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Abstract

:

Based on the open-source code DualSPHysics, a numerical model was conducted to simulate the regular wave transformation on the slope breakwater with artificial block, and the simulation results were verified according to the measured data from the physical experiment. The deviation between the numerical model and the measured data was less than 6% and 9% in wave run-up and overtopping, respectively, which demonstrated the model can reliably capture the wave evolution on the breakwater with an artificial block. Based on this verified model, the size of the artificial block was adjusted to obtain optimal wave-damping effects. Once obtained, the hydrodynamic characteristics of the optimized new artificial block TB-CUBE were further studied, and the effects of the breakwater slope, water depth in front of the breakwater, incident wave period, and the height on wave run-up were all analyzed. Finally, an empirical formula for wave run-up on this type of article block was suggested through data-fitting, for which the correlation coefficient is 0.981.
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1. Introduction


The implementation of an armor unit or artificial block [1] on rubble mound breakwaters is a typical approach for wave mitigation and ocean disaster prevention. It is of great scientific significance and practical engineering value to comprehend the hydrodynamic characteristics of the armor unit under wave force and harness its wave damping effect. Numerical simulation methods, not limited by time and space, to unravel this armor unit’s performance have been widely applied in coastal engineering around the world, and a large number of numerical methods for the interaction between waves and coastal structures have been developed, including the Boundary Element Method [2,3], the Finite Volume Method [4,5], the Arbitrary Lagrangian Eulerian Method [6,7], the Finite Element Method [8,9], and also particle-based methods, such as, Moving Particle Semi-implicit method (MPS) [10] and Smoothed-Particle-Hydrodynamics (SPH) [11]. Open source code including OpenFOAM [12], SWASH [13] and SPHysics [14], have been extensively investigated and adopted during the last several decades.



Among them, the pure particle method that is based on SPH [11], not constrained by the fixed grid, is feasible for solving large deformation free surface flow problems [15] such as wave breaking [16], liquid splashing [17], the interaction between waves and porous media [18], and other fields that the traditional grid simulation methods cannot accurately describe. When SPH was created, the simulation of the real sea state and wave conditions was restricted by limited computer resources. Then, due to algorithm improvements, such as the use of graphics processors, the calculation efficiency has been substantially improved [19]. It began to be widely used in coastal engineering practices [20,21,22,23], making it feasible to simulate a wave overtopping scenario with a duration of 1000 irregular wave cycles under real sea conditions [24].



Since these improvements, the SPH has been applied to a variety of uses. Dominguez et al. [25] used DualSPHysics and MoorDyn [26], a coupled model, to simulate the dynamic response of the anchored floating structure under the regular wave forcing, which would been further applied in security assessments of offshore structures such as floating offshore wind turbines, offshore oil platforms, and wave energy converters under real sea conditions. Additionally, SPH has been coupled with the Finite Element Method to investigate the wave-debris-structure interaction for the risk assessment of coastal structures during extreme tsunami events [27]. Crespo et al. [28] used SPH to explore the interaction between waves and floating oscillating water column wave energy converters, but due to the lack of an effective wave-making and wave-absorbing systems, it was limited in practical operation [29]. Meringolo et al. [30] simulated the interaction between waves and permeable caisson breakwaters based on a two-dimensional SPH model with artificial viscous terms. The simulation results showed the reduction of wave pressure at the sea wall holes, and revealed that the empirical formula [31] inaccurately estimated the wave pressure previously due to neglect the existence of sea wall holes. Monaghan et al. [32] and Dalrymple et al. [21] studied the propagation of solitary waves on the beach, and the climbing and overtopping of waves on breakwaters with different roughness, but they did not consider the effect of an armor block. Altomare et al. [33] used the DualSPHysics [19,34] open-source code for the first time to gain insights for the interaction between waves and a 3D breakwater with armor units, and their numerical model results are in good agreement with the measurement data and empirical formula.



The use of armor blocks, including Accropode®, Xbloc®, and Core-Loc™ has been a classical solution for coastal structure construction [1]. There has been a sustaining effect for new type of armor block development [35,36,37] to achieve better wave damping and low consumption of concrete. Suffice it to say, there is considerable uncertainty in how to effectively protect the coastal structure when facing of longer and larger waves in further deeper coastal waters where more construction has taken place, and this coastal structure is more vulnerable in confronting ocean disasters that are associated with more concern for global warming [38].



High porosity block is promising in coping with this long period wave. The interactions between the armor blocks and the waves on breakwater could be categorized as the interaction of a wave and solid objects, which has been extensively studied numerically [39,40]. The wave run-up and wave overtopping of various blocks under different breakwater structures are quite different, and the empirical formulas that are given by standards could hardly cover all of the structures and blocks, which limits its application. Therefore, it is still necessary to develop new types of amour units and evaluate their function.



Massive physical experiment scenarios would be required for the size parametric selection before the generation of a new type of armor unit, which is largely inefficient. Meanwhile, through the establishment of a numerical model that describes the wave-breakwater-armor-unit interaction could be a solid, low-cost, and efficient tool for abundant parametric selection scenarios under various wave input conditions.



The chief objective of this paper is to optimize the size of a new type of armor block and to gain insight into its wave damping effects. To achieve that, a wave-breakwater-block numerical model that was based on the open-source code DualSPHysics was established to simulate the climbing and overtopping of regular waves on a rubble mound breakwater. First, the numerical results are verified with the results of the physical model test. After that, with this verified model, sensitivity studies are conducted to evaluate the effect of blocks on wave damping with a diversity of design sizes to provide the optimal size. After optimization, the hydrodynamic characteristics of the new artificial block are further explored and a wave run-up empirical formula for this block is provided. Finally, the conclusion and research limitations are given.




