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Abstract

:

Offshore structures are prone to produce a dynamic response under the effect of large wave load. In this paper, the smoothed particle hydrodynamics coupled with finite element (SPH-FE) method is used to investigate the dynamic characteristics of structure induced by the water waves. The dam break model is assumed to generate water wave. Firstly, the parameter of particle spacing included in the SPH method is examined and the appropriate value is proposed. Subsequently, the present numerical model is validated by comparing with the available results from the literature. Furthermore, the influence of several parameters on the wave load of the structure and the induced dynamic characteristics is studied, including the water column height, the distance between the water column and structure, and the structure stiffness. The results show that the amplification of the wave load on the bottom of structure is greater than that on the upper part of the structure. The increase of structure stiffness results in a decrease in the displacement at the top of structure, but an increase in the hydrodynamic force at the bottom of structure.
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1. Introduction


With the development of ocean engineering, a great number of marine structures have been built, for example, wharf, offshore platform, and coastal bridges. Marine structures are prone to produce a large dynamic response when subjected to wave, current, and other hydrodynamic loads [1,2]. Therefore, it is necessary to reasonably predict the wave load on marine structures and the associated dynamic response characteristics.



The wave–structure interaction (WSI) is one of the concerned issues in offshore engineering, for which the sound physical understanding and accurate calculation of WSI are crucial to assess structural responses under waves [3]. The impact of waves on structures is relevant to the issue of fluid–structure interaction (FSI), which refers to the deformation of the structure under the action of the complex free-surface phenomena such as wave surface overturning and breaking. The analytical solutions cannot satisfy the demands of such complicated cases owing to the limitations of the existing mathematical methods [4]. In recent years, with the development of computational fluid dynamics, numerical simulations have been adopted as an alternative tool in the study of the interactions between waves and structures [5,6,7]. The traditional numerical methods, such as finite difference method, finite element method, or boundary element method, are mainly capable of resolving some simple flow problems. However, for some complicated situations with rapid changing of free surface and the induced large deformation of structures, it is still a challenge to reproduce it by numerical modelling.



Recently, mesh-free numerical methods, such as smooth particle hydrodynamics (SPH) [8], have been developed as a promising computational method. For the SPH method, the particles move in Lagrangian coordinates and the advection is directly calculated by particle motion without numerical diffusion [9]. As SPH is a type of mesh-free method, it is inherently suitable for solving the procedures of moving discontinuities with large deformations [3], and it has been utilized to resolve a wide range of hydrodynamics problems [10,11,12,13]. Rafiee et al. [14] used the pressure Poisson equation in the SPH method to solve the incompressible problem of fluid, and verified that the method can well simulate the dynamic response between the free surface of fluid and the structure; Dao et al. [15] established a numerical wave flume based on SPH method, which was successfully applied to simulate the cases of tsunami wave propagating on the slope and wave impacting on coastal structures; and St-Germain et al. [16] used the weak compressibility SPH method to compute the wave force of the rapidly developing tsunami wave acting on the square cylinder, and the computed results fit well with the results of large-scale physical experiments. Although SPH is advantageous for free-surface flow simulations with large deformation, its calculation accuracy and efficiency in simulating small deformation of solid structure are lower than that of the finite element (FE) method. Moreover, there exist tensile instability and difficulty in applying boundary when using SPH to simulate structural dynamics [17,18]. Hence, the pure SPH method is still insufficient to resolve the issue of WSI. Nevertheless, the FE solution can be coupled with SPH to make this method superior. It can not only utilize the advantages of SPH method in simulating complex free surface flow, but also make use of the advantages of high precision and efficiency of the FE method in calculating structural dynamics, thereby, SPH coupled with the FE method (SPH-FE) has been applied in wave–structure simulations [19,20].



In this paper, the SPH-FE method is used to simulate the free-surface flow with large deformation and the synchronously induced dynamic response of structures. Firstly, the classical dam break model is established, and the influence of particle spacing in the SPH method on the simulated results is examined. Subsequently, the feasibility of the present numerical method is verified by comparing with the available results in the literature. Furthermore, several influencing parameters, in terms of the initial wave water column height, distance between water column and structure, as well as stiffness of structure, are systematically analyzed.




