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Abstract

:

The spectral wave period    T  m − 1 , 0     at the toe of sea-dikes is a crucial parameter to predict wave overtopping discharge over sea-dikes. It is known from literature that this period quickly increases when waves reach shallow foreshores; however, sometimes the assumption is made that the wave period remains constant from offshore to near-shore, leading to an underestimation of the near-shore wave period. Several formulae have been proposed to resolve the underestimation of wave overtopping discharges for very shallow foreshores. These corrective formulations confirm the tendency of underestimating the overtopping discharges over a very gently sloping foreshore but are not validated for foreshore slopes gentler than 1:500. The “equivalent slope” method based on a recent study is inappropriate for these very gently sloping foreshores due to the breaker parameter being much smaller than seven. This study proposes an extension of the correction and finds that spectral wave periods can reach values two times those offshore.
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1. Introduction


The Vietnamese coastline is very diverse and quite unique in many respects, such as coastal types, coastline orientation and wave and tidal characteristics [1]. The wave characteristics in the North and in the South are very much influenced by the very gentle (ranging from 1 in 500 to 1 in 1000—in the Mekong Delta) and shallow foreshores that are a result of the locally very wide shelfs. There is a strong tradition at the northern and southern shores to protect the hinterland against flooding by dikes. In the dike design international guidelines on wave overtopping are applied. Based on recent findings, the EurOtop manual [2] indicates that the wave overtopping discharges are not able to properly account for gentle foreshores (order of 1 in 100). This study investigates this issue for even gentler foreshores.



The focus is on two physical parameters, viz., the relevant spectral wave period and the mean overtopping discharge. Since no data exist for these very gentle foreshores, this study relies on a recent state-of-the-art nearshore time domain wave model SWASH [3].



First, this paper starts with a literature review focusing on the wave overtopping of dikes at very shallow foreshores. Next, a site description is given of the North Vietnamese coast, which shows the presence of very shallow associated with very gently sloping foreshores. An exploratory calculation is made using the shallow water wave model SWAN to illustrate the wave processes that occur. This model is used to propagate the wave spectra from far offshore to the near shore. In the SWASH setup section, the configurations are described by the numerical calculations that have been performed to determine the spectral wave period and wave overtopping at very gentle foreshores. The results are used as a boundary condition for the non-hydrostatic wave propagation model SWASH. In parallel, the SWASH model is validated by reproducing the results of the Van Gent [4] and Altomare formulae [5]. Third, the spectral wave period    T  m − 1 , 0    -for (very) shallow foreshores on both mild and very gentle slopes and the mean overtopping discharge (q)-for very gently sloping foreshores are calculated. Cases with very shallow foreshores are calculated, in combination with empirical formulae. The last part of the paper ends with discussions and conclusions given.



1.1. State-of-the-Art in Deriving the Spectral Wave Period for Different Foreshores


The spectral wave period is defined based on the first negative wave spectral moment:


   T  m − 1 , 0   =    m  − 1      m 0     



(1)






  and    m k  =  ∫ 0 ∞   f k  S  ( f )  df  



(2)




where    m k    is the    k  th     moment of the wave spectrum, and f and S are the wave frequency   [  s  − 1   ]   and the energy density   [  m 2  s ]  , respectively.



Van Gent [4,6,7] indicated that the spectral wave period    T  m − 1 , 0     at the dike toe is one of the most relevant parameters for both wave run-up and overtopping predictions.    T  m − 1 , 0     weighs the low-frequency (LF) spectral energy more than the high-frequency (HF) spectral energy. The LF waves are generated in the shoaling and surf zone after being released from the high-frequency (HF) wave groups [8,9]. Furthermore, for non-standard spectral shapes, when the response of coastal structures (e.g., overtopping) is described by    T  m − 1 , 0    , these responses are not dependent on the wave spectral type, even if the spectral shape is flattened in shallow water [2,10].



A prediction formula for the spectral wave period    T  m − 1 , 0     has been given by Hofland [11] for shallow to extremely shallow water with a gently sloping bed slope. According to Hofland [11] the increase of    T  m − 1 , 0     is:


     T  m − 1 , 0 , t      T  m − 1 , 0 , o     − 1 = 6 exp  (  − 4  h ˜   )  + exp  (  −  h ˜   )   



(3)




where


   h ˜     is   relative   depth ,    h ˜  =    h t     H  m 0 , o        (    c o t θ   100    )    0.2     



(4)







   T  m − 1 , 0     quickly increases when waves attack the shallow foreshores and can reach values roughly eight times compared with those offshore. Shallow and very shallow foreshores were defined as   1 <  h  toe   /  H  m 0 , o   < 4   and   0.3 <  h  toe   /  H  m 0 , o   < 1  , respectively. Mild sloping foreshores as discussed by Van Gent [4] are limited to   cot θ < 250  .




