 

52403 145.52 4.020 4474 P10 Holtekamp 140.779 
-

2.627 
2.0 2.3 1.7 

Papua-New 
Guinea 

      P11 Pelabuham 140.368 
-

2.461 
1.3 2.3 1.4 

 

As it can be inferred from the application of the methodology, the run-up estimated values are on 

the same order of magnitude as the recorded inundation; generally, the results are accurate. These 

results are also closer to the observed run-ups than those obtained by applying Synolakis formula, 

which often overestimates the run-up. 

3.6.2.2 Chilean coast tsunamis (2010 and 1960) 

When no real record is available to determine the offshore wave shape (DART buoys), the main 

issue is the correct definition of the tsunami source to compute an accurate numerical simulation. 
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Although there is no shortage of uncertainties in the determination of the source, the tsunami 

initial surface deformation models that have been developed are accurate (Barrientos and Ward, 

1990). As an alternative validation approach, two of these models have been used to validate the 

new run-up estimation methodology with the events that occurred in Chile in 2010 and 1960. 

 

Fig.  3.23 Profiles and locations used in the validation of the new methodology by using the run-up recorded 

after the tsunami events of 2010 (a) and 1960 (b) in Chile. The locations of the points where the run-up was 

estimated are included in Table 3.6 

 

On the 27th of February, 2010, an 8.8 magnitude earthquake with epicenter on the coast of Chile 

triggered a tsunami that reached the Chilean coast in less than 30 minutes. In the Bio-Bio region, 

the run-up was recorded at several locations (Fritz et al., 2011). To apply this methodology, first, 

a rough numerical simulation of the generated tsunami was addressed. This simulation used the 

source definition by (Shao et al., 2010) and gridded the GEBCO data with 700 m cells (see Fig.  

3.23). From this simulation, the profiles and wave amplitude time series in the generation area 

were obtained. The tsunami wave height and period recorded at each location and the result of 

the interpolation from the further improved database for each corresponding profile are given in 

Table 3.6.  
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The optimal application of the run-up estimation methodology is achieved at the locations 

sufficiently far from the source, as explained in the previous subsection. The result at these points 

(1, 2, 3, 8, 9 and 10) have the same order of magnitude of the recorded run-up from Fritz’s survey. 

In the locations in front of the source, the initial deformation of the water surface did not allow a 

complete time series to be obtained to estimate the tsunami wave height and run-up.  

Regarding the 1960 earthquake and tsunami in Chile (Lomnitz, 2004) (Fig.  3.23), this earthquake 

is considered the greatest earthquake ever recorded, and the numerical simulation computed for 

the validation used the source by Barrientos and Ward (1990). The run-up data for the validation 

was obtained from the NOAA global historic tsunami database. In this case, the data are mainly 

from eyewitness testimony. 

In Table 3.6, the results of the application of the methodology at 7 locations and the recorded run-

up are given. In this case, the tsunami wave height at 3 of the locations (P13, P14, and P15), was 

such that the profiles were not within the database application ranges. The other 4 locations 

provided good results that are on the same order of magnitude as the observed run-up. 

In the application of the new methodology to the Chile events, the tsunami wave height used for 

the interpolation came from a numerical simulation, and the results were compared to real run-up 

records. Although the validation inherits the uncertainties of the source, the results are accurate, 

taking into account the limitations explained above. 

Table 3.6 Validation of the methodology with the results of numerical simulations of realistic sources of the 

1960 and 2010events on the coast of Chile. Fritz et al. (2011) survey results were used to validate the results 

from the new methodology for the Chile 2010 event. NOAA´s National Geophysical Data Center data were 

used to carry out the comparison with the 1960 event 

     Run-up (m) 

  PROFILE LOCATION LON LAT SURVEY IH-TRUST 

2010 event 

P1 Ritoque -71.528 -32.826 3.4 1.39 

P2 Cartagena -71.602 -33.542 4 1.93 

P3 El Yali -71.717 -33.751 2.1 3.47 

P4 Pichilemo -72.005 -34.384 5 N/A 

P5 Llanco -72.623 -35.584 11.4 N/A 

P6 Mela -72.852 -36.36 3.1 N/A 

P7 Playa -72.911 -36.478 6.6 N/A 

P8 Ranquil Bajo -73.596 -37.526 5.7 2.2 

P9 Mouth of Lieu Lieu -73.449 -38.097 2.3 2.2 

P10 Puerto Saavedra -73.701 -38.783 2.5 2.3 
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1960 event 

P11 Tome -72.962 -36.619 2.5 3.4 

P12 Lebu -73.674 -37.608 4 4.6 

P13 Punta Saavedra -73.407 -37.608 11.5 N/A 

P14 Valdivia -73.411 -39.844 10 N/A 

P15 Ancud -73.828 -41.859 12 N/A 

P16 Chiloe -74.176 -42.465 10 9 

P17 Guafo -74.83 -43.578 10 10.2 

 

3.7 Conclusions 

The calculation of the flooding that a tsunami causes inland is addressed when a tsunami risk 

assessment is conducted. For a historical event, the assessment determines the limit of the affected 

area. In addition, the predictive evaluation of this flooded area, based on the potential tsunami 

scenarios that can affect it, allows prevention and mitigation measures to be established, helping 

to reduce the risk. 

However, the calculation of this flooded area, particularly the assessment of the run-up, is not 

always direct. Occasionally, there are no high-resolution data that allow the application of 

numerical models. In addition, the accuracy of the existing empirical formulae can be improved, 

since they do not take into account natural topobathymetric profiles from the propagation to the 

inundation areas.  

In this chapter, an alternative methodology that complements the existing ones has been 

presented. This methodology consists of a numerical flume formed by the coupling of two 

numerical models (COMCOT and IH2VOF). The developed hybrid model is applied to each part 

of the generation-propagation-inundation process and this numerical model obtains a more 

accurate result; additionally, it is computationally affordable. The inputs for this hybrid model are 

the topobathymetric profile and the tsunami wave. The topobathymetric profiles were 

parameterized with 5 parameters (3 slopes and 2 depths), using a real profile sample to define the 

parameterization. In addition, the tsunami waves were parameterized with 2 parameters (tsunami 

height and period) using tsunami amplitude time series obtained by using numerical simulations 

of realistic tsunami events. 

This methodology allows the accurate calculation of the run-up on along topobathymetric profile 

and it has been used to construct a tsunami run-up database. This database aimed to create an 

interpolation domain in which new run-up calculations could be carried out. The events of the 
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database are combinations of a selection of bathymetric profiles and tsunami waves that were 

simulated with the hybrid model to create the database of simulations from which an interpolation 

can be executed to calculate the run-up of new tsunami scenarios.  

To easily address the interpolation, a tool called IH-TRUST was scripted. This tool interpolates 

the real parameterized profile and tsunami wave into the parameterized profiles, waves and run-

ups of the data base, providing an interpolated run-up value.  

To validate this new methodology and tool, the results of its application have been compared with 

both high-resolution numerical simulations and field survey data. The run-ups obtained with IH-

TRUST are consistent and suggest that the tool can accurately calculate the run-up. 

The assessment of the tsunami hazard begins by calculating the area affected by the tsunami. In 

those coastal areas where no other data are available, the detailed methodology and tool allow the 

run-up value of tsunami events to be determined without using high-resolution numerical 

simulations.  

Therefore, to assess the hazard in a tsunami-prone area, this methodology can be applied to several 

profiles along the coastal area under study. As a result, the methodology provides the run-up at 

each of the profiles, allowing an estimation of the flooded area within the envelope of the run-up 

limits.   

The application of the tool has some limitations; for example, the tool will indicate if the 

bathymetric profile or the tsunami wave parameters are not included within the range of values 

in the database.  

New work in this field should take into account these difficulties to further develop the database 

with new parameter values that include these singularities. 

The generation of the database and the values of run-up obtained from a combination of the 

bathymetric profiles and tsunami waves have provided a rich and populated space where the 

influence of each parameter on the final value of the run-up can be addressed. In this sense, those 

profiles that are prone to suffer the highest run-ups in the case of a tsunami can be defined. For 

instance, profiles with high land slopes (tanβ0) are associated with higher run-up values than those 

with low land slopes. In addition, some combinations of offshore slopes and continental shelf 

slopes (tanβ1 and tanβ2) minimize the run-up value for the same tsunami wave. In addition, the 

influence of tanβ2 is considerable and justifies inclusion of the deep-water area (d2) in the 

parameterized profile. On the other hand, when the profile is for a large continental shelf, the run-

up increases; however, the run-up value decreases for rough continental shelf slopes.  
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Traditionally, empirical methods, like the application of Synolakis´s formula, simplify the profile 

using one or two slopes (Park et al., 2015). However, this assumption is not accurate; in this study, 

the importance of using a complete profile, including the tsunami generation area, has been noted, 

as well as the influence of the profile parameters on the final run-up value.  
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4 STABILITY OF RUBBLE-

MOUND BREAKWATERS 

UNDER TSUNAMI ACTIONS‡ 

_____________________________________________________________________________ 

 

4.1 Introduction 

One of the strategies to reduce the tsunami risk and to mitigate their devastating consequences 

focuses on improving coastal structures. They are the first defense barrier at the coastline, playing 

an important role in diminishing tsunami wave impacts (Takagi et al., 2014). As explained in the 

introduction of this thesis (see 1.1.2), Tomita et al. (2012) described how the presence of harbor 

structures at Kamaishi port decreased the destructive effect of the tsunami wave in japan in 2011 

and  it delayed the arrival of the wave to the shore, reducing the inundation area considerably. 

Field surveys after 2011 event in Japan revealed the different hydraulic performance of vertical 

and rubble-mound breakwaters during tsunami events. Indeed, the performance of vertical 

                                                      

‡ This Chapter is based on: Aniel-Quiroga, Í., Vidal, C., Lara, J. L., González, M. and Sainz, Á.: Stability 

of rubble-mound breakwaters under tsunami first impact and overflow based on laboratory experiments, 

Coast. Eng., 135, 39–54, doi:10.1016/j.coastaleng.2018.01.004, 2018. 
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concrete structures under tsunami actions has already been studied by several authors (Asakura 

et al., 2002; Kato et al., 2006). However, the performance of rubble-mound breakwaters (RMBs) 

during tsunami events have not been sufficiently studied. The design of RMBs usually just takes 

into account the loads triggered by wind waves, and tsunami wave loads are rarely included in 

the design process. 

Stability analyses of RMBs is commonly addressed for storm waves by means of scaled 

laboratory models resulting in empirical formulae. The limitations of initial works such as those 

of  Iribarren (1938) and Hudson (1959), were overcome by Losada and Gimenez-Curto (1979) 

and Van der Meer (1987) who introduced the role of wave parameters, such as wave period, 

number of waves, or water depth in the determination of armor units weight. More recent works 

focused on presenting improvements to Van der Meer’s (1987) formulation (e.g. Vidal et al., 

2006; Etemad-Shahidi and Bali, 2012) or introducing new physics, such as the incident wave 

direction (e.g.: van Gent, 2014) . 

However, armor unit stability design for storm wave loads, cannot be extended to tsunami waves. 

Tsunamis produce violent impulsive forces (Nistor et al., 2009), when the wave impacts the 

breakwater. Apart from the wave loads exerted upon the monolithic parts of the RMBs, such as 

the crown-walls, large wave drag loads are developed at the armor units. Although gravitational 

forces are opposed to the action of drag forces at the seaward slope during wave rush up, some 

armor units can be eventually extracted. The tsunami wave crest is then followed by a continuous 

wave overflow, acting at the leeside slope for several minutes. It can induce breakwater structural 

failure leeward, mainly by scour at the crown-wall foundation and especially due to the extraction 

of units  (Kato et al., 2012). The latter is produced by the combined effect of flow-induced drag 

forces on the units and gravitational forces. This process can be repeated several times during a 

tsunami event, due to the arrival of all the waves that form it (Royer and Reid, 1971). Other 

features, such as the flow established across the breakwater’s core due to the large hydraulic 

gradient developed by the different water level at both sides of the breakwater during wave 

overflow, are also relevant to determine armor unit stability, especially at the leeside slope. 

Field surveys conducted during the last decade after each tsunami event have provided very 

valuable information about the behavior of coastal structures  (Arikawa et al., 2012; Mikami et 

al., 2012; MORI and Takahashi, 2012; Okal et al., 2006; Synolakis and Kong, 2006). However, 

several features, such as the low frequency of tsunami occurrence, the singularity of the localities 

where they occur, or the uncertainty regarding the real state of coastal structures before they take 

place, among others, result in data from field surveys being insufficient. As a conclusion, they 

cannot be used to derive a general hydraulic response of coastal structures under tsunami wave 
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loading. In addition, several works, such as (Esteban et al., 2014), highlighted the necessity of 

further work to better understand breakwater behavior. Specifically, the necessity of new 

laboratory experiments with a realistic generation of tsunami waves was pointed out as a valuable 

approach to complement field surveys. Some approaches have been presented in the last years to 

analyze tsunami wave interaction with RMBs, such as Hanzawa et al. (2012) on detached rubble-

mound breakwaters, Harbitz et al. (2016) and Guler et al. (2015), on a scaled model of the 

Haydarpasa port in Istanbul, Turkey. These works were a step forward in the study of the 

interaction between RMB and tsunami waves, but new studies are needed to extend the results to 

other typologies, configurations and flow behaviors, focused on covering not only the 

hydrodynamics but also the stability analysis of the armor units at an adequate scale.  

Solitary waves have been frequently used in laboratory experiments to simulate tsunami waves 

(Borthwick et al., 2006; Esteban et al., 2014; Synolakis, 1987). However, tsunami wave 

hydrodynamics are somehow incomplete using solitary waves (Madsen et al., 2008) since the 

“tail” of the tsunami, which propagates after the wave crest, is not included in the solitary wave 

shape. Recent studies have proposed more sophisticated approaches based on the use of different 

wave profiles, as discussed by Kanoglu et al. (2015). Accordingly, Rossetto et al. (2011) and 

Goseberg et al. (2013) used a pneumatic and a pump-driven wave maker, respectively, to get a 

better representation of not only the wave crest, but also the tail, to reproduce tsunami wave 

profiles measured in the field. More recently, Schimmels et al. (2016) generated more realistic 

wave profiles using real tsunami records generated with a piston type wavemaker, improving 

tsunami wave representation, especially at the crest. Although important improvements have been 

made in the last years, none of them can provide a complete representation of the whole tsunami 

wave, especially at a large scale. Existing methods are only feasible at small scales, which are not 

applicable to the scenario demanded by the analysis of armor unit stability. Large laboratory scale 

analyses are needed to avoid scale effects in order to preserve turbulent flow conditions inside the 

RMBs (Hughes, 1993; Frostick et al., 2011). 

The work presented in this chapter is focused on gaining a better understanding on the interaction 

between tsunami waves and RMBs, with the aim of improving the existing knowledge about 

armor unit stability. The work analyzes not only the damage produced by the first tsunami wave 

on the armored layers but also presents new formulations to design stable armor ones. Laboratory 

experiments on scaled models were conducted on rubble mound breakwaters. Due to the 

unfeasibility of reproducing the full tsunami length, the tsunami wave was reproduced simulating 

first wave impacts and the wave overflow separately. Armor damage caused by the first leading 

waves in a tsunami event was simulated by means of solitary waves. Next, tsunami overflow was 

simulated by creating an overflow current. Two RBMs, with and without a crown-wall on the 
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breakwater crest were tested. Sections reproduce two breakwaters representative of marinas and 

fishing ports in the Spanish Mediterranean coast at a 1:20 scale. 

The 1:20 scale used allows to conduct the stability assessment appropriately, while the dual 

modeling of the tsunami wave (solitary waves and steady currents) allows to analyze the 

structure’s behavior accurately. Even though the number of experiments was limited, their 

robustness and the results obtained allow them to be used as a first step in the elaboration of a 

database to calculate the stability of structures against tsunamis. In addition, based on the results 

of these experiments, the threshold values of the Parameter of Damage used to characterize 

damage in armors (Initiation of damage, initiation of destruction, destruction) was particularized 

for tsunami actions.   