2. Governing Equations and Numerical Methods


2.1. SPH Model for Fluid


In the SPH method, the computational domain is discretized into a set of arbitrarily distributed points (or particles), which possess individual material properties (e.g., position, velocity, mass, density, pressure) [16]. Instead of using the traditional computational grid to connect the compute nodes, discrete particles are used to simulate the continuous medium fluid, thus establishing the partial differential equation of fluid motion. The function describing the field Ω is approximated in the form of “kernel function”, which is expressed as the integral form of the product of any function and kernel function [8].


  < f ( x ) > =    ∫ Ω   f ( x ′ )    W ( x − x ′ , h ) d x ′ ,  



(1)




where x and x’ are the position vectors of two points in the computational domain; f(x) is the continuous function of the field corresponding to the coordinate X; f(x’) is the value of quantity at the point x’; W(x-x’,h) is the smooth kernel function, where h is the smooth length, representing the influence area of the smooth function (i.e., support domain); and h determines the precision and efficiency of the function expression.



For the SPH method, Equation (1) can be rewritten in discretized form of a summation of the neighboring particles in the support domain as follows [8]:


  < f (  x i  ) > =   ∑  j = 1  N      m j     ρ j    f (  x j  )   W (  x i  −  x j  , h ) =   ∑  j = 1  N      m j     ρ j    f (  x j  )    W  i j   ,  



(2)




where i is the number of any particle in the domain; the subscript j is the number of particles close to particle i; N is the total number of particles within the influence area of the particle at x; ρ is the density of fluid particles; and m is the mass of particles.



Substituting the SPH approximations for a function and its derivative to the partial differential equations governing the physics of fluid flows, the discretization of these governing equations can be written as follows [21]:


   {      d  ρ i    d t   =   ∑ j N    m j   v  i j   ⋅  ∇ i   W  i j           d  v i    α    d t   =   ∑ j N    m j  (    σ i     α β      ρ i    2    +    σ j     α β      ρ j    2    +  Π  i j   )  W  i j , β     + g       d  e i    α    d t   =   ∑ j N    m j  (  v i    α  −  v j    α  ) (    σ i     α β      ρ i    2    +  1 2   Π  i j   )  W  i j , β           d  x i    α    d t   =  v i    α  + ε   ∑ j N      m j      ρ ¯   i j      v  j i    W  i j         ,  



(3)




where the superscripts α and β are the coordinate directions; g is the acceleration of gravity; ε (= 0.5) is the shear strain rate; σ is the particle stress; v is the particle velocity; e is the internal energy per unit mass; and Пij is the Monaghan artificial viscosity [22], which can convert the kinetic energy of the fluid into heat energy. In the analysis of the interaction between waves and structures, Пij can prevent the non-physical shock of the solution results in the impact area and effectively prevent the non-physical penetration of particles when they are close to each other. As the smooth kernel function Wij must be normalized over its support domain and should satisfy the Dirac delta function, the forms of Wij usually include quantic spline function, cubic spline function, and Gaussian kernel function. By balancing the calculation accuracy and efficiency and considering that this study focuses on two-dimensional problems, the following cubic spline kernel function is adopted:


  W ( x − x ′ , h ) =  α D  ×  {     2 3  −  q 2  +  1 2   q 3                   0 ≤ q ≤ 1          1 6    ( 2 − q )  3                  1 ≤ q ≤ 2     0                                    q ≥ 2         ,  



(4)




where αD = 15/7πh2; q = (x − x’)/h.




2.2. Equation of State


When the SPH method is applied in solving the FSI problem, the fluid is treated as weakly compressible, and the pressure of particles is calculated by the density and internal energy of particles through the equation of state, usually in the following form [8]:


  P = B  [     (   ρ   ρ 0     )   γ  − 1  ]  ,  



(5)




where ρ0 denotes the reference density and ρ0 = 1000 kg/m3 for water; γ is a constant, and γ = 7 for water; and B is used to limit the maximum change of pressure, and is usually taken as follows [16]:


  B =    ρ 0   c 0    2   γ  ,  



(6)




where c0 is the artificial speed of sound in water at the reference density. With the increase of c0, the compressibility of fluid decreases. However, a high value of c0 may cause the instability of the numerical calculation, and a very small time step is needed at the same time. Therefore, in the numerical simulation, the value of c0 is often less than the real speed of sound and is generally taken as about 10 times the maximum velocity of the flow field. In that case, the fluid is compressible, but the calculation error is smaller and usually less than 1%, which can satisfy the engineering requirements. Because the maximum velocity is about     ( 2 g  h u  )   1 / 2     for the dam break model presented in this study, the value of c0 is   10   ( 2 g  h u  )   1 / 2    , where hu is the height of the initial water column.




