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Abstract 

Rubble mound breakwaters are built for coastal protection and creation of quiet zones for harbouring, 

and may have different shapes and geometries, depending on the location and the functionalities for 

which they are intended. 

The main goal of the design is to determine the weight of the armour layer blocks, that ensure the 

structural and hydraulic stability required to support the wave attack loads. The process has a semi-

-empirical basis, with formulae’s driven from the analysis of practical results, obtained through scale 

model tests or the evaluation of existing structures. 

This study aimed to collect and organize information related to the storms that caused the failure of 

the southern breakwater of Praia da Vitória, in the Azores, and analyse the theoretical overtopping 

discharge, that is admitted to have been the origin of failure to parts of the structure. To this end, a 

review of the concepts needed to understand this phenomenon was made, reflecting the scientific and 

technological progress on the design of breakwaters. It follows a detailed description of the original 

structure, the base-studies for the construction project, the data related to the 2001 and 2005 storms 

and the assessment of the destruction level made in the context of the rehabilitation project. 

The overtopping discharge analysis is made using the NN_OVERTOPPING software, developed 

through the CLASH project, setting the basis for a scale model study that allow a better understanding 

of this accident. 
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1. Introduction 

Transcontinental trade will play a major role in the growth of the Portuguese and European Union 

economy for the next several years. Harbouring facilities are the gateway for tradable goods and for 

an important amount of tourism and therefore, the large investment verified in the improvement of 

sheltering and berthing conditions of the Portuguese harbours was essential to accommodate the 

growing size of merchant and cruise ships. 

The intention of making Portuguese ports more and more competitive justifies the need for research in 

the field of maritime engineering. Only better safety and operational conditions, together with the 

country privileged geographical location, will attract new maritime routes to Portuguese ports.  

Coastal erosion, the destruction that happened in the last winters along the Portuguese coast and the 

failures of the western breakwater of Sines (February 1978) and the southern breakwater of Praia da 

Vitória (December 2001), should also encourage the study of the phenomenon’s that caused those 

events. 

The port of Praia da Vitória, located in the western coast of Terceira Island, in the Azores, has a 

harboured bay, protected by two breakwaters: a berm breakwater, with an armour layer of Core-Locs, 

to the north, and a rubble mound breakwater with an armour layer of tetrapods, with a superstructure, 

to the south (as shown in Figure 1). The one in the north is under the US Army jurisdiction, while the 

one in the south is Portuguese. Both were severely damaged during the storms of December 2001 

and March 2005. 

This study had the purpose of compiling the existing information related to the construction, 

destruction and rehabilitation of the southern breakwater of Praia da Vitória, in the Azores Islands. 

That information was scattered along a quantity of preliminary studies, test reports, weather reports 

and construction projects with sometimes contradictory data. The information compiled allowed an 

analysis about the role of the overtopping discharge in the failure of the breakwater, based on the 

thesis that this phenomenon was in the origin of the ruin of parts of structure. 

To analyse the effects of the overtopping discharge, estimations were made, based on the weather 

reports about the 2001 and 2005 storms. For that the NN_OVERTOPPING software were used, and 

theoretical mean discharge values were obtained. Ideally, this theoretical values should be validated 

by performing scale model tests however, that was not possible and therefore, this study sets the 

basis for a complementary study on this failure event. 

Studying and understanding past events and the structural and hydraulic behaviour of prototypes, 

under extreme conditions, allows us to predict future incidents and to develop procedures and tools to 

minimize or even to avoid certain risks. 
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Figure 1 – Aerial view of Praia da Vitória bay, where both southern (in the foreground) and northern (in the 
background) breakwaters are shown (source: http://azorescruise.visitazores.com) 

 

1.1. Methodology 

To achieve the purpose of the study, an extended review about the wave science and the design and 

construction of rubble mound breakwaters was made. Knowing the basis behind the design of the 

southern breakwater allow us to predict its behaviour for normal and extreme wave conditions. 

Then, a detailed description of the structure was made. All the data referring to the original structure 

was collected from the preliminary studies and from the original construction project, ordered by the 

Government of the Azores and developed by Hidrotécnica Portuguesa. Scale model tests were 

performed in the LNEC facilities and the results published in the form of reports. These tests resulted 

on changes made to the initial design to ensure the seaward armour layer and toe hydraulic stability, 

for the direct wave attack, and the leeward armour layer stability, for the overtopping discharge. 