The chapter is structured as follows: Section 4.2 describes the experimental set-up; section 4.3 

presents the experimental results; section 4.4 analyses the results and presents some empirical 

formulas for stability including an example of their application. Section 4.5 presents an example 

of the application of the results and, finally a discussion and the conclusions drawn from the study 

are presented in sections 4.6 and 4.7. 

4.2 Experimental set up 

Two different RMB cross-sections were tested. They were defined to represent the classical 

design and dimensions of a breakwater in a marina in the Mediterranean Spanish coast (MOPU, 

1988). Although destructive tsunamis have been recorded historically in this region 

(Papadopoulos, 2016), their hydraulic loading is not considered in conventional structural 

designs. Marina breakwaters are mainly built in shallow areas using quarry stones. The slopes are 

usually 1/3 to ensure quarry stone stability. They are designed with a low crest, sometimes with 

a crown-wall on top, with most of them being overtopped during large storm events. This aspect 

makes these structures highly vulnerable in a potential tsunami event.  

Experiments were performed at the University of Cantabria (Spain) facilities.  The COCOTsu 

(Wave-Current-Tsunami) flume located at the Environmental Hydraulics Institute (IHCantabria) 

laboratory was used (see Fig.  4.1).  



  4 Stability of rubble-mound breakwaters under tsunami actions 

67 

 

 

Fig.  4.1 IH Cantabria flume 

The flume is 52 m long, 2 m wide and 2.5 m high. Model structures were built inside the 24-m 

long testing area with transparent side walls and bottom. The flume is equipped with a 2 m-stroke 

piston wavemaker capable of generating long waves as the ones used in the present tests. At the 

same time, this facility is also capable of generating currents due to a pumping system that can 

work under wave action. The flume’s bottom is not horizontal. It is 0.35 m deeper at the 

wavemaker location than at the test area. A 1/13.5 sloped ramp connects both sections, as shown 

in Fig.  4.2. Tests were performed using a water depth of 0.4 m on the testing section (0.75 m at 

the wavemaker). 
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Fig.  4.2  Sketch of the IH Cantabria’s wave flume, including the test section (dimensions in m) 

4.2.1 Description of the scaled models 
RMB models were built at a 1/20 scale. Froude scale laws were used to model waves and currents. 

Scaling factors for the main magnitudes are included in Table 4.1. They were calculated following 

the classical Froude scaling laws with a seawater density of p =1025 Kg/m3. Scaling for rock 

density was assumed to be one.  

Table 4.1 Model scales 

 
Scale factor Value 

Length NL 20 

Time and velocity (NL)0.5 4.47 

Discharge (NL)2.5 1788.85 

Pressure scale NLxNr=20*1.025 20.5 

 

 

Fig.  4.3 Transversal section of the RMB model with crown-wall (type I). P: pressure gauges. ADV: acoustic 

velocimeters. Elevations are referred to the initial water level in solitary wave experiments. Initial level during 

overflow experiments was 10 cm above the one used during solitary wave experiments (see 2.2.2) in order to 

add more water to the recirculation system. Dimensions in cm 

To analyze armor unit stability, two RMB typologies were selected: with a crown-wall (type I) 

and without a crown-wall (type II). Breakwaters were built on the testing section at a depth of 40 
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cm (8 m in the prototype). The outer slope of the armor for both breakwaters was 1/3. Inner armor 

slopes were 1/1.5 and armor units consisted of quarry stones with a density of s=2650 Kg/m3.  

The breakwater’s outer layers were calculated to have stable armor units for the seaside slope 

considering a sea state with Hs=6 m and Tp=10 s. The type I model (breakwater with crown-wall, 

Fig.  4.3) was defined with a 23 cm wide (4.6 m in the prototype) upper berm located 25 cm (5 m 

in the prototype) above still water level (SWL), as shown in Fig.  4.3. The crown-wall’s crest 

height was 35 cm (7 m in the prototype) above the SWL and it included a 77 cm (15.4 m in the 

prototype) wide access road located 5 cm above SWL (1 m in the prototype). The crown-wall 

model was made of plywood and it was fixed to the flume bed using steel bars to avoid sliding. 

Type II breakwater crest elevation was also 25 cm above SWL (see Fig.  4.4), with a 45 cm long 

(9 m in prototype) berm. 

Both models were built using three gravel types, named class I, II, and III whose characteristics 

are detailed in Table 4.2. 

As shown in Fig.  4.3 and 4.4, class I gravel (443 - 775 g) was used for the two layers of the outer 

armor of breakwater type I, as well as in the two layers of the outer slope, crest and rear slope of 

breakwater type II. Class II gravel (50 - 188 g) was used for the two layers of the outer slope filter 

and for the two layers of the armor of the back slope of type I breakwater and for the two layers 

of the outer, crest and rear slope filter of breakwater  type II. Finally, the core of both models was 

built with gravel class III (3.7 - 372 g). 

 

Table 4.2 Weight, Porosity and Dn50 values of each stone class used in the breakwater models 

Stone class Weight (kg) W5-W95 Porosity Dn50 (mm) 

 Prototype Model  Prototype Model 

I 3500-6200 0.443-0.775 0.46 1494 74.7 

II 400-1500 0.050-0.188 0.45 680 34.1 

III 1-100 0.0037-0.372 0.42 460 23 

 

 

Core rubble size was distorted to maintain  permeability characteristics in the prototype, following 

Hudson et al. (1979). An incident wave height of 6 m was considered, yielding a distortion factor 

of K=3.1. This is a relevant consideration in this study since it is mainly during wave overflow 

conditions, that flow permeability plays a significant role in leeside slope stability.  
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Fig.  4.4 Transversal section of the Rubble-mound breakwater model without crown-wall (type II). Heights 

referred to the initial water level in solitary wave experiments. Overflow experiments initial level is 10 cm over 

solitary wave experiments level in order to add more water to the recirculation system (see 2.2.2). Dimensions 

in cm 

4.2.2 Wave generation 
Tsunami wave hydrodynamics interacting with a RBM are formed by a leading wave impacting 

the breakwater followed by a long wave overflow. Due to the impossibility of reproducing such 

a long wave in a 1/20 scale, the reproduction of tsunami waves was split into two parts. Firstly, 

the leading wave effect was reproduced by solitary waves due to its stability and the fact that 

“leading weaves of tsunami often emerges as a solitary wave after a long period of propagation” 

(Yeh et al., 1994). And secondly, wave overflow was reproduced creating a current. This current 

created a seaward - shoreward water level difference at the breakwater location that was modified 

during the test according to a prescribed time series. 

The formulation of the solitary wave that was used in the generation was (Goring and Keck, 

1978), Eq.( 6) and Eq. ( 7): 

, ∗
∗
∗

∗ 	 	 ∗ 	 (	6)	

	 ∗ 	 (	7)	

where H= solitary wave height; h=water depth; t=time.  

 

4.2.2.1 Solitary wave tests 

Six solitary wave load cases, SW1 to SW6, see Table 4.3, were generated in the laboratory varying 

wave height at the generation area from 0.20 m to 0.45 m, with a 5 cm interval (see Table 4.3).  

This was done to induce a large overtopping and trigger damage in the armor layers, especially 
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in the leeward side (see Fig.  4.5 for type I and Fig.  4.6 for type II RMB). Due to the wave 

undergoing shoaling at the ramp section, it increased in size by the time it reached the toe of the 

breakwater.  Wave height values at the generation area and at the toe of the breakwater are given 

in Table 4.3, at both laboratory and prototype scales. All the generated solitary waves reached the 

structures without breaking, except for the 0.45 m high waves, that broke just upon reaching the 

structure. 

 

Fig.  4.5 Solitary wave impacting on type I RMB. The impact results in overtopping that causes damage on the 

leeside of the structure. Solitary wave height at the toe of the RMB model: 0.38 m 

Each of the six wave load cases was repeated five times, without reconstructing the breakwater, 

thus enabling the calculation of the accumulated damage produced by each individual wave and 

by the sequence of tsunami waves loading the breakwater. If the damage induced by each wave 

did not affect the filter layer, the new solitary wave was tested without reconstructing the slopes. 

However, if damage was detected at the filter layer, the test sequence was stopped, assuming that 

the destruction stage was reached. RMB destruction before the six-wave cycle was observed only 

for the two largest wave heights: SW5 (0.4 m) and SW6 (0.45 m). Only three and two waves 

could be tested for those wave conditions, respectively (see Table 4.3). 

Each case started with a reconstructed breakwater cross section. After testing one solitary wave, 

the flume was drained to analyze wave-induced damage at both the seaside and leeside slopes. 

This analysis allowed comparing damage evolution for the various solitary wave heights tested. 
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Fig.  4.6 Lateral view of rubble-mound breakwater without crown wall (type II) under solitary wave tests. 

Solitary wave height at the toe of the RMB model: 0.48 m 

 

Table 4.3 Solitary wave experiments conducted, including solitary wave height and number of waves tested for 

each typology of RMB. 

Test Solitary wave 
height 

(model): 
generation 

(m) 

Solitary wave 
height 

(prototype)  
generation 

(m) 

Solitary wave 
height 

(model): 
RMB toe (m) 

Solitary wave 
height 

(prototype): 
RMB toe (m) 

Number 
of waves     

RMB 
Type I 

Number of 
waves         

RMB Type 
II 

SW1 0.2 4.0 0.22 4.4 5 5 

SW2 0.25 5.0 0.28 5.6 5 5 

SW3 0.3 6.0 0.33 6.6 5 5 

SW4 0.35 7.0 0.38 7.6 5 5 

SW5 0.4 8.0 0.43 8.6 5 3* 

SW6 0.45 9.0 0.48 9.6 5 2* 

 (*: Destruction was reached before testing 5 waves) 

4.2.2.2 Tsunami overflow tests 

Tsunami overflow tests were carried out using the flume recirculation pumping system. An 

overflow current was generated to induce a different water level at both sides of the structure. The 

water level gradient at the breakwater’s sides triggered overtopping over the breakwaters’ crest 

(Fig.  4.7).  
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Fig.  4.7 Lateral view of rubble-mound breakwater without crown wall (type II) under overflow current 

The water depth at the beginning of the experiments was set to 0.5 m at the front toe of the 

structures. The pumping system can recirculate water, decreasing the water level at the leeside 

and increasing it at the seaside. In order to maintain the leeside water level during water 

recirculation, a 0.35 m high dam was built 7.5 m leeward from the breakwater’s toe (see Fig.  4.8). 

Friction induced by the breakwater rubble-mound layers ensured a strong gradient to simulate 

realistic conditions of a tsunami event, keeping different water levels seaward and leeward. 

 

 

Fig.  4.8 Scheme of the landward area, including the dam, built to assure a minimum water level 

Overflow height, Ho, is defined here as the vertical distance between the breakwater’s crest and 

the seaside’s water level, as depicted in Fig.  4.8. It varies over time due to the piling up of water 

seaward. The maximum water level achieved in front of the breakwater (maximum Ho for a test) 

is defined as “peak overflow height”, Hp. 

Overflow tests were carried out following the next procedure. First, water recirculation was 

induced by the pumping system starting from water at rest. The water level seaward increased 

and due to the hydraulic gradient, the water percolated through the breakwater layers and core. 

The dam assured a minimum level leeward keeping the water level gradient throughout the test. 
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Once the water level reached the structure’s crest level, overtopping started. At that moment, 

pumps continued recirculating the water, reproducing a curve like the one represented in Fig.  4.9. 

To increase overflow height, the flume filling pumps were used to add water inside the seaside to 

the recirculation flow. Each test was then characterized by 2 parameters: (1) the “peak overflow 

height”, Hp and (2) the time period To during which the overflow was acting.  

As in the case of solitary wave experiments, after each test, the flume was drained off to measure 

armor layer unit displacement. Then, the breakwater was restored to its original condition before 

the next experiment.  

 

Fig.  4.9 Scheme of the evolution of overflow height, Ho, during overflow experiments. Hp is the peak height 

obtained and To is the time needed to achieve Hp from the crest level using the flume recirculation pumps 

The overflow experiments started with small values of the overflow’s peak height (Hp ~3 cm). 

Recirculation was increased following regular steps until a maximum value of Hp =15 cm. Each 

new step was maintained for several periods (To from 1 to 5 minutes). The longer To, the higher 

the level in the leeside, which diminished the gradient through the porous media, and, 

consequently, increasing values of Hp were obtained. 

The hydraulic behavior of each typology of RMB under each recirculation step was different and 

consequently, Hp values obtained for each one were also different. In Table 4.4, all the conducted 

tsunami overflow tests are characterized by Hp and To. 

The overflow experiment finished if the structure collapsed or when the maximum Hp was 

reached. 
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Table 4.4 Overflow experiments conducted, including overflow peak height Hp and its duration T0 (see Fig.  

4.9). Each increase in recirculation parameters affected type I and type II RMBs differently, triggering 

different overflow peaks. 

Test 
RMB type 
I Hp(cm)  

RMB type II 
Hp(cm) 

 To (minutes) 

Q1 3.2  3.5  1 

Q2 3.2  3.5  2 

Q3 3.2  3.5  3 

Q4 3.2  3.5  4 

Q5  3.2  3.5  5 

Q6 4.4  4.7  1 

Q7 4.4  4.8  2 

Q8 4.5  4.9  3 

Q9 4.5  4.9  4 

Q10 4.5  4.9  5 

Q11 6  6  1 

Q12 6.2  6.6  2 

Q13 6.3  6.7  3 

Q14 6.3  6.7  4 

Q15 6.3  6.7  5 

Q16 7.2  7.9  1 

Q17 7.2  8.3  2 

Q18 7.5  8.3  3 

Q19 7.5  8.5  4 

Q20 7.5  8.7  5 

Q21 10.2  10  1 

Q22 11.2  11.2  2 

Q23 12  12  3 

Q24 12.4  12.6  4 

Q25 12.4  12.6  5 

Q26 11.3  11.7  1 

Q27 12.3  -  2 

Q28 14.6  -  3 

Q29 15.1  -  4 

-: Destruction was reached before that test) 
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4.2.3 Instrumentation and measurement techniques 
Free surface, pressure and velocity were measured for both types of experiments (solitary waves 

and overflow).   

The measurement and characterization of free surface vertical displacement was carried out by 

means of capacitive free surface transducers (AWP-24 form Akamina Technologies). Nine wave 

gauges (WG) were installed along the flume. Six of them were installed seaward from the 

breakwater in two groups of three gauges to measure incident wave characteristics. The first group 

was located in the deeper area before the ramp and the second one was placed at the breakwater’s 

toe. Solitary wave height after shoaling was evaluated using WG6. Additionally, three gauges 

were placed leeward of the RMBs to record transmitted waves (see Fig.  4.10 for WG layout). 

 

Fig.  4.10 Scheme of the position of the wave gauges (WG) in the flume 

A comparison between theoretical and recorded solitary wave of 0.2 m high in WG1 is given in 

Fig.  4.11.  

 

Fig.  4.11 Theoretical and recorded SW1. 

The use of WGs allowed measuring the velocity of the solitary waves and comparing the result 

with the theoretical values (from Eq. 2), using WG1, WG2 and WG3 (see Table 4.5). 
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Table 4.5 Solitary waves velocity in the generation area (Depth=0.75 m). Comparison between the theoretical 

value C and the value obtained from the records in WG 1, 2 and 3. 

 C calculated from WG1-2-3 Theoretical C 

SW1 2.80 3.00 

SW2 3.03 3.1 

SW3 3.15 3.18 

SW4 3.26 3.25 

SW5 3.33 3.32 

SW6 3.42 3.40 

 

In order to measure wave induced loads acting on the crown wall (only for type I breakwater) and 

wave transmission through the breakwater core, several submersible pressure level transducers 

(Holykell HPT603) were installed inside both structures. For type I model (with crown wall), 12 

pressure gauges were used. Three of them were located inside the core, two close to the filter 

layers, both leeside and seaside, and another one was placed in the middle of the cross-section. 

The other 9 pressure sensors were installed on the crown-wall, four gauges in its vertical wall and 

five of them in its horizontal part. For type II model (without crown-wall) 6 pressure sensors were 

placed in the core. The location of the pressure sensors (labeled PN) for both models can be 

observed in Fig.  4.3 and Fig.  4.4. The sensors inside the core were installed before the laying of 

the stones of the core. They were fixed to a steel frame that was embedded in the breakwater core.  