1.2. State-of-the-Art in Wave Overtopping Formulae for Sea-Dikes with Steep, Mild, and Very Gentle Foreshores


The formulae suggested by Van Gent [4] and applied in TAW [12] and EurOtop I [10] are expressed as follows:


   q    g ·  H  m 0  3      =   10  c  exp  (  −    R C     H  m 0   ·  γ f  ·  γ β  ·  (  0.33 +  0.022   ξ  m − 1 , 0    )     )   



(5)







With a maximum of


   q    g ·  H  m 0  3      = 0.21 · exp  (  −    R C     H  m 0   ·  γ f  ·  γ β   (  0.33 +  0.022   ξ  m − 1 , 0    )     )   



(6)







The factor c is considered as a normally distributed parameter with mean value and standard deviation of −0.92 and 0.24, respectively. These two equations are recommended for    ξ  m − 1 , 0   ≥ 7  . In case    ξ  m − 1 , 0   ≤ 5  , two equations are valid as below:


   q    g ·  H  m 0  3      =    0.067      tan α        γ b   ξ  m − 1 , 0   exp  (  − 4.75    R C     H  m 0   ·  γ f  ·  γ β  ·  γ ν  ·  γ b  ·  ξ  m − 1 , 0      )   



(7)







With a maximum of


   q    g ·  H  m 0  3      = 0.2 · exp  (  − 2.6    R C     H  m 0   ·  γ f  ·  γ β     )   



(8)







In case   5 ≤  ξ  m − 1 , 0   ≤ 7  , a linear interpolation is applied between the two above cases.



These equations have been improved by Altomare [5] for application to even more shallow water depths, which has been adopted in the second release of the EurOtop II manual [2]. Altomare [5] indicated that Van Gent’s formulae overestimated the mean overtopping discharge in very shallow water foreshores and recommended a new “equivalent slope” concept for appropriate mean overtopping discharge with shallow and very shallow waters.



Very gentle and shallow coastal shelfs are often found in mangrove areas, since fine sediments dominate in these areas. The very gently sloping foreshores can cause a large change of wave spectra at dike toes compared with that at offshore locations. Vietnamese sandy coasts are typically represented by mildly sloping foreshores in the North and even very mild bottom slopes in the South [13,14,15]. Compared to previous studies, the typical foreshores for Vietnamese coasts are very gentle, and are more gentle than those considered in EurOtop II [2]. Very gentle foreshores in combination with shallow water zone can cause wave breaking far from the shore and a remarkable change of wave spectra from offshore to near shore. The effect of these very gently sloping foreshores on wave overtopping is not yet well quantified.



Therefore, the purpose of this paper is to derive a suitable method to determine the mean overtopping discharge on very gently sloping foreshores and propose the use of extended wave overtopping discharge formulae for this type of foreshores.





2. Materials and Methods


2.1. Site Description


To illustrate the importance of wave overtopping discharge over a very gentle slope, a gently sloping foreshore in the North of Vietnam is taken as an illustrative case study. A very long cross-shore trajectory of 180 km to the near-shore will be investigated where the maximum water depth in the offshore reaches 70 m due to the fact that northern Vietnamese sea has very wide shelfs associated with very gentle sloping foreshores in order to find out the change of spectral wave periods over this long distance.



Here Table 1 introduces and defines the parameters that are used in the section below.



2.1.1. Bathymetry


Apart from the very central Vietnamese coast, typical Vietnamese cross-shore bathymetries exhibit very gentle and smooth bed slopes due to the large shelf widths (Figure 1). These wide shelves create a relatively long distance for wave energy transformation and dissipation or wind generation. Typical bathymetries show that the depth contours are parallel so 1D models can appropriately be applied. From a water depth of less than 20 m to the nearshore, the foreshore slope is roughly 1:500 (Figure 2). To derive characteristic wave conditions a typical storm for this area is simulated.




2.1.2. Offshore Hydraulic Conditions and Dike Geometries


An accurate prediction of the wave transformation from offshore to dike toes is of great importance for coastal areas. The transformation of wave spectra across the cross-shore water areas with wind growth was taken into account. Due to very gently sloping foreshore with a very wide coastal shelf, the wind generation could not be ignored. Moreover, the very wide coastal shelf leads to fully developed sea, so wave parameters will be following the maximum condition according to Figures 3–23 in [16].



Input offshore wave parameters for the SWAN model used are as follows:    H s    = 4.5 m,    T P    = 11 s,    U  10     = 12 m/s, for a 10-year return period according to Vietnamese condition [17]. The offshore hydraulic boundary is located at level −70 m whereas landward boundary lies at +0 m. Computational domain has been defined on a regular grid size of 100 m in a total length of 180 km. At the shoreward boundary a closed boundary is imposed. Wind and wave directions are assumed to be perpendicular to the coastline, as this is the most conservative condition. Extreme water levels, based on a high spring tide and storm surge, are roughly 3 m.



Dike crest is 5 m with a seaward slope of 1:4. These parameters will be investigated to determine the overtopping discharges for very shallow water later on.



One more case will be considered as follows when a high sandy foreshore is nourished as have being done on the Dutch and Belgian coasts, the water level at the toe is 1.5 m.




2.1.3. Wave Dissipation Without Sea Dikes


The purpose of this section is to emphasize that this foreshore is due to a very wide shelf over a long cross-shore trajectory, and therefore the wind effect needs to be included. Moreover, since wind generation is excluded in SWASH, SWAN is an alternative and appropriate model to use over this long distance.