2. Materials and Methods


2.1. Block Description


The block TB-CUBE [37], the research object of this paper, was independently developed by the Tianjin Research Institute for Water Transport Engineering (TIWTE). The block is based on a cube, including four 1/4 spherical cavities, eight 1/4 cylindrical cavities, and four 1/2 cylindrical cavities. The shape of the block and the definition of the dimensions are shown in Figure 1. When a wave enters the chamber that is formed in the block during the climbing process on the slope, a vortex is initiated. During the wave’s interaction with the concreate surface in the chamber of the hole, energy is dissipated, thus achieving its purpose of wave attenuation. The TB-CUBE block features the advantages of high porosity, flexible replacement adaptability, high stability, and solid structural strength.




2.2. Physical Model Experiment


2D physical model tests for wave run-up of this new artificial block (TB-CUBE) on slope breakwater have been carried out in the wave tank at TIWTE, which is 70 m long, 1 m wide, and 1.5 m height. The geometric scale of the model was 1:40, the test section was a slope structure, and the weight of the TB-CUBE block was 152 g. There was a block stone cushion with a thickness of 25 mm that weighed around 1/10 to 1/20 of the weight of the TB-CUBE block. The layout of the physical model is shown in Figure 2. A total of 20 blocks were installed across the flume width during the experiments. In the test, the climbing and reflection of the TB-CUBE under different combinations of water levels, periods, wave heights, and slopes were experimentally studied. The physical experiment wave parameters are shown in Table 1, which is also the input conditions for the numerical experiment.


Kr = Hr/Hi



(1)




where Kr is the reflection, and Hr and Hi are the reflect wave and the incident wave, respectively.



Armor unit #4 in Table 2 was employed for the physical experiment, while other armor units would be used for the numerical model test in Section 2.3.3.




2.3. Numerical Model


2.3.1. SPH Equations


The main features of the DualSPHysics code are described in other references [19,29,34]. Here, the main features of the solution would be presented. The governing equations for discrete SPH Lagrangian system that simulates weakly compressible fluid, following Monaghan [41], are:


    d  ρ i    d t   =   ∑  j   m j     (   V i  −  V j   )     ∇ i   W  i j      



(2)






    d  V i    d t   = −   ∑  j     m j     (     P i  +  P j     ρ i   ρ j    +  E  i j    )   ∇  i      W  i j   + g  



(3)




where t is the time, V is the velocity, P is the pressure, ρ is the density, m is the mass, and g is the gravitational acceleration. Wij is the kernel function that depends on the distance between particles i and j, as presented in (4). The quintic kernel [42], where the weighting function vanishes for inter-particle distances that are longer than 2 hSL (hSL is the smoothing length), was employed in this study. Eij is the artificial viscosity term provided in DualSPHysics from Monaghan [41].


  W  (  r ,  h  S L    )  =  α D     (  1 − 0.5 q  )   4   (  2 q + 1  )  ,   0 ≤ q ≤ 1  



(4)




where q = r/hSL, r is the distance between any given two particles i and j, αD is equal to (hSL)3/π. In DualSPHysics, it is based on weakly compressible fluid assumption, allowing the use of state equation to determine the fluid pressure [11].


  P = B  [     (    ρ    ρ r     )   7  − 1  ]   



(5)




where B = c02 ρ0/7, ρ0 is the reference density and c0 the numerical speed of sound.




2.3.2. Boundary Conditions


The default dynamic boundary condition from Crespo et al. [43] was used except two sidewalls in the following numerical wave flume. The boundary particles meet the same equations as other fluid particles. However, they would not move according to the forces that were imposed on them. Instead, they remain either fixed in position or move according to the assigned function. Once a particle moves close to a boundary and the distance between the boundary particles and the fluid particles is shorter than 2 hSL, the density of the affected boundary particles rises, leading to the pressure enhancement. Consequently, there would be a repulsive force that was imposed on the fluid particle due from the pressure term in the momentum equation.




2.3.3. Numerical Wave Flume Description


The side length of the TB-CUBE block was set at 2 m, and the TB-CUBE block structure was established by 3D AutoCAD, which was imported into DualSPHysics in the form of an STL file to generate discrete particles. To reproduce the elaborated shape of the block and the inter-particle size, dp was set at 0.001 m after tuning. The method of establishing the numerical model of the breakwater was same as the modeling method of the aforementioned block, as displayed in Figure 3.



In the DualSPHysics model, the active absorbing wave-making program was introduced through C++ programming to provide dynamic boundary conditions and periodic boundary conditions. In the 3D wave tank model, since the two sidewalls of the tank were in the same direction as the wave propagation, the sidewall particles exerted a particularly large repulsive force on the adjacent fluid particles, resulting in incorrect numerical dissipation. This problem was avoided by using periodic boundary conditions, while the rest of the walls were still set as default dynamic boundary conditions.



The three-dimensional numerical wave tank has a total length of 8 m, a width of 0.1 m, and a height of 1 m. The wave-making plate is 0.1 m wide, 0.6 m high, and is located 0.5 m from the left end of the tank.



