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Abstract

:

This paper experimentally explored the influence of the wave spectrum shape variation on breakwater design. The energy spectrum function generally considered for the design of coastal structures is the JONSWAP spectrum. The laboratory results were therefore used to assess the impact of changing the spectrum shape parameter (PEF). We analysed armour stability and wave overtopping in a wave flume with a geometric similarity ratio of 1:30. The experimental results showed that the PEF has maximum influence on overtopping and wave pressures on the crown wall. For a PEF value of 3.3, overtopping was much higher (30% to 100% higher) than with a PEF of 1. Pressure on the crown wall was 20% higher with a PEF of 3.3 in comparison with that for a PEF equal to 1. The stability of the breakwater’s block armour is less sensitive to the PEF variation.
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1. Introduction


Breakwaters are frequently used to protect beaches and coastal infrastructure, notably ports and marinas. Breakwaters play a crucial role in reducing wave energy that could cause potential damage to installations located inside ports, especially during storms when setup can lead to overtopping [1,2]. There are several types of breakwaters, but rubble mound breakwaters are the most widely used because of their ability to dissipate swell energy [3] as well as their relatively low cost and easy maintenance [4,5]. However, notwithstanding these advantages, armour layer failures can occur due to the stochastic nature of wave loading [6], thus leading to the initiation of damage [7]. Physical modelling is therefore an important and reliable approach in finally reaching an approvable breakwater design. Physical tests are generally conducted in order to identify different failure modes such as movements of the armour layer blocks, failure of the crown wall, and the propensity for overtopping flow [8,9]. Proper modelling of irregular waves during physical tests is a crucial step towards obtaining accurate results; hence, an initial study of local wave parameters must be conducted to define wave parameters based on in situ wave measurements and numerical ocean meteorology models [10].



Irregular waves are generally described by the significant wave height (Hs), i.e., the average wave height of the highest one-third of the waves. The Rayleigh distribution of wave heights is universally employed for their description [11]. However, overtopping, wave loading, and structural response depend not only on wave heights but also on wave periods [8]. Determining the distributions of wave heights and periods is crucial to ensure a safe and operational structure.



To reproduce the distribution of wave heights and periods, the wave train is modelled using a theoretical spectrum that depicts the distribution of wave energy as a function of frequencies. The wave spectrum can be expressed in terms of significant wave height (Hs), peak frequency (fp) or peak period (Tp) (fp = 1/Tp), and of form parameters such as the Peak Enhancement Factor (PEF) [12]. Several spectral functions are used to represent the wave signal: Jonswap, Pierson-Moskowitz [13], ISSC, ITTC, JONSWAP, SCOTT, and Liu [14]. Among these, the Jonswap spectrum is one of the most widely used for different sea conditions. The JONSWAP spectrum was established following a series of tests in the North Sea carried out by Hasselmann et al. [15]. This spectral density function of wave energy is currently the most adopted for the design of coastal structures because the shape parameters of this function can be set to match the shape of the wave spectrum with the local wave energy distribution. In the case of the Moroccan Atlantic coast, no study has been conducted thus far to define the local wave spectrum model of offshore waves. Mean spectral shape parameters are commonly considered for the design of different types of breakwaters; nevertheless, the choice of an inappropriate shape parameter may lead to underestimation or overestimation of breakwater stability during physical tests.



Recent studies have examined the influence of the wave spectrum variation on the design of coastal protection structures. Sensitivity studies reveal the influence of wave direction, height and PEF on harbour agitation and on wave setup inside port basins [16,17]. Zhang et al. [18] conducted physical modelling tests on a vertical breakwater and highlighted a significant impact of wave spectrum forms. In comparison to a wide wave spectrum, a narrow spectrum generates higher pressures on a caisson surface. Palemón-Arcos et al. [19] conducted wave flume tests to study the impact of narrow and wide spectra on vertical caisson stability, and revealed larger displacements of the caisson for a narrow energy spectrum. Van der Meer et al. [20] experimentally showed that wave overtopping due to a single peak spectrum (in particular the JONSWAP spectrum) depended mainly on the peak period Tp, or period with highest spectral energy density. For another function form of spectrum energy such as a double peak spectrum, Schtittrumpf et al. [21] and Van der Meer [22] showed the pertinence of the spectral wave period Tm−1,0. In fact, Tm−1,0 gives more weight to the longer periods in the spectrum than an average period.