A constant wind is blowing over deep water, developing an internal atmospheric boundary layer starting at the boundary. Initially, the wind growth is equal to wave dissipation, so the wave height more or less stays the same after roughly 50 km seaward before decreasing gradually. When the wave starts to “feel” the bottom, bottom friction increases and significant wave height suddenly decreases until wave breaking, then the wave height rapidly reduces. For mild bottom slopes, the breaking point will lie far from the shore.





2.2. SWASH Setup


It was shown in Section 2.1 that away from the coast wind generation plays an important role. Closer to the coast, infragravity waves and surfzone wave breaking will have a significant role, which is not, or not sufficiently, incorporated in the SWAN model. Hence, for the near shore region the SWASH model is applied in order to obtain the wave period and overtopping at a very gentle sloping coastal profile. The wave spectra from the SWAN calculation results shown above are used as boundary conditions for the SWASH model. The SWASH model is developed based on non-linear shallow water equations with a non-hydrostatic pressure model. It is a time domain model for simulating a non-hydrostatic, free-surface, and rotational flow, including short waves [3,18]. The smaller the grid dimension gets, the more exact the model becomes; however, it consumes a longer calculation time. The non-hydrostatic pressure is used for Keller-box scheme which will be mainly applied for accurate wave transformation. A JONSWAP wave spectrum with   γ = 3.3   is used for numerical model. A default Manning’s roughness coefficient of 0.019 is used for all calculations.



2.2.1. Configuration to Determine Spectral Wave Period at Dike Toes


The spectral wave period of incident waves at the toes is a crucial parameter to determine the mean overtopping discharge over sea-dikes as mentioned in Section 1.1. In order to determine the spectral wave period and wave height corresponding to the incoming wave signal, the setup as given in Figure 3 is applied. In this way the reflection of the waves from the dike is not influencing the signal. Because the sloping bed foreshore is very mild, wave reflection is expected to be insignificant.



In the SWASH calculation the water depth at the offshore boundary condition is taken to be more than 4 times the corresponding significant wave height. Sponge layers are used at the SWASH open boundaries to effectively absorb the wave energy. The sponge layer length is often taken as 3 to 5 times the wavelength at the offshore boundary and schematized by one vertical layer [19]. The sponge layer had a length of 1000 m from the dike toe for the foreshore slope of 1:500. For all cases in Section 3.1, Section 3.2, Section 3.3 and Section 3.4 below, the grid size of the bathymetry is adopted as 1 m and time duration is approximately 1 h; however, for the wave overtopping discharge calculations, from Section 3.5, Section 3.6, Section 3.7 and Section 3.8, the grid size is smaller and the time duration is much longer, 0.2 m and 8 h, respectively. Time step of the numerical simulations is changed flexibly due to Courant–Friedrichs–Lewy (CFL) requirement [19].



In the calculations, the same wave parameters    H  m 0 , o   = 3    m    and    T  m − 1 , 0   = 11    s    as obtained from the SWAN calculation at the start of the surf zone (  x = 5.2    km    in Figure 2) were applied for different foreshore slopes in Table 2 as follows:




2.2.2. Configuration to Determine Overtopping of the Sea Dike


The “virtual” overtopping discharge  q —approximated by using a straight long slope and deriving the discharge exceeding the elevation of    R C    (Figure 4)—will be determined efficiently for many    R C    using a straight long slope. To verify the assumption that this yields the correct  q , a realistic dike with fixed    R C    is used. The same boundary conditions are applied for an infinite slope and a realistic sea dike to calculate the wave overtopping discharge based on water velocities and thicknesses for a shallow foreshore. The boundary conditions in the SWASH model are wave height and period from the SWAN model, assuming a JONSWAP spectral shape. The simulation duration for the wave overtopping model is advised to be at least 1000 waves [20,21,22]. If LF waves are considered to play an important role at the toe of the dike, wave overtopping durations need 1000 LF waves, or roughly 5000 primary waves. In the calculations, duration is applied equivalent to more than 700 times wave periods. The duration of a calculation on a regular PC is approximately 8 h for one simulation. In SWASH, the bathymetry is calculated every 0.2 m, time steps are 0.05 s, as well and one layer applied. The calculation is based on a linearly sloping and impermeable seabed.



From the SWASH model a time series obtained of the wave overtopping velocities and thicknesses on the dike are originated at the dike crest (corresponding to lower Figure 4). The overtopping discharges are calculated based on wave overtopping velocities  v  and layer thicknesses  d  at the outer crest line as follows:


  q  ( t )  = d  ( t )  v  ( t )   



(9)







Mean wave overtopping discharge is determined by integrating   q  ( t )    for   q  ( t )  > 0  , over the duration, whereas    t  start , i     and    t  end , i     are start and end time of the wave overtopping predictions, respectively.


   V i  =    ∫   t  start , i      t  end , i     q  ( t )  dt    t  end , i   −  t  start , i      



(10)







For a straight seaward high slope (corresponding to upper Figure 4), the instantaneous virtual wave overtopping discharge   q  ( t )    is also similarly predicted as the Equation (9) at any elevations of the seaward slope, following Hofland [23]. Hence, this computation is very efficient to obtain the overtopping discharge for many dike freeboards.