The constructed numerical wave model was used to verify the TB-CUBE block climbing and wave overtopping to ensure the reliability of the numerical model. The geometric scale of 1:40 was selected for numerical simulation, consistent with the physical experiment. The slope breakwater was located at a distance of 6 m from the wave-making plate, and two rows of TB-CUBE blocks were laid on the simplified impervious slope. The block model had a side length of 0.05 m. A water collecting tank with a length of 0.3 m, a width of 0.1 m, and a height of 0.4 m, was arranged behind the breakwater to collect the overtopped water. In order to take the requirements of accurate simulation of block shape and calculation accuracy into account, the particle spacing in this experiment was set to 0.003 m, and the model layout is shown in Figure 4.



The TB-CUBE block is a specially shaped block with involved porosity that was obtained by digging out spheres and cylinders of a certain size from the cube-based block. Therefore, the porosity can be adjusted by changing the size of the spheres and cylinders. The use of the numerical wave model was to evaluate its run-up and overtopping, to explore its hydrodynamic properties, and to optimize its structural size. To determine the block shape with the optimal wave elimination effect, six representative blocks with different detailed sizes were selected, as shown in Table 2.






3. Results


3.1. Model Validation


Table 3 and Table 4 presented the comparison of wave climb-up and wave overtopping from the numerical model and wave flume physical experiment. The deviations of the numerical results of wave run-up and overtopping and results from the physical model have not exceeded 6% and 9%, respectively, and the numerical model also reproduced the trend of the reflection coefficient variation. It can be demonstrated that the numerical model can accurately simulate the wave run-up and overtopping of waves along slope breakwater that was covered with the TB-CUBE.




3.2. Block Structure Optimization Study


Numerical calculations of each type of block to evaluate its run-up and overtopping have been carried out and the case for d = 0.3 m, H = 0.12 m, T = 1.8 s was selected for results discussion.



Figure 5 is a snapshot of the climbing waves (at t = 10.8 s) and the overtopping of the waves (at t = 26.05 s) on the slopes of the six types of armor units, respectively. During the climb and fall of the wave, water particles penetrate into the pores of the block, dissipating partial wave energy. Adjusting the relative radius of the cylinder (R2) while keeping the relative radius of the sphere (R1) constant allows for a higher or lower amount of water to fall into the pores of the block. For example, in Figure 5, block #2 has a greater R2 than block #1 (Table 2), which led to more water entering the block and a more rapid dissipation of energy. Due to this difference, the climbing height of block #2 was shorter than that of block #1, with its values at 0.138 m (#2) and 0.178 m (#1), respectively. However, the smaller circular pore size of block #1 reduces the ability for fluid particles to jump out of the block pores, leading to the threshold effect. Consequently, more water is held in the block cavity without overtopping the breakwater, which eventually led to less overtopping from block #1 when compared to block #2. Their values were 0.659 (#1), and 0.758 (#2) L/(m·s), respectively.



Alternatively, adjusting R1 while keeping R2 invariant would change the porosity of the block. Looking at blocks #1, #3, and #5 as examples, their R1 values were set at 0.45 h, 0.40 h, and 0.475 h (Table 2), respectively, with diversity in porosity (46%, 40%, and 50%). As the porosity increases, the energy dissipation of the wave during the climbing process was greater, and the final performance was such that the climb of block #5 were the smallest values among the three, with block #1 as the second and block #3 the largest. The climb values were 0.178, 0.188, and 0.168 m for #1, #3, and #5, respectively.



The results of the climbing heights, reflection coefficients, and overtopping of different blocks from numerical solutions are plotted in Figure 6. It can be seen from the figure that when the radius of the sphere (R1) was constant, the climbing height and reflection coefficient decreased with the increase of the cylinder size (R2), while the amount of overtopping wave increased. When the cylinder radius (R2) was constant, the climbing height and wave volume decreased with the increase of the sphere size (R1). Given the above factors such as block climb, reflection coefficient, overtopping waves, block porosity, and material consumption, block #6 had the best overall performance and block #6 would be used for TB-CUBE block design parameter and for further hydrodynamic characteristics investigation.




3.3. Regular Wave Run-Up


Using the numerical wave tank that was constructed, a TB-CUBE hydrodynamic characteristics simulation study was carried out for block #6 with the best performance by the above-mentioned optimization comparison. The distribution of the flow velocity of the wave on the smooth slope versus the TB-CUBE and the climbing and falling on the block slope are shown from Figure 7, Figure 8, Figure 9, Figure 10 and Figure 11 for t = 5.25 s, 5.45 s, 5.75 s, 6.15 s, and 6.45 s, respectively (a and b for without TB-CUBE; c and d for with TB-CUBE). These figures depict the complete process of wave propagation to the front of the breakwater, the wave climbing on the slope, the exhaustion of the wave energy when climbing to the highest point, and the wave falling back.



Figure 7 showed that when the wave reached the front of the breakwater, the wave was in a regular shape, with some reflection from the breakwater. The cases with TB-CUBE (Figure 7c,d) showed more reflection than the case without one (Figure 7a,b). The case with TB-CUBE revealed less climbing up energy due to the resistance from the armor unit. Figure 8 shows the moment that the wave touched the slope and began to climb along the breakwater. At this time, the velocity of the water particle on the slope was relatively large. For the smooth slope, the wave is more energetic to achieve high placement (Figure 8b). Figure 9 showed that as the wave gradually climbed on the breakwater, the flow velocity gradually decreased to zero, and reached the maximum height for both the cases with TB-CUBE (Figure 9c,d)and without one (Figure 9a,b). When the wave reached the location of the TB-CUBE block, part of the water also entered the block hole, leading to wave energy and a pronouncedly shorter climb distance on the TB-CUBE breakwater surface (Figure 9c,d) than the smooth slope (Figure 9a,b). The discrepancy in the climbing distance has been clearly displayed in Figure 9b,d. The reflective wave was still stronger in the cases with TB-CUBE block (Figure 9c,d). Figure 10 shows that when the fluid began to fall back along the breakwater due to its own gravity, the flow velocity gradually fortified. At this time, the TB-CUBE had a certain hindering effect on the backflow, so the backflow velocity was lower than that on the smooth slope (Figure 10a,b). Substantial water was trapped in the hole of the block. Figure 11 shows that the falling water met the following wave front, breaking before the breakwater. The flow velocity in the breaking area was large and disorderly, and then the next cycle of climbing began.




