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Abstract 
This study investigates the effectiveness of a new discrete V-shape coastal barrier (V-wall) to 
reduce multiple tsunami-bore impacts on a group of idealized coastal structures. The 
performance comparison has been made between a baseline model (BM), continuous straight 
wall models (SW) and V-wall (VW) models. A number of key parameters including the 
barrier height and length along with the arrangement of the landward structures are 
investigated numerically using the 3-D smoothed particle hydrodynamics (SPH) approach. 
From the SPH models output the bore velocity, maximum force, total impulse and pressure 
distribution on the structures are examined. The results indicate that the V-walls can provide 
a similar level of protection to continuous seawalls of the same height and hence can be 
considered as an economic alternative to protection in tsunami prone regions.  However, in 
order to gain the greatest benefit from the V-walls, strategic planning of the position and 
orientation of landward structures and the walls themselves is needed to avoid bore flow 
focusing and reflection effects.  
Keywords: building structures, coast protection, overtopping, SPH, tsunami, wave forces.  
 
1. Introduction 

The protection of onshore building infrastructure from tsunami wave impact can be 

delivered by means of coastal defence structures including barriers, seawalls and 

embankments (Xu et al. 2021, Syamsidik et al. 2019, Abe et al. 2012). Considering typical 

tsunami wave characteristics, the cost of traditional coastal defences to provide a measure of 

protection to shore-based structures can be very considerable and thus prohibitive in many 

parts of the developing world. Aside from the cost of such defences, a continuous seawall of 

the height necessary for tsunami protection may in some cases be inefficient, especially in 
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conditions where the protected buildings are clustered locally e.g. in case of apartment 

buildings that are located near to the shoreline (Yeh et al. 2013). There is also the aesthetic 

concern of lost view and amenity whereby a continuous seawall will block beach access and 

the views which are important aspects for the tourism industry. In Namiita-Japan for 

example, residents opposed the reconstruction of the seawall entirely to preserve the natural 

scenery, while in Akahama-Japan, the residents’ consensus was to keep the seawall at its 

previous level and move the residential area to higher ground to preserve the scenic benefits 

(Burnett et al. 2016). In order to protect buildings located in tsunami prone areas, it is 

necessary to consider alternative protection systems that can reduce tsunami loads on 

buildings and improve survivability. The tsunami resilience of building structures has 

conventionally been achieved by several strategies including the presence of openings or 

breakaway walls or by elevating the structures (Moon et al. 2020). In parallel with these 

direct interventions to the buildings themselves, modification of the coastal defence system 

seaward of these buildings has the potential to reduce tsunami loads and further improve 

building performances. 

Recent studies have examined influential factors on tsunami impact force reduction in 

regards to an on-shore structure’s orientation and position. Shafiei et al. (2016) investigated 

experimentally the effect of rotation of a single structure changes the pressures and forces it 

experiences. For the case of flood inundation, Cantelmo and Cuomo (2020) proposed a 

generic formulation for evaluating dynamic loads on a structure that can be used to assess its 

vulnerability and also to design new flood-resilient structures. They conducted a series of 

tests to study the sensitivity of loading to the orientation angle of structures relative to the 

flow direction and proposed an equation based on best-fit curves with empirical parameters 

for impulsive and quasi-static loading conditions. Tomiczek et al. (2016) used experiments to 

examine shielding effects of an array of regularly spaced structures showing that peak 
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pressures of the breaking waves can be reduced by 30-70%. Pringgana et al. (2021), using a 

smoothed particle hydrodynamics (SPH) numerical simulation approach, showed that the 

tsunami load reduction on a building is heavily influenced by its orientation and that of 

neighbouring structures to the oncoming tsunami wave direction. Moris et al. (2021) studied 

the influence of a building array on tsunami-driven run-up loads and found that the number of 

rows of buildings providing shelter is an explanatory variable for the maximum wave run-up 

load reduction.  

 Kihara et al. (2021) performed a series of physical model experiments of tsunami 

inundation over an idealized industrial site located in a coastal area. They found a wide 

spatial variance of the maximum inundation depth influenced by the effects of the 

neighbouring structures, especially the blocking effects due to structures. It was also 

underlined that, for a relatively small inundation area, as the distance increases from the 

coastline, the contribution of hydrodynamic pressure decreases and the momentum fluxes and 

Froude numbers do not always agree with those stated in previous studies. Recently, Zhang et 

al. (2023) have conducted one of the first experimental investigations of the inundation of an 

idealised urban area behind a partial wall showing the partial wall provides an extended 

sheltering effect on the structures. Moreover, Fukui et al. (2022) performed a direct 

simulation of inundated developed urban areas compared to that of bare earth with roughness 

and stated that buildings significantly influenced the overland flood propagation. The 

significant effect of buildings on tsunami flow has been studied experimentally and 

numerically using OpenFOAM by Ishii et al. (2021). They also revealed a considerable 

shielding effect occurred in the leeside of the building where this condition can be used for 

constructing safer evacuation strategies.  

