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Handling Editor: Prof. A. Incecik Understanding the kinematics and hydrodynamics of long waves in nearshore zones is currently one of the more

pressing aims motivating research in the coastal engineering community. Owing to the simplicity of its setup, the

Keywords: dam-break mechanism is frequently adopted in laboratories to generate bores and model long-wave dynamics,
Dam-break kinematics, and runup processes in coastal regions. Numerical simulations have been used to replicate the results
SB‘?Vr:Sh flow of laboratory experiments using a dam-break system. In this study, we aimed to evaluate the effect of different
Runup macro-roughness slopes owing to dam-break driven swash using an open-source particle-based program, Dual-

Macro-roughness slope SPHysics, based on smoothed particle hydrodynamics. To serve as a reference case, the swash flows of a
SPH dambreak-generated bore on a uniform slope were performed, and model-data comparisons were made for time-
series analysis of the surface elevation, runup process and velocity profiles at selected points. Simulations of dam-
break bores passing over slopes containing various configurations of macro-roughness elements were performed
to replicate long waves impacting an array of structures in a waterfront area. Different configurations of slope
roughness have varying effects on the flow hydrodynamics in the swash zone, which were examined in this study.

1. Introduction

Long waves such as tsunamis are natural hazards that affect regions
worldwide. Wave runup can dislodge objects and convey them from
coastal areas to areas farther inland, and the rundown process can wash
cars, pieces of wood, and humans out into the ocean. Hence, it is vital to
study the behavior of tsunamis and the risks they carry. Increasing our
knowledge of the hydrodynamic processes in the swash zone is key to
understanding the possible damage caused by tsunamis. Tsunamis have
a variety of characteristics such as the velocity at which they move, the
wave runup they cause, and the inundation left in the aftermath, which
potentially influence their destructiveness. Therefore, several studies
have been conducted to examine the behavior of tsunamis under various
situations.

Tsunamis have been observed as undulating or breaking bores in the
nearshore (e.g., Takahashi and Tomita, 2013). Several studies have
simulated the hydrodynamics of tsunamis. Conidial waves and, in
particular, solitary waves have frequently been used in simulation of
tsunamis propagating in nearshore zones (e.g., Briggs et al., 1995; Li and
Raichlen, 2003; Liu et al., 1995; Wu, 2022; Wu et al., 2018; Yeh et al.,
1994). However, the properties of the solitary waves and bores differ
significantly. Madsen et al. (2008) noted that a tsunami first breaks and
then transforms into a bore during its propagation in the nearshore zone.
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Nevertheless, sufficient time and space are required for a bore trans-
forming into a solitary wave. Furthermore, according to the theory of
solitary waves, the characteristic wavelength of a solitary wave de-
creases with every incremental increase in the wave nonlinearity. Owing
to the shoaling effect, the behavior of a shoaling solitary wave is quite
different from that of a natural tsunami with a very long wavelength.
This may result in an underestimation of inundation duration if a soli-
tary wave is used to model the tsunami. Based on in situ experiments, it
has been proposed that the front waves of a tsunami correspond in shape
to the long waves in the small-amplitude wave theory, independent of
the location of the waves (e.g., Chan and Liu, 2012). Furthermore, the
wave steepness of solitary waves has been proven to be smaller than that
of realistic tsunamis (Schimmels et al., 2016). These findings indicate
that solitary waves may not be suitable for assessing the tsunami haz-
ards. However, it is difficult to conduct an experiment to generate a
tsunami that develops, propagates, shoals, and breaks with the charac-
teristics of a bore. Alternatively, the dam-break mechanism is beneficial
for generating different types of bores. By suddenly releasing the water
stored upstream, a tsunami-like bore is formed following the propaga-
tion of a large volume released water. Owing to the similarity of
tsunami-like bores in nature and their simple experimental setups,
dambreak-generated bores have become important for studying the
hydrodynamics and characteristics of swash flows (e.g., Kikkert et al.,
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2012; Kikkert et al., 2013; O’Donoghue et al., 2016; O’Donoghue et al.,
2010; Pintado-Patino et al., 2021). In addition, there are several ways to
simulate tsunami hydrodynamics. For example, Asai et al. (2016)
simulated a tsunami from its generation and propagation to inland
inundation. The evolution of a gravity wave into a bore-like wave was
simulated. However, based on the dam-break mechanics, a tsunami-like
bore was directly generated to investigate its propagation in the near-
shore and subsequent inland inundation.

To perform experiments on bores, it is necessary to classify their
characteristics under various conditions. The Froude number, F, is used
to categorize bores according to their flow intensities. Based on the
Froude number and on whether or not a bore breaks, Miller (1968)
refined the definition of bores by categorizing them as either weak bores
(F < 1.25) or fully developed bores (F > 1.55). Furthermore, Yeh et al.
(1989) used the dam-break mechanism to generate bores and, with this
setup, they found that the ratio of the upstream and downstream volume
of water could be used as a second criterion in the characterization of
bores. These two criteria have been proven to be useful in existing
studies. The Froude similarity between realistic tsunamis and
dambreak-generated bores was shown in Barranco and Liu (2021). Their
work on dam-break bores showed that the characteristic wavelengths of
a bore and of the receding bore after its upwash vary according to the
length of the wave upstream, where the water volume is stored, and
downstream, where the bore develops, respectively. In a work that
added to the understanding of the distinct properties of a wave in the
upstream and downstream portions of a wave flume apparatus, Lin et al.
(2020) found that non-decaying bores can be generated by adjusting the
length of the wave upstream and downstream, regardless of the scale of
the flume. Furthermore, the characteristics of the bores, including the
runup height, runup duration and depth of inundation, were described
by using the empirical formulas of Barranco and Liu (2021). Huang and
Wu (2021) conducted flume experiments, whose dam-break configura-
tion in terms of water volume stored and distance for bore development
was different from that of Barranco and Liu (2021). They showed that,
for non-decaying bores, using the same water depth upstream and
downstream of the gate, the main waveforms at different locations as
well as the resulting runup heights matched the measured data of Bar-
ranco and Liu (2021), although the wavelengths of the bores were
different between these two experiments owing to the variation in the
wave volume stored upstream of the gate. Huang and Wu (2021)
expanded the dam-break conditions that Barranco and Liu (2021) did
not reach and further extended the runup and inundation formulations
of Barranco and Liu (2021) by incorporating their new experimental
data. Further, the classifications of bore types were revised based on
experimental observation in Huang and Wu (2021) for weak bores (F <
1.28), transitional bores (1.35 < F < 1.50), and fully developed bores
(F > 1.50).

