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Abstract

:

Coastal permeable groins have been used to protect beaches from erosion for centuries. However, the hydraulic functioning of permeable groins has not been fully understood and their design heavily depends on engineering experiences. In this study, numerical experiments were executed to investigate the effects of layout configurations of a permeable groin system on longshore currents. The non-hydrostatic SWASH (Simulating WAve till SHore) model was employed to carry out the numerical simulations. Two data sets obtained from physical laboratory experiments with different permeable groin layouts on different slopes are used to validate the accuracy of the model. Then, the longshore current reduction by the permeable groin system with varying configuration parameters (e.g., groin spacing, groin length) was numerically investigated under different environmental conditions (e.g., a slight or a moderate wave climate). From the calculation results of numerical experiments, it is indicated that permeable groins function efficiently to reduce the maximal longshore current velocity under the condition that the groin length ranges from 84% and 109% of the wave breaker zone width. The longshore current reduction rate monotonously decreases with the increase in groin spacing; permeable pile groin functions best to reduce longshore current with the minimal groin spacing-groin length ratio 1:1 among the range between 1:1 and 2:1. When the groin spacing–groin length ratios are 1:1 and 1.5:1, the longshore current reduction is not sensitive to the investigated wave conditions in this study. When the spatial ratio is 2:1, the permeable pile groin system functions worse under a moderate wave climate than under a slight wave climate, from the view of longshore current reduction.






Keywords:


permeable pile groin; layout design; SWASH; longshore current; longshore current reduction












1. Introduction


Coastal groins are long and narrow hydraulic structures, which are built to protect a stretch of beach from erosion. Groins are usually placed approximately perpendicular to the shoreline to hinder longshore currents and intercept longshore sediment transportation in the littoral zone [1]. In engineering practice, groins are widely used in combination with beach nourishment to sustain the recharged beach materials within groin bays, or groins serve as a terminal structure to reduce the sand loss to a sand sink (e.g., at a harbour inlet). For centuries groins have been used, but they are perhaps the least understood compared to numerous other shore-protection structures, due to the lack of research about established relationships between groin functional behaviours and environmental climates [2,3,4,5]. From the aspect of permeability, groins can be divided into two types, permeable and impermeable groins, respectively. In this study, the specific traditional form of the permeable groin, consisting of wooden piles, is investigated (Figure 1). Compared with solid groins (e.g., rubble mound groins), Permeable Pile Groins (PPGs) may attract more preference given their appealing natural look and flexibility of construction, and they are made of a renewable timber resource [6,7]. In addition, because longshore sediment transport could pass through large openings of PPGs, the side effects of beach erosion downdrift PPGs are much less compared to the effects associated with their impermeable counterparts. Consequently, PPGs have minor downdrift beach impacts and result in a continuous shoreline. Since the awareness of the esthetic value and environmental friendliness is increasing, PPGs are gradually regaining significant attention as a ‘soft’ type of groins or a kind of green infrastructure [8,9]. Therefore, PPGs deserve serious consideration and investigation as a promising type of economic and flexible coastal protection measure [3].



Compared with solid groins, the primary function of PPGs is to obtain a smooth reduction in velocity along the groin field, to enable the elimination of circulations within groin fields, and to weaken rip currents along the groins [10,11]. PPGs do not impound on and block longshore sediment transport, but instead of exerting resistance on longshore currents, to reduce the velocity of longshore currents and weaken their capability of transporting sediment. On the other hand, the reduction in current velocity decreases turbulence production at the seabed and allows the suspended sediment to settle. As a result, the capacity of longshore currents to entrain sediment decreases [11]. On several sites of field surveys, it was shown that coastline recession was effectively curbed and accretion nearshore was promoted by the massive rows of PPGs [3,5,8,12,13,14,15,16]. A five-year surveillance of beach profile evolution on a Southern coast in England showed that a build-up in beach levels appeared after the construction of PPGs [17]. Compared to a natural coast without groins, the evolution of beach profiles in response to PPGs is that the beach elevation was built up and the beach slope became much gentler from the shoreline to the trough. This implied that wave energy dissipated further seaward and a wider wave buffer zone was developed, reducing wave loading per unit area and alleviating the potential of beach erosion [12,18]. Similarly, the positive effects induced by PPGs, indicated by extensive field surveys from 1993 to 1997 on the Baltic Sea coast, are as follows: (a) significant seaward advancement of shoreline; (b) continuous growth of submarine terrace elevation; (c) seaward movement of the nearshore shoal [13]. The accretive morphological change appeared as a result of an indirect protection mechanism by PPGs [13], in addition to the direct effects on hydrodynamics. In the case of Naples Beach, Florida, USA, the monitored performance of an experimental permeable groin on-site was according to expectation, i.e., successfully stabilized the beach, enabled the beach to build up and did not have any significant side effects on the adjacent shoreline [5]. Bakker et al. (1984) reviewed the application of PPGs in the Netherlands. These authors concluded that the PPG effect was controversial due to a lack of statistically significant evidence because some PPG projects at Dutch sites did have the expected favourable effects, whereas other projects did have adverse effects and were abandoned.