Although some research has been carried out on a structure’s orientation, where the 

angle of rotation has been found to be related to impact force reduction, no studies have been 
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conducted which examined the implementation of protective structures with oriented 

surfaces, thus the extent of its wider relevance remains unknown. The aim of the present 

study is to explore the effectiveness of discrete protective structures, namely on-plan V-

shaped walls, in reducing the tsunami wave impact force on building structures and to 

observe the minimum size of V-wall that can provide a comparable level of protection given 

by a continuous sea wall.  

The efficacy of SPH for modelling the tsunami wave interactions with coastal 

structures has been developed through various numerical validations using the open-source 

SPH code DualSPHysics (Domínguez et al. 2021). Pringgana et al. (2016) re-modelled the 

dam-break case of Kleefsman et al. (2005) to investigate the sensitivity of SPH particle size 

to several parameters including the water surface elevation and pressure. SPH approaches for 

investigating tsunami wave and structure interaction utilizing a larger numerical flume size 

has been conducted by Cunningham et al. (2014), following an experimental investigation 

conducted by Linton et al. (2013). The numerical and experimental output comparisons 

showed good correlation in terms of water surface elevation, wave velocity and pressure over 

the vertical surface of the impacted wall. Cunningham et al. (2014) has also demonstrated the 

suitability of SPH modelling to predict the tsunami wave force on discrete, non-orthogonal 

structures in comparison to the corresponding experimental results by Zhang (2009). More 

recently, Pringgana et al. (2021) confirmed that the SPH numerical modelling using 

DualSPHysics was capable of predicting the tsunami wave and structure interaction for an 

array of structures reproducing and extending the experiments conducted in a large wave 

basin by Thomas et al. (2015).    

The current paper is structured as follows. The Methodology section presents a brief 

description of SPH and is then followed by the Numerical Setup that describes the layout of 
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numerical boundary models and modelling scenarios. The Results and Discussion provide the 

outcomes of the numerical work, these are then followed by the Conclusions.  

2. Methodology  

The numerical technique smoothed particle hydrodynamics (SPH) is an increasingly 

popular method for simulating coastal engineering applications (Altomare et al. 2015; 

Domínguez et al. 2021). SPH is a meshless weakly compressible Navier-Stokes solver that is 

capable of simulating violent free-surface flows including tsunamis. In recent years, the 

accuracy of SPH to predict physical processes has been improved continuously with 

hardware acceleration to reduce the computational cost. Based on Domínguez et al. (2021), 

the SPH formulations consist of several key aspects that can be listed as follows: (1) 

interpolants and kernel functions, (2) governing equations, (3) SPH discretization of the 

governing equations, (4) equation of state and compressibility, (5) time integrators and time 

step, (6) boundary conditions and (7) particle shifting algorithm. Those key aspects are 

briefly described below. 

The properties of the SPH particle are influenced by its neighbouring particle within 

the kernel. The integral interpolant for approximating the quantity value of an SPH particle 

𝐴(𝑟) located at position 𝑟 can be written as follows (Gomez-Gesteira et al. 2012):  

〈𝐴(𝒓)〉 = න 𝐴(𝒓ᇱ)𝑾(𝒓 − 𝒓ᇱ, ℎ)𝑑𝒓′
ஐ

 
(1) 

where 𝑊(𝒓 − 𝒓ᇱ, ℎ) is the weighting function or smoothing kernel,  ℎ is the smoothing length 

that controls the radius of influence of domain Ω and 〈… 〉 denotes an approximation.  Eq. 1 is 

discretised using a summation: 

〈𝐴(𝒓௔)〉 = ෍ 𝐴௕𝑾௔௕

𝑚௕

𝜌௕
௕

 
 (2) 

where 𝒓௔ is the position of particle a, subscript a refers to the particle of interest, subscript b 

refers to neighbouring particles, 𝑾௔௕ = 𝑾(𝒓௔ − 𝒓௕ , ℎ), 𝑚 is the mass and 𝜌 is density. The 
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kernel function controls the influence of SPH particles that have mass and density, within the 

compact support of the smoothing kernel. There are several types of kernels that can be 

implemented in DualSPHysics including the Cubic Spline, Wendland and Gaussian (Dehnen 

and Aly 2012). The Wendland kernel was used for all numerical models in the present study. 

The Navier-Stokes governing equations of continuity and momentum determine the velocity, 

density and pressure, which also consider the dissipation terms and accelerations due to 

external force such as gravity. The governing equations are then discretized to be used in 

SPH by conservation of the mass and momentum Domínguez et al. (2021).  