3.4. Regular Wave Overtopping


The wave overtopping process on slope breakwater laid with TB-CUBE under regular waves roughly contained five stages: wave propagation to the front of the breakwater, wave breaking, wave climbing along the breakwater, wave overtopping over the breakwater, and fluid falling back. Figure 12 displays the flow velocity at t = 7.70 s, t = 7.80 s, t = 7.90 s, t = 8.05 s, t = 8.30 s, and t = 9.00 s, respectively. Figure 12a describes the wave breaking on the breakwater. Figure 12b shows the wave climbing up the slope and the fluid with higher flow velocity climbing higher. Figure 12c shows that when the waves climbed to the top of the breakwater, the fluid with a high velocity jumped up to the top surface of the breakwater, while the water particles with low velocity in the lower layer flowed into the pores of the block on the top of the breakwater. Figure 12d presents that the waves passed over the top of the breakwater to form overtopping, but it is worth noting that partial water was trapped in the block cavity on the top of the breakwater due to the threshold effect that was generated by the structural properties of the TB-CUBE. Figure 12e,f shows that the water fell back along the slope, and a vortex was formed in front of the breakwater where the flow velocity was disordered and turbulent, and then the next cycle of the wave overtopping process began.





4. Discussion


4.1. Roughness of Block


For further insights on the wave dissipation characteristics of the TB-CUBE block, the roughness coefficient K△ from the numerical experiment results was obtained from the ratio of wave run-up level on slope breakwater with TB-CUBE block and smooth slope breakwater. The mean K△ for the TB-CUBE block is 0.462 (Table 5). Comparing the roughness coefficients of various blocks [1], the roughness coefficient of the TB-CUBE is less than 0.5 as well, indicating its preferable performance in wave damping.


K△ = Rblock/Rsmooth,








where K△ is the roughness coefficient, and Rblock and Rsmooth are the wave run-up values on slope breakwater with this TB-CUBE and that on a smooth breakwater, respectively.




4.2. Effect of Slope


Figure 13 shows the relationship between the relative wave run-up (R/H) and the breakwater slope with different incident wave heights from the numerical results. The relationship between R/H and the breakwater slope displays a single-peak curve trend, meaning that the run-up value increases first and then decreases as the slope increases. When the slope is steeper, most of the wave energy has been consumed by the reflection, so the climb is small. As the slope varies from 1.5 to 2, moving toward mildness, the reflection decreases. During that, some amount of the wave energy is converted into potential energy, so the climbing increases substantially. Taking H = 4.8 m and T = 6 s (Figure 13a) as an example, the relative climbing height of the wave increases from 1.23 to 1.67. When the slope changes from 2 to 2.5, the slope becomes milder and the waves break in front of the breakwater, with the dissipation of abundant wave energy. In addition, the climbing net distance of the wave increases on the mild slope, along with the enhanced wave energy dissipation due to increased friction and turbulent energy dissipation. Therefore, the run-up value becomes smaller. For the case of H = 4.8 m and T = 6 s, the relative wave run-up drops from 1.67 to 0.99 (Figure 13a).




4.3. Effect of Inverse Wave Steepness


Figure 14a illustrates the relationship between the reflection coefficient and inverse wave steepness under different slopes from the numerical solutions. The reflection coefficient decreases as the slope becomes gentler. When the slope is constant, and the wave steepness is small, a large amount of wave break occurs. As the wave steepness increases, the wave breaking decreases and is replaced by the reflection wave that increases gradually. When the wave steepness reaches a certain value, the reflection coefficient tends to be stable. Figure 14b,c display the relationship between the height and inverse wave steepness at various periods. The relative wave run-up (R/H) and inverse wave steepness (L/H) are generally positively correlated, meaning that the relative wave run-up elevates with the increase of inverse wave steepness. When inverse wave steepness is small, abundant waves are broken in front of the breakwater, and the wave energy is dissipated. Nevertheless, if it increases further, the amount of breaking wave would also further reduce and meanwhile the wave reflection is enhanced, contributing to a slow rise in the climbing.




4.4. Wave Breaking Parameter


The well-accepted wave breaking parameter Iribarren number ζ0 [44,45] is employed to describe the wave breaking, including three types: spilling breaker (ζ0 < 0.5), surging breaker (0.5 < ζ0 < 3.3), or plunging breaker (ζ0 > 3.3). Figure 15 shows the relationship between the relative wave run-up and the breaking wave parameters from the numerical simulations. When the slope m = 1.5, the minimum breaking wave parameter is 2.33, and the waves are mostly plunging wave. When m = 2, and the wave height is greater than 3.2 m, the waves appear as a surging wave. When the wave height is less than 3.2 m, it is mainly in the form of plunging wave. When m = 2.5 and the breaking wave parameter is in the range of 1.40 to 3.31, the breaking wave becomes a surging breaker.



