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Abstract. Dam break flow has a similar characteristic to the tsunami surge after the breaking
wave. Therefore, it is often used in laboratory-scale experiments to study tsunamis and can
be used as a benchmark for validating a numerical model. This paper presents a simulation
of a complex dam break flow to validate the two-dimensional (2-D) depth-averaged Smoothed
Particle Hydrodynamics (SPH) flow model which involves a non-submersible obstacle in the
domain. The method can also be referred to as shallow-water equations SPH (SWE-SPH).
With SPH, the wetting and drying interfaces are automatically solved without any additional
trick or handling. Therefore, a dry bed dam break is specifically tested here. The numerical
results are validated using experimental data from the literature. The model shows the ability to
reproduce the flow fields, shocks, vortices and flow region transitions with reasonable accuracy
compared to the experimental data, despite the vertical averaging process in the formulation.
This model can be a robust tool for predicting the hazards caused by extreme floodings, such
as dam breaks, flash floods and tsunamis in development planning.

1. Introduction

The dam break flow at the laboratory scale has been a widely used test case to validate a
numerical model [1, 2, 3, 4, 5]. The dam breaking process is usually simplified as an upward
sliding gate or a rotatable hinged gate, either a rigid or flexible gate. Any sudden flow generation
method will generate a similar water flow characteristic, i.e. rapidly varying and supercritical
flow which can be violent and destructive. This type of flow can represent water-related natural
disasters such as flash floods, tsunamis and obviously dam breaks.

Many numerical models used a depth-averaged approach, instead of a full three-dimensional
(3-D) model, to simulate floodings, including tsunamis, because of a much larger horizontal
domain size compared to the water depth [6, 7, 8, 9]. In this case, the 3-D models become not
practical in terms of computational cost. The numerical schemes implemented are usually mesh-
or grid-based methods which have robust, accurate and are computationally fast. However,
special treatments are required when dealing with wet-dry interfaces. The smoothed particle
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hydrodynamics (SPH) version of the depth-averaged flow solver can address this problem
automatically due to its Lagrangian nature.

SPH was originally developed for non-axisymmetric astrophysics simulations [10, 11], but
in the last 20 years it has been used in solving a wide range of engineering applications. The
first extension to free-surface flows was proposed by Monaghan [12]. Since then, with the
recent advancements in the underlying theory and hardware acceleration utilising the Graphics
Processing Unit (GPU) technology, the SPH method has become increasingly robust, accurate
and widely used throughout many engineering fields [13, 14].

The shallow-water equations (SWEs) are a well-known set of equations to represent depth-
averaged flow in large horizontal domains. The first attempts to solve the SWEs using SPH were
achieved by Ata and Soulaimani [15] and Rodriguez-Paz and Bonet [16]. Further advancements
were then developed by different researchers [17, 3, 18, 19, 20, 21]. A similar level of accuracy
was successfully achieved compared to the conventional methods and the computational cost
can be reduced by means of hardware acceleration and parallelisation techniques.

A parallelised SWE-SPH model has been developed here by converting the full 3-D Navier-
Stokes SPH software called DualSPHysics [14]. DualSPHysics is free and open-source software
developed for fluid simulation and multi-physics. The highly efficient and parallelised nature
of the software can be utilised for its depth-averaged version. The SWE-SPH formulation is
provided in the following section, followed by the model validation by comparing with the
complex dam break experiment conducted by Aureli et al [1].

2. Shallow-water equations (SWEs)
The SWEs are derived by depth-averaging the 3-D Navier—Stokes equations. This approach
assumes that the vertical component of velocity is negligible whilst its horizontal component
throughout the depth of the water is invariant, hence, the vertical pressure profile is hydrostatic.
This method is more applicable for cases where the horizontal length scale is much greater than
the vertical length scale.

The governing equations for depth-integrated shallow water flow in Lagrangian form are
written as

dd

— = -V-( 1

" (dv) 1)

d

d—"t’ = —gVd—gVb+ S, (2)
where d represents the water depth, v = (vg,vy) is the depth-averaged velocity vector in

horizontal coordinates, ¢ is the gravitational acceleration, b represents the bed elevation and
S is the bed friction source term.

Defining the density p as the amount of fluid mass per unit area in a 2-D horizontal domain,
Equations (1) and (2) above are the same as the Euler equations with additional source terms.
The density p is a standard variable used in any 3-D flow model, therefore, modifying the existing
software such as DualSPHysics becomes undemanding.

