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ABSTRACT 

Title:  Shoreline response to detached breakwaters: overview of design guidelines and 

application to field cases. 

Author:  Guillermo Pérez Boloix. 

Supervisors: Judith Bosboom, Marcel J. F. Stive and José A. Jiménez Quintana. 

This study consists on the analysis of detached breakwaters and their influence on the 

shoreline response. Their importance to protect coastal strips against erosion and the 

difficulty to determine their complete behaviour and their relevant parameters, are the main 

aspects treated along the whole paper.   

First of all, a general overview of coastal dynamics is depicted. Second, a description of the 

actual coastal protection state is made, highlighting the reasons why coastal engineers have 

been focused on the problems and solutions related to coastline response for the last years. 

A comparison between the different measures that can be applied is realised in order to 

define their strong and weak points and to introduce offshore breakwaters as a valid and 

broadly applied option. 

The third item deals with detached breakwaters characteristics and influence on 

morphodynamic processes, and is the previous step to the exposure of the main topic of the 

thesis: the design guidelines. 

A subdivision between submerged and emerged breakwaters is made in order to achieve a 

better understanding of the process behind and around the structures, and highlight the 

relative difference of behaviour. 

General design guidelines, basically in form of geometric indicators, are defined and 

classified depending on their shoreline response description, for instance discerning between 

salient, tombolo and limited response. In order to determine the current validity of these 

indicators, and other parameters that seem to be relevant and were not taken into 

consideration, an overview of real reported cases is exposed. Comparisons between the 

results observed in the real cases with the guidelines and the numerical calculations realized 

on a first stage are described, stressing the complexity of the design of detached 

breakwaters.  
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RESUM 

Títol:  Comportament de la línia de costa sota la influència de dics exempts: resum de 

recomanacions de disseny i aplicació a casos reals. 

Autor:  Guillermo Pérez Boloix. 

Tutors: Judith Bosboom, Marcel J. F. Stive i José A. Jiménez Quintana 

El present estudi consisteix en l’anàlisi de dics exempts i la seva influència en la resposta de 

la línia costera. La seva importància a l’hora de protegir franges de costa contra processos 

erosius i la dificultat de determinar el seu comportament i els paràmetres rellevants, són els 

aspectes més importants tractats al llarg de la tesina.   

Primer de tot, s’exposa un resum general de la dinàmica de costes. Després, es realitza una 

descripció de l’estat actual de la protecció costera, remarcant les raons per les quals els 

enginyers marítims han centrat els seus esforços en analitzar els problemes i les solucions  

de la resposta de la línia de costa els darrers anys. Els diferents mètodes de protecció són 

definits i comparats, per tal d’exposar els punts forts i febles e introduir els dics com a opció 

vàlida i de gran aplicació actualment. Les característiques dels dics exempts i la seva 

influència en els processos morfodinàmics són descrites en un tercer pas, previ a exposar el 

tema principal de la tesina: les recomanacions de disseny.  

Per tal d’una millor entesa del procés que té lloc al voltant de les estructures i per tal de 

remarcar les diferències de comportament, es realitza una subdivisió entre dics emergents i 

submergits. 

Les recomanacions de disseny estan representades en forma d’indicadors geomètrics i es 

defineixen segons la seva resposta sobre la costa (sortint o tómbol). Amb l’objectiu de 

validar els indicadors i altres paràmetres rellevants que no havien estat considerats en 

estudis antics, s’exposa un resum de casos reals. El resultats obtinguts en aquests casos 

són comparats amb els càlculs numèrics realitzats en una primera fase i amb les 

recomanacions de disseny, destacant la complexitat que comporta el disseny d’un dic 

exempt. 

  



Guillermo Perez Boloix  Shoreline response to detached breakwaters 

3 

 

TABLE OF CONTENTS 

ABSTRACT .................................................................................................................................... 1 

RESUM ......................................................................................................................................... 2 

TABLE OF CONTENTS .................................................................................................................... 3 

FIGURES AND TABLES ................................................................................................................... 7 

1. INTRODUCTION ...................................................................................................................... 10 

2. OBJECTIVES ............................................................................................................................ 12 

3. COASTAL DYNAMICS ............................................................................................................... 13 

3.1 Wind waves ................................................................................................................................. 13 

3.2 Tides ............................................................................................................................................ 17 

3.3 Coastal hydrodynamics ............................................................................................................... 19 

3.3.1 Shoaling ................................................................................................................................ 19 

3.3.2 Refraction ............................................................................................................................. 19 

3.3.3 Reflection .............................................................................................................................. 20 

3.3.4 Diffraction ............................................................................................................................. 21 

3.3.5 Set-up and Set-down ............................................................................................................ 21 

3.4 Coastal currents ........................................................................................................................... 21 

3.5 Sediment transport ..................................................................................................................... 22 

3.5.1 Alongshore transport ........................................................................................................... 22 

3.5.2 Cross-shore transport ........................................................................................................... 23 

4. COASTAL MANAGEMENT ........................................................................................................ 25 

4.1 Reasons to protect the coast ....................................................................................................... 25 

4.1.1 Coastal management ............................................................................................................ 25 

4.1.2 Climate change and sea level rise ........................................................................................ 25 

4.1.3 Stakeholders and conflicts of interest .................................................................................. 26 

4.2 CURRENT STATE / SOLUTIONS..................................................................................................... 28 

4.2.1 Integrated Coastal Zone Management (ICZM) ..................................................................... 28 



Guillermo Perez Boloix  Shoreline response to detached breakwaters 

4 

 

4.2.2 Coastline management......................................................................................................... 28 

4.2.3 Monitoring coastal zones ..................................................................................................... 33 

5. COASTAL PROTECTION ............................................................................................................ 34 

5.1 Introduction ................................................................................................................................. 34 

5.2 Soft measures .............................................................................................................................. 34 

5.2.1 Beach Nourishment .............................................................................................................. 35 

5.2.2 Beach drainage ..................................................................................................................... 38 

5.3 Hard measures ............................................................................................................................ 38 

5.3.1 Seawalls and revetments...................................................................................................... 38 

5.3.2 Light-Revetments ................................................................................................................. 40 

5.3.3 Groins ................................................................................................................................... 40 

5.3.4 Detached breakwaters ......................................................................................................... 41 

5.3.5 Floating breakwaters ............................................................................................................ 42 

5.4 Comparison Soft vs. Hard Solutions ............................................................................................ 42 

6. EMERGED BREAKWATERS ....................................................................................................... 45 

6.1 INTRODUCTION ........................................................................................................................... 45 

6.2 Characteristics ............................................................................................................................. 46 

6.3 Effects of offshore breakwaters .................................................................................................. 46 

6.3.1 Hydrodynamic changes ........................................................................................................ 47 

6.3.2 Morphological changes ........................................................................................................ 49 

6.3.3 Other impacts ....................................................................................................................... 52 

6.4 Design Guidelines ........................................................................................................................ 53 

6.4.1 Introduction .......................................................................................................................... 53 

6.4.2 Main studies ......................................................................................................................... 53 

6.4.3 Silvester and Hsu method .................................................................................................... 59 

6.5 Real cases .................................................................................................................................... 63 

6.5.1 Investigation of the effects of offshore breakwater parameters on sediment accumulation 

(Edwards, 2002) ............................................................................................................................. 63 



Guillermo Perez Boloix  Shoreline response to detached breakwaters 

5 

 

6.5.2 Environmental design guidelines for detached breakwaters (Burchardt et al., 2007) ........ 66 

6.5.3 Geometric Detached breakwater indicators on the Spanish northeast coastline (Bricio et 

al., 2008) ........................................................................................................................................ 69 

6.5.4 Guidance for outline design of detached breakwaters on macro-tidal coasts (Johnson et al., 

2010) .............................................................................................................................................. 72 

6.5.5 Environmental impacts of shore-parallel breakwaters along Nagahama and Oghata 

(Moussa et al., 2006) ..................................................................................................................... 76 

6.5.6 The environmental impact of marina development on adjacent beaches: Herzliya Marina 

(Klein and Zviely, 2000) ................................................................................................................. 77 

7. SUBMERGED BREAKWATERS ................................................................................................... 79 

7.1 Previous ....................................................................................................................................... 79 

7.2 Characteristics ............................................................................................................................. 79 

7.2.1 Other aspects ....................................................................................................................... 82 

7.3 Methods for Morphodynamic analysis ....................................................................................... 82 

7.4 Design Guidelines ........................................................................................................................ 83 

7.4.1 Environmental Design Guidelines for Low Crested Coastal Structures (Burcharth et al., 

2007) .............................................................................................................................................. 83 

7.5 Real Cases .................................................................................................................................... 84 

7.5.1 Designing Offshore Breakwater Using Empirical Relationships (Thomalla and Vincent, 2004)

 ....................................................................................................................................................... 84 

7.5.2 Environmental Design of Low Crested Coastal Defence Structures (Caceres et al., 2002) .. 86 

7.5.3 Shoreline response to submerged structures (Ranasinghe and Turner, 2005) ................... 87 

7.5.4 Shoreline response to a single shore-parallel submerged breakwater (Ranasinghe et al., 

2010) .............................................................................................................................................. 93 

7.5.5 Full scale monitoring study of a submerged breakwater (Dean et al., 1996) ...................... 95 

7.5.6 Modelling the effect of wave overtopping on nearshore hydrodynamics and 

morphodynamics around shore-parallel breakwaters (Du et al., 2009) ....................................... 96 

7.5.7 Breakwaters for the Protection of Romanian Beaches (Spataru, 1989) .............................. 98 

8. SYNTHESIS ............................................................................................................................. 100 



Guillermo Perez Boloix  Shoreline response to detached breakwaters 

6 

 

9. Conclusions ........................................................................................................................... 102 

BIBLIOGRAPHY .......................................................................................................................... 103 

APPENDIX 1. DATA OF ACCRETION BEHIND A SINGLE OFFSHORE BREAKWATER. ......................... 108 

APPENDIX 2. HSU AND EVANS (1989) PARABOLA’S COEFFICIENTS. .............................................. 109 

 

  



Guillermo Perez Boloix  Shoreline response to detached breakwaters 

7 

 

FIGURES AND TABLES 

Figure 1.1: House foundations affected by coastal erosion. 

Figure 3.1: Sinusoidal wave. 

Figure 3.2: Wave oscillatory movement. 

Figure 3.3: Phase celerity and Group celerity evolution. 

Figure 3.4: Spring/Neap tide depending on the moon phases. 

Figure 3.5: Wave refraction process. 

Figure 3.6: Set-down and set-up variations. 

Figure 3.7: Alongshore sediment transport gradients. 

Figure 4.1: Herzliya Marina. 

Figure 4.2: Palm Island (Dubai). 

Figure 4.3: Generic Policy options. 

Figure 4.4: Case study selection criteria. 

Figure 4.5: Location of case study. 

Figure 5.1: Beach broadening after nourishment. 

Figure 5.2: Equilibrium profile evolution. 

Figure 5.3: Sediment lifetime comparison. 

Figure 5.4: Seawall protection. 

Figure 5.5: Revetment protection. 

Figure 5.6: Groin field accretion. 

Figure 5.7: Tombolos behind segmented breakwaters. 

Figure 5.8: Floating breakwaters construction. 



Guillermo Perez Boloix  Shoreline response to detached breakwaters 

8 

 

Figure 6.1: Definition of key variables for nearshore breakwaters scheme. 

Figure 6.2: Wave diffraction. 

Figure 6.3: Set-up variation behind a breakwater. 

Figure 6.4: Diffraction line. 

Figure 6.5: Shoreline evolution behind segmented breakwaters. 

Figure 6.6: Current pattern behind breakwater. 

Figure 6.7: Parameter definition offshore breakwaters and shoreline response. 

Figure 6.8: Sketch of salient formation in lee of offshore breakwater under normal wave approach. 

Figure 6.9: Relationship between X/B versus B/S. 

Figure 6.10: Salient formation key parameters. 

Figure 6.11: Tidal range environments. 

Figure 6.12: Effects of wave height on sediment accumulation ratio (α0=30 °). 

Figure 6.13: Effects of wave height on sediment accumulation ratio (α0=15°). 

Figure 6.14: Sketch of key parameters in equilibrium profile. 

Figure 6.15: Key variables in tombolo formation. 

Figure 6.16: Key variables in salient formation. 

Figure 6.17: Prototype location in the Mediterranean coast. 

Figure 6.18: Limit conditions for classifying empirical relationships for tombolo formation. 

Figure 6.19: Limit conditions for classifying empirical relationships for salient formation. 

Figure 6.20: Limit conditions for classifying empirical relationships limited response. 

Figure 6.21: Existing design guidance for determining shoreline response in the lee of detached 

breakwaters. 

Figure 6.22: Existing design guidance for assessing possible shoreline erosion in the gaps between 

nearshore breakwaters. 



Guillermo Perez Boloix  Shoreline response to detached breakwaters 

9 

 

Figure 6.23: Effect of breakwater length for different dimensionless tidal ranges. 

Figure 7.1: Flow field for submerged breakwaters. 

Figure 7.2: Comparison of currents behind emerged and submerged breakwaters. 

Figure 7.3: Wave-driven sediment fluxes for an alongshore uniform beach with a submerged 

breakwater. 

Figure 7.4: Current velocity field for normal wave incidence (4a), and oblique wave incidence (4b). 

Figure 7.5: Features of the sites and the submerged coastal structures reported. 

Figure 7.6: Nearshore circulation pattern in case of shore normal incident waves. 

Figure 7.7: Nearshore circulation pattern in case of oblique incident waves. 

Figure 7.8: Erosion and accretion under 2-cell and 4-cell circulation patterns. 

Figure 7.9: Wave height distribution and current vectors in the area between Reefs 7 and 11. 

Figure 7.10: Salient and tombolo distribution along the coast. 

Figure 7.11: Accretion capacity limit in case of a segmented breakwater field. 

Table 3.1: Wave relevant parameters.  

Table 5.1: Soft and hard measure treats. 

Table 6.1: Summary of empirical relationships.  

  



Guillermo Perez Boloix  Shoreline response to detached breakwaters 

10 

 

1. INTRODUCTION 

Coastal regions have attracted human activity for thousands of years. An increasing part of the global 

population inhabits coastal areas and many of the world's major cities have been built on or near 

harbours, and have port facilities. In addition, the high level of biological activity present near the 

coast makes coastal management a really important issue for human development.  

Many coastlines around the world are faced with the necessity of beach stabilization against the 

effects of gradual and/or episodic beach erosion. Due to either natural or anthropogenic causes, for 

instance tides, waves, currents or maritime constructions interrupting sediment transportation, 

these areas are suffering from a deficit of sand. Coastal erosion reduces the availability of beach 

width and surface. This affects the economic and environmental development of the coastal zone 

and forces the construction of a number of so-called solutions. These solutions do not always behave 

as expected, in terms of morphodynamic impacts, and they also produce significant visual and 

ecological effects, so a careful study has to be made, in order to figure out which option is the most 

suitable for solving erosive problems in a certain coastal strip. 

 

Figure 1.1: House foundations affected by coastal erosion (Sea4life blog, 2010) 

Various measures exist for shoreline stabilization that can be classified as soft or hard measures. Soft 

measures are almost limited to sand nourishment, the placement of big amounts of “proper” sand in 

the shoreface to move it seawards. Sand nourishment is a quite environmentally friendly option but 
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it requires a continuous maintenance. Moreover, despite being relatively expensive, it has been 

proven cost-effective in many areas.  

Within the hard measures, emerged and submerged structures can be found. Emerged coastal 

structures, such as groins, detached breakwaters or sea walls have been successfully adopted as 

protection measures for many years. More than 2100 detached breakwater were built in Japan from 

1962 till 1981, and some other countries like Australia, Denmark, United States, Spain, Israel or Italy 

decided to use them as a priority for coastal protection. However, these types of structures are 

becoming increasingly unpopular among the environmentally concerned communities since they are 

aesthetically unappealing.  

Submerged breakwaters, which don’t impair beach amenity, do not have this disadvantage. 

However, they have been rarely adopted in the past and therefore, their efficacy remains largely 

unknown. Due to the limited reported data on prototype submerged breakwaters, the understanding 

of the characteristics of shoreline response would necessarily need to be based on numerical and 

physical modelling. In some cases, a combination of structural approaches and beach nourishments is 

considered, in order to enhance the improvements for coastal protection. 

The design guidelines and applications for both submerged and emerged breakwaters are analysed in 

depth during the following study. 
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2. OBJECTIVES 

The overarching aim of this study is to obtain an overview of existing geometric indicators for the 

shoreline response to both emerged and submerged detached breakwaters and test these indicators 

against a selection of reported field cases.  