2.2.3. Mean Wave Overtopping Discharge Over the Dike Crest


Simultaneously, similar boundary conditions are applied in the formulae of Van Gent [4] and Altomare [5], using Hofland [11] to compare the relation between the incoming waves overtopping discharge for a very shallow foreshore. Two cases are considered, with the same offshore boundary conditions but different water depths (see Table 3). The mean wave overtopping discharges will be calculated with a variety of different crest freeboards, as described in the previous section (or dike crest heights) in numerical models, and these predicted means will be compared with the existing empirical formulae referred to above. According to these formulae, q will demonstrate in exponential form, which is characterized by incoming wave height and spectral period at the toe of sea-dike, foreshore, and sea-dike geometries.






3. Results


3.1. Wind Influence on Wave Transformation


The SWAN calculation in Section 2.1 indicates that the wind impact on very shallow foreshores with wide shelves cannot be ignored. Hereafter, this study will find out an appropriate distance to start the SWASH calculation, on which wind has limited impacts. The effect of wind on wave heights was considered with different speeds in several kilometers. The wind speeds    U  10     were 0, 12, and 25 m/s, respectively. Calculations were made with 5200 m length between boundary condition and the shoreline, the foreshore slope was roughly 1:500. The results are shown in Figure 5, where   x = 0   represents the coastline. The difference between wave heights at the coast with, or without, wind input was negligible in case of no, and 12 m/s, wind speeds. The 25 m/s wind showed the different results in wave heights around 2 km away from the shore. Therefore, the wind did not seem to have any influence on wave transformation within several kilometers if the wind speed was 12 m/s, or where the 12 m/s wind was more applicable for this distance. Hereafter, a distance of 5200 m with a wind speed of 12 m/s will be used to calculate wave parameters and wave overtopping in SWASH without wind effect.




3.2. Wave Heights and Periods at the Toes of Sea Dikes


Here, the behavior of wave parameters in the nearshore area for both the SWAN and SWASH calculations is inspected. The same boundary conditions were applied in these models. Wave parameters were both JONSWAP wave spectrum, corresponding to    H  m 0   = 3   m ,      T  m − 1 , 0   = 11   s  . The most important parameters are plotted in Figure 6, noticing that high-frequency (HF) and low-frequency (LF) waves were estimated by SWASH. For very gently sloping foreshores, waves seemed to be dissipated over a long distance from offshore to the toes of the dikes, while reflected waves were expected to be minimal over these foreshores.    H  m 0     was somewhat higher for SWAN compared to that of SWASH for distances from shore of x = 2 to 5.2 km. This was possibly caused by the extra wind input in the SWAN calculation.



Both HF and LF waves started breaking when they reached the shallow zone. However, the HF waves started breaking earlier than the LF waves, around the distance of 2 km from nearshore, as the LF waves were mainly generated mainly when the HF waves were breaking. The LF waves broke corresponding to a distance of roughly 1.5 km (see the top of Figure 6). After the start of breaking, HF waves decreased linearly, whereas LF waves decreased gradually when reaching the shore.



To investigate further the wave periods    T  m − 1 , 0    , according to the red line on the spectral wave period curve in Figure 6, they stayed more or less unchanged from offshore to surf zone. After wave breaking, LF waves became dominant over the HF waves. Waves with a lower steepness broke closer to the shore and LF waves occurred in SWASH, so waves from SWAN broke further than those in SWASH to the shore.




3.3. Wave Spectra Over the Shallow Foreshore


Here, the near shore spectra as obtained from SWASH for this case are presented. It can be noticed that the wave spectra, shown by red thick lines in Figure 7, not only vary their total amount of variance (i.e., wave energy), but also their shape. On a shallow foreshore, due to the process of triad wave–wave interaction, the wave spectral peak constantly migrated towards the lower frequencies; therefore, the wave spectral shape became flattened, completely different from JONSWAP in the offshore. This flattened shape has been investigated based on previous research on shallow foreshore [6,20].



From the offshore boundary conditions in SWASH, the wave energy started to decrease due to increased wave dissipation. Additionally, the energy redistribution occurred because of triad wave–wave interaction, which explains the presence of other peaks around frequencies twice, and four times, the peak frequency. From a certain depth, the energy of HF waves whose frequencies were more than 0.05 Hz dissipated and more energy occurred in low frequencies. The LF wave energy, at frequencies between 0.005 Hz to 0.05 Hz, increased from depths between 10 and 6 m, and subsequently seemed to be more or less constant up to depths of 2.5 m, so the LF waves increased relatively compared to the HF waves.



There is a significant difference when comparing wave spectra between very gentle slope and steeper slope (1:100 as blue thin lines in the Figure 7) at the same water depths. The primary waves were more at the gentler slope, as the peak of the primary wave (  f ≈ 0.1    Hz   ) decreased faster. This is probably explained by the fact that a change in depth corresponds to a longer distance such that the waves have more time to break. On the shallow foreshore, both slopes had increased LF energy. The LF energy level between depths of 6 and 2.5 m was higher for the very gentle 1:500 slope.



Additionally, at the original water line (  h = 0    m   ), there was wave energy due to the set-up of the water level that was not included in  h . Here, the 1:100 slope still exhibited much more HF energy.