In general, the relative climbing height increases with the increase of the breaking wave parameter. When the breaking wave parameter is less than 2.5, the relative climbing height increases rapidly with the increase of the breaking wave parameter and the wave mainly appears as a surging breaking wave. The wave is completely broken, the reflected wave decreases, and the climbing height and the breaking wave parameter show a good linear relationship.



When the breaking wave parameter is greater than 2.5, the relative climbing height increase displays a blunt trend. When the wave parameters become larger, the waves break in the form of plunging breakers in front of the breakwater, and together with the accumulation of the reflected waves, the wave run-up and breaking wave parameters increase nonlinearly.




4.5. Empirical Formula for Wave Run-Up


Using the dimensionless parameter relative to the wave-runup R/H and the inverse wave steepness L/H as parameters, the relationship between R/H and L/H at different slopes is nonlinearly fitted, so as to determine the corresponding slope of the breakwater at different slopes. The fitting results are shown in Figure 16, and the values of A(m), B(m), and C(m) are shown in Table 6.



Using the dimensionless parameter relative to the wave-runup R/H and the inverse wave steepness L/H as parameters, the relationship between R/H and L/H at different slopes is nonlinearly fitted, so as to determine the corresponding slope of the breakwater at different slopes. The fitting results are shown in Figure 16, and the values of A(m), B(m), and C(m) are shown in Table 6.



Then, the coefficients A(m), B(m), and C(m) under different slopes in Table 6 were fitted with the slope m value, and the relationship between the slope function and the slope was obtained through analysis. After fitting each formula, the empirical formula of wave climbing on the new armor block TB-CUBE was finally obtained, as shown in the following Formulas (6) to (9):


  R = H e x p  [  A  ( m )  + B  ( m )   L H  + C  ( m )    (  L H  )  2   ]   



(6)






  A  ( m )  = 0.677 − 0.048 e x p (  m  0.92   )  



(7)






  B  ( m )  = − 0.007 + 7.14 ×   10   − 8   e x p (  m  0.201   )  



(8)






  C  ( m )  = 2.84 ×   10   − 4   − 7.15 ×   10   − 10   1.39 e x p (  m  0.195   )  



(9)




in which R is the wave run-up value, L is the wavelength (m), H is the average wave height in front of the slope breakwater (m), and m is the slope of the breakwater. Numerical experimental data was compared with the calculated value from the formula. The correlation coefficient is 0.981. The formula produced a strong relationship with the data from the numerical experiment, indicating its high accuracy in reflecting the wave run-up phenomenon as displayed in Figure 17.





5. Conclusions


Based on the open-source code DualSPHysics, a numerical investigation has been conducted for the parameter design and the understanding of the wave damping effects and hydrodynamic characteristics of one new type of armor block, TB-CUBE. The main conclusions are summarized as follows:



(1) The three-dimensional, SPH-based active absorption wave-making flume has been constructed to reproduce wave evolution on rubble mound breakwaters and to obtain the optimal wave damping effects under various design combinations. The results have proven that when the radius of the sphere is constant, both the wave run-up and reflection coefficient shrink with the increase of the cylinder size, and the overtopping rises. The amount of wave run-up and overtopping decreases with the increase of the size of the sphere under invariant radius of the sphere.



Given the factors of wave run-up, overtopping, wave reflection, porosity, and concrete consumption, the TB-CUBE block with R1 and R2 values of 0.475 h and 0.315 h, respectively, outperforms others, and thus has been selected for further study.



(2) The mean roughness coefficient that was given by numerical simulations for this optimized TB-CUBE block is 0.462, indicating a promising capability of wave damping. It could also be viewed from the three-dimensional visualization that the structural characteristics of the TB-CUBE block itself have exerted large impacts on the interaction between the wave and the breakwater. It can accommodate the water body and form a turbulent flow effect. The threshold effect makes the quantity of overtopping decrease.



(3) The results from the wave-block-breakwater model demonstrate that the wave run-up value increases along with the increase of wave height, displaying a unimodal distribution trend with the growth of slope, and rises with the increase of inverse wave steepness. The empirical formula for wave run-up on this TB-CUBE has been provided, which would be further employed in engineering practice.



(4) This study has paid attention to the interaction of non-breaking waves on slope breakwater with new type of armor unit, the TB-CUBE, in a 2D wave flume experiment and numerical investigation. Previous studies on unbroken and broken solitary waves highlighted that the interaction of these two types of waves with a coastal deck and the associated hydrodynamic effects were totally different, with the broken waves being more turbulent and introducing more impulsive effects [46]. It is reported that the “aleatory uncertainty” that is involved in the wave breaking and the wave loads on coastal structures, since a minor change in the wave height offshore (e.g., 1%) can lead to a variability of 35% in the pressures and forces that are applied to coastal structures [47]. In fact, this uncertainty is one of the main parameters that is related to the impact of broken waves on structures that is hard to capture via numerical simulations [47]. Further study should consider the effects of wave breaking effects on the stability of the armor unit on slope breakwater. In addition, kinetic energy and velocity or momentum flux of the flow that overtops the breakwater variations are valuable information for this process.



This study used normal incidence of waves. However, the dynamic process of the interaction between breakwater and incoming oblique waves is inherently a three-dimensional problem. Previous research also reported the reduction in overtopping when wave is oblique [48,49]. However, it is still necessary to evaluate the inundation process of the structure and the applied hydrodynamic loads, which includes also yaw and roll moments that further increases the risk for structural damage [9].