Finally, flow velocity was measured by means of 3D Acoustic Doppler Velocimeters (ADV). A 

horizontal array of 4 ADVs was set around the crest of the breakwaters for both typologies (see 

Fig.  4.3 and Fig.  4.4). The sampling frequency for free surface and pressure sensors was 200 Hz. 

ADV measurements were resampled to 30 Hz after processing the recorded data. 

In Table 4.6 the exact position in the flume of each one of the installed devices is given referred 

to the wave maker, using the same coordinates origin shown in Fig.  4.12.  

 

Fig.  4.12 Axis direction in the flume. The X axis goes from the paddle to the model, the Y axis goes from flume 

bed to the top. 

All the devices were installed in the central section of the flume (Z coordinate is the same for all 

of them). 
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Table 4.6 Measuring devices exact location in the flume, for both types of breakwater, coordinate origin 

located in the wave maker (see Fig.  4.12). Coordinates in meters. 

 

 

Armor damage was measured by visual counting of displaced stones (units) using images taken 

with a 10-megapixels camera (Canon EOS 1000D). Camera position was kept constant 

throughout the tests. To assist with counting of the extracted units, the outer layer stones were 

painted in different colors using horizontal stripes (Fig.  4.13). A stone was considered to be 

displaced when it moved more than one diameter. In addition, 40 profiles, 25 mm apart of the 1 

m wide central portion of the RMB models, were measured with a laser profiler after each test. 

Laser profiler measurements were used only in a few tests to determine the accuracy of visual 

counting. Comparisons (not shown here) revealed a good degree of accuracy when evaluating 

damage using visual counting. 
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Fig.  4.13 Layers painted in different colors to help visualizing and identifying armor damage and counting  

moved stones, before and after a solitary wave test, breakwater type II. 

4.3 Experimental results 

The results obtained in the laboratory experiments allow analyzing RMBs stability under tsunami 

waves. 

Damage on the armor layer of RMBs is usually assessed by the damage parameter defined by 

Broderick (1984), as: 

	 (	8)	

were Ae is the average eroded area and Dn50 the units’ cube-equivalent side. 

For a given type of units (i.e. quarry rock), this damage depends on wave height, H, relative 

submerged armor units density, Δ=(s/w)-1, with w water density), size of the units, Dn50, sea 

state duration (or number of waves, N), core porosity, P, RMB freeboard, F(vertical distance from 

the mean water level to the breakwater crest) and type of breaking on the RMB slope, dependent 

on Iribarren's number, 
.
		, were tan(α) is the armor’s slope: 

, , , , , 	 (	9)	

Usually, the dependence on H, Δ and Dn50 is expressed through the stability number (Hudson, 

1959), defined as:  

	 (	10)	

The freeboard was normalized using wave height, with the following expression: 



Tsunami coastal impacts assessment   

80 

 

	 (	11)	

So, damage can be expressed through the following non-dimensional parameters: 

, , , , 	 (	12)	

In the present case, as the typology of the RMB core for both breakwaters was fixed (Van der 

Meer (1988) notional permeability parameter, P = 0.4) and solitary waves were used, only the 

stability number, the normalized freeboard and the number of waves were relevant to calculate 

damage: 

, , 	 (	13)	

were Ns and Fn were defined based on the height of the solitary wave , as proposed by Esteban et 

al. (2014). In the overflow test analysis, peak overflow height, Hp, was considered. Table 4.7 

presents stability numbers and normalized freeboards calculated for the solitary wave tests and 

the armor unit characteristics. 

Table 4.7 Stability number and normalized freeboard values for seaside and leeside armors and for both RMB 

model typologies considering solitary wave tests 

Stability number, Ns Normalized Freeboard 

Test 
H (m) at the toe of 

the structure   
Type I seaside and Type II 

seaside and leeside 
Type I 
Leeside 

Type I (F=0.35m) 
Type II  

(F=0.25 m) 

SW1 0.22 1.78 3.91 1.59 1.14 

SW2 0.28 2.27 4.98 1.25 0.89 

SW3 0.33 2.67 5.86 1.06 0.76 

SW4 0.38 3.08 6.75 0.92 0.66 

SW5 0.43 3.48 7.64 0.81 0.58 

SW6 0.48 3.89 8.53 0.73 0.52 

 

In this study, the average erosion area was measured counting the number of displaced stones 

(units) following Vidal et al. (2004): 

	 (	14)	

where Ne is the number of extracted stones, n is the armor layer bulk porosity and L the width of 

the studied section. In the present work, in order to avoid the side flume glass walls’ influence on 

armor damage, only a 1.7 m-wide central portion of the flume was used to assess  damage, leaving 
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15 cm strips (2-3 stones of class I, 5-6 stones of class II) near the walls without a damage 

assessment (see Fig.  4.14). 

 

 

Fig.  4.14 Type II RMB area where damage was measured counting displaced stones. 

By conducting a  visual analysis after the laboratory experiments, Losada et al. (1986) and Vidal 

et al. (1991), classified armor damage due to wind waves in qualitative damage criteria. 

Afterwards, and based on those previous works, Gómez-Martín and Medina (2014) presented the 

following classification for damage evolution: (1) Initiation of Damage (Id), when the upper 

armor layer has lost some units, and the space among stones is clearly wider than the design 

porosity; (2) Initiation of Iribarren’s Damage (IId), when damage in the upper armor layer exposes 

the bottom armor layer completely to wave flow action and its units can  be extracted.; (3) 

Initiation of Destruction (ID), defined by Vidal et al. (1991)  as the initiation of damage of the 

lower armor layer, when some units from this layer have been removed; and (4) Destruction (D), 

when several units have been removed from the filter layer. Threshold values for the different 

armor slopes and damage criteria are given in Table 4.8, following Vidal et al. (1994).  

Table 4.8 Threshold values for dimensionless damage level (Vidal et al., 1994), S, and armor slope, α, for the 

tested RMBs. 

  Threshold values for damage parameter, S 
 Cot  Id IId ID D 
Leeside slope 1.5 1.0 2.5 6.5 12 
Seaside slope 3.0 2.5 3.5 9.5 16 
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4.4 Analysis of results 

In the following subsections the results obtained for each typology on the laboratory experiments 

of solitary waves and overflow currents are explained in detail.  

4.4.1 Results of the solitary wave experiments (SW) 
Solitary waves triggered extractions of armor units when they impacted the RMBs, both in leeside 

and seaside, damaging the structures. Damage process of RMB under solitary waves was 

explained by Jensen et al. (2015) both for impermeable and porous media. They divide this 

process into three stages: smooth run-up, run-down, and secondary run-up (reduced in the case of 

porous media). This damage process was visible in these laboratory experiments, with some 

particularities mainly due to the height of the solitary waves and their overtopping mechanism.  

In this case the run-up was such that it generated a flow both through and over the porous media. 

During the run-up stage, damage on the seaside affected mainly the stones placed around the 

water level, dragging units upwards. In the case of the RMB without crown wall some of the 

extracted stones were moved to the rear slope during the experiments with the highest solitary 

waves.  The damage in the leeside appeared due to the combination of the overtopping, which 

dragged down the stones, and the flow through the porous media, which pushed out the units. The 

overtopping flow went over the rear slope and impacted the water, generating a breaking bore and 

turbulence in the water.  For the type I, the stones dragged from the seaside slope and upper berm 

collected in the crown wall seaside, and, as it will be explained later, the presence of the access 

road limited the damage in the rear slope.  

During run-down, the flow dragged down armor units from several places in the seaside. In the 

case of type I RMB, the crown wall reduced the overtopping volume, increasing the damage due 

to the run-down. 

In order to study and characterize the damage on each test the Stability number (Ns) and the 

dimensionless damage parameter (S) were calculated for the two tested RMBs. A separate 

analysis was conducted for the seaside and the leeside slopes, respectively. 

4.4.1.1 Analysis of damage on the Seaside slope of Type I RMB 

Results obtained regarding the dimensionless damage parameter (S) at the seaside slope for the 

RMB I are presented in Table 4.9. The S value was presented for all tested waves in order to 

analyze damage evolution after the succession of solitary waves. 
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No damage was visible until the solitary wave’s height reached 28 cm (5.60 meters in prototype). 

In that case, several armor units were displaced from the outer seaside armor. As wave height 

increased a slow increase in damage was observed for the first wave. 

The solitary wave tests finished with the 48 cm high wave (9.60 m in prototype), when only the 

first layer of the armor was damaged. All the extracted stones in this side of the structure were 

dragged down along the seaside slope. 

Table 4.9 RMB Type I. Seaside slope dimensionless damage level, S, results. 

   Number of Waves, N 

  

Test 

H (m) at the 
toe 

of the 
structure 

1 2 3 4 5 

   S Damage Parameter 

S
ol

it
ar

y 
w
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t 
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th
e 

to
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of
 t

h
e 

st
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ct
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re
 SW1 0.22 0 0 0 0 0 

SW2 0.28 0.04 0.04 0.04 0.17 0.26 

SW3 0.33 0.09 0.17 0.35 0.44 0.44 

SW4 0.38 0.17 0.48 0.65 0.96 1.09 

SW5 0.43 0.57 1.09 1.39 1.52 2.26 

SW6 0.48 0.65 1.22 1.65 2.31 2.53 

 

In general, the observed damage was low, and the “initiation of damage” was just reached for 

SW6. Fig.  4.15a shows the dimensionless damage level (S) evolution versus the stability number 

(Ns). All obtained values for S were lower than 2.5. Fig.  4.15b shows the evolution of S for 

consecutive waves, and Fig.  4.15c presents the evolution of S versus the normalized freeboard, 

Fn. As shown in Fig.  4.15c the damage in the outer slope increased with decreasing Fn, indicating 

that as overtopping increased, the down-rush flow on the outer slope decreased and so did damage. 

As can be seen from this figure, damage increases quasi-linearly with the number of waves. It is 

also noticeable from the results that SW2 did not cause any noticeable damage on the seaward 

slope until the third wave. Once damage started, successive waves caused an increasing damage.  

In order to obtain a mathematical representation of damage increase as a function of wave number 

and height, an exponential fitting was used. The damage parameter (S) was normalized by the 

number of waves in order to quantify the damage produced by any individual wave. The best fit 

to data is presented below:  

. . 	; 	 . 	 (	15)	
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The Correlation (R2) obtained was 0.9, showing a good mathematical modelling of damage 

evolution. 

 

Fig.  4.15 a) Damage parameter, S, in terms of the stability number, Ns, for the different number of waves 

examined, N. b) S in terms of the different wave heights, for the seaside slope. c) S in terms of the Normalized 

freeboard, Fn, for the different number of waves tested, N 

4.4.1.2 Analysis of damage on the Seaside slope of Type II RMB 

The same analysis was carried out on Type II RMB. Table 4.10 shows the damage obtained from 

the laboratory measurements. In this case, damage at the seaside slope was, in general terms, 

lower than in the type I RMB due to the fact that type II’s RMB crest was 10 cm lower. In addition, 

in the absence of a crown-wall, a larger amount of energy was passing over the crest. As a 

consequence, a lower number of units were extracted from the seaward slope. The measured 

damage parameters in this case were lower than 1.7, i.e., initiation of damage was not reached. 
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Table 4.10 Type II. Solitary wave tests. Seaside damage parameter, S, results. 

   Number of Waves, N 

 Test H (m) at the toe 

of the structure 

1 2 3 4 5 

   S   

S
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y 
W

av
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H
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t 
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SW1 0.22 0 0 0 0 0.09 

SW2 0.28 0.04 0.3 0.52 0.57 0.7 

SW3 0.33 0.09 0.3 0.39 0.44 0.57 

SW4 0.38 0.35 0.44 0.83 0.87 0.96 

SW5 0.43 0.65 1.13 1.35 -* -* 

SW6 0.48 0.96 1.65 -* -* -* 

*: For that wave height, leeside destruction was reached in the previous experiment  

 

 

Fig.  4.16 Type II damage on the seaside for each number of waves (from 1 to 5) 

Fig.  4.16 shows the damage parameter behavior versus the stability number. It is noticeable that 

the test corresponding to SW3 (33 cm) shows less damage than the SW2 test (28 cm). This result 

may be due to intrinsic random variability of rubble-mound stability response when few armor 

units are involved in the damage. 

In parallel to the previous analysis, the same potential fitting model was used. The obtained results 

are presented in equation below:    
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. . 	; 	 . 	 (	16)	

4.4.1.3 Type I and type II seaside slopes joint analysis and formula 

Since the hydraulic performance of the seaside slope was similar for both typologies, a single 

equation could be fitted. As in the previous analysis, an exponential model was used to fit values 

of measured damage for both breakwaters. The obtained equation is presented below: 

. . 	; 	 . 	 (	17)	

Again, a high correlation was obtained with the fitting. Fig.  4.17 plots the measured damage 

values versus the obtained equation ( 17). 

Although some differences in damage evolution were found between Type I and II structures, 

they can be attributed to the interaction of the wave with the crown wall effect, which produces a 

small increment in the down rush flow. 

 

Fig.  4.17 Plot of measured against calculated Type I and II seaside damage using equation ( 17) 

4.4.1.4 Analysis of damage on the leeside slope for Type I RMB 

Damage at the leeside slope is analyzed in this section. Since a wide access road is adjacent to the 

breakwater’s crown-wall, the leeside slope is not directly exposed to the impinging of the 

overtopped wave jet. As a consequence, the secondary water jet projected from the road falls 

down into the water, far from the submerged inner armor layer which appears to be very stable. 

This result is consistent with observations made by several authors (Magoon et al., 1974; Vidal 

et al., 1992), who pointed out that the backslope is stable when the overtopping flow impinges on 
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a water cushion, protecting the leeward slope from being damaged. Some examples of the wave 

overtopping type I RMB are shown in Fig.  4.18 for wave SW3. 

 

 

Fig.  4.18 View of rubble-mound breakwater with crown wall (type I) under solitary wave test for test SW3 

 Although the size of the leeside slope armor units was smaller than those on the seaward slope, 

resulting in  a higher Ns value than the ones obtained for the seaward slope, the maximum value 

obtained for the damage parameter was S = 0.71 (see Table 4.11). Due to the low values obtained 

for damage, a damage equation was not fitted. 

Table 4.11 Type I. Solitary wave tests. Leeside slope damage parameter (S) results. 

                          Number of Waves, N 

 Test H (m) at the toe 

of the structure 

1 2 3 4 5 

   S   

S
ol
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y 
W
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H
ei

gh
t 

H
 

SW1 0.22 0 0 0 0 0 

SW2 0.28 0 0 0.12 0.12 0.12 

SW3 0.33 0 0.04 0.1 0.12 0.18 

SW4 0.38 0.04 0.04 0.12 0.14 0.14 

SW5 0.43 0 0.24 0.38 0.52 0.71 

SW6 0.48 0.02 0.12 0.16 0.34 0.5 

 



Tsunami coastal impacts assessment   

88 

 

Although it is out of the scope of this work, it is important to highlight that, in prototype, the sea 

bed is not solid, and the action of the overtopping can affect the natural foundation of the structure, 

inducing other ways of failure, such as scour. These other failure mechanisms have been noted 

by many studies and field campaigns after the 2011 tsunami event in Japan (Arikawa et al., 

(2012); Bricker et al. (2012, 2015)).  

4.4.1.5 Analysis of damage on the Leeside slope of Type II RMB 

In the absence of a crown-wall at the breakwater’s crest, wave overflow acted directly on the 

leeside slope inducing a hydraulic load on the stones (see Fig.  4.6 as an example of wave 

overtopping Type II RMB). That overtopping caused the most severe damage in the solitary wave 

experiments. Table 4.12 presents the measured S values. 

Table 4.12 Type II. SW tests. Leeside damage parameter, S, results. 

   Number of Waves, N 

 Test H (m) at the toe 

of the structure 

1 2 3 4 5 

   S   
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 SW1 0.22 0 0 0 0 0 

SW2 0.28 0.44 0.7 0.87 1.13 1.35 

SW3 0.33 0.52 0.78 1.04 1.74 2.92 

SW4 0.38 0.39 1.61 2.09 5.09 7.71 

SW5 0.43 7.05 12.45 20 -* -* 

SW6 0.48 2.31 9.58 -* -* -* 

*: Leeside slope destruction was reached in the previous experiment  

No damage was observed for the SW1 wave height case. Damage started from the SW2 case (28 

cm) onwards, and after five waves, the accumulated damage was 15 displaced stones (S=1.35). 