The data related to the 2001 and 2005 storms was collected from weather reports made by Santos 

(2001) and Instituto Hidrográfico (2005). This data was used for the estimation of the theoretical mean 

overtopping discharge for extreme conditions that may have, supposedly, originated the failure of the 

P3 cross-section.  

To analyse the thesis that the overtopping discharge caused the failure of parts of the breakwater, it 

was necessary to compare the damage inflicted by the 2001 storm with the theoretical mean 

overtopping discharge. The data on the level of destruction was collected from the rehabilitation 

project developed by Consulmar et al. (2005). The survey made after the 2001 storm allows the 

comparison of the destroyed cross-sections with the typical cross-sections with failure due to 

overtopping. 

After describing the structure and accepting that the destruction was consistent with the thesis that the 

overtopping played a major role in the failure of the southern breakwater, the data collected from the 

weather reports of the 2001 and 2005 storms and the definition of the local and offshore wave climate 

around Praia da Vitória, made by Consulmar et al. (2005) for the rehabilitation project, was used to 

estimate the mean overtopping discharge that may have caused that failure. 

Simulations were made using the NN_OVERTOPPING software, a tool developed by DELFT 

HYDRAULICS during the development of the European CLASH Project, based on a neural network, 
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that considers 8372 input-output combinations, with data collected from scale model and prototype 

tests performed on different universities and institutes (Coeveld et al., 2005). The structure geometry 

was defined by 12 input parameters while the wave conditions were defined by 3 input parameters. 

Given these 15 input parameters the software was able to estimate the output parameter, the 

theoretical mean overtopping discharge, qNN (m
3
/s.m), for different tidal levels and different wave 

heights and periods. 

The overtopping simulations were made for the P3 cross-section between D.O.910 and D.O.1250, 

were the depth at the toe of the structure is about 20m. The incident wave direction was assumed to 

be perpendicular to the breakwater crest, because it is the most severe direction for wave attack and 

this simplification is consistent with the wave propagation from ENE, E and SE, according to the 

refraction patterns for waves coming from those directions. 

Data collected showed that the 2001 storm pike lasted for around 5 days, with Hs_max=7,0 to 8,0m, 

Hm0=7,7 to 9,9m and Tm=10,50 to 14s (Santos, 2001). The 2005 storm pike lasted for 2 days, with 

Hm0_max=8,6m and Tm-1.0=9,6s.  These values were used to estimate the mean overtopping discharge 

for extreme wave conditions. 

Adicional simulations were made to compare the estimated mean overtopping values with the results 

obtained by LNEC during the 1983 and 1988 scale models tests using the same wave heights and 

periods.  

For each of the tidal levels, simulations were made using different (Hm0;Tm-1.0) pairs of values: 

1 -  For normal wave conditions, overtopping simulations were made using: 

 Hm0 = 1,00; 2,50; 3,50; 4,00m 

 Tm-1.0= 5,00; 6,00; 8,00; 10,00; 12,00; 14,00s 

2 -  For extreme wave conditions: 

 Hm0 = 6,50; 7,50; 8,00; 8,50; 9,00m 

 Tm-1.0= 8,50; 9,50; 10,50; 11,50; 12,50; 13,50s 

3 -  And for the sensitivity analysis performed: 

 Hm0 = 4,00; 5,00; 6,00; 7,50; 8,50; 9,00; 9,50m 

 Tm-1.0= 7,00; 10,00; 14,00s 

Figure 3 shows the meaning of all the 15 input parameters needed to determine de output parameter, 

qNN. Table 1 resumes the values for the 12 geometric input parameters, for different tidal levels, that 

were used to describe the P3 cross-section of the southern breakwater on the NN_OVERTOPPING 

software.  
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Figure 2 – Geometrical representation of the 15 input parameters needed to estimate the output parameter, qNN, 

on the NN_OVERTOPPING software (https://www.deltares.nl/en/software/overtopping-neural-network/) 

 

Table 1 – P3 cross-section values for the 12 geometrical input parameters used on NN_OVERTOPPING 

Tidal 
level 

Elevation
1
 h ht Bt ϒf cot(αd) cot(αu) Rc B hb tg(αB) Ac Gc 

(-) (m) (m) (m) (m) (-) (-) (-) (m) (m) (m) (-) (m) (m) 

HAT +1,91 21,91 11,71 5,00 0,40 1,50 1,50 5,19 0,00 0,00 0,00 6,69 8,00 

MHWS
2
 +1,80 21,80 11,60 5,00 0,40 1,50 1,50 5,30 0,00 0,00 0,00 6,80 8,00 

MSL +1,00 21,00 10,80 5,00 0,40 1,50 1,50 6,10 0,00 0,00 0,00 7,60 8,00 

LAT +0,20 20,20 10,00 5,00 0,40 1,50 1,50 6,90 0,00 0,00 0,00 8,40 8,00 

 

2. The southern breakwater 

The southern breakwater of Praia da Vitória is a rubble mound breakwater with three distinct layers. 