Assuming that the fluid is incompressible, the density p and water depth d are related
according to the following equation

P = pud (3)
where p,, is the actual density (1000 kg/m3 for water). By substituting Equation (3) into (1)
and (2), the SWEs can then be written as

dp

YY) (1)
dv g

_— = _— — b

T pwVp gVb+ Sy (5)
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Figure 1. Illustration of a fluid particle as a column

3. Depth-averaged SPH formulation with variable resolution

The SWE-SPH formulation was derived from the variational approach for SPH [22] with variable
smoothing length [23]. The depth-averaged version was developed later by Rodriguez-Paz and
Bonet [16]. The detailed derivation is available in a paper written by Vacondio et al [17]. The
final version of the equations are presented in this paper.

3.1. Momentum equation

In the depth-averaged representation of the fluid, an SPH particle becomes an SPH column
of fluid. Figure 1 shows the particle representation of fluid in the computation domain. In a
2-D Cartesian coordinate system, the bathymetry data, denoted by B(z,y) in 2-D horizontal
coordinates, is fixed in time. A 2-D Cartesian coordinate system is used for the hydrodynamics
model. Above the bed surface, the fluid is discretised as a set of Lagrangian particles each
representing a column of water. Each fluid particle possesses properties including mass m which
is constant in time, bed elevation b, depth d, position * = (z,y) and depth-averaged velocity
v = (v, vy). Using the variational formulation of Rodriguez-Paz and Bonet [16], the acceleration

dw;
of the i-th fluid particle ditz including dissipative terms is given by:

dwv; g+uv; kv, —t; -V
=—t; — bi i
dt T vh v, oS (6)

where t; = T;/m;,

N
g (1 1
T2 My, ( TWsten )~ TGt v
and 1 AW,
o . 2TV
a; = P zj:mjr” dry; (8)

The subscript j denotes the neighbour particles, N is the number of neighbours around particle
i, o is the correction factor to account for the variable smoothing length, r;; is the distance
between particle ¢ and j, D,, is the dimension (1 for one-dimensional (1-D) domain and 2 for
2-D), p; is the 2-D density, Wj; is the smoothing kernel, VW;j(x;, h;) is the kernel gradient of
W with respect to the position of particle ¢ and h; is the smoothing length of the i-th particle.
The fifth-order Wendland kernel [24] is used in this study.
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3.1.1.  Stabilisation term The SPH stabilisation technique based on the Lax-Friedrichs
flux formulation proposed by Ata and Soulaimani [15] is used here to avoid numerical
oscillations.With this technique, no tuning parameters are needed as is in the artificial viscosity
formulation by Monaghan [25]. The additional numerical viscosity term, II;;, can be included
in (7) to preserve the stability as:

1 H . ‘ N g 1 Hij : ) )
T, = Zmlmj [<2pw o )ij(mz,hj) <2pw =t )vwl(mj,hz)] (9)

The 1I;; is calculated using the following equation

M = —— % 2 (10)

Pij\/ ’mij’2 + n?

where ¢ = /gd is the wave speed, ®;; = 0.5(e; + ;) and 7 = 0.171ij is a small denominator to
prevent division by zero.

3.1.2. Bed gradient and bed friction source term A set of fixed particles are introduced at
the beginning of the simulation to represent the irregular bathymetry or bed profile. These
bed particles are distributed in a uniform grid as described by Vacondio et al [18]. These bed
particles possess both the bed surface elevation and Manning coefficient which are then used to
approximate the bed gradient Vb; using the SPH approximation combined with the correction
method of Bonet and Lok [22], and to interpolate the bed curvature tensor k; = V(Vb;) using
the integral approximation by Cleary and Monaghan [26, 27]. The bed particles are also used to
interpolate the Manning coefficient n; using the scatter SPH summation with a Shepard filter
[28]. This is then used to estimate the bed friction source term Sy; below:

|'Ul’vz

i

3.2. Continuity equation

The mass of each fluid particle remains constant during a simulation. Therefore, to allow the
change of a particle’s water depth, the volume and hence smoothing length of the particle also
change. In variable-h SPH form, the density of the i-th particle is approximated as follows:

Zm] i(xj,h (12)

The density p (or depth d) may vary significantly during a simulation, especially when a particle
moves into and out of shallow water when the fluid is expanding or compressing. To maintain
a constant accuracy, an approximately constant number of neighbouring particles must be
maintained by adjusting the smoothing length [29] according to:

