
1 

CATANIA HARBOR BREAKWATER: PHYSICAL MODELLING OF THE UPGRADED 
STRUCTURE 

Martina Stagnitti1, Claudio Iuppa2, Rosaria Ester Musumeci3 and Enrico Foti4 

Most of the worldwide historical coastal and harbor structures have been severely damaged by extreme sea storms 

during their lifetime and hence need to be upgraded, also considering the effects of climate change (Hughes, 2014). 

Physical modelling is identified as the only feasible approach for the optimization of the upgraded structures, because 

of the existence of few studies concerning such an issue and the lack of specific design formulae (Burcharth et al. 2014; 

Croeneveld et al. 1984; Lara et al. 2019; Foti et al. 2020). Therefore, a novel general methodology for the design of 

upgrading solutions for existing breakwaters based on physical modelling is presented, considering the case study of 

the Catania Harbor breakwater. The results of the systematic extensive experimental campaign on possible solutions 

for upgrading the Catania harbor breakwater led to some general practical findings, which can be useful for the design 

of restoration options for existing breakwater at end of their lifetime. 
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INTRODUCTION  

Aging of coastal and harbor defense structures is a worldwide problem, which nowadays goes along 

with the need of upgrading for protection against the effects of climate change on coastal areas (Hughes, 

2014), such as mean sea level rise (Church et al. 2013; Galassi and Spada 2014; Lambeck et al. 2011), 

increase of extreme storm surge height and frequency of occurrence (Lowe and Gregory 2005; 

Vousdoukas et al. 2016), inter-annual variability of wave characteristics (Camus et al. 2017; Chini et al. 

2010; Hemer et al. 2013; Morim et al. 2019) and reduction of extreme sea levels return period 

(Vousdoukas et al. 2018). Indeed, the above-mentioned effects directly influence the hydraulic 

performances of coastal and harbor defense structures in terms of wave run-up height and overtopping 

discharge (Arns et al. 2017; Chini and Stansby 2012; Isobe 2013). 

Great part of the historical coastal and harbor defense structures is in shallow-waters and consists of 

non-conventional breakwaters, which have been repeatedly modified over the years and usually 

converted into rubble mound structures (Lara et al. 2019). Therefore, traditional empirical design 

formulae defined for new structures may be not able to properly characterize the hydraulic behavior of 

both damaged and restored breakwaters, whose actual composition in terms of material and layers 

geometry is often unknown, because of the lack of documents and reports regarding the modifications 

implemented during their lifetime. Despite the practical relevance of the matter concerning the upgrade 

of aging coastal and harbor breakwaters, few researches has been carried out, which mainly consists in 

design exercises using only desk study tools or suggested methods for the selection of the possible 

restoration options for damaged breakwaters (Croeneveld et al. 1984) and adaptation solutions to the 

effects of climate change for existing structures (Burcharth et al. 2014; Foti et al. 2020; Isobe 2013; 

Koftis et al. 2015). In addition, some investigations on implemented restoration projects are available, 

that however only describe the design procedures, without defining formulae or models suitable for the 

design of upgrading options or testing the applicability of the traditional state-of-art design equations 

(Jensen et al. 2018; Ligteringen et al. 1993; Main et al. 2018; Santos-Ferreira et al. 2015). As regards the 

available numerical models, they have not been sufficiently calibrated to simulate all the common 

restoration concepts, particularly concerning the stability of the armor layer (Burcharth et al. 2014; Lara 

et al. 2019). As a consequence, physical modelling represents the most reliable approach to describe the 

response of existing or upgraded rubble mound structures and their possible failure modes (Burcharth et 

al. 2014; Croeneveld et al. 1984; Lara et al. 2019; Foti et al. 2020).  

The choice of the most suitable restoration solutions for damaged rubble mound breakwaters must 

be addressed by several factors (Croeneveld et al. 1984; Burcharth et al. 2014; Foti et al. 2020). First, a 

field survey is required to assess the magnitude of the damage and identify its possible causes, in order 
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to avoid the failure of the restored breakwater for the same reasons. Then, the required structure 

performances and acceptable risk of failure must be fixed, on the basis of the structure function (e.g. 

coastal or harbor defense) and economic relevance. Furthermore, the geometric characteristics of the 

breakwater and the local topography must be considered, together with specific environmental 

restrictions which could influence the design. Finally, the available materials, equipment and financial 

resources play a fundamental role for the evaluation of the economic and technical feasibility of different 

upgrading options.  