3.4. Spectral Wave Periods at Gentle to Very Gentle Slopes


Here, the evolution of spectral wave periods    T  m − 1 , 0 , t     at the dike toe is investigated, compared with those in offshore, as calculated with SWASH. The spectral wave periods are presented relative to the offshore wave parameters and water depths. In Table 4 below, these predictions are compared with those in Hofland [11], which were derived for this range of slope angles.



The calculated evolution of the wave period    T  m − 1 , 0 , t     is plotted in Figure 8, as a function of the relative water depth. It is obvious that the spectral wave periods at the dike toe increase when dimensionless depth decreases. It is also seen that compared to slopes up to 1:700, the wave period at low water depth (     h  toe      H  m 0 , o     = 0.5  ), the spectral energy wave period is increased more.




3.5. Wave Overtopping Discharge for a Gentle Foreshore Slope


Here, the mean wave overtopping, still the most used design variable for dike heights, is inspected. First of all, the wave overtopping discharge was calculated for a steeper slope of 1:100, which is in the range of previous studies. The offshore boundary condition in SWASH was again    H  m 0 , o     = 3 m,    T  m − 1 , 0 , o     = 11 s, now at the distance 1100 m to the dike toe. The dike slope was 1:4, the crest freeboards applied were 2 m, 3.25 m, and 4.5 m, respectively. Compared with Altomare’s formula [5], the SWASH-based overtopping discharges were very comparable to the formulae (see Figure 9).




3.6. Wave Overtopping Discharge for Vietnamese Conditions with Very Gentle Slopes


Now, the typical Vietnamese condition is considered in this section. A SWAN-based JONSWAP wave spectrum was the SWASH boundary, corresponding to    H  m 0 , o     = 3 m and    T  m − 1 , 0 , o     = 11 s, at a distance of 5.2 km from the dike toe. The foreshore slope was roughly 1:500 whereas the seaward dike slope was    tan α  = 1 : 4   and the crest freeboard was 2 m. The water thicknesses, velocities, and overtopping discharges were considered in short term duration as well. The two different cases were predicted as follows with    h  toe   /  H  m 0 , o   = 0.5   and 1, respectively, classified from a shallow to a very shallow foreshore.



For the infinite slope the storm duration was 8 h as well, leading to 4660 incident waves and 980 overtopping waves (more than 20% of the waves). The mean overtopping discharge during the event was 400 l/s/m. Figure 10 shows the overtopping characteristics (layer thickness depth, velocity, and discharge) for the virtual sea ward crest line of the dike.



For the real dike the same wave characteristics were applied. The mean overtopping discharge during the event was 360 l/s/m.



This overtopping discharge corresponds well to that in the case of the infinite slope. Ten percent difference is not very much for an overtopping discharge. The difference can be explained by the fact that a different realization of the seed values of waves (in SWASH) was used, and that the interaction of reflected and incoming waves was also different in the two cases.




3.7. Comparison to Existing Approaches


In this section wave discharges q are calculated for a variety of crest freeboards at the same wave properties at offshore and the toe of sea dike, foreshore slope of 1:500, and a sea dike slope of 1:4 in SWASH, only the freeboard or virtual dike crest was changed every 0.05 in intervals, in the infinite slope model. These SWASH-based overtopping discharges were compared with the existing empirical formulae according to Van Gent [4] and Altomare [5] with 5% under- and upper-exceedance limits, or 90% error interval, using the spectral wave period and wave height at the dike toe as calculated by SWASH (see Figure 3) as the input.



The comparison is demonstrated in Figure 11 and Figure 12 by dimensionless overtopping discharge versus relative freeboard. The relative overtopping discharges were plotted using a logarithmic y-axis. It is obvious that the logarithm of relative overtopping rate decreases with the rising relative freeboard.



The red solid line corresponds to the mean value approach of Altomare and Van Gent. The two dashed lines are 90 percent confidence interval of this approach, and the triangles are the SWASH-computed values of the (virtual) overtopping discharge for the infinite slope.



From the Figure 11, it is obvious that SWASH gave reliable dimensionless overtopping discharge corresponding to Van Gent’s general formulae when the relative freeboard was more than 0.05. For low values of the dimensionless freeboard, the empirical formulae were overestimated.



However, compared with Altomare’s formulae, the SWASH-based values seem to be much higher, especially for high relative freeboards. It is striking that the overtopping discharge hardly seems to decrease with increasing freeboard.




3.8. Wave Overtopping Discharge for a High Sandy Foreshore


A high sandy foreshore with the sea dike can be predicted with wave parameters of    H  m 0 , o     = 3 m and    T  m − 1 , 0 , o     = 11 s, and water depth at the toe    h  toe     = 1.5 m. It was classified as a very shallow water where   0.3 <    h  toe      H  m 0 , o     < 1   for infinite slope, and for a real dike (as above description). The foreshore slope was roughly 1:500, whereas the seaward dike slope was    tan α  = 1 : 4  , and the crest freeboard was 2.5 m.



Additionally, an infinite slope was applied, the storm duration was 8 h also. Roughly 20% of the waves, the mean overtopping discharge during the event was 330 l/s/m. It is striking that even though the water depth was half that of the previous case, and the wave height was also half that of the previous case, the overtopping discharge only decreased by less than 10%. This was probably due to the large increase in LF wave energy.