1/Dm,
hi = hig (””) (13)

pi

where p; o and h; are the density and smoothing length of the i-th particle at the beginning
of simulation. Equations (12) and (13) are implicit requiring an iterative solution such as the
Newton-Raphson method described in [16]. Once the converged values of p; and h; are found,
the water depth is updated as d; = p;/py. Since the fluid is assumed to be incompressible, the
area of particle V; (equivalent to volume in 3-D SPH) is also changed following V; = m;/p; to
keep the volume of fluid column constant.
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3.8. Solid wall boundary conditions

The solid wall is represented by a set of particles called wall boundary particles (WBPs)
distributed in a uniform grid filling the wall shape. The particles have the same properties
as the fluid including mass m, density p and depth d. The WBPs are considered as neighbours
when computing the summations in the fluid momentum equation (6) and continuity equation
(12). To impose the no-slip boundary condition, the density and velocity of the i-th WBP are
extrapolated from the fluid body using SPH interpolation as follows:

pi = Z piWixj, hy)V; (14)

j€fluid

v = = Z v; Wiz, hj)V; (15)
j€fluid
Wi(x;, hy)

Zjeﬂuid Wi(zj, hyj)
and Vj is the particle’s area. After the density of all WBPs has been calculated, we can then
assign their depth d; = p;/p, and mass m; = p;/V;. In Equations (14) and (15), the smoothing
length of the neighbouring particles h; is used with the so-called scatter SPH formulation. The
scatter formulation is used to ensure that each WBP found in the fluid’s kernel radius has
the required values for the summation. Boundary particles can be placed in a fixed position
or moved according to predefined motion. This boundary treatment therefore functions in a
similar manner to the dummy particles method [30] retaining the advantages such as an easy
set up, efficient and robust for complex wall geometries.

where W;(z;, hj) = is the corrected kernel using the Shepard filter [28]

3.4. Time integration scheme
The explicit second-order symplectic scheme is used in this paper, which involves predictor and
corrector steps, to integrate (6) in time. The predictor stage is used to evaluate the evolution
in the middle of the time step:

n+% n At dv

; = v 16
ot = w5 (T (16)
ntd A

5 = a4 Sl (17)

where n denotes the time step and At is the time step interval. The force computed at the
middle time step is then used to evaluate the value at the end of the time step, which is referred
to as the corrector stage:

l
d +3
ol = +At(d"t’> (18)
n+1
= g +At(2+v) (19)

We use the variable time step At in the model. For an explicit integration scheme, the time
step must satisfy the Courant-Friedrichs-Lewy (CFL) condition [31]

At = Copr min (At,, At,) , where

Ny hi
At, =min | ———— | and
c; + |’Uz‘

=1

(20)
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Figure 2. The dimension (in cm) of the experimental facility in plan view

Ccrr is the Courant number whose value is 0.2 in this paper and N; is the number of
fluid particles. At, and At, are the time step limit based on fluid velocity and acceleration
respectively.

4. Results

4.1. Simulation configuration

The simulation configuration is set to reproduce the experimental dam break flow carried out
at the Hydraulic Laboratory of Parma University by Aureli et al [1], as illustrated in Figure 2.
A rectangular tank is divided into two sections functioning as a reservoir and a floodable area.
The tank is equipped with a sluice gate powered by a pneumatic piston at the middle of the
dividing wall. The sudden removal of the gate will initiate the water flow into the initially dry
floodable area. A non-submersible and fixed rectangular prism is located in the middle of the
dry tank to achieve a strong perturbation of the flooding dynamics. Point measurement of a
water depth time series by means of an ultrasonic distance meter is recorded at position x =
1.647 m and y = 0.022 m, with which the numerical results are compared.

4.2. Numerical results

The numerical simulation domain was initially discretised into particles by means of a Cartesian
grid arrangement. For this particular test case, the particle size was 5 mm giving 38,577 fluid
particles, 12,262 wall boundary particles and 136,425 particles for bathymetry. The Manning
coefficient for bed friction source term computation was set at 0.007 s m™*/3 based on a calibration
carried out by Aureli et al [1].

The comparison of experimental and numerical results of water depth is shown in Figure 3
where several snapshots at the different time frames from the plan view are presented. The first
frame at t = 0.4 s shows the initial water flow after the gate release just before impacting the
obstacle. A disagreement was observed here due to the 3-D effect of water falling at the breach
site during the initial stage which cannot be represented correctly by the depth-averaged model.
Besides, the gate removal time was not as spontaneous as assumed in the numerical model.