On the basis of the above-mentioned addressing factors, four main repair methods are usually 

contemplated for the upgrade of damaged rubble mound breakwaters (Croeneveld et al. 1984): i) addition 

of units of the same type of the existing ones, eventually reinforced or slightly greater to increase their 

weight; ii) replacement of the entire armor layer, removing all the original units; iii) reconstruction of 

the rubble mound structure, replacing not only the original armor layer, but also the underlayers; iv) 

provision of a submerged toe berm or detached breakwater to reduce the wave impact on the existing 

structure. If the adaptation of existing rubble mound breakwaters to the effects of climate change is 

considered, the above-mentioned upgrading strategies can be applied with some tricks to face the 

increased external forcing. For instance, the overtopping rates can be reduced by heightening the existing 

wave wall or the construction of a new one. Furthermore, if the construction of an additional or totally 

new armor layer is considered, the rise of the structure crest level to reduce the overtopping discharges 

or the reduction of the seaside slope to limit wave run-up and increase the armor layer stability can be 

designed (Burcharth et al. 2014; Foti et al. 2020).  

The selection of the blocks for the armor layer restoration is a difficult issue, because there is a lack 

of in-depth investigations on the interaction between the existing units and the additional ones. In this 

regard, Carver (1989) provided an inventory of existing US Army Corps of Engineers (USACE) projects 

that have used dissimilar armor blocks for repair and rehabilitation of rubble mound coastal breakwaters. 

The results of the survey showed that in 1989 only the 24% of the considered districts had experienced 

the use armor units different from the existing ones for the armor layer restoration, thus highlighting the 

necessity to perform further systematic experimental studies for the evaluation of the interfacing and 

stability response of the different armor blocks. Currently, the only guidance for the choice of shape and 

size of the additional armor units comes from traditional formulations for new constructions, prototype 

experience, engineering judgment, inferences from model tests of similar structures, or site-specific 

model tests. It can be observed that the use of additional armor units heavier than the existing ones could 

be considered if the present structure appears undersized with respect to the design wave action, in the 

absence of technical or practical limitations. Instead, the use of additional armor units smaller (i.e. lighter) 

than the existing ones could be contemplated to fill the voids of the damaged breakwater with limited 

movements of the present blocks. However, the structural response of the whole armor layer to the design 

wave load must be evaluated by means of physical model tests. The same applies to the use of units with 

different interlocking level than the existing ones, for which special attention on the regularization of the 

laying surface and on the transition zones must be paid. 

The characteristics of the existing structure, together with the details about the selected adaptation 

options and the design hydrodynamic conditions should be the input data for models able to describe the 

behavior of the upgraded structure under wave attack, in terms of stability and hydraulic performances. 

However, the only available literature formulas and models for the evaluation of the response of rubble 

mound breakwaters to the wave action were empirically defined for the case of new structures, usually 

on the basis of experimental results (Hudson, 1959; van der Meer, 1988b, 1988a; van Gent et al., 2003). 

Therefore, further research for the definition of design formulae and models specific for the upgrade of 

existing rubble mound breakwater is needed, also considering the possibility to adapt the traditional ones 

on the basis of experimental results on restored structures. 