The weakly compressible SPH model solves the conservation of mass and momentum 

in Lagrangian form as 

𝑑𝜌

𝑑𝑡
=  − 𝜌∇  ∙  𝒗 

(3) 

𝑑𝒗

𝑑𝑡
= −

1

𝜌
∇𝑃 + 𝒈 +  𝜞  

 (4) 

where 𝒗 is the velocity, 𝑡 is the time, 𝜌 is the density, 𝑃 is the pressure, 𝒈 is the gravitational 

acceleration and Γ is the dissipative term. In SPH form, the continuity equation, Eq.3, can be 

written using the δ-SPH formulation (Antuono et al. 2015):    

𝑑𝜌௔

𝑑𝑡
=   ෍ 𝒗௔௕  ∙ ∇௔  𝑾௔௕

𝑚௕

𝜌௕
+ 𝛿ௌ௉ு

௕

 
(5) 

where 𝒗௔௕ = 𝒗௔ − 𝒗௕ and ∇௔ 𝑾௔௕ denotes the derivative of the smoothing kernel 𝑾௔௕ with 

respect to the coordinates of particle 𝑎. The conservation of momentum as shown by Eq. 4, 

can be expressed in the SPH notation related to pressure gradient as follows:  

𝑑𝑣௔

𝑑𝑡
=  − ෍ 𝑚௕ ൬

𝑃௔ + 𝑃௕

𝜌௔𝜌௕
+ Π௔௕൰ ∙ ∇௔ 𝑾௔௕ + 𝒈

௕

 
(6) 

where Π௔௕ represents viscous forces. 

Recently, stability improvement in DualSPHysics has been performed by 

implementing the density diffusion term (DDT) formulations that smooth the density and 
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pressure so that high frequency noise can be filtered (Fourtakas et al. 2019). The density and 

pressure in SPH are formulated by an equation of state that allows for weak compressibility 

of the fluid and incorporates the speed of sound parameter. The time integrator regulates 

calculation steps within an iteration time interval. The Symplectic time integration scheme 

available in DualSPHysics with variable time stepping was used in this study where it is time 

reversible and symmetric in the absence of diffusive terms.  

Periodic lateral boundary conditions are used to simulate an infinitely long domain is 

applied in all numerical models in this study, while the dynamic boundary condition has been 

used for all solid boundaries (Domínguez et al. 2021).  The DualSPHysics software possess 

specific functionality for wave generation including regular, random and solitary waves. The 

solitary waves, as used in all models in this study, are generated by the displacement of a 

piston-type wavemaker where its motions are based on the Boussinesq approach (Goring, 

1978).  

Generally, the SPH pressure distribution over a surface of a structure is measured by 

numerical probes. Pressures measured on a surface can be multiplied by the area of 

structure’s surface to obtain force, as described in Pringgana et al. (2021). The inter-particle 

spacing of a group of measuring pressure probes and their distances from the surface of 

structures are sensitive to the resulting numerical prediction so that prior sensitivity studies 

are required to achieve numerical pressure predictions comparable to the experimental data. 

However, recent progress in DualSPHysics 5.0 provides the users a straightforward means to 

measure force on a surface of a structure, using the ComputeForce calculation tools. The 

ComputeForce tool enables the measurement of force on the surface of the boundary, the 

surfaces are set during the pre-processing stage and the results can be directly found in the 

post processing output files. The ComputeForce tool has a similar function to the force 

measurement tool by using measuring probes placed on the front of certain surfaces. The use 
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of measuring probes to determine force can be found in Cunningham et al. (2014), Pringgana 

et al. (2016) and Pringgana et al. (2021). Other functionality available in DualSPHysics 5.0 is 

the FlowTool that can be used to calculate the number of fluid particles that enters or leaves a 

certain domain specified by the users. 

3. Numerical set-up 

The numerical domain consists of water particles, a continuous straight wall (SW) as 

a protecting barrier, an inverted V-shape wall (herein referred to as a V-wall, VW) and 

cuboid structures representing buildings (S), as shown in Figure 1. The principle behind the 

use of such discrete structures is to develop a cost-effective alternative to continuous sea 

walls. In addition to construction of dedicated V-shaped wall defences, such an approach may 

also allow the external walls of strategically placed existing and new structures to be 

strengthened to act in a similar way to V-wall defences. Intuitively, when considering purely 

the structural action of the walls, it would be expected that the structural demand on the V-

walls would be less when the V-shape is orientated offshore i.e. apex pointing towards the 

oncoming flow, compared to the reverse orientation. Similarly, the offshore V-orientation 

lends itself better to incorporation in building structures compared to the reverse situation. 

Consequently, the work herein focuses on the offshore V-shape orientation. However, for 

interest, the reverse orientation of the V-shape has also been examined, the results from this 

are given in appendix A. 

Numerical models in this study are classified into several groups which depend on the 

types of coastal defence structures involved together with a baseline model (BM) without any 

coastal defence barrier. All models consist of 11 cube structures placed in three rows (S11 – 

S34), except model VWX which consists of 10 cubes since the central structure, S22, is 

excluded. The domain is dimensioned in terms of the characteristic length of a structure D. 
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The first group consists of two models similar to the baseline model but incorporating a 

continuous straight wall (SW1 and SW2) with different heights (0.15 m and 0.30 m), as 

illustrated by Figure 1(a). The second group comprises models similar to the baseline but 

with V-walls varying in size and height (VW1-VW6), as can be seen in Figure 1(b). The third 

group contains models similar to the second group but with modification on the central cube 

structure (S22), whereby S22 is rotated in models VWR1, VWR2 and VWR3, and S22 is 

excluded in model VWX. Table 1 summarizes the details of all models. In this study, all 

spatial dimensions are set to be the multiple of D for convenience, where D is the size of the 

cube structure.  