At the beginning of the thesis, some sections will be dedicated to identify the reasons to protect the 

coast and to analyse the current state of coastal management. In order to highlight the importance 

of detached breakwaters and the reason behind its choice as a valid option to protect the coast, a 

comparison between soft and hard measures will be made. At the same time, this will help to define 

their main characteristics and to highlight the situations where these structures are the best solution 

to the problems observed along the coast. 

Furthermore, it will be necessary to explain the morphological and hydrodynamic changes induced 

by the breakwaters in order to understand which are the effects of this type of structures and which 

are the reasons to choose certain geometric parameters as key indicators for shoreline response. 

As stated, once defined the main indicators that appeared to be relevant according to the studies of 

previous coastal engineers, a comparison with recent reported field cases will be made with the aim 

of determining which parameters are certainly observed to be completely relevant, which others 

were not taken into account in a first step and seem to have a certain importance for the shoreline 

response, and which others are irrelevant or have a behaviour and effect, difficult to describe. A 

critical analysis of the reports will be realized in order to obtain a better understanding of the process 

occurring around the detached breakwaters and to determine which aspects are still to be analysed 

in a deeper way and the possible improvements that could be made for it. 

Finally, local aspects are explored by comparing coastal protection policies taken by the different 

stakeholders in Spain and The Netherlands. This comparison demonstrates that some measures are 

not always the best solution for every coast in the world and that many issues have to be considered, 

from technical aspects to environmental aspects or availability or resources. 
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3. COASTAL DYNAMICS 

3.1 Wind waves 

Wind waves can be defined as a perturbation of the surface elevation η generated by wind. The sea 

absorbs radiation and warms up water. Due to the uneven heating of the earth’s surface by the sun, 

wind is generated and it returns the energy as waves. 

We can distinguish two kinds of wind waves: 

- Sea:  present in the generation area and characterized by their irregularity. 

- Swell: present at a distance of the generation area and characterized by their regularity. 

Waves are periodic in space and time. The simplest representation is a single sinusoidal (harmonic) 

component: 

η � a ∗ sin�ϖt � kx�																																																													�3.1�	

 

Figure 3.1: Sinusoidal wave (spatial view).  

Irregular surface can be described by a sum of those harmonic components.  

The other parameters are defined as: 

Table 3.1 Wave relevant parameters. 

Amplitude = a Height (H) = 2*a Wavelength = L 

Period (T) Wave number (K)=2π/L Wave number (K)=2π/L 

Angular frequency (ω) = 2π/T Celerity (c) = L/T Water depth (h) 
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Furthermore, it’s important to highlight that waves are dispersive, meaning that every harmonic 

component travels at its own speed, depending on	�. 

The dispersion relation is represented as: 

�� � ��	��������																																																																		�3.2�	
This relation shows that a wave with a certain constant period, while propagating, changes its length 

and celerity (depending on the water depth). Celerity decreases as approaching to the coast and 

therefore, length does the same (See figure 3.3).	
On the other hand, it can be observed that waves experience an oscillatory movement while 

propagating. Depending on the water depth, the orbits can go from circles to ellipses, getting flatter 

closer to the coastline. This process is expressed as “waves feeling the bottom”. 

 

Figure 3.2: Wave oscillatory movement (Maine School of Marine Sciences, 2010).  

These three characteristics allow the definition of 3 different domains: 

- Deep waters: (h/L) >1/2 

o Dispersive waves. 

o No feeling of the bottom. 

- Intermediate waters:  1/20<(h/L)<1/2 

o Dispersive waves. 

o Feeling of the bottom. 

- Shallow waters: (h/L)<1/20 
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o Non dispersive waves. 

o Feeling of the bottom. 

Waves in reality are not stationary, meaning that average conditions may vary (for instance during 

storms and after the storm). Therefore we have to consider  the calm, transition and storms intervals 

separately in time strips around 30 to 60 minutes, in order to have a statistically representative 

interval, and almost stationary. Such an analysis is a so-called short term analysis. 

The analysis of the waves can be: 

- Short term analysis 

o Statistical analysis registration 

Based on a register of surface elevation we can obtain different parameters of wave 

height and period such as: 

T0= zero-crossing wave period. 

Hrms= root mean square height. 

Hs = significant height. 

It’s possible to predict the probability of wave height exceeding by using the Rayleigh 

distribution. 

 

o Spectral analysis registration 

Using Fourier’s transform, it’s possible to derive an analysis dependent on frequency 

from an analysis dependent on time. The main contributions of this analysis are the 

spectral momentums: 

�� � � ���� ∗ !(���	"�																																																							(3.3�	

- Long term analysis  

o Medium values 

Representing the evolution of Hs in a longer period of time we define a sea state 

graph. We also know from short term analysis the correspondent probability of wave 

height exceeding , so by using different statistical or probabilistic method we define 

medium values for Hs and F(Hs) useful for studying the littoral dynamics and the port 

operations. 
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o Extreme values 

Instead of considering medium values as in the first case, we can consider only the 

biggest annual values of Hs or the Peaks Over a certain Threshold (POT). Using 

different methods it’s possible to define distribution functions that represent the 

behaviour of the extreme climate. Once obtained the distribution function, and after 

calibrating it, it’s possible to define the return period, the most important parameter 

for the design of coastal structures. 

Finally, the concept of group velocity has to be stated. If we consider 2 wave trains propagating in the 

same direction with the same wave height but periods and lengths slightly different, both trains are 

added and they form an enveloping path. The celerity of the group is called group velocity. Any 

perturbation will travel at the group velocity, and it’s also the velocity of sea energy. 

#$ � %� &' (1 + * �+,-./0	��+,�12																																																									�3.4�	
Where,                 

		� � %�(1 + * �+,-./0	��+,�12													1/2	<	n	<	1																																										(3.5�	
And considering the different cases, we have: 

Deep	waters	#$	=	1/2c		(n=1/2�																																																															(3.6�	

			Shallow	waters	#$ = B�ℎ		(n=1�																																																													(3.7�	

Wave energy is computed as: 

	E=1/8	ρgH2																																																																									(3.6�	
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We can observe the behaviour in the following graph: 

 

Figure 3.3: Phase celerity and Group celerity evolution (Bosboom and Stive, 2010). 

3.2 Tides 

Tides are slow harmonic up and down motions of the sea surface, generated by the interaction of 

oceanic waters and sun and moon.   

The local differences between gravitational acceleration and centripetal acceleration in the Earth-Sun 

and Earth-Moon systems give rise to a differential pull which is the force that produces the tides. 

The maximum elevation (high tide) may occur: 

- Once a day – diurnal tide. 

- Twice a day – semi-diurnal tide. 

Usually we have a mixed situation, in the sense that the maximums are different, creating a higher 

high tide and a lower high tide each day, leading to a phenomena that we know as daily inequality. It 

is produced by the fact that the Earth has a declination and introduces diurnal components all 

around the world. The Equator doesn’t have any daily inequality but as we go further to the poles the 

effect grows and we can get behaviour closer to a diurnal tide than to semi-diurnal one, as observed 

in the equator. 
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Furthermore, we observe that: 

- Twice a month, the highest tides go through a maximum when Sun and Moon are aligned. 

This maximum is called Spring Tide. 

- Twice a month, the highest tides go through a minimum when Moon is perpendicular to the 

Sun. This minimum is called Neap Tide. 

 

Figure 3.4: Spring/Neap tide depending on the moon phases (Bosboom and Stive, 2010). 

Finally we should mention that tides don’t remain in equilibrium all the time, they propagate around 

the oceans. Hence considering the dynamic theory of tides (assumption that Earth is no landless) it is 

stated that tides are progressive small amplitude long waves, in the sense that: 

- Inertia balances the pressure gradient. 

- Surface elevation and velocity are in phase. 

Coriolis has to be considered too when studying tide propagation. Along a basin, the coast acts as a 

boundary, introducing a geostrophic balance in cross-shore direction that results in a pattern of a 

rotating standing wave. 
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3.3 Coastal hydrodynamics 

As stated before, wave’s phase velocity, decrease when they propagate into shallow. However it’s 

also necessary to define what happens with their height and direction. 

3.3.1 Shoaling 

A wave propagating from one point to another with different water depth has a variation of wave 

height due to conservation of wave energy. This process is called shoaling. 

IJ � IK ∗ �L                                                                   (3.8) 
where the shoaling factor is: 

 �L = MNO,Q
NO,R                                                                        (3.9) 

If waves travel from deep water to shallow waters, the height variation will be an increase. This 

increase won’t remain indefinitely; cause at a certain maximum wave height there will be an 

instability when velocity of the particle is bigger than the velocity of the crest. This instability will 

induce the breaking of the wave. 

In shallow waters, Hmax = 0.88 h, so the breaker parameter is defined as: 

 ϒ=H/h = 0.88                                                                   (3.10) 
If we consider a simple dissipation model, we assume that this parameter will remain constant in the 

surf zone. 

In deep waters, waves can break too and the maximum wave height is defined as:  

Hmax= 0.14 L                                                                    (3.11) 
3.3.2 Refraction 

Waves don’t usually travel perpendicular to the coastline, they arrive to shallow waters with a certain 

angle between wave crests and coastline, so it’s necessary to define what happens to the behaviour 

of wave direction. During propagation, wave crests tend to align with the bathymetric lines because 

they have different phase velocity depending on the depth where they are located at the moment. 

The part of the wave in deeper water travels faster than the part of the wave in shallower water. This 

makes the crest to bend and cause the decreasing of the angle between the wave crest and the 

depth contours. The result is a tendency of the wave’s crests to become parallel to the coastline. This 

process is called Refraction.  
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If we consider Snell’s law we can determine the value of refraction’s coefficient. 

-./WN � #X�Y����                                                                   (3.12) 

 

Figure 3.5: Wave refraction process.  

The conservation of energy flux between wave rays leads to: 

IJ = IK ∗ �L ∗ �Z                                                           (3.13) 
with the refraction factor: 

 �Z = M[\- WQ
[\- WR                                                                    (3.14) 

�Z 5 1 so the angle becomes smaller when refracting towards the coast. 

It’s important to mention that the effect of the refraction factor reduces the increase in wave height 

generated by shoaling. 

3.3.3 Reflection 

The reflection process is an abrupt change in propagation direction of the waves due to the presence 

of an obstacle. It depends on: 

- Surface of the obstacle (permeability, slope and rugosity). 

- Wave steepness. 
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3.3.4 Diffraction  

It’s a lateral transfer of energy along the wave crest due to a lateral variation in wave height. It can 

be originated by an obstruction in the propagation (breakwater, headland or offshore island) or an 

abrupt change in the bottom contours. 

It’s an important process that controls the behaviour in detached breakwaters, so it will be explained 

extensively later on. 

3.3.5 Set-up and Set-down 

As stated before, the wave height increases due to shoaling till the breaking point and then 

decreases until reaching the coast. This process induces a pattern of cross-shore wave forces that has 

to be compensated. In order to achieve this compensation, a water level gradient takes place, 

producing pressure forces that balance the wave forces. Wave induced forces in cross-shore 

direction are based on the cross-shore gradient of the radiation stress Sxx. 

 

Figure 3.6: Set-down and set-up variations (Bosboom and Stive, 2010). 

Outside the surf zone (shoaling zone) there’s an offshore wave force that is compensated by an 

onshore pressure force induced by a decrease of water level known as SET-DOWN. 

Inside the surf zone, there’s an onshore wave force that is compensated by an offshore pressure 

force induced by an increase of water level known as SET-UP. 

3.4 Coastal currents 

The zone between the wave breaking point and the coast is known as surf-zone. It’s in this strip of 

water that coastal currents are generated. They can be cross-shore or alongshore currents and 

they’re the responsible of littoral dynamics. 
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In the cross-shore direction, a flux of mass propagates onshore, producing a piling up of water 

against the coastline. However, this piling up can’t keep going indefinitely, it has to be compensated 

by an offshore flux in order to accomplish the condition of zero net mass transport required by 

continuity. The offshore flux is known as Undertow current and together with other cross-shore 

processes, it’s responsible of the variations in the beach profile such as bar formations. 

In alongshore direction, we can observe a current that can modify the beach coastline. It depends on 

the relation between bed shear stress and dissipation of energy. It only appears inside the surf zone 

(where dissipation is non-zero) and for wave angles bigger than 0; for normally incident waves 

there’s no alongshore variation and hence no currents. 

3.5 Sediment transport 

In cases of transport gradients, it carries a big amount of sediment along the coasts. Big erosions or 

sedimentations on the beaches can appear as an answer to it. We find two types of sediment 

transport: alongshore transport and cross-shore transport. 

3.5.1 Alongshore transport 

As explained in the previous lines, alongshore transport is dependent on long-shore currents that are 

driven by waves, which hit the beach at an angle. As the water runs back it pulls the particles straight 

back into the sea under the force of gravity. The next wave moves the sediment particles a little bit 

further up the beach and so on, giving a pattern of zigzag. 

The wave forces that drive the alongshore current are based on the cross-shore gradient of the 

radiation stress Syx. Therefore, the formulation applied for obtaining the alongshore transport will be 

based on radiation stresses. 

The most used formula for calculating the bulk sediment transport is: 

! � +]	^_NO`a [\-ba -./ba�c$�de%�� 																																																													�3.15�	
It has its limitations because it’s independent of the grain size and only considers transport in the surf 

zone.  As it can be seen in the formulation, sediment transport in long-shore direction is dependent 

on wave exposure and the approaching direction (angle).  

The maximum transport according to formulation would have around 45° but physically that’s not 

possible and the maximum angles after breaking are around 20°. 
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Coastal perturbations such as accretion or erosion won’t happen without sediment transport 

gradients. For instance, positive gradients will produce erosion and negative gradients will produce 

accretion.  

 

Figure 3.7: Alongshore sediment transport gradients (Bosboom and Stive, 2010) 

As it will be seen in the following sections, sheltering and diffraction due to the presence of 

structures are the main causes for having a gradient in sediment transport. Detached breakwaters 

base their functioning on these aspects. 

3.5.2 Cross-shore transport 

It modifies the coast in its profile and happens in cyclic events in short term. It might origin 

accumulation or erosion of sediment in the shoreface and in the beach. 

Along the coast we can have two kinds of coastal profile: 

- Storm profile: the erosion results in a backward motion of the coastline, a decreasing of the 

beach width and of the slope and in a transport to submerged bars. 

- Accumulation profile: the accumulation of material implies a forward motion of the coastline 

and an increasing of the beach width and of the slope. 

These bars work as a material store but also as an energetic filter of the storms due to the reduction 

of the depth. 

Furthermore, it’s important to define the concept of equilibrium profile. It is the profile which is in 

equilibrium with the waves that arrive. As arriving waves are not always the same, we would have 

many different profiles, if there’s time to reach them. 
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We’ll have to take a medium profile that minimizes the imbalances. The most important derivation 

was made by Bruun and it is called the “Bruun Profile”. The theory states that the beach depth 

follows a parabolic shape such as: 

� � fg�/h                                                                      (3.16)  
where A depends on the sediment size. 

The profile slope is invariant with sea level rises, because the volume of sediment eroded from the 

upper profile is equal to the volume deposited in deeper water. 

It is important to state that the slope of the coastline depends on different parameters expressed by 

the dimensionless fall velocity. 

Ω = jk
lk'                                                                          (3.17) 

where IL is the height at the breaking line, �L is the sediment fall velocity and m is the period. 

Therefore, we’ll find steep slopes for coarse sediment and small wave height and gentle slopes for 

fine sediment and large wave height. 

The mechanism that origin the cross-shore transport are diverse and can be onshore or off-shore 

directed. The interrelation of streaming, wave asymmetry, bound long waves and undertow currents 

are the most important, and they lead to a different behaviour of the coastline depending on the 

combination, the seasonality and the exact location of the beach. 
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4. COASTAL MANAGEMENT 

4.1 Reasons to protect the coast 

The coastal zone is a dynamic area of natural change and of increasing human use. It covers a small 

strip of Earth’s land surface (15% approximately) compared to the parts occupied by oceans and 

land. However, it’s really important for the allocation of a huge part of world’s population and for the 

development of marine life.  

By 2025 it’s expected that around three-quarters of the world’s population will be accommodated in 

the coastal zone, imposing a huge amount of pressure on the global system, due to the big range of 

human activities that will take place. The coastal areas contain many resources to produce goods and 

services and are home to most commercial and industrial activities. The fishing, shipping and tourism 

industries compete for vital space along the coastline, threatening the conservation and 

sustainability of many valuable natural habitats, which tend to be naked against human 

interventions. 

Many coastal problems that are now being encountered worldwide have resulted from the 

unsustainable use and unrestricted development of coastal areas and resources. These problems 

include the accumulation of contaminants in coastal areas, erosion, and the rapidly increasing 

decline of habitats and natural resources.  