For case SW3 (wave height 0.33 cm), initiation of damage (S=2.92) occurred after the 5th wave. 

In case SW4 (wave height 0.38), initiation of damage appeared after the 3rd wave and Iribarren 

damage after the 4th wave. For SW5 (wave height 0.43 m) initiation of destruction occurred after 

the 2nd wave and destruction was attained with S=20 after the third solitary wave (Fig.  4.19). 

Finally, for SW6 waves (wave height 0.45 m) destruction was reached after the 2nd wave with 

S=9.58.  

It was noted how damage in the back slope depends upon the flow channelization over the front 

slope and crest, i.e. the way in which units are placed, which for rock units is aleatory. This 

channelization may produce areas of damage concentration on the back slope and the consequent 

fast damage progression. In this sense, damage after the second SW5 wave was S=12.45, higher 
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than the one of the second SW6 wave.  However, this damage on SW5 was less concentrated and 

destruction (filter exposure) was not attained until the third wave of the set.  

 

Fig.  4.19 Destruction of the type II RMB after the 3rd SW5. 

Damage evolution was faster in this case, because of the combined effect of gravitational and 

drag forces. Fig.  4.20 shows evolution of the damage parameter for all tests including the number 

of waves. Freeboard in this slope acted oppositely to the outer slope case, i.e. damage increased 

linearly. It was observed how damage does not increase always with the wave height, because 

this also depends on where the overtopping jet falls. The higher the wave height, the higher the 

velocity, and due to this velocity, the jet created by the highest solitary waves overtopping reached 

further away, falling in a cushion of water and reducing the affection to the back slope. As in the 

previous analysis, the variation of S with the number of waves was almost linear (see Fig.  4.20). 

Again, the exponential fit was the most appropriate to adjust the data as given in equation ( 18). 

In this case the more aleatory damage affected the quality of the fitting: 

. . 	; 	 . 	 (	18)	
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Fig.  4.20 S in terms of the number of waves for the different wave heights, and the type II leeside slope. 

As shown in equation ( 18), the correlation was lower than in the previous analyses, indicating 

that a poorer representation of damage was obtained. These results are indicative of the random 

nature of backslope damage that concentrates in some areas while the rest of the slope remains 

undamaged. 

The coefficients obtained in the fittings, together with their upper confidence bands are 

summarized in Table 4.13. 

Table 4.13 Coefficient values for the exponential fits (S/N=a*Fnb*exp(c·Ns) of damage under a Solitary wave, 

including mean values and upper curves of 95 % confidence bands for a and c 

  MEAN  
RMB type Armor a mean b  c mean a95  c95 

I Seaside 0.011 -1.0 0.95 0.0723 0.517 

II Seaside 0.0046 -1.0 1.191 0.0372 0.679 

I and II Seaside 0.0068 -1.0 1.086 0.1497 0.391 

II Leeside 0.0369 1.0 1.436 2.52 0.4361 
 

Table 4.13 shows that the variability of the b coefficient in the exponential fittings was very low, 

with a value around 1.0. In addition, the a coefficient of the leeside of type II RMB, where 

destruction was observed during the experiments, was one order of magnitude higher than in the 

rest of the seaside fittings, where a low damage was observed.   

4.4.2 Results of the overflow current experiments 
Damage in the armor layers during overflow experiments was measured in the laboratory using 

the same procedure as the one followed for the solitary wave tests. 
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4.4.2.1 Analysis of the behavior of type I RMB under wave overflow 

Damage on Type I breakwater was small, both on the seaward and leeward slopes. The maximum 

peak overflow height reached using the flume pumps was Hp=6.7 cm over the crown wall (1.34 

m in the prototype), and damage was not observed, neither at the seaside nor the leeside. The flow 

rate was then increased and more water was added to the system to generate higher overflow 

heights. As a result, the peak height reached a value of Hp=15.1 cm over the crown wall (3 m in 

the prototype). Rocking of some stones was observed on the seaward face but displacement of 

units was not noticed. Just a few extractions were observed on the leeside.  The velocities of the 

flow over the crown wall measured with the ADVs went from 0.09 m/s to 0.45 m/s (0.4 to 2 m/s 

in prototype), increasing together with the flow rate. 

As for the solitary wave cases, the access road acted as a protection element, receiving most of 

the impact of the overtopped mass of water, which was later deflected leeward, inducing very low 

damage, as shown in Fig.  4.21. 

The overflow experiment on type I RMB was ended when, as a result of the water added on the 

seaside, the level at the leeside approached the crown-wall level without any damage being 

observed. In Table 4.14, the damage parameter obtained in the overflow experiments is given, 

together with the initial and final sea level at the leeside.  

 

Fig.  4.21 Overflow current. Type I RMB. The overtopping flow impacts on the horizontal plate 

4.4.2.2 Analysis of the behavior of type II RMB under overflow 

As with solitary waves, more damage was observed on Type II breakwaters. Damage was very 

dependent on the peak overflow height. Table 4.14 shows damage measured during the overflow 

tests.  
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The flume recirculation system allowed reaching a peak overflow height of Hp=7 cm (1.4 m in 

the prototype) and no extraction of armor units was observed. Following the same procedure as 

in type I RMB, the flume filling pumps were added to the recirculation discharge experiments to 

achieve greater overflow heights. As a consequence, some extractions were observed on the back 

slope when the overflow reached a maximum height of Hp=11 cm (2.2 m in prototype). The 

overflow was gradually increased but the damage caused remained low. Finally, the RMB’s 

backslope collapsed under an Hp=11.7 cm (2.34 m in prototype) peak overflow height, after 1 

minute of overtopping (4.47 minutes in prototype, Fig.  4.22). In this case the velocities reached 

a maximum value of 0.7 m/s (3.13 m/s in prototype) when the structure collapsed. No damage 

was noticed on the seaside slope. 

 

 

Fig.  4.22 Top view of the damage caused on type II model after the overflow tests 

In order to confirm this result and due to the rapid increase in damage, the whole set of 

experiments was repeated. Destruction of the structure was reached under the same conditions 

(Hp= 11.7 cm, 1 minute of overflow) as in series 1. Table 4.14 includes results (series 1 and 2) 

corresponding to both repetitions. Damage at the seaside slopes of both typologies was negligible, 

and, thus, was not included in Table 4.14. Using Hp as the wave height parameter in the stability 

number and the normalized freeboard definitions, the leeside slope destruction of Type II 

breakwater was attained for Ns = 0.95. 
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Table 4.14 Overflow tests. Leeside damage parameter, S, results. The experiments on type II RMB were 

repeated (Series 1 and Series 2). The Hp obtained for each flow rate (Q1 to Q29) depends on the RMB typology 

due to the presence of the crown-wall. Hp varies together with To, because the longer To, the more water 

reaches the flume, the less is the gradient between sides and, consequently, the higher is the Ho. 

 
 Type I RMB  Type II RMB   

   Series 1      Series 1 Series 2    

Test  Hp(cm) Initial & final WL S  Hp(cm) 
Initial & final 

WL 
S S  To 

(mins) 

Q1  3.2 0.5 0  3.5 0.5 0 0  1 

Q2  3.2 0.5 0  3.5 0.5 0 0  2 

Q3  3.2 0.5 0  3.5 0.5 0 0  3 

Q4  3.2 0.5 0  3.5 0.5 0 0  4 

Q5  3.2 0.5 0  3.5 0.5 0 0  5 

Q6  4.4 0.5 0  4.7 0.5 0 0  1 

Q7  4.4 0.5 0  4.8 0.5 0 0  2 

Q8  4.5 0.5 0  4.9 0.5 0 0  3 

Q9  4.5 0.5 0  4.9 0.5 0 0  4 

Q10  4.5 0.5 0  4.9 0.5 0 0  5 

Q11  6 0.5 0  6 0.5 0 0  1 

Q12  6.2 0.5 0  6.6 0.5 0 0  2 

Q13  6.3 0.5 0  6.7 0.5 0 0  3 

Q14  6.3 0.5 0  6.7 0.5 0 0  4 

Q15  6.3 0.5 0  6.7 0.5 0 0  5 

Q16  7.2 0.5 0  7.9 0.5 0 0  1 

Q17  7.2 0.5 0  8.3 0.5 0.087 0.087  2 

Q18  7.5 0.5 0  8.3 0.5 0 0  3 

Q19  7.5 0.5 0  8.5 0.5 0 0  4 

Q20  7.5 0.5 0  8.7 0.5 0 0  5 

Q21  10.2 0.5 0  10 0.5-0.51 0 0  1 

Q22  11.2 0.5 0  11.2 0.5-0.53 1.3 1.3  2 

Q23  12 0.5 0  12 0.5-0.60 0.348 0.348  3 

Q24  12.4 0.5 0  12.6 0.5-0.66 0.609 0.609  4 

Q25  12.4 0.5-0.51 0  12.6 0.5-0.7 0.609 0.609  5 

Q26  11.3 0.5 0  11.7 0.5-0.52 Destruction 0.609  1 

Q27  12.3 0.5 0  11.7 0.5-0.55 - Destruction  2 

Q28  14.6 0.5-0.54 0.039  -   - -  3 

Q29  15.1 0.5-0.6 0.23  -   - -  4 
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4.4.3 Proposed damage threshold for tsunami waves 
The evolution of damage under wind waves is progressive due to the continuous loading induced 

by new waves reaching the structures. On the other hand, our results show how damage caused 

by tsunami-like solitary waves focuses on the leeside slope, increasing both with wave height and 

number of waves. Also, it should be stressed that damage on the leeside slope increased fast 

around the areas of damage concentration. Damage observed in the overflow experiments grew 

even faster, and once damage started, destruction was reached very quickly.  

The fragility of the leeside damage evolution questions the need for intermediate failure modes 

as defined in Table 4.8, which are appropriate for seaside slope damage descriptions. 

For that reason, in Table 4.15, new threshold levels are proposed for damage description on the 

leeside slope. For the cases of solitary wave action, Iribarren's damage is removed. For overflow 

action, only a very low destruction threshold of S = 1.5 is proposed, because the initiation of 

damage is followed right away by destruction.  

Table 4.15 Damage Parameter threshold values adapted for the leeside of the RMB under tsunami actions. 

  Tsunami adapted S Threshold values for the leeside slope 
 Cot  Id ID D 
Solitary wave action 1.5 1.5 6.5 12 
Steady current action 1.5 1.5   - >1.5 

 

4.5 Application of the results to coastal structures 

design 

These results aimed on being applied to the design of RMB on those areas where tsunamis could 

be expected. The design of maritime structures is commonly conducted by carrying out a risk 

analyses, resulting in return periods of the evaluated risks. The return period for the design of 

maritime structures depends mainly on the operative life cycle and the assumed probability of 

failure within the life cycle. These design parameters depend upon the economic, social and 

environmental consequences of the ultimate failure of the structure. After this analysis is carried 

out the design values of the environmental parameters (i.e. significant wave height for wind 

waves, Hsd, tsunami solitary wave height, Hswd and tsunami overflow-type wave height, Hstd) 

should be obtained from the corresponding extreme regimes.  

The methodology for obtaining the extreme regime of Hsd in a given location from the wave 

climate data bases is very well stablished. For the case of tsunami wave regimes, first a tsunami 

database for the area of interest should be analyzed or created. Some examples of this database 
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construction can be found in, e.g., Wei et al. (2008), Álvarez-Gómez et al. (2013) and Papathoma 

et al. (2003), who related the return period of historic tsunami events with their documented wave 

height for an analysis in Greece.  The obtained database should be propagated to the structure 

location, obtaining the type and height of the tsunami wave. From this data base, the extreme 

regime should be obtained together with the design heights Hswd and Hstd.  

As tsunami waves are independent from wind waves, and in the analysis carried out in this 

chapter, the solitary and overflow-type damages have been analyzed independently, the structure 

should withstand independently the three extreme load conditions: Hsd and Hswd and Hstd, i.e. the 

armor size of the different breakwater slopes should be the biggest resulting from the three 

validation formulae. The tsunami stability analysis complements traditional wind waves design 

to determine whether tsunamis or wind waves loads are the design event in tsunami prone areas.  

Following, a simple example of the procedure of application of the presented results to the design 

of RMBs is explained. The structure to be designed is precisely a typical Mediterranean small 

port without crown-wall, like the one tested for this study (type II). Its main characteristics, 

common values in the design of these structures, follow current design guidelines (Puertos del 

Estado, 2001): 

 Design water depth at the seaward toe: 8 m 

 Probability of Failure, PF, operative life, OL, and return period , based on ROM 

(Puertos del estado, 2001 (Puertos del Estado, 2001):  

o Probability of failure during operative life (initiation of damage, S=2): PF=0.2 

o Operative life: OL=50 years 

o Return period for the design storm: / . /

224	  

 Design crest height: 5 m 

 Design wave height at the breakwater toe H50 = 5.6 m (limit broken wind wave) 

 Sea side armor slope: 1/3 

 Port side armor slope: 1.5/1 

 Armor weight (all slopes): 3500 – 6200 Kg, Dn50 =1.22 m 

 Armor stones density: 2650 Kg/m3 

 Water density: 1025 Kg/m3 

 Relative armor submerged density: ∆ 1 1 1.585 
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Where the value of H50 can be calculated from the extreme regime of Hs and the return period T  

as detailed by Vidal et al. (2006), and the weight of the armor stones can be calculated by applying 

Etermad-Sahidi (2012) formulation from the H50 value.  

Assuming that the extreme regimes for tsunami waves (solitary wave height H and peak overflow 

height, Hp) are known, for 224 years of return period, the design tsunami waves are obtained. As 

an example, the next values are used in this application:  

 H = 6.4 m (maximum breaking solitary wave),  

 Number of tsunami solitary waves: 4 

 Hp = 3 m 

Using formula (11) for the front slope in type II breakwater: 

0.0046	 1.191 

∗
0.0046 ∗ ∗

1.191

2 ∗ 5
0.0046 ∗ 4 ∗ 6.4

1.191
4.267 

∆ 50
4.267 → 50

6.4

1.585 ∗ 4.267
0.946 

The size of the outer armor units to resist solitary tsunami waves is smaller than the size of the 

units to resist design wind waves. In this case, the limiting condition to design the front slope is 

given by wind waves. 

For the rear slope of Type II breakwater, formula 13 is used: 

0.037	 1.436 

∗
0.037 ∗ ∗
1.436

2 ∗ 5
0.037 ∗ 4 ∗ 6.4

1.436
1.995 

∆ 50
1.995 → 50

6.4

1.585 ∗ 1.995
2.024 

This result means that the average mass of the rear slope armor should be: 

	 2650 ∗ 2.024 21972	  

If the armor weight designed for wind waves is maintained (W50 = 4850 Kg, Dn50 = 1.22 m,  

					N
∆

.

. ∗ .
3.31 ), the damage in the rear slope due to the tsunami solitary 

waves will be: 

0.037	 1.436 → 4 ∗ 0.037	
5
6.4

1.436 ∗ 3.31 21.97 
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Thus, in the rear armor, the governing design event is the tsunami, and the design for wind waves 

would not support the tsunami solitary waves action.  

In the case of the overflow-type tsunami wave, the size of the units necessary to withstand the 

overtopping flow can be obtained from laboratory results. 

The minimum peak overflow height, Hp that produced appreciable damage (S>1) in both the two 

series of experiments was 11.2 cm (2.24 m in prototype), meaning a stability number of: 

∆
2.24

1.585 ∗ 1.22
1.158 

To resist the design peak overflow height of Hp = 3 m, the size and weight of the rear slope armor 

stones necessary to withstand the tsunami peak overflow threshold should be: 

∆
1.158 →

3
1.585 ∗ 1.158

1.634	 ;	 11561	  

Then, as in the case of tsunami solitary waves, tsunami overflow will be more demanding on 

stability than wind waves. When designing the rear slope to withstand design tsunami waves, the 

limiting condition is given by the solitary waves (
	

	

. 

4.6 Discussion 

In this study, the stability of rubble mound breakwaters under tsunami waves was analyzed for 

the first time by means of laboratory experiments on scaled models. Tsunami waves were studied 

splitting their action into 2 components: large solitary waves and overflowing steady currents. 