Now we compare the existing approaches. The more general formulae from Van Gent [4] was used and compared with SWASH-based values. The Figure 13 was valid for low values of    R C  /  H  m 0    (  0.33 + 0.022  ξ  m − 1 , 0    )   , but for higher values of the relative freeboard (more than 0.09), Van Gent’s formulae underestimated the mean overtopping rate for this kind of very gently sloping foreshore.



In general, the logarithm of the overtopping rate constantly went down with the increase of the dimensionless freeboard; the plot shows the underestimation of Van Gent’s formulae, compared with numerical results. With small values of the freeboard, Van Gent and SWASH-calculated values were relatively appropriate. When the freeboard increased, the Van Gent’s formulae lay far from the SWASH-based overtopping discharge.



Further comparison in case of Altomare [5] will be given as follows. It is obvious that the water depth at the toe    h  toe   = 1.5    m    was larger than   1.5  H  m 0 , o     (   H  m 0 , o   = 0.8    m   ; see the significant wave height of Figure 6). According to his study, it leads to the calculated Iribarren number    ξ  m − 1 , 0   = 9.1   applying the dike slope only; therefore, the equivalent slope   δ   in (very) shallow foreshore was not applied in this case. For the above reason, the Altomare’s formulae turned into Van Gent’s general formulae (Figure 13).





4. Discussion


4.1. Incident Spectral Wave Periods on Gently Sloping Foreshores


In order to predict wave overtopping over a dike, incident wave parameters at the toe such as    H  m 0   ,      T    m − 1 , 0     play an important role. Hofland [11], based on data from measurements and calculations for smooth linear foreshores and normal waves, found the evolution of spectral wave period near the toe. The ratio of wave period between offshore condition and extremely shallow waters could rapidly increase, up to about eight times. The bed slope was limited until   cos θ = 250  . For very gently and straight linear sloping foreshore, such as 1:500, 1:700, 1:800, 1:900, and 1:1000, associated with Table 5, this evolution of short-crested wave period of Hofland [11] seems to be underestimated in the calculated cases for very shallow water (Figure 14).



For very gentle and straight linear sloping foreshores as Vietnamese typical bathymetry with slopes more gentle than 1:500, the spectral wave period near the toe of the structures increases more rapidly than for normally gentle slopes.




4.2. Wave Overtopping Discharge Formulae for Very Gentle Slopes


As shown in Table 5, it is clear that the mean wave overtopping discharge is more or less the same for the infinite slope and the real dike in very shallow water depths.



In order to predict overtopping discharge over sea-dikes, it is common practice that wave properties at the toe of structures are considered as a key factor. However, according to Altomare [5], in cases where the toe of sea-dikes is located at very shallow water, waves do not actually break on dike slope but on its foreshore. Then the foreshore is considered as “a part” of the sea-dike; therefore, based on this study, wave parameters at the foreshore are precisely crucial instead of those at the toe. An “equivalent slope” concept has been proposed to estimate wave overtopping discharges for shallow and very shallow foreshore. This application is valid for dikes with steep and gentle slopes,   cot θ  , less than 250. However, when the foreshores are gentler, like Vietnamese coastlines, “equivalent slope” become smaller and it also makes breaker parameter,    ξ  m − 1 , 0    , much smaller than seven. Therefore, Altomare’s empirical formulae are no longer appropriate for these slopes. As shown in Figure 12, Altomare’s formulae tend to underestimate the wave overtopping discharge, compared with SWASH-computed values. This new approach is inaccurate for more gently sloping foreshores. More accurate formulae should be derived for this kind of very gentle slopes.



For the formulae of Van Gent [4], the breaker parameter is larger since only the dike slope is included. This prediction seems to be better than the above approach, although, in comparison with SWASH-based values, it also underestimates the overtopping discharge at very shallow water. It needs to have more appropriate formulae for this kind of very mildly sloping and very shallow foreshores. However, the experiments reached their limits in this case due to scale effects for these very gentle slopes, so a numerical approach is the better option.





5. Conclusions


Vietnamese guidelines [24] for dike design mainly apply Van Gent [4] to calculate wave overtopping for (very) shallow foreshores, but actually this formula is derived for steep to mild slopes up to slopes of 1:250. Meanwhile, Vietnamese coastlines are characterized by very gently sloping foreshores with slopes up to 1:1000 or even more. The process of wave overtopping over the dikes with very gentle slope and shallow foreshore is far from being understood.



This study aims to give a new insight on the wave overtopping over a very gently sloping and shallow foreshore. First, the combination of SWAN (wind influence and no infra-gravity waves) and SWASH (no-wind but infra-gravity waves) proves to be a sufficient model combination for computing wave transformation over this very wide shelf. It is confirmed that shallow water associated with very gently sloping foreshore can cause significant changes of wave spectral shape from offshore to the toes of the dikes. The waves that reach the toe and overtop the dike crest are dominated by LF waves, even more than for less gently sloping beds.



The spectral wave period has been appropriately accepted to predict wave overtopping. Hofland [11], also gives the relationship of spectral wave periods between offshore and the (extremely) shallow water. It is recommended to use within the range of foreshore slope from 20 to 250. For very gently sloping foreshores this spectral wave period near the toe is underestimated, as deduced from numerical model results for various foreshores that are gentler than previous study. The spectral wave period    T  m − 1 , 0     for very gentle slopes seems to be approximately two times higher than according to Hofland [11] for very mildly sloping foreshores (  cot θ > 250  ).