4.1.1 Coastal management 

Coastal management is a policy used all around the world to control, protect and develop any activity 

taking place in the coastal zone. It includes management for nature conservation, habitat and species 

restoration, management of recreational activity, and coastal defence (protection from coastal 

erosion and flooding) amongst a wide range of other human uses. 

A lot of different measures have been applied all over the world, especially in certain regions where 

the protection is extensively required. For instance we can mention: Venice, New Orleans, The 

Netherlands, or the Caspian Sea. 

4.1.2 Climate change and sea level rise 

In spatial planning for coastal zones it’s vital to consider changes related to the behaviour of the 

sea. Climate change is expected to have an impact on it by means of sea level rise and extreme 

storms. Protection against the sea level rise in the 21st century will be especially important, as it’s a 

problem currently accelerating.  
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Beaches and coastal systems have a direct adaptive response to sea level changes. When the sea 

level rises, coastal sediments are in part pushed up by wave and tide energy, so sea-level rise 

processes have a component of sediment transport landwards. This results in a dynamic model of 

rise effects with a continuous sediment displacement that is not compatible with static models 

where coastline change is only based on topographic data. This will be a challenge to coastal 

management, because the costs to build protection in the face of sea-level rise would be enormous. 

Finally it’s also relevant to mention the risk of flooding in certain areas due to climate changes. The 

probability of a flood event and its potential consequences, are aspects that have to be studied 

carefully in order to protect natural habitats and human goods and settlements. 

4.1.3 Stakeholders and conflicts of interest 

Successful management of coastal areas depends on understanding the different uses of coastal land 

and the physical processes impacting on the coast.  

Land uses in coastal areas include tourism, industry, fishing, trade and transport and therefore we 

can find a big amount of groups of people or stakeholders who have an interest in how coastal areas 

are managed. These include: 

- Local residents. 

- Environmental groups. 

- Developers. 

- Local councils. 

- National governments. 

- Tourist boards. 

- National Park Authorities. 

Each interested group may have a different view about what should be done to protect and manage 

coastal areas, a difference of opinion that can cause conflict between them. The main reasons why 

groups of people might be concerned about the coast are: 

- Threatening of beaches and coastal settlements due to coastal erosion. 

- Danger of flooding if sea-levels rise. 

- Development of local tourism. 

- Sewage and pollution problems. 
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Nowadays, one of the biggest aims in coastal management focuses on the development of wide 

beaches for recreational use. Many places have developed solutions in that sense achieving amazing 

layouts like the Marina in Herzliya in Israel or the Palm Island in Dubai. 

 

Figure 4.1: Herzliya Marina (Google Earth) 

 

Figure 4.2: Palm Island. 
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4.2 CURRENT STATE / SOLUTIONS 

Once the relevance of coastal zones is defined, it’s necessary to highlight the current state of coastal 

management and the solutions that are being applied to conserve these areas. 

4.2.1 Integrated Coastal Zone Management (ICZM) 

The Integrated Coastal Zone Management is a process for the management of the coast using an 

integrated approach in order to achieve sustainability. 

It was widely treated in the WCC’93 where after a large number of case studies it was defined as:  

IZCM involves the comprehensive assessment, setting of objectives, planning and management of 

coastal systems and resources, taking into account traditional, cultural and historical perspectives 

and conflicting interests and uses: it is a continuous and evolutionary process for achieving 

sustainable development. 

It takes in account all the present stakeholders to assess the societal goals in a given coastal area, 

and to take actions towards meeting these objectives.  Between these objectives, we can find: 

- Maintaining the functional integrity of the coastal resource systems. 

- Reducing resource-use conflicts. 

- Maintaining the health and production of the environment. 

If most of these aspects and goals cannot be accomplished, the process would lead to a form of 

unsustainable management, breaking the idea behind ICZM.  

Major constraints of ICZM are mostly institutional, rather than technological. Therefore, it’s 

important to accomplish the basic concept of integration. This concept refers to integration of all 

relevant policy areas, sectors, and levels of administration, including government, sectorial entities 

and local residents. But it means also the integration of the terrestrial and marine components of the 

target territory, in both time and space. ICZM seeks, over the long-term, to balance environmental, 

economic, social, cultural and recreational objectives, all within the limits set by natural dynamics.  

Different activities, interests and issues complicate the process. So most of the time management 

will be unique to countries, regions and ultimately on a local scale. 

4.2.2 Coastline management 

It is mainly a technical type of management to preserve the coastline. For each coastal system, the 

commonly applied policy options are given.  
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Figure 4.3: Generic Policy options (Coastal wiki, 2011). 

A. Inaction 

There is no investment in coastal defence assets or operations, for instance, no shoreline 

management activity. It is a cheap way to let the coast take care of itself. It involves the 

abandonment of coastal facilities when they are subject to coastal erosion or evacuation and 

resettlement elsewhere. This option is very environmentally friendly and the only pollution produced 

is from the resettlement process. However it does mean losing a lot of land to the sea and losing 

people’s properties. 

B. Managed retreat or realignment 

It consists in a managed realignment identifying a new line of defence and, where appropriate, 

constructing new defences landward of the original defences. 

It’s often a response to a change in sediment budget or to sea level rise. This technique allows an 

area that was not previously exposed to flooding by the sea to become flooded. Therefore, the 

process usually takes place near estuarine or deltaic areas. 
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The main cost is generally the acquisition of the land to be flooded so in most of the cases, the 

technique is used when the land adjacent to the sea is low in value. Sometimes, a retaining wall must 

be constructed inland in order to protect land beyond the area to be flooded. Housings 

compensation for relocation of residents may be also needed. 

C. Hold the line 

It’s mainly based on holding the existing defence line by maintaining or changing the standard of 

protection. Inside this policy we can find soft and hard techniques. The characteristics of the 

techniques and the differences between both will be treated more deeply in the next chapter, but as 

a first approximation, we could distinguish: 

o Structural or hard engineering techniques.  

These techniques, including seawalls, groins, detached breakwaters, and revetments, 

represent a significant share of protected shoreline in Europe (more than 70%).  

 

o Soft engineering techniques.  

These techniques, including beach nourishment and sand dune stabilization consist in 

building protection with natural processes and relying on natural elements such as 

sands, dunes and vegetation to prevent erosive forces from reaching the backshore.  

D. Move seawards 

It’s based on an advance of the existing defence line by constructing new defences seawards of the 

original ones. Moving seawards can create a strip of land with high value, which can bring a big 

investment. 

However, there’s an important downside to this strategy. If the sea rises, most coasts that are 

developed with an infrastructure along or close to the coastline won’t be able to accommodate 

erosion, and will experiment a phenomenon called "coastal squeeze". This occurs to coastal habitats 

that are trapped between a fixed landward boundary and rising of sea levels. The habitat is 

“squeezed” between the two both forces and decreases in quantity and/or in quality. Wetlands, salt 

marshes, mangroves and adjacent fresh water wetlands are particularly likely to suffer from this 

squeeze. 
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E. Limited intervention 

Limited intervention is an action taken whereby the management only solves the problem to some 

extent, usually in areas of low economic significance. They reduce the risks of the natural processes 

while allowing natural coastal change.  The measures go from attempts to slow down coastal 

erosion, for instance nourishments, to measures concerning public safety issues (e.g. flood warning 

systems, dune and forest maintenance). 

The decision between the different strategies depends on the local characteristics, concerning 

relative sea-level change, geomorphological setting, sediment availability and erosion, as well as 

economic, social and political factors. 

As an example, we can find the information provided by Eurosion, a project commissioned by the 

General Directorate Environment of the European Commission (Eurosion Portal, 2002) 

Within the range of coastline management, the Directorate General Environment of the European 

Commission and the National Institute of Coastal and Marine Management of the Netherlands (RIKZ), 

created the Shoreline Management Guide in order to provide coastal managers all around Europe 

with a state-of-the-art of coastal erosion management solutions in Europe, based on the review of 60 

case studies deemed to be representative of the European coastal diversity.  

For choosing the cases, eight selection criteria were used.  

CRITERIA GOALS FORESEEN 

Erosion problem All selected sites have to face an erosion problem which justifies the needs for action 

Physical types Selected sites have to be representative of the major physical types of coasts, including (i) 

rocky coasts, (ii) beaches, (iii) muddy coasts, (iv) artificial coasts, and (v) mouths. 

Policy options Selected sites have to be representative of the 5 major policy options available to manage 

erosion: (i) Hold the line, (ii) move seaward, (iii) Managed realignment, (iv) limited 

intervention, (v) do nothing 

Social and 

economic functions 

Selected sites have to be representative of the 5 major socio-economical functions of the 

coastal zones: (i) industry, transport and energy, (ii) tourism and recreation, (iii) 

urbanization, (iv) fisheries and aquaculture, (v) nature (conservation) and forestry 

Governance Selected sites have to highlight respective responsibilities of the different level of 

administration, namely: (i) the national level, (ii) the regional level, (iii) the local level. 

Willingness to 

participate 

Willingness of local stakeholders to provide information is a key criteria for selecting sites 

Technical solutions Selected sites have to be representative of existing shoreline management and coastal 

defence practices including pioneer and innovative technical solutions. 

Geographical 

distribution 

Geographically distribution of the selected sites has to cover all European Union member 

states 

Figure 4.4: Case study selection criteria (Eurosion, 2004). 
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These criteria have generated a selection of cases with valuable experiences throughout Europe.  

 

Figure 4.5: Location of case study (Eurosion, 2004). 

The guide, after taking in account the considerations derived from the different cases, concludes that 

soft solutions, such as beach nourishment, have been subject to serious setbacks despite being 

broadly used in the past 10 years. Such setbacks have been caused by inappropriate understanding 

of sediment processes (technical setback), difficult access to sand reserves inducing higher costs 

(financial setback), or unexpected adverse effects on the nature (environmental setback). In that 

sense, soft measures are found to be effective and efficient solutions only in a medium to long-term 

perspective, because they don’t imply the protection immediately since the coastal morphodynamic 

processes need a certain time to change and evolve. On the other hand, their limited lifetime and the 

fact that their impact slows down coastline retreat but does not stop it, makes necessary the 

complementation with hard measures in some cases. A deeper discussion between both types of 

measures will be realised in a further section.  

Finally and related to the Shoreline Management Guide, we find many other organizations that aim 

to protect the coast and assess projects all around Europe in order to develop sustainable design. We 

could highlight the Project Safecoast, and the DeltaWerken organization. 
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4.2.3 Monitoring coastal zones 

One of the problems that coastal managers face is the uncertainty in the information available on the 

processes that cause erosion of beaches. In order to assure a better data collection at a low cost and 

obtain analyses of shoreline processes over a wide range of intervals, different monitoring systems 

are used. The most important are: 

- Shoreline mapping: Shoreline has to be considered in a temporal sense whereby scale is 

dependent on the context of investigation. Due to the dynamic nature, coastal researchers 

use different coastline indicators to represent the true shoreline position. 

 

- Event warning systems: Storm and tsunami warnings can be used to minimize the human 

impact of fatal events due to coastal erosion.  

For the different methods it’s really important where and how to obtain the information, so the data 

sources are deeply analysed. The availability of historical data is limited at many coastal sites and 

therefore, the choice of data source is largely limited to what is available for the site at a given time. 

The main sources are: 

- Historical maps. 

- Aerial photographs. 

- Beach profiling surveys. 

- Remote sensing. 

- Video analysis (cost-effective, continuous and long-term monitoring of beaches). 
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5. COASTAL PROTECTION 

5.1 Introduction 

The coastline has been subjected to an important process of regression as a consequence of many 

problems like waves, tides, currents, mean sea level rise and interruption of sediment transportation 

due to maritime construction. These factors are leading to an erosion of a large number of beaches 

and to environmental and landscape degradation. 

We can mainly find two types of coastal erosion: 

- Erosion due to storm surges: produced as a result of cross-shore transport, erosion due 

storm surges is temporary because after a storm process where the sand is moved from the 

upper part of the beach to deeper water, equilibrium will be restored again when appearing 

the situation of normal wave conditions. 

 

- Structural erosion: it’s a result of a gradient in alongshore transport. It leads to loss of sand 

volume that will not return. As a first step, the shoreface starts to become eroded, but 

sooner or later, the upper part of the beach will also experience a similar damage. 

The eroding process affects substantially the economic development of the coastal zone, for 

instance, some recreational beaches can disappear, and in other cases, it even threatens the safety 

of the land behind the coastline. The construction of different solutions is therefore necessary.  

These solutions do not always behave as expected and they often produce significant visual and 

ecological impacts. It’s really important that coastal engineers study all the aspects surrounding to 

coastal protection, including the initial problems, the solutions and the long term behaviour of the 

solutions applied. 

In general, there are two possible ways to solve the coastal morphological problems: hard measures 

(coastal structures) and soft (natural) measures. 

5.2 Soft measures 

Soft engineering measures are sustainable and long-term options, with less impact on the 

environment than the hard ones. Moreover they also require less initial investment to be applied.  

We could stress 2 types of soft measures: 
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5.2.1 Beach Nourishment 

The artificial nourishments consists in a project where the coastal system is fed with granular 

material from an external source (borrow area) at a certain distance from the project area. It has 

been used in some countries for decades. The resulting beach provides some protection to the area 

behind it and also serves as a valuable recreational resource. The beach’s lifetime will depend on 

how quickly it erodes. 

Artificial nourishments can be applied in many forms, and depending on the aim of the nourishment 

project, the feeding can be carried out as a single action or as a continuous and repeated action. We 

can distinguish 4 types: 

- Nourishment to broaden the beach (recreation purpose) 

One of the main purposes of coastal management is to maintain and develop the coastal strip as a 

place for recreation. With an artificial nourishment as seen in figure 5.1 the aim of broadening the 

beach, is simply achieved. 

 

Figure 5.1: Beach broadening after nourishment (Coastal wiki, 2010). 

The coast is assumed to be more or less stable over time, but right after applying the nourishment 

the beach profile is not stable anymore. Cross-shore sediment transport will affect the new profile by 

trying to re-establish again the equilibrium state leading to a new shape of the coast. Sometime after 

the nourishment, the upper part of the cross-shore profile is widened, and the deeper part of the 

cross-shore profile is shifted in seaward direction.  

 

Figure 5.2: Equilibrium profile evolution (Coastal wiki, 2010). 
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Coastal engineers take this feature into account and add some more sediment to the amount 

necessary to obtain the desired width. 

In alongshore direction, some losses of sand can be expected so in many cases continuous 

maintenance is required. 

If the provided material is the same as the native sediment, the same shape of the cross-shore profile 

will be achieved as the pre-nourishment equilibrium shape after the equilibration process. However, 

if the new sand is much finer than the native one, the post-nourishment equilibrium shape of the 

cross-shore profile will be gentler than before the nourishment. On the other hand, if the provided 

sand is coarser than the native sand, the equilibrium profile will be steeper. 

- Nourishment to create new beaches 

Many coastal areas are characterized by a small strip of sand and rocky landscape, so rather any 

beaches are expected to be present. By using nourishment it’s possible to create artificial beaches 

applying the same principles as in beach broadening. 

When creating a new beach, a bigger amount of sand has to be provided and the maintenance 

considerations are way more important than when increasing the width of an existing beach. 

Considering the small strip of sand expected, high waves and intensive alongshore currents are 

expected, so after creating the new beach, the erosion will be quite considerable.  

In order to maintain the provided sediment, combinations with hard structures like groins or 

breakwaters are often applied. 

- Nourishment to compensate losses due to structural erosion 

A beach suffering from structural erosion needs artificial nourishment as a soft solution. Applying 

nourishments with sand of the same size doesn’t stop the occurring erosion, so after a certain period 

the nourishment has to be repeated. This period is usually called “lifetime”. 

If the new sediment applied has a different size from the native one, some additional processes are 

expected. The sediment transport gradients occurred will change and the losses experiences by the 

stretch of coast won’t be the same either. 
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Figure 5.3: Sediment lifetime comparison (Bosboom and Stive, 2010). 

When providing sediment larger than the native, the alongshore transport rate is expected to be 

smaller, hence the lifetime of the nourishment will be larger.  

In contrary, when providing sediment smaller than the native, the alongshore transport is expected 

to be bigger, thus the lifetime of the nourishment will be smaller. The deposition of sediment in case 

of structural erosion has to be in all the different parts of the cross-shore profile. 

- Nourishment to enhance the safety of the properties built close to the dunes 

If the existing dunes don’t assure the design conditions with respect to safety of the land behind 

them, the dunes have to be reinforced. Normally artificial nourishments behind the dunes (landward 

side) are used as a proper measure, because providing the sediment at the seaward side could lead 

to some sand losses due to alongshore currents as stated before. Unless infrastructural barriers don’t 

allow the nourishment in the landward side, the nourishment is supposed to be in that part of the 

coast. 