State-of-the-art experimental studies using the dam-break mecha-
nism to generate bores have made valuable contributions to the efforts
to decipher the hydrodynamic processes underlying the behavior of long
waves. The addition of macro-roughness elements such as buildings and
vegetation to a dry bed is significant because it realistically models the
structures found in actual coastal zones. The runup of long waves and
wave-induced loading on coastal structures has been studied by several
researchers. Simamora et al. (2007) developed physical models of
coastal buildings, that were prioritized in evacuation plans during
tsunami events and conducted tests by producing tsunami bores with a
paddle mechanism. The forces exerted on the buildings were recorded
and analyzed to estimate the loads that a building deemed safe would
need to withstand. In another set of experiments, Chuang et al. (2020)
used a large cube, an idealized model for nearshore buildings, instru-
mented with load cells, and exposed it to the impact of a tsunami-like
bore produced by a piston-type wavemaker. Detailed measurements of
the flow velocities of the bores and the pressures and forces induced by
the bores were obtained when the cube was placed at different positions
and angles in relation to the incoming bores. Goseberg (2013) used
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macro-roughness elements with building models designed on a 1/40
scale. The results showed that different arrangements of cubes and the
spaces between them significantly affected the runup and reflected
waves after the impact.

Although long-wave runup in conjunction with macro-roughness
elements has been studied, some limitations remain in the existing
experimental studies owing to the limited equipment used for measuring
the flow characteristic of the entire wave flume. Furthermore, varying
the geometric arrangement and structural configuration in a laboratory
is time-consuming and expensive. It is easier to achieve a more complete
perspective using numerical simulations. To this end, various numerical
methods have been applied to study swash flows in bores. Zhang and Liu
(2008) used two-dimensional (2D) Reynolds-averaged Navier-Stokes
(RANS) equations with a rotated coordinate system that aligned the
sloping beach for parallel and orthogonal beds to enhance the resolution
of the swash flow characteristics for the partial-cell modeling frame-
work. The rotated coordinate system was later used by Torres--
Freyermuth et al. (2013) and Pintado-Patino et al. (2015) for dam-break
driven swash flows over rough impermeable and permeable slopes,
respectively. To model the detailed wave breaking processes, complex
topographies, and macro-roughness features, such as the numerical
model of nearshore buildings in three dimensions (3D), should be
applied (e.g., Kim et al., 2017). Qin et al. (2018) used a 3D RANS-based
model to simulate tsunami overland flows around macro-roughness el-
ements and the forces on these structures. Moris et al. (2021) experi-
mentally identified the shield effect produced by building arrays
impacted by tsunami-like waves generated by a wavemaker. They also
performed numerical simulations based on 3D RANS modeling, partic-
ularly focusing on the load reduction caused by this shield effect.

In addition to mesh-based modeling, particle-based mesh-free nu-
merical models such as the smoothed particle hydrodynamics (SPH)
method, have been another reliable tool to model swash flows of bores.
The SPH method was first introduced by Gingold and Monaghan (1977)
and Lucy (1977) in astrophysics. After decades of development, it has
become available for simulating the fluid dynamics of nearly incom-
pressible fluids (e.g., Gomez-Gesteira et al., 2010; Monaghan, 1994;
Monaghan et al., 2003). SPH-based models can be categorized into
weakly compressible and incompressible methods. In the weakly
compressible SPH (WCSPH) framework, the fluid pressure is explicitly
linked to the fluid density using an equation of state to model the fluid as
weakly compressible. In the incompressible SPH (ISPH) method, the
fluid pressure is solved using a pressure Poisson equation (PPE) based on
Chorin’s projection scheme (Chorin, 1968). The semi-implicit scheme of
the ISPH method considerably reduces spurious fluctuations, which is its
primary advantage over the WCSPH method. However, the solution
procedure of PPE in a projection-based scheme is time-consuming. Lo
and Shao (2002) and Shao and Lo (2003) pioneered the use of ISPH to
simulate free-surface flows. Continuous developments in WCSPH and
ISPH are ongoing and the developed models have been widely used in
hydraulics (e.g., Gu et al., 2022; Nobrega et al., 2020) and coastal and
ocean engineering (e.g., Chen et al., 2023; Khayyer et al., 2021). Luo
et al. (2021) conducted a comprehensive review of the SPH-based
methods for coastal and ocean engineering applications. Several
studies have used WCSPH models to simulate the runup of solitary
waves and periodic waves, and the results showed a high degree of
agreement with empirical formulas and experimental data (e.g., Roselli
etal., 2019; Shadloo et al., 2015). However, the dam-break problem has
been largely used to validate the SPH-based model in terms of detailed
free-surface evolution and its interaction with different types of struc-
tures (e.g., Ng et al., 2020; Wei et al., 2015) to facilitate the under-
standing of fluid-structure interactions. Existing studies have
successfully simulated free-surface elevations and the associated forces
on structures. Nevertheless, there is a conspicuous lack in the current
research of studies using SPH models to perform detailed model-data
comparisons for the velocity fields of a dam-break driven swash, indi-
cating that the momentum of such violent free-surface flows cannot be
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determined. Several studies have identified that although a numerical
model can accurately predict the free-surface elevations for a specific
problem, modeling the associated flow fields remains challenging [see
Chang et al. (2005)]. Accurate prediction of flow velocity is one of the
key issues related to loading on structures and even sediment transport.
Model-data comparison for the flow fields in the swash zone can further
clarify the advantages and disadvantages of the SPH code used herein,
which has not yet been performed.

This study aimed at numerically simulating dam-break driven swash
due to bore uprush on smooth slopes, serving as a reference case, and
macro-roughness slopes, representing an idealized and scaled coastal
community, by using the open-source SPH code, DualSPHysics (Domi-
nguez et al., 2022). Detailed model-data comparisons were performed
for free-surface elevation, velocity and runup height for smooth and
rough slope cases against the measured data of Huang and Wu (2021).
Furthermore, the effects on the runup of varying the configurations of
the macro-roughness elements were evaluated, which was the focus of
this study.

2. Numerical model
2.1. Model description

DualSPHysics (Dominguez et al., 2022) is a modeling tool that allows
user to solve continuity and momentum equations based on the
Lagrangian meshless method. In fluid dynamics, DualSPHysics is used to
solve discretized Navier-Stokes equations and to analyze the physical
properties of fluids. In this model, the fluid is represented by several
discretized particles, each of which has individual properties, such as
mass, density, velocity, acceleration, and pressure. The technique of
smoothing the kernel function is used to determine the properties of
each particle. This involves integrating the properties of several particles
in a kernel and thereby approximating the properties of a specific par-
ticle with kernel functions (Monaghan, 2005; Violeau, 2012). Thus,
DualSPHysics can be used to study problems for which Eulerian methods
may be difficult to apply, such as multi-phase flows and complicated
geometries. In this study, DualSPHysics was employed to model swash
flow hydrodynamics. In the following sections, we present an overview
of DualSPHyics.