To summarize, the design of upgrading solutions for rubble mound breakwaters is complicated by 

the following factors: i) uncertainties in the assessment of the design conditions considering the effects 

of climate change; ii) lack of knowledge about the actual composition of the existing structures, which 

is known only punctually at best; iii) absence of systematic investigations on the behavior of upgraded 

rubble mound breakwaters, and consequently lack of specific formulas and models. In this context, the 

present work aims to contribute to the development of a physical model-based approach for the design 

of upgrading solutions for rubble mound breakwaters. The emblematic case study of the Catania Harbor 

breakwater was selected for the application of the proposed methodology, which consists in the 

calibration of literature empirical formulas using experimental results on the upgraded structure. In this 

context, the procedure for a detailed experimental analysis of the damage progression of the upgraded 

structure under increasing wave load is presented, considering both traditional and novel techniques. 
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DESCRPTION OF THE CASE STUDY  

The Harbor of Catania is located on the East coast of Sicily, in the middle of the Mediterranean Sea 

(see Fig. 1). The strategic position, which is equidistant between the Suez Channel and the Strait of 

Gibraltar and between the European and the North-African ports, made the Harbor of Catania one of the 

Italian commercial ports of national interest, with its operative piers of about 4.2 km total length. At 

present, the harbor basin is mainly protected by the 2.25 km long outer breakwater of Levante, which 

during its lifetime was subjected to several structural interventions that had modified its composition and 

length.  

A detailed reconstruction of the history of existing breakwaters is often not possible. For the case of 

the Catania Harbor, after the extreme sea storm of 1601, which destroyed the first port of Catania 

commissioned by Alfonso of Aragon, a sequence of construction and destruction of a new harbor defense 

structure took place over the XVII century, exactly in the position occupied by the current Catania harbor 

breakwater. In the XVIII century, the Bourbon government funded the construction of a vertical type 

breakwater using 330 t cyclopean blocks. During the XIX century, the breakwater was reinforced through 

the conversion into a composite structure and lengthened up to 258 m. However, the composite 

breakwater failed during construction between 1930 to 1931, because of the lack of horizontal 

connectivity between layers. Since no measures for the upgrade of the monolithic behavior of the 

structure were implemented, in 1933 a second failure of the breakwater occurred (Allsop et al. 1996; 

Franco 1994; Oumeraci 1994; Takahashi 2002). The structure was subsequently rehabilitated as a rubble 

mound breakwater, which has been progressively extended until the present 2.25 km length and, from 

the late '70s, modified with additional layers of 62 t artificial parallelepiped blocks. 

Currently, the Catania harbor breakwater appears severely damaged by extreme sea storms and the 

62 t cubes armor layer shows evidence of degradation and structural failures both under and above the 

mean sea level. A strong volumetric reduction is observed, with visible sign of thinning and narrowing 

of the original cross sections. It is worth to point out that extreme marine events occurred during the 

Catania harbor breakwater lifetime not only caused structural damages to the armor layer, but also 

produced huge overtopping discharges that result in significant inconveniences for the port operability. 

Given the structural and hydraulic problems of the Catania harbor breakwater, the need to rehabilitate 

the seaside armor layer is clear. Therefore, the Port Authority proposed a restoration project for the harbor 

breakwater to ensure safety for the port activities. 

 

 
 

Figure 1. Location of the Catania Harbor (satellite view from Google Earth) and indication of the outer 
breakwater representative sections n. 10 (Hs,Tr=100/h=0.38; k,Tr=100h=0.50) and n. 40 (Hs,Tr=100/h=0.36; kTr=100h=0.60).  

EXPERIMENTAL CAMPAIGN 

Upgrading solutions for the Catania harbor breakwater 

Due to the lack of empirical formulas and numerical models for the description of the behavior of 

rehabilitated existing breakwaters under wave attack, the design of the optimal restoration project 

requires the experimental comparison between different restoration options. In the present work, six 

upgrading solutions for the Catania harbor breakwater were considered (see Table 1).  

First, the simple raising up to +8.50 m and +9.50 m above MSL of the wave wall without armor 

layer restoration was considered (respectively configuration E and EM), in order to quantify the effects 
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of the wave wall height on the reduction of the overtopping discharge and to verify the stability level of 

the existing armor layer. Then, four armor layer restoration options were studied, to identify the most 

suitable additional armor units and laying method to ensure stability and acceptable overtopping rates 

under the design hydrodynamic conditions. The armor layer restoration originally proposed by the Port 

Authority consists in filling the voids left by the 62 t cubic armor blocks dragged away by sea storms 

with 30 t Antifer blocks, thus recovering the original design section with a 1:2 slope. Furthermore, a 

quarry stone toe berm should provide additional protection whereas the wave wall crest raised up to 