2.3. Finite Element Equation for Solid


The FE method based on the updated Lagrangian scheme is currently used to solve the dynamic responses of structures. According to the weighted residual method, the finite element equations of structure motion in the computational domain V can be derived as follows [23]:


   M t   a t    α  =  f  ext k     α  −  f  in k     α  ,  



(7)




where at is the node acceleration; Mt is the node concentrated mass; subscript k is the node number; and fextk and fintk are the equivalent external and internal forces acting on node k, respectively, and their expressions are as follows:


   f  e x t k     α  =   ∫    V   N k   ρ s   F b    α     d V +   ∫      A t     N k   F t    α     d A ,  



(8)






   f  int k     α  = −   ∫    V    ∂  N k    ∂  x β        σ  α β   d V ,  



(9)




where Fb and Ft represent the physical force and surface force acting on the structure; At is the area of Ft; Nk is the finite element shape function of node k; and σ is the stress tensor.




2.4. Fluid–Solid Interface Treatment


As both the FE and SPH methods are based on Lagrangian description, the interface of fluid and structure can be easily handled by contact algorithm. In the present study, the generalized particle algorithm proposed by Johnson [24] is employed to treat the interface between solid element and fluid particle. The particle point is regarded as a node, and the element surface that contacts with the particle point is regarded as the main surface for calculation and processing through contact search.



The contact treatment of fluid and structure is shown in Figure 1, where N1 and N2 are two finite element nodes, and the fluid particle Ns is regarded as a sphere with a radius of half of the particle spacing. Before the fluid particles come into contact with the structural nodes, the corresponding velocities of Ns, N1, and N2 are Vs, V1, and V2 respectively, while l1 and l2 are the distances from the center of Ns to N1 and N2, respectively. The cross-over distance from fluid particle to structure element is δ, which can be calculated based on the distance from particle center to element boundary and particle radius, as shown in Figure 1a. In order to eliminate interpenetration, the velocity of the fluid particle and structure element node is adjusted through iterative processing of the conservation of momentum and principle of equal velocity at contact points. For instance, during the n-step iteration after the contact between the fluid particle and the structural element, the speed of the corresponding points becomes Vs + ΔVsn, V1 + ΔV1n, and V2 + ΔV2n, and the positions become N’s, N’1, and N’2, respectively. After the elimination of penetration, the contact point between the fluid and the structure unit is set to Nm, as shown in Figure 1b. The velocity increments ΔVsn, ΔV1n, and ΔV2n are calculated by the following equations:


  Δ  V s    n  =   −  α P   (  δ / Δ t  )    1 +  R 1    2   M S  /  M 1  +  R 2    2   M S  /  M 2    ,  



(10)






  Δ  V 1    n  = −  R 1    2   M S  Δ  V S    n  /  M 1  ,    Δ  V 2    n  = −  R 2    2   M S  Δ  V S    n  /  M 2  ,  



(11)




where Ms, M1, and M2 are the masses; R1(= l1/l) and R2 = (l2/l) are the fractions of momentum transferred from the slave node to the master nodes, where l is the distance from N1 to N2; Δt is the integration time increment; and αP is the penetration adjustment coefficient that determines the fraction of the velocity and position changes during each iteration,    α P  = 1 /   N − n + 1    , where N is the total number of iterations and n is the current iteration number.





3. Validation of Numerical Model


3.1. Computational Case Description


In the classical dam break case, the collapse of water column can generate waves, which is currently used for the numerical simulation of the wave–structure interaction problem in this study. Chanson [25] compared the tsunami surge caused by the Indian Ocean earthquake in 2004 with the dam-break wave, and demonstrated that the flow characteristics of the two waves are very similar. The dam break is a classical experiment that has been widely reported in the literature [26,27,28,29] and has also been used to validate numerical models [30,31]. In the process of dam break, the deformation of free surface is very large and complex. Specifically, when the water hits the wall, the water surface will break and roll over, and the induced structure dynamic response is significant, which can be used to model the waves impacting the marine structures.