The rooting P1 cross-section of the breakwater was originally constructed with a main armour layer 

with 120 to 150kN rock, with a 2:1 slope, and a leeward armour layer with 60 to 90kN rock, with a 3:2 

slope. It was designed by HP for a design wave of Hs=7,5m. 

The current P3 cross-section was originally constructed with a main armour layer of 300kN tetrapods 

and a leeward armour layer of 90 to 120kN and 30 to 60kN, above and under the SWL. Both seaward 

and leeward amour layers had 3:2 slopes and the toe was located at (-9,80m) from the SWL, with 

3,20m high.  

A P4 cross-section was designed to insure the transition from the current P3 cross-section to the P5 

cross-section. The difference from P3 resides on the 2:1 seaward slope. 

                                                      

1
 Sea level elevation referred to the Hydrographic Zero 

2
 Reference value for Mean High Water Springs at Praia da Vitória, from the construction project 

https://www.deltares.nl/en/software/overtopping-neural-network/
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The P5 cross-section represents the roundhead of the breakwater, going from a 300kN tetrapod to 

330kN Antifer cube seaward armour layer, with a 4:3 slope, to insure the necessary hydraulic stability.   

The damage occurred mostly along the length of the breakwater were P3 was applied and there is no 

crown-wall, from D.O.700 to D.O.1250 (Figure 2). Taking this into account, the study focuses on the 

failure of the P3 cross-section.  

Two different major failure mechanisms seem to have been in the origin of failure. Around D.O.700 

and between D.O.830 and D.O.910, there is a concentration of material near the SWL on the seaward 

slope, consistent with the erosion of the upper part of the armour layer due to direct wave attack. 

Incident waves unsettle the armour layer blocks and the run-down flow drags the material down the 

slope creating an “S” shaped cross-section, common to this failure mechanism (Figure 3). Between 

D.O.910 and D.O.1250, ruin seems to have happened due to overtopping. Around D.O.1000 it is 

possible to observe the sliding of the upper part of the leeward slope, consistent with the erosion due 

to a body of water hitting the top of the armour layer, unsettling and removing the armour blocks. In a 

first instance, the seaward slope isn’t affected but, with a storm that endured for 5 days, the absence 

of support from the leeward side turns the seaward slope susceptible to direct wave attack, turned in 

the major hole made between D.O.910 and D.O.1250. 

Another aspect that was consistent with the thesis that the overtopping played a major role in the 

failure was the fact that the rehabilitation project reinforced the leeward armour layer by placing 250kN 

Antifer cubes from D.O.700 to D.O.1250. 

 

 

Figure 3 - Southern breakwater damage survey for the 2001 storm (adapted from Consulmar et al. (2005)) 
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Figure 4 - Failure mechanism due to overtopping. In a first instance the leeward slope slides due to the 
overtopping discharge that hits the upper part of the armour layer, letting the seaward slope without 
support and susceptible to direct wave attack (adapted from USACE (2011)) 

 

3.   Overtopping analysis 

For normal wave conditions, the mean overtopping discharge stayed below 20l/s/m for all tidal levels, 

even for the higher wave periods as T=12s and T=14s. The q97,5% quantile stayed below 40l/s/m, 

except for the pair of values (Hm0=5;Tm-1.0=14). Therefore, no significant overtopping is expected for  

Hm0 ≤5,0m. 

For extreme wave conditions and Tm-1.0≥11,5s, the mean overtopping discharge got close to the 

reference value proposed by Alssop et al (2008) of 200l/s/m (Table 2). For this magnitude of values 

problems for crest and leeward slopes can be anticipated.   

For the design wave, H=7,5m, defined by HP on the construction project, the mean value only got 

closer to 200l/s/m for Tm-1.0≥12,5s.  