The objectives of this study are to investigate the influence of the PEF variation on the stability of a rubble mound breakwater, as well as its influence on overtopping flow. Physical model tests on a rubble mound breakwater were conducted in a wave flume. Physical tests are carried out as part of the studies on the construction of the Dakhla Atlantic New Port (DANP project) in southern Morocco.




2. Materials and Methods


2.1. Model Set-up


All of the tests were conducted in the wave flume of the Moroccan Public Laboratory of Studies and Tests (CEH-LPEE) in Casablanca. We carried out the tests in a 1.05 m-wide and 44 m long wave flume; the maximum modelled water depth allowed by flume facilities is 1.4 m (cf. Figure 1). The side concrete walls of the flume are equipped with glazed panels to facilitate observations of wave propagation and photography. A series of three resistance type wave gauges were placed along the channel according to the recommendations of Mansard and Funk [23]. The wave flume, a schematic view of which is depicted in Figure 2, is equipped with a generator of random waves, and the wave board has an absorption system at the end of the canal. This means that the motion of the wave board compensates the waves reflected by the structure and prevents them from re-reflecting at the wave board and propagating towards the model. The reference level is the zero tide level (Zh) from which all other tide levels are measured. The wave generator is located at a water depth corresponding to −25 m/Zh, and the foot of the experimental breakwater, the object of the study, at a depth corresponding to −17 m/Zh. The bottom of the wave flume is made of concrete. The modelled water depth corresponding to −25 m/Zh varies from 0.974 m, corresponding to the tide level + 4.21 m/Zh, to 0.954 m, corresponding to the tide level + 3.61 m/Zh.



The breakwater armour blocks are made of Cubipods® with a unit volume of 3 m3 placed on the wave-exposed side, and a reduced volume of 1.5 m3 in the upper part of the rear slope. Cubipod® is a novel precast block that can be placed in a single or double layer; and it has an economical advantage in comparison with commonly used blocks such as tetrapods and Antifer blocks. Cubipods® have a proven ability of resistance to a large range of wave conditions in the Mediterranean Sea and the Atlantic Ocean [24]. The breakwater core is made of rubble components ranging in weight from 1 to 1000 kg; a stone layer separates the core from the armour blocks. Figure 3 presents a cross section of the studied breakwater.



Experimental reproductions of breakwater geometry and wave conditions are conducted with respect to a Froude similarity law according to Kirkegaard et al. [25], with a similarity factor of N = 30. The resulting scaling factors are presented in Table 1.



Considering the scaling factors presented in Table 1, the natural and modelled material properties are shown in Table 2.



Short tests were carried out to calibrate the wave spectrum at the location of S1 gauge (Cf. Figure 2). In order to avoid wave scattering due to breakwater wave reflection, these tests were conducted in the absence of the structure.




2.2. Wave Spectrum


The energy spectrum density according to the JONSWAP model [15] is written in the form:


  S  ( f )  =   α  g 2       (  2 π  )   4   f 5       e   (  −  5 4     (     f p   f   )   4   )     γ r   



(1)




where



	
   r =  e   [  −      (  f −  f p   )   2    2  σ 2   f p 2     ]        



	
α: Phillips constant



	
fp is the frequency which corresponds to the peak value of the spectral density function



	
σ = (σa if f ≤ fp; σb if f ≥ fp)






Goda [11] proposed an approximate formula that takes into account the wave characteristics (H1/3 and T1/3)


  S  ( f )  =  β J  ×  H  1 / 3  2  ×  T P  − 4   ×  f  − 5   ×  e   (  − 1.25 ×    (   T p  × f  )    − 4    )    ×  γ r   



(2)




where



	
    β J  =   0.0624 ×  (  1.094 − 0.01915 × ln γ  )    0.23 + 0.0336 γ − 0.185    (  1.9 + γ  )    − 1       



	
   r =  e   [  −      (  f −  f p   )   2    2  σ 2   f p 2     ]        



	
γ varies from 1 to 7



	
H1/3: Significant wave height



	
T1/3: Significant wave period



	
Tp: Peak period.






The values of the wave form parameters (σ and γ) vary with the transformation of the spectrum form during wave propagation. High values of γ are recorded near the wave generation zone as a result of the concentration of wave energy around the peak frequency (fp) [15]. During wave propagation, nonlinear interactions between waves involves energy transfer from peak frequencies to low wavelengths and very long wavelengths [26,27].