When evaluating the effectiveness of PPGs on the morphological changes in nature, there is inevitable difficulty in isolating the effects of natural and non-natural variations, such as long-term morphological variations [3] or anthropogenic interventions (e.g., beach nourishment). In this study, numerical experiments were carried out merely focusing on hydrodynamics, to investigate the hydraulic functioning of PPGs under varying wave conditions. Separate experiments have been carried out to isolate groin configuration effects, such as groin length and groin spacing. Our aim is to numerically quantify the relationship between the layout parameters of a PPG system and the reduced longshore current reduction rate. The results may be used as a reference database to facilitate and improve PPG design.



In this study, the nearshore flow fields affected by different configurations of permeable pile groin systems under varying hydraulic conditions were simulated. The following section provides a brief overview of the literature on permeable groin layout design. Then, the setup of numerical experiments is given. The governing equations of the numerical tool, the SWASH model, are demonstrated in Section 3. The simulation results are analyzed and compared in Section 4. Finally, in the last section, a discussion is provided and the conclusions are summarized.




2. Methods


2.1. Numerical Experiments


2.1.1. The SWASH Model


SWASH (an acronym for Simulating Waves till Shore) model is an open source free surface wave flow model, considering non-hydrostatic pressure forces [19]. The governing equations are the RANS equations for an incompressible fluid including non-hydrostatic effects. In the vertical direction, the water volume is bound by the bottom   z = − d  (  x , y  )    and the free water surface   z = ζ  (  x , y , t  )   , where t is the time, and x, y and z are the Cartesian coordinates. The local continuity equation and momentum equations are given as


    ∂  u j    ∂  x j    +   ∂ w   ∂ z   = 0  



(1)






    ∂  u i    ∂ t   +   ∂  u i   u j    ∂  x j    +   ∂  u i  w   ∂ z   = −  1 ρ    ∂ (  p h  +  p  nh   )   ∂  x i    +   ∂  τ  ij     ∂  x j    +   ∂  τ  iz     ∂ z   −  1 ρ   F i   



(2)






    ∂ w   ∂ t   +   ∂  u j  w   ∂  x j    +   ∂  w 2    ∂ z   = −  1 ρ    ∂ (  p h  +  p  nh   )   ∂ z   +   ∂  τ  zj     ∂  x j    +   ∂  τ  zz     ∂ z   − g  



(3)




where i and j indicate two horizontal coordinates x/cross-shore and y/alongshore, z is the vertical coordinate,    u i    is the horizontal component of   u →   in each direction,  w  is the vertical velocity, and      p   h    and    p  nh     are hydrostatic and non-hydrostatic pressure components, respectively. The hydrostatic pressure    p h    is explicitly expressed as    p h  = ρ g  (  ζ − z  )   , so    ∂   x i     p h  = ρ g  ∂   x i    ζ   (where    ∂   x i      stands for   ∂ /  ∂   x i     ), and    ∂ z   p h  = − ρ g   (where g is the gravitational acceleration).     τ  ij     indicates turbulent stresses. Equation (1) is the local continuity equation, and Equations (2) and (3) are momentum equations including the effects of mixing, bottom friction, and resistance of cylinders. The last sink term of Equation (2) is the momentum loss due to the presence of PPG cylinders.



Integrating the local continuity equation in the vertical direction, by substituting kinematic boundary conditions at the free surface and impermeable bottom, a global continuity equation is induced:


    ∂ ζ   ∂ t   +  ∂  ∂  x i      ∫   − d     ζ    u i  d z =   ∂ ζ   ∂ t   +   ∂ h  U i    ∂  x i    = 0  



(4)




where h (=    ζ + d  ) is the total water depth.



The bottom friction at the bottom boundary is computed according to the logarithmic law of the wall with a roughness height    k s    [20]. The turbulence stresses are given based on eddy viscosity closure equations. The horizontal viscosity and vertical viscosity are estimated by the Smagorinsky type model [21] and the k- ε  model [20], respectively. The inclusion of vertical mixing spreads the effect of the bottom stress over the water column in the vertical direction.