It’s really important to take in account that Soft measures are meant to be almost harmless with the 

environment. However, some important characteristics have to be considered. When providing new 

sediment, there can be indirect damages on the beach due to colour and texture changes, and due to 

an increase of the slope depending on the size as stated before. So it’s really important to consider 

the sediment characteristics as a first step: 

o From the user’s point of view, the sand has to be similar to the original one. 

o From an engineering point of view, we are interested in big sediment’s size because 

less sand will be needed and the slope will be stable. 

o From an environmental point of view, the provided sediment has to produce a small 

impact. 
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The source of the sand can be somewhere near the coast, dredged material or crushed material. 

Finally it’s important to highlight that nourishments can lead to an increase in turbidity and a change 

in the surrounding biodiversity. 

5.2.2 Beach drainage 

The last alternative as a soft measured is the so-called beach drainage. It consists on a drainage pipe 

placed under the sand below the high tide level. The pipe conducts the water to a collection point 

and then is pumped out towards the sea. By draining the high tide region, the water is lowered and 

the sand has a better chance to dry. The sea wind completes this re-nourishment.  

It’s a really useful method because it does change the balance of the physical factors that maintain 

the beach. But when pumping is stopped, the beach degrades back to its previous state. When the 

wind blowing becomes weakened, it can be compensated by increasing the drainage because it’s 

easy to enhance. 

5.3 Hard measures 

These types of structures are becoming unpopular among the environmental communities because 

they impair beach amenity or aesthetics. They tend to be expensive and technically complicated 

options, but they can often provide a better prevention against erosion than soft measure. We can 

distinguish: 

5.3.1 Seawalls and revetments 

Seawalls and revetments are shore-parallel structures between the beach and the dunes. They can 

either be aimed as a retaining wall intended to hold or prevent sliding of the soil behind it 

(revetment) or as a massive structure to protect the backshore from the wave action. 

 

Figure 5.4: Seawall protection (Coastal wiki, 2010). 
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While in a situation without a seawall even a low storm surge will attack and erode the mainland, in 

the situation with a seawall this is prevented. Some scour in front of the structure must be taken into 

account in the design. The height of a seawall determines to a great extent the rate of overtopping 

reaching the mainland. 

It’s really important to highlight that, seawalls and revetments are not good solutions in case of 

structural erosion problems. In case of a gradient in the alongshore sediment transport, volumes of 

sediment are lost out in the cross-shore profile during ordinary conditions (those where storm surge 

has a weak contribution). 

 

Figure 5.5: Revetment protection (Coastal wiki, 2010) 

The initial losses of sediments are produced in the exposed side of the profile cause the other parts 

are not involved in the alongshore sediment transports, unless high tides or storm surges are acting 

in the area.  In case of absence of seawalls, the gap left by the loss of sediment is compensated by 

sand from the higher parts of the profile, but if the seawall is built the compensation doesn’t take 

place and the erosion keeps going in many cases. If the beach disappears after the eroding process, 

more scour can affect the stability of the seawall. 

This kind of hard measure is often applied in coastal areas where the recreational aspects are 

overriding or in places located near people’s properties. In the last case, the land owners are more 

concerned about the edge of the mainland is coming closer and closer to their houses than about 

beach losses. That’s the reason why seawalls and revetments are so often applied in this kind of 

situations. 
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5.3.2 Light-Revetments 

They imply a softer solution than the regular revetments. During heavy storms, the artificial beach 

and dune provided by the nourishment can be washed away. In order to avoid this problem or at 

least to palliate it as much as possible, light revetments are built in as supplements. They usually act 

protecting the dunes when the beach disappears after the extreme storm.  

5.3.3 Groins 

Groins are structures built extending from shore into sea, most often perpendicularly or slightly 

obliquely to the shoreline. They aim to prevent the erosion induced by the alongshore drift slowing 

down the process. Alongshore drift carries sand and shingle along the coastline. Groins stop the flow, 

and the sand that has been carried along the coast is deposited at the base of the structure. Without 

an adequate supply of the beach material, groins are inefficient. 

During moderate wave conditions, the groins partly dissipate energy of water motion and lead to 

sand accumulation near the shore, thus causing its accretion. In case of situations where storm 

waves approach to the coast, the role of the groins decreases and a beach is partly washed out. 

The influence of this type of structure on the shore behaviour depends on different parameters like: 

sea water level, currents, sediments supply and the characteristics of the cross-shore profile.  

 

Figure 5.6: Groin field accretion (Changing Coastline blog, 2009) 

In the case of a group of groins, the location of the structures can have some side effects. Erosion is 

observed in the direct vicinity of the structures, particularly when waves are approaching the shore 

normally. Therefore, an appropriate choice of shape, dimensions and location of the groins is crucial 

for their effectiveness on shore protection. The effectiveness depends also on the permeability of the 

elements. 
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Apart from the possible erosion down drift, groins can be seen as unattractive and costly to build and 

maintain. 

As stated before, they can be helpful in case of creation of new beaches as a support element for 

nourishment.  

5.3.4 Detached breakwaters 

Breakwaters are the last type of hard measures used in coastal protection. As the main topic of the 

thesis, they will be broadly treated in the following sections but a few strokes can be given to 

compare them to the other measures. 

Built up either emerged or submerged, breakwaters are shore-parallel structures located inside or 

close to the surf-zone. They protect a certain shoreline area from the wave action whilst reducing the 

energy attacking the zone. 

 

Figure 5.7: Tombolos behind segmented breakwaters (Coastal Systems International, 2004) 

Reducing the wave action in the detached breakwater lee induces an accumulation of sediment. If 

enough material is deposited, a sandy form (or salient) will develop. In case the salient reached the 

structure, the sandy form is called tombolo. 

Detached breakwaters are usually more advantageous for protecting and establishing beaches than 

the other hard solutions, in the sense that they create accretion areas on the coast without 

completely interrupting the sediment flow. Unlike groins, breakwaters don’t produce impacts on the 

beaches located in stretches downstream of the structure (it will be explained later on, that there’s a 

certain erosion further downwards of the breakwater zone). 
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Detached breakwaters are widely applied since some years ago. However, they haven’t been used 

before due to the lack of functional design guides and other limiting factors like the high cost of 

water-based construction and the inability to predict structure-related phenomenon such as beach 

erosion or rip current. 

5.3.5 Floating breakwaters 

Sometimes classified as soft solutions they are an alternative solution to fixed breakwaters in case of 

coastal areas with low wave action. They are effective in small harbours and marinas but they’re still 

in use for coastal erosion protection. 

 

Figure 5.8: Floating breakwaters construction (InterMarine UK projects, 2004). 

Floating breakwaters, compared to fixed breakwaters, are an efficient solution in case of difficulties 

in bottom foundations or in case of high water depths because the excessive price rules out the use 

of bottom connected breakwaters. Furthermore, floating breakwaters present a minimum impact in 

water circulation, fish migration and in the visual amenity. The most used elements are the pontoons 

and the box breakwaters. 

5.4 Comparison Soft vs. Hard Solutions 

As stated before, the choice between “hard” and “soft” measures depends on the characteristics of 

the problem concerned and on the economic considerations. Hard measures are applied and persist 

because they protect properties and infrastructures, but they usually transfer the problem down-

drift or to another strip of the coast. On the other hand, soft measures while also being temporary 
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and sometimes less effective, appear more acceptable, in the sense that they impair less aesthetic 

problems and restore the natural dynamism of the shoreline. Maintenance of soft techniques can 

arrive at a critical point (economically or environmental) so in many cases engineers decide to 

combine both hard and soft solutions in order to enhance the results of the measures.  

The following table resumes some of the aspects that can be considered as positive or negative in 

both types of measures, illustrating the difficulty to choose between both. 

Table 5.1: Soft and hard measure treats. 

SOFT MEASURES TREATS  

Slowdown of coastline retreat  

 

POSITIVE FACTORS 

Relatively cheap 

Possible use of dredged sediment 

No further effect downstream 

Possibility to obtain again an stable equilibrium profile 

Most natural solution possible 

Short lifetime – have to be repeated  

 

NEGATIVE FACTORS 

Erosion is not stopped completely 

Heavy storms can destroy nourishment 

Possible increase of turbidity 

Sediment has to be efficiently selected 

HARD MEASURES TREATS  

Stopping or slowing down of erosion  

 

POSITIVE FACTORS 

Trapping of sediment – salient/tombolos 

Protection of local infrastructure 

Protection of dunes (Seawalls/revetments) 

Salt marshes stimulated 

Relatively expensive  

 

NEGATIVE FACTORS 

Need good design – low experience existent 

Aesthetic impact 

Downstream effect 

Maintenance of structure 
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Contingent on the country, the solutions adopted are different and they depend on the coastal 

policies, the availability of resources or the morphodynamic characteristics. For instance, my 

experience in two places like Spain (Mediterranean coast) and The Netherlands show this clear 

differentiation. On one hand, in Spain the unavailability of sediment near the coast and the coastal 

characteristics make hard measures the best option to protect the shoreline. Many breakwaters have 

been built along the coast giving an identifiable image to the coastal landscape.  

In the more recent projects the tendency is changing a little bit and coastal engineers try to search 

for softer solutions concerned by the environmental problems.  

On the other hand, in the Netherlands the policies are totally different. The quote “use soft measures 

if possible and hard measures only if necessary” represent their main way of thinking. In addition, the 

coastal characteristics, full of tidal basins and inlets and the availability of sediment make soft 

measures the ideal solutions.  
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6. EMERGED BREAKWATERS 

6.1 INTRODUCTION 

The necessity of having a structure that guarantees a good protection of the coastline and low 

economic and environmental impacts, has led to civil engineers to focus their effort on the study and 

development of detached breakwaters, both emerged and submerged. The influential parameters 

and the design guidelines are still being analysed, so the purpose of the thesis is to offer a first image 

of both aspects. 

As stated in the previous section, offshore breakwaters are shore-parallel structures placed near the 

shoreline (within or out of the surf zone) and designed to intercept part of the sediment transport 

and to protect a beach strip. They can be constructed both emerged and submerged.  

First of all, the emerged breakwaters (or sometimes simply called detached breakwaters) will be 

analysed. Once covered all the aspects related to that kind of breakwaters, the focus will go on the 

submerged ones, in order to define them and highlight the differences with respect to the first ones. 
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6.2 Characteristics 

A detached breakwaters system can be basically defined considering four parameters: 

Length of the breakwater LB (or L, LS and B). 

Breakwater distance to the shoreline X (or S). 

Gap between breakwaters G (or LG). 

Surf zone width Xb (or XS). 

 

Figure 6.1: Definition of key variables for nearshore breakwaters scheme (Johnson, 2010). 

Depending on these parameters and the interrelation between them, the effects of the breakwater 

on the coastline can be different. The present thesis deals with the design guidelines (considering 

these and other secondary parameters) provided by Coastal Engineering Research Centres, and with 

the observations, recommendations and guidelines provided  by other coastal engineers after 

developing applications to real projects. 

It’s also important to stress that sometimes breakwaters are not design as shore-parallel structures, 

they are at angle with respect to the coast, depending on the prevailing direction of wave incidence. 

6.3 Effects of offshore breakwaters 

Different effects can be found due to offshore breakwaters. The most important are summarized in 

three main groups: Hydrodynamic changes (waves and currents), morphological changes (sediment 

transport) and other impacts. 
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6.3.1 Hydrodynamic changes 

As stated before, waves suffer a process of refraction and shoaling when propagating along the sea. 

Once they reach a certain depth they can break and start reducing its height. Therefore it’s really 

important the location of the breakwaters with respect to the surf zone. If breakwaters are outside 

the surf zone, the waves that collide with the structure will have energy dissipation by wave breaking 

on the breakwater. Part of this energy will be reflected and the rest will be transmitted by 

overtopping or penetration through the structure. If the breakwater is located inside the surf zone, 

the waves would have already broken due to depth considerations, so the energy arriving to the 

structure is less than in the first case (Overtopping and transmission are a matter of submerged or 

low breakwaters so they won’t be considered in this section). This reduction of incident wave energy, 

allows the coast to be used and enjoyed. 

 

Figure 6.2: Wave diffraction (Cronodon, 2007) 

Once the waves reach the breakwater, they suffer a process of diffraction around the heads of the 

element. The obstruction in the propagation that produces the structure leads to a lateral transfer of 

energy along the wave crest due to lateral variation in wave height. The pattern varies depending on 

the layout design, because the behaviour is not the same for a single breakwater than for a group of 

breakwaters. In case of group breakwaters, the gap between them influences the waves that are 

diffracted and also interferes in the 3D effects such as rips. 

The breakwater acts like a shelter against the wave action, however, as the waves diffract into the 

sheltered area, a complete protected zone cannot be achieved. It’s generally said that the longer the 

breakwater, the better the shelter.  
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As we can see, the principle of breakwaters is to reduce the wave conditions behind them, and the 

magnitude of the modification depends on different parameters that will be treated in the following 

sections. 

Apart from producing changes in the wave behaviour, the breakwaters affect the currents. It affects 

both the long shore and the cross-shore currents. 

The reduction of wave height behind the breakwaters results in a decrease of the long shore current 

magnitude. For instance, reducing the wave height (H), the wave energy (E) is reduced and therefore 

the alongshore driving force (Fy) decreases, consequently producing an accumulation of sediment. 

For alongshore uniform coast: 

no � epLqrps � � pps �t�# cos u sin u�                vw I ↓ ≡ t ↓ ≡  no ↓                           (6.1) 

Moreover, the alongshore transport is partially blocked by the circulation currents occurring in the 

sheltered area so part of the long shore currents are diverted outside of the breakwater. This 

circulation currents are produced as follows: the wave set-up in the sheltered area is also reduced, 

but the set-up just behind the gaps or next to the breakwaters  will remain the same, generating local 

currents from both side of the breakwater to the lee of it, producing the development of eddies.  

 

Figure 6.3: Set-up variation behind a breakwater (Bosboom and Stive, 2010). 

This process also exists when wave approach the shore perpendicularly, because the alongshore 

gradients will be formed due to the difference in wave height and wave set-up. 

Without the breakwaters, a return undertow current compensates the onshore wave driven water 

flux in cross-shore direction. But if the structure is built up, the undertow current is prevented and 

the water will flow laterally towards the tips of the breakwater. In case of submerged breakwaters, 

the behaviour is a little bit different as it will be explained later on, due to the presence of 
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overtopping and transmission. In case of no wave action in the lee, there’s return flow for submerged 

breakwaters but not for submerged. 

Finally it’s important to highlight the influence of tides. In emerged breakwater not much effect is 

expected to happen, as it will be explained in a further section, but in case of submerged 

breakwaters, tides can increase the water depth above the crest of the structure. For instance, in 

extreme cases, the submerged structure could become emergent during the lower stages of the tide 

which may lead to a temporary shift of the shoreline. 

6.3.2 Morphological changes 

Since detached breakwaters modify both long shore and cross-shore currents, the morphological 

changes are produced also in long shore and cross-shore sediment transport. 

Due to diffraction, the littoral sediment transport (S) in the lee of the breakwater, is modified and 

decreases due to attenuations in the long shore currents velocities and the wave heights, resulting in 

a sand entrapment and accretion in the shadow area.  

!~I� sin2{        vw I ↓ ≡ ! ↓                                                      (6.2) 

This also happens in case of obliquely incident waves. 

Along the coastline there are gradients in the alongshore transport due to the variation of the wave 

height and wave angle produced by diffraction. The gradients are the responsible of sediment 

accumulation not the transport per se. These aspects explain why in case of normal wave incidence 

the entrapment is also possible.   

 

Figure 6.4: Diffraction line (Cronodon, 2007) 

50 %  
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The projection of the head of the structure in the wave direction determines de 50% of wave height 

limit, and it’s called “diffraction line”. On the right side the heights are bigger but no sediment 

transport takes places because the angle between the coastline and the wave crests is 0. However, in 

the left side, the angle varies as well as the wave height that decreases. This fact induces gradients in 

sediment transport and therefore, a sediment accumulation is observed.  

The entrapment of sand will lead to the development of a new bulge in the shoreline: a salient. 

When the salient is formed, the alongshore transport can still go on. However, if the salient reaches 

the structures, there’s a total barrier effect and littoral transport cannot go on anymore. The form 

that appears in the shoreline it is called tombolo (see figure 6.5). 

 

Figure 6.5: Shoreline evolution behind segmented breakwaters (Moussa et al.,  2006). 

It is important to highlight the shape of the salient/tombolo or consecutive salient and/or tombolos 

will depend on the orientation of the waves and the alongshore current, hence as it can be seen in 

the figure, the pattern won’t be symmetric if the waves don’t approach perpendicularly to the coast.  

