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Abstract: Tsunamis in shallow water zones lead to sea water level rise and fall, strong currents,
forces (drag, impact, uplift, etc.), morphological changes (erosion, deposition), dynamic water
pressure, as well as resonant oscillations. As a result, ground materials under the tsunami motion
move, and scour/erosion/deposition patterns can be observed in the region. Ports and harbors as
enclosed basins are the main examples of coastal structures that usually encounter natural hazards
with small or huge damaging scales. Morphological changes are one of the important phenomena
in the basins under short and long wave attack. Tsunamis as long waves lead to sedimentation in
the basins, and therefore, in this study, the relation to the current pattern is noticed to determine
sedimentation modes. Accordingly, we present a methodology based on the computation of the
instantaneous Rouse number to investigate the tsunami motion and to calculate the respective
sedimentation. This study aims to investigate the effects of the incident wave period on an L-type
harbor sedimentation with a flat bathymetry using a numerical tool, NAMI DANCE, which solves
non-linear shallow water equations. The results showed that the corner points on the bending part
of the basin are always the critical points where water surface elevation and current velocity amplify
in the exterior and interior corners, respectively.
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1. Introduction

Ocean waves cannot generate enough energy to affect open coasts by resonance amplification,
yet they can cause hazardous oscillations as they enter the enclosed or semi-enclosed basins and
harbors. Tsunamis are known to be a very destructive phenomenon in shallow water, leading to
sea water level rise and fall, strong currents, scour and morphological changes (erosion, deposition),
resonant oscillations and seiches [1,2]. Wave radiation via the semi-enclosed basins is an important
factor in decaying energy. Nonetheless, making the harbor entrance narrower results in the
amplification of arriving wave. In fact, both harbor resonance period and harbor damage parameters
can be related by harbor structures’ design determining the harbor geometry [3]. Generally, wave
disturbance is a major factor in harbor design assumptions [4]. Breakwaters are capable of protecting
the harbors against short waves [5], but the ability of long waves (with 25–300-s periods) in
entering the harbors makes it often beyond control and causes oscillation problems [6–8]. Periods
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of oscillations can be in the range of a few seconds to a few minutes depending on the harbor
geometry [9,10]. Several regular-shaped basins have been simulated to determine the first and
the second mode of free oscillations of the basins, such as the L-type basin in [11]. The current
study investigates the effect of wave period on the estimation of tsunami evolution, propagation
and amplification, as well as tsunami currents and morphology changes in L-type basins with flat
bathymetry. Here, a methodology is presented based on the computation of the instantaneous Rouse
number [12] during tsunami simulation to investigate the tsunami motion and to determine the mode
of the sediment transport. This is by computing the spatial and temporal change of the Rouse number
under tsunami inundation according to the approach given in [13]. Accordingly, the numerical model
NAMI DANCE [14] is employed to study the oscillations and amplification of waves and currents, as
well as sediment motions in a harbor of the L shape with a flat bathymetry. This numerical tool has
been developed by the C++ programming language using the leap-frog scheme numerical solution
procedure. It utilizes the finite difference computational method to solve linear and nonlinear forms
of depth-averaged shallow water equations in long wave problems. Since some natural harbors
can be in the L shape after smoothing, here we investigate the current amplification and sediment
movement in L-type basins for several free oscillation periods. It is observed that the corner points
in the bending part of L-type basins are the critical points where the wave amplitude and current
velocity amplify in basin free oscillation wave periods. Furthermore, the exposed sediment motion
can be categorized according to the Rouse number values.