Our research is from a small scale (1:40) wave flume experiment which is a common experimental scale as other studies [50,51,52], and scale effects exist. It is well-accepted that solitary waves normally decay faster in the model than in the prototype due to boundary layer effects and fluid viscosity [53]. Full scale research that is not limited in wave-breakwater-armor-unit interaction has been reported in literature [54,55,56], and more numerical studies that are based on that would be feasible to be performed in the future.
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Figure 1. Sketch of the new artificial block TB-CUBE. 
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Figure 2. (a) Sketch of model layout; (b) Model photo with breakwater slope, m = 2. 
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[image: Jmse 10 01116 g002]







[image: Jmse 10 01116 g003 550] 





Figure 3. (a) Structure of the artificial block, TB-CUBE; (b) Artificial block on the breakwater in the numerical model (two blocks in the flume width direction). 
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Figure 4. Layout of the numerical wave flume for wave run-up and overtopping, with slope m = 1.5, 2 and 2.5. TB-CUBE armor units were installed on the slope (not shown). 
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Figure 5. Wave run-up (a–f) and overtopping (g–l) snapshots for different type of blocks. 
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Figure 6. Numerical results of wave performance in the relative wave run-up (a), reflection coefficient (b), and overtopping (c) under various R1 (relative radius of the sphere) and R2 (relative radius of the cylinder), as stated in Figure 1 and Table 2. 
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Figure 7. Wave patterns and velocity distribution at t = 5.25 s when thewave propagates to the breakwater: (a) Without article block; (b) Zoom in; (c) With article block; (d) Zoom in. 
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Figure 8. The same as Figure 7, but for wave climbing along the breakwater at t = 5.45 s. 
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Figure 9. The same as Figure 7, but for wave climbing to the top along the breakwater at t = 5.75 s. 






Figure 9. The same as Figure 7, but for wave climbing to the top along the breakwater at t = 5.75 s.



[image: Jmse 10 01116 g009]







[image: Jmse 10 01116 g010 550] 





Figure 10. The same as Figure 7, but for wave retreating at t = 6.15 s. 
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Figure 11. The same as Figure 7, but for wave breaking at t = 6.45 s. 
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Figure 12. Wave overtopping and velocity distribution at time snapshots 7.70 s (a), 7.80 s (b), 7.90 s (c), 8.05 s (d), 8.30 s (e), and 9.00 s (f). 
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Figure 13. Numerical results for slope versus the wave run-up under various wave heights (a) T = 6 s, D = 16 m; (b) T = 8 s, D = 16 m; (c) T = 9 s, D = 16 m; (d) T = 11 s, D = 12 m; (e) T = 13 s, D = 12 m; (f) T = 14 s, D = 12 m. 
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Figure 14. L/H versus reflection coefficient (a); L/H versus relative wave run-up (b,c) from numerical model results. 
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Figure 15. Wave-breaking parameter versus wave run-up from the numerical model results. 
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Figure 16. Fitting line for m = 1.5 (a); m = 2.0 (b); m = 2.5 (c) from the numerical model results. 
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Figure 17. Wave run-up from the numerical model results versus from the fitting formula. 
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Table 1. Physical experiment wave parameters, where m is slope, D is water depth, H is wave height, and T is period.
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D (m)

	
m

	

	
T (s)




	
1.2

	
1.5

	
1.8

	
2.2

	
2.5






	
0.3/0.4

	
1.5/2.0/2.5

	
H (m)

	
0.06

	
0.06

	
0.06

	
0.06

	
0.06




	
0.08

	
0.08

	
0.08

	
0.08

	
0.08




	
0.10

	
0.10

	
0.10

	
0.10

	
0.10




	
0.12

	
0.12

	
0.12

	
0.12

	
0.12
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Table 2. Size of the TB-CUBE blocks.
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Block

	
Size

	
Porosity ρp (%)




	
R1

	
R2

	
a

	
b

	
c

	
d






	
1#

	
0.450 h

	
0.225 h

	
0.550 h

	
0.221 h

	
0.165 h

	
0.110 h

	
46




	
2#

	
0.450 h

	
0.315 h

	
0.370 h

	
0.357 h

	
0.006 h

	
0.179 h

	
59




	
3#

	
0.400 h

	
0.225 h

	
0.550 h

	
0.339 h

	
0.106 h

	
0.169 h

	
40




	
4#

	
0.400 h

	
0.275 h

	
0.450 h

	
0.419 h

	
0.015 h

	
0.210 h

	
48




	
5#

	
0.475 h

	
0.225 h

	
0.550 h

	
0.163 h

	
0.193 h

	
0.082 h

	
50




	
6#

	
0.475 h

	
0.315 h

	
0.370 h

	
0.289 h

	
0.041 h

	
0.144 h

	
60
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Table 3. Comparison of wave run-up and reflection coefficient between the numerical model and physical model. Deviation = (numerical model value-physical model value)/physical model value × 100%.
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No.

	
Period (s)

	
H (m)

	
Run-Up (m)

	
Kr




	
Physical Model

	
Numerical Model

	
Deviation (%)

	
Physical Model

	
Numerical Model






	
1

	
1.2

	
0.06

	
0.089

	
0.088

	
1.2

	
0.27

	
0.24




	
2

	
0.12

	
0.210

	
0.198

	
5.7

	
0.25

	
0.23




	
3

	
1.5

	
0.06

	
0.102

	
0.098

	
3.9

	
0.28

	
0.33




	
4

	
0.12

	
0.228

	
0.233

	
2.3

	
0.21

	
0.23




	
5

	
1.8

	
0.06

	
0.102

	
0.098

	
4.4

	
0.44

	
0.51




	
6

	
0.12

	
0.210

	
0.199

	
5.2

	
0.44

	
0.55
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Table 4. Comparison of wave overtopping between the numerical model and physical model.
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No.