Some further conclusions can be made regarding wave overtopping. It is shown that the infinite slope approach seems to give reasonable overtopping discharges in an efficient manner. At very gentle (and very shallow) foreshores, existing formulae for shallow foreshore overtopping discharge underestimate the wave overtopping discharges q.



A better-founded wave overtopping formula with a shallow and very gently sloping foreshore should be established in physical scale models for more accurate prediction of wave overtopping. This paper is limited to normally incident and long-crested waves, further research is recommended for oblique and/or short-crested waves.
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Figure 1. (a) A case study on the Vietnamese coastlines (top-left figure) and corresponding bathymetry (top-right figure), depths are indicated in meters. (b) Boundary conditions of SWAN and SWASH models (bottom figure). 
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Figure 2. Wave dissipation, significant wave height calculated by SWAN, and bathymetry of the north site with the interested area. 
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Figure 3. Wave parameters at toes in SWASH model for case studies. 






Figure 3. Wave parameters at toes in SWASH model for case studies.



[image: Water 12 01695 g003]







[image: Water 12 01695 g004 550] 





Figure 4. Wave overtopping over an infinite slope and a real sea dike. 
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Figure 5. Wind effect on wave heights in SWAN for slope 1:500. 
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Figure 6. SWAN and SWASH results for 1:500 slope. 
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Figure 7. Wave spectra calculated by SWASH over the distance for a steeper slope 1:100 (blue thin line) and a very gentle slope 1:500 (red thick line), at several equal water depths (note the varying vertical scaling). 
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Figure 8. Calculated evolution of spectral wave period    T  m − 1 , 0 , t     as a function of water depth, offshore wave height and period. 
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Figure 9. Comparison to Altomare [5] (red solid line: prediction using mean value approach of Altomare; dashed line:   ± 1.64  σ; and triangle: SWASH values). 
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Figure 10. Water thicknesses, velocities, and discharges for the infinite slope. 
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Figure 11. Comparison to Van Gent [4] (red solid line: prediction using mean value approach of Van Gent; dashed line:   ± 1.64  σ; and triangle: SWASH values). 
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Figure 12. Comparison to Altomare [5] (red solid line: prediction using mean value approach of Altomare; dashed line:   ± 1.64  σ; and triangle: SWASH values). 
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Figure 13. Comparison to Van Gent [4] (red solid line: prediction using mean value approach of Van Gent; dashed line: 5% under- and upper-exceedance limits; and triangle: SWASH values). 
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Figure 14. Compare SWASH results for very gently sloping foreshore and evolution of wave period of Hofland [11]. 
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Table 1. Nomenclature used in this paper.
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	  d  
	wave overtopping thickness [m]
	    R u    
	wave run-up over a slope [m]



	    D f    
	wave energy dissipation [cm2/s]
	    T  m − 1 , 0 , o     
	spectral mean wave energy period in SWASH b.c [s]



	  E  
	spectral density of the water surface elevation [m2/Hz]
	    T  m − 1 , 0 , t     
	spectral mean wave energy period at toe [s]



	  f  
	frequency [s−1]
	    T P    
	peak wave period in SWAN b.c [s]



	  h  
	water depth [m]
	    U  10     
	wind speed at 10 m above SWL [m/s]



	    h  toe     
	water depth at dike toe [m]
	  v  
	wave overtopping velocity [m/s]



	    H s    
	spectral significant wave height at SWAN boundary condition (b.c) [m]
	    U  10     
	wind speed at 10 m [m/s]



	    H  m 0     
	spectral significant wave height [m]
	  x  
	distance [km]



	    H  m 0 , o     
	spectral significant wave height at SWASH b.c [m]
	θ
	foreshore slope in SWASH [degree]



	    H  m 0 , t     
	spectral significant wave height at dike toe [m]
	    γ f    
	reduction coefficient which includes the effects of slope roughness [-]



	  k  
	wave number [-]
	    γ β    
	reduction coefficient which includes the effects of obliqueness [-]



	  q  
	wave overtopping discharge per meter width of structure [m3/s/m]
	  α  
	dike slope in seaward [degree]



	    R c    
	crest freeboard [m]
	δ
	equivalent slope in shallow foreshore [degree]



	
	
	    ξ  m − 1 , 0     
	Irribaren number [-]
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Table 2. SWASH input data for different slopes and water depths (no structure).
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	Slope
	h

[m]
	x

[km]
	htoe

[m]





	35
	12.5
	385
	1.5



	100
	12.5
	1100
	1.5



	250
	12.5
	2750
	1.5



	500
	12.5
	5200
	1.5



	700
	12.5
	7700
	1.5



	800
	12.5
	8800
	1.5



	900
	12.5
	9900
	1.5



	1000
	12.5
	11,000
	1.5



	35
	13.2
	385
	2.2



	100
	13.2
	1100
	2.2



	250
	13.2
	2750
	2.2



	500
	13.2
	5200
	2.2



	700
	13.2
	7700
	2.2



	800
	13.2
	8800
	2.2



	900
	13.2
	9900
	2.2



	1000
	13.2
	11,000
	2.2



	35
	14
	385
	3



	100
	14
	1100
	3



	250
	14
	2750
	3



	500
	14
	5200
	3



	700
	14
	7700
	3



	800
	14
	8800
	3



	900
	14
	9900
	3



	1000
	14
	11,000
	3
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Table 3. Two cases of wave overtopping discharge for the Vietnamese slope calculated.
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Slope