Two typologies of RMBs, with and without crown-wall, were tested in a wave-current flume at a 

1:20 scale.  

These structures were chosen after a bibliographic survey of the typical medium sized Spanish 

Mediterranean RMB protecting fishing ports and marinas. As a result of these tests, the damage 

on each structure side has been measured and assessed. 

The performance of the tested RMBs loaded by solitary waves varies from the seaside to the 

leeside. The damage on the seaside slope for both structures is low and very similar. A linear 

relationship between the damage parameter, S, and the number of solitary waves, N in the first 

damage stages (maximum reached damage was S = 2.5) was observed. 

The leeside slope of structure types I and II (with and without crown-wall, respectively) displayed 

very different behaviors. For type I RMB, the overtopping flow impinging on the access road, 
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was driven away from the submerged leeside slope armor that was therefore very stable. For type 

II RMB, the overtopping flow impacted on the leeside armor slope, dragging downward the armor 

units, and causing destruction with the highest wave. 

After the damage analysis, several exponential fittings were proposed for the evolution of damage, 

in terms of the stability number, normalized freeboard and number of solitary waves. A single 

formula, equation ( 17), was proposed for seaside armor damage of both type I and II RMBs. Only 

a formula for type II RMB was proposed for the leeside armor slope damage, equation ( 18), 

because damage on the type I leeside armor slope was so low that information was not enough 

for a correct damage description. The use of these expressions complements the design of RMB 

under wind waves. The structure to be designed should withstand independently both wind waves 

and tsunami wave’s conditions. The armor size of the different breakwater slopes should be the 

biggest resulting from the dual analysis.   

Regarding the overflow current experiments, no damage was observed at the seaward slope in 

neither of the breakwaters. The behavior of the leeside varies depending on its typology. As 

expected, the presence of the crown-wall in type I RMBs reduces damage on the leeside of the 

RMB. However, in the type II RMB the overflow fell directly on the structure’s slope, dragging 

the armor units downwards. In this case, the first extractions led to a quick collapse, because of 

the action of the current on the damaged area. Analyzing these experiments, it can be concluded 

that the influence of the overflow’s peak value (Hp) on the final damage of the structure is stronger 

than the influence of the time period (To) during which the overflow is acting.  

 

The evolution of the damage caused by the tsunami is different from that caused by wind waves. 

In the case of tsunamis, damage is greater and it grows faster. Based on these differences, new 

threshold values for the dimensionless damage levels have been proposed for tsunamis, 

distinguishing the solitary wave and the overflow current actions. In this new damage 

classification “Initiation of Iribarren´s damage” is not included because it was observed that once 

damage surpasses the “initiation of damage” threshold, the next wave damages directly the second 

layer of the armor, leading damage into initiation of destruction. 

The proposed thresholds are applicable to the geometry of the conducted experiments (cot=1.5). 

The influence of the slope in the value of the damage parameter was discussed by Hofland et al. 

(2017). They remarked that the use of S is not always optimal and they presented an updated 

application of an alternative parameter, the damage depth E that seems less dependent on the 

structure slope. In the overflow experiments, the inefficacy of using the damage parameter due to 



  4 Stability of rubble-mound breakwaters under tsunami actions 

99 

 

the quick damage evolution has been addressed, and, in this sense, E could be an alternative to 

characterize the small damages before the total collapse of the armor. 

 

As explained in the introduction, this study aimed on gaining a better understanding on the 

tsunami-structure interaction. Designing tsunami-resilient RMB would decrease the destructive 

effect of the tsunami wave onshore. Tsunami waves transmission behind harbor breakwaters is 

caused by flow through the porous core, overtopping and diffraction through the harbor mouth. 

Part of the tsunami wave is also reflected. The combination of these processes delays the time 

arrival of the tsunami to the land and reduces the tsunami wave height. These effects will be more 

noticeable if the breakwater resists undamaged the tsunami wave attack. If damage is less than 

“destruction”, the effect will be almost the same. Even if the breakwater is destroyed, the effect 

on delaying the tsunami time arrival and height will be noticeable, as was the case of Kamaishi 

port (Tomita et al., 2012). 

 

Finally, in Japan, after the 2011 event, structures which were close together exhibited different 

results when the tsunami occurred. Some breakwaters were destroyed (Takagi et al., 2014) while 

close-by comparable breakwaters survived. These differences highlight the fact that despite an 

evident correlation between tsunami wave height and structure damage, the dimensions and 

geometry of the specific breakwater are important when damage is calculated, obtained, or 

forecasted. Due to this facts, the variables involved in the calculation of damage on a particular 

structure come not only from the tsunami wave characteristics but also from the structure’s design 

parameters. In this study, the damage parameter, the freeboard, the stability number and the 

number of waves were the variables considered. New experiments taking into account other 

variables (armor slope, access road width, non-solid sea bed, etc.) would complement the results 

here obtained and, eventually, they would allow tackling a probabilistic representation of RMB 

stability under tsunami waves. 

4.7 Conclusions 

Based on the results of this study the following conclusions have been drawn regarding the 

stability of RMB under tsunami actions: 
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 There is a clear correlation between tsunami wave height, number of waves and damage 

on structures 

 The stability and the damage on RMB under tsunami actions varies from the seaward side 

to landward side and also from typology I to typology II 

 The presence of a crown-wall and an access road (typology I) diminishes the damage in 

the leeside, as seen both in solitary waves and overflow experiments.  

 The damage due to solitary waves in the seaside of the structures is similar in both tested 

typologies. The damage in type I RMB is slightly higher due to the greater run-down 

caused by the crown-wall. 

 The damage in the seaside due to overflow experiments is negligible. 

 Typology I RMB did not collapsed, neither for solitary waves nor overflow experiments 

 Typology II RMB collapsed for 0.45 m waves (9 m in the prototype) and for an overflow 

peak height of 11-12 cm (2.2-2.4 m in prototype).  

 The evolution of the damage does not follow for tsunamis the same pattern as in the case 

of wind waves. The tsunami damage evolution is faster and new specific damage level 

thresholds have been proposed 

 The tsunami stability analysis complements traditional wind waves design to determine 

whether tsunamis or wind waves loads are the design event in tsunami prone areas.  

 It is necessary to conduct more laboratory experiments, varying the set-up, geometries 

and materials that have been here presented to complement the achieved results. 
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5 PRESSURES ON THE 

CROWN-WALL OF RMB 

UNDER TSUNAMI IMPACT 

ACTIONS§ 
_____________________________________________________________________________ 

  

5.1 Introduction 

As previously highlighted, the optimal performance of rubble-mound breakwaters in case of 

tsunami is essential to mitigate their consequences onshore. Despite their relatively low 

frequency, huge tsunamis can test definitively marine structures resisting capabilities, due to the 

extraordinary loads that these extreme events can imply.  

Rubble-mound breakwaters are commonly constructed with a parapet or crown-wall. These 

superstructures have several functions, such as allowing rolled access for functional or 

                                                      

§ This Chapter is based on: Aniel-Quiroga, Í., Vidal, C., Lara, J. L., González, M. and Sainz, Á.(2018c): 

Pressures on a rubble-mound breakwater crown-wall under tsunami wave impact actions, To be Submitted 

to Coast. Eng. 
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maintenance reasons, overtopping reduction or back slope armor protection. The crown-wall 

stability design depends on the expected wave load history during its service life. It is common 

to link these loads to a design-storm, given by its significant wave height and peak period. 

However, the loads that a tsunami can cause are not often considered in the design stage of the 

crown-wall.  

Regarding wind waves, there are several methods to calculate the forces on crown-walls. Iribarren 

and Nogales (1964) calculated the horizontal forces on the crown wall, following a graphical 

method.  Günbak (1985) split the effect of the impinging wave in two components: a dynamic 

part considering the impact of the wave on the crown-wall and a hydrostatic part. This separation 

of components was upgraded by other authors based on laboratory experiments. Firstly, Pedersen 

and Burcharth (1992) studied the influence of other variables in the forces on the crown-wall, like 

significant wave height, wavelength, berm width, etc... Secondly, Martín et al. (1995 and 1999), 

highlighted the necessity of calculating both components, since their origins are different and they 

do not occur simultaneously. They included the calculation of the uplift pressure and limited the 

application of their model to waves breaking on the RMB slope. Pedersen (1996) considered that 

the maximum forces are produced by the impact part. Finally, Nørgaard et al. (2013) modified 

Pedersen´s model to cover  a range of shallow water conditions and Røge et al. (2014) evaluated 

Nørgaard results, reaching  more conservative expressions and enlarging their application to long 

waves acting on rubble mound breakwaters.  

However, the performance of crown-walls in case of tsunami is out of the range of application of 

these existing methods due to the fact that tsunamis are extremely long waves, they propagate 

always in shallow waters, and they do not reach the coast always as a bore.  

In this sense, Harbitz et al. (2016), and Guler et al. (2015), conducted laboratory experiments on 

RMB with crown-walls. Harbitz used solitary waves and bores to model the tsunami, and Guler 

used solitary waves and a constant flow. However, in their experiments, the crown-wall was not 

fixed, and consequently, it slid or turned due to the tsunami actions. Although the real effect was 

well represented, the pressure records on the crown-wall were incomplete. This is precisely the 

gap that this part of the thesis aims on cover. Focused on gaining a better understanding of the 

interaction between tsunamis and RMBs, laboratory experiments on rubble-mound breakwaters 

under tsunami-like actions were conducted. In Chapter 4, the experiments were presented and a 

stability analysis was conducted. This Chapter presents now a second part of the analysis of those 

laboratory experiments, focused on understanding the pressures that crown-walls of RMB must 

support due to tsunami-like actions. In these experiments the crown wall was fixed to the 
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structure, and, thus, it was not allowed to slide or turn what provided the complete recording of 

the loadings or pressures in the crown-wall.  

This study aims on determining the tsunami wave loads on crown-walls in order to design them 

trying to warranty their stability or, at least, some functionality reserve, focused on mitigating the 

tsunami onshore consequences. In this chapter, one of the referred methods (Martín et al., 1995) 

is modified and extended to calculate the tsunami loads on crown-walls, based on the results of 

laboratory experiments that are also presented. As highlighted in section 4, due to the unfeasibility 

of simulating the whole tsunami length in the laboratory at an adequate scale, the tsunami wave 

was reproduced simulating soliton’s wave impacts and the long wave overflow separately. The 

loadings of the first impact of the tsunami wave were simulated by means of solitary waves. The 

overflow was simulated by creating a current over the crown-wall. The modelled section 

reproduces a representative marina or fishing port in the Spanish Mediterranean coast at a 1:20 

scale. This scale allows accurate measurement of crown wall pressures and tsunami waves 

generation. 

The chapter is structured as follows: Section 5.2 describes the experimental set-up regarding the 

pressure measurement in the crown-wall; section 5.3 analyzes the results of the experiments; 

section 5.4 centers on the extension of existing stability design methods to a tsunami case. Section 

5.5 discusses the results and, finally, in 5.6 some conclusions are drawn. 

5.2 Experimental set-up 

The main characteristics of the set-up of the laboratory experiments are included in Chapter 4. In 

this section the specific instrumentation located to measure pressures in the crown-wall of type I 

RMB are further detailed. 

Wave loads were measured by 12 pressure transducers (Holykell HPT603) having a pressure 

range from 0 to 5 m of water column and a response time lower than 100 ms. 
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Fig.  5.1. Detail of the exact location of the pressure gauges installed in the tested model crown-wall (distances 

are in cm). 

Pressure gauges were placed in the vertical and horizontal parts of the crown-wall (see Fig.  5.1). 

Four of them were placed in the vertical (P4 to P8) to measure the outer wave pressures, and other 

four in the core just below the crown-wall horizontal part (P8 to P11) to measure the sub-

pressures. Another sensor (P12) was placed in the leeside vertical wall to measure the inner 

pressure on the vertical wall. In addition, 3 sensors were installed inside the core (P1 to P3, see 

Fig.  4.3). All the sensors placed on the core (P1 to P3 and P8 to P11) were attached to a steel 

frame embedded in the core that was also used to fix the crown-wall. The space between the 

crown wall and the flume glass walls was sealed to avoid any water losses. Fig.  4.3 shows the 

position of the 12 installed sensors and in Fig.  5.1 gives the exact location of the 9 sensors placed 

on the crown-wall (P4 to P12). 
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Fig.  5.2. a: Location of the sensors in the horizontal plate before the installation of the crown-wall, fixed with 

an auxiliary steel structure. b: Location of the pressure gauges in the vertical plate, viewed from the back 

slope.   

The set-up of the pressure sensors in the horizontal (a) and the vertical (b) sections of the crown-

wall is shown in Fig.  5.2 . 

5.3 Analyses of results 

The performed laboratory experiments and the installed instrumentation allowed analyzing the 

loads that a crown-wall faces when it is hit by tsunami-like actions. 

With these data the resultant forces in the vertical and horizontal parts of the crown-wall were 

calculated focused on evaluating whether forces balance in the crown-wall could trigger its sliding 

or overturning. This balance was assessed by means of safety margins that are explained later in 

this section.  

The loads that the crown-wall supports, and, consequently its performance varied from solitary 

waves to overflow currents tests. In the following subsections, the calculated variables and their 

characterization is approached for each action type. 

5.3.1 Solitary wave experiments 

5.3.1.1 Pressure time series 

Pressure time series represent the evolution of pressure with time, recorded at each gauge. 

Pressure time series recorded by the different gauges for SW4 (H=0.35m) are presented in Fig.  

5.3. 
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Fig.  5.3. Pressure time series of a solitary wave of 0.35 m high at those gauges placed inside the core. Pressure 

is given Pascals (Pa). 

Sensors P1, P2 and P3 were located inside the core. P1, placed near the seaside toe of the RMB, 

showed a gradual rise, following the water level increase caused by the wave arrival. The pressure 

in P2 was lower than in P1 but a dynamic peak, not recorded in P1, appears in the time series 

around t=1.5 s.  This peak was more evident in the P3 record, where a clear hump delayed from 

the first impact was observed. This hump is prompted by a pressure wave generated when the 

overtopping water falls directly into the leeside water (see Fig.  5.4). This pressure wave entered 

the structure from the rear slope and reached not only P3 but also the pressure sensors located on 

the horizontal part of the crown-wall.   

 

Fig.  5.4. Scheme of the pressure wave triggered by the overtopping falling into the leeside part. The pressure 

wave goes through the leeside armor and reaches the core and the horizontal part of the crown-wall, 

explaining the appearance of a peak in the pressure measurements of the sensors 

In order to confirm this phenomenon, a numerical simulation of one of these experiments was 

conducted. This numerical simulation allowed to discard undesirable explanations to this effect, 

such as a mistake in the measurements or that the overtopping impacting the horizontal part of 

the crown-wall could be responsible for a bending or flexion recorded by the pressure gauges.   

The numerical simulation was conducted by means of the IH2VOF numerical model (Lara et al., 

2006). IH2VOF model solves volume-averaged Reynolds-averaged Navier-Stokes (VARANS) 

equations based on the decomposition of the velocity and pressure fields into mean and turbulent 
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components using a κ-ε turbulent model on a 2D vertical domain. In this test a grid of 623*201 

cells was used and a 0.35 m (SW4) was simulated. The time series of pressure in two of the 

pressure gauges that are affected by the recorded secondary peak (PS9 and PS10) are shown in 

Fig.  5.5, where the dynamic peaks are clearly visible, including the hump produced by the 

transmitted wave generated as a result of the overtopping jet (in red in Fig.  5.5). As a result, it 

can be stated that the hydrodynamic reason for this secondary peak is the pressure wave triggered 

by the overtopping impacting in the leeside water.   

 

Fig.  5.5. Representation of the results of the numerical simulation of SW4 carried out with IH2VOF model. 

The time series of pressure in sensors 9 and 10 showed a clear peak produced by the pressure wave formed 

after the overtopping water fell into the calm water 

Sensors P4, P5, P6 and P7 were located in the vertical wall of the crown-wall (Fig.  5.6), being 

the part that receives the direct impact of the solitary waves. In this figure, the scale of the vertical 

axis is different in order to appreciate not only the value of the pressure but also the shape of the 

series at each sensor. Among them, and due to the berm disposition, P4 was the only sensor that 

was completely exposed to the impact of the wave. Sensor P5 was partially exposed (see Fig.  

