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SUMMARY 

The effect of beach configurations with the main focus on the detached submerged breakwater on 
shoreline currents is investigated numerically. The Boussinesq equations are used to model the 
beach with a constant slope, continuous submerged breakwater, and discontinuous/detached 
submerged breakwater. Our numerical simulation results show that the transient rip currents are 
generated near the shoreline at the beach with constant slope while the continuous submerged 
breakwater structure creates a calm beach area along the shoreline. The presence of the gap in 
submerged breakwater changes the currents along the shoreline by generating rip currents with 
two pairs of vortices. One pair of vorticities, located around the gap, damage the breakwater by 
transmitting sediments along the breakwater foundation and eroding its surface. The second pair, 
created near the shoreline, erodes the shoreline due to sediment transportation and leads to a 
dangerous and unsafe situation for swimmers. The rip current creates five main critical areas with 
the maximum velocity towards the shoreline and offshore. The first set of three areas (numbered 1, 
2, 3) has an approximately average velocity of 1-1.25 m/s towards the shoreline. One of these areas 
(numbered 2) is located close to the shoreline and the other two (numbered 1 and 3) are found to 
occur near the edge of the detached part of the breakwater. The second set of the two areas 
(numbered by 4 and 5) has the average velocity that is higher than 2.1 m/s towards the offshore 
and is located at the beginning part of the rip neck. An approximately linear relationship between 
the returning velocity and the gap length is observed. As the gap length decreases the location of the 
areas (numbered 4 and 5) gets closer to the center of the gap. Our simulations indicate that the 
return velocity towards the offshore increases at the gap center while the gap length decreases. 
Furthermore, the velocity profiles have a sharp jump for gap length that is approximately smaller 
than 80 m. Also, the return velocity at the gap center is related to the height of the breakwater. The 
breakwater that is higher (the breakwater height d = 4.2 m) damps wave energy more than shorter 
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breakwater and the return velocity decreases for this structure. For smaller heights (d = 3.7 and 
3.2) damping is nearly the same and the returning flow varies depending on the available space 
through the gap. Specifically, the return velocity for d = 3.7 is higher than that for d = 3.2. The 
numerical results presented herein suggest that aggressive rip currents are generated in the case of 
detached submerged breakwater beach configurations. 

KEY WORDS: detached submerged breakwater; rip current; Boussinesq equations; surf zone; 
numerical modelling. 

1. INTRODUCTION Several significant attempts have been made to model the effects of waves on surf zone, shoreline, sediment transport and shoreline protections [1-7]. Waves and currents change the shoreline characteristics by transporting sediments offshore and consequently, the transported sediments build sand bars along the shore. Due to the movement of water towards the offshore, gaps are created many times along the sand bars (Figure 1). The water evacuation towards the offshore from channels creates a very strong current called a rip current. Most of the beach structures, including discontinuous submerged breakwaters, can have similar effects on the shoreline currents. Due to the low visual impact on the environment, the submerged structures have been used as a defensive system to protect the shoreline from erosion. A detachment (discontinuous shape) along the submerged structures can induce stronger rip currents as well. It is known that the rip current changes the shoreline bathymetry by transferring the sediment offshore which additionally causes death to beachgoers. These are some of the motivating factors that demand studies about various consequences of rip currents created around discontinuous structures or san barriers. Rip current is a narrow current that moves in the offshore direction. The evacuation of rip current begins from the interior of the surf zone and continues towards the exterior of the breaker zone line. Generally speaking, water carried towards the beach by waves is returned to the offshore by rip currents. Parallel and perpendicular currents are generated into the beach after breaking waves. The parallel current into the shoreline is known as the feeder current or longshore current. When two longshore currents are encountered from the opposite directions they return to offshore due to pressure gradient in the form of a narrow and strong current called a rip neck. The returning current starts to lose its energy by approaching the deep water (rip head). In general, terms, rip current consists of three parts: Feeder current, Rip neck, and Rip head (Figure 1). One of the first field measurements of rip current was carried out by Shepard and Inman 8 . The cited study has shown the importance of the wave refraction due to the variations in the bathymetry and the rip current velocity was determined to be about 0.5-1 m/s. The rip currents have a key role in sediment transportation because of their high velocity. Short [9] and Cooke [10] investigated the effects of rip currents on shoreline shape and their importance for the sediment transport towards the offshore. For a three-year period, field observations were done over Southern Monterey Bay and California and the relation between alongshore rip channel migration and sediment transport was found [11]. Criado et al. [12] investigated rip current behavior under the waves, tidal level, and morphodynamic conditions. They noticed that a large wave creates the most intense rip currents. It is a known fact that conducting field research and direct measurements are 
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finally, in section 5., the main findings and observations of the present study are summarized along with conclusions. 
2. GOVERNING EQUATIONS The present numerical study is based on the two-dimensional enhanced Boussinesq equations for the surface elevation and the velocity components. In this set up the time-dependent governing equations in the xy - plane for the free surface elevation , and the depth-integrated velocity components P, and Q in the Cartesian coordinate frame are as follows [25]. The continuity equation is written in the form: 
 0 (1) and the momentum equation in the x and y-directions are: 
  0 (2) 