	
SWAN

	
SWASH




	
Hm0,o

[m]

	
TP

[s]

	
U10

[m/s]

	
x

[km]

	
Boundary Condition

	
htoe

[m]

	
x

[km]






	
500

	
4.5

	
11

	
12

	
180

	
JONSWAP spectra

	
1.5

	
5.2




	
500

	
4.5

	
11

	
12

	
180

	
JONSWAP spectra

	
3

	
5.2
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Table 4. A comparison of spectral wave period between Hofland [11] and SWASH results. These are shallow to very shallow conditions according to the Hofland [11] classification, where the ratio      T  m − 1 , 0 , t      T  m − 1 , 0 , o       from the curve indicates the range   ± 2  σ for error bands.
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     cot θ     

	
SWASH Results

	
Hofland [8]




	
Hm0,o

[m]

	
Tm−1,0,o

[s]

	
Tm−1,0,t

[s]

	
        T    m  − 1 , 0 ,  t        T    m  − 1 , 0 ,  o         

	
htoe

	
        h    toe        H    m  0 ,  o         (     cot θ    100    )    0.2      

	
        T    m  − 1 , 0 ,  t        T    m  − 1 , 0 ,  o         






	
35

	
3

	
11

	
20.4

	
1.9

	
1.5

	
0.4

	
2.7 ± 0.8




	
100

	
3

	
11

	
23.8

	
2.2

	
1.5

	
0.5

	
2.5 ± 0.7




	
250

	
3

	
11

	
26

	
2.4

	
1.5

	
0.6

	
2.2 ± 0.6




	
35

	
3

	
11

	
21.5

	
2

	
2.2

	
0.6

	
2.2 ± 0.6




	
100

	
3

	
11

	
22.6

	
2.1

	
2.2

	
0.7

	
2.0 ± 0.4




	
250

	
3

	
11

	
19.8

	
1.8

	
2.2

	
0.9

	
1.6 ± 0.4




	
35

	
3

	
11

	
13.3

	
1.2

	
3

	
0.8

	
1.8 ± 0.4




	
100

	
3

	
11

	
14

	
1.3

	
3

	
1

	
1.5 ± 0.4




	
250

	
3

	
11

	
13.4

	
1.2

	
3

	
1.2

	
1.4 ± 0.4




	
500

	
3

	
11

	
25

	
2.3

	
1.5

	
0.7

	
2.0 ± 0.4




	
700

	
3

	
11

	
25.4

	
2.3

	
1.5

	
0.7

	
2.0 ± 0.4




	
800

	
3

	
11

	
28.4

	
2.6

	
1.5

	
0.8

	
1.8 ± 0.4




	
900

	
3

	
11

	
33.3

	
3.0

	
1.5

	
0.8

	
1.8 ± 0.4




	
1000

	
3

	
11

	
39

	
3.5

	
1.5

	
0.8

	
1.8 ± 0.4




	
500

	
3

	
11

	
22.1

	
2

	
2.2

	
1

	
1.5 ± 0.4




	
700

	
3

	
11

	
22.3

	
2

	
2.2

	
1.1

	
1.4 ± 0.3




	
800

	
3

	
11

	
24

	
2.2

	
2.2

	
1.1

	
1.4 ± 0.3




	
900

	
3

	
11

	
22.6

	
2.1

	
2.2

	
1.1

	
1.4 ± 0.3




	
1000

	
3

	
11

	
24.5

	
2.2

	
2.2

	
1.2

	
1.4 ± 0.3




	
500

	
3

	
11

	
20.5

	
1.9

	
3

	
1.4

	
1.3 ± 0.2




	
700

	
3

	
11

	
18

	
1.6

	
3

	
1.5

	
1.2 ± 0.2




	
800

	
3

	
11

	
18

	
1.6

	
3

	
1.5

	
1.2 ± 0.2




	
900

	
3

	
11

	
18.5

	
1.7

	
3

	
1.6

	
1.2 ± 0.2




	
1000

	
3

	
11

	
20

	
1.8

	
3

	
1.6

	
1.2 ± 0.2











[image: Table] 





Table 5. A comparison of various approaches in the shallow water case (   h  toe   /  H  m 0 , o   = 1  ).
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	Parameters
	Van Gent [23]
	SWASH and Altomare [1]
	Hofland [8] and Altomare [1]
	SWASH

(Infinite Slope)
	SWASH

(Real Dike)





	   H  m 0 , o     [m]
	3
	3
	3
	3
	3



	   T  m − 1 , 0 , o     [s]
	11
	11
	11
	11
	11



	   T  m − 1 , 0 , t     [s]
	20.5
	20.5
	14
	20.5
	20.5



	    ξ  m − 1 , 0     
	4.38
	0.73
	0.37
	-
	-



	  cot δ   [degrees]
	0.25
	0.04
	0.03
	-
	-



	q [l/s/m]
	192
	7
	~0
	400
	360
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