The SPH periodic boundary condition was utilized to numerically represent an 

infinitely long coastline using a finite domain with a length of 16D. The straight continuous 

walls (SW) and discrete V-walls (VW) have the same thickness of D/3 (0.2 m). The V-walls, 

as shown in Figure 1(b), vary in length from L = 2D, 3D and 4D. The position of SW, as well 

as the 2D-length VW in the x-direction, were set in such a way that the centroid of both SW 

and VW is located at the same point, where the centroid lies between the shoreline and the 

most seaward structure. In this study, two heights of the protective walls VW were 

considered, namely D/4 (0.15 m) and D/2 (0.30 m). The variation of VW size was intended to 

study the effect of VW’s length and height on the resulting total force on structures. The 

shape of VW and its orientation was arranged so that both of its sides formed a 45-degree 

angle with regard to the shoreline and oncoming tsunami waves. The configurations defined 

here are based on findings by Pringgana et al. (2021) that revealed the 45-degree rotation of 

rectangular structures provides the most significant total force reduction from tsunami wave 

impact as compared to other degrees of rotations (e.g. 15, 30, 60-degrees).  

The tsunami-like wave simulation in all models involved two solitary waves that were 

generated sequentially by piston wave-maker motions, with an interval period of 1 second, 
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which was based on the Boussinesq equations (Goring 1978). This interval period allowed 

the second solitary wave to be produced with the same number of particles in the 

computational domain (e.g. the height of water particle in front of paddle wavemaker) 

following the generation of the first wave.  Note, after the generation of the first wave, the 

paddle remains stationary until the paddle restarts moving for the generation of the second 

wave.  Both solitary waves were propagated from offshore to the flat onshore side where the 

structures are located, as illustrated in Figure 2. The reason for applying multiple solitary 

waves in this model was based on the fact that tsunamis consist of a series of waves. The use 

of solitary waves to approximate tsunami waves has become customary due to their stable 

form, experimental repeatability along with the fact that the leading wave of tsunamis often 

emerges as a solitary wave after a long period of propagation (Yeh et al. 1994). However, 

Madsen et al. (2008) criticized the use of solitary waves for modelling tsunami waves due to 

their differences in wavelength and period. The first tsunami might not be the strongest and 

the second wave could get bigger. In this study, both solitary wave heights were set similar to 

that of the cube structure’s height, D (0,6 m). 

SPH particles were used to create the boundaries in the models, including the fixed, 

periodic and moving boundaries as well as the fluid particles. The fixed boundary comprises 

the water tank and all structures, and the moving boundary is used for the piston wave-maker. 

Based on previous particle convergence studies by Pringgana et al. (2021), who identified 

that a suitable particle size is D/10, using the same basic flume dimensions and wave 

characteristics, the SPH particle size used in all models is dp = 0.025 m to represent bore 

flows. The SPH modelling output examined in this study includes the wave height, wave 

velocity, wave pressure, impact force, impulse and momentum flux. The numerical velocity 

probes (P1-P4) for measuring the velocity and also the height of fluids were located at 

offshore and onshore zones inside the water tank for all the models described in Figure 1. The 
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positions of the water surface elevation and the offshore velocity probes denoted as WG1-

WG4, are shown in Figure 2. The vertical surfaces of the cube are set-up to automatically 

measure any resulting hydrodynamic force.   

4. Results and Discussion  

4.1 Pre- and Post-processing Data of SPH Modelling 

The numerical modeling constants and parameters in DualSPHysics 5.0 are shown in 

Table 2. The SPH simulations were analyzed using commercial GPU hardware, Nvidia 

GeForce GTX 3060, which has 12,288 MB of memory and 1.85 GHz clock rate. The 

computational time of the simulations and the number of particles involved, based on 

diameter of SPH particle dp = 0.025 m, are listed in Table 3 for selected cases. The SPH 

particles comprised the fixed boundary (water tank, idealized structures, numerical measuring 

probes), moving boundary (paddle wave-maker), and fluids (water in the tank). Note that the 

number of particles for moving boundary and fluid particles are the same for all models. An 

open-source visualization application named ParaView was used to analyze SPH output data 

to produce the 2-D and 3-D figures in this study.   

4.2 3-D Flow Simulations 

Figure 3 depicts the numerical simulation of the model without any protection wall, 

i.e., the baseline model (BM). The 3-D side view in Figure 3(a) shows the paddle wavemaker 

displacement generated by two solitary waves propagating toward the onshore side. As the 

solitary waves reached the shoreline, they each formed a bore and impacted the group of 

onshore structures, as shown by the seaward view in Figure 3(b). The second bore impact on 

the structures is shown by the landward view in Figure 3(c). Figure 4 shows the landward and 

seaward views for the case with a straight wall (SW2), capturing the phenomenon of the first 

wave impact at the wall, the overtopping and the second wave offshore plunging. During the 
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wave overtopping, some fluid particles were observed to either move forward or bounce back 

offshore. By using the straight wall as a reference line for dividing the shore and the built-up 

areas, the number of fluid particles that either moved forward or bounced back can be 

calculated using the FlowTool in DualSPHysics. In Case SW1 and SW2 (with 0.15 m and 

0.30 m wall heights), the total volume of fluid particles per unit length (m) that overtopped 

the straight walls and entered the built-up areas were 1.121 m3/m and 0.525 m3/m, 

respectively. 