2. Materials and Methods

2.1. Rouse Number

The sediment motion can be observed by monitoring the spatial and temporal changes of the
Rouse number. The Rouse number is a dimensionless number for classifying the modes of sediment
transport [13]. It is defined as the ratio of particle settling velocity to the shear velocity:

R0 =
ws

βκu∗
(1)

where u∗ is the shear velocity, β denotes the ratio of sediment diffusion to momentum diffusion
coefficients (approximately equal to 1), κ is the von Karman constant (equal to 0.4) and settling
velocity ws is given by [13]:

ws =
8ν

d

(√
1 +

(s − 1)gd3

72ν2 − 1

)
(2)

where s is the density of sand in water, i.e., the ratio of sediment density to water density (ρs/ρ), d
represents the mean grain size, g is gravitational acceleration, ν denotes kinematic viscosity and u∗ is
the shear velocity and can be written according to Equation (3) [13].

u∗ = u

√
f
8

(3)

where f is the Darcy friction factor in the range of (0.006–0.039), and it is generally assumed to be
equal to 0.01 in tsunami cases [13]. The mean grain size (d) for the entire domain is assumed 0.3 mm,
which is a close value to the real cases (i.e., Belek area [15,16]). The values for the constants required
for settling velocity and shear velocity calculations are listed in Table 1.
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Table 1. Typical constants.

ν, Kinematic Viscosity 1.0 × 10−6 m2/s
g, Gravitational Acceleration 9.81 m/s2

ρ, Density of Water 1025 kg/m3

ρs, Density of Sediment Particles 2650 kg/m3

Modes of the sediment transport can be determined according to the Rouse number values.
Sediment transport modes are in the form of bed load, suspended load and wash load (Table 2).
Rouse number values greater than 2.5 represent the bed load form of sediment motion, while a value
less than 0.8 is the mode of wash load sediment motion fully supported by the flow. Large values
of the Rouse number indicate slower sediment motion and less severe erosion or deposition. On the
other hand, smaller values of the Rouse number show more severe erosion in the topography.

Table 2. Modes of transport according to the Rouse number [13].

Mode of Transport Rouse Number

Initiation of Motion (Deposition) R0 > 7
Bed Load 2.5 < R0 < 7.5
Suspended Load: (50% Suspended), Density of Water 1.2 < R0 < 2.5
Suspended Load: (100% Suspended) 0.8 < R0 < 1.2
Wash Load R0 < 0.8

2.2. Numerical Model

The effect of wave period on tsunami-induced sedimentation in the L-type basins is investigated
using NAMI DANCE code. The governing equations of NAMI DANCE are the nonlinear form
of shallow water equations. The schematic form of the basin in the simulations and 10 selected
gauge points is illustrated in Figure 1. Depicted in Figure 1a are the metric dimensions of the basin,
while Figure 1b shows the dimensions in the geographical outline (longitude-latitude) used in NAMI
DANCE simulations. Initially, 100 gauge points are selected out of which 10 points are presented
here. The bathymetry is flat, and the water depth is 20 m. LA in Figure 1a is the vertical dimension,
and LB is the horizontal dimension of the basin. In half of the simulations, LA and LB are both used
as 1000 m and another half of LA is 800 m (by placing the input source 200 m from the border), while
LB is kept constant as 1000 m. The bending side is used as 400 m, and the grid size (∆x) and time step
(∆t) are selected as 2 m and 0.005 s, respectively in all simulations. The input waves are in the form
of several sinusoidal functions. They are sinusoidal crest lines entering parallel to the horizontal side
(B side) from the basin entrance (400 m opening in the A side). The input waves are considered to
have a 1-m amplitude with several random periods (16 s, 46 s, 90 s, 146 s and 328 s). Among those,
328 s, 146 s and 90 s are the second, fourth and seventh modes of the basin free oscillations [17],
respectively. The differences of harbor modes for LA/LB = 0.8 and LA/LB = 1 are negligible (less
than 5 s), and hence, they are only presented for the L-type basin with LA/LB = 1 dimensions in [17].
The boundaries are set with a 20-m wall; therefore, they perform as reflective, where their effects are
considered in the next waves during the simulations after the first wave reaches the boundaries. It is
worth mentioning that all simulations are performed for 40 min.
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(a) (b)

Figure 1. L-type basin used in the simulations. (a) LA is the vertical dimension and LB the horizontal
dimension of the L-type basin. (b) Dimensions are in the geographical outline. Red stars represent the
gauge points.