	
H (m)

	
Period (s)

	
Overtopping L/(m·s)




	
Physical Model

	
Numerical Model

	
Deviation (%)






	
1

	
0.12

	
1.2

	
0.175

	
0.160

	
8.6




	
2

	
1.5

	
0.225

	
0.219

	
2.7




	
3

	
1.8

	
0.286

	
0.261

	
8.7




	
4

	
2.2

	
0.810

	
0.813

	
0.4
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Table 5. TB-CUBE roughness-permeation parameter from the numerical model results.
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No

	
Wave Input

	
Run-Up [m]

	
Roughness Coefficient K△




	
T (s)

	
H (m)

	
Smooth Interface

	
with TB-CUBE Block

	
Smooth Interface

	
TB-CUBE




	
Experiment

	
Mean






	
1

	
1.2

	
0.06

	
0.158

	
0.073

	
1

	
0.462

	
0.462




	
2

	
0.12

	
0.323

	
0.143

	
1

	
0.443




	
3

	
1.8

	
0.06

	
0.170

	
0.093

	
1

	
0.547




	
4

	
0.12

	
0.353

	
0.158

	
1

	
0.448
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Table 6. Fitting coefficients.






Table 6. Fitting coefficients.





	
Function

	
Slope m




	
1.5

	
2

	
2.5






	
A(m)

	
0.4319

	
0.2550

	
0.04805




	
B(m)

	
−0.0069

	
−0.0055

	
−0.01068




	
C(m)

	
0.000282

	
0.000263

	
0.000021

















	
	
Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional affiliations.











© 2022 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).






media/file26.jpg
12 25
T Nk % |2

5 . H

§ EX e B

E08 & . £

] Sisf® 3% B

. 51 o :

] £y % H

Bos 2 : 2

o2 5 a
0 0
o E) ) ™ @ w0 m W w

R R LR el s L e e st LA





media/file8.jpg
£F =l





media/file27.png
Reflection coefficient

1.2

a. ¢ ® m=15
1t ¢ m=2.0].
* m=25

0.8}

0.6}

0 50 100
Inverse wave steepness L/H

Relative wave run-up R/H

2.5

—
T

m=2, q=12m

T=6s
T=8s
T=8s
T=11s
T=13s
T=14s

X P * o0

20 40 60
Inverse wave steepness L/H

2.5

Relative wave run-up R/H

0

Inverse wave steepness L/H

—
T

0.5}

m=2, (_i=16m

®
*

L Y
A*

T=6s
T=8s
T=8s
T=11s
T=13s
T=14s

20 40

60






media/file13.png
a. VelMagnitude 6 61 62 63 64 b.f 66 67 68 69 7 71 72 73

0.000 0.212 0.425 0.637 0.850

C Vel Magnitude
0.000 0.212 0.425 0.637 0.850

R

7 0
65 66 67 68 69 7 a1 7.2 73





media/file31.png
R/H

2.6

2.4

2.2

Slope m=1.5

1 1
® Numerical result
Fitting curve
ai 1 1 1 1
10 20 30 40 50
L/H

2.2

Slope m=2

® Numerical result

Fitting curve

10 20 30 40 50
L/H

0.8

Slope m=2.5

® Numerical result

Fitting curve

10 20 30 40
L/H

50






media/file12.jpg





media/file18.jpg





media/file9.png
6 61 62 63 64 65 66 67 68 69 7 71 72 73
~ - - - . ~ - - - . - "

Block 1 Block 2

x -

———- x - L
o m—y _— i — -
6 61 62 63 64 635 66 67 68 69 7 70 72 73

5 61 62 63 64 65 66 &7 68 69 7 71 72 73 5 61 62 63 B4 65 GO 67 68 69 7 71 72 73 BIOCks Block4
S s Rl A A i e £ M ol LB

= = -~ 0 — e — 0 AT AN
. 1 s ey —
6 61l 62 63 64 65 66 47 68 &Y 7 71 72 73 6 62 63 64 &5 4 7 723 73
6 61 62 63 64 65 66 67 68 69 7 71 72 73 6 61 62 63 64 65 7 71 73 73

Block 5 Block 6

| 0.6 0.6
Block 6 k. L
0.5 0.8
04 04
. ]

0.4 03

02 0.2

S 0.1 1 0

— X I - + 1 3 & T ~ — — s o — e + b e . . T T A o L
6 61 62 63 64 65 66 67 68 69 7 723 72 73 6 61 62 63 64 65 66 67 68 6% 7 7.1 72 73






media/file14.jpg





media/file20.jpg





media/file23.png
7.70s 7.80s 7.90s

a. 0 _0.56 113 1.69 2.25 m/s b. C.
Velocity

m

8.05s 8.30s 9.00s






media/file5.png





media/file15.png
a Vel Magnitude
0.000 0.212 0.425 0.637 0.850

C. Vel Magnitude

0.000 0.212 0.425 0.637 0.850
LLLL|LLLL

6 61 62 63 64 65 66 67 68 69 7 71 7.2 73
. A Y 3 3
; 0.6
l"\ | 1 tos
N. [
| 0.4
oty i3
e 0.3
B
T =~ 0.2
~{ 0.1






media/file19.png
Vel Magnitude 6_61 62 63 64 65 66 67 68 69 7 71 72 73
. % | | 0.6
0.000 0.212 ||(|)|4|2|5| r 0.637 0.850 k). | . 1 7/ L1 0.5
M M | —{ 0.4
o e | 0.2
0.1