5.1), and thus, the limit between P4 and P5 defines a transition since the pressures in protected 

and non-protected areas were significantly different. Sensors P6 and P7 were completely covered 

by the seaside slope armor layer, and thus they were protected from the direct action of the wave, 

and as a consequence, pressure peak on P4 was higher than in P5 and the pressure in the latter 

one was higher than in P6 and P7, as it can be seen in the example of the Fig.  5.6.  
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Fig.  5.6 Pressure time series of a solitary wave of 0.35 m high at those gauges placed in the crown wall. 

Pressure is given in Pascals (Pa). Pressure scales are different to appreciate and compare the shape of the 

series at every sensor. The graphs for all the solitary waves are included in Appendix 1. 

In Fig.  5.7a the time series of pressures on the unprotected sensor P4 for the 6 performed solitary 

wave heights are compared. This Figure shows the presence of two components. First, a dynamic 

component due to the wave impinging the crown-wall is observed and, second, a pseudo-

hydrostatic component related to the water mass down-rushing the wall is noted. This second 

peak was also observed, among others, in RMB crown-walls by (Martin et al., 1999) and in 

vertical breakwaters by(Nagai, 1973), under the action of regular and irregular wind waves. In 

these experiments the second peak is observed in all waves except the smallest one, SW1 (H = 

0.22 cm at the breakwater toe) because it produced low pressures in the crown-wall and null 

overtopping  
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Fig.  5.7. Comparison of the pressure time series of the 6 solitary wave heights at Sensors P4(a), P6(b) and 

P10(c). Pressure is given in Pascals (Pa). Curves have been time-shifted to superpose the first peak and to 

make it easier the comparison. The Y-axis scale is different in the graphs to appreciate properly the shape of 

the curves, regardless of the pressure. The graphs for all the pressure sensors are included in Appendix 3. 

In the case of the sensors protected by the RMB upper berm (see sensor P6 pressure time series 

in Fig.  5.7b), the dynamic component nearly disappears for the smallest waves SW1 and SW2, 
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and for these waves the pseudo-hydrostatic component dominate the pressure time series. For the 

other higher waves (SW3 to SW6) the dynamic component rules the pressure time series. 

Sensors P8 to P11 were placed in the horizontal part of the crown-wall to measure the uplift 

pressures and forces during the tests. The time series of these sensors have similar shapes for each 

solitary wave height (see Fig.  5.6). Fig.  5.7c shows the sensor P10 time series for the 6 tested 

solitary waves. It is observed how for SW1 the first peak did not exist and pressure just followed 

the rising and decreasing of the water level.  

For SW2, SW3 and SW4, the higher the wave, the bigger the dynamic component of the time 

series. This trend is reversed for the highest waves SW5 and SW6 where the dynamic pressure 

peak decreases as the wave height increases. In those highest waves, the normalized freeboard 

(freeboard/wave height) is smaller and most of the wave flows over the breakwater, reducing the 

amount of water retained by the crown-wall. As a consequence, the pressure signal at the crown 

wall base level, where P8 to P11 sensors were placed, diminished in comparison to previous lower 

tested waves. This effect is noted in Fig.  5.7c.  

It is noteworthy the hump in the pressure observed in sensors P8 to P11 after the second, pseudo-

hydrostatic peak. This hump is the same observed in sensor P3, located inside the core and it is 

produced by the transmitted wave generated as a result of the overtopping jet. The hump appeared 

simultaneously in P8, P9, P10, P11 and P12. In this sense, this hump can be considered as a second 

dynamic peak, traveling backwards from leeside to seaside (see Fig.  5.8). For SW1 and SW2 the 

pressure associated to this pressure wave was always lower than the first dynamic load (due to 

the first impact), but for SW3, SW4, SW5 and SW6 this hump was even bigger than the first 

dynamic peak. Finally the pressure in P12, located in the leeside vertical quay wall, was quite 

similar to that recorded on P11 (as it was noted as well in Fig.  5.6). 
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Fig.  5.8. Scheme of the pressure time series with the three peaks that were noted: dynamic, pseudo-hydrostatic 

and the 2nd dynamic peak, a hump triggered by the overtopping jet impacting on the leeside water. Depending 

on the solitary wave height, the height of these peaks, including which one is the highest, varied 

5.3.1.2 Hydraulic loading analysis. Margins of safety 

Using the pressure records on each sensor the resultant forces in the vertical and horizontal parts 

of the crown-wall were calculated focusing on evaluating whether the crown-wall forces balance 

could trigger a structural failure. Two failure modes of the crown-wall have been studied: sliding 

and overturning. It is out of the scope of this work to study other crown-wall failure modes that 

are also present in reality, such as geotechnical failures of the core, structural breakage or rubble 

mound protection erosion (see Fig.  5.9 by Pedersen, 1996). 

 

Fig.  5.9. Crown-wall failure modes (from Pedersen, 1996) 

The failure conditions have been assessed by means of margins of safety. They are defined as the 

difference between the stabilizing and destabilizing forces and moments, that is, failure occurs 

when the safety margin is negative. 

A simplified balance of forces and moments in the crown-wall is shown in Fig.  5.10. As it can 

be seen in the figure, pressures over the upper face of the horizontal part of the crown-wall due 

to the overtopping jet (that have not been measured) are not considered (they are on the safety 

side). 
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Fig.  5.10. Scheme of the equilibrium of forces acting on the crown wall. Fh: Resultant of the horizontal forces. 

Fv: Resultant of the vertical forces. W: weight of the crown-wall. Mh, Mv, Mw: Moments of Fh, Fv and Fw, 

respectively   

Pressures were integrated to obtain the resultant forces both in the horizontal (Fh) and the vertical 

(Fv) parts of the crown-wall. To complete the pressure law at horizontal and vertical parts, 

additional pressures were derived: P4’, P7’, P8’(=P7’) and P0 where obtained by linear 

extrapolation of the two closest sensors, following the approach of Norgaard et al., 2013.  

The margins of safety for sliding (Ss) and overturning (St) failures were formulated as follows: 

	 			(19)	

	 (20)	

where W is the weight of the crown-wall, Mv and Mh are the moments of resultant hydrodynamic 

forces Fh  and Fv at point O (see Fig.  5.10) and μ is the friction coefficient between crown-wall 

and the breakwater core rubble stones. Several authors (Hamilton and Hall, 1992, Jensen, 1984, 

Goda, 2000) discussed the value of μ between concrete superstructures and quarry stone, finding 

that it is around 0.5-0.6. In this analysis, a value of 0.5, as the one used also in (Allsop et al., 

1996), was applied. 

In the calculations of resultant forces and margins of safety, the weight of the crown-wall has not 

been considered. The objective of this analysis is to evaluate the time evolution of the margins of 

safety and identify the worst possible situation for the structure, meaning that Ss and St are 

minimum. The weight does not vary with time and therefore, the minimum Ss and St is determined 

by the maximum value of the sliding force Fs, where	 . In parallel, the maximum 

value of the overturning moment Mo, was used where	 , as simply derived from 

equations   (19) and (20)  
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The evolution of sliding forces and overturning moments with solitary wave height is given in 

Fig.  5.11 by means of non-dimensional Fs and Mo for each solitary wave, which are defined in 

equations ( 21) and ( 22): 

	 (	21)	

	 (	22)	

Where  and  are the length of the horizontal and vertical parts of the crown-wall, 

respectively, and	 . As can be seen, a linear relationship is observed between solitary 

wave height and both maximum sliding for both sliding forces and moments.   

 

Fig.  5.11. Relationship between the non-dimensionalized sliding forces and overturning moments and the 

tsunami wave height (a) and peak overflow height (b) for each one of the conducted laboratory experiments. A 

clearly linear behavior is observed 

In all the experiments the instant of the minimum safety margins Ss and St appeared at the same 

time. In Fig.  5.12, the Fh, Fv and the total sliding force Fs= (   time series are given 

for SW4.  
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Fig.  5.12. Time evolution of forces resultant for a SW4 solitary wave. Forces units are Newtons per linear m. 

The factor Fs=Fh+μFv (in black) represents the maximum pressure per linear meter in that test. The instant of 

its maximum value is the same as the instant of the minimum margin of safety Ss. 

Fh curve follows a similar shape as the pressure time series on the sensors located on the vertical 

part of the crown-wall (see Fig.  5.6): the dynamic first peak (impact) is followed by the smaller 

pseudo-hydrostatic peak. After that, a steady decline of the horizontal force is observed.  

Fv or uplift curve shows also a dynamic first peak, smaller than the horizontal dynamic force peak 

and a secondary, pseudo-hydrostatic peak, more pronounced than the horizontal pseudo-

hydrostatic peak. Except for the dynamic peak, the vertical force, Fv is bigger than the horizontal 

one, as a result of being the horizontal part of the crown-wall longer than the vertical one and 

consequently, the integrated value of the resultant is affected by this aspect. Finally, 0.6 s after 

the dynamic first impact, the second dynamic hump due to the backwards propagation of the 

transmitted wave is observed, as it is in the time series of the sensors located in the horizontal part 

of the crown-wall. 

 The evolution of the sliding force (Fs) shows a first dynamic peak, that is a result of the 

contribution of Fh to Ss, and a second and smaller peak, caused by the pseudo-hydrostatic load of 

the solitary wave on the crown-wall. Finally, a gradual fall of the margin is observed, only 

interrupted briefly by the dynamic hump formed by the contribution of the backward transmitted 

wave to Fv.  

Fig.  5.13 a and b show, respectively, the comparison of the time series of the non-dimensional 

sliding force (Fsn) and moment (Mon) for each tsunami wave height. 

As it can be observed, the curves of both figures follow similar patterns and the dynamic peaks 

dominates forces and moments. In this figures, the first dynamic peak is always the biggest force. 
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In Table 5.1 the values of resultant forces for each solitary wave height are given in the moment 

of minimum safety margin (averaged from the 5 waves of each height that were tested).  

Table 5.1. Resultant forces (Fh and Fv), total sliding force (Fs), moments (Mh and Mv), and total overturning 

moment (Mo), in the instant of minimum safety margins for each solitary wave height. 

SW  H(m) 
FH  FV  Fs    MFH  MFV  Mo 

N (per l.m)    N.∙m (per l.m) 

1  0.2  912.33  1187.01  1500.93     156.96  431.64  578.79 

2  0.25  1216.44  2020.86  2226.87     235.44  627.84  863.28 

3  0.3  2462.31  2226.87  3570.84     549.36  647.46  1196.82 

4  0.35  3374.64  2805.66  4777.47     745.56  824.04  1569.6 

5  0.4  4247.73  2736.99  5611.32     961.38  853.47  1814.85 

6  0.45  5611.32  1854.09  6543.27     1275.3  765.18  2040.48 

 

In the experiments with lower wave height (SW1 and SW2), the pseudo-hydrostatic peak is 

similar to the first dynamic one, but the difference between those peaks grows with the height. 

This effect was previously observed and explained for wind waves in (Takahashi, 2009).  

 

Fig.  5.13. (a)Time evolution of  and  (b) for each tsunami wave height. Curves have been time-shifted 

to superpose the first peak and to make it easier the comparison 
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5.3.1.3 Design pressure law 

In this subsection, the pressure law along the vertical wall of the crown-wall and the uplift forces 

on its horizontal part are analyzed. This analysis is addressed when the total action on the crown-

wall due to the solitary wave is maximum, meaning that safety margin is minimum, and 

consequently the superstructure is under maximum demand. As described in the previous 

subsection this situation occurred at the initial dynamic pressure peak of the solitary waves.  

Fig.  5.14 gives, for SW2 and SW4, the pressure and uplifts laws shapes in the crown-wall, when 

the margin of safety is minimum. As shown in the figure, peak dynamic pressure on the crown-

wall vertical face depends on the protection given by the RMB upper berm, being much stronger 

on the unprotected part.  

For crown-walls over the still water level the distribution of uplift pressures along the horizontal 

part usually follows a parabolic law, with a maximum at the seaside toe and near zero at the harbor 

side. Losada et al. (1993) highlighted that the error of using a triangular shape is less than 10% 

and it is on the safe side. However, in these tests, the presence of the rear quay wall prompts that 

the pressure in the corner does not tend to zero. As a result, the uplift law is trapezoidal or 

rectangular.  

 

Fig.  5.14. Shape of Pressure laws in the crown-wall, in the instant of minimum margin of safety, for the cases 

of SW2 (above) and SW4 (below). Each “ray” corresponds to the value recorded with pressure sensors (P4 to 

P12) or calculated as explained (P4’, P7’, P11’). The values recorded at each sensor for each experiment in the 

instant of the minimum margin of safety are included in Appendix 2.  

 

In the section 5.3.3, the definition of these laws is addressed, focused on extending Martin´s 

methodology (Martin et al., 1999) to cover also tsunami actions, like the tested solitary waves. 
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5.3.2 Overflow current experiments 

5.3.2.1 Pressure time series 

Fig.  5.15, shows the time series of all pressure sensors for test Q28 (Hp = 14.6 cm, To = 3 min). 

Sensor P7, located the lowest on the vertical crown wall face, 24 cm below crest, is the one that 

experiments the highest pressure increase. When the recirculation system is started, a fast increase 

of pressure is noted. As the flow through the core increased due to the rising of the level gradient 

between sea and harbor sides, the pressure increment reduced and at around 300 s the pressure 

stabilizes. Then, the pumps of the flume filling system start to fill the flume (from the seaside) 

and a new increase of the pressure is observed that again tends to stabilize. After 3 minutes of this 

stabilization, the pumps and current were stopped and the pressure decreased to a level 20 cm 

higher than at the start, due to the water added to the flume (this decrease is not shown in Fig.  

5.15.  

 

Fig.  5.15. Pressure time series of current test Q28. Pressure is given in Pascals (Pa) 

.  
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The sensors located on the crown-wall vertical face, are initially out of the water and show similar 

behavior, with the pressure decreasing from sensor P7 (the lowest) to sensor P4 (the highest). The 

pressure difference between initiation and end gather up the level difference between the sensors.  

The sensors located underneath the crown-wall horizontal part (P8 to P11) and the one placed in 

the inside of the vertical face of the rear side quay, P12, show the pressure gradient between the 

seaside and the harbor side due to the overflow action. Pressure decreases from sensor P8 to P10 

and this gradient stabilizes at sensors P10, P11 and P12, due to the presence of the rear quay. In 

this case, the evolution of the pressure is soft and time series do not contain any dynamic peaks.  

Pressure sensors located at the core (P1, P2 and P3) reflect even better the pressure gradient during 

the increasing pressure phase, with pressures decreasing from sensor P1 to P3.  

Fig.  5.16 shows the free surface displacement in the gauges WG6 and WG7, located just before 

and after the RMB. This time series show the location of the water surface, what allows the 

calculation of the pure hydrostatic pressure.  

 

 

Fig.  5.16. Amplitude recorded in the free surface gauges WG6 and WG7, located just before and after the 

RMB. 

5.3.2.2 Hydraulic loading analysis: Margins of safety 

Using the same approach as in the Solitary wave experiments (see Fig.  5.10, and equations   (19), 

(20), ( 21) and ( 22)) the resultant forces and moments and the safety margins were obtained for 

each overflow current experiment.  
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Fig.  5.17. Relationship between the non-dimensionalized sliding forces and overturning moments and the 

tsunami peak overflow height for each one of conducted laboratory experiments. A clearly linear behavior is 

observed 

The evolution of maximum sliding forces and overturning moments with overflow peak height is 

given in Fig.  5.17.  As can be seen, a linear relationship is observed for sliding forces and 

moments.   

Fig.  5.18 shows the time evolution of Fh, Fv, and Fs for the test Q28, as an example. In this case, 

the resultant forces curves follow mimetically the records of the gauges in Fig.  5.15. The total 

sliding force, Fs, do not present fluctuations but a gradual increase, in parallel to the overflow 

height rise. The maximum values of the resultants and the more limiting values of the sliding 

force and overturning moment of the overflow current tests were lower than the peak values in 

solitary waves set, except for the lowest wave SW1, since it was the lowest one and it reached the 

crown-wall very weakened. 
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Fig.  5.18. Time evolution of forces resultant for the overflow current test Q28. Units are Newtons per linear 

meter. The factor Fs =Fh+μFv (in black) represents the maximum pressure per linear meter in that test. The 

instant of its maximum value is the same as the instant of the minimum margin of safety Ss 

. 