To account for the momentum lost due to the resistance of pile cylinders, a sink term is added to the right-hand side of Equation (2),


    F i  =  1 2  ρ  C D  N D  u i   |  u →  |    +    ρ   (  1 +  C m   )    N A   d  u i    d t     



(5)




where    C D    is the drag coefficient, N is the number of cylinders per unit bed area (/   m 2  )  , D is the cylinder diameter (m),    C m    is the added-mass coefficient, A (=      π  4   D 2   ) is the cross-section area of a cylinder,    F i    is the drag and inertial forces per cylinder height in the x/cross-shore or y/alongshore direction.




2.1.2. PPG Design Factors


A brief summary of the design of permeable pile groins is provided below, including several design factors such as groin length, the spacing between neighbouring groins, and the layout of the groin system. However, there are no universal design criteria existing which are applicable to the groin design. Therefore, a number of main aspects are considered in this paper.



Groin length can be calculated according to the desired amount of potentially reduced longshore sediment transport, or the required minimum width of dry beach at the groin field. Thus, groin length is controlled by factors including beach materials, beach slopes, wave incident angles, tidal ranges, tidal currents, and longshore drift rates. For instance, on sand beaches, groins can be 100–200 m long depending on which proportion of the sediment transport is intended to be trapped [22]. Specifically, the PPGs were suggested to cross the average width of the surf zone to reach the low tide water line [5]. The best performance of a PPG is achieved when the groin length is in the order of the width of the surf zone [13]. In order to avoid outflanking at the shoreside, it is advisable for a groin to reach sufficiently landward till the high water line [5,13] to the foot of the dune, or an already existing revetment/seawall [23].



The groin spacing is closely related to the groin length because groin length determines the area of groin influence. Groins are spaced at a wider interval alongshore if situated under a more perpendicular wave incident. The ratio of groin spacing to groin length, indicated by theoretical and field experiences, commonly ranges from 1:1 to 1:4 [15,24,25]. The Coastal Engineering Manual suggests that the proper ratio range of groin spacing over groin length of shore normal groins is from 2 to 3 [26]. Learned from previous engineering practice and experiences, the ratio is typically between 2 and 4 on sand beaches in the Netherlands [27], whereas it is between 0.8 and 3 on shingle and mixed beaches in the UK [25]. For the specific form of PPG considered in this study, Raudkivi [10] summarized that the average spacing is 1.5 times the active groin length on the southern Baltic Sea coast, which is effective in preventing large-scale circulations within the groin fields. Poff et al. [5] suggested that groin spacing should be equal to the alongshore influenced length of a groin.




2.1.3. Numerical Experiments Setup


In this study, two available data sets, obtained from physical experiments by Hulsbergen and Ter Horst [28] and Trampenau [13], respectively, are used to validate the SWASH model. Following the validation, 12 cases with varying parameters of wave climate and groin configuration were simulated. The scale was set 1:40 as that in the experiments conducted by Hulsbergen and Ter Horst [28]. The waves are varying from a slight to a moderate wave state. However, the incident wave angle is invariant at 30 degrees. A summary of the wave parameters is provided in Table 1. In addition to varying wave conditions, three groin space distances and four groin lengths were investigated. The range of relative groin spacing (Xg/Lg, where Xg is groin spacing and Lg is groin length, Figure 2) is from 1:1, 1:1.5 to 1:2. The groin lengths are set from 109%, 99%, and 84% to 69% of the breaker zone width (Xb), and the groin height is constant and fully emergent. The flow domain is 26 m long in the y-direction and 11.4 m wide in the x-direction. In the vertical direction, the water depth was divided into 15 layers. In the cross-shore direction, the grid resolution of the computational domain depends on the wavelength (Table 1), and the finer grid resolution requires a longer computational time. The time step ∆t is 0.01 s and the simulation time is 150 T for each test. The obliquely incident regular waves were generated at the offshore open boundary. The lateral boundaries were set repeating to confine to a stretch of coastline. For instance, the computational time associated with the mesh with 78,000 grids is 2 h in 8 processors using a 3.79 GHz desktop to simulate 180 s.






3. Validation of the Numerical Model


In this section, the verification of the numerical model’s ability to simulate flow dynamics within permeable groin fields is based on a comparison with two experimental measurement data sets [13,28]. In Hulsbergen and Ter Horst’s experiment [28], the flow field within permeable double-row pile groin fields was investigated under varying combined wave-current conditions, while in Trampenau’s experiment the focus was on permeable single-row pile groins under wave alone and under current alone conditions separately [13].



It has been confirmed that PPGs have limited effects on wave propagation through numerical simulation [29], experimental measurements [13], and field observations [10]. The diffraction effects of PPGs on waves are negligible. Also, due to a small crossing angle between the longitudinal line of the PPG and the direction of wave propagation, wave attenuation is only confined to a limited wave shadow area. Therefore, wave variations within the PPG field are ignored and not further discussed in the following. Here, we only present the comparison between the calculated and the measured longshore current velocities averaged along the groin fields.