The simulation of case with V-walls (VW5) is depicted by the landward view in 

Figure 5. It can be seen that the 0.30 m-high V-walls provided shielding to the rear structures 

and at the same time incurred focusing of flow to the centre structure S22. When compared 

with the straight wall (SW2) of the same height as shown in Figure 4(c), the V-walls of VW5 

can provide a better level of protection to the structures from bore impact. 

4.3 Water Surface Elevation and Velocity 

The offshore heights of two solitary waves in Figure 3(a) were comparable and stayed 

stable throughout offshore propagation and then increase while passing over the sloping bed 

and moving closer to the shoreline, as shown by Figure 6(a). The offshore velocities of both 

solitary waves show the same trend as that of their offshore heights. However, the offshore 

velocity of the first solitary wave seems considerably higher than the second one as it is 

closer to the shoreline, as shown by Figure 6(b). Moreover, offshore velocity probes recorded 

negative velocity with increasing value closer to the shoreline, which indicates a certain 

number of fluid particles moved offshore. 

The onshore bore maximum velocities that were measured by numerical probes P1-P3 

are plotted in Figure 7. The bore velocities at the shoreline for Case 1 (baseline) is 

represented by line P1-C1 in Figure 7(a). Furthermore, the bore maximum velocity increased 
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as the bore proceeded further towards the structures, as shown by line P2-C1 and P3-C1. The 

maximum velocities were influenced by the changing shape of the wave, where the wave 

broke near the shoreline and then travelled as a bore on the onshore flat surface. This 

explained the fact that the maximum velocity at P1-C1 is lower than that of at P2-C1 and P3-

C1. The bore velocity decreased as the height of the straight wall increased, as shown in 

Figure 7(b) which compares the bore velocities of baseline case, SW1 and SW2 at probes P3 

located just before the first row of structures. 

The shape of V-wall triggered the focusing flow toward the structures as depicted by 

Figure 5. The velocity of associated focusing flows measured by probes P3 (see Figure 1b) 

and plotted in Figure 7(c). Based on Figure 7(c), it can be observed that the influence of the 

V-walls’ height and width were not significant to the flow velocities during the first bore 

impact and less significant during the second bore impact.        

The bore velocities at probe P4 which is located behind the V-wall are shown in 

Figure 8. By comparing the baseline, BM, and straight wall cases, SW1 and SW2, through 

Figure 8(a), it can be observed that the bore velocity at P4 is reduced by the presence of the 

straight walls. However, related to the first bore strike, the higher straight wall (series P4-C3) 

resulted in a higher velocity than the lower one (line P4-C2), this may be due to the higher 

overtopping height associated with the higher wall seen in Figure 9(a and b), which was then 

followed by stronger downfall compared to that of the lower straight wall case. Figure 8(b 

and c) show that the V-walls (line P4-C4 and P4-C7) eliminate the first wave and were 

slightly more effective in reducing the bore velocity as compared to the straight walls of the 

same height (line P4-C2 and P4-C3). Figure 9(c, d) and Figure 9(e, f) show the overtopping 

waves on the straight and V-walls, respectively, due to the second bore strike.      

4.4 Bore Impact Force 



14 
 

The bore impact force is represented by Figure 10 and Figure 11 showing the 

comparison of applied force on structures in the baseline model (BM), the straight wall (SW) 

and the V-wall (VW) models of the same height. The position of graphs in Figure 10 and 

Figure 11 was arranged to be similar with the position of structures in the water tank whereby 

the first row is the closest to shoreline. The impact force data were shown from 8 seconds to 

16 seconds, disregarding prior zero impact force data during the time span of offshore to 

onshore wave propagations. The force lines in the graphs consist of two peaks that represent 

the influence of the first and second bore strikes. In Figure 10 and Figure 11, it can be seen 

that the peak impact force values caused by the first bore strike are generally lower than that 

caused by the second bore strike. In some cases (C8, C9, C11, C12, C13), the first impact is 

entirely avoided corresponding to the flow visualized in Figure 5.  Moreover, the graphs 

show that the impact force values on structures at the second row are higher than that in the 

first row, especially for the centre structure, S22. The impact force tends to decrease on the 

third-row structures. Whilst the graphs provide visual information regarding the impact force 

comparison, Table 4 through Table 6 provide the maximum impact force values and the total 

impulse on the structures. The maximum impact force has considered the direction of force 

acting on each side of the structures, following the approach detailed in Pringgana et al. 

(2021). 