Furthermore, there are three parameters that characterize the shoreline response: the breakwater 

length (LS), the distance between the breakwater and the coastline (X) and the gap between 

breakwaters (G). When increasing the length of the breakwater the attenuation in the lee of the 

structure is bigger and therefore, less wave height and consequently less energy is expected in that 

zone. This situation implies a bigger sediment entrapment increasing the chances of obtaining a 

tombolo. When increasing the distance to the breakwater, wave exposure is bigger inducing a lower 

sediment entrapment. Therefore, increasing the distance to the breakwater has the opposite effect 

as increasing the length of the breakwater as the accumulation of sediment is going to be lower. 
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Moreover, the effects of both gradients have different magnitude, for instance, is not the same 

increasing the length in x units as increasing the distance x units. Finally, in case of segmented 

breakwaters, the gap between the structures has an important role. It’s ascertained to have less 

effect on the sediment accumulation than the other two parameters mentioned, but it’s important 

to avoid the different breakwaters to act individually. Therefore, increasing the gap too much would 

end with the “system” behaviour. 

Due to the presence of circulation current patterns, there’s a diversion of the long shore currents. 

They carry material causing an accumulation of sedimentary material in the area where both rotating 

currents meet (See figure 6.6). If the amount of sand transported and deposited is enough, the shore 

will respond forming a salient that will be more or less symmetrical depending on the symmetry of 

the current system. However, this current will also cause the development of local erosion close to 

the heads of the breakwater. 

As stated in Ming and Chiew (2000), once the system has reached equilibrium, waves will break 

simultaneously alongshore and the crest will be oriented perpendicular to the reshaped shoreline, 

erasing the zigzag motion explained in the first section (see Coastal dynamics – alongshore sediment 

transport). 

 

Figure 6.6: Current pattern behind breakwater (Edwards, 2002). 

As seen in the figure above, apart from the currents described, the intersection of the wave fronts 

diffracted origins a resulting current directed perpendicularly to the coast and opposite to the 

salient’s growth that will determine the apex of the formation.  
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The sand trapping will produce at the same time the worst side effect or weak point that we can find 

in detached breakwaters because it will cause erosion downstream of the structure, especially in the 

case of tombolo forms, because the sediment won’t be available down-drift of the shore. 

For cross-shore transport, the breakwater acts like a physical barrier and offshore sand losses are 

reduced, except for the case of a multiple barrier where some sand can be lost through the gaps due 

to the rip currents, where sedimentary material is dragged away.  

Detached breakwaters are mainly used to protect eroding coastlines. However, combined with beach 

fill they can achieve wide new recreational beaches. They can reduce the volume of the sand to 

nourish the area and/or prevent that the beach fill is transported elsewhere, because this new beach 

is not in natural equilibrium. When the structures are close enough to the shore and enough sand is 

available, tombolos will form behind the breakwaters providing a wide recreational area. If the new 

recreational beach is built in a sand starving coast, down drift erosion is not that important, because 

the down drift beaches already suffer from a lack of land. 

Finally, the time needed for the coastline to attain a new equilibrium after building an offshore 

breakwater depends on the construction’s characteristics and local conditions like climate and 

sediment availability. 

6.3.3 Other impacts 

Some other negative side effects can be highlighted from detached breakwaters. The most important 

ones are: 

- Breakwaters can obstruct part of the sea view inducing aesthetic problems. 

- Swimmers can be tempted to use the sheltered and calmed area as recreation zone, but 

the circulation currents can be dangerous. 

- They have relatively high construction and maintenance cost. 
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6.4 Design Guidelines 

6.4.1 Introduction 

As it is said in Dean Rosati (1990) the techniques for designing detached breakwaters system are 

diverse, and can be classified in three categories: 

- Models: that simulate the coastal response to a proposed design. 

- Empirical methods: which relate proposed project variables to beach response based on 

observed prototype and model results. 

- Prototype assessment: in which a version of the final design is built, evaluated and 

refined in the field. 

To ensure a successful project, it would be necessary the iterative use of various design techniques, 

for instance, a first step studying empirical relationships to identify design alternatives, a second with 

numerical models to assess and define the alternatives, and a third using prototype tests to verify 

and adjust the preliminary design. Nevertheless, in many cases lack of time, resources or experience 

has led to coastal engineers to avoid the last steps and rely on the existent empirical methods. 

The empirical relationships are quick and inexpensive methods for evaluating the beach response to 

a proposed design and therefore, they were the main tool used during many years as it will be 

explained in the design guidelines. However, quite often the relationships oversimplify the design 

variables and expected prototype response. This aspect will be highlighted in the observations 

realized by the different real cases studied in the thesis. 

Prior to utilizing techniques for the structure layout, different aspects have to be defined. The length 

of the shoreline to be protected, the design beach width and the acceptable beach erosion/accretion 

are delimited. Once defined all the aspects and parameters the empirical relationships can be used. 

In the following lines, a review of the main detached breakwaters guidelines and relations will be 

developed. 

6.4.2 Main studies 

Many authors studied these empirical relationships, and the most important results are summarized 

as follows: 

1. Inman and Frautschy (1966) 

Based on different observations in a detached breakwater in Santa Monica, Inman and Frautschy 

stated that limited response in the shoreline occurred when the following relation was observed: 
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&k| ≤ 0.17 � 0.33                                                                (6.3) 

where ~L is the length of the breakwater and � is the distance from the breakwater to the shore. 

2. Noble (1978) 

This author evaluated the effects of detached breakwaters along the coast of California and 

concluded that this type of structures produces limited response when: 

&k

|
≤ 0.17                                                                        (6.4) 

3. Gourlay (1981) 

Based on laboratory studies of previous authors, Gourlay exposes that tombolo is form when the 

structure is inside the surf zone and the following relation is accomplished: 

&k

|
> 0.7 − 1                                                                     (6.5) 

Furthermore, he establishes the limit for salient formation in: 

&k

|
≤ 0.4 − 0.5                                                                    (6.6) 

And the limit for double salient (due to the presence of two independent current systems) in: 

&k

|
> 2                                                                            (6.7) 

Finally he states that when the structure is located outside the surf zone, the seaward extent of the 

salient is determined by the breaking point location. 

4. Nir (1982) 

Nir, based on the prototype data of a series of breakwaters on the Israel Coast, concluded that 

accretion does not occur when: 

&k

|
≤ 0.5                                                                         (6.8) 

Furthermore, he calculated the thickness of the tombolo sand layer ("�) depending on the ratio 

distance offshore/breakwater length. 

"� =
�

K
= 1.78 − 0.809

|

&k
                                                           (6.9) 
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5. Coastal Engineering Research Centre (1984) 

The Shore Protection Manual recommends that the structure length has to be smaller than the 

distance to the shoreline to obtain a salient: 

&k| ≤ 1                                                                           (6.10) 

The apex of the salient is obtained in the intersection of the diffracting waves crests. 

The manual also recommends that to ensure tombolo formation, the ratio has to be: 

&k

|
> 2                                                                           (6.11) 

6. Dally and Pope (1986) 

They present several techniques to control the coastline response for a single or segmented 

breakwater. Based on the type of beach planform desired and the length of beach to be protected, 

they recommend the following limits: 

&k

|
= 1.5 − 2        (!����� ����������)                                         �6.12� 

&k

|
= 1.5,    ~ ≤ � ≤ ~L     (!�������" ����������)                               (6.13) 

where G is the gap between breakwaters and L is the length of the beach to be protected. 

For a salient formation, the ratio proposed is: 

&k

|
= 0.5 − 0.67                                                                (6.14) 

7. Suh and Dalrymple (1987) 

After combining different movable-bed laboratory results, Suh and Dalrymple exposed that the 

formation of the salient length (�L) is determined by: 

�L = � ∗ 14.8
�|

&k
� �

(−2.83����k� �
                                                       (6.15) 

Moreover, they define the formation of tombolos for: 

&k

|
≥ 1        (Y����� ����������)                                               (6.16) 

�|

&k
� = 0.5    (�������� ����������)                                            (6.17) 
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As we can see, the empirical relationship given by Suh and Dalrymple in case of multiple or 

segmented breakwaters is different to the one exposed by Dally and Pope, in the sense that it’s 

directly dependent on the gap between breakwaters. 

8. Herbich (1989) 

Explained based on prototype and field data that the amount of sand accumulated in the sheltered 

area (��), could be calculated as: 

�a|J� � ��0.315�1.922�~Y�                                                             (6.18) 

Together with Harris, they exposed they also recommended limit conditions for salient formation: 

&k

|
≤ 1                                                                           (6.19) 

Tombolo formation; 

&k

|
> 1                                                                           �6.20� 

And limited response: 

&k

|
≤ 0.5                                                                        �6.21� 

9. Hsu and Silvester (1990) 

They developed a full theory about the morphological behaviour of the coastline that will be 

explained later on, but the main relationship proposed was the one between the ratio of salient 

distance to breakwater length and the ratio of original shoreline to breakwater length: 

|k

&k
= −0.1626 + 0.439*|&k1 + 0.0274*|&k1�                                           �6.22� 

The formula is consistent with the expected behaviour of the coastline after changing any of the 

characteristic parameters, and it will be explained in more detail later on. 

The relationships for tombolo and salient formation that can be simplified from Silvester and Hsu 

theory are: 

&k

|
> 1.33   (�X��X�X)                                                           �6.23� 

&k

|
< 1.33   (Y������)                                                             �6.24� 
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10. Ahrens and Cox (1990) 

They use the beach response index defined by Pope and Dean in 1986 to develop a predictive 

relationship for morphological response. 

vL � ��1.72�0.41~!� �                                                                �6.25� 
where vL is the beach response index, classified in 5 types: 

vL = 1 (��������� �X��X�X wX�����X�) 

vL = 2 (����X"�# �X�X�X�XY) 

vL = 3 (���� − "������" Y������Y) 

vL = 4 (Y��"��" Y������Y) 

vL = 5 (�X Y���XY���) 

It can be implied that the tombolo formation occurs when: 

&k

|
= 2.5                                                                        �6.26� 

And that the salient formation appears in the case of: 

&k

|
≤ 0.8 − 1.5                                                                  �6.27� 

11. McCormick (1993) 

Based on experimental data he also gave some relationships for the prediction of salient and 

tombolo formation: 

&k

|
< 0.6     X�    0.38 < �X < 0.38      (wX� �X��X�X)                                     �6.28�      

&k

|
> 0.6                                              (wX� Y������)                                      �6.29� 

Finally we can state the main results in a table with the limit conditions for classifying the type of 

shore response behind a breakwater. 
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Table 6.1: Summary of empirical relationships.  

Author (year) Tombolo 

B/X > … 

Salient 

B/X < … 

Limited response 

B/X < … 

Inman and Frautschy  (1966) - - 0.33 

Noble (1978) - - 0.17 

Gourlay (1981) 0.8 0.5 - 

Nir (1982) - - 0.5 

Coastal Engineering Research Centre (1984) 2 1 - 

Dally and Pope (1986) 1.5 1.5 0.5 

Suh and Dalrymple (1987) 1 1 - 

Herbich (1989) 1 1 0.5 

Hsu and Silvester (1990) 1.33 1.33 - 

Ahrens and Cox (1990) 2.5 2.5 0.76 

McCormick (1993) 0.6 0.6 - 

 

The differences observed in the limit conditions exposed by the different authors are due to the site 

specific character of the relationships. 

Most of this relations are used nowadays by coastal engineers, but sometimes considering only the 

ratio length structure – distance offshore is to simple and it is needed to consider much more 

parameters in order to identify the real behaviour of the shoreline. In that sense, Hanson and Kraus 

(1990) mentioned fourteen parameters influencing the response: 

Breakwater properties: 

- Length of the structure segment (L). 

- Distance of the segment from original shoreline (Y). 

- Structure segment transmissivity (K). 

- Gap distance between two segments (G). 

Beach properties 

- Depth at structure segment (h). 

- Tidal variation (δh). 

- Beach median grain size (D50). 
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Wave properties: 

- Wave height (H). 

- Wave period (T). 

- Predominant wave angle (θ). 

- Orientation of the structure (θs). 

- Standard deviation of wave height (σh). 

- Standard deviation of wave angle (σθ). 

- Standard deviation of wave period (σT). 

In the following figure a distribution of all them can be observed. 

 

Figure 6.7: Parameter definition offshore breakwaters and shoreline response (Dean Rosati, 1990). 

All these parameters are usually not taken in account in the general methods. The comparison with 

real cases will put the focus on this point. 

Finally it is also important to highlight the relevance of the position of the breakwater with respect to 

the breaking line, cause if the breakwater is located outside of the surf area, the structure has little 

influence. 

6.4.3 Silvester and Hsu method 

There have been exposed the main relationships studied along this years, but probably the most 

important method is the one provided by Silvester and Hsu.  

They considered a model to calculate the final shape of a beach. The relationship obtained was based 

on an analysis of a large number of data obtained from prototype tests, numerical models and 

laboratorial studies.  
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The shape of the new beach was defined as parabolic, in opposition to previous authors that 

considered the final shape defined by a logarithmic spiral. The parabola was determined by the value 

of the radius R and the angle θ. 

 

Figure 6.8 Sketch of salient formation in lee of offshore breakwater under normal wave approach (Hsu and 

Silvester, 1990). 

It can be seen in the figure that the shoreline next to the breakwater rotates with a certain angle (the 

equilibrium angle). The transported sediment from this area is deposited behind the breakwater, 

leading to a large salient.  

The radius of the diffraction point to the apex at the breakwater centreline is denoted as R1, at angle 

α to the breakwater. The other variables were generally listed and grouped into dimensionless 

parameters for the breakwater length (B), distance from the breakwater to the original shoreline (S), 

salient width (Y), water depth (hB) at the breakwater, the position of the breaking line (Xb) and deep-

water steepness (H0/L0). 

It was shown by them that all but the breakwater length and the distance to the shoreline have little 

relevance in the problem. Considering experimental data for authors like Rosen and Vadja (1982) or 

Suh and Dalrymple (1987), many results were analysed in an attempt to establish useful dimensional 

parameters (See Appendix 1). 

The ratio Y/S was plotted linearly against B/S showing a severe scattering. Even when Y/B was use, 

the results were not valid. However, plotting the distance X (=S-Y) divided by the breakwater length 

and plotted against B/S, the results were a single curve with very little scatter (see figure). 
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Figure 6.9: Relationship between X/B versus B/S (Hsu and Silvester, 1990). 

The relationship given by the authors was: 

|J � 0.6784	�!/��%.�%��																																																								�6.30�	
with a correlation coefficient of 0.98. Equation 6.22 is also valid and has a correlation coefficient of 

0.99. 

Therefore, we can see that the distance from the apex of the salient is directly dependent on the 

parameters S and B. For instance, increasing the distance from the original shoreline to the 

breakwater (S) the distance to the salient apex increases, and increasing the breakwater length, the 

distance to the salient apex decreases, which makes sense with the description of morphological 

changes made before. 

Other parameters including the depth of water, the wave breaking distance, the sand accumulation 

or the wave steepness have also been proven to be quite scattered.  

Apart from the salient formation relationships, the authors analysed the shape of the salient 

planform and the possibility to originate a tombolo. Considering the parameters Rθ, R0 and R
’
0 

defined in figure 6.10 they defined the following equation: 

|�
J � �1.593 ) 2.583*LJ1 � 0.675*LJ1

� ) 0.083*LJ1
h																															�6.31�	

with a correlation coefficient of 1.0. 
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The equation shows that at S/B = 0.75 or B/S = 1.33 (Criterion seen in the previous section). The 

extrapolated lines meet at the breakwater centreline where X’/B = 0. Thus, after long wave duration, 

a tombolo could form. At least, the depths in the vicinity of the breakwater will be very small. Other 

equations were analysed and the basic conditions for tombolo formation were exposed in the figure:  

 

Figure 6.10: Salient formation key parameters (Hsu and Silvester, 1990). 
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6.5 Real cases 

After developing the most important guidelines for offshore breakwater design, there will be 

summarized the most outstanding real cases reported in the last years, in order to compare the 

results with the mentioned guidelines and state the relevant or irrelevant aspects that there have 

been found.  

It is important to highlight that there has to be a separation of the cases considering their location on 

the Earth’s surface. The presence of tidal forces varies considerably the design of an offshore 

breakwater. Therefore a division between Macro-tidal and Micro or meso-tidal conditions will be 

made. 

 

Figure 6.11: Tidal range environments (Bosboom and Stive, 2010). 

Most of the cases are located in the Mediterranean Sea or the northern coast of Japan, so no tidal 

considerations will be taken in account. However, there are two cases located around United 

Kingdom, in an area with high macro-tidal conditions and hence, the tides will be a matter of study. 