The initial setup of the numerical model is shown as Figure 2, where hu and L are the height and the width of water column, respectively; b is the width of structure, and the height of structure is 20b/3; and a is the distance between water column and structure. At the initial stage, the water column is located on the left side of the fixed wall of the rectangular tank with a length of 4 L and keeps a static equilibrium state. The bottom of the structure is consolidated with the tank. The water column is released at the time of t = 0 to collapse under the action of gravity, generating a dam break wave impacting the structure.




3.2. The Effect of SPH Particle Spacing


In the SPH method, the fluid particles are uniformly arranged, and the neighboring particles in the support domain are continuously searched in the computation process. The initial smooth length h determines the area of influence by the particles, which results in a different total mass of neighbor particles searched, and finally affects the numerical results. The initial particle spacing Δ is an important parameter to determine the smooth length h, and the relationship between the two is as follows [16]:


  h = 0.725   ( 3  Δ 2  )   1 / 2    



(12)







Properly reducing the initial particle spacing can improve the accuracy of calculation, but too small particle spacing will lead to the instability of computation [32]. In this study, the water fluid deformation is solved by the SPH method. We first investigated the influence of different initial particle spacing Δ on the computed results. The adopted four initial particle spacings and the corresponding total number of particles are shown in Table 1. The geometry model settings are hu = 25.2 cm, L = 14.6 cm, a = 14.6 cm, and b = 1.2 cm. The structure is made of sub elastic material, with the density of ρs = 2500 kg/m3 and Young’s modulus of E = 106 N/m2, which is solved by the FE method with the minimum element of 0.002 m. As the SPH is based on the weakly compressible model, the time step Δt should satisfy the CFL (Courant-Friedrichs-Lewy number) condition [33]:


    Δ t ⋅ c  Δ  ≤ 0.2  



(13)




where c is the speed of sound.



Figure 3 presents the computed horizontal displacement x and velocity v at the top of the structure using different particle spacings. It can be seen that the maximum displacement and velocity of the structure occur at t = 0.25 s and t = 0.187 s, respectively. A comparison of the results with different initial particle numbers shows that the displacement and velocity of the structure are generally same when t < 0.5 s, whereas the computed results are clearly different when t > 0.5 s. When Δ = 2.0 mm~3.0 mm, the computed results tend to be overlapped. However, for the case of Δ = 1.5 mm, the time histories of displacement and velocity fluctuate greatly, and the free surface profile of fluid with Δ = 1.5 mm is quite different from those with Δ = 2.0~3.0 mm. Figure 4 shows the free surface shape of the fluid and the induced deformation of the structure and at the moment of t = 0.62 s. It is observed that, when Δ = 1.5 mm (i.e., small particle spacing and large number of particles), water splash is more obvious. For this case, there are too many particles in the support domain of the kernel function, which causes the viscosity of the fluid to decrease and the shear modulus is correspondingly decreased, hence the computed free surface deformation is too large. This is consistent with previous relevant studies that the smaller particle spacing leads to the smaller stiffness and the larger deformation [34]. Combining the numerical accuracy and calculation efficiency, the particle spacing of Δ = 2.5 mm is selected for the subsequent simulation.




3.3. Model Verification


In order to verify the feasibility of the model, the results of structural deformation and free surface shape at different times are compared with those obtained by particle finite element (PFE) [14], as shown in Figure 5. It can be seen that both the water fluid movement and the structure deformation simulated by the present SPH-FE method are in good agreement with the results by PFE. At the initial moment, the water column collapses, and the fluid flows forward to hit the structure. When t = 0.14 s, the fluid reaches the position of the structure, and starts to rises along the left side of the structure. After that, the water continues to climb and overtops the structure when t = 0.26 s. The free surface of the fluid deforms violently and water splashing occurs; meanwhile, the structure experiences deflection. When t = 0.34 s, the water moves forward and impacts the right side of the tank. Finally, the fluid falls back to the bottom of the tank along the right wall, resulting in free surface fusion.



In addition, the time history of the displacement of the upper left corner of the structure is also compared with other available numerical results [5,6,7] and is illustrated in Figure 6. It can be seen that, in the early stage of the simulation, the results calculated by the present SPH-FE method are consistent with the results in the literature. The peak value of the displacement as well as the corresponding time fit well with the other results. It is worth noting that some differences are found for the different method at the later stage owing to the complex free surface fusion process. However, the present study is mainly focused on the arrival time of waves and the peak displacement of the structure during the early stage. Hence, the SPH-FE method adopted here is feasible for the present study. To further validate the present model, the additional comparison with classical dam-break case by experiment is included in the Appendix A.