3. Results

3.1. Free Surface Elevation

The spatial distribution of maximum water elevation, maximum current velocity and the
minimum Rouse number are computed at each grid in the domain during the 40-min simulations.
Shown in Figure 2 is the maximum water surface elevation for a sinusoidal line crest long wave
pertaining to a 1-m wave amplitude LA/LB = 0.8 in the left column and LA/LB = 1 in the right
column. The time history of the free surface elevations in two corner points of the basin, Gauge 57
(g57, interior corner) and Gauge 63 (g63, exterior corner), is also shown for the first 30 min in Figure 3.

(a) T = 16 s (b) T = 16 s

(c) T = 46 s (d) T = 46 s

Figure 2. Cont.
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(e) T = 90 s (f) T = 90 s

(g) T = 146 s (h) T = 146 s

(i) T = 328 s (j) T = 328 s

Figure 2. The spatial distribution of the maximum water surface elevation (m) computed by the
simulation of the sinusoidal line crest long wave with a 1-m wave amplitude with T = 16 s, T = 46 s,
T = 90 s, T = 146 s, T = 328 s for LA/LB = 0.8 in the left column and LA/LB = 1 in the right column.

The results of the maximum water surface elevation in Figure 2 show that the corner points on
the bending part of the basin are always the critical points where water surface elevation amplifies in
the exterior corner (Gauge 63). Therefore, the time series of free surface elevations are also represented
in Figure 3 to evaluate their behavior during the simulation. The seventh mode of the basin free
oscillation period (90 s) is a very critical wave period, and there are approximate wave and current
amplifications in the entire basin.

3.2. Current Velocity

The maximum current velocities for the sinusoidal line crest long wave are shown in Figure 4.
The results pertain to a 1-m wave amplitude where the conditions with LA/LB = 0.8 and LA/LB = 1
are depicted in the left and the right columns, respectively. The time history of the current velocity in
two corner points of the basin, Gauge 57 and Gauge 63, are shown in Figure 5.
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(a)

(c)

(b)

(d)

Figure 3. Time history of water surface elevation computed by the simulation of the sinusoidal line
crest long wave with a 1-m wave amplitude with T = 16 s, T = 46 s, T = 90 s, T = 146 s, T = 328 s for
LA/LB = 1 (left column), for LA/LB = 0.8 (right column) in Gauge 57 (a,b) and Gauge 63 (c,d).

(a) T = 16 s (b) T = 16 s

(c) T = 46 s (d) T = 46 s

Figure 4. Cont.
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(e) T = 90 s (f) T = 90 s

(g) T = 146 s (h) T = 146 s

(i) T = 328 s (j) T = 328 s

Figure 4. The spatial distribution of the maximum current velocity (m/s) computed by the simulation
of the sinusoidal line crest long wave with a 1-m wave amplitude with T = 16 s, T = 46 s, T = 90 s,
T = 146 s, T = 328 s for LA/LB = 0.8 in the left column and LA/LB = 1 in the right column (a–j).

The results presented in Figure 4 demonstrate that the corner points on the bending part of the
basin are always the critical points where current velocity amplifies in the interior corners (Gauge 57).
Therefore, similar to the previous case, the time series of the current velocity are also represented in
Figure 5 to see their behavior during the simulation. Briefly, Gauge 63 in the exterior corner of the
L-type basin is the location in which the water surface elevation amplifies extremely, but there is
no current amplification. Furthermore, the current velocity amplifies extremely in Gauge 57 in the
interior corner of the L-type basin, however with no wave amplification.

Comparing Figure 2 and Figure 4, it can be inferred that in shorter wave periods, the vertical
side of the basin (A side) is more exposed to the wave and current amplifications, but in larger wave
periods, the maximum values occur in the horizontal side of the L (B side).
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(a)

(c)

(b)

(d)

Figure 5. Time history of the current velocity computed by the simulation of the sinusoidal line crest
long wave with a 1-m wave amplitude with T = 16 s, T = 46 s, T = 90 s, T = 146 s, T = 328 s for
LA/LB = 1 (left column), for LA/LB = 0.8 (right column) in Gauge 57 (a,b) and Gauge 63 (c,d).