6.5.1 Investigation of the effects of offshore breakwater parameters on sediment 

accumulation (Edwards, 2002) 

The offshore protection process was studied on the effect of breakwater parameters (length, 

distance and gap) and wave parameters (height, period and angle), and on sediment accumulation 

ratio. Experimental researches and numerical models were used for the analysis. The studies were 

performed at Karadeniz Technical University (KTU) in Turkey.  
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A prototype basin was created in order to simulate the real behaviour. They struggled with several 

scale problems, especially for the measure of sediment movement, but the results were assumed to 

be quite representative. 

It was concluded that the breakwater length (B), the distance of shoreline (X) and spacing between 

breakwaters (G) were the most important parameters. Furthermore, they obtained a dimensionless 

accumulation parameter defined as: 

  � �¡
�¢ � ∑¤∗Kk

K�∗,� 																																																																			�6.32�	
where �¥  is the amount of sediment accumulation and �� is the volume of the breakwater 

protection. The other parameters were: 

¦ = total accumulation within the breakwater area. 

fL = area of a square in the measuring grid system. 

f� = is the total area protected by breakwaters. 

�� = is the water depth of breakwater. 

 

The values of sediment accumulation ratio are compared to a dimensionless parameter called 

“closing ratio” and defined as:  

|��J§��																																																																											�6.33�	
The distance between the breakwater and the shoreline (X) was found out to be the relevant factor 

on variation of sediment accumulation ratio (R). This goes to show that R value is inversely 

proportional to the breakwater distance. For instance, as breakwaters are located further from the 

coast the sediment accumulation ratio decreases. However, in case of a distance equal to the length 

of the breakwaters and the gap between them (for instance closing ratio equal to 1), the breakwater 

becomes inadequate in preventing sediment transport. 

With respect to the breakwater length, the results determine that the sediment accumulation 

increases while decreasing the length and vice versa, as expected from theory. 

The gap between the breakwaters is ascertained to have less effect on the sediment accumulation 

ratio than the other parameters. However, they have an important impact in designing series of 
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breakwaters in order to work like an entire system, instead of a single element. The results obtained, 

showed that the ratio B/G should be within the limits 0.75 and 1.25 in order to achieve a proper 

behaviour. Therefore, they recommended to use a gap (G) proportional to the breakwater length (L) 

and focused the attention on other aspects. This relationship makes a step further on the guidelines 

listed in the previous section of main studies, and shows that the formation of salients or tombolos 

needs to be studied in more detail and analysing more parameters and characteristics. 

The wave parameters were found to be usually correlated, for instance they produce different results 

in connection with each other. The effect of wave height depends on the wave angle. At greater 

wave angle, smaller wave heights produce a larger sediment ratio with closing ratio smaller than 0.6.  

 

Figure 6.12: Effects of wave height on sediment accumulation ratio for α0=30° (Birben et al., 2006). 

And higher wave heights produce larger sediment accumulation, with closing ratio bigger than 0.6. 

On the other hand, for smaller wave angles, the results were similar, but with closing ratio value of 

0.4.  
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Figure 6.13: Effects of wave height on sediment accumulation ratio for α0=15° (Birben et al., 2006). 

The only parameter influencing the difference of closing ratio on both cases is the distance to the 

shore (B and G are maintained), hence small closing ratio indicated a breakwater closer to the 

shoreline and vice versa. 

Finally, the influence of the  wave period  while being less influential, it showed  that at closing values 

smaller than 0.5, wave with larger period give out larger accumulation ratios, whereas for closing 

ratios greater than 0.5 both big and small periods appear to produce the same sediment 

accumulation. 

In addition to this physical model studies, some numerical applications were performed to compare 

results and the feedback obtained was quite positive because both models showed a similar 

behaviour. 

6.5.2 Environmental design guidelines for detached breakwaters (Burchardt et al., 2007) 

One of the main problems in the design of offshore breakwaters is the prediction of shoreline 

response. In order to clarify this aspect a little bit, the paper exposes the methodology proposed by 

two Spanish coastal engineers. 

As a first step, they assume the formulation and empirical analysis carried out by different 

researchers, for instance: Gourlay (1981), Suh and Dalrymple (1987), Hsu and Silvester (1990), or 

Ahrens and Cox (1990), all summarized in the previous section of the present thesis. 
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Once gone through the main literature, they proposed a procedure to define static equilibrium 

profiles. It is based on 9 steps: 

1. Determine the position of the control point C (Diffraction point in Silvester and Hsu (1990)). 

2. Determine the orientation of the wave front at the control point. 

3. Define one point at the shoreline Pc. as shown in the figure: 

 

Figure 6.14: Sketch of key parameters in equilibrium profile (Burchart et al., 2007) 

4. Define the scaling wave length near the control point (LT). 

5. Define the distance Y. 

6. Evaluate β using αmin=f(Y/ LT). 

7. Define the point P0, evaluating R0 on the parabolic model of Hsu and Evans (1989) as: 

  � Z]
¨©§	¨ª	*«¬1§¨�*«¬1

�																																																											�6.34�	
8. Recalculate Y=R0 cos αmin. 

9. Using the parabolic formulation (explained previously with Hsu and Silvester) obtain the 

radius R, that defines the equilibrium shape: 

ZZ© �  +	% *®W1 + % *®W1�																																																						�6.35�	
 The coefficients used for Hsu and Evans,  , % and � can be found in the appendix 2. 

After the definition of the formulation, they presented a semi-empirical approach to predict the 

shoreline response.  

If the distance from the breakwater to the coastline is close enough, and the breakwater is long 

compared to the length of the incident waves, sand will accumulate behind the breakwater till 
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forming a tombolo (The behaviour coincides with what was defined in section 6.3, and with the 

conclusions of other authors as seen in the paper). Therefore, the variables governing the 

equilibrium shape are the length of the breakwater, the distance to the shore and the wavelength.  

 

Figure 6.15: Key variables in tombolo formation (Burchart et al., 2007). 

The importance of the wave length (by influencing αmin) is one of the main differences with the 

previous methods exposed, for instance Silvester and Hsu method. 

On the other hand, when a breakwater is far from the shoreline and its length is short with respect to 

the incident wavelength, a salient seaward will appear. The governing variables are the same as in 

the case of a tombolo. 

 

Figure 6.16: Key variables in salient formation (Burchart et al., 2007). 
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6.5.3 Geometric Detached breakwater indicators on the Spanish northeast coastline (Bricio 

et al., 2008) 

The effects of a detached breakwater on the shoreline were analysed for a series of real cases on the 

Spanish coastline, in order to check where the empirical relations given by previous researchers were 

fulfilled for them or not.  

The empirical relationships analysed were centred on the ratio B/X (length of the breakwater / 

distance from the breakwater to the shoreline). All the limit conditions studied in the case are 

exposed within the empirical guidelines of section 6.4.2. 

Structures on the northeast Mediterranean coastline (Catalonia) were chosen as prototypes (27 

units) to compare the shore’s response with the expected behaviour according to the empirical 

relations analysed. The average climate conditions in the research were relatively homogenous, and 

the littoral transport was basically due to wave action, so no relevant tidal considerations were taken 

in account.  

 

Figure 6.17: Prototype location in the Mediterranean coast (Bricio. 2008) 

Aerial photographs were used to obtain the B and X parameters of each breakwater. The scale errors 

that could appear when measuring on a photogram were considered as offset when calculating the 

B/X.  

On the basis of the aspects described above, the fulfilment of all basic empirical relations was 

checked in the different cases. The results, exposed in a table x in the appendix, summarize if the 

response given by the shore meets or not the classification criterions or if the classification criterion 

is not address to the type of response given by the shore. The results were graphically represented 

on different graphs depending on the type of response, by equal sloping straight lines to the 

monomial B/X set as a classification limit between every two types of response (tombolo-salient and 

salient-limited response). 
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Figure 6.18: Limit conditions for classifying empirical relationships for tombolo formation (Bricio, 2008). 

 

Figure 6.19: Limit conditions for classifying empirical relationships for salient formation (Bricio et al., 2008). 

SALIENT 

TOMBOLO 
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Figure 6.20: Limit conditions for classifying empirical relationships limited response (Bricio et al., 2008). 

The results showed that of the 11 empirical ratios studied, those that best performed on the 

coastline were those of Herbich (1989), Sunamura and Mizuno (1987), Gourlay (1981), Hsu and 

Silvester (1990), and Dally and Pope (1986). Analysing these ratios and the concentration of cases in 

the different graphs, the authors proposed the following guideline: 

										mX��X�X:																																								�/� � 1.3 

										!������:																																1.3 � �/� � 0.5 

~�����"	��Y�X�Y�:											0.5 � �/�		 

The system of breakwaters is noticeably sensitive to states of the sea represented by wave height, 

period and average reference level. In order to eliminate the dispersion caused by the differences in 

these parameters, a certain littoral area was chosen for the study. 

The conclusion reached, showed that there are no clear design guidelines enabling coastal engineers 

to relate the characteristics of an offshore breakwater to the effect they would produce on the coast, 

cause there is still a limited knowledge and many factors come into play. However, the functional 

advantages of this type of construction lead to project manager to choose breakwaters as the best 

solution despite feeling reluctant on a first approach. 

LIMITED RESPONSE 
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6.5.4 Guidance for outline design of detached breakwaters on macro-tidal coasts (Johnson 

et al., 2010) 

More than 75 per cent of the UK coastline can be classified as meso- or macro-tidal, which makes 

really necessary to provide new guidelines to design the systems of detached breakwaters.  

In this type of tidal environment, the littoral zone is continuously changing as the water level changes 

with the tide. Furthermore, the tidal currents also interact with the wave-driven currents, leading to 

more complex flow and sediment transport patterns. The sediment transport result in morphological 

changes like deposition in the lee of the breakwater, erosion in the breakwater bay or scour near the 

structure heads. 

Different accreted shorelines could be found in the project with limited response, salient and 

tombolo cases. In addition, the special case of tidal tombolo was also observed. Tidal tombolos are a 

type of accreted shoreline, where appears during low water but it turns to a salient at higher tide 

levels. 

The study carried out, showed that the beach response in the vicinity of detached breakwaters on 

macro-tidal environments was mainly a function of the following parameters: 

- LS/X measure of the blocking efficiency. 

- X/Xb measure of the relative location of the breakwaters in the surf zone. 

- G/L0 measure of the wave penetration through gaps. 

- B/L0 measure of the wave energy dissipation distance over breakwater crest. 

- dcr/Hb measure of the wave energy dissipation rate over the breakwaters. 

- θ measure of the mean wave direction. 

- Rtide/Hb measure of the effect of tidal range on the surf zone. 

- Utide/B�I� measure of the effects of tidal current relative to wave-induced currents. 

Many of these parameters are also relevant for the case of micro-tidal environments. 

Two advanced numerical models were used to simulate 30 combinations of breakwater layouts wave 

conditions and breakwater layouts. 
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1. Non-tidal cases. 

The dimensionless analysis carried out showed the importance of considering the relative position of 

the breakwater with respect to the breaking line. For instance: 

- For a given breakwater position in the surf zone (X/Xb), the dimensionless salient length 

(S/X) increases as the dimensionless breakwater length (LS/X) increases 

- For a given dimensionless breakwater length, the dimensionless salient length increases 

for low values of X/Xb and thereafter decreases. 

- Depending on the relative location of the breakwater in the surf zone, the tombolo 

formation can occur for LS/X > 0.8. And the limiting conditions are: 

&k
| > 2.8 � 1.6 * ||a1																																	 ||a ≤ 1.25																																							�6.36�	

&k| > �10.2.+8.8 * ||a1 																			1.25 < ||a ≤ 2																																													�6.37�	
This is the first case reported where there’s a clear dependency of the shoreline response on the surf 

zone location. Most of the other studies stated before derived their formulation assuming that the 

breakwater was located inside the surf zone and no further details were specified in the empirical 

relationships. 

Apart from analysing the effects of breakwaters on beach response, two different guidelines are 

exposed. The first one was carried out by Fleming and Hamer (2000) and it consists in three steps: 

a. Determine X  from the amount of alongshore transport to be bypassed to down-drift 

beaches. 

b. Determine LS based on desired beach response (salient or tombolo). It is really 

helpful to use for that the following table: 
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Figure 6.21: Existing design guidance for determining shoreline response in the lee of detached breakwaters 

(Johnson, 2010). 

Therefore, in this step, the empirical relationships exposed by the different authors and summarized 

in the previous section are meant to be really helpful . 

c. Determine G based on the erosion in breakwater bays. For this step, another figure 

from Rosati can be used: 

 

Figure 6.22: Existing design guidance for assessing possible shoreline erosion in the gaps between nearshore 

breakwaters (Johnson, 2010). 
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It is a useful guidance, but it omits other parameters that affect the morphological response in the 

vicinity of breakwaters like wave climate, breakwater crest level and tides. This fact is almost 

completely solved with the second guideline, which will be exposed in the following section of 

macro-tidal cases. 

2. Macro-tidal cases 

The effect of tidal range on a salient shows a decrease in its length when increasing the tidal range. 

More water will arrive to the lee side of the structure and therefore the sediment entrapped will 

decrease. The relative salient length (S/X) reduces as the tidal range increases for shore normal 

waves. However, for large values, LS/X (>1.3), the influence of tidal range is smaller. 

Therefore, as a main conclusion it’s possible to state that larger salient can be found in non-tidal 

environments. This agrees with the facts stated in the different sections of the following chapter on 

submerged and low crested breakwaters, were the fact that a bigger amount of water flowing over 

the structure reduces the width of the salient. 

For oblique waves climates, there’s a deflection of the salient in the direction of littoral drift. 

Nevertheless, detached breakwaters are usually oriented to be parallel to the shore, which is 

typically at a small angle of the dominant wave direction, hence it’s recommended in practice to 

consider the features for normally incident waves in a first step. 

Finally it’s important to consider the erosion in the breakwater bays. Due to alongshore gradients in 

wave height (for both normal and oblique wave incidence) and gradient in the alongshore transport 

(oblique wave incidence), erosion can occur in the breakwater bays, down-drift of the last 

breakwater in the scheme. 

After analysing the different cases, it was found that the MSL shorelines behind emerged 

breakwaters in tidal cases (and shore normal waves) agree with the shoreline planform predicted by 

Silvester and Hsu (1997) and explained in a previous section. The applicability of the formula is 

limited for cases where the wave conditions in the bay are significantly influenced by the gap width. 

As stated before, the second guideline exposed considers the effect of the tidal range and in a minor 

grade the possible submergence of the breakwater. In consist on four steps: 

d. Determine X from the amount of alongshore transport to be bypassed to down-drift 

beaches. The amount of transport bypassed reduces as X/Xb. 
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e. Determine LS based on the desired response (salient or tombolo). For this step is 

really helpful to consider the following figure including the effect of tides. 

 

Figure 6.23 Effect of breakwater length for different dimensionless tidal ranges (Johnson, 2010). 

f. The third step determines the crest height for cases of submerged breakwaters. 

g. Determine G based on maximum erosion in breakwater bays using Silvester and Hsu 

formulation. The shoreline gap erosion is expected to increase as the gap width 

increases, until the gap width is large enough that each breakwater can be 

considered to be independent of the adjacent one. 

6.5.5 Environmental impacts of shore-parallel breakwaters along Nagahama and Oghata 

(Moussa et al., 2006) 

The impacts of offshore breakwaters on beach morphology were studied in this project in Japan. The 

location of the system was on the district of Joetsu (Niigata), situated on the western coast of the 

country. As seen in figure 6.11 the tidal conditions in the area show a Micro-tidal range, so no extra 

considerations were taken in account. A combination of sedimentological analysis, field surveys and 

assessment of the empirical methods was used to investigate the impacts of the structures. 

Japanese Coast suffers from severe wave conditions, making the constructions of the breakwater 

costly. However, they continue to be constructed. The case shoreline was subjected to substantial 

changes due to a deficit in sediment supply and human actions. In order to palliate this problem, 

several structures were built. It is important to highlight, that the project was enclosed within two 
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beaches of different characteristics (especially significant the variation of slope) so distinct 

considerations had to be taken in account.  

The authors studied all the design guidelines existent at the moment (mainly the same guidelines 

exposed in the previous section) and then several approaches were used as a method to draw 

conclusions. The model used as empirical method was the one exposed by Suh and Dalrymple but 

the results obtained after the field works showed that it didn’t work well for predicting tombolo and 

salient because the gap widths of the breakwaters in Nagahama were not constant.  

Both Nagahama and Ohgata had spatially different response. While salient, tombolo and down-drift 

erosion was observed in Nagahama beaches, severe erosion was detected along Ohgata coastline. 

Within the characteristics of the project, the tombolo formation was not a desired situation because 

it blocked completely the sediment transport, increasing the down-drift erosion due to the 

mentioned lack of sediment in the area. In order to prevent the tombolo formation, the authors 

suggested the analysis of the height of the breakwater and the width of the gaps between the 

structures as a prior consideration. In that sense, submerged breakwaters and wider gaps were 

found to be the best option. Accordingly to Kraft and Herbich (1989) the formation of tombolo 

occurred if G/B<1, hence the width between breakwaters had to be bigger than their length for that 

project.  