In the second frame (¢ = 0.75 s), a shock wave occurred due to the impact of the water
with the obstacle. The model was able to reproduce the flow transition from supercritical
to subcritical which generated a hydraulic jump. The chaotic characteristic shown in the
experiment, which involved water-air interactions, seemed to be smoothed out in the numerical
model due to the numerical dissipation and the incapability to capture the 3-D multi-phase
effect. The sharpness of the shocks, however, may be increased by implementing any shock-
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Figure 3. The plan view snapshots of experimental (left) [1] and SWE-SPH numerical (right)
water depths at t =04 s,t=0.75s,t =145s,t =2.16 sand t = 2.86 s
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Figure 4. The 3-D (left) and velocity vectors (right) plots of the numerical results

capturing methods available or simply by using finer particle resolution with the expense of
more computational effort. In the next frame (¢ = 1.45 s), the hydraulic jump near the obstacle
was moving upstream whilst another two shock waves emerged due to the flow impact with the
side walls. The following shocks were also clearly visible near the downstream wall at ¢ = 2.16 s.
Not long after, the reflected wave started to propagate upstream at ¢t = 2.86 s. The SWE-SPH
model successfully reproduced the general phenomenon of the complex dam break flow except
at specific areas and times where a strong 3-D effect took place.

Another complexity reproduced by the numerical model was the vortices shown on the right-
hand side in Figure 4. Each particle was plotted as an arrow whose length was linearly correlated
with the velocity magnitude. The flow circulation was found at several locations near the
wall. On the left-hand side, a 3-D plot is presented showing the water surface dynamics during
simulation. The tank and obstacle were clipped off halfway along y = 0.6 m to give more
visibility of the water flow. Several hydraulic jumps clearly present in the flow. If we look back
to the velocity vector plot, the arrows were coloured based Froude number (Fr) from 0 (blue)
to 25 (dark red) separated by Fr = 1 (white). From those coloured maps, we can clearly see the
flow transitions from supercritical (F'r > 1) to subcritical (Fr < 1), which developed hydraulic
jumps, and vice versa.

Figure 5 compares the water depth time series captured in the experiment by means of an
ultrasonic transducer and the numerical result at the same position (x = 1.647 m and y = 0.022
m). The numerical result shows a good general agreement with the experimental data. The
arrival time of the front surge was precisely predicted as well as the reflected wave at ¢ = 4.5
s. However, the SWE-SPH model could not capture the first shock after the flow impact on the
side wall. A 3-D model is suggested to reproduce this problem more accurately, especially using
an SPH model which specialises in free surface hydrodynamics modelling.

To quantify the overall accuracy of the model, two statistical parameters are analysed,
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Figure 5. The water depth time series of experimental and numerical point measurements
amplitude A, and phase P [32]:
N,
A _ Zt:tl d%
s = N
Zt:tl dz%,ezp

N (dy — dyeap)?
Ps _ t:1(Nf d2 t7emp) (22)
t=1 ""t,exp

and (21)

where t is the time step, IV, is the total number of time series data, d; is the numerical water
depth at time ¢ and dye.p is the experimental depth. A perfect agreement gives A, = 1 and
P; = 0. In this case, the data in Figure 5 gives A; = 1.076 and Ps = 0.142 which is reasonably
accurate for such complex flow.

5. Conclusion

A complex laboratory scale dam break simulation has been simulated using a depth-averaged
SPH flow model and the results agreed well with the experimental measurement. The flow
field characteristic was complex involving strong reflections, shocks, vortices, and flow regime
transition. Despite the complexity, the SWE-SPH model accurately predicted the water
flow. Quantification of the accuracy is calculated using two statistical parameters: amplitude
As = 1.076 and phase P; = 0.142. Perfect agreement would give 1 and 0, respectively, for both
parameters.

The hydraulic jumps, however, seemed to be smoothed out due to the numerical dissipation.
The additional shock-capturing method is desired to catch the shock better. Additionally, the
complexity of the flow field in this work was mainly caused by the solid wall and obstacle
configuration while the bed surface remained flat. Therefore, the effect of irregular bathymetry
on wave dynamics was not examined. This will be kept for future work. As a final remark,
the flow model has a high potential to be a robust tool to simulate tsunami floodings, which
is essential in planning the infrastructure development in tsunami-prone areas, but further
improvements are still needed for practical use in the actual case.
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