+8.50 m above MSL should reduce the overtopping discharge (configuration AS). An alternative to the 

Port Authority proposal was considered, which differs only for the fact that a double layer of 30 t Antifer 

blocks is placed over the damaged structure (configuration AD). Finally, two different armor layer 

restorations using 62 t parallelepiped block equal to the existing ones were analyzed. The first solution 

consists in placing a single layer of 62 t cubic blocks over the damaged armor layer, providing a quarry 

stone toe berm to support the additional units and the wave wall crest raised up to +8.50 m above MSL 

(configuration CM). Instead, the second option involves the preliminary regularization of the existing 

armor layer, by moving the existing blocks where necessary. Then, the 62 t cubic blocks are placed over 

the regularized surface following the original design section with a 1:2 slope. As in the previous options, 

a quarry stone toe berm should provide additional protection whereas the wave wall crest raised up to 

+9.50 m above MSL should reduce the overtopping rate (configuration CS). 

Experimental setup and measurement techniques 

2D physical model tests were performed in the wave tank (18.0 x 3.6 x 1.2 m) of the Hydraulic 

Laboratory of the University of Catania (see Fig. 2). The horizontal base of the tank was covered with 

coarse sand, in order to reproduce the bathymetry at the toe of the structure and its possible variations 

due to the wave motion. The flap-type wavemaker produced irregular waves, by means of JONSWAP 

spectra.  

The characteristics of the wave motion were measured by means of five resistive gauges, whose 

location in the wave tank is showed in Fig. 2. The properly spaced gauges n. 1, 2, 3 and 4 were located 

1.5 m away from the toe of the model, in order to measure the characteristics of the incident and reflected 

wave motion using the four-gauge method of Faraci et al. (2015). Furthermore, the gauge n. 5 was placed 

5.0 m in front of the wavemaker for a further monitoring of the hydrodynamic conditions. 

The video camera R1 (Sony FDR-AX53) was located on a scaffolding at a distance of 1.90 m from 

the toe of the structure (see Fig. 2), so as to frontally frame the whole model and to allow the acquisition 

of records useful for the analysis of the movements of the armor units caused by the incident wave. 

Therefore, the calculation of the traditional damage parameters Nd (Hudson 1959) and Nod (Hedar 1960) 

could be performed, using the following equations: 

 𝑁𝑑 =
𝑁𝑚𝑜𝑣𝑒𝑑

𝑁𝑡𝑜𝑡𝑎𝑙
∗ 100%  (1) 

𝑁𝑜𝑑 =
𝑁𝑚𝑜𝑣𝑒𝑑

𝐵 𝐷𝑛50⁄
  (2) 

where Nmoved is the number of displaced units, Ntotal is the total number of armor units, B is the width of 

the tested section and Dn50 is the median nominal diameter of the armor units.  

 
Table 1. Summary of the proposed upgrading solutions for the Catania Harbor 
breakwater. 

Configuration Description 

E Existing structure with wave wall crest raised up to +8.50 m above MSL 

EM Existing structure with wave wall crest raised up to +9.50 m above MSL 

AS Originally proposed armor layer restoration with 30t Antifer, a quarry stone 
toe berm and wave wall crest raised up to +8.50 m above MSL 

AD Double layer 30t Antifer block armor layer restoration, a quarry stone toe 
berm and wave wall crest raised up to +8.50 m above MSL 

CM Single layer 62t parallelepiped block armor layer restoration, a quarry stone 
toe berm and wave wall crest raised up to +8.50 m above MSL 

CS Armor layer restoration with 62t parallelepiped blocks laid following the AS 
section, also moving the existent blocks if necessary, a quarry stone toe 
berm and wave wall crest raised up to +9.50 m above MSL 
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Figure 2. Wave tank (18.0 x 3.6 x 1.2 m) of Hydraulic Laboratory of the University of Catania and location of the 
measurement instruments used for the experimental campaign on the upgraded Catania harbor breakwater. 