Considering the variation of the PEF values from 7 for a very narrow spectrum to 1 for a wide spectrum in the nearshore zone, a mean value of γ = 3.3 is commonly adopted for wave modelling [15,28]. In this study, we carried out physical model tests for the JONSWAP spectrum with the commonly used γ of 3.3, and also tested the influence of a γ of 1, which may correspond to the most realistic value for the coastal area in southern Morocco [28].




2.3. Wave Conditions


The required security level for rubble mound breakwaters implies a design for the 100-year return period wave height [5], while larger return periods allow for higher security with lower failure probability during the structure’s lifetime. In the particular case of the DANP project, the project sponsors decided on a minimum of a 100-year return period wave height design; in addition, verifications for a 200-year return period wave height were also recommended in order to avoid potential major damages.



All tests were conducted for irregular waves. Simulations corresponded to wave heights for the aforementioned 100 and 200-year return period events, and different periods (Tp), as well as the retained PEF (γ = 1 and γ = 3.3). The duration of the tests covered a period sufficiently long to represent a real sea state. The natural wave conditions retained are summarized in Table 3.




2.4. Measurements of Damage, Pressure on the Crown Wall and Overtopping


Armour damage on mound breakwaters is determined by visual observations of block displacements [29]. According to Losada et al. [30] and Vidal et al. [31], four levels of damage are generally observed:




	
Beginning of damage: Corresponds to the displacements of the armour blocks over a distance greater than or equal to D50 (mean diameter of armour blocks);



	
Irribaren damage: Holes created in the armour surface cause the exposure of the sub-layer;



	
Beginning of destruction: Corresponds to the beginning of damage to the sub-layer;



	
Destruction: the sub-layer is exposed to the effect of incident waves.








To improve damage visualization, we took a series of photographs enabling measurement of potential damage inception and growth (before, during and after tests). The movement of the CUBIPODS® was recorded using a high-precision digital video camera. After each test, the moved and flipped units were counted before reconstituting the layer for the next test. In order to measure the instantaneous variation of wave pressure on the crown wall, the latter was equipped with a sensor placed at mid-height (Cf. Figure 4).



The overtopping discharge was measured with a receptacle placed next to the crown wall. Measurements consisted in determining the total volume of discharge caused by N incident waves corresponding to the duration of a storm [29].



The mean overtopping is determined by the formula (3):


  Q =  V  B × T    



(3)




where



	
V: Total of the overtopping volume measured at the end of the test



	
B: Width of the receptacle



	
T: Test duration.








3. Results


3.1. Overtopping


Table 4 summarizes the mean overtopping discharge (Q) values measured in the course of the various return-period set of tests.



Figure 5 depicts a graphical comparison between mean overtopping for significant wave heights of Hs = 5.5 m and Hs = 6 m, for the two peak periods of 16 and 18 seconds, and for the PEF values of γ = 1 and γ = 3.3.



The results highlight the following points:




	
The measured average overtopping rate (q) for a spectrum with γ = 3.3 is 35% to 100% greater than with the spectrum with γ = 1.



	
For a wave spectrum generated with γ = 1, the measured average overtopping has almost the same value for the two peak periods Tp = 16 s and Tp = 18 s.









3.2. Water Pressure on the Crown Wall


The graph in Figure 6 shows a comparison of the maximum pressures on the crown wall measured for the three peak periods of 14 s, 16 s, and 18 s. All tests were carried out with a significant wave height Hs = 6 m. The analysis of the influence of the PEF variation can be supplemented by the study of other peak periods.



The results highlight the following points:




	
For a given value of the peak period (Tp), the measured maximum pressure for a spectrum with γ = 3.3 is 20% higher than the spectrum with γ = 1.



	
For a given value of the PEF, the maximum peak period generated the higher value of maximum wave pressure.









3.3. Armour Block Stability


Wave attack for the two PEF parameters 1 and 3.3 was examined in the stability tests. The block displacements and damages were observed visually and are identified in the photographs which are summarized in Table 5.



Based on the damage results obtained from the physical model tests, we note that:



	
For the first tests established for waves with Hs varying from 4 to 5 m, the variation of the PEF parameter has no consequence on armour stability. This is mainly due to the fact that the structural response is below the threshold of the damage beginning level;



	
For the rest of the tests where we approached the destabilization limits (Hs varying from 5 to 6 m), we noted that the influence of the PEF becomes more meaningful for higher peak periods.