 0 (3) Here d = h +  is the total water depth and h is still water depth, g is the gravitational acceleration and ρ is the density. The terms denoted by ,  and  account for additional convective momentum terms originating from the inclusion of the wave breaking [25]. The explicit forms of these quantities are given by: 
  (4) 

 ∗  (5) 

  (6) where , ,  denotes the thickness of surface roller and  and  are the roller celerity components expressed in the form [25]: 
 

ƒ
 (7) 

 
ƒ

 (8) 

The factor ƒ  appearing in (7) and (8) is the roller celerity factor determined by linear shallow-water theory. Inside the surf zone, the value ƒ  = 1.3 provides an appropriate approximation while ƒ  = 1 is an appropriate value outside of the surf zone [25, 26]. The additional terms in the momentum equations (2) and (3) are as described in Sorensen et al., [25]. The terms τx and 
τy are the bottom shear stress components written in the form: 
  (9) 

  (10) with  the friction factor. The stress terms , ,  and  (in the eddy viscosity formulation) are given by: 
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 2  (11) 

 2  (12) 

  (13)  where  is eddy viscosity, while the dispersive Boussinesq terms  and  are taken to be: 
 2  (14) 

 2  (15) In the above, B = 1/15 is the Boussinesq dispersion factor and w is an auxiliary variable defined by: 
  (16) The governing equations are solved numerically by using MIKE 21BW, a software-based on the finite difference method to solve Boussinesq equations [18,27]. This numerical modelling tool has been successfully used for studies and analysis of wave disturbance in ports and coastal areas. In the following section, we provide the details of our numerical model and the implementation scheme for the understanding of currents in the vicinity of submerged detached breakwaters.            

Fig. 2  Staggered grid notation in x-y space 

3. NUMERICAL SCHEME AND MODEL IMPLEMENTATION The finite difference method is used to solve the governing equations stated in the previous section. The time integration to the equations is applied by using a time-central implicit scheme. A space-staggered rectangular grid is performed for spatial discretization as illustrated in Figure 2 where the water surface elevation and (P, Q) components are defined in grid nodes between the adjacent grid nodes in the x and y-directions, respectively. The meshes are numbered as j = 1, 2, …, m in the x-direction and i = 1, 2, …, n in the y-direction and the mesh size is taken to be ∆  in -direction and ∆  in the y-direction, respectively. In order to solve the numerical model, a straightforward mid-centering for the finite-difference approximation of 



M. Barzegar, M.J. Ketabdari, K. Kayhan, D. Palaniappan: Boussinesq Modelling of Waves and Currents in the Presence of 
Submerged Detached/Discontinuous Breakwaters 

50 ENGINEERING MODELLING 33 (2020) 3-4, 45-61 

the spatial derivatives is used, except for the nonlinear convective terms, as described in detail by Madsen and Sorensen [28] (see section 4 of the cited paper).                      
Fig. 3  The topography of the (a) beach with a constant slope, (b) beach with a continuous submerged 