For the design wave proposed by Consulmar, et al. (2005) of Hs=8,5 to 9,0m with Tm-1.0≥11,5s the 

stability of the leeward slope will be significantly affected, with mean values way above 200l/s/m. The 

results for extreme wave conditions are presented on Table 3. 

It is important to emphasize that qNN represents a mean value so, the overtopping discharge of a 

single wave can be several times higher than that. From the 2005 storm report we know that Hmax was 

about 15m, associated to Tm around 15s. Such waves have huge amounts of energy and will certainly 

inflict some sort of damage to a structure. Longer storms increase the probability of occurring waves 

with heights bigger than the significant value.  

In order to assess the sensibility of these results, additional simulations were performed with the same 

wave heights and periods used for the LNEC scale models tests. Although a qualitative evaluation of 

the overtopping was made by Carvalho (1983), a comparison between the mean values obtained and 

those from 1983 scale model tests. The results are presented in Table 4, where Level 2 and 3 

corresponds to a moderate and to a large body of water passing over the break water crest. 
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Table 2 - Reference values for the mean overtopping discharge (Alssop et al. 2008) 

q 
Definition 

(l/s/m) 

0,1 No damage even if the crest and the leeward slope are not protected 

1 - 10 No damage if the crest and the leeward slope are made of clay and covered by grass 

50 - 200 No damage if the crest and the leeward slope are well protected against overtopping 

 

Table 3 - Results for the estimation of the mean overtopping discharge for P3 cross-section 

NN_OVERTOPPING HAT=(+1,91m)ZH MSL =(+1,00m)ZH LAT =(+0,20m)ZH 

Tm-1.0 Hm0 qNN q2,5% q97,5% qNN q2,5% q97,5% qNN q2,5% q97,5% 

(s) (m) (l/s/m) (l/s/m) (l/s/m) (l/s/m) (l/s/m) (l/s/m) (l/s/m) (l/s/m) (l/s/m) 