However, these observations require further tests using different types of armour and different wave conditions to determine the degree of the influence of the PEF parameter on armour layer stability.





4. Discussion


The measurements carried out in the experiments were obtained for a single breakwater section; therefore, care should be taken in generalizing the results. These results are, however, valid for similar structural and natural conditions. These results highlight a significant influence of the PEF variation on the maximum pressures measured for the three peak periods. Pressure on the crown wall was 20% higher for a wave spectrum with a PEF of 3.3 in comparison with the case of a spectrum with a PEF of 1. The variation of the measured maximum pressure is not mainly due to the variation of the maximum wave height for different wave spectra. In fact, the variation in the distribution of wave heights is slightly sensitive to the variation of the PEF factor. Rayleigh [32] proposed a general model for the distribution of wave heights as described by Equation (4); this wave height distribution is valid for all spectrum forms (or all PEF values):


  f  ( H )  =  π 2  ×  H   H  m e a n  2    ×  e   (    − π  4  ×    H 2     H  m e a n  2     )     



(4)







Goda [33] studied the impact of the variation of the PEF of the JONSWAP spectrum on the distribution of wave heights. Based on the results of Goda [33], Table 6 shows the ratio between mean wave height (Hmean), significant wave height (HS or H1/3), and the mean of the 10% highest waves (H1/10).



The difference between the H1/10 heights for the two studied JONSWAP spectra with γ = 3.3 and γ = 1 is approximately 1%. This difference cannot be the source of the measured pressure differences. The variation of maximum wave pressure on the crown wall is therefore due to other factors associated with the spectral energy distribution.



For all performed tests, the armour layer remains in the beginning level of damage. It is necessary, therefore, to conduct other tests with higher wave height values. These tests may enable the comparison of stability results in situations with higher damage levels. However, the results obtained in our experiments show that in the case where the spectral energy is concentrated in long ocean swell waves with high peak periods (Tp = 18 s), such as may be encountered on the Atlantic coast of Morocco, the variation of the peak enhancement factor could influence the stability of concrete armour layers.




5. Conclusions


The accurate design of coastal structures requires knowledge of local spectral shape parameters determined from in situ wave measurements [12]. Where wave data are lacking, the assumption generally made is the consideration of standard shape parameter values [15,34]. This hypothesis is inappropriate for a rigorous design of coastal structures; indeed, previous studies depicted the influence of the PEF on vertical breakwaters [18,19].



This research highlights the influence of the spectral shape parameter (PEF) on rubble mound breakwater design. Physical tests are conducted for a breakwater located in intermediate water depth (0.05 ≤ d/L ≈ 0.08 ≤ 0.5; where d and L are the local depth and wave length respectively [35]), with significant overtopping flow (20 L/m/s < Q < 80 L/m/s). Swell conditions considered are described with significant wave height from 5 to 6 m, and peak periods from 14 to 18 s. Consequently, the results obtained are valid for the natural range of conditions of this project.



Keeping in mind the precautions evoked above regarding generalization of the results obtained, we draw the following conclusions from the analysis of the experimental results:




	
The PEF variation has a significant effect on the pressure exerted on vertical structures and on mean overtopping flow;



	
The stability of the armour layers is not sensitive to the variation of the PEF for intermediate wave periods (12 to 14 s). This observation is consistent with the results of armour stability tests conducted by Van der Meer and Pilarczyk [36] for narrow and wide wave spectra. However, for longer waves, higher values of the PEF lead to more severe damage levels. The influence of the PEF on armour layer response is therefore highlighted for long period ocean waves.








Depending on the wave conditions, different spectra can be adopted to describe the irregular wave. The JONSWAP spectrum is commonly used for the description of irregular waves. Our study reveals that the shape parameters of the JONSWAP spectrum have a significant influence on rubble mound breakwater design. Therefore, the local shape characterization of the wave spectrum is necessary to ensure the stability and reliability of the structural design.
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Figure 1. Photo of the wave flume with the model breakwater in the foreground (a) and components of the breakwater (b) front slope (1), crown wall (2), and back slope (3). 
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Figure 2. Schematic view of the wave flume physical model. 
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Figure 3. Section of the experimental rubble mound breakwater. 
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Figure 4. Location of the pressure sensor to measure the instantaneous variation of wave pressure impact on the crown wall. 
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Figure 5. Results of the mean overtopping flow for Hs = 5.5 m (a) and Hs = 6 m (b). 
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Figure 6. Maximum pressures of waves with Hs = 6 m for different values of peak periods. 