As for the results of the experiments on solitary waves and overflow currents it can be stated that 

the overflow currents trigger hydrostatic (or pseudo-hydrostatic) pressures, in contrast to solitary 

waves, which are characterized by the impulsive forces triggered by the impact of the wave on 

the crown-wall. 

5.3.2.3 Design pressure law 

In general terms, the pressures measured in the overflow experiments were lower than those 

measured in the solitary wave experiments. 

The pressure in the vertical part of the crown-wall follows the same pattern as in the case of 

solitary waves. The berm defines a limit between the protected and non-protected parts. In the 

unprotected part, the pressure increases with water depth while in the protected one the pressure 

does not change significantly with water depth.   

Fig.  5.19 shows an example of the shape of the pressure laws following the same approaches as 

in the case of the solitary wave experiments.  
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Fig.  5.19 Shape of Pressure laws in the crown-wall, in the instant of minimum margin of safety, for the Q28 

test 

. 

5.3.3 Design of dynamic pressures on the crown-wall vertical face 
As it was observed in Fig.  5.14, there was a sharp variation of the pressure from those areas of 

the crown-wall protected by the berm to those areas that were not. For that reason, Martin et al. 

(1999) and other authors proposed to divide the pressure law into two parts, associated to the 

berm-protected and non-protected parts of the crown-wall vertical face. These 2 parts are 

schematized in Fig.  5.20.  

 

Fig.  5.20. Pressures on the crown-wall in the moment of the lowest safety margin. Ac is the berm height from 

the initial water level, wf is the level of horizontal part of the crown-wall, and wc is its upper level. 

 

As shown in the figure, a uniform pressure distribution was proposed for these two regions, PSo, 

for the unprotected part (z > Ac) and PSo (<1) for the protected one. Martin proposed the 
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following empirical approach to evaluate the dynamic pressures on each region, protected by the 

berm or not:  

 The dynamic pressure in the non-protected area varies linearly with the maximum 

thickness of the run-up water tongue over the berm edge (So): 

	 (23)	

where in (23) ρ is the water density, g is the gravity acceleration, and α is a non-

dimensional parameter given by equation (26).  

 The dynamic pressure in the protected part of the vertical face part of the crown-wall is 

Pso, where  [0 <<1] is a non-dimensional reduction factor: 

	 (24)	

 So and α must be evaluated in the moment of maximum run-up (Ru), and, therefore, these 

parameters depend on the run-up. Martin derived So from the RMB geometry and α from 

Cross (1976) and Wiegel (1976):  

	 (25)	

. 	 (26)	

Where in equations (25) and (26) H is the wave height at the RMB toe, Ru is the maximum 

run-up for infinite slope, Ac is the berm elevation over the MSL and β is the seaside slope 

angle. 

Martin calculated Ru using a formulation from Losada and Giménez-Curto (1980) for regular 

wind waves in terms of Iribarren Parameter ( ⁄⁄ ). This formulation is not directly 

applicable to solitary waves because they do not have a well-defined period (Fuhrman and 

Madsen, 2008). In this sense, some authors studied the interaction between solitary waves and 

mound breakwaters in terms of flow and stability (Jensen et al., 2015). Others linked the 

maximum forces on the crown-wall to a fictitious run-up height, i.e. Pedersen (1996) studied the 

run-up based on the definition of a marine climate, but none of these studies gives a formulation 

to account for the maximum RMB run-up of solitary waves. 

In view of this, an alternative method to estimate the maximum run-up of solitary waves on RMB 

was addressed to continue with the pressure calculation process. 
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5.3.3.1 Calculation of run-up of solitary waves on RMB 

 

The run-up of solitary waves on plane slopes was addressed by several authors. Most of them 

linked it with the Iribarren number. But the calculation of this parameter for solitary waves is not 

evident due to the fact that, theoretically, the length of the solitary waves is infinite what makes 

it difficult to evaluate its period, and consequently, the Iribarren number. For engineering use, 

there are in the literature several empirical approaches, like those of Dean and Dalrymple (1984), 

the afore-mentioned by Fuhrman and Madsen, or, more recently, by Lo et al. (2013).  They 

compared it to the expression derived by Synolakis (1987)  for non-breaking waves on smooth 

slopes: 

.
⁄

	 (27)	

Where h is the water depth and H is the tsunami wave height. In this study, the run-up of 

Synolakis, ,	 was considered as an upper limit value of the run-up on a RMB, which is here 

obtained by applying a reducing coefficient to , as explained following.   

Introducing equations (25) and (26)  in equation (23), the expression of PSo can be derived as 

follows: 

2.9 	 1000 1  

2.9 	  

That, for a given value of the armor slope β: 

	 (28)	

where K1 =2.9·g. 

The equivalent run-up RuE of the wave that produces a pressure Pso in the non-protected part of 

the crown-wall can be obtained from equation (29):  

	 (29)	

In the presented experiments this pressure corresponds to the pressure recorded in the sensor P4. 

Table 5.2 provides the value of the equivalent Run-up (RuE) associated with the pressures 

recorded in the sensor P4 for each solitary wave height. Also in Table 5.2, the reduction run-up 

factor, KRu = RuE/RuS is shown. This reduction factor accounts for the RMB rough and permeable 

characteristics, which reduce the measured run-up. 
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Table 5.2. Values of the recorded pressure on Sensor P4, and its corresponding run-up applying Eq. (29) and 

Synolakis formula (Eq. (27). KRu is the ratio between the equivalent run-up and the Synolakis run-up, the 

reducing coefficient to obtain the run-up, based on Synolakis formula. 

 Measured Pressure Calculated KRu 

H Sensor 4 (mca) Sensor 4 (Pa) RuE Ru Synolakis RuE/Rus 

0.2 0.32 3206.88 0.369 0.82 0.45 

0.25 0.98 9648.13 0.607 1.09 0.557 

0.3 1.52 14960.25 0.804 1.37 0.587 

0.35 2.06 20218.41 0.999 1.65 0.605 

0.4 2.59 25398.09 1.191 1.96 0.608 

0.45 3.37 33098.94 1.477 2.27 0.650 

 

A mathematical fitting was obtained by comparing the run-ups calculated both by Synolakis 

formula (RuS) and applying the results of the laboratory experiments (equivalent Run-up, RuE). 

Normalizing the run-up using the water depth, h, at the RMB toe, the best fit (RuS/h=A·(RuE/h)B)  

between the theoretical Synolakis run-up and the measured-calculated equivalent run-up is 

presented in equation (30): 

.
.

																										 . 	 (30)	

And, applying this equation in the Synolakis formula, equation (27): 

. 	 (31)	

This expression is, for the tested structure, the extension of Synolakis formula for the run-up of 

solitary waves on the slope of a RMB.  

Once the equivalent run-up, RuE,  is evaluated using the modified Synolakis formula, equation 

(31), the calculation of the pressure on the non-protected part of the vertical wall of the crown-

wall can be addressed, by simply applying it to the equation (28). 

5.3.3.2 Calculation of the protection coefficient λ 

In order to calculate the pressure in the protected part of the Crown-wall, the equation (24) must 

be solved, what, in practice, means to assess the value of the pressure reduction parameter 

parameter λ, defined as the relationship between pressures in protected and non-protected parts of 

the crown wall. 

Martin et al. (1999) calculated experimentally a value of λ between 0.25 and 0.65, values that are 

in accordance with Jensen (1984) and Günbak (1985), which used λ=0.5. In these experiments 
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with solitary waves, lower values were observed, see Fig.  5.14. This trend was noted on every 

solitary wave test. Martin gave λ as a function of the berm width and the wavelength at the toe of 

the breakwater. Its application to solitary waves requires the use of its wavelength that is infinite. 

Although an approximation could be applied, in order to calculate the value of λ for the tested 

RMB a comparison between the pressures on non-protected sensor P4 and average pressure on 

protected sensors (P6 and P7) was addressed. Table 5.3 shows the result of the comparison, where 

a value of λ = 0.33 is recommended to stay in the safety side. 

 

Table 5.3. Value of the coefficient λ for each solitary wave height test. λ is the ratio between pressure in 

protected and non-protected sensors.   

SW H PS4 (Pa) Pprotected (Pa) λ =Pprotected/PS4  

SW1 0.2 3206 2294 0.7 NO overtopping 

SW2 0.25 9648 2207 0.20  
 

Overtopping SW3 0.3 14960 3292 0.21 

SW4 0.35 20218 4502 0.22 

SW5 0.4 25398 8197 0.33 

SW6 0.45 33098 10410 0.33 

 

This result indicates that the pressure acting on the non-protected part of the crown-wall vertical 

face was nearly three times the pressure acting on the protected part, except for SW1, due to the 

reduced impact forces involved in its interaction with the crown-wall.  

5.3.4 Crown-wall design uplift pressures 
The uplift pressure distribution is commonly assumed as linear. In order to calculate the uplift of 

solitary waves on a RMB this assumption was followed. To complete the pressure distribution 

under the crown wall it was assumed that the pressure in the seaward edge (Psea) was the same as 

the pressure in the protected part of the vertical wall, i.e. Pso and that the pressure in the leeward 

side, Plee was coincident to that of sensor P12, see Fig.  5.21.  

The average value of Plee/Psea for each solitary wave height is given in Table 5.4 

Table 5.4. Relationship between pressures in the seaside (P8) and leeside (P12) 

 H  Plee/Psea   

SW1  0.2  0.62  NO overtopping 

SW2  0.25  0.94   
 
 

Overtopping 

SW3  0.3  1.01 

SW4  0.35  0.93 

SW5  0.4  0.94 
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SW6  0.45  0.93 
 

As it can be observed Plee/Psea is close to 1 which means that the uplift law is rectangular (Fig.  

5.21. This rectangular law does not apply to the lowest solitary waves (SW1, H=0.2), due to their 

wavelength and the low forces that these waves triggered. 

 

Fig.  5.21. Scheme of the uplift pressure shape 

5.3.5 Summary of the proposal for design dynamic pressures 
Based on the methodology exposed in previous subsections, the procedure to evaluate the design 

pressures on a crown-wall due to the initial impact of a tsunami is: 

 First, the design tsunami wave height, H, is stablished. The methodology for obtaining 

extreme regime of tsunami waves in a specific area is commonly tackled by analyzing or 

creating a tsunami database for the area of interest. As a result, the obtained database 

must be propagated to the structure location, obtaining the height of the tsunami wave.  

 After that, the equation (31) (27) must be used to evaluate the equivalent run-up of the 

wave on the structure, RuE. 

 Then, the pressure in the non-protected part of the vertical face of the crown-wall, Pso, 

is calculated by applying the equation (28).  

 The value of the pressure in the area of the vertical face that is protected by the berm 

is then assessed by multiplying the pressure in the non-protected part by λ=0.33. 

Regarding the uplift pressure, the pressure in the seaside (Psea) is considered as equal to the one 

in the protected area of the vertical face. As explained, the uplift pressure law is rectangular, and 

thus, the pressure in the leeside (Plee) is equal to Psea. 
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5.4 Crown-wall design overflow pressures 

In general terms, the pressures measured in the overflow experiments were lower than those 

measured in the solitary wave experiments. However, tsunamis do not always generate solitons 

and a gradual and continuous level rising leads directly to the overtopping (Shuto, 1985). In those 

cases, values of the maximum overflow peak, Hp, higher than those tested in this study could 

produce pressures that may come to be higher than first impact pressures. On account of this 

possibility, a methodology to calculate the overflow design pressures on the vertical and 

horizontal parts of the crown-wall is presented in this section, based on the results of the 

laboratory experiments. Following the same approach defined in the previous section, this 

methodology particularizes Martin´s method (Martin et al., 1999) to the loads that the overflow 

current produced.  

The calculation is addressed when the action on the crown-wall due to the overflow current is 

maximum, meaning that safety margins are minimum. Fig.  5.19 showed an example of the shape 

of the pressure laws following the same approaches as in the case of the solitary wave 

experiments. 

5.4.1 Design overflow pressure in the crown-wall vertical face 
The shape of the pressure law in the vertical face of the crown-wall is the result of the combination 

of a hydrostatic and a dynamic component (see Fig.  5.22).  

Taking into account the geometry of the experiments, the hydrostatic pressure due to the overflow, 

Phidrostatic, can be defined as: 

	 (32)	

In this case, the water level at the beginning of each overflow experiment was set at 0.50 m (10 

m in prototype), and thus Ac=0.15 m and So=0.1+Hp.  
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Fig.  5.22. Scheme of the pressures on the crown-wall in the moment of the lowest safety margin. Ac is the berm 

height from the initial water level. Pressure on the vertical face is pseudo-hydrostatic, and pressure in the 

horizontal force has a trapezoidal shape 

The values of the hydrostatic pressure at the elevations of the pressure gauges were compared to 

the recorded values on the 29 overflow current experiments. As a result (see examples of some of 

the most demanding cases in Table 5.5), the ratio =Pmeasured/Phydrostatic was found almost constant 

for each value of the elevation over the MSL (z). 

Table 5.5. Hydrostatic and measured pressures for a selection of laboratory tests. The ration between them 

stabilizes for each pressure sensor (for each z). 

   Hydrostatic Pressure (Pa)    Measured Pressure (Pa)    Ratio =Measured/Hydrost. 

TEST  Hp(m)    P4  P5  P6  P7    P4  P5  P6  P7    P4  P5  P6  P7 

Q21  0.1    1569  2158  2746  3335    3237  3884  3825  4022    2.1  1.8  1.4  1.2 

Q23  0.12    1765  2354  2943  3531    3531  4022  3924  4120    2.0  1.7  1.3  1.2 

Q26  0.11    1667  2256  2844  3433    3433  4022  3924  4120    2.1  1.8  1.4  1.2 

Q27  0.12    1765  2354  2943  3531    3629  4316  4218  4218    2.1  1.8  1.4  1.2 

Q28  0.15    2060  2648  3237  3825    4120  4610  4414  4414    2.0  1.7  1.4  1.2 

 

Taking into account the values of the pressure in Table 5.5, the pressure in the protected part of 

the crown-wall is considered constant and the pressure law in the non-protected part is linear (see 

Fig.  5.22). Thus, the derived laws are: 
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													 ∗ . .

∗ . .
	 (33)	

Since , where F is the freeboard, Equation (33) can be written as: 

∗ . .

												 ∗ . .
(34)	

 

where Pof is the total pressure in the vertical face of the crown-wall due to the overflow action. 

Using these expressions, the value of Pof can be calculated for each elevation over the MSL, based 

on the value of the hydrostatic pressure. The assumption of a value of =2.05 for both protected 

and non-protected parts is conservative and keep the results in the safety side, since all the 

calculated values are slightly higher than the measured ones (see Fig.  5.23). 

 

Fig.  5.23. Measured against calculated pressures in the vertical part of the crown-wall for the overflow 

experiments. 

5.4.2 Design overflow uplift pressure 
Regarding the pressure on the horizontal face of the crown-wall due to the overflow action, the 

shape of the uplift law is trapezoidal.  

In this case, the pressure in the seaside can be calculated by applying the equation (34) to the 

lowest part of the crown-wall.  
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Table 5.6. Value of the reduction coefficient for each overflow current test. Psea is the result of the application 

of the eq. (34) to the lowest part of the crown-wall, and P11 is the pressure recorded in the pressure sensor 11, 

the closest to the leeside armor. 

Test Psea (Pa) P11 (Pa) θ= Psea/P11 

Q21 4424 1599 2.7 

Q23 4826 1716 2.8 

Q26 4625 1648 2.8 

Q27 4826 1706 2.8 

Q28 5429 1913 2.8 

    
Comparing this pressure with the pressure recorded in the closest sensor to the leeside, a reduction 

coefficient, θ= Psea/P11, can be evaluated. Table 5.6 shows the result of the comparison, where the 

value of the coefficient stabilizes at a value of θ =2.8. The uplift pressure in the leeside can be 

evaluated by applying the calculated coefficient in the eq. (35). 