4.4.1 Maximum Bore Impact Force 

The maximum impact forces on structures of each case are shown in Table 4. The 

fluctuations of maximum impact force values on structures were influenced by the dynamic 

motion of fluid particles of the leading bore. For example, based on data in column 3 of Table 

4 for the baseline model (BM), the coefficient of variation (COV) of impact force values on 

the first, second and third-row structures are 11.3%, 8.6% and 26.3% due to the first bore 

strike and 5.6%, 14.4% and 6.7% due to the second bore strike. The same trend for force 
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fluctuations occurred for the rest of data in Table 4, thus, for convenience, the mean values of 

impact force on structures per row will be used for onward comparison. Based on data in 

Table 4, the percentage of the mean values of impact force on structures between each model 

over the baseline model (BM) are determined and displayed in Table 5. The positive values in 

Table 5 indicate the amount of force reduction provided by the combination of barriers and 

structures and conversely, the negative values implied force amplification. 

In column 3 of Table 4 for BM, the mean values of maximum impact force on the 

first, second and third-row structures due to the second bore strike are 21%, 58% and 327% 

higher to that of caused by the first bore strike, owing to the contribution of the wet bed 

condition following the first bore onshore propagation. The increase of the mean value of 

maximum impact force on the second and third-row structures was also caused by the flow 

focusing effect triggered by the interaction of fluid flow with adjacent front structures. A 

substantial force increase on the third-row structures was caused by the significant number of 

water particles that were reflected by the second-row structures, as depicted in Figure 13(a). 

The maximum impact force in cases with the straight wall, SW1 and SW2, are shown in 

column 4 and 8 of Table 4. It can be seen that the presence of the straight wall was capable of 

reducing the maximum impact force on structures at the first, second and third rows due to 

the first and second bore strikes.  

From Table 4, there is a clear effect of the V-walls in reducing the impact force, 

particularly on structure S21 and S23 that were situated precisely behind the V-wall. The 

wider the V-wall, the more effective the level of protection offered compared to the 

traditional straight wall, as can be observed from column 10 through 15 of Table 4. However, 

the V-walls exhibited some drawbacks, mainly to the middle structure S22, in the form of 

reflected bore flows caused by the inward-inclined shape of the V-walls. From column 5 
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through 7 and column 9 through 11 in Table 4, the maximum forces exerted on S22 are 

significantly higher than that of the baseline and the straight wall.  

A means to overcome this drawback is the rotation of structure S22 by 45 degrees 

along its vertical axis. This rotation yielded lower maximum forces on S22 as can be seen in 

column 12 through 14 of Table 4. The force on the rotated structure S22 is then compared 

with an empirical prediction proposed by Cantelmo and Cuomo (2020) that specifically 

addressed building orientation under either impulsive or quasi-static loadings. The best-fit 

curves of the impulsive loading in Cantelmo and Cuomo (2020) re-produced as a dashed line 

in Figure 12 relates the normalized force on the rotated structure F(θ) over that in the un-

rotated structure F(0) and the degree of the structure’s orientation (θ-0)°. Based on the data in 

column 9 through 14 of Table 4 for models VWR1, VWR2 and VWR3 under the first and 

second bore impact, the SPH maximum impact force predictions are plotted against the 

empirical maximum force prediction. It can be seen from Figure 12 that the SPH prediction 

due to the first bore strike (black) are close to the empirical prediction. However, the SPH 

prediction due to the second bore strike (grey) are in the case of VWR1 and VWR3 up to +/-

30% different, this may be influenced by different hydrodynamic conditions. The empirical 

prediction was based on a single load on a single structure, while the second SPH bore strike 

may be affected by earlier bore-structure interactions.  

A further shortcoming arose from the rotation of S22, also in the form of reflected 

bore flows to nearby structures, mainly third-row structures, S32 and S33, as depicted by 

Figure 14(a, b) and also indicated by the increase of force in column 12 through 14 of Table 

4. To avoid the reflected bore flows, the exclusion of structure S22 was considered as 

simulated by Figure 14(c), where this consideration resulted in lower maximum force on 

structures as shown in Table 4 by column 15 versus column 11 and 14.   
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Based on data in column 3 of Table 5, the maximum impact force reduction provided 

by straight walls in SW1 on the first, second and third-row structures are 51%, 51% and 11% 

due to the first bore strike and 19%, 38% and 29% due to the second bore strike, respectively. 

Moreover, in column 7 of Table 5, the maximum impact force reduction provided by straight 

walls in SW2 on the first, second and third-row structures are 67%, 57% and 76% due to the 

first bore strike and 56%, 55% and 62% due to the second bore strike, respectively. These 

results clearly indicated that a higher straight wall gave higher level of protection. 

The effectiveness of the 0.15 m-high straight wall (SW1) and V-walls (VW1, VW2 

and VW3) can be seen in column 3 through 6 of Table 5. The data shows that VW2 and VW3 

are more effective than SW1 only for structures at the first row with maximum force 

reduction 58% and 69%, respectively. For other rows, the VW1, VW2 and VW3 are less 

effective than SW1. Due to the first bore strike, VW1, VW2 and VW3 show disadvantages 

for the third-row structures with force amplification 34%, 78% and 94%, respectively.   