2.2. Functions in DualSPHysics

2.2.1. Governing equations

The continuity equation (CE) and momentum equations (MEs) are
used in DualSPHysics as the governing equations for the model. Solu-
tions of the CE and MEs are obtained based on the assumption of a
WCSPH method. The pressure and velocity terms in the CE and MEs as
well as the dissipation term in the MEs are incorporated into the SPH
formulation using the smoothing kernel and discretization [see Violeau
and Issa (2007)]. The original forms of the CE and MEs used in Dual-
SPHysics are represented by Equations (2-1) and (2-2).

dp

E+pVov:O (2-1)
dv 1

—= —-VP r 2-2
5 , +g+ (2-2)

where p stands for the fluid density, t is time, P is the pressure, v is the
velocity vector, g is the gravitational acceleration, and I" denotes the
dissipation term in the original momentum equation.

Two steps are generally adopted to apply the governing equations in
the SPH method, kernel and particle approximations. First, a given
function F can be represented in integral form.
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F(r)= /F(r’)W(r - }"7 h)dr’ 2-3)

Q

where Q is the computational domain, F is any variable, r is the position
vector of F, r stands for the integral approximation and h corresponds to
the smoothing length, which determines the supporting area of the
smoothing function. Any variable F at position r can be written as the
product of a kernel function W.

In the second step, considering particle a, Equations (2-3) is
approximated by summing the contributions from all neighboring
particles,

F(r,) = Y F(r)W(r, —ry, h) % (2-4)
b

b

in which r;, stands for the position vector of particle b, m indicates the
mass of the specific particle, and p stands for the density of the specific
particle.

By applying discretization to the governing equations, the CE and
MEs can be represented as:

dp my

2= —Va va W, D, 2-5
dt p"Xb:va 0 0t @5
dva Ph Pa
== ;mb (?i e +H,,b) o ViWar + g (2-6)

where Wy, is the abbreviation of kernel function W(r, —ry,h) [the
Wendland function is used in this study (Wendland, 1995)]; D, repre-
sents the density diffusion term [see Antuono et al. (2012) and Fourtakas
et al. (2020) for detailed formulations]; v, represents the difference in
velocity between particles a and b, i.e., v, — vp; and I, is the viscosity
term (see Section 2.2.2).

The solutions of the converted governing equations allow all the
processes involved in the numerical differentiation of the equations to
be performed without any grids. This helps the models operate in the
Lagrangian simulation. However, to express the equations plainly,
several extended terms or states in the SPH-based governing equations
must still be determined or satisfied. The detailed mathematical for-
mulations, numerical algorithms, and implementations are available in
Crespo et al. (2015) and Dominguez et al. (2022). The following sections
introduce the functionalities employed in the study.

2.2.2. Viscosity treatment

In the models created using DualSPHysics, two schemes are intro-
duced for fluid simulations: (1) artificial viscosity and (2) laminar vis-
cosity and a sub-particle-scale (SPS) turbulence model. In the SPS model,
the turbulence is determined by the Smagorinsky subgrid model, which
essentially originates from the large eddy simulation (LES). It is difficult
to ensure that the correct turbulent characteristics can be resolved for
the lack of high resolution when using the LES (e.g., Wu et al., 2014).
Consequently, in this study, an artificial viscosity method, that has been
widely used in the literature (e.g., Ng et al., 2020; Roselli et al., 2019), is
adopted.

Artificial viscosity was introduced to determine the viscosity of a
fluid in the SPH model (Monaghan, 1992), and this scheme is widely
used in DualSPHysics. The viscosity term /1, can be expressed as

—0Caplh,,
%ﬂ‘b, Vap @ Tgp <0
nah = Pab (2‘7)
0,vap, @1y >0

where vy, and ry, are the difference in velocity and position, respec-
tively, between particles a and b; yiy, = hsVa ® rp/ (2, + 1%), with hg
denoting the smoothing length, 72 = 0.01h%, and g = 0.5(cq +C3)
representing the mean speed of sound. The coefficient o is determined
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Fig. 1. Diagrams of the experimental setup in Huang and Wu (2021). Simulations in this study follow this setup, where (a) shows a smooth slope and (b) represents a
slope with macro-roughness elements (not to scale).

depending on the model, and controlling it allows the identification of this study, the estimation of artificial viscosity in the simulations is made
the correct dissipation rate for each model. Altomare et al. (2015) sug- based on the previous studies for using @ = 0.01.

gested assigning a value of @ = 0.01 in ordinary studies of the effects of

wave propagation and wave loading on coastal structures. Throughout
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2.2.3. Equation of state

To fulfill the assumption of weak compressibility in the DualSPHysics
application [see Monaghan (1994)], decreasing the speed of sound is
necessary to remain the time steps imposed by the Courant condition.
The relationship between the fluid pressure and particle density can be
expressed as:

e (2)
14 o

where y = 7, p, = 1000 kg/m®, and co = c(p,) = \/3:5‘;)0 representing
the speed of sound at the reference density. The ratio of co/ umax > 10 is
practicable that can remain the governing equations explicitly deci-
pherable, allowing only approximately 1% of the variations in the
density of fluid followed.

2.2.4. Boundary condition and time-stepping method

Modeling the boundary layer in a flow is challenging in the SPH
framework. A dynamic boundary condition (DBC) was used in this study
(Crespo et al., 2007). In this approach, the boundary particles satisfy the
same CE as fluid particles. Therefore, the advantage of the DBC is its
computational simplicity, because the boundary and fluid particles can
be calculated inside the same loops, thus the DBC can be straightfor-
wardly used to represent flows over complex shaped geometries. This
feature was particularly important in this study when complicated
macro-roughness elements were simulated. To approximate the no-slip
boundary condition in the DBC, the velocities of the boundary parti-
cles were set to zero at the solid boundaries. As the density of the
boundary particles increases locally, the pressure term increases in the
momentum equation; thus, the force exerted on the fluid particle also
increases, which defines the repulsive force between the boundary and
fluid particles. Consequently, this boundary maintains a certain distance
between the boundary and the fluid particles, which was found to be less
than twice the smoothing length h (Roselli et al., 2019). More detailed
information is available in Crespo et al. (2007).

In terms of the time-stepping method, the Verlet scheme (Verlet,
1967), which features a low computational cost, was applied in this
study (Dominguez et al., 2022). Moreover, the time integration is
bounded by the Courant-Friedrich-Levy (CFL) condition, which should
be satisfied in explicit time-integration schemes. In this study, the
Courant number (CFL) was set at 0.2.