4. Analysis of Wave–Structure Interaction


In this study, a series of numerical experiments for the case of dam break wave impacting the structure were conducted to investigate the effects of several parameters on wave arrival time, wave load characteristics, and structure response. The influential parameters include the height of water column hu, the distance between water column and structure a, and the stiffness of structure E. The conditions for the total cases are listed in Table 2. The width of water column L is set as 146 mm for all the cases.



4.1. Effect of Water Column Height


Figure 7 presents the horizontal displacements at the upper left corner of the elastic structure for different water column height. It illustrates that water waves reach the structure at t = 0.138 s under different water column heights. The influence of water column height on the arrival time of water wave is not noticeable. When t = 0.186 s, the displacement of the structure reaches the peak value, and the response duration of the structure from the beginning of movement to the peak value is very short (i.e., 0.048 s). The peak value of the displacement is expected to increase with the increase of the water column height. The displacement amplitude of the structure decreases rapidly with time and decays to approximately 30% of the peak value after t = 0.3 s. Additionally, it can be seen from the curve shape that the displacement of the structure exhibits the characteristics of simple harmonic vibration under the impact of the fluid, and the attenuation of residual vibration is slow. In order to assess the periodicity and verify the appearance of super-harmonics of the structure vibration, the spectral analysis was also conducted using fast Fourier transformation (FFT) of time-series data. The corresponding results are plotted at the right of Figure 7. As can be seen, the peak frequency for all the cases is approximately within the range of 40–50 Hz, which is related to the natural frequency of the structure.



Figure 8 shows the vertical distribution of the extreme pressure P on the structure. The maximum wave pressure appears at the bottom of the structure regardless of the water column height. The peak pressure along the wave front of the whole structure increases with the increase of the water column height, which is reasonable because the higher water column with larger potential energy will result in larger wave load on the structure. The large pressure is confined near the bottom of the structure (y < 10 mm), which indicates that the bottom of the structure is greatly impacted by the water wave. The reason is that the collapsed water wave first arrives at the bottom part of the structure with large energy; subsequently, the water climbs on the structure with water splashing and energy dissipation. Hence, the wave-induced pressure on the bottom is comparatively larger owing to stronger water particle impacting on the bottom of the structure.




4.2. Effect of Distance between Water Column and Structure


Figure 9 and Figure 10 show the time history of horizontal displacement at the top of structure and the vertical distribution of the extreme pressure on the structure, respectively. It demonstrates that, with the increase of water–structure spacing, the starting time of structure movement is expected to occur later. The corresponding maximum displacements at the top of the structure are 0.82 mm, 0.76 mm, and 0.67 mm for the cases of a = 146 mm, a = 176 mm, and a = 206 mm, respectively, which indicates that the maximum displacement decreases with the increase of a. This can be explained that the hydrodynamic energy of the incident waves is gradually diffused in the propagating process, and thus longer distance results in more energy diffusion and the induced structure response is correspondingly weakened. However, the response duration of the structure from the beginning of movement to the peak value is almost equal. The frequency spectrum analysis at the right of the figure illustrates that the peak frequency is more significant as the distance between the structure and the water column is increased. This can be explained in that the solitary wave generated by the collapsed water is more fully developed with a longer distance, which causes the structural vibration under the water waves to behave more periodically. Figure 10 indicates that the extreme pressure P decreases slightly with the increase of a, and the difference is more obvious near the bottom of the structure.




4.3. Effect of the Structure Stiffness


The displacement at the top of the structure with different Young’s modulus E is plotted in Figure 11. With the decrease of the structure stiffness (i.e., increasing the value of Young’s modulus), the starting time for the structure movement remains almost the same, whereas the time corresponding to the peak value of the displacement is delayed, which indicates that the response time of the structure increases. The amplitude of displacement increases with the decrease of the structure stiffness, as expected. The frequency spectrum analysis illustrates that the peak frequency increases with the increase of structural stiffness, as can be seen from the circle plotted in the figure. Overall, the effect of structure stiffness on the dynamic response of structure is significant, including both the displacement and the frequency of the vibration, and this phenomenon is reasonably reproduced by the present numerical modeling.



Figure 12 shows the vertical distribution of the wave pressure P on the structure under different structure stiffness. With the increase of the stiffness of the structure, the peak value of the wave pressure increases slightly. This is consistent with the finding by Sriram et al. [11], who pointed out that the wave pressure of the rigid wall is 1.125 times of that of the elastic wall. Compared with the structure with larger stiffness, the structure with smaller stiffness absorbs more fluid momentum and transforms it into structure deformation, thus its surface pressure is relatively smaller.