Finally, it is important to mention that bypassing the sediment during summer was also considered as 

a good solution for transferring material and mitigate the effects.  

Other analysis like granulometric distribution and mineralogical variation were used to figure out the 

dominant processes along the two sections considered. Finer beach material was washed away and 

the remaining sediment was quite coarse, underlining the fact that the two sections of study were 

subjected to strong wave energy. 

6.5.6 The environmental impact of marina development on adjacent beaches: Herzliya 

Marina (Klein and Zviely, 2000) 

The study, conducted by the Israel Institute of Technology, wanted to identify coastal changes to the 

north and south of the Herzliya Marina. Coastal erosion was initially predicted on the north of the 

marina and the coastal engineers decided to build a system of breakwaters. The physical model 

applied, predicted soil accumulation after the construction of the structures but under-estimated the 

degree of erosion.  
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The case study showed that despite being constructed by a leading research institute, the model 

failed to predict the changes accurately. The solution complied with the planning demands but only 

served to push the erosion area northwards. Apart from that, it failed to predict some other effects 

like sand accumulation (it was less extensive) and the final coastline shape (it developed a tombolo 

instead of a supposed salient).  

A model implies in a mathematical way, a set of relationships between variables. Some variables are 

really difficult to represent and their choice is usually based on researcher’s knowledge or intuition. 

Therefore, the role of models in coastal management should be regarded as only one of many inputs 

in a many of tools guiding decision-makers. 
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7. SUBMERGED BREAKWATERS 

7.1 Previous 

Before going deeper on submerged breakwaters it’s important to define some features that can 

bring to confusion when reading reports, papers or thesis about detached breakwaters. 

The concept of emerged breakwaters has been explained in previous section, but there has to be a 

differentiation between submerged breakwaters and the so-called Low Crested Breakwaters. 

Submerged breakwaters are structures with a certain freeboard under water level, while low crested 

structures are mainly those where freeboard can vary depending on waves and basically on tidal 

levels, for instance, they sometimes behave as a pure submerged breakwater and in other situations 

they can have their crest some distance above sea level.  

When speaking about overtopping, the concept is widely used for coastal engineers in the case of 

submerged and low crested structures, but it basically refers to the flow of water going over the crest 

of the breakwaters so it would be more suitable for a structure above sea level.  

7.2 Characteristics 

Submerged breakwaters work similarly as emerged breakwaters in the sense that they induce a 

shelter zone behind them, reducing the wave action and decreasing and modifying the alongshore 

current and consequently producing a smoother accumulation of sediment than the emerged ones.  

However, they allow some wave transmission and overtopping (or water flowing over the structure) 

providing less shelter than the emerged ones. This will cause and additional supply of water in the lee 

of the structure and consequently, some compensation currents will run out of the area. The energy 

transmission reduces the effect of diffraction, setup gradient transport, and the amount of sand 

transported inwards. 

Apart from this, in case of a sequence of submerged breakwaters, it is possible to observe a 3D rip 

current pattern. The 2D process defined generally, and based on water level gradients and undertow 

currents is too simplified in most of the real situations due to the presence of alongshore variations. 

Alongshore variations in wave height lead to changes in alongshore and cross/shore wave forces, and 

induce a variation in wave set-up as seen in section 6.3.1. In this case, the situation is more 

complicated than with emerged breakwaters because apart from the set-up variation defined, an 

onshore flux over the structure affects the whole process. If we combine both, a circulation with a 
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very strong concentrated current returning through the channel will take place. In case of highly 

energetic waves, this rip cells won’t close as seen in figure 7.1. 

 

Figure 7.1: Flow field for submerged breakwaters. (Bosboom and Stive, 2010). 

Depending on the layout, the combination of both set-up variations and onshore mass flux will lead 

to a certain 3D rip pattern (See figure 7.2). 

 

 

Figure 7.2: Comparison of currents behind emerged and submerged breakwaters. (Burchart, 2007). 
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The offshore directed current explained usually carries out some sediment, causing erosion on the 

coastline. If the distance between the breakwaters and the shoreline is not that big, the amount of 

sand eroded could be considerable, producing an unwanted side effect. 

As stated, submerged structures provide only partial attenuation of the wave action, as well as 

partial shore protection. Therefore the efficiency depends on the crest freeboard of the design.  In 

that sense, if their layout is developed in a location with considerable tide and storm surge the low 

crested structure will end up being rather high relative to normal water-level, losing the property of 

“invisible structure”. Their potential impact as a “filter” or barrier is difficult to predict due to the 

complex interaction with the underlying hydrodynamic processes. Therefore, the morphodynamic 

functional design of submerged breakwaters is difficult due to the large number of processes 

influencing the wave/sediment fluxes.  

The main mechanisms driving alongshore and cross-shore sediment fluxes are identified on the 

following figure: 

 

Figure 7.3: Wave-driven sediment fluxes for an alongshore uniform beach with a submerged breakwater 

(Caceres et al., 2002). 
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There can be distinguished: 

- Alongshore mechanisms: 

o Fluxes to oblique wave incidence. 

o Fluxes due to gradient set-up. 

o Fluxes due to overtopping and transmission. 

o Fluxes to conserve the vorticity of set-up gradient flows and to preserve the overall 

mass balance. 

- Cross-shore mechanisms: 

o Reduction in undertow. 

o Reduction in wave asymmetry. 

o Generation and enhancement of reflection fluxes. 

During storm conditions, submerged structures cannot stop or substantially reduce the shoreline 

erosion because most of the waves will pass over the structure to attack the dune. Supplementary 

beach nourishments are used to help with the protection. 

Finally, it’s important to mention that down-drift erosion in case of low-crested structures is 

manageable, as alongshore transport is not completely blocked. 

7.2.1 Other aspects 

Apart from the hydrodynamic and morphological impacts, submerged breakwaters are characterized 

by other aspects: 

- The visual impact of a low structure is less damaging and therefore this kind of structures is 

preferred by environmental groups and associations. 

- A submerged structure is not as expensive as an emerged one. 

- They have a resemblance with natural reefs, attracting fish and consequently fishermen. 

- They can be dangerous for small craft navigation due to the presence of a submerged 

obstacle. 

- The overtopping and transmission above the crest produce the local currents explained 

before threatening the free movement of the swimmers. 

7.3 Methods for Morphodynamic analysis 

All the aspects and characteristics defined in the previous lines have been studied and analysed along 

these years with 3 different methods: 
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1. Diagram analysis 

The prediction of the morphodynamic response is realized as a function of structural parameters, 

using diagrams that essentially represent the ratio between the distance to the shoreline and the 

length of the structure. Most of the criteria used do not consider the wave transmission, when 

considering the hydrodynamic conditions. Some authors like Pilarczyk (2003) proposed a correction 

of the previous geometric expression introducing a transmission coefficient. 

2. 1-line models 

In this method, the prediction of the morphodynamic response is realized as a function of wave 

conditions, sediment type and structural geometry. They have been broadly used to design 

submerged breakwaters, but they have a weak point because they don’t consider the effect 

circulation or overtopping. 

3. Coastal area morphodynamic models 

They allow the analysis of complex hydrodynamic patterns by considering the effect of a big number 

of environmental and design variables. 

7.4 Design Guidelines 

7.4.1 Environmental Design Guidelines for Low Crested Coastal Structures (Burcharth et 

al., 2007) 

This report, as stated in a previous section with emerged breakwaters (see 6.4.2), provides simple 

rules for the prediction of tombolo and salient formation. Two authors are analysed: 

A. Pilarczyk (2003): 

He proposes the salient formation when: 

J
| < %

%e+¢																																																																										�7.1�	
With �� as a transmission coefficient. 

And salient for multiple breakwaters when: 

�∗|
J� > 0.5�1 � ���																																																																	�7.2�	

For tombolo formation, Pilarczyk suggests that: 
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J
| < %.°%e+¢																																																																										�7.3�	

B. Black and Andrews (2001): 

They propose the salient formation when: 

JL < 2																																																																														�7.4�	
The distance from the tip of the salient and to the breakwater (Xt) is obtained as: 

|�J � 0.498 *J|1e%.�±�																																																															�7.5�	
And finally, the width of the salient is given by: 

²³´´¤¢³¢ � 0.125 ± 0.02																																																																		�7.6�	
where: 

¶·¸¸ � �� � �																																																																												�7.7�	
7.5 Real Cases 

7.5.1 Designing Offshore Breakwater Using Empirical Relationships (Thomalla and Vincent, 

2004) 

The report tries to analyse the validity of the empirical relationships presented in section 6.4.2 in a 

case located in UK characterised by a large tidal range and severe wave conditions. As stated, the 

formulations are valid in the case of micro-tidal conditions, so some rearrangements had to be made 

in order to figure out the suitability of such empirical relationships for meso-/macro-tidal conditions. 

Salient lengths, offshore distances, beach slopes and water depths were extracted between the mid-

tide level and the mean high water spring line. 

For the formulation suggested by Suh and Dalrymple (1987), it is observed that the model is not 

capable of predicting the shoreline response at varying water levels, because of the dependence of 

the salient length on the breakwater-shoreline distance. 

�L � � ∗ 14.8 �|&k� �
��2.83����k� �																																																											�7.8�	
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Moreover, for the formulation suggested by Ahrens and Cox (1990), it is observed that the model 

fails to predict the formation of salients and tombolos with variation of tidal levels, despite predicting 

well the formation of subdued salients. 

vL � ��1.72�0.41~!� �                                                                     (7.9) 

Other relationships are analysed and the results are mostly the same, it’s difficult to extrapolate the 

existing model for micro-tidal conditions, to meso-/macro- tidal conditions. 
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7.5.2 Environmental Design of Low Crested Coastal Defence Structures (Caceres et al., 

2002) 

The project presents the analysis of low crested structures along the Catalan coast. The case selected 

was mainly consisting on a submerged structure built in order to increase the width of the emerged 

beach. Some years before of the decision to build the breakwater, a seawall was constructed. 

However, the scouring problems experienced (example of the problems of the seawalls with 

structural erosion) and the increase of tourist pressure in the area lead to the decision to change the 

measure applied. The project was combined with certain nourishment in the area. 

In order to compute all the data obtained, several models were used: 

- A wave model (LIMWAVE). 

- A circulation model (LIMCIR). 

- A sediment model. 

The numerical simulations realized showed the following results: 

- The current field graphs showed two symmetrical eddies as expected for normal wave 

incidence, and a down-drift translated single eddy in case of oblique incidence. These results 

imply that in relative terms, the barrier effects are larger for the normal incident case. 

 

Figure 7.4: Current velocity field for normal wave incidence (7.4a), and oblique wave incidence (7.4b) (Caceres et 

al., 2002). 

The 2 cell pattern explained by the authors is further improved by Ranasinghe and Turner (2010) as it 

will be explained in section 7.4.6. 
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- The sediment transport patterns showed comparable trends to the current field. In the case 

of normal incident waves, the sediment transport was mainly directed shoreward, 

converging into two accretive areas close to the coast and aligned with the edges of the 

structure. If the wave steepness is increased, the sediment transport is significantly modified. 

The offshore sediment flux along the lee area behind the structure is larger than the 

shoreward sediment flux, inducing erosion behind the structure and deposition outside the 

lee area. Moreover, erosion increases with wave steepness. This is due to the fact the fact 

that the breakwater acts as an energy filter.  

On the other hand, in the case of oblique incident waves, there’s a relative reduction in the barrier 

effect, increasing the shore-ward mass fluxes over the structure and as a result, enhancing the 

alongshore current. In this case, an increase in wave steepness results in higher erosion at the up-

drift end of the breakwater. 

7.5.3 Shoreline response to submerged structures (Ranasinghe and Turner, 2005) 

The review shows the results of morphological behaviour of the coastline behind a series of 

submerged breakwaters. This kind of structures are widely perceived as elements capable of 

providing a limit to shoreline erosion and promoting beach widening by the formation of salients or 

tombolos, without any loss of beach amenity or negative aesthetic impacts. 

Emerged breakwaters have been built commonly in many places around US, Europe or Japan. In 

contrast, fully submerged structures have rarely been adopted for beach protection. 

The different investigations realized along the last years suggested a quite different behaviour 

between submerged and emerged structures, for instance some reports stated that emerged 

breakwaters were meant to induce a smaller salient than submerged breakwaters, but other 

investigations indicated less erosion in the lee of emerged breakwaters. These aspects, lead 

researches to redefine the processes governing shoreline response to submerged breakwaters and to 

try to establish new prediction methods different than those used in the case of the emerged 

structures. 

The authors show an analysis of the field observations, laboratory experiments and numerical 

modelling of studies reported in order to discuss the results and imply certain conclusions. 

10 different structures were taken as examples to analyse the breakwater performance. The results 

showed the following features: 
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Figure 7.5: Features of the sites and the submerged coastal structures reported (Ranasinghe and Turner, 2005). 

- The first case, located in Delaware Bay, was composed by a shore-parallel breakwater with 

the two ends connected to the shore by oblique submerged groins. The project was 

complemented with sand nourishment along the studied area. After 4 years, the shoreline 

showed a small asymmetric salient. On the other hand, the sand nourishment provided, had 

completely disappeared. The researchers attributed this erosion to the net alongshore 

sediment transport, but as it is stated in the previous figure, it was almost negligible. 

 

- In the second case, located in Keino-Matsubara Beach, the results were quite similar. The 

erosion of the sand nourishment appeared after two months and the reason was meant to 

be the net alongshore sediment transport, despite wave conditions or sediment transport 

rates were not described. 

 

- For the third case, located in Niigata, the layout was quite similar to the first one, in the 

sense that a main breakwater had been built with two adjacent groins in the edges. In this 

case, no nourishment was needed. The main conclusions achieved show that strong 

divergent currents in the lee of the structure were induced after strong storm events (See 

7.4.5 to obtain a better understanding of these kinds of processes). 
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- The two following cases, both located in Lido di Ostia, presented a completely different 

behaviour, in the sense that one induced erosion of the shoreline and the other induced a 

widening of the beach. The main differences between both cases were the width of the 

breakwater, the freeboard and the distance to the shore. The case inducing erosion had a 

freeboard of 1.5 which agrees with the characteristics that will be explained in sections 7.4.6 

and 7.4.7, where water flowing over the structure determines to a great extent, the width of 

the salient. On the other hand the length of the structure with erosion was for times the 

length of the case inducing accretion, while the distance to the shore was only four times 

bigger. Therefore, if we compare the parameter B/S: 

B/Serosion = 2 B/Saccretion 

The presence of a really big length of the breakwater would indicate bigger chances of 

shoreline accretion as stated in previous sections. However, the presence of nourishment in 

the process and specially the difference of submergence level affect the whole process, 

modifying the expected result.  

- For the sixth case, located in Lido di Dante, a single breakwater and nourishment was 

performed. A beach widening was observed soon after the project was completed. In this 

case shore-normal wave  incidence (i.e. negligible alongshore sediment transport) is 

reported. 

 

- In the seventh case, located in the Marche region, submerged breakwaters were built up 

along a number of beaches with existing groins. In a first step low segmented structures were 

applied accompanied with nourishment. The consequent gap erosion and high submergence 

during storms led to the replacing of the current breakwaters for a series of higher structures 

but without nourishment. The substitution of the first series of breakwaters was reported to 

have caused a disappearance of the present tombolos. 

 

- The eighth case, located in Palm Beach, analysed the degree of transmission and 

overtopping. It is deeply analysed in the section 7.4.6. 

 

- In the ninth case, located at Vero Beach, segmented breakwaters were analysed. Again, 

erosion in the lee of the structure was found out after 3 years of monitoring. 
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- Finally, in the tenth case, located on the Gold Coast of Australia, a multi-functional surf reef 

was studied. The structure, designed for beach protection and to enhance the surfing 

conditions was suffering the presence of a really high net alongshore transport. The v-shaped 

structure with the addition of nourishment induced a widening of the beach in the up-drift 

part but a certain erosion trend along the rest of the study area. 

Once gone through all the cases, it is difficult to figure out the exact influence of each parameter by 

itself and find suitable design guidelines for submerged structures in order to fight against coastal 

erosion. All the data and observations summarised in the previous figure 7.5 don’t indicate any clear 

relationship between the shoreline response and the structural variables. For instance, short and 

long structures resulted in erosion. Similarly high and low crest levels resulted in erosion, as well as 

both, broad-crested and narrow-crested structures. Furthermore, breakwaters complemented by 

nourishment have also resulted in accretion but also in erosion.  