Similar trends to the 0.15 m high barrier cases, are also exhibited by the 0.30 m-high 

straight wall (SW2) and V-walls (VW4, VW5 and VW6) in column 7 through 10 of Table 5. 

The VW5 and VW6 arrangements show their effectiveness over SW2 for structures at the 

first row with maximum force reduction 80% and 87%, respectively. Moreover, VW6 gave 

greater protection than SW2 except for the third-row structures.  Due to the first bore impact, 

VW4, VW5 and VW6 offered a drawback for the third-row structures with force 

amplification 51%, 115% and 146%, respectively.   

The force prediction of models with rotated middle structure, S22 (WR1, WR2, and 

WR3) over the baseline scenario are shown in column 11 through 13 of Table 5. The rotation 

of S22 provided a positive effect with force reductions of 57%, 70% and 77% due to the first 

bore strike and 46%, 60% and 68% due to the second bore strike. The numerical model with 
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structure S22 excluded to reduce force exerted on nearby structures, provided results as 

expected, as shown by data in column 14 of Table 5.  

The negative values at the third-row structures in Table 5, which were indicated as 

force amplification, all belonged to the cases with V-walls. Interestingly, those negative 

values only occurred during the first bore strike, in contrast to that due to the second bore 

strike. This finding can be related to Figure 13(c) and Figure 14, where the force 

amplification on the third-row structures influenced by fluid flows that were reflected to the 

surroundings by the combination of the inclined shape of V-walls and the middle structure 

S22. Even after structure S22 was excluded, the force amplifications still remained albeit 

with less magnitude.  

4.4.2 Total Impulse 

Table 6 shows the total impulse exerted on structures based on a 16 second simulation 

time for each. The values of total impulse are representing the area under the curves in Figure 

10 and Figure 11. The total impulse is considered as a critical parameter in the design of 

building structures, together with the maximum impact force. In column 3 of Table 6 the 

presence of traditional straight walls in SW1 and SW2, that are associated with data in 

column 4 and 8 of Table 6, show significant reduction in total impulse, with mean values 

ranging from 43% to 49% for SW1 and 80% to 81% for SW2.  

The total impulse of 0.15 m-high V-walls are presented in column 5 through 7 of 

Table 6. The data provides total impulse reduction with mean values up to 29%, 40% and 

49% for VW1, VW2 and VW3, respectively. These results indicated that the effectiveness of 

0.15 m-high V-walls was generally lower than straight walls in terms of total impulse. The 

effectiveness of traditional straight wall, SW1, can only be resembled by V-wall, VW3, but 

limited to structures at the first row, with 49% reduction in total impulse.  
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The total impulse of 0.30 m-high V-walls are listed in column 9 through 11 of Table 

6. The data provide total impulse reduction with mean values up to 36%, 50% and 74% for 

VW4, VW5 and VW6, respectively. Similar to previous results, the level of protection given 

by 0.3 m-high V-walls are lesser than the traditional straight wall, SW2, nevertheless, the V-

walls still provide substantial reduction in impulse in most locations compared to the baseline 

scenario.  

The numerical models with rotated structure S22, including VWR1, VWR2 and 

VWR3, provided less significant reduction in total impulse exerted on structure S22, with 

mean values ranging from 2% to 4%. These results revealed that based on numerical 

modelling scenarios in this study, the rotation of structures S22 was only significant in 

reducing the maximum impact force but not the total impulse. Moreover, the rotation of 

structure S22 deflected bore flows toward structures at the third-row and caused the 

increment of total impulse for S31-S34 with mean values ranging from 7% to 12%. While 

removal of structure S22 in case VWX, as predicted, the resulted in the reduction of total 

impulse for S31-S34 with mean values up to 36%.      

4.5 Flow Vector Plots  

To further understand the behaviour of the bore flows around the impacted structures, 

on-plan vector plots are shown in Figure 13 and Figure 14. Figure 13(a) shows the moment 

the first bore flows interact with the structures, the following second bore flow can be 

distinguished by the larger arrows offshore. Figure 13(b) displays the case of the straight wall 

on first bore flow impact on the landward structures and the following second bore flow with 

some reflection occurring after bore impact on the straight wall as portrayed by smaller 

arrows. This model shows bore flows with less intensity as compared to the baseline model 

since the bore energy has been reduced by the straight wall. Figure 13(c) depicts the case of 
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the V-walls, with a substantial number of fluids being reflected and associated flow focusing 

towards the rear structures. As a consequence, the flow focusing bore impacted the middle 

structure and then reflected again to nearby structures, mainly at the rear.  

Figure 14 illustrates three simulations, each at the same simulations time of 10.6 

seconds, including the 0.30 m-high V-walls and rotated middle structure, S22. Figure 14(a) 

and Figure 14(b) compare the effect of V-wall length on the flow and reveal reduction in flow 

velocity and reflections around the structures in the case of the longer wall. Figure 14(c) 

shows the simulation without S22, here the reduction in fluid velocity and reflections around 

the adjacent middle row structures and outer third row structures are apparent.  