3. Physical experiment and numerical setup

Huang and Wu  (2021) conducted experiments on
dambreak-generated bores on smooth and macro-roughness slopes at
the Department of Hydraulic and Ocean Engineering, National Cheng
Kung University, Taiwan. In this study, we first performed numerical
simulations using DualSPHysics to replicate the aforementioned exper-
iments for dam-break driven swash flows. In the following, we briefly
report the experimental configurations and the corresponding setup in
numerical modeling.

3.1. Laboratory experiment

Experiments by Huang and Wu (2021) were conducted using a
sectional wave flume with a length of 25 m, 0.5 m in width and 0.6 m in
height. A gate located at one end of the flume, which was moved
vertically using a servo-controlled motor, separated the flume into two
sections: an 8 m long storage section (where the water is stored) and a
6.01 m long developing section (where the bore develops). A sketch of
the flume and definitions of the variables used are shown in Fig. 1. A
1/10 sloping beach was installed at the other end of the flume, where the
slope was either smooth or contained macro-roughness elements in
different configurations. The slope was entirely made of plexiglass for
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the smooth case [see Fig. 1 (a)] whereas for the macro-roughness slope,
the plexiglass slope was covered with an array of cubes, each of which
had the same dimensions (5 cm x 5cm x 5 cm) [see Fig. 1 (b) and Fig. 2
(a)]. The cubes located near the flume walls were fixed at a distance of
2.5 cm from the sidewalls, with a distance of 5 cm separating all cubes in
the arrangement. There were 25 rows of 5 cubes each, for a total of 125
cubes.

Five ultrasonic sensors were placed at 2, 4, 6.01, 7.01 and 7.51 m
from the origin at the dam-break gate, to measure the free-surface ele-
vations. The sensors were installed at the center line of the flume in the
lateral direction, which is 0.25 m from the sidewalls. These measuring
sensors were synchronized with the dam-break gate for a 100 s recording
with a 100 Hz sampling rate. The maximum runup heights were
measured using a high-definition webcam (BRIO 4K, Logitech) with a
frame rate of 60 frames per second (fps) and digital image processing (e.
g., Wu et al,, 2021; Wu et al., 2022). The velocity fields near the
shorelines were measured using particle image velocimetry (PIV), con-
sisting of a 5 W continuous laser and a high-speed camera (Phantom
VEO-E 340L) with a resolution of 2,560 x 1,000 pixels at a sampling rate
of 1,000 fps. These preliminary velocity characteristics obtained from an
instantaneous experimental realization were briefly reported in Hsiao
and Wu (2022) for the smooth case but not for the macro-roughness
case.

3.2. Numerical model setup

In this study, the computational domain was the same as that of the
experimental flume and discretized into a collection of particles in
DualSPHysics. The effect of the particle size was investigated and judged
by means of model-data comparisons. A detailed comparison of using
different particle sizes is presented in Appendix A.1. It was found that
using a particle size of less than 0.005 m the numerical results in terms of
free-surface fluctuation and runup height could not be improved
significantly when compared with the experimental data. For the
smooth slope case, the numerical model was setup in 2D, and the par-
ticle size was reduced to 0.001 m to achieve a better resolution when
compared with the PIV measurement. For the macro-roughness slope
case, it was necessary to build the model in 3D because of the complexity
of the macro-roughness features and the interaction between the bore
and each element. A particle size of 0.005 m was therefore utilized for
3D cases.

Comparisons of the free-surface elevation and inundation distance in
the time series between the 2D and 3D simulations for the smooth slope
case can be found in Appendix A.2. For both the 2D and 3D numerical
simulations, the dam-break gate was modeled as an instantaneous gate
removal. Moreover, different ratios between the water-depths upstream
and downstream of the gate were used, i.e., hy/hy = 24/10 and 30/10 for
the smooth and macro-roughness slopes, respectively. Both cases were
fully developed, and the wavefront breaks as soon as the gate was
opened and satisfied the non-decaying bore definition of Barranco and
Liu (2021).

The smooth slope was simply implemented as a smooth material in
DualSPHysics, whereas the macro-roughness slope was arranged in the
same manner as in the experiment, and the slope and element surfaces
are also implemented as smooth. These numerical roughness elements
were modeled as bathymetry, which was generated using an open-
source 3D illustrator, called Blender. The numerical macro-roughness
slopes can be easily established by providing the geometries of the
slopes as STL files. Fig. 2 (a) shows the original configuration used to
replicate the experimental setup.

Generally, the arrangements and design of streets and buildings in
waterfront areas depend on their locations. Onshore structures arranged
in a combination of staggered and non-staggered patterns can be
observed in a single coastal community (e.g., Qin et al., 2018; Prasetyo
et al., 2019). The macro-roughness arrangement used in this study was
essentially based on the common layout of coastal buildings and
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Fig. 3. Model-data comparison of free-surface elevation in time series at
different locations for dam-break driven swash on the smooth slope, where h;/
ho = 24/10 and hy = 10 cm.

relevant studies, in which rectangular buildings and structures are
possible. Five additional numerical simulations in 3D were conducted by
varying the arrangement of the roughness elements (see Fig. 2). The
Type A configuration aims to simulate a simplified geometry, identical
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to that used in Huang and Wu (2021) and similar to those of Moris et al.
(2021) and Zhang et al. (2023), The Type B scenario targets the change
in the width of the main street, and the Type C case scenario mimics a
complex building layout in a real community (Qin et al., 2018). Similar
to that used by Goseberg (2013), Type D is a staggered version of Type A,
Type E is a non-staggered and rotated configuration, and Type F is a
staggered and rotated configuration. We note here that the size of each
element, the number of elements used, and the ratio of the projected
area of the elements onto the slope for these six configurations were
identical. Thus, the extent of runup and inundation can be compared on
the same basis, with the aim of providing useful information for the
urban design of nearshore buildings and streets.

4. Results and discussion
4.1. Dam-break driven swash on a smooth slope

In this section, we present the results obtained from model-data
comparisons in terms of free-surface elevation, velocity fields and
inundation distance for swash flows generated by dam-break bores on a
smooth slope.

4.1.1. Free-surface elevation

The measured data obtained from five wave gauges, whose corre-
sponding instrumented locations are shown in Fig. 1, were compared
with the numerically simulated results using DualSPHysics. Fig. 3 shows
the model-data comparison of the time series of the free-surface
elevation at different locations, where the black dots represent the re-
sults of the numerical simulation and the red dots represent the mean
values of the experimental data. The duration of the numerical simula-
tion was 24 s, with t = 0 s representing the moment when the gate was
opened in the experiments.