4.4. Comprehensive Analysis


In this section, the influence of the above-mentioned parameters (i.e., the height of the water column hu, the distance between the water column and the structure a, and the Young’s modulus E) on the structure displacement x and pressure Pb is comprehensively analyzed, as illustrated in Figure 13 and Figure 14, respectively. In the figures, the variable is normalized by its maximum value. Figure 13 indicates that x/xmax is increased with increasing hu/humax, but decreased with increasing a/amax and E/Emax. Figure 14 shows that P/Pmax is increased with increasing hu/humax and E/Emax, but decreased with increasing a/amax. The reason has been mentioned above, that is, the higher water column means more potential energy of the water, and thus the hydrodynamic force impacting the structure is comparatively larger, inducing larger deformation of structure. The effect of a is mainly reflected from the energy diffusion during the collapsed water wave propagating to the structure, that is, a longer distance means more energy diffusion and relatively less kinetic energy acting on the structure, and the resultant smaller hydrodynamic force and structural displacement. Smaller stiffness implies that the structure deformation will be larger subjected to the same external force. Whereas the structure deformation in turn affects the hydrodynamic load on the structure, because this is an interaction process. The structure with larger deformation absorbs more fluid momentum and transforms it into structure deformation, thus its hydrodynamic load is relatively smaller.



In addition, by combining Figure 13 and Figure 14, it can be seen that, when hu/humax is increased by 0.3, the value of x/xmax is increased by about 0.4, and P/Pmax by 0.5. When a/amax is increased by 0.3, the value of x/xmax is decreased by about 0.3. Therefore, compared with the distance between the water column and the structure, the wave hydrodynamic effect caused by the change of the height of the water column is more pronounced. In addition, when E/Emax is increased by 0.8, the value of x/xmax is reduced by about 0.7, and P/Pmax is increased only by about 0.2. It is suggested that the effect of the structure stiffness on the displacement of the structure is comparatively greater than that of the pressure on the structure. In other words, the natural parameter for the structure is more significant compared with the external condition, for example, hydrodynamic force. In the present study, only the stiffness is considered, and further research needs to be conducted to explore the effects of other structural parameters on the dynamic response behavior.





5. Summary and Conclusions


In this study, the SPH-FE coupling method was presented to numerically investigate the dynamic characteristics of structure under dam-break waves, mainly focusing on the displacement at the top of structure. The influence of SPH particle spacing on the numerical results was firstly analyzed, and the model was validated by comparing with previous experimental and numerical results in terms of water surface elevation and structure vibration. The verified numerical model was further applied to investigate the effects of several parameters including the height of water column hu, the distance between water column and structure a, and the stiffness of structure E.



The validation with dam break case indicates that the present SPH method can accurately predict the water surface elevation. The structure vibration under the impact of dam-break wave, especially the displacement of structure, can be reasonably simulated by the numerical model. The initial particle spacing Δ is a key parameter in the SPH simulation, which needs to be calibrated carefully. The present results show that Δ = 2.5 mm is the appropriate value considering both the computational accuracy and numerical stability.



The parametric analysis illustrates that the structure displacement is increased with increasing hu, but decreased with increasing a and E. The hydrodynamic force is increased with increasing hu and E, but decreased with increasing a. The frequency spectral analysis clearly demonstrates the periodic behavior of the structure vibration. The peak frequency is significant for all cases and is mainly influenced by the stiffness of the structure.







Author Contributions


Y.Y. designed and conducted the simulation, analyzed the data, and wrote most of the paper. J.L. reviewed and edited the paper and provided suggestions for the improvement of the paper. All authors have read and agreed to the published version of the manuscript.




Funding


This research was funded by the Basic Funding of the Central Public Research Institutes (TKS190101, TKS20200101) and the Key science and technology projects of Ministry of Transport of China (2019-ZD10-059).




Acknowledgments


The authors thank the editors and two anonymous reviewers for their constructive comments to improve this paper. The authors also express sincere gratitude to Zhiwen Yang from Tianjin Research Institute of Water Transport Engineering for all the assistance and financial support on the research..




Conflicts of Interest


The authors declare no conflict of interest.