8,5 

6,5 14,18 2,59 59,34 7,49 1,56 29,75 4,40 0,93 17,20 

7,5 30,89 5,32 134,60 17,10 3,69 68,31 10,35 2,22 37,93 

8,0 -1000 -1000 -1000 -1000 -1000 -1000 -1000 -1000 -1000 

8,5 -1000 -1000 -1000 -1000 -1000 -1000 -1000 -1000 -1000 

9,0 -1000 -1000 -1000 -1000 -1000 -1000 -1000 -1000 -1000 

9,5 

6,5 23,20 5,36 87,76 12,45 3,36 44,73 7,42 2,08 24,53 

7,5 50,11 10,20 87,76 28,12 6,61 100,80 17,27 4,48 57,01 

8,0 67,44 13,52 261,20 38,76 8,94 138,50 24,22 5,76 88,20 

8,5 86,89 16,73 372,80 51,13 11,42 193,20 32,50 7,53 118,50 

9,0 108,10 20,93 487,50 65,09 14,32 264,60 42,12 9,51 153,20 

10,5 

6,5 37,36 10,46 125,50 20,63 6,49 64,39 12,64 4,21 37,75 

7,5 81,12 21,22 286,20 46,66 13,72 144,20 29,30 9,39 87,27 

8,0 108,00 26,75 382,80 63,53 17,32 212,00 40,52 12,22 130,10 

8,5 137,40 32,21 520,70 82,62 20,74 274,30 53,53 14,82 174,70 

9,0 168,60 38,52 668,90 103,60 25,69 365,70 68,21 18,80 226,20 

11,5 

6,5 57,66 17,01 192,20 33,12 10,83 96,75 20,98 7,34 60,32 

7,5 127,80 38,70 411,40 76,49 26,40 223,50 49,66 18,34 133,00 

8,0 169,70 50,05 562,10 103,60 33,41 315,70 68,06 24,26 193,40 

8,5 213,90 58,10 754,40 133,00 40,27 385,70 88,60 29,55 248,90 

9,0 259,30 67,18 981,80 164,20 48,68 541,30 111,00 36,13 337,30 

12,5 

6,5 84,74 23,66 292,20 50,75 16,66 154,30 32,97 12,25 88,86 

7,5 191,90 55,77 621,00 120,30 41,77 328,10 80,87 31,82 204,40 

8,0 256,10 74,95 837,80 163,60 56,11 457,00 111,40 42,37 281,50 

8,5 322,60 97,72 1056,00 209,50 72,21 602,00 144,40 53,55 366,70 

9,0 389,00 115,50 1429,00 256,40 82,81 796,50 178,80 65,12 484,40 

13,5 

6,5 118,10 30,96 409,20 73,32 22,99 225,20 48,43 16,42 143,90 

7,5 271,70 74,42 905,70 177,60 59,80 503,70 122,40 44,82 316,00 

8,0 365,80 109,30 1232,00 243,50 82,67 684,60 170,70 63,68 423,20 

8,5 463,80 144,40 1662,00 313,80 104,40 902,80 223,00 84,26 560,10 

9,0 560,50 169,30 2109,00 384,80 131,20 1182,00 276,70 103,20 723,40 
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Table 4 - Comparison between the mean overtopping discharge values obtained by NN_OVERTOPPING and the 
results from the 1983 scale model tests performed by Carvalho (1983) 

NN_OVERTOPPING MHWSH.P._project=(+1,80m)ZH LNEC 
(1983) 

LAT =(+0,20m)ZH LNEC 
(1983) Tm-1.0 Hm0 qNN q2,5% q97,5% qNN q2,5% q97,5% 

(s) (m) (l/s/m) (l/s/m) (l/s/m) Level (l/s/m) (l/s/m) (l/s/m) Level 

7,0 

4,00 0,25 0,03 2,26 0 0,07 0,01 0,72 0 

5,00 1,23 0,17 7,53 - 0,36 0,04 2,37 0 

6,00 -1000 -1000 -1000 - -1000 -1000 -1000 - 

7,50 -1000 -1000 -1000 - -1000 -1000 -1000 - 

8,50 -1000 -1000 -1000 - -1000 -1000 -1000 - 

9,50 -1000 -1000 -1000 - -1000 -1000 -1000 - 

10,0 

4,00 0,58 0,10 3,37 0 0,17 0,03 1,03 0 

5,00 4,11 1,05 17,41 0 1,31 0,34 4,75 1 

6,00 16,35 4,32 60,72 1 5,63 1,73 17,71 1 

7,50 59,57 14,15 214,60 1/2 22,47 6,37 69,98 2 

8,50 102,70 21,74 411,00 2/3 41,66 10,60 144,20 2 

9,50 153,20 30,50 688,50 - 66,89 16,06 249,50 3 

14,0 

4,00 2,04 0,25 18,22 0 0,61 0,08 4,72 1 

5,00 16,00 3,07 92,08 1 5,63 1,17 24,59 1/2 

6,00 72,93 16,84 301,00 2 30,27 9,20 101,50 2/3 

7,50 300,60 81,28 1031,00 3 146,20 51,33 398,20 3 

8,50 519,90 161,40 1833,00 3 269,30 98,10 694,90 3 

9,50 738,40 227,30 2850,00 - 400,80 147,40 1112,00 3 

 

 

4. Conclusions 

All these results lack validation by scale model tests on 2D and 3D laboratory equipment and should 

be interpreted with the necessary caution. Although the values for the mean overtopping discharge 

and the 95% confidence range seem to be reasonably consistent with the destruction of the P3 cross-

-section between D.O.910 and D.O.1250, only a complementary model scale study could bring more 

certainty. 

The results for the mean overtopping were only considered dangerous for the P3 cross-section for 

wave heights higher than Hm0=7,5m combined with high wave periods. This doesn’t mean that failure 

could not occur for a storm with these characteristics; moreover, it is even likely that a storm with a 

lower significant wave could cause significant damage to a structure if the storm duration is long 

enough.  

Comparing the magnitude of the 2001 and 2005 storms, the biggest difference between both was 

definitely their duration. Probably it is safe to say that the duration of the 2001 storm may have been 

the main cause for that level of destruction. 
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Tools like the NN_OVERTOPPING show great simplicity on predicting the mean overtopping 

discharge values for various types of shore protection structures. Their use on predesign stages may 

reduce the costs of scale model tests for alternative designs. Despite these advantages, the software 

does not consider, directly, some important parameters as the storm duration, making it impossible to 

assess how it may affect the mean overtopping. Again, only scale model tests could allow verifying the 

effects of storm duration. 

The data collected in this study can be the basis for further investigation on this failure event, by 

testing the P3 cross-section on a 2D scale model, observing it behaviour and validating the mean 

overtopping discharge estimated with NN_OVERTOPPING. 
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