4.6 Pressure Distributions 

The numerical modelling in this study provided more specific details about the bore 

flow interactions with structures, including the pressure distributions on the impacted surface 

of the structures. Figure 15 shows the seaward views of the baseline model at the time of the 

first bore impact (t = 8.9 seconds) and the following bore inundation (t = 12.2 seconds). In 

Figure 15, it can be seen that the body of structure S12, S13, S22, S32 and S33 are for clarity, 

depicted as a wireframe and completely transparent, while the rest of structures were 

maintained as solid. This transparency enabled the observation of fluid pressure distribution 

over the vertical surfaces of structures. The pressure distribution benefits the building 

designer in recognizing the most critical part of structures under tsunami bore impact and this 

pressure information can be related to the force-time history as shown in Figure 10 and 

Figure 11.  

5. Conclusions  

This study has numerically investigated the efficacy of a novel V-shape coastal barrier 

(V-wall) to protect coastal structures from tsunami-like bore impact, as part of strategy for 
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more resilient coastal communities. The V-walls have shown to effectively reduce the 

maximum impact force and total impulse on structures especially those located at the front-

most (i.e. most seaward facing) row behind the V-walls. For many of the cases examined 

here, the level of protection offered by the V-walls was similar to that from a continuous 

straight seawall of the same height. From the particular building arrays examined in this 

study, the position and orientation of structures needs to be arranged to achieve optimum 

levels of protection from the V-walls and avoid unnecessary drawbacks caused by flow 

focusing and reflection. The evaluation for optimum layout and dimension of coastal 

structures and barriers can be achieved in reasonable time and cost by utilizing numerical 

modelling software and technique that also capable of exploring essential aspects in 

engineering practices include the total impulse and pressure distributions. Whilst the V-walls 

could provide similar degrees of protection to the continuous seawall, the V-walls are built as 

discrete stand-alone walls and therefore may offer a cost-effective alternative to traditional 

continuous seawalls. Similarly, the V-walls could be incorporated into seaward facing 

buildings themselves, whereby the building is orientated 45o to the shore and the seaward 

façade of the structure is especially designed to resist the associated forces from tsunami 

impact. Whilst the work undertaken in this study demonstrates the potential of the discrete V-

wall concept, the study is limited by the specific wave conditions, bathymetry and onshore 

spatial arrangements examined. Further investigation is required to understand the influence 

of variation on these parameters on the relative performance of the V-walls.  
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Appendix A 

This appendix details the comparison between the standard V-wall and reverse 

orientated V-wall in terms of the bore flow pattern and maximum impact forces on the V-

wall barriers and landward structures. The V-wall denoted as C8 in Table 1 is examined and 

its performance in the standard position and in the reverse position is compared.  Figure 

A1(a) to Figure A1(d) depict the bore flows around the barriers and structures. Figure A1(a) 

shows that during the first bore strike, the area behind the V-wall was well protected without 

disturbance from the bore flows. In contrast, the reverse V-wall was unable to protect area 

behind it from the bore impact as shown by Figure A1(b). During the second bore strike, the 

oncoming bore overtopped all barriers with flow patterns as depicted in Figure A1(c) and 

A1(d).  

Figure A2(a) and (b) show the pressure distribution on the seaward surfaces of the 

standard V-wall and reverse V-wall during the first bore strike. The standard V-wall split the 

oncoming bore and the pressure on the V-wall appears to be more evenly distributed along its 

length, as illustrated by Figure A2(a). The reverse V-wall trapped much of the oncoming bore 

leading to overtopping and inundation of the area immediately landward. The funneling of 

the bore flow results in the significant pressure concentration in the central zone of the 

reverse V-wall as shown in Figure A2(b). 

The numerical total force in the x-direction, which was the summation of forces on 

the two legs of the V-wall barriers, are plotted in Figure A3. As illustrated by Figure A3, the 

total peak forces exerted on the V-wall were 4232 N and 5252 N during the first and second 

bore strikes, respectively. Moreover, the total forces applied on the reverse V-walls were 

5935 N and 2701 N during the first and second bore strikes, respectively. Figure A4 shows 

force in the y-direction exerted on each side of the standard V-wall and reverse V-wall. The 

forces on the standard V-wall in the y-direction are generally higher than that of the reverse 

V-wall. In a real situation, for the reverse V-wall, the pressure concentrations at the mid-zone 

and the opposing forces in the y-direction could potentially force the walls apart. Based on 

this, it could be inferred that the reverse V-walls would need to be of more substantial 

construction than the equivalent height standard V-wall, this in turn translates to an increased 

cost.   

The maximum force was also measured on the landward structures and is illustrated 

by Figure A5. The force is examined on the vertical surface of each structure in the x-
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direction. Generally, the structures in the first-row experienced greater impact force in the 

model with the reverse V-wall, where structures S11 and S14 show significant difference 

during the first bore impact. The effective protection provided by the V-walls is clearly 

shown for structures S21 and S23 during the first bore strike and also in the contribution to 

lowering the impact force during the second bore strike. As expected, the maximum impact 

forces during the first and the second bore strikes on S22 were higher in the model with the 

V-wall due to the flow focusing effect in the vicinity of S22    
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