Appendix A. Validation of SPH Simulation


This validation case was selected from Lobovský et al. [28], who conducted a series of dam-break experiments. The sketch of experimental setup as well as the dimensions of the water tank are presented in Figure A1. In the experiment, at first, the left compartment is filled with water to a certain level, then the partition plate is removed at a high speed. The flow motion is recorded by a high-speed digital camera. The temporal variations of water surface elevation at the four positions (i.e., H1~H4 denoted in Figure 1) were obtained, which can be utilized to validate the present SPH model.



Figure A2 shows the comparisons of water surface elevations between the computed results by the current SPH model and measured data in the experiment. In the figure, the water surface elevation z is normalized by the initial water column height H (= 0.3 m), and the time is normalized as t* = t(g/H)1/2. It can be seen that the computed results fit well with the experimental data, especially for the early stage, during the collapsed water wave arriving at the measurement position, the results are almost overlapped. Additionally, the peak value of water surface elevation at position H2~H4 is reasonably predicted by the present SPH modelling. A slight discrepancy is found at the later stage when the reflected wave passes through the measurement position. This is because of the fact that the collapsed water impacts the wall, inducing water splashing, and this phenomenon is very complex, which is still a challenge for the current numerical modelling even for SPH method. However, in general, the validation indicates that the present SPH model is capable of capturing the water surface variation accurately, which also guarantees the further computation of the structural dynamic response subjected to the dam-break waves.
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Figure A1. Sketch of experimental setup in the literature of Lobovský et al. (2014). 






Figure A1. Sketch of experimental setup in the literature of Lobovský et al. (2014).
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Figure A2. Comparisons between numerical and experimental results of water surface elevations at different locations: (a) H1; (b) H2; (c) H3; (d) H4. 






Figure A2. Comparisons between numerical and experimental results of water surface elevations at different locations: (a) H1; (b) H2; (c) H3; (d) H4.
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Figure 1. Contact treatment between fluid and structure: (a) before adjustment; (b) after final iteration. 
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Figure 2. Initial setup of the computational domain. 
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Figure 3. Comparison of (a) horizontal displacement and (b) horizontal velocity at the top of the structure using different initial particle spacings. 
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Figure 4. Simulated free surface and corresponding structure deformation using different particle spacings at t = 0.62 s. 
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Figure 5. Comparisons of free surface and corresponding structure deformation using different numerical methods. 
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Figure 6. Comparison of computed time history of the horizontal displacement at the top of the structure, the other available data used for comparison is from the published literature [5,6,7]. 
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Figure 7. Horizontal displacement at the top of the structure under different water column height. 






Figure 7. Horizontal displacement at the top of the structure under different water column height.



[image: Jmse 08 00630 g007]







[image: Jmse 08 00630 g008 550] 





Figure 8. Vertical distribution of wave pressure on the structure under different water column height. 






Figure 8. Vertical distribution of wave pressure on the structure under different water column height.



[image: Jmse 08 00630 g008]







[image: Jmse 08 00630 g009 550] 





Figure 9. Horizontal displacement at the top of structure under different water–structure displacement. 
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Figure 10. Vertical distribution of wave pressure for the structure under different water–structure displacement. 
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Figure 11. Horizontal displacement at the top of the structure under different structural stiffness. 
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Figure 12. Vertical distribution of wave pressure on the structure under different structure stiffness. 
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Figure 13. Variation of displacement at the top of the structure with different parameters: (a) the height of the water column; (b) the distance between the water column and the structure; and (c) the Young’s modulus. 
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Figure 14. Variation of wave pressure on the structure with different parameters: (a) the height of the water column; (b) the distance between the water column and the structure; and (c) the Young’s modulus. 
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Table 1. Parameters of particle spacing.
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	Test No.
	Initial Particle Spacing

Δ [mm]
	Number of Particles





	1
	3.0
	4753



	2
	2.5
	6786



	3
	2.0
	10,658



	4
	1.5
	18,915
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Table 2. Calculation conditions.






Table 2. Calculation conditions.





	Test No.
	hu [mm]
	a [mm]
	E [kPa]





	1
	292
	146
	3.0 × 107



	2
	252
	146
	3.0 × 107



	3
	332
	146
	3.0 × 107



	4
	292
	176
	3.0 × 107



	5
	292
	206
	3.0 × 107



	6
	292
	146
	1.5 × 107



	7
	292
	146
	7.5 × 106
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