F— 0

6 61 62 63 64 65 66 67 68 69 7 730 7.2 73
6 61 62 63 64 65 66 67 68 69 7 71 72 73

c " Vel Magnitude

0.000 0.212 0.425 0.637 0.850
LLLLLLLLL

0.6

0.5

0.4

0.3

~ 0.2

0.1

61 62 63 64 65 66 67 68 69 7 71 7.2 73





media/file28.jpg
25

15

10

05

00

1.0

2.0 EN 4.0 5.0
Wave-breaking parameter

6.0





media/file2.jpg





media/file32.jpg
Fitting formula [m]

IS

10

©

o

Wave run-up

4 6 8
Numerical Model [m]

10





nav.xhtml


  jmse-10-01116


  
    		
      jmse-10-01116
    


  




  





media/file11.png
Run-up[m]

0.19 . .
- —#— R1=0.450h
—#— R1=0.400h
0.18 - = R1=0.475h| |
017 1 .
0.16 .
0.15F .
0.14 .
0.13 .
0.12 : :
0.2 0.25 0.3 0.35
Relative radius of cylinder: R2 [h]

0.56

0.54

0.52

05

Reflection coefficient

0.48

0.46

0.44
0.2

0.25

0.3

0.35

Relative radius of cylinder: R2 [h]

0.85

0.75

o
'\-\J
I

0.65

Overtopping [L/m/s]

0.6

0.55

0.
0.2

0.25

0.3

0.35

Relative radius of cylinder: R2 [h]





media/file6.jpg
‘Wave maker

[

Water collecton tank

]d:ﬂ.}m






media/file24.jpg
........






media/file29.png
25

20

15

1.0

0.5

0.0

Om=1.5
Am=2
om=2.5

0.0

1.0 2.0 3.0 4.0 5.0 6.0

Wave-breaking parameter





media/file1.png





media/file10.jpg
- &
i H
0.16| =g 2 o7
g g
015, g Eoss
S 2
& 048] !
013} ) 0.55]

ousl 0!
%2 oz 03  osm 0z om 03 o0m 02 0m 03 o3
Relative radius of cylinder: R2[h]  Relative radius of cylinder: R2[n]  Relative radius of cylinder: R2 fh]





media/file7.png
Wave maker

—

d=0.3m

Water collection tank

1:m Slope

&Em

0.3m

Lol———— |





media/file33.png
Fitting formula [m]

10

Wave run-up

4 6 8
Numerical Model [m]

10





media/file16.jpg





media/file3.png
Wave height gauge 1-3

V 1.5m  \wave maker
S - RANA
y A & XA
ly ':}t" A—% év’ \</
R ‘.,v\' i<
e ELer \/ 00m A Al
Wave absorber | IWave absorber
a | 20m

-






media/file22.jpg





media/file17.png
0.000

0.000

0.212

0.212

Vel Magnitude

0.425
LLLLJLLLLL

Vel Magnitude

0.425
LLLLLLLLL

0.637

0.637

0.850

0.850

6

61 62 63 64 65 66 67 68 69 7 71 7.2
o — T

7.3

0.6

0.4

0.3

1
£ C 3
61 62 63 64 65 66 6.7 68 69 7 73 7.2
61 62 63 64 65 66 67 68 69 7 71 7.2
e ¥ 4 — .

ad.

0.6

0.5

0.3

~ 0.2

> X
61 62 63 64 65 66 67 68 69 7 71 7.2

7.3





media/file4.jpg





media/file30.jpg
Slope m=1.5 Slope m=2 Slope m=2.5

< Namencalrsul] omercal ez  umercatesul]
|-—Fting come 22— g cuve 2H—Fuing cuve






media/file25.png
R/H Relative wave run-up

& [—o—r=zaml| | D C. d. e. f.
2} —@—H=32m|| | 11 1T 1r1 I
g H=4.0m
1.8} e H=4.8m | ] | ]t i1l {1 i1l
16} - - -
1.4} - - -
1.2} - - -
1 L L 4 F 4 4 k- L
Period 6s; Depth16m Period 8s; Depth16m Period 9s; Depth16m Period 11s; Depth12m | |Period 13s; Depth12m | |Period 14s; Depth12m

Slopem1.5 2 25 1.5 2 25 1.5 2 25 15 2 25 1.5 2 25 1. 2 25





media/file0.jpg





media/file21.png
a Vel Magnitude

0.000 0.212 0.425
LLLL|LLLL

C . Vel Magnitude

0.000 0.212 0.425
LLLLLLLL

0.637

0.637

0.850

0.850

6 61 62 63 64 65 66 67 68 69 7 71 7.2 73
| | 0.6
| |
* |
] ! 0.4
s |
- 0.3
~ 0.2
~ 0.1
z 2 y.e 7 1 - =0
6 61 62 63 64 65 66 67 68 69 7 70 7.2 73
6 61 62 63 64 65 66 67 68 69 7 71 72 73
e - ~ e s
‘l 1 | L 0.6
u L]
el il | = L10.5
| L
-
+ 0.3
~ 0.2
|
0.1
- = — » 1 - ~ 0
6 61 62 63 64 65 66 67 68 69 7 70 7.2 73