breakwater and (c) a detached submerged breakwater with gap length of Lg = 220 m In the present study, the effects of discontinuous submerged breakwaters into surf zone currents are investigated by considering three different beach configurations. The schematic topography of the three cases is portrayed in Figure 3 and is described as the beach with constant slope (Figure 3a), beach with longshore continuous (Figure 3b), and discontinuous submerged breakwaters (Figure 3c), respectively. In all the considered models of the study, the area under research was 1200*1200 m2 and the beach slope of the three models was 3.3. In the numerical experiment, a regular wave with a wave height of H = 2.8 m and a wave period of T = 7.9 s is used. The wave generation line [29,30] was located in front of the sponge layer [31] offshore as illustrated in Figure 4. The other sponge layer located at the land and the reflective boundary [32,33] was considered along the perpendicular sides of the shoreline. The grid sizes were taken to be Δx = Δy = 2 m, the time steps was Δt = 0.12 s and the simulation period was 1200 s. A constant friction factor of  = 0.03 was used in the bed friction term. The Courant number, CR, was used for the numerical model according to the stability criteria CR < 1 [34]. Specifically, the Courant 
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number CR ≈ 0.85 is used in the current simulation. The other numerical values utilized in the simulation for the three types of beach models are provided in the following subsections. 
3.1 BEACH WITH CONSTANT SLOPE In the first type of the model, the beach with constant slope is modelled to investigate the effects of the submerged breakwater on the surf zone currents. Here the x-axis is taken to be perpendicular to the shoreline and the points with coordinates x = 880 m and 280 m are denoted as shoreline and deep water, respectively.           

Fig. 4  A schematic of beach surface. The red dashed line shows the surface of the beach with a constant 
slope and the black line shows the beach with a submerged breakwater. 

3.2 BEACH WITH CONTINUOUS SUBMERGED BREAKWATER For this second beach configuration, the continuous submerged breakwater with a height of 
d = 4.2 m and a crest width of w = 18 m is considered. The center of breakwater crest is located at L = 170 m from the shoreline at the distance of x = 709 m (Figure 4). The distance of still water level to breakwater crest is ∆z = 1.5 m. The slope of the oncoming wave side of the breakwater is 0.18 and the shore side is 0.1. 
3.3 BEACH WITH A DETACHED SUBMERGED BREAKWATER In the third category, the rip current created around the discontinuous/detached submerged breakwater with a gap at the center of the breakwater is modelled (Figure 5). The shape of the breakwater is the same as given in sub-section 4.2. The length of the gap, LG, is varied from 40 to 350 m, presented in Table 1 for a total of eleven test cases. The effects of the breakwater height on the rip current are also investigated and the height of the breakwater between the crest surface and the water surface level is varied from ∆z = 1.5, 2, and 2.5 m as given in Table 2 which equals d = 4.2, 3.7 and 3.2 m, respectively. 
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Fig. 5  Contour plot of bathymetry for the detached submerged breakwater with gap length of Lg =220 m. 

The sponge layers are located on shoreline and offshore. The regular wave is generated in front of the 
sponge layer. The perpendicular sides to shoreline have a reflective boundary. 

Table 1  Length of gap width in performed tests for the detached submerged breakwater 

 

Table 2  Performed tests on the detached submerged breakwater with gap width 60 meters;  is 
denoted distance between water surface (in rest surface) and breakwater crest surface. 

321Test No. 
2.521.5z (m) ∆          

Fig. 6  The variability of wave height at the centerline of the model, y = 600 m. The black line shows the 
wave height for the beach with constant slope or without submerged breakwater and blue line presents the 

data for the beach with an alongshore continuous submerged breakwater. 

Test No. 1 2 3 4 5 6 7 8 9 10 11 

Gap Length, LG (m) 40 50 60 70 80 100 140 180 220 260 350 
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4. SIMULATION RESULTS We now proceed to the numerical simulation results for the three models discussed in the preceding section. First, the wave breaking occurs in the cases of the beaches with a constant slope and continuous submerged breakwater. Specifically, for a beach with a constant slope, the wave height increases by running up to them and breaks approximately at the distance of 
x = 780 m which is 100 m from the shoreline at a distance of x = 880 m as seen in Figure 6. However, the submerged breakwater causes the wave breaking towards offshore at x = 710 m (that is 170 m from the shoreline) where the center of the submerged breakwater is located (Figure 6). Additionally, breaking the wave over the submerged breakwater decreases the wave energy and creates a calm and uniform current behind the breakwater as portrayed in Figure 7a. On the other hand, the beach with constant slope creates unsteady eddies, roughly speaking transient rip currents, in close proximity to the shoreline as shown in Figures 7b and 7c. 