Contradictory responses in the field observations were reported under high, moderate or low net 

alongshore transport. However, laboratory tests and numerical models allowed the establishment of 

2 hypotheses, highlighting the relevance of the alongshore sediment transport rate in the shoreline 

response: 

- Shoreline erosion would occur in the lee of submerged structures under shore-normal wave 

incidence (negligible alongshore sediment transport).  

- Shoreline accretion would occur in the lee of submerged structures under oblique wave 

incidence (significant alongshore sediment transport). 

  



Guillermo Perez Boloix  Shoreline response to detached breakwaters 

91 

 

The nearshore circulation patterns obtained in the models and tests had the following scheme: 

 

Figure 7.6: Nearshore circulation pattern in case of shore normal incident waves (Ranasinghe and Turner, 2005). 

As seen in the scheme, the circulation pattern for normal incident waves is composed by an onshore 

flow over the crest, two divergent alongshore currents in the lee of the structure and a seaward 

return flow around its end. This type of pattern will result in shoreline erosion due to the strong 

divergent currents near the coastline, behind the breakwater, that transport sediment away from the 

area. 
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Figure 7.7: Nearshore circulation pattern in case of oblique incident waves (Ranasinghe and Turner, 2005). 

In contrast, as seen in the scheme, the circulation pattern for oblique incident waves will produce 

accretion in the lee of the submerged breakwater. The presence of oblique incident waves induces a 

substantial alongshore sediment transport, and the presence of a nearshore circulation pattern 

increases the alongshore sediment gradients already produced by the sheltering itself. For instance, 

at the up-drift side, there’s a sediment deposition due to the lower net alongshore current, while on 

the down-drift side there’s some erosion as the alongshore current is enhanced. 

As seen in all the paper, of the reported parameters of breakwater length, crest submergence level, 

crest width, nearshore slope, and complementary nourishment, none of them appears to be critical 

in governing the shoreline response by itself or is still to be analysed in depth.  Only littoral drift is 

meant to be substantial as a submerged breakwater design guideline, according to laboratory and 

numerical modelling. However, the fact that in field observations the hypothesis obtained were not 

fulfilled, suggests that nearshore circulation patterns do not fully capture the complexity of shoreline 

response in case of submerged coastal structures (See for instance, Lido di Ostia and Lido di Vera 

cases in figure 7.5). 

In most of the cases, the distance between the original shoreline and the submerged structure was 

not studied and it’s an important parameter as seen in following papers. 
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7.5.4 Shoreline response to a single shore-parallel submerged breakwater (Ranasinghe et 

al., 2010) 

The experiments realized by the authors showed that no shoreline erosion appeared behind a 

submerged breakwater under obliquely incident waves for any combination of design parameters. 

However, the results obtained in the field observations showed that erosion or accretion could occur. 

For normally incident waves, erosive as well as accretive response was obtained. This incongruity 

indicated again that the characteristics of the shoreline response to low crested structures was not 

yet fully understood. 

The large number of structural and environmental variables that govern shoreline response required 

a large number of simulations. In order to figure out the relative importance of the parameters, the 

authors applied to methods: dimensional analysis using the Buckingham π-theorem, and numerical 

modelling. 

The method Buckingham method comprises 2 dimensions (length and time) and 11 parameters: 

- Geometrical parameters: structure length (LB), structure crest (wB), depth to structure crest 

(sB), depth to sea floor at structure (hB) and distance from shoreline to the structure (xB) 

- Hydrodynamic parameters: wave height (H), wave period (T), wave direction (θ) and tidal 

range (R) 

- Physical parameters: grain size (D50) 

The study focuses on the binary response of the shoreline (erosion vs. accretion) and not on the 

magnitude. Therefore, some parameters might be omitted. Furthermore, assuming that the beach 

profile follows the equilibrium profile exposed by Dean and deep water’s wavelength is known (for 

instance Lwo= gT
2
), the response can be expressed as: 

��Y�X�Y� � w��#��X�	 * j©
&º³ , dRj© , ,Rj© , sR&º³ , &R&º³1																																																	�7.10�	

Rearranging the non-dimensional parameters in terms of onshore flow over the structure and 

alongshore flow in its lee, the response is meant to be dependent of two non-dimensional 

parameters: 

�JI 	��"			 »YJ�J¼
h/� ∗ »~JℎJ¼

� ∗ (fhℎJ2
%/�

 

Circulation patterns near a submerged structure were used to differentiate between erosive and 

accretive conditions at the shoreline. Essentially, 2-cell and 4-cell patterns were studied and the 
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results were that, for the 2-cell circulation pattern flow divergence at the shoreline led to shoreline 

erosion, while the 4-cell circulation pattern led to shoreline accretion. The same behaviour is 

observed in normally incident and oblique incident waves. However, in the second case the shoreline 

response is asymmetrical due to the interaction between the alongshore current ant the induced 

nearshore current. Both patterns will also result in a secondary erosion/accretion further from the 

structure vicinity, but in a smaller extent that in the cases of emerged breakwaters. 

  

Figure 7.8: Erosion and accretion under 2-cell and 4-cell circulation patterns (Ranasinghe et al., 2010). 

Therefore, and relating with section 7.2, depending on the layout of the structure (for instance the 

distance to the shore as a dominant parameter), the circulation pattern occurring will be different 

due to the combination of both set-up variations and onshore mass flux. The relevance of the 

distance to the shore, not analysed or just mentioned as secondary in other reports, gets the focus as 
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it determines the 2-cell or 4-cell circulation in a great extent and hence, determines whether erosion 

or accretion is expected. 

Finally, the results to the investigations via theoretical analysis added to the numerical modelling 

applied showed the following remarks: 

- The structure crest width does not affect the shoreline response when the crest is deeper (1 

m below MWL). However, when the crest is closer to the surface (0.5 m below MWL), larger 

crest widths would minimize the risk of erosion. This can be compared with what has been 

stated in section 7.4.4 in the case of Lido di Ostia where erosion occurred with 1.5 m below 

MWL and accretion with 0.5 below MWL. 

 

- In general, tides don’t have a big impact on the shoreline response unless strong tidal 

currents are present. Nevertheless, small tidal range would induce accretion in the lee of the 

structure while higher tidal range might not result in a noticeable shoreline response. 

7.5.5 Full scale monitoring study of a submerged breakwater (Dean et al., 1996) 

The project analyses the behaviour of a submerged breakwater in Palm Beach, in the State of Florida. 

The sediment transport in the coast strip had been affected by the dredging of the Port entrance and 

the subsequent construction of jetties, inducing down-drift erosion on the coastline. First of all, the 

measures taken were seawalls, nourishments and bypassing but they turned to be not efficient 

enough. Secondly, submerged breakwaters were taken into consideration. The structure was located 

at a certain distance from the seawall and built with a relatively high crest freeboard. 

In order to evaluate and compare the performance of the breakwater with the initial expectations, a 

monitoring program was applied.  

The results from the monitoring showed the importance of two parameters: the breakwater crest 

height and the offshore distance of the structure. Related to the first parameter, the study concluded 

that low crest height might allow so much water to flow over the breakwater that the resulting 

alongshore current would outweigh the benefits of a small reduction in wave height and cause beach 

erosion in the lee of the structure.  This agrees with the process description realized in section 7.2. 

On the other hand, the offshore distance was found to be quite important, for instance, it affects the 

alongshore currents cause they vary inversely with it. However, the effect is lower on the volume of 

water that flow over the structure.  
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7.5.6 Modelling the effect of wave overtopping on nearshore hydrodynamics and 

morphodynamics around shore-parallel breakwaters (Du et al., 2009) 

The paper describes the implementation of a wave overtopping model around a group of 

breakwaters along the British coast. The design of each breakwater was quite different, in the sense 

that submerged, low crested and emerged breakwaters were present. The model results were 

compared with laboratory data and field measurements, obtaining satisfactory results. 

Wave overtopping on low crested structures can affect significantly the current circulation and 

sediment transport patterns around detached breakwaters, inducing alteration on the tombolo and 

salient formation. The situation in the case was complicated due to the location of the coastline 

within macro-tidal conditions (it agrees with the facts in figure 6.11). 

The model used, named COAST2D, computed waves and currents (wave and tide induced) 

considering the influence of wave refraction and diffraction, wave braking, tides, turbulence and 

bottom friction.  

The overtopping discharge was estimated with the Hedges and Reis (1998) equations: 

�³½¢
M$jk¾

� f% *Z¿Àr
jÁ 1

¾
� (1 � %ÂÃ

ÄÅÆÁÄ¿ÀrÆÁ
2Jª 							�w						0 ≤ ÄÅÇÃZ¿Àr ≤ 1																										�7.11�	

																								0																																																										�w													 ÄÅÇÃZ¿Àr ≥ 1																										�7.12�	
Once implemented the model and validated with experimental data, the results showed the 

following remarks:  

To assess the impact of wave overtopping on hydrodynamics three different combinations of wave 

and tidal conditions were used: high tide level and low wave height, high tide level and high wave 

height, and low tide level but high wave height. For the first combination, no overtopping was 

predicted because the waves were not high enough to overtop the structure. For the second 

combination, the overtopping predicted was considerable even in the area of high-crested 

structures. Finally, for the third combination, some overtopping was predicted, but due to the low 

level of the tide it only affected the low crested structures.  

The strong variability of the shoreline and the layout of the breakwaters in the study area, induce a 

complex behaviour in wave and currents. As we can see in the figure, for Reefs 7 and 8, where crest 

level is relatively high, wave overtopping modifies the flow circulation in the lee side of the 
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breakwaters to a smaller extent. On the other hand, the large gap between both structures allows 

wave energy to penetrate close to the shore affecting the flow circulation too. For the Reefs 9, 10 

and 11, the presence of smaller gaps limits the wave penetration. However, due to their lower crest 

levels, strong flows can be observed over the top of the structures, creating a down-drift current in 

the area close to the shoreline. Finally, a strong flow exchange can also be seen between both sets of 

structures, high and low crested. 

 

Figure 7.9: Wave height distribution and current vectors in the area between Reefs 7 and 11 (Du et al., 2009). 

This study of overtopping and flow penetration helped to understand the strange shoreline 

behaviour observed along the Sea Palling coast, in which tombolos and salients were observed 

behind the northern breakwaters and few morphological changes were observed behind the 

southern breakwaters. The crest height of the structures plays a really important role for discretizing 

between shoreline responses. As seen in section 7.2 and in the previous paper (Dean et al., 1996) 

structures with low crest or submerged allow too much water flow over the structure to achieve a 

tombolo. The only way to get a fully shoreline accretion is by modifying substantially the length of 

the breakwater and the distance from the structure to the shore. 
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Figure 7.10: Salient and tombolo distribution along the coast (Du et al., 2009). 

7.5.7 Breakwaters for the Protection of Romanian Beaches (Spataru, 1989) 

The paper presents the results of model tests and field measurements concerning coastal 

breakwaters. In the cases analysed along the Romanian coast, breakwater schemes with a 

connection dyke to the shore were applied. Due to a moderate volume of net alongshore transport, 

artificial nourishment was used as a complement. More than one hundred experiments were 

performed using different schemes of breakwaters, as mentioned, different dimensions and different 

crest level under normal wave incidence. The results lead to a method for determining the accretion 

capacity of submerged breakwaters.  

The main hypotheses of the method are the following: 

- For a single breakwater, the accretion limit capacity can be approximated by a circular arc 

with the centre at the same distance D from the shoreline as the breakwater and at a 

distance E from the edge of the structure. E has a value of half D and the radius R of the circle 

has a size of R=D. 

- For a segmented breakwater field, the accretion capacity limit can be approximated with 

circular arcs of radius R. The values of E/D and R/D are determined using the graph. It’s 

important to highlight that this behaviour is only achieved if the gap width between 

breakwaters is (M-L) < 1.2 D. If not, the behaviour is the same as a single breakwater. 



Guillermo Perez Boloix  Shoreline response to detached breakwaters 

99 

 

 

Figure 7.11: Accretion capacity limit in case of a segmented breakwater field (Spataru, 1989). 
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8. SYNTHESIS 

After comparing the overview of design guidelines and the application of real cases, some important 

remarks can be stated: 

Submerged and emerged breakwaters have a quite different behaviour, so their analysis should be 

completely separated. In some of the cases, there has been a try for adapting emerged breakwaters 

formulation to submerged cases but the results were not that satisfactory. 

As explained in section 7, there’s a lack of overview concerning submerged breakwaters due to the 

few cases applied in the past, so all the formulations and empirical guidelines proposed by the 

authors should be considered carefully. 

As seen in section 6, for emerged structures, the breakwater length (LS), and the distance from the 

shoreline to the breakwater (X) are seen to be the relevant parameters that determine the shoreline 

response. The gap between the breakwaters (G) is less important but can determine whether a 

segmented breakwater works as a series of single elements or not. The main guideline observed after 

the study is:  

                                   

 

 

For submerged breakwaters, all the other parameters related to breakwater design or wave 

characteristics don’t seem to have a clear influence on the morphodynamic processes, or they are 

still to be analysed in depth (for instance see Ranasinghe 2005). On the other hand, for emerged 

breakwaters, the conclusions of some authors like Edwards (2002) or Burchardt et al. (2007) show 

that wave length of wave angle could modify the sediment accumulation process. 

Furthermore, as seen in section 7, overtopping (and therefore freeboard level) and transmission 

coefficient have to be added to breakwater length, distance from the shoreline to the breakwater 

and gap between breakwaters, as relevant parameters for the submerged breakwaters and low 

crested structures shoreline response, highlighting the fact that is difficult to extrapolate emerged 

breakwaters formulation to the submerged cases. Both parameters modify the amount of water 

flowing over the structure. Moreover, tides should be considered when analysing this type of 

structures since they can modify the amount of water flowing over the breakwater. Despite its effect 

Tombolo:                                       B/X≥1.3 

Salient:                                    1.3>B/X>0.5 

 Limited response:                  0.5≥B/X 
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is not that big unless strong tidal currents are present, when macro-tidal conditions are present 

shorter salients can be found due to the fact that bigger amount of water flowing over the structure 

reduces the amount of sand accumulated.  

Within submerged breakwaters, the circulation patterns have to be analysed carefully. Some reports 

tried to represent their behaviour but they didn’t succeed because the comparison of their theories 

with field cases applications showed inconsistencies. Last theory exposed by Ranasinghe in 2010 

highlights the fact that the layout determines whether a 2-cell or a 4-cell behaviour might occur 

behind the structure, determining if erosion and accretion will take place. Further studies should be 

carried out in this direction. 

In general, emerged structures lead to tombolo and submerged structures lead to salient due to the 

fact that there’s a big flow over the structures with low crest height despite changing the other 

mentioned parameters X, LS.  

The position of the breaking line is not considered in most of the cases as a relevant parameter 

because breakwaters are usually located within the surf zone (only Johnson et al. (2010) give some 

feedback about it). 

Finally, it is really important to be concerned about the chance that breakwaters protect a coastal 

strip against erosion but can induce it in down-drift areas. The effect is lower in case of submerged 

breakwaters. 
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9. Conclusions 

Detached breakwaters are probably the most efficient measure for coastal protection, but other 

different considerations like availability of resources or environmental impacts have to be taken into 

account when doing the project. For instance, the policy applied in the Netherlands (Under the 

quotes: “Soft if possible, hard if required”) leads to take nourishments as a final option. In contrast, as 

it can be seen in the Mediterranean coast of Spain, mostly hard measures are finally applied.  

In many papers and reports analysed, all authors remark the lack of information and previous 

studies, which induce a feeling of uncertainty in some of the results, highlight the necessity of further 

study for each of the cases or imply the difficulty of using the conclusions obtained and formulation 

applied in a previous case when working on a different project. The big variability and complexity of 

morphodynamic processes, some of them still to understand, makes quite difficult the study of 

detached breakwaters. These facts, as stated in previous section, are especially relevant for 

submerged breakwaters, so more studies should be carried out in order to get enough information 

and knowledge to define and study this type of structures with certain reliability. 

Empirical relationships are a good indicator for shoreline response, but they have to be used with 

care. In addition, models when compared with field and laboratory data are not always satisfactory. 

It is recommended to consider empirical methods, models and prototype assessments to contrast 

results and obtain a better design for the breakwater. 

Most of the empirical guidelines are based on the appearance of tombolos or salients, so they 

predict when shoreline accretion takes place. This is mainly because the principal aim of detached 

breakwaters is to protect the coast and increase the width of the correspondent beaches. However 

in some cases, for instance a recent breakwater built up in Indonesia by DHV, aim to protect to coast 

with the objective of avoiding accretion and sand entrapment in the area.  
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APPENDIX 1. DATA OF ACCRETION BEHIND A SINGLE OFFSHORE BREAKWATER.  
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APPENDIX 2. HSU AND EVANS (1989) PARABOLA’S COEFFICIENTS.  

 

 