3.3. Rouse Number

The minimum Rouse number distribution, as well as the maximum velocity vectors are shown
in Figure 6. According to the range of the Rouse number values, the sediment motion in the exterior
corner (Gauge 63) is in bed load mode for larger wave periods (T 146 s and 328 s). In the end side of
the basin, sediments move in the form of bed load in larger wave periods, as well. This indicates that
these areas in the basin have high potential to be exposed by the material deposition.

(a) T = 16 s (b) T = 16 s

Figure 6. Cont.
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(c) T = 46 s (d) T = 46 s

(e) T = 90 s (f) T = 90 s

(g) T = 146 s (h) T = 146 s

(i) T = 328 s (j) T = 328 s

Figure 6. The spatial distribution of the minimum Rouse number computed by the simulation of the
sinusoidal line crest long wave with a 1-m wave amplitude with T = 16 s, T = 46 s, T = 90 s, T = 146 s,
T = 328 s for LA/LB = 0.8 in the left column and LA/LB = 1 in the right column (a–j), respectively.
The maximum velocity vectors are also shown for each case.

4. Discussion

The behavior of an L-type basin with a flat depth is studied for wave and current amplification.
Furthermore, the sediment motion as a morphological change pattern is investigated via 10 selected
gauge points. The results of the maximum water surface elevation, maximum current velocity and
minimum Rouse number show that the corner points on the bending side of the basin are always
the critical points where water surface elevation and current velocity amplify in the exterior corner
point (Gauge 57) and interior corner point (Gauge 63), respectively. Therefore, the time series of free
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surface elevation and current velocity are also examined to see their behavior during the simulation.
According to the time history results of the water surface elevation and current velocity, it is evident
that when the vertical side is shorter (LA/LB = 0.8), the amplification magnitude of the free surface
elevation and current velocity in the interior corner point of the basin (Gauge 57) is larger than
the case with the longer side (LA/LB = 1); however, the opposite holds for the exterior corner
point (Gauge 63). Besides, the simulation results show that in the same L-type basin, in shorter
wave periods, the wave and current amplifications mostly occur in the vertical side of the basin
(A side), where the input source wave begins to propagate. Nevertheless, in larger wave periods,
the amplifications take place in the horizontal side of the L-type basin (B side). Therefore, we can
conclude that the dimensions of the L-type basin do not affect the occurrence region of the critical
points for maximum water surface elevation and maximum current velocity. In all gauge points
(except corner points), the wave and current amplify simultaneously if the wave period meets the free
oscillation period in the basin. However, it is noticeable that in the interior (smaller) side of L-type
basins, the amplification is higher than the exterior (larger) side of it. Furthermore, large periods affect
the end parts of the basin more than the smaller wave periods. This phenomenon is more obvious
in wave amplification. Comparing the maximum current velocity results with the minimum Rouse
number results, one can conclude that the pattern of sediment motion in the mentioned two critical
corner points and in the whole basin depends on both the current pattern and magnitude. In large
wave periods, the sediment motion in the exterior corner (Gauge 63) is often in the bed load form,
while in the interior corner (Gauge 57) in the wash load form. This indicates that, in higher periods,
the interior and exterior corners can be exposed to the sediment erosion and deposition, respectively.
However, sediment motion in long wave conditions needs further analysis in closed basins, where
it becomes a prominent problem for harbors and ports. Further studies on sediment motion seem
necessary to determine the performance and validity of NLSWEwhen the volume of the transmitted
sediments needs to be measured under the current behavior of the long waves. Furthermore, more
investigations should be performed to analyze the behavior of L-type basins with varying depths and
then applied to real harbors of this type.
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