The overtopping phenomenon was monitored by the video camera R2 (Sony HDR-CX410VE) 

placed on a side scaffolding (see Fig. 2). In addition, the measurement of the mean overtopping discharge 

rate q was performed by using an overtopping tank (see Fig. 2). In particular, the collection tank 

(0.40x0.40x0.30 m) properly anchored to the ground and connected to three drainage pumps (NEWA 

JET 6000) was equipped with a ramp to channel the water that overflow behind the structure. An acoustic 

sensor (Pepperl Fuchs UC500-30GM70-IE2R2-V15) allowed the measurement of the water level inside 

the collection tank and the emptying of the latter until a minimum threshold when the fixed maximum 

level is reached. Then, the mean overtopping discharge for a certain time interval was calculated by 

means of a calibration law which relates levels and volumes inside the collection tank. It is worth to point 

out that the tank emptying process is sufficiently rapid to not significantly influence the measurement of 

the overtopping discharge.  

Model geometry and test conditions 

The physical model of the upgraded Catania harbor breakwater was a 1:70 geometrically undistorted 

model, according to the most current literature on the subject (Frostick et al. 2011). The structure was 

built into a channel wide 2.40 m created inside the wave tank to avoid three dimensional effects due to 

the excessive width of the model. The armor units and the berm material were designed so that the 

similarity in terms of stability number between model and prototype was ensured, together with the 

turbulent motion (i.e. Reynolds number of the armor units greater than 1÷4*104, van der Meer 1988a). 

Instead, the size of quarry stones used for the construction of the filter layers and the core was increased, 

in order to minimize the viscous scale effects. In addition, painted armor blocks were employed to both 

reduce the friction scale effects and facilitate the analysis of the displacements of the armor units. It is 

important to point out that the structure was repaired only at the end of the set of experiments on a certain 

configuration, so as to carry out the evaluation of the cumulative damage of the armor layer. 

Two representative sections of the breakwater were tested, i.e. section n. 10 and n. 40 (see Fig. 1). 

Section n. 10 was selected because of its strong geometric irregularities and it is characterized by a ratio 

between the 100-year return period significant wave height and the water depth (Hs,Tr=100/h) equal to 0.38 

and a product between the 100-year return period wave number and the water depth (k,Tr=100h) equal to 

0.50. Section n. 40 was chosen because it is representative of the most offshore (i.e. exposed to the wave 

load) part of the breakwater and it is characterized by a Hs,Tr=100/h equal to 0.35 and k,Tr=100h equal to 

0.60. For each of the two sections, the six upgrading solutions summarized in Table 1 were tested. 

Several preliminary tests were carried out to properly calibrate the hydrodynamic parameters that 

govern the wave motion inside the wave tank. Subsequently, the experimental procedure for testing the 

structural and hydraulic performances of all the considered configurations was defined, in order to obtain 

reliable and comparable results.  

The characteristics of the sea states in terms of significant wave height Hs, peak wave period Tp and 

number of waves Nw and the values of mean sea level h simulated during the tests are presented in Table 

2. For each tested configuration, first, a shakedown test was carried out for the settling of the structure 

with three consecutive sea state of 1500 waves and significant wave height corresponding to 5 years-

return period. Then, traditional tests considering sea states of 4500 waves divided into three intervals of 

1500 waves and significant wave height corresponding to 10, 50 and 100 years-return period (the latter 

is the design return period) were performed. If no damage was observed, a further sea state of 4500 waves 

divided into three intervals of 1500 waves and a significant wave height equal to 120% of the 100 years-
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return period one was reproduced. Finally, an investigation on the effects of mean sea level rise was 

carried out for the existing structure with wave wall crest raised up to +8.50 m above MSL (i.e. 

configuration E), by means of the simulation of sea states of 4500 waves divided into three intervals of 

1500 waves and significant wave height corresponding to 50 and 100 years-return period in the presence 

of a 0.02 m (i.e. 1.40 m in the prototype scale) increase in mean sea level (Lambeck et al. 2011).  