3.1. Hulsbergen and Ter Horst (1973) Experiments


Hulsbergen and Ter Horst [28] did a series of experiments to investigate the optimal layout of a permeable pile groin system under combined wave-current conditions (Figure 3(a2). The scale is 1:40. The waves (H = 0.03 m, T = 1.04 s) obliquely incident at    θ     = 15° to shore-normal direction were superimposed on alongshore steady currents   (  θ     = 90°). The steady current velocity at 0.3 m water depth is about 0.2 m/s (Figure 4c). The PPG consists of two rows of pile cylinders. The pile cylinder diameter is 0.006 m, and the row-apart distance is 0.0875 m. The permeability is 50%. Here, the permeability is defined as the percentage of the void area over the total area of the groin’s cross-section (Figure 2). One layout of the groin system, consisting of five 3.5 m long groins at a 10 m spacing, was selected to be reproduced. For detailed calibration and validation information reference is made to [29]. It needs to be emphasized that the alongshore steady current was driven by setting an ad hoc pressure term at the lateral boundaries in SWASH, following the same way as [30] did. In such a way, a significantly larger domain or longer computation time allows for spin-up to be avoided. The phase-dependent wave effects are intrinsically accounted for in the SWASH model, such as nonlinear wave interactions and the generation of wave-induced currents [19] and wave refraction induced by prescribed currents. However, no effects of waves on ambient currents are accounted for.



It is confirmed in Figure 4 that there are nearly no wave effects on the ambient currents, but the ambient current existence causes current-induced wave refraction, so that the wave-induced longshore current velocity increases within the wave breaker zone (Figure 4c), and the near-orthogonal following current induce a bit decrease in wave height propagating to the shore. Because the physics of wave effects on the ambient currents is still missing in SWASH, it is inappropriate to further discuss the interactions between waves and ambient currents. Therefore, we only present the PPG effects on combined wave-induced currents and ambient currents under this specific validation case. Within the wave breaker zone, wave-induced longshore currents are dominated. Besides the H1973 simulation, other simulation tests in this study only focused on the wave-only condition and wave-induced longshore currents.



Generally, a good agreement between simulated and measured longshore current velocities within a PPG field is shown in Figure 5, which was adapted from Figure 11 by Zhang and Stive [29]. The longshore current velocities reduced by PPGs are well simulated by the numerical model. The longshore current velocities are effectively reduced within the breaker zone, for PPGs are mostly emergent, while the reduction is very limited at the seaward end of the PPG (at 5 m offshore) due to the submergence of the PPG and strong mixing. However, due to the missing wave-current physics of the phase-resolved SWASH model, we did not further discuss wave-current interaction.




3.2. Trampenau (2004) Experiments


Trampenau et al. [13] performed systematic physical experiments in the Leichtweiss Institute (LWI) wave basin (26 m long and 19 m wide), focusing on the correlation between the groin configuration parameters and the current velocity and water level variations. The scale is 1:20. The beach slope near the shoreline is 1/20, connecting a nearly horizontal submarine terrace with a slope of about 1:200, then a 1:55 gentle slope extending to a flat bottom (Figure 3b). One of the obliquely incident regular wave conditions H = 0.05 m, T = 1.23 s, and    θ     = 30° was selected to validate the numerical model. The selected permeability of the single pile row groin is 50%. The diameter of cylinder dowels that were used in the experiment is 0.01 m and the groin length (Lg) is equal to the width of the breaker zone (xb).



In this simulation, the computational domain was divided into 10 layers in the vertical direction, and discretized by 400 grids in the x direction (Δx = 0.0375 m) and 260 grids in the y direction (Δy = 0.1 m). The flow domain was 15 m wide and 26 m long. The bottom roughness coefficient was set as 0.0008 m following the validation setting of Hulsbergen and Ter Horst’s [28] experiment. In Figure 6, the comparison of measured and calculated longshore current velocities on the bare bottom without groin effects is shown. The calculated longshore current velocities agree well with the measured values, showing the maximal current velocities V = 0.23 m/s appearing at about 2 m seaward of the shoreline. When the groin intervention was considered, the drag coefficient CD was set to 1.1 following the calibration by Zhang and Stive [29]. The reason for omitting the calibration of CD was the lack of available measurement data. The deduction in measured longshore current velocities from available dimensionless, relative longshore current velocities would introduce uncertainties. Therefore, the simulations will have higher confidence in qualitative analysis. When the permeability is 50%, the cylinder density is N = 5000 stems/m2. The simulated relative longshore current velocities are similar to the measured values within the breaker zone (Figure 7a). The relative longshore current velocities are the percentage of velocities at 0.5 m downdrift of the first upstream groin over the uninterrupted values updrift the groins. The derived longshore current velocities are given as a reference in Figure 7b). The values are obtained from the product of the dimensionless relative velocity values and the calculated unimpeded longshore current velocities updrift the groins. Compared to longshore current velocities without groin interferences depicted in Figure 6, it is shown in Figure 7 that the maximal longshore current velocity within the groin field was effectively reduced, while the second peak of the maximal velocity is still significant. That is partly due to wave breaking being intense near the shoreline and the outflanking induced by the shoreward groin roots. Shoreward from the PPG head to the shoreline, the relative longshore current velocities are successfully reproduced, except for an overestimation near the seaward groin head (Figure 7a). Such a large overestimation is due to a further deflection of the stronger longshore currents near the groin head, as observed in Figure 7b). The stronger deflection of the longshore current is partly due to the imperfect implementation of a PPG in the SWASH model. There are no real cylinders blocking some part of the water volume and allowing water to pass through their openings. Instead, the drag forces exerted by a PPG on the water volume are calculated. Although the representation of a PPG in SWASH is simplified, it reproduces the principal effects of PPGs on longshore currents. The bulk reduction in longshore current velocities within a groin field by PPGs was appropriately simulated.