Fig. 7  Instantaneous snapshot of velocity for the (a) beach with a continuous submerged breakwater, (b) 
the constant slope at time t = 600 s and (c) constant slope at time t = 840 s. The velocity toward offshore is 

considered as negative velocity. Vast changes have been observed in our simulation for the case of detached/discontinuous submerged breakwater. The presence of the gap in the submerged breakwater allows the returning water to exit through the gap and then to move towards the offshore creating a rip current (see Figure 8). The occurrence of the rip current for the detached submerged breakwater with a gap length of Lg = 220 m is displayed in Figure 9. The rip current creates five critical areas with high velocities indicated by numbers 1 to 5 in Figure 9a. In the areas designated by 1, 2, and 3 (displayed in amber color) the average flow velocity is between 1-
1.25 m/s moving towards the shoreline. However, in the other two areas, numbered by 4 and 5, the average velocity is higher than 2.1 m/s in the direction of the offshore. The location of areas 1 and 2, with coordinates (480 m, 700 m) and (720 m, 700 m), respectively, are found to be very close to the edge of the detachments on either side. These two significant areas can damage the breakwater by transporting the sediments along its foundation and eroding the lateral surfaces of the breakwater. As shown in Figure 9b, the oncoming wave symmetrically splits and bends towards the gap center between the breakwater creating longshore currents, also known as feeder currents. The feeder currents created on either side of the gap merge resulting in a strong jet flow towards the offshore, termed as a rip neck. This rapid rip neck flows further and decelerates as an expanding rip head towards the offshore, as displayed in Figure 9b. The circular pattern of the feeder current, the rip neck, and the rip head altogether generate two pairs of vorticities, as shown in Figure 10. The pair with positive vorticity (counter-clockwise orientation) covers the region between surf zone and the offshore, 
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whereas the other pair with clockwise vorticity span the region between the surf zone and the shoreline. The existence of these vortex pairs in the vicinity of the shoreline along with the rip neck makes rip current increase the sediment transportation along the shoreline. Further, this phenomenon creates a dangerous environment for the swimmer due to high return velocities.                  
Fig. 8  Snapshots of the computed surface elevation for (a) the beach with a constant slope, (b) beach with 
continuous submerged breakwater and (c) detached submerged breakwater with gap length of Lg = 220 m. 

The surface roller is shown in the white color. 

Fig. 9  Snapshot of velocity for (a) detached submerged breakwater with a gap length of Lg = 220 m. There 
are five areas with high velocities which present by amber color, velocity is toward the shoreline, and violet 

color, velocity is toward offshore; to better observation, (b) the subdomain of the total computed area is 
depicted. The velocity toward offshore is considered as negative velocity. 

(a)

(b)

(c)
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Fig. 10  Vector plot of the velocity field. The gap length was Lg = 220 m. The red arrows depict the created 

vorticities. The velocity toward offshore is considered as negative velocity. It is observed that the maximum return velocity occurs near the converging point of the feeder currents (the regions indicated by 4 and 5 in Figure 9a) depending on the respective gap lengths. The plot of the maximum velocity Umax versus the gap length is displayed in Figure 11. Here Umax is the x component of the velocity with the positive direction pointing towards the shoreline. The graph shows that Umax varies linearly with the gap length approximately. One can see that the maximum velocity for gaps 40 < Lg < 350, ranges between -1.76 m/s < U < -
2.67 m/s, where U is. From the simulation data for the beach with the continuous submerged breakwater, the maximum return velocity was noted for U = -1.3 m/s. These values indicate that the presence of the gap in discontinuous breakwater significantly increases the return velocity between 28 to 105 percent. The increase in return velocity is very vital for human safety and shoreline sediment transportation transferring offshore through the gap. 

 

 

 

 

 

 

 

Fig. 11  Maximum return velocity (Umax) in critical areas of numbers 4 and 5 for different gap lengths. The 
velocity toward offshore is considered as negative velocity. The numerical results for the return velocity at the gap center of the detached breakwater are presented in Figure 12 in all cases. It is seen that the magnitude of the return velocity increases for small gap lengths. The results further show that for small gap lengths, the return velocity increases, but the fluctuation domain decreases. In particular, for a gap length < 80 m, the 
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fluctuation in velocity is very small, which reveals that the rip current is more prominent in comparison with other situations. As noticed earlier, the maximum return velocity has an approximately linear relation with the gap length, but the return velocity at the gap center is not linear and has a sharp jump for a gap length Lg smaller 80 m (See Figures 11 and 12). The difference of return velocity at the gap center and the maximum return velocity, ∆U, is plotted in Figure 13. The graph shows that the velocity difference (∆U) gets closer to zero for smaller gap length, which is ∆U ≈ 0.07 m/s for 
Lg = 50, see Figure 13. The smaller ∆U implies that the maximum return velocity (in the areas numbered 4 and 5) occurs very close to the gap center, as further illustrated by the velocity snapshot diagram in Figure 14. In other words, for a smaller gap length, the dangerous area of the rip neck is created in the vicinity of the gap center.          