We note here that, in the numerical simulation, the dam-break gate is
modeled as an instantaneous gate removal, which is different from that
of the physical experiment. In Wu and Huang (2020), the same
smooth-slope experiment was used for comparison with the simulated
results using a well-validated model based on the RANS equations along
with a non-linear turbulence closure model (Lin and Liu, 1998). A
comparison between measured and RANS-simulated results indicated
that the lifting speed of the dam-break gate can be considered instan-
taneous for free-surface elevations and runup heights. The lifting speed
of the gate opening resulted in a slight phase variation in the leading
wavefront. In this study, the numerical results were consistently shifted
0.3 s to fit the data. In addition to the phase variation, the agreement
between the measured and modeled results was generally good.

In terms of bore characteristics, Fig. 3 (a) shows the turbulent bore
front (t < 2 s) connected to a bore plateau (2 s < t < 10 s), which is
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Fig. 4. Model-data comparison of the free-surface elevation in time series at the shoreline. The points in this diagram correspond to the different time instants in
Fig. 5 for dam-break driven swash on the smooth slope, where h;/hy = 24/10 and hy = 10 cm.
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Fig. 5. Model-data comparison of velocity profiles at the still-water shoreline for selected time instants. This case is for dam-break driven swash on the smooth slope,

where h;/hg = 24/10 and hg = 10 cm.

attributed to the sufficient length of the dam-break reservoir for
generating a fully developed and non-decaying bore. For t > 10 s, the
fluctuation is due to wave reflection from the sloping beach. Fig. 3 (d),
whose measurement location is at the still-water shoreline, shows the
inundation depth, which is defined as the maximum surface elevation
recorded at this point, and the flooding plateau. Model-data comparison
shows that the variation in the inundation depth is around 2.6%, in
which the variation between the measured and modeled results is
similar to that of Barranco and Liu (2021), who used a non-hydrostatic
wave-flow model to simulate a dam-break driven swash on a planar
slope.

4.1.2. Velocity field

In this sub-section, a model-data comparison was made for the ve-
locity profiles at the still-water shoreline. Fig. 4 shows the details of the
bore front time series, which is identical to that shown in Fig. 3 (d), but
with a shorter time axis. As shown in Fig. 5, six representative time in-
stants were selected to demonstrate the horizontal velocity profiles (u) at
locations corresponding to those shown in Fig. 4. The maximum flow
velocity was observed at t = 5.37 s for the bore approaching the still
water shoreline. Afterward, the flow velocity decreases from u~ 0.8 m/
s to 0.2 m/s corresponding to t = 5.97 s to 7.44 s, respectively. Then, the
flow reaches a nearly quiescent state, i.e., u ~ 0, although the free-
surface elevation is still increasing. After the free-surface reaches its
highest elevation, i.e., the maximum inundation depth, the flow starts to
retreat into the offshore direction, i.e., u < 0, which can be observed at t
= 9.51 s. We note here that the detailed swash flow fields have not been
reported in Hsiao and Wu (2022). Herein, only the overall flow char-
acteristics are presented, with a focus on the accuracy of the numerical

model.

The model-data comparison shows that the free-stream velocity
profiles at different time instants between the measured and modeled
results are mostly similar, except for that at t = 5.37 s, and the maximum
discrepancy between the two results is approximately 12%. At this
instant, a shock wave featuring a turbulent bore front consisting of
entrained air bubbles approaches the swash zone, causing large varia-
tions in the water surface profiles (see Fig. 4). Some splashing features of
broken waves, i.e., discontinuous free-surface fluctuations, can be
observed in the numerical results. Such violent free-surface flows remain
challenging and uncertain in both the experimental and numerical
modeling. A similar phenomenon, in which the measured and modeled
results were not highly correlated on the turbulent wavefront, was also
noted by Wang and Liu (2022), who developed an ISPH model for
simulating breaking periodic waves in the surf zone.

In terms of the velocity profiles beneath the free-stream velocity, as
mentioned in Section 2.2.4, the boundary layer in the flow is a challenge
in SPH modeling. Model-data comparison obviously shows large dif-
ferences near the bottom boundary during wave uprush, i.e., t = 5.37 to
7.44 s. The inconsistency of the boundary layer between the physical
and numerical modeling results was also reported by Roselli et al. (2019)
and Wang and Liu (2022) for simulating surf flows generated by periodic
breaking waves using SPH-based models. This variation was mainly due
to the particle size used and the implementation of the DBC at the bot-
tom boundary in this study. As reported by Roselli et al. (2019), who
used DualSPHysics to simulate periodic wave breaking in the surf zone,
the use of the DBC explains the differences in velocities near the seabed
owing to the presence of a repulsive force between the boundary and
fluid particles, which may lead to unphysically large boundary layers in
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Fig. 6. Model-data comparison of inundation distance in time series for dam-break driven swash on the smooth slope, where h;/hy = 24/10 and hy = 10 cm.
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the flow (English et al., 2022). Recently, English et al. (2022) proposed
the modified dynamic boundary condition (mDBC) in DualSPHysics to
palliate the boundary layer “gap” issue in DBC, which deserves further
investigations to compare the simulated results using these two
boundary conditions.

One of the challenges in modeling swash flows is the flow transition
from a wet zone to an initially dry area. Higuera et al. (2018) studied the
swash flows generated by a solitary wave on a steep slope and found
phase differences during wave runup between the results obtained from
3D RANS modeling and PIV measurements. The phase inconsistency of
the wave runup until the shoaling wave reaches the maximum runup
height leads to further variation compared to the flow fields during the
wave rundown. To obtain a fair judgement for model-data comparison,
Higuera et al. (2018) used the time when the maximum shoreline
excursion occurred as the starting phase for comparison with the
downrush flow characteristics. In this study, the time at which the runup
phase ends in both the measurements and simulations is almost the
same, i.e., t = 7.44 s, although the maximum runup heights are
considerably different, which will be discussed in the next section.
Therefore, using this method to reset the time for rundown flows cannot
improve the fit of these two results based on the numerical results pre-
sented herein.

4.1.3. Inundation distance

Fig. 6 shows the model-data comparison of the inundation distance
in the time series, with the x-axis representing the maximum inundation
distance along the horizontal axis (i.e., X, see Fig. 1 for definition),
where the maximum excursions in this plot can be considered as the
maximum runup heights. Clearly, the simulated maximum inundation
distance is smaller than that in the experiment, i.e., 2.32 m and 1.87 m
for the measured and modeled results, respectively. A relative error of
approximately 19% is observed in the numerical simulation. Such an
underestimation of the inundation distance is sometimes mentioned in
studies using SPH-based models although the use of these models to
simulate swash flows and moving shorelines is relatively limited. Roselli
et al. (2019) employed DualSPHysics to model surf flows generated by
periodic waves, and the maximum runup heights of different types of
breaking periodic waves were discussed based on their simulated re-
sults. They found that the simulated runup heights were consistently
smaller than those predicted by the empirical runup formulas. Shadloo
et al. (2015) used the GPUSPH model to simulate the runup of solitary
waves. They obtained satisfactory agreement from model-data com-
parisons for the free-surface elevation time series. However, they found
the underestimation of maximum runup heights when comparing with
the experimental data. They claimed that this discrepancy was associ-
ated with the use of an artificial viscosity. The small runup can also be
explained by comparing the measured flow velocities in Section 4.1.2. In
particular, the thick boundary layer found in the numerical simulation
suggests a high viscosity effect, and thus a small runup height.