It was observed that in laboratory experiments the lower permeability of PPG induced a higher velocity reduction within a groin field. The experimental data show that the reduction ratio at 0.5 m downdrift of the first groin is 62% of undisturbed longshore current velocity when the permeability is 30% compared to a 27% reduction when the permeability is 50%. Suzuki et al. [31] found that when the permeability of a rigid vegetation patch is low, the porosity effect was validated as very important to wave propagation over the patch. The rigid vegetation is represented in the same way as a PPG in the SWASH model, namely by rigid cylinders. Similarly, the porosity effects of low permeability (P = 30%) of a PPG on longshore currents in the SWASH model were tested. Figure 8b demonstrates that when the porosity effect was considered, the SWASH model calculated a more accurate longshore current velocity downdrift of the groin than without the porosity effect. However, when the inertial coefficient Cm = 1 is applied, no notable changes are found (Figure 8). In general, the longshore current profiles downdrift of the groin, calculated by the SWASH model, agree with the experimental results. However, the longshore current reduction ratio downdrift of the groin is underestimated. This could be partly due to the fact that the PPG cylinders are not resolved; instead, the PPG cylinder-induced forces (e.g., drag force, inertial force) are resolved within a computational grid cell. In this case, the grid resolution is 0.04 m of PPG implementation, which is four times the true pile cylinder diameter of 0.01 m. For the model, the groin consists of a one-pile cylinder row, where the groin width is equal to the cylinder diameter. Therefore, the total PPG forces averaged over a coarser grid cell actually lead to a weaker force per unit area. On the other hand, the porosity (n = 1 − N × π × D2/4, where N is the density of cylinders) has to be changed with the varying density, to keep the frontal area of a groin constant, namely N × Widthgroin = N′ × Widthgrid. In addition, more significant deviations in longshore current velocities are observed both near the groin shoreward root and the groin seaward head. This illustrates that the measured sharper velocity gradients of longshore currents at these locations are underestimated., which implies that the local momentum mixing there needs a more sophisticated viscosity model.





4. Comparison of Different Groin Layouts


In this section, the simulation results of different groin layouts consisting of fice groins under varying wave conditions are compared. The beach profile and the two-pile-row configuration of the PPG from Hulsbergen and Ter Horst’s experiment [28] were adopted because the width of the two-pile-row groin is similar to the computationally efficient grid resolution as was the case for the one-pile-row groin. Consequently, when keeping the vertical frontal area of a groin constant, the porosity and unit groin reduced forces are closer to that of a real groin.



In Figure 9, it is shown that PPG effectively reduces longshore current velocities V within the breaker zone by about 50%. Although the reductions in V gradually increase the downdrift of the groin system., the longshore current velocity fields are quite similar within the second to fourth groin bays, except a smaller reduction appears in the first groin bay. Therefore, the longshore current velocities averaged along the whole groin system field <v> are representative values to be discussed in the following sections. The longshore currents started to reduce when approaching very close to the first groin (e.g., 0.5 m updrift), whereas much further downdrift the last groin, the longshore current gradually recovered to undisturbed magnitudes (e.g., 6.5 m downdrift).



4.1. Groin Spacing Effects


To investigate the groin spacing effect on the longshore current reduction rate, three spatial ratios of groin spacing over groin length (i.e., 1:1, 1:1.5, and 1:2) were set up. The groin lengths are 2.2 m under slight waves and 3.5 m under moderate waves, which are both weakly larger than the breaker zone widths. The permeability of the PPG is 50%. Under a slight wave state (H = 0.03 m), as shown in Figure 10, the longshore current reduction in a maximal longshore current is 65% when the spatial ratio is 1:1. Along with the groin spacing increasing to 1.5 times and 2 times the groin length, the longshore current reduction capacity of PPGs decreases to 57% and 51%, respectively. Under a moderate wave climate (H = 0.05 m), the results are similar (Figure 11). The longshore current reduction ratios are 65%, 57%, and 41%, when the spatial ratio is 1:1, 1:1.5, and 1:2, respectively.