PRELIMINARY EXPERIMENTAL RESULTS 

Damage dynamics 

The preliminary results of the damage analysis show that the already damaged existing armor layer 

(i.e. configurations E and EM) presents a certain stability, likely attributable to the strong level of 

settlement of the actual shape due to the action of past storms. The maximum values of the cumulative 

Nd and Nod reached by the existing armor layer at the end of the series of tests are respectively 0.36% and 

0.09 for section n. 10 and 2.22% and 0.53 for section n. 40. The different structural response of the two 

sections demonstrates that the deterioration processes suffered by the present armor layer of the Catania 

harbor breakwater led to the creation of voids of different shape and size along the structure, causing a 

geometric and thus structural non-uniformity among the cross sections. However, for the two tested 

sections, the intermediate damage level proposed by The Rock Manual (CIRIA and CETMEF 2007) is 

not exceeded. As regards the effects of climate change, the rise of the mean sea level causes a negligible 

increase (less than 12%) of the damage level reached by the existing armor layer.  

With respect to the upgrading options that consist in adding an extra armor layer over the existing 

one (i.e. configurations AS, AD, CM and CS), the preliminary results highlight the existence of two 

different behaviors of the structure in the case of sufficient or no sufficient support at the toe of the 

additional units. Indeed, as showed in Fig. 3, for the same stability number (i.e. the ratio between the 

incident significant wave height Hs and the product between the relative buoyant density Δ and the 

median nominal diameter Dn50 of the armor stones), the configurations with insufficient support at the 

toe of the extra armor layer (Fig. 3b) reach damage levels up to 3÷7 times higher than the options which 

provide a proper one (Fig. 3a). In particular, configurations AS, AD and CM present a sufficient support 

at the toe of the extra armor units only for section n. 40, which is characterized by a more regular existing 

armor layer (i.e. laying surface for the additional blocks). Instead, configuration CS is the only one able 

to guarantee similar stability performances for both section n. 10 and n. 40, despite of the extent of 

irregularity of the existing armor layer. Indeed, thanks to the preliminary regularization of the laying 

surface, the support of the additional block is provided not only by the toe berm, but also by the existing 

cubes properly replaced. 

The state-of-art formula proposed by van der Meer (1988b) for double layers of cubes laid on a slope 

of 1:1.5 with a notional permeability equal to 0.4 was here adapted to the experimental data on the 

upgraded Catania harbor breakwater, by means of the evaluation of the multiplicative correction factor 

f: 

𝐻𝑠

𝛥𝐷𝑛50
= 𝑓 ∗ 𝑎 ∗ (6.7

𝑁𝑜𝑑
0.4

𝑁𝑤
0.3 + 1.0) 𝑠−0.1 = 𝑓 ∗ 𝑎 ∗ (6.7

𝑁𝑜𝑑
0.4

𝑁𝑤
0.3 + 1.0) (

2𝜋𝐻𝑠

𝑔𝑇𝑚
2 )

−0.1

    (3) 

where a is an empirical factor equal to 1.00 with standard deviation equal to 0.10, Nod is the damage 

parameter defined by equation 2, Nw is the number of incident waves, Δ and Dn50 are respectively the 

relative buoyant density and the median nominal diameter of the armor blocks,  𝐻𝑠 is the incident 

significant wave height, Tm is the mean wave period and g is the gravity acceleration. It is worth to point 

out that equation 3 can be applied for Antifer units, whose geometry is very similar to the cubic one. 

Table 3 presents the estimation of the correction factor f and its standard deviation σf for the two cases of 

sufficient and not sufficient support at the toe of the additional armor layer. 

 
Table 2. Characteristics of the sea states corresponding to a certain return period (Tr) in terms of significant 
wave height (Hs), peak wave period (Tp) and number of waves (Nw) and values of mean sea level (h) simulated 
during the tests on the physical model of the upgraded Catania harbor breakwater. 