In short, some discrepancies during wave uprush can be found in the
model-data comparison, as a result of the energy dissipation that occurs
at the boundary between the wet and dry surfaces. It should also be
noted that the runup of the dambreak-generated bore is different from
that of both periodic and solitary waves. This is because the breaking of
a fully developed bore occurs before it reaches the slope, which makes
the water flow characteristics more complicated and disorderly.
Therefore, inaccuracies may be accumulated in numerical simulations
and thereby influence the runup of dam-break bore on a sloping beach.
However, with the exception of these slight problems, the hydrodynamic
analysis of the bore performed using DualSPHysics exhibited a good fit
with the experimental data.

4.2. Dam-break driven swash on a slope covered with macro-roughness
elements

In this section, model-data comparisons are presented in terms of
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Fig. 7. Model-data comparison of free-surface elevation in time series for the
Type A configuration of macro-roughness slope, where h;/hy = 30/10 and hy =
10 cm.

free-surface elevation, flow patterns, and inundation distance for swash
flows generated by dam-break bores on a macro-roughness slope. The
numerical simulation for Type A, as shown in Figs. 1 (b) and 2 (a), were
performed in 3D to include the complicated geometry of the rough slope.
Additional 3D simulations were performed to adjust the element con-
figurations of the macro-roughness slopes, which are discussed in the
following section.

4.2.1. Free-surface elevation

As mentioned in Section 3.1, for the macro-roughness slope case of
the Type A configuration (see Fig. 2), the water depth ratios are h;/hg =
30/10 and hy = 10 cm, such that the generated bore in terms of the wave
height is slightly higher than that of the smooth case. Fig. 7 shows
model-data comparison of the time history of the free-surface elevation
at different locations. Similarly, the dam-break gate is modeled as an
instantaneous gate removal, which is different from that of the experi-
ment. Thus, the numerical results are consistently shifted 0.2 s to fit the
leading bore front recorded at WG1 in 3D simulations.

Before the dam-break bore uprushes the slope, the overall free-
surface evolution process is similar to that of the smooth case. Fig. 7
(a) shows a turbulent bore front propagating in a constant-depth region
with a long-bore plateau (1 s < t < 9 s). Unlike the smooth case, which
exhibits only one significant reflection from the slope [see Fig. 3 (a)l,
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Fig. 8. Comparison of flow patterns at different time instants between laboratory observation (left panels) and SPH modeling (right panels), where h;/hy = 30/10
and hy = 10 cm. The colorbar in the numerical simulations indicates the velocities of particles in the x-direction (unit: m/s).

undulating reflection tails can be observed in Fig. 7 (a), approximately
in between 9 s < t < 14 s, owing to the complexity of the macro-
roughness features. At the still-water shoreline [Fig. 7(d)], a flooding
plateau between 6 s < t < 14 s was observed without a significant sur-
face elevation peak to identify the inundation depth, which was different
from that of the smooth case. A possible reason for this is that the
presence of macro-roughness blocks the uprush flows, thereby reducing
the flow velocity. It is speculated that the water mass is accumulated in
the swash zone supported by the long-bore plateau, which causes the
water surface to remain nearly constant during the inundation stage.
Some missing data points were found near the bore front in the
experiment, as shown in Fig. 7(d and e). This is because the ultrasonic
sensors used in the experiment to record free-surface elevations may not
work well in measuring bubbly flows (e.g., Wu et al., 2021), especially
during the bore interactions with the slope covered with
macro-roughness elements. To avoid confusion, the nosing data has
been removed from the model-data comparison presented in Fig. 7.
Overall, the model-data comparison shows satisfactory agreement be-
tween the measured and model results. Slightly phase variation can be

found for wave reflection from the slope [see Fig. 7 (a) at t &~ 10 s]. The
reason for this discrepancy is the complicated downrush flows that
cannot be properly simulated in the numerical model. Further analysis
of the flows during the rundown stages is presented in the following
sections.

4.2.2. Flow pattern

Because PIV measurements are not available for the rough slope case,
in this section, we present a qualitative examination of the behavior of a
bore crashing on a slope covered with a layer of macro-roughness ele-
ments. The model-data comparisons are shown in Fig. 8. The snapshots
of the flow pattern in the laboratory experiments are shown for the
following times: t = 4.26 s, t = 4.38 s, and t = 4.65 s. From the results of
the free-surface elevations and the velocity fields, the velocity in the
numerical simulation can be clearly differentiated into two portions,
which is similar to the effect caused by the boundary layer in the nu-
merical simulation of a bore uprush the smooth slope. This shows that
the flow patterns of the simulated bore are qualitatively similar to those
of the bore generated in the laboratory experiments, which suggests that
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Fig. 9. Model-data comparison of inundation distance in time series for the Type A configuration of macro-roughness slope, where h;/hy = 30/10 and hy = 10 cm.
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Fig. 10. Comparison of simulated free-surface elevation in time series for
different macro-roughness slope configurations, where h;/hy = 30/10 and hy =
10 cm.

the propagation of the bore proceeds in a similar fashion in both the
numerical and experimental simulations. However, owing to the limi-
tations inherent in the experimental setup, the velocity distribution of
the bore can only be determined using numerical simulations.

4.2.3. Inundation distance

A model-data comparison of the inundation distance in time his-
tories is shown in Fig. 9 for the Type A configuration of the macro-
roughness slope. However, similar to the smooth case, the numerically
simulated results are consistently lower than those observed in the

10
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experimental data. More specifically, the measured and modeled
maximum inundation distances are 2.27 m and 2.00 m, respectively,
resulting in a relative error of 12%. Such underestimations of the
simulated runup heights are found for both the smooth case (see Fig. 6)
and the macro-roughness case (see Fig. 9). The reason for this error
seems to be identical to that in the smooth slope case. The boundary
condition is probably one of the main factors affecting the simulation
results.

Although the simulated runup heights are lower than those of the
measured results, the estimated errors are most likely similar. Thus, the
numerically simulated results using DualSPHysics can still be used and
exercised cautiously while keeping the anticipated errors in mind. Apart
from underestimation of runup heights, the overall inundation in the
time series was properly simulated.