4.2. Groin Length Effects


In addition to the groin’s spatial ratio factor, groin length is a crucial configuration parameter. To quantify the difference in a groin’s longshore current reduction capacity with varying groin lengths, four different groin lengths were simulated. The wave condition was light (H = 0.3 m, T = 1 s). The width of the breaker zone is 2.02 m. The groin lengths are 2.2, 2.02, 1.7 and 1.4 m, respectively, and the ratios of groin length to the width of the breaker zone are 109%, 99%, 84%, and 69%, respectively. In Figure 12, the results show that when the groin length is slightly longer (Lg/Xb = 109%) or nearly the same (Lg/Xb = 99%), the longshore current velocities are efficiently reduced. When the groin length is 16% shorter than the width of the wave breaker zone, the maximal/um longshore current at the middle of the breaker zone is likewise quite obstructed, but the longshore currents are hardly reduced by the seaward heads of a groin and significantly enhanced at the seaward breaker line (i.e., from 2 m seaward to 4 m seaward, Figure 12, left lower panel). For the shortest groin length (Lg = 1.4 m, Lg/Xb = 69%), the reduction ratio of maximal longshore current velocity increases from about 35% to 40%. From the groin head to the wave breaker line, the interrupted longshore current increases. When the offshore distance reaches 19% of the groin length or 82% of the breaker zone width, the interfered longshore current is the strongest. These quantities verify the design rule that the groin length should cross most parts of the wave breaker zone to guarantee an efficient longshore current reduction. From the simulations, we suggest the groin length should not be 85% shorter than the wave breaker zone width.




4.3. Wave Period Effects


In Figure 13, the simulated longshore currents over the non-groin-engineered bottom and over the groin-engineered bottom under regular wave conditions with different wave periods are shown. The wave periods vary in the range of 1.0 s and 2.5 s. The wave height was set constant at 0.03 m. The groin spacing equals the groin length, which is set as 2.2 m. The wave direction is 30°. Without groin intervention, the longshore currents are uniform. In cross-direction, the longshore currents spread mostly within the breaker zone. For a given wave height, when the wave period is longer, the wave breaker locations shift further seaward from 2.02 m when T = 1 s to 2.86 m when T = 2.5 s (Table 1). Consequently, the longshore currents spread further seaward till 4 m offshore (Figure 13). The maximal longshore current velocity increases slightly when a wave period increases. However, when the waves are longer, the waves refracted faster to shore-normal direction than shorter waves, according to Snell’s law. The surf zone average longshore current velocity is positively correlated to the sinusoidal of twice the breaker angle. The smaller wave breaker angle induced by longer waves leads to a reduction in the maximal longshore current velocity, which compensates for the enhancement effect of the longer wave period.



When groin effects on longshore currents are involved in the calculations, the longshore currents are efficiently reduced within the groin fields. When the groin length is no longer than the breaker zone width (Figure 12b–d), the second seaward longshore current peak magnitude could be similar to the first peak value, or even larger than the first peak. It is noted that when the groin length is less than 70% of the wave breaker zone width (Figure 12d), the second peak becomes the largest and should be better avoided. For all wave conditions, the longshore current increases by the groin seaward head. However, there appears a second peak of longshore current velocity seaward of the groin’s head when the wave period is longer than 1.5 s. When the wave period is as long as 2.5 s, the seaward longshore current peak is even larger than that within the breaker zone (Figure 13). The strong second longshore current peak could be explained by the further initial wave-breaking locations of longer waves. As shown in Figure 14, the increased longshore currents by the groin heads are directed seaward. When the waves are shorter, the increased currents are directed in a shoreline-oblique direction. Further downdrift the groin, the enhancement of longshore currents by the groin heads becomes less distinct. Therefore, when averaging longshore current velocities over a groin field in the alongshore direction, the increase in longshore current velocities is smeared, whereas when waves are longer, the longshore currents by the groin heads are redirected into a shoreline-parallel direction and even form a uniform second peak longshore current band (Figure 14).