Tr 
[years] 

Section n. 10 Section n. 40 

Hs 

[m] 
Tp 

[s] 
Nw 

[n. of waves] 
h 

[m] 
Hs 

[m] 
Tp 

[s] 
Nw 

[n. of waves] 
h 

[m] 

5 0.06 1.15 3*1500 0.23 0.07 1.15 3*1500 0.27 
10 0.07 1.20 3*1500 0.23 0.07 1.20 3*1500 0.27 
50 0.08 1.31 3*1500 0.23÷0.25 0.09 1.31 3*1500 0.27÷0.29 

100 0.09 1.36 3*1500 0.23÷0.25 0.10 1.36 3*1500 0.27÷0.29 

120% Hs,Tr=100 0.11 1.36 3*1500 0.23 0.11 1.36 3*1500 0.27 
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Figure 3. Experimental data on damage level, expressed by Nod as a function of the stability number (i.e. the 
ratio between the incident significant wave height Hs and the product between the relative buoyant density Δ 
and the median nominal diameter of the armor units Dn50): (a) upgrading options with a sufficient support at 
the toe of the additional armor layer; (b) upgrading options without a sufficient support at the toe of the 
additional armor layer. 

 
Table 3. Estimation of the correction factor f and its standard deviation σf based on the 
experimental results on the upgraded Catania harbor breakwater for the formula for armor 
layers made of cubic units proposed by van der Meer (1988b). 

Support at the toe of the additional armor layer f [-] σf [-] 

Sufficient 1.72 0.29 
Not sufficient 1.35 0.20 

 

Fig. 3 shows the overlay of the measured Nod as a function of the stability number (i.e. the ratio 

between the incident significant wave height Hs and the product between the relative buoyant density Δ 

and the median nominal diameter of the armor units Dn50), the original van der Meer (1988b) formula 

and its adaptation to the experimental data on the upgraded Catania harbor breakwater. It can be observed 

that the van der Meer (1988b) formula returns Nod greater than the adapted one for the same stability 

number. In other terms, the van der Meer (1988b) formula is more conservative and could led to excessive 

oversizing of the armor blocks if applied for the design of restoration solutions. However, it is worth to 

point out that the deviation of the experimental data from the van der Meer (1988b) formula may be 

partly due to scale effects caused by the small dimension of the physical model. Therefore, additional 

investigations are needed for the quantification of the above-mentioned scale effects in order to verify 

the possible need for further corrections to equation 3. 

 Even though configurations E and EM do not show significant stability problems, the addition of 

an extra armor layer should be provided to homogenize the geometry of the structure, ensuring the same 

hydraulic response along the entire breakwater. Configuration CS appears as the only options among the 

studied ones able to ensure the same optimum structural performances regardless of the characteristic 

irregularities of the existing armor layer, because of the preliminary regularization of the blocks laying 

surface before the placement of the 62 t artificial cubes. Indeed, the only quarry stone toe berm could be 

not able to provide a sufficient toe support to the additional armor layer for the most irregular sections 

since it is usually designed guaranteeing a certain geometric consistency along the entire breakwater. In 

addition, configuration CM seems able to provide sufficient stability under wave attack also for the most 

irregular cross sections, but only thanks to the strong gravitational resistance of the cubic armor units of 

62 t. Finally, configurations AS and AD could withstand the wave load only if a proper support at the 

toe of the additional Antifer blocks of 30 t is constructed. 

Overtopping discharge 

The overtopping phenomena was studied with reference to the mean overtopping discharge 

measured during the tests. The following empirical relationships between the mean overtopping rate, the 
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incident significant wave height and the structure crest level (EurOtop 2018) was considered to validate 

the experimental results:  

𝑞∗ =
𝑞

√𝑔𝐻𝑠
3
= 0.09 ∗ 𝑒𝑥𝑝 [− (1.5 ∗

𝑅𝑐

𝐻𝑠∗𝛾𝑓
)
1.3

]       (4) 

where q* is mean overtopping discharge q normalized with respect to the square root of the product 

between the gravitational acceleration g and the cube of the incident significant wave height Hs, Rc is the 

maximum value between the crest level and the wave wall height referred to MSL and γf is the roughness 

factor (equal to 0.50 for Antifer blocks and 0.47 for double layer of artificial cubes). Equation 4 is valid 

for seaside slopes between 1:2 and 1:4/3 and wave attack orthogonal to the breakwater. Fig. 4 shows that 

the experimental data agree well with equation 4.  