/ . 	 (35)	

 

5.4.3 Summary of proposal for design overflow pressures 
Based on the methodology exposed in previous subsections, the procedure to evaluate the design 

pressures on a crown-wall due to the overflow of a tsunami is: 

 First, the maximum peak overflow height, Hp, must be established. This value, as in the 

solitary wave case, is based on the extreme regime defined by the characteristics of the 

study area, analyzing or creating a tsunami run-up database.   

 Then, the hydrostatic pressure, Phidrostatic is calculated at each point of the vertical face 

of the crown-wall, by applying the equation (32). 

 After that, the overflow current pressure, Pof, is calculated, using Phidrostatic in the 

expression (34). 

 Finally, the trapezoidal shape of the uplift pressures is evaluated. The pressure in the 

seaside, Psea, is the result of applying the expression (34) to the lowest level of the crown 

wall. The pressure in the leeside, Plee, is obtained by using the equation (35). 
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5.5 Discussion 

In this study, the pressures of tsunami-like waves on the crown-wall of rubble-mound breakwaters 

were measured and analyzed by means of laboratory experiments on a scale model. The tsunami 

wave action was split into 2 actions: the first impact of the wave in the crown-wall was simulated 

by means of large solitary waves and the overflow was simulated by means of a steady current 

overtopping the crown. As a result of these experiments, the pressures along the horizontal and 

vertical parts of the crown-wall were measured what allowed to analyze the loads that these 

superstructures must head in case of tsunami.  

In the laboratory experiments, the crown-wall of the structure was fixed, not allowing sliding or 

overturning what allowed to record the complete time series of pressure at each pressure sensor, 

in contrast to previous works on tsunami-structure interaction that considered the crown-wall 

displacement preventing the complete measurements of the pressure time series.  

As for the results of the experiments on solitary waves and overflow currents it can be stated that 

the overflow currents trigger hydrostatic (or pseudo-hydrostatic) pressures. On the other hand, the 

solitary wave actions are characterized by the impulsive forces triggered by the impact of the 

wave on the crown-wall.  

For the solitary wave tests, the horizontal force evolution showed 2 peaks. First, a dynamic peak 

prompted by the impact of the tsunami on the vertical part of the crown-wall, and then, a 

secondary peak, lower than the first one, linked to the water mass down-rushing the wall. 

Regarding the vertical or uplift forces, a third peak or hump was recorded. This peak is prompted 

by the pressure of the transmitted wave generated by the overtopping jet falling into the leeside 

water. This pressure wave entered the structure from the rear slope and reached the pressure 

sensors located in the core and on the horizontal part of the crown-wall.   The hump occurred 

simultaneously in P8, P9, P10, P11 and P12 and for SW4 (0.35 m), SW5 (0.40 m) and for SW6 

(0.45 m) it was even bigger than the first dynamic peak. 

The	analyses	of	the	horizontal	and	vertical	forces	allowed	to	determine	the	worst	instant	

for	the	crown‐wall	stability,	evaluating	the	slide	and	overturn	safety	margins,	that	occurred	

simultaneously.		

A methodology to calculate the horizontal and uplift pressures in the worst instant, meaning when 

the safety margins are minimum, has been presented following the methodology of Martin et al. 

(1999). The calculation of some variables was adapted to the characteristics of the solitary waves, 

like the run-up on the structure that was evaluated by calculating it with the Synolakis formula 

but affected by a reduction caused by the rough, permeable characteristics of RMBs. The 
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calculation of this coefficient allowed to establish a variation of the Synolakis formula applicable 

to calculate the run-up of solitary waves on RMBs. 

Regarding the horizontal forces, the pressure on the on the area protected by the RMB upper berm 

was found three times lower than the pressure in the non-protected area in the moment of 

minimum safety margins. Regarding the uplift pressures, a linear rectangular law was assumed, 

following other authors, and, based on the results of the laboratory experiments the methodology 

to calculate it was detailed.  

For the overflow current tests, the maximum pressure was recorded, as it could be expected, in 

the pressure sensor located lower in the vertical face of the crown-wall (P7). The pressure in this 

vertical face can be considered as pseudo-hydrostatic and the uplift pressure follows a trapezoidal 

shape, diminishing from seaside to leeside armor. 

A methodology to calculate the pressures due to the tsunami overflow action was also presented. 

This methodology uses the overflow peak height, Hp, to calculate the hydrostatic pressure, 

Phydrostatic, and amplifies this value to obtain the total pressure value in the vertical face. An 

expression was fitted to obtain the final overflow pressure Pof from the Phidrostatic. 

Regarding the uplift pressure in the overflow current experiments, the pressure in the seaside was 

calculated by using the aforementioned expression for the lowest level of the crown-wall. And 

the pressure in the leeside is calculated by reducing Pseaside with a coefficient that was calculated 

for the tested geometry.  

The presented methodology allows obtaining, in the range of values of the tested structure, the 

pressures that crown-walls face in case of tsunami. 

5.6 Conclusions 

Regarding the pressures produced by a tsunami wave in the crown-wall o f a RMB, the next 

conclusions were drawn: 

 The greatest horizontal pressures in the crown-wall come from the initial dynamic impact 

of the solitary wave.  

 For tsunami-like solitary waves: 

o The pressure in the part of the crown-wall vertical face that is not protected by 

the berm is three times the pressure in the protected part. 
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o The horizontal force time series presents two clear peaks. The first one is related 

to the initial dynamic impact and the second one, lower and pseudo-hydrostatic, 

is related to the water rushing down the wall process.  

o The vertical uplift force time series presents an initial dynamic peak followed by 

an unexpected secondary and retarded peak. The origin of this secondary peak is 

the pressure wave prompted by the overtopping water jet falling into the leeside 

water, which passes through the leeside armor layer and reaches the crown-wall 

from behind. This secondary peak is, for the highest waves, even higher than the 

first one.  

o The highest waves do not generate the greatest uplift pressures, due to the fact 

that a great amount of water flows over the breakwater, reducing the amount of 

water retained by the crown-wall. 

 For the overflow current action on the crown-wall: 

o For the range of waves tested, the pressures produced by the overflow current 

overtopping the structure are lower than the initial dynamic impact of the tsunami 

wave. 

o The pressures in the vertical face of the crown-wall follow a pseudo-hydrostatic 

shape. 

 New laboratory experiments, including other geometries, set-ups, wave heights, 

overflows, etc., would be required to complement these results. 
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6 SUMMARY, CONCLUSIONS 

AND FUTURE RESEARCH 

6.1 Summary 

The main objective of this thesis is to contribute to tsunami science and engineering by developing 

new approaches and solutions to tsunami coastal impacts assessment. More specifically, the 

contribution was focused on studying two important aspects of the global strategy towards 

tsunami risk reduction: (i) the calculation of the tsunami run-up, and (ii) the interaction between 

tsunami waves and coastal structures.  

In Chapter 2, an overview of the tsunami science and engineering was given. This background 

analysis allowed establishing the main aspects of the physics of tsunami and to analyze the 

strategy of the actions that are taken into account to reduce the tsunami risk in coastal areas. In 

this chapter an extensive state of the art of this topic was addressed what led to establish specific 

objectives to cover the existing gaps: To develop and validate a tsunami run-up calculation 

methodology, and to analyze the stability of rubble-mound breakwaters and their crown-walls 

under tsunami actions. These objectives were treated separately in the subsequent chapters. 

In Chapter 3, the first of these objectives was addressed: The calculation of the tsunami run-up. 

In this Chapter, first, a thorough analysis of the state of the art of the tsunami run-up calculation 
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existing methodologies and approaches was presented. This analysis contributed to finding a 

specific gap in the run-up estimation when the application of traditional strategies, utilization of 

numerical models or empirical-analytical formulae, is not possible or include many uncertainties. 

Afterward, a new methodology to cover those limitations was presented in detail. The new 

approach consists of the elaboration of a database of tsunami calculations, which works as 

interpolation space to evaluate the run-up of new tsunami scenarios. The database was constructed 

by combining parameterized topobathymetric profiles and tsunami waves. These combinations 

were simulated using a hybrid numerical model formed by a Shallow Water Equations model and 

a Reynolds Averaged Navier-Stokes one. Each process associated with tsunami propagation and 

inundation was covered with the optimal numerical scheme, obtaining accurate values of the run-

up, which become part of the tsunami run-up database and interpolation space. This new approach 

to the estimation of the flooding triggered by a tsunami was validated with real data recorded in 

field trips after real events, and also with high-resolution numerical simulations of potential 

scenarios.  

In chapter 4, the analyses of rubble-mound breakwaters under tsunami actions was addressed by 

means of laboratory experiments in the IHCantabria flume. First, an overview of the existing 

literature regarding this topic was presented and, after that, the laboratory experiments 

characteristics and results were explained. Two types of breakwaters were analyzed with and 

without a crown-wall, and 2 types of tsunami actions were used. The first impact of the tsunami 

wave was physically simulated with large solitary waves and the subsequent overtopping was 

simulated by creating a current overflow in the flume. The damage after each experiment was 

measured and some expressions regarding the evolution of the damage were addressed. Finally, 

our results showed how damage caused by tsunami-like solitary waves focuses on the leeside 

slope, increasing both with the wave height and the number of waves and leading to propose new 

threshold levels of the damage parameter for damage description on the leeside slope.  

Finally, in Chapter 5, the pressures on crown walls of rubble-mound breakwaters were 

characterized and analyzed. One of the structures that were tested in the aforementioned 

laboratory experiments included a crown-wall and the pressure in several parts of this 

superstructure due to tsunami-like actions were measured by means of pressure gauges. These 

measurements allowed establishing the resultant forces that a crown-wall must support in case of 

tsunami, and to estimate the laws of pressure, contributing to understanding better the interaction 

between tsunami waves and structures. As a result, a methodology to calculate the pressure on 

the crown-wall due to tsunami actions was presented, focused on incorporating it into the design 

of structures on those areas where tsunamis could be expected.  
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6.2 Conclusions 

In Chapters 3, 4 and 5, where each specific objective was addressed, the results, discussions and 

conclusions obtained for each one of the addressed objectives were included.  

From a global point of view, the conclusions of this thesis are now presented in response to the 

research questions posted in Chapter 1:  

 RQ1: How can large-scale hazard assessment maps be elaborated due to the limitations 

in available high resolution topo-bathymetric and computational limitations? 

This question was addressed in Chapter 3, concluding that large-scale hazard assessment maps 

can be estimated by calculating the tsunami run-up at several profiles. In order to get this run-up 

estimation, in this thesis, a new methodology has been addressed, developed and validated. The 

application of this new methodology allows engineers and scientist to tackle with the tsunami 

hazard assessment when there are no high-resolution topobathymetric data and/or the 

computational cost of applying numerical models is unaffordable. 

 RQ2: How can existing numerical models and methodologies be improved to achieve an 

accurate estimation of the run-up of tsunamis in coastal areas? 

This question was also addressed in Chapter 3. A Shallow Water Equations model and a Reynolds 

Averaged Navier-Stokes model were coupled to develop a hybrid model that solves adequately 

all the processes linked to tsunamis, from offshore to inland: generation, propagation and 

inundation. This new hybrid model was validated allowing its use to develop a tsunami run-up 

database. 

 RQ3: What is the importance of the topobathymetric profile on which the tsunami 

propagates from its generation to the coast in the final value of the run-up?  

The run-up of tsunami waves definitely depends on the bathymetry that the tsunami wave 

traverses, which is also responsible of the effects and modifications that the wave suffers on its 

way from generation to inundation. In Chapter 3, a tsunami run-up database formed by 

combinations of tsunami waves and parameterized topobathymetric profiles was developed. This 

database allowed to study the influence of each parameter of the profile and the effects of their 

variations in the final value of the run-up.  

 RQ4: Can tsunami stability analysis complement traditional wind waves rubble-mound 

breakwaters design towards more resilient structures? 

 RQ5: How does the damage of rubble-mound-breakwaters due to tsunami action evolve? 
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These two questions were addressed in Chapter 4, clarifying that in tsunami-prone areas, the 

stability study of RMB under tsunami actions can lead to design characteristics different from 

those used for the case of wind waves. In Chapter 4, the stability analysis of tsunami actions on 

RMB by means of laboratory experiments was conducted, splitting the action of tsunamis into 

two parts: the first impact (solitary waves) and the overtopping (overflow current). The damage 

measured in the solitary waves experiments led to derive several design formulae, allowing its 

use to complement traditional ones to establish whether tsunamis or wind waves loads are the 

design event. These experiments also demonstrated that the evolution of the damage of RMB´s 

armors under tsunami waves does not follow the same pattern as in the case of wind waves. This 

effect was also even clearer in the overflow current experiments, where the evolution of the 

damage was faster. The presence of a crown-wall in one of the tested structures reduced 

significantly the damage in the leeside for both kinds of actions. Based on the results, new 

approaches, particular for tsunamis, must be addressed and in this sense, in Chapter 4, new 

specific damage thresholds were proposed.  

 RQ6: How does the presence of a crown-wall affect to the stability of a RMB under 

tsunami actions? 

This question was addressed also in Chapter 4. It was concluded that the presence of this 

superstructure, reduces the damage in the leeside, because the overtopping falls directly into the 

access road of the crown-wall, the inner armor is not directly exposed to the impinging of the 

overtopped wave jet. After that, the jet falls into the water in the leeside, far from the submerged 

inner armor layer, which appears to be very stable.  

 RQ7: How are the pressures that the crown-wall of RMB must support under tsunami 

actions?  

 RQ8: Can traditional wind waves design methods of crown-walls be extended to 

tsunamis? 

These questions were addressed in Chapter 5, concluding that the greatest horizontal pressures on 

crown-walls come from the initial dynamic impact of the wave. The horizontal force presents two 

clear peaks, one related to the initial dynamic impact, and a second one related to the water rushing 

down the wall. The vertical forces analysis allowed to define a third peak triggered by the pressure 

of the transmitted wave generated by the overtopping jet falling into the leeside water. The 

pressure in the part of the crown-wall that is protected by the berm is around three times the 

pressure in the non-protected part. On the other hand, the pressures associated to the overflow 

currents of the tsunami were mostly pseudo hydrostatic and always lower than the impact dynamic 

ones. In this chapter, traditional wind waves design methods of crown-walls were studied. It was 
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found that although the procedure can be assumed for tsunamis, some specific formulae and 

assumptions are not valid for them, what led to elaborate and present here an extended 

methodology to design crown-walls of RMB under tsunami waves.  

The results obtained in this thesis are a contribution to tsunami science on two of the most 

important aspects towards risk reduction and they can be incorporated to the global strategy 

towards the mitigation of tsunami consequences.  

6.3 Future research 

As explained in the introduction of this thesis, tsunami science is not a fully developed topic and, 

therefore, there are still questions open for further research. The results of this thesis contribute 

to tsunami science by covering some of the existing gaps, but further research on these topics can 

complement the obtained results. In this sense, the main issues to be addressed in future research 

works are listed as follows:  

 Although the developed tsunami run-up database covers most of the topobathymetric 

geometries that can be found in nature, the incorporation of more scenarios, more 

combinations of topobathymetric profiles and tsunami waves will complement the 

reached results. 

 In addition, a deeper study on the influence of each one of the parameters that define the 

tsunami run-up database must be tackled. The final result of this analysis would be the 

derivation of a global run-up formula, an easy-to-use tool that allows easy but accurate 

calculation of run-up. 

 New laboratory experiments on alternative typologies of rubble mound breakwaters 

would complement the results obtained in the development of this thesis. New slopes, sea 

water levels, freeboards, materials, etc., would contribute, together with the results here 

presented to generalizing the incorporation of tsunami actions to the rubble-mound-

breakwaters design.  

 Regarding the tsunami generation in the laboratory, although important improvements 

have been made in the last years, the existing methods for tsunami generation in 

laboratory do not provide a complete representation of the whole tsunami wave. In this 

thesis, the action of the tsunami was split into two parts, addressing the separated analyses 

of the actions. New generation methods, allowing the integrated analyses of actions, 

would complement definitely the here achieved results and conclusions. 
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 Finally, alternative crown-wall geometries and layouts would complement the obtained 

results towards the design of tsunami resilient superstructures of rubble-mound 

breakwaters.  
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APPENDIX 2: PRESSURES RECORDED IN THE 

INSTANT OF MINIMUM SAFETY MARGINS 
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