5. Discussion and Conclusions


The aim of this study was to apply an advanced numerical model to assist with designing the layout of a permeable pile groin system. The phase-resolving, non-hydrostatic SWASH model was used to solve the wave-induced longshore current pattern within the permeable groin field. The implementation of PPGs in the SWASH model and the robust capability of simulating wave–current–groin interactions have been validated by Zhang and Stive [29]. A numerical reproduction of relative longshore current velocities measured in the Trampenau et al. [13] experiment was included in this paper. A good match was found between the numerical calculations and the physical observations on a small laboratory scale. The validated model was further used to investigate the effects of varying PPG configurations on longshore currents under different wave conditions.



In this study, the different layouts of permeable groins are compared based on their capability of reducing longshore currents. Two key design variables of the layout of a PPG system, the aspect ratio of groin spacing over groin length and the relative groin length to wave breaker zone width, are compared under different wave conditions (e.g., different wave heights, wave periods).



Under a slight wave condition, the longshore current reduction rate decreases with an increase in the distance between the groins. The reduction rate decreases by 8% when the groin spacing is 1.5 times the groin length compared to the distance equal to the groin length. With groin space increasing to 2 times the groin length, the reduction rate decreases by 6% from 57% to 51%. In the case of a moderate wave climate, the reduction rate is nearly the same as under the slight wave condition when the groin spacing and length ratio is 1:1 and 1.5:1. The reduction rate decreases significantly by 16% from 57% to 41% when the groin spacing is as large as two times the groin length. The results suggest that if the groin space-length ratio is not larger than 2:1, the permeable pile groin functions similarly under light and moderate wave conditions. If the groin spacing is as large as 2 times the groin length, the permeable pile groin system performs worse under a moderate wave climate than under a light wave climate from the aspect of longshore current reduction rate. Therefore, the 1:1.5 spatial ratio is optimal from an economic design perspective; meanwhile, the longshore current reduction capacity of the PPG system is not heavily sacrificed.



For the varying groin length simulations, it is shown that when a groin length is about 70% of the wave breaker width, the maximal longshore current velocity within the breaker zone could not be efficiently hindered. In case of increasing wave periods with a constant wave height, the wavelength increases leading to a wider wave breaker zone and a consequent smaller groin length-breaker zone width ratio. Within the breaker zone, the longshore current reduction decreases weakly with the decreasing relative groin length to the breaker zone width. However, outside the breaker zone, the longshore current increases significantly, and even the reduced longshore current velocity peak moves from inside the breaker zone to the wave breaker location. Moreover, the expanding seaward distance of enhanced longshore current velocity is much further when the wave period is longer. In a plan view, the enhanced longshore current area by the groin heads is a band-like shape when the wave period is the largest 2.5 s among the four simulation cases (T = 1 s, 1.5 s, 2 s, and 2.5 s). Thus, it is suggested that the relative groin length to wave breaker width is larger than 85% and not less than 70% at the shortest.