The preliminary outcomes of the analysis on configuration E (i.e. existing armor layer and wave wall 

raised up to +8.50 m above MSL) for both section n. 10 and n. 40 highlight that the sea level rise cause 

a 3÷4 times increase of the mean overtopping discharge. Therefore, the experimental results demonstrate 

that the possible effects of climate change in coastal areas make the necessity for upgrading the Catania 

harbor breakwater even more evident.  

The solutions that involve the addition of an extra armor layer (i.e. configurations AS, AD, CM and 

CS) have similar hydraulic performances and ensure mean overtopping discharge smaller than the 

options which consist in the simple heightening of the wave wall (i.e. configurations E and EM). In 

addition, the geometry of the existing armor layer seems not to influence the hydraulic response of the 

restoration options, which offers a similar behavior for both section n. 10 and section n. 40. 

As a consequence, the choice of the best upgrading solutions should not be based only on the analysis 

of the overtopping phenomena. Indeed, the structural behavior of the possible options should be 

considered in combination with the hydraulic performances of the structure. 

 

 
 

Figure 4. Experimental data on dimensionless mean overtopping discharge expressed as a function of the 
ratio between the crest level Rc and the significant wave height Hs, compared to the empirical formula 
suggested by EurOtop (2018): a) section n. 10; b) section n. 40. 

CONCLUSIONS 

Most of the worldwide historical coastal and Harbor breakwaters have been severely damaged by 

extreme sea storms during their lifetime and hence need to be upgraded, also taking into account the 

effects of climate change (Hughes, 2014). Physical modelling is the only feasible approach for the 

optimization of the upgraded structures, because of the existence of few studies concerning such an issue 

and the absence of sufficiently calibrated formulae or numerical models for the design of upgrading 

solutions for existing damaged breakwaters (Burcharth et al. 2014; Croeneveld et al. 1984; Lara et al. 

2019; Foti et al. 2020).  

Therefore, a novel methodology for the design of restoration solutions for existing breakwaters based 

on physical modelling is presented, through the case study of the Catania harbor breakwater. A systematic 

extensive experimental campaign on possible solutions for upgrading the Catania harbor breakwater was 
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carried out, considering the existing structure and four upgrading options, which were tested under 

increasing significant wave heights, also considering the effects of sea level rise. The combined analysis 

of damage parameters and mean overtopping discharges led to the following general conclusions: 

• Mean sea level rise makes more evident the need for upgrading the existing structure 

because it causes a 3÷4 times increase of the mean overtopping discharge. 

• The choice of the best upgrading solutions should be addressed mainly by the structural 

performances of the possible options. Indeed, the differences in the hydraulic performances 

between the tested configurations is minor with respect to the variability of their structural 

responses.  

• State-of-art formulae usually applied for new designs should be re-calibrated on the basis 

of experimental data on upgraded structures.  

• The regularization of the laying surface before adding the extra armor layer ensures a 

sufficient support at the toe and hence the same performances regardless of the geometry 

of the existing breakwater cross sections. 

• If enough support at the toe of the additional armor layer is guaranteed, in some cases even 

blocks smaller than the existing ones can be employed for armor layer restoration.  

The above-mentioned findings lead to the identification of the option which involves the preliminary 

regularization of the existing armor layer before the addition of extra 62 t cubic blocks and the rise of the 

wave wall up to +9.50 m above MSL (i.e. configuration CS) as the optimal upgrading solution of the 

Catania Harbor breakwater. 

To conclude, it is worth to point out that further investigations on different type of solutions (i.e. 

block types, interlocking degree, etc.) and structure geometries (i.e. offshore slope, blocks laying surface, 

toe protection, etc.) should be carried out to define a physical model-based methodology valid for the 

design of a wider range of upgrading solutions for different kind of existing breakwaters at the end of 

their service lifetime. In addition, the development of novel approaches (e.g. based on the Structure from 

Motion technique) to investigate the damage dynamics as a function of the geometry of the armor layer 

should provide a deeper insight into the interaction processes between waves and armor blocks. 
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