Fig. 12  The variability of return velocity at the gap center of the beach with a detached submerged 
breakwater. The vertical line shows the range of velocity fluctuation. Velocity toward offshore is considered 

as negative velocity.           
Fig. 13  The graph shows the change of ∆U for different gap lengths. ∆U = return velocity at gap center 

(Figure 12) – maximum return velocity in critical areas numbers 4 and 5 (Figure 11)  
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The results that reflect the effect of the breakwater height on wave height and rip current return velocity at the center are now reported. The detached submerged breakwater with gap length is fixed at Lg = 60 for the research. The data presented in Figure 12 indicate that the average value of the return velocity is attained at the gap center when the gap length is 60 m – a justification for choosing this gap length. Breakwater with three different heights, see Table 2, is modelled and the results are portrayed in Figure 15 for the wave height y = 600 m in the domain x = [620 m 870 m]. Evidently, the breakwater damps wave energy by reflecting waves towards the offshore and by breaking them. Therefore, one can say that the higher the breakwater, the more damping of the wave energy. Thus, the wave energy in the vicinity of the breakwater has an impact on the returning current velocity because the main part of the rip neck is created at the edge of the breakwater crest towards the shoreline, see Figure 10. The wave height for  = 1.5 m (d = 4.2 m) is smaller at x= 718 m (see Figure 15) compared to the other values for , thus making the return velocity smaller (since the wave energy is smaller), as can be seen in Figure 16. The cases of  = 2 m (d = 3.7m) and 2.5 m (d = 3.2m) have approximately the same wave height at the distance x = 718 m. Having the same wave height (and the same energy level) suggests that the gap dimension has a significant impact on the return velocity. The return velocity for the case of  = 2 m is slightly greater than that for 
 = 2.5 m (Figure 16) because the former has a bigger breakwater height than the latter and affects more the return currents towards the offshore. 

5. CONCLUSION A numerical study providing an improved understanding of beach configurations impacting shoreline currents is carried out in this paper using the Boussinesq model. The beach structures considered in this research are a beach with (i) constant slope; (ii) continuous submerged breakwater; and (iii) detached/discontinuous breakwater. Our simulation results show that the transient rip currents are created near the shoreline of the beach with a constant slope, while the continuous submerged breakwater creates a calm area in the vicinity of the shoreline. In the case of a beach with detached breakwater, both the gap length parameter, Lg, and the breakwater height have greater impacts on the rip currents. The presence of the gap changed the currents structure along the shoreline by generating permanent rip currents with a pair of longshore currents (current vortices), a strong jet towards the offshore, and a decelerating rip head. It is found that the longshore currents converge near the gap of the discontinuous breakwater while the rip neck currents diverge in the offshore inducing a low-velocity rip head. The combination of convergence and divergence of returning currents creates a pair of vortices in the gap vicinity, which damages the breakwater foundation due to sediment transport and consequently eroding the breakwater surface. Another pair of vorticities created near the shoreline appears to create dangerous spots for swimmers and causes further shoreline eroding due to apparent sediment transportation. A total of 5 critical rip current areas (see Section 4) occur with high magnitudes of velocity. Three of these areas, numbered 1, 2, and 3, have the average velocity between 1-1.25 m/s towards the shoreline, and the other two areas, numbered 4 and 5, have the average returning velocity that is higher than 2.1 m/s towards the offshore. The results show that the returning velocity in the areas 4 and 5 increase (approximately) linearly for decreasing gap length. The comparison of the areas, numbered 4 and 5, with gap center shows that the return velocity at the gap center does not have a linear relationship but has a sharp jump for Lg < 80 m. The numerical results for the difference of return velocity ∆U at the gap center and the maximum 
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return velocity indicate that the areas numbered 4 and 5 are generally closer to the gap center for smaller gap length. Breakwater height is yet another factor that affects the rip current characteristics. The return velocity decreases at the gap center for breakwater with small and large values of height. For 
d = 4.2 m, the breakwater is higher and causes the wave energy damped over the breakwater more than other heights, d = 3.7 m, and 3.2 m, and the returning velocity at the gap center decreases in this case. For breakwater height of d = 3.2 m and 3.7 m, the damping is less as compared to the higher breakwater and the returning flow varies depending on the available space through the gap. The return velocity at the gap center for d = 3.2 m is lower compared to when d= 3.7 m because the breakwater height in the former is smaller, so the intensity of the returning currents towards the offshore decreases. 
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