The validated SWASH model offers a practical opportunity to compare the different layouts of pile groin systems. However, the simulations are carried out under well-controlled conditions. Therefore, the model results are able to provide a quick prediction of groin performance in a preliminary design phase. Furthermore, the validated numerical model could be used to investigate different alternatives of pile groins under more complex environmental conditions. The results obtained from the schematized numerical experiments may expand the database for permeable pile groin systems, which are then a valuable tool to assist the design and evaluation process in coastal engineering planning and management.
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Figure 1. Permeable pile groin at the Domburg coast, The Netherlands, (left: a PPG; right: a PPG system). 
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Figure 2. Schematized layout of a PPG system. 
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Figure 3. The cross-shore profiles of the physical experiments. (a1): Hulsbergen and Ter Horst’s (1973) experiment; (b1): Trampenau’s (2004) experiment. The blue lines denote the cross-section of permeable pile groins. The lower panels show the layouts of the two PPG systems, respectively. 
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Figure 4. Comparison of simulation results without groin interventions: (a)    η ¯   ; (b)    H ¯   ; (c)    V ¯    under wave only (WO), current only (CO), and combined wave-current conditions (WO). The ‘W + O’ means linear superimposition of wave-induced current and ambient current velocity in the lowest panel (c), and the dashed line denotes the bottom profile of the H1973 experiment. 
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Figure 5. The comparison of longshore-averaged mean longshore currents <     V ¯   s   > without groins (up panel) and with groin interventions (middle panel). Red stars represent measurement data, and blue lines denote calculation results. This figure is adapted from Figure 5 and Figure 11 from Zhang and Stive [29]. 
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Figure 6. The comparison of longshore current velocities without groin intervention (the up panel), and the bottom topography (the bottom panel). 
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Figure 7. The relative longshore current velocity at 0.5 m downdrift of the groin over that at 2 m updrift the first groin (a), and the calculated (blue line) and derived measured (red circles) longshore current velocities at 0.5 m downdrift of the groin (b). The groins have a permeability of 50% and a length of 3.5 m. The orange lines represent the location of groin seaward heads and the green shadow denotes the wave breaker zone width. 
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Figure 8. The relative ratio of longshore current velocity at 0.5 m downdrift of the groin over the undisturbed velocity updrift the first groin (a), and the calculated (blue lines) and derived measured (red circles) longshore current velocities at 0.5 m downdrift of the groin (b). The groins have a permeability of 30% and a length of 3.5 m. The orange lines denote the groin length in the cross-shore direction and the green shadow denotes the wave breaker zone width. 
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Figure 9. The comparison of longshore current velocities V (m/s) with and without groin intervention under waves (H = 0.03 m, T = 1.5 s). The groin spacing distance equals the groin length, which are both 2.2 m. The groin permeability is 50%. The bottom panel shows the variations of longshore current profiles at 17 different locations adjacent to PPGs. 
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Figure 10. The comparison of longshore current velocities averaged along groin fields <v> with and without groin intervention under waves (H = 0.03 m). The groin spacing distance varies from 1, 1.5, and 2 times the groin length. The groin permeability is 50%. The orange lines represent the location of groin seaward heads and the green shadow denotes the wave breaker zone width. 
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Figure 11. The comparison of longshore current velocities averaged along groin fields <v> with and without groin intervention under waves (H = 0.05 m). The groin spacing distance varies from 1, 1.5, and 2 times the groin length. The groin permeability is 50%. The orange lines represent the location of groin seaward heads and the green shadow denotes the wave breaker zone width. 
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Figure 12. (a–d) The comparison of longshore current velocities averaged along groin fields <v> with and without groin intervention under waves (H = 0.03 m, T = 1 s, Xb = 2.02 m). The groin length varies from 1.09, 0.99, and 0.84 to 0.69 times the wave breaker zone. The orange lines denote the groin length in the cross-shore direction. The groin permeability is 50%. 
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Figure 13. The comparison of longshore current velocities averaged with groin fields <v> with and without groin intervention under waves with different periods: (a) T = 1.0 s; (b) T = 1.5 s; (c) T = 2 s; (d) T = 2.5 s. The solid lines denote the situation without groins, and the dashed lines show that with groins. The orange lines represent the location of groin seaward heads and the green shadow denotes the wave breaker zone width. 
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Figure 14. The comparison of longshore current velocities V with groin intervention under waves with different wave periods (i.e., T = 1.0 s, 1.5 s, 2 s, 2.5 s). The groin length remains constant (Lg = 2.2 m). The dashed lines show the locations of groins. The red lines represent the location of the shoreline and the red dashed lines illustrate the wave breaker lines. 
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Table 1. The wave and PPG parameters.
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Wave Parameters

	
Grid Resolution

	
Grid No.




	
H (m)

	
T (s)

	
Θ (°)

	
Sea State a

	
Hb (m) b

	
Xb (m) c

	
∆x (m)

	
∆y (m)

	
n




	
0.03

	
1

	
30

	
slight

	
0.0319

	
2.02

	
0.033

	
0.1

	
107,640




	
1.5

	
30

	
slight

	
0.0413

	
2.32

	
0.057

	
0.1

	
62,920




	
2

	
30

	
slight

	
0.0440

	
2.80

	
0.080

	
0.1

	
45,240




	
2.5

	
30

	
slight

	
0.0454

	
2.86

	
0.099

	
0.1

	
36,400




	
0.05

	
1.27

	
30

	
moderate

	
0.0620

	
3.50

	
0.038

	
0.1

	
78,000




	
PPG parameters




	
Lg (m) d

	
Xb (m)

	
Lg/Xb

	
Yg (m) e

	
Yg/Lg

	
P (%) f




	
1.4

	
2.02

	
0.69:1

	
2.2

	
1.57:1

	
50




	
1.7

	
2.02

	
0.84:1

	
2.2

	
1.29:1

	
50




	
2.0

	
2.02

	
0.99:1

	
2.2

	
1.09:1

	
50




	
2.2

	
2.02

	
1.09:1

	
2.2/3.3/4.4

	
1:1/1:1.5/1:2

	
50




	
3.5

	
3.5

	
1:1

	
3.5/5.3/7

	
1:1/1:1.5/1:2

	
50








a The sea state was classified using the Douglas Sea Scale, on the following prototype: when 0.5 m < H < 1.25 m, the sea state is slight; when 1.25 m < H < 2.5 m, the sea state is moderate. b Hb is the wave breaker height obtained from simulation results. c Xb is the width of the breaker zone obtained from simulation results, which is defined as the distance from shoreline to breaker line in cross-shore direction. d Lg is the groin length. e Yg is the groin spacing between neighbouring groins along the shore direction. f P is the groin permeability, which is defined as the ratio of a void area over the cross-sectional area between two groin pile axes.
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