4.3. Additional numerical simulations

The numerical model was validated for the macro-roughness slope of
one configuration. Then, it was employed to clarify the effects of
different arrangements of elements on the uprush processes and result-
ing runup heights. Using the same particle size and boundary conditions,
five additional configurations of macro-roughness slope were simulated
for hy/hg = 30/10 and hy = 10 cm. As mentioned in Section 3.2, the
projected areas occupied by the elements of the six macro-roughness
slopes are identical. As such, the changes in the arrangements of the
allocated elements in practical applications can be regarded as different
planning schemes for buildings and streets in waterfront areas.

Fig. 10 shows a comparison of the free-surface elevation time series
for the six macro-roughness slopes and the smooth slope case. In this
plot, the free-surface elevations of the six macro-roughness slopes are
nearly the same for the first three wave gauges located in the constant
depth region, i.e., x < 6.01 m [Fig. 10 (a)-(b)], and the toe of the slope, i.
e.,x=6.01 m [Fig. 10 (c)], which means that the incoming bore was not
affected by macro-roughness elements. The reflected waves were influ-
enced by the elements based on the recordings of the wave gauges.
Noticeable variations were observed in the swash zone, i.e., x = 7.01 m
[Fig. 10 (d)], x = 7.52 m [Fig. 10 (e)], and x = 8 m [Fig. 10 (f)]. Such
variations in free-surface fluctuations caused by the presence of different
macro-roughness configurations are the main factors affecting the
inundation distance. Clearly, the incoming bore reaching x = 8 m was
delayed for Types D, E and F [Fig. 10 (f)].

Fig. 11 shows the time history of the inundation distance, in which
the smooth case is regarded as the reference case to calculate the runup
reduction rate. In Fig. 11, for the six macro-roughness slopes, the overall
trends of the inundation time series are mostly the same, in which the
maximum runup heights occur almost simultaneously; however, the
levels of inundation distance are case-dependent. More specifically, the
inundation process and maximum inundation distance (i.e., corre-
sponding to the maximum runup heights) for the Type B and Type C
configurations are mostly the same, in which the former is slightly
higher than the latter at t < 10 s whereas the inundation characteristics
for the Type E and Type F configurations are similar. Also, the inunda-
tion curves in the time series for the Type A and Type D cases are similar
when the maximum runup heights are reached.

In terms of the maximum runup height, we present a quantitative
comparison using the runup reduction rate. This reduction rate is
defined as y = 1 — Rrough/Rsmootn, Where Rrpugn and Rgmoosn are the
maximum runup heights of the rough and smooth slopes, respectively.
The corresponding maximum inundation distances for all the simulated
cases are listed in Table 1, and their values are rounded off to the 2nd
decimal place for brevity. The reduction rates for the six macro-
roughness slopes ranged from 12% to 25%. Specifically, the Type A
and Type D cases can reduce by 17% to 18% when compared to that
achieved by the smooth case, whereas the Type B and Type C cases can
reduce by approximately 12% with respect to the smooth slope situa-
tion. Furthermore, the rotated arrangements (in relation to the flow
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Fig. 11. Comparison of numerically simulated inundation distance in time series for different macro-roughness slope configurations, where h;/hy = 30/10 and hg =

10 cm.

Table 1

Details of the maximum inundation distance and the corresponding reduction
rates for all macro-roughness slope configurations, where h;/hg = 30/10 and hg
=10 cm.

Type Maximum inundation
distance (m)

Reduction rate with respect to the
smooth case (y)

Smooth  2.39 -

A 2.00 16.5%
B 2.10 12.3%
C 2.10 12.4%
D 1.95 18.4%
E 1.84 23.2%
F 1.80 24.6%

direction), Types E and Type F, can reduce by approximately 25% as
compared to the smooth case, which shows their advantage in miti-
gating runup heights when attacked by a tsunami. The reduction rates
were estimated based on the conditions considered in this study.

To further quantify the hydrodynamic variations for different cases,
the maximum depth-averaged velocities in the x-direction were
extracted from three selected points for each configuration (see Fig. 12).
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A general rule was held for selecting these points: the first point was
selected at the gap of the first row and column of elements, the second
was the point right behind the first selected point which was free of cube
in the lateral direction, and the third point was selected next to the
second one and shielded by the front macro-roughness element. As
shown in Fig. 13, the larger the spaces between the elements, i.e., the
street between the buildings in the waterfront area, the higher the flow
velocity, which allows the flow to inundate further inland. However,
noticeable increments of velocities could be found at the third points for
Types E and F whose gaps between the elements were relatively nar-
rower than the other types. The behaviors between different configu-
ration types were varied owing to the change of the flow path.

The impact of the arrangement of the macro-roughness elements on
the path along which the water uprushes the slope can be seen in Fig. 14.
The gaps between the structures in the Type B and Type C configurations
are larger than those in Types A, D, E and F, thus allowing more water to
flow through the first few arrays of elements. Owing to the effects of the
free-surface, the velocity of the flow passing through the larger gaps in
Types B and C is higher than that in Types A and D. The uprush flows are
largely affected by Types E and F because of the relatively small gaps
between neighboring elements, which corresponds to the analysis in
Fig. 13.
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Fig. 12. Diagram of the points selected to analyze the velocity variations owing to the presence of the macro-roughness elements.
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Fig. 13. The maximum depth-averaged velocities in the x-direction at the
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Moreover, Fig. 11 shows that the time when the flow starts to retreat
for the smooth slope case, i.e., t > 10 s, is earlier than that the macro-
roughness slope cases, indicating that the period of inland inundation
for a macro-roughness slope remains longer than that for a smooth slope.
Fig. 14 shows the simulated flow patterns at a specific runup stage at t =
7 s for the six macro-roughness configurations and Fig. 15 presents the
simulated flow patterns at the rundown stage at t = 18 s for the six cases.
The maximum depth-averaged velocities during rundown processes
were shown in Fig. 16, which presents the retreating velocities at the
same selected points depicted in Fig. 12. The rundown flow velocities
tend to be larger at the gaps in Types A, B and C, whose paths created by
the gaps surrounded by elements are straight. On the other hand, the
backwash velocities maintain approximately similar order of magnitude
for Types D, E and F, whose paths are relatively meander and narrow.
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One of the anticipated consequences is that the inundation caused by a
tsunami-like bore may be prolonged due to the presence of structures in
waterfront areas. This phenomenon may be somewhat different from
that in reality since the actual building may not be impermeable, and
indeed features the effects of the porosity, and thereby the permeability.
Further investigation should be conducted to explore these effects.
Bore-induced swash hydrodynamics are characterized by the bore
length and bore strength. Barranco and Liu (2021) demonstrated that
runup heights do not depend on bore length as long as the incoming bore
features a non-decaying bore. The bore strength is the Froude number,