Figure 6. Maximum pressures of waves with Hs = 6 m for different values of peak periods.



[image: Jmse 10 02035 g006]







[image: Table] 





Table 1. Scaling factors resulting from a Froude similarity law.






Table 1. Scaling factors resulting from a Froude similarity law.





	Notation
	Unit
	Scaling Factor





	Length, width, wave height
	m
	N



	Surface
	m2
	N2



	Volume
	m3
	N3



	Time
	s
	N1/2



	Velocity
	m/s
	N1/2



	Mass
	kg
	N3



	Density
	kg/m3
	1
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Table 2. Material properties of the model breakwater relative to a full-scale breakwater.






Table 2. Material properties of the model breakwater relative to a full-scale breakwater.





	Test Reference
	Density

(kg/m3)
	Full-Scale Median Weight

(kg)
	Modelled Median Weight

(kg)





	Front armour layer
	2.4
	7200
	0.267



	Rear armour layer
	2.4
	3600
	0.133



	Underlayer in front side
	2.6
	600
	0.022



	Underlayer in rear side
	2.6
	350
	0.013



	Core
	2.6
	500
	0.018
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Table 3. 100- and 200-year return period of natural wave conditions.






Table 3. 100- and 200-year return period of natural wave conditions.





	Test Reference
	Return Period
	Tp (s)
	PEF
	Hs





	DAK21135
	200 years
	14
	1
	6 m



	DAK21136
	200 years
	14
	3.3
	6 m



	DAK21137
	100 years
	16
	3.3
	5.5 m



	DAK21139
	100 years
	16
	1
	5.5 m



	DAK21138
	100 years
	18
	3.3
	5.5 m



	DAK21146
	100 years
	18
	1
	5.5 m



	DAK21154
	200 years
	16
	3.3
	6 m



	DAK21155
	200 years
	16
	1
	6 m



	DAK21156
	200 years
	18
	3.3
	6 m



	DAK21157
	200 years
	18
	1
	6 m
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Table 4. Results of the average overtopping flow.






Table 4. Results of the average overtopping flow.





	Test
	Return Period
	Tp [s]
	γ
	Hs
	Q (L/s/m)





	DAK21137
	100 years
	16
	3.3
	5.5
	26



	DAK21139
	100 years
	16
	1
	5.5
	19



	DAK21138
	100 years
	18
	3.3
	5.5
	46



	DAK21146
	100 years
	18
	1
	5.5
	24



	DAK21154
	200 years
	16
	3.3
	6
	62



	DAK21155
	200 years
	16
	1
	6
	41



	DAK21156
	200 years
	18
	3.3
	6
	88



	DAK21157
	200 years
	18
	1
	6
	43
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Table 5. Block armour stability.






Table 5. Block armour stability.





	Water Level [m/Zh]
	Hs (In −25 m/Zh)
	Tp (In −25 m/Zh)
	Observations for γ = 3.3
	Observations for γ =1





	+4.21
	4 m
	12 s
	No damage
	No damage



	+3.61
	4.4 m
	14 s
	No damage
	No damage



	+4.21
	5 m
	12 s
	No damage
	No damage



	+4.21
	5 m
	18 s
	No damage
	No damage



	+3.61
	5 m
	18 s
	No damage
	No damage



	+4.21
	5.5 m
	14 s
	Oscillation of 2 blocks
	Oscillation of 1 block



	+4.21
	5.5 m
	18 s
	Oscillation of 2 blocks
	Oscillation of 2 blocks



	+ 3.61
	5.5 m
	18 s
	Oscillation of 2 blocks
	Oscillation of 2 blocks



	+ 4.21
	6 m
	18 s
	Extraction of 3 blocks
	Oscillation of 3 blocks



	+ 3.61
	6 m
	18 s
	Extraction of 3 blocks
	Oscillation of 4 blocks



	+ 4.21
	6.6 m
	18 s
	Extraction of 3 blocks
	Oscillation of 4 blocks
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Table 6. Relation between Hmean, Hs, and H1/10 for different wave heights distributions.






Table 6. Relation between Hmean, Hs, and H1/10 for different wave heights distributions.











	
	γ =1
	γ =3.3
	Rayleigh Distribution





	H1/10/Hs
	1.248
	1.253
	1.271



	Hmean/Hs
	0.639
	0.636
	0.626
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