F =Uy/ (gho)l/ 2, for a bore moving at a constant velocity Uy, in a con-
stant depth region with an undisturbed depth of hy. Therefore, the
relationship between realistic tsunamis and small-scale experiments can
be properly scaled using the bore length, i.e., the Froude number. In
addition, the Reynolds similarity should be considered, where the
Reynolds number can be defined as Re = Uphg/v. Barranco and Liu
(2021) reported that, based on observations of the 2011 Japan tsunami
in Kuji Bay (Nakagi et al., 2016), the bore strength is estimated to be
1.36 < F < 2 at a 10 m water depth and the Reynolds numbers are in the
range of 108 < Re < 2 x 108, revealing that the flows are in the fully
developed turbulent region, i.e., Re > 10% (Hughes, 1993). For the
selected experimental conditions (Huang and Wu, 2021) used in this
study, the Reynolds number and the Froude number of non-decaying
dambreak-generated bores are within the range of 1.48 x 10° < Re <
1.67 x 10° and 1.50 < F < 1.69, respectively. Consequently, the
bore-induced flow remains turbulent, and the bore strength is similar to
that of realistic tsunamis. Furthermore, Wu et al. (2018) showed that the
runup height data obtained from large-scale and small-scale experi-
ments for both solitary and periodic waves collapsed on the same
dimensionless runup height trend, indicating a weak dependency on the
Reynolds number when turbulent flow conditions were studied.
Considering a water depth of 10 m (e.g., Nakagi et al., 2016), the ex-
periments with a water depth of 0.1 m can be regarded as an idealized
1/100 length scale model to prototype, for which the Froude similitude
is followed. The abovementioned evidence suggests that the experi-
mental and simulated bore characteristics considered herein can be
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Fig. 14. Comparison of numerically simulated flow patterns in the x-y plane for different macro-roughness slope configurations, where h;/hy = 30/10 and hg = 10
cm. All snapshots are consistently extracted at t = 7 s for different configurations during the stage of bore uprush. The colorbar indicates the simulated velocities (m/

s) of particles in the x-direction.
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Fig. 15. Comparison of numerically simulated flow patterns in the x-y plane for different macro-roughness slope configurations, where h;/ho = 30/10 and hy = 10
cm. All snapshots are consistently extracted at t = 18 s for different configurations during the stage of bore downrush. The colorbar indicates the simulated velocities

(m/s) of particles in the x-direction.
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Fig. 16. The maximum depth-averaged velocities in the x-direction at the
selected points for all the cases at t = 18 s. In this histogram, the bar graph from
the left to the right for each macro-roughness type represents the first, second
and third selected points, respectively.

related to field conditions. However, the application of the results in
real-world scenarios should be exercised cautiously because using fixed
cubes to model realistic buildings is an excessive simplification; thus,
further investigation to model the movement and damage of structures
triggered by long waves is desired.

5. Conclusions

In this study, dam-break driven swash flows on smooth and macro-
roughness slopes were numerically studied using the open-source SPH
program, DualSPHysics (Dominguez et al., 2022). The numerically
simulated results were compared with available experiments for
free-surface elevations, flow fields, inundation distances, and maximum
runup heights.

13

For dam-break driven swash on a smooth slope, model-data com-
parison revealed that the numerical model can accurately predict the
free-surface elevation in the constant depth region and in the surf zone,
as well as in the swash zone. The free-stream flow velocities at the still-
water shoreline were correctly captured by the numerical model, but the
model failed to predict the flow velocities near the bottom boundary.
This limitation further influenced the performance of numerical results
in modeling the inundation as well as the runup processes. The overall
trend of the inundation distance time series was similar between the
measured and modeled results; however, the simulated results were
consistently lower than that of the experiments. A 19% relative error of
the modeled maximum runup height was obtained when compared with
the experiment.

The effect of slope roughness was studied using macro-roughness
features, which consisted of a smooth slope covered by a layer of
cubes of the same size. This setup has implications for modeling flows
passing through complicated geometries, such as buildings and streets in
waterfront areas. For the bore-driven swash on the macro-roughness
slope, model-data comparisons showed satisfactory agreement on the
free-surface elevations and flow patterns. Again, the overall inundation
distance in the time series was similar between the two results, but a
consistent underestimation was observed in the modeled results, which
led to a 12% relative error in the numerically simulated maximum runup
height. Consequently, it is worthwhile to compare the results using
different boundary conditions and turbulence models to improve the
accuracy of the simulated results.

Additional numerical simulations with different arrangements of
macro-roughness elements, whose projected areas on the slope were
identical, were conducted to investigate their effects on runup heights.
The numerical results revealed that the reduction rate of the maximum
runup height varied for the six configurations considered in this study.
The maximum runup height reduction was approximately 25%
compared to the smooth slope case. Although the macro-roughness slope
was able to reduce the level of inundation because the structures on the
slope partially blocked the bore uprush, the inundation time for the
macro-roughness slope cases was longer than that for the smooth slope
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Appendix A. Effects on numerical simulations
A.1 Effect of particle sizes in simulations

The numerical results obtained using three different particle sizes dp = 0.001, 0.005, and 0.01 m were compared with the measured data. Figure A1
shows a comparison between the SPH simulated results using these different particle resolutions and experimental results. The comparison shows that
the use of dp = 0.001 and 0.005 m produces similar results while the use of dp = 0.01 m shows a delay of the incoming bore. Therefore, for the dam-
break conditions simulated herein, a particle resolution of dp = 0.005 m was satisfactory. However, dp = 0.001 m was employed in 2D to provide
better resolution in space compared with the measured velocity fields.

A.2 Effect of 2D and 3D simulations

Figure A2 compares the time histories of the free-surface elevations between the 2D and 3D simulations for the smooth-slope case. In these two
cases, the particle size of dp = 0.005 m is used. The results show that noticeable variations can be found near the bore front at the initial stage of the
bore development, i.e., x = 2 and 4 m at t < 4 s. At the toe of the slope (x = 6.01 m) and in the swash zone (x = 7.01 and 7.52 m), the 2D and 3D
simulated results were mostly identical. Figure A3 shows the inundation distance in time series, where the maximum inundation is X; = 2.30 and 2.39
m for the 2D and 3D cases, respectively. Because the 3D simulation involves the interactions of fluid particles in the lateral direction, their hydro-
dynamic characteristics are not entirely the same (e.g., Wu et al., 2021) and therefore a variation of approximately 4% in the inundation distance
between the 2D and 3D results should be acceptable.
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Figure A1. Model-data comparison of free-surface elevation in time series at different locations for dam-break driven swash on the smooth slope, where h;/hy = 24/

10 and hp = 10 cm. In this plot, experimental data are compared with numerical results using three different particle sizes.
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