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Abstract: The dumping of dredge materials often raises concerns about the release of pollutants to the
marine environment. Wind data from the Global Forecast System (GFS) model was used to simulate
the wind-wave propagation from offshore in a two-dimensional (2D) model during September and
October 2016. The calibration and validation of the 2D model showed a high conformity in both the
phases and amplitude between the observed and simulated data. The 2D mud transport simulation
results of three scenarios showed that the concentration of suspended material in the third scenario
tested (scenario 3) was greater than 0.004 kg/m3 in the low tide, spreading to a 9 km2 area, and in
the high tide, the concentration was 0.004 kg/m3 in a 6 km2 area. Finally, the results of 2D particle
tracking (PT) showed changes in the seabed due to the concentration of dredged material, and its
dump (approximately 180 days) increased from 0.08 m to 0.16 m in 2.85 ha. In scenario 3, the element
block moved quite far—approximately 2.9 km—from the dredge position. Therefore, the simulation
results were qualified, as the dredging position situated far from the sea is significantly affected by
the direction and velocity of wave-wind in the dredging position.

Keywords: Quy Nhon port; dredged materials; dumping location; mud transport; particle tracking;
2D model

1. Introduction

Dredging is a crucial activity, regularly carried out to maintain safe passage for boats and ships at
ports and harbors [1–6]. In another sense, dredging is important for maintaining harbor operations,
i.e., importing and exporting goods. However, the disposal of dredged spoil at sea can potentially
affect the marine environment and its ecosystems [7,8]. The dredging and dumping of spoils at sea
inevitably increase the turbidity levels and settlement of fine sediment over an extended area [9,10].
This can propagate to a large area around the dumped location [11–18]. The dumping of spoils can
lead to the smothering of the seabed environment, coral reefs, egg-laying nests of fish and can disturb
their navigations [19–21]. Finally, dredging and dumping change the topography of the seabed at both
the dredging and dumping locations and therefore, can change local flow patterns [22]. As a result,
dredging and its related activities should be monitored, controlled and their impacts on the marine
environments should be evaluated [23].

The Qui Nhon Port is one of the largest international ports in Central Viet Nam, with a capability
to berth ships up to 30,000 tons at the regular operating frequency [24]. The port serves for the exchange
of goods between Binh Dinh Province and the Central and Central Highland Viet Nam, as well as for
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Cambodia, Laos, and Thailand. To maintain navigation, dredging is usually carried out twice per
year. Existing considerations are the method of dredging and location of suitable locations to dump
the spoils without adversely affecting the surrounding environment. Diggers are used to dredge the
port area. The dredged spoils are transported in hopper barges that open at the bottom. The barges
have specialized designs and are typically used for transporting and disposing of dredged materials,
in order to ensure environmental protection in a cost-effective manner. In particular, this method can
minimize the diffusion of dredged materials and limit the increased turbidity in seawater. In this
manner, it can minimize the impacts on the surrounding ecological environment.

To evaluate the effect of dredging and dumping activities on the marine environment,
previous studies have mostly used two- and three-dimensional models [25–32] based on field data,
calibration and validation for realistic assessment of the physical process and simulation of the sediment
dispersion of the bed load movement of the dredged materials near the port [33–41]. This study
combines the two-dimensional (2D) numerical approach (using MIKE 21) with numerical weather
predictions (Global Forecast System (GFS) model) and is a new modeling approach for the assessment
of dredging and dumping activities in Viet Nam. The study develops a two-dimensional hydrodynamic
advection-diffusion model to simulate the propagation of contaminants in dredged materials to the sea
with the assumption that the total volume of dredged materials from Quy Nhon port is transported
by barges to the dumping location. The principal objective was to assess the impacts of dredging
and dumping using a hybrid modeling approach (numerical weather prediction and hydrodynamics).
The aims of this study were (1) the simulation of wind-wave propagation from offshore to the study
area using wind data from the GFS global model in a 2D model, (2) the validation and calibration of
wave height in a 2D model, (3) the validation and calibration of the hydraulics using the 2D model,
(4) the simulation of the sediment transport process in a 2D mud transport (MT) model, and (5) the
simulation of the diffusion of materials at the dumping location in a 2D particle tracking (PT) model.

2. Materials and Methods

2.1. Description of Study Site

The study site is located inside Quy Nhon and the Thi Nai Port, encompassing an area of 95.1 ha
(Figure 1). Quy Nhon Port, 68.10 ha in surface area, belongs to the Hai Cang commune. Its eastern
boundary is adjacent to vessels operating at the port, Dong Da Port is to the west, boat shelters are
located at the Thi Nai lagoon in the south. Quy Nhon Port is one of the ten largest ports in Viet Nam and
serves vessels that can load up to 30,000 tons with the regular operating frequency, and the port capacity
is 10 million tons per year. The dredging and maintenance requirements of Quy Nhon Port play an
important role in the transportation, evaluation, and selection of dredging location and dredging
volume. The dredging area is 7.6 km from the port, 4.6 km from Hai Giang seashore, and 8.7 km from
the Ghenh Rang tourist attraction (Figure 1). The water depth at the dredging position is approximately
−28 m to −30 m.

A dredger boat was used to dredge the bed surrounding the port. The spoils are transported by
means of a hopper barge with a bottom discharge. The spoils can be dumped at sea by opening the
floor of the barge, minimizing the diffusion of these materials in water and the turbidity of the ocean,
thereby reducing the negative effects on the surrounding ecological environment. The impacts of
discharge on the surrounding environment were evaluated using a combination of spectral wind-wave
and 2D flow model, the mud transport module and the particle tracking module.
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Figure 1. Location of study area (Quy Nhon Port, 2012).

2.2. Model Description

In this study, the wave field data was an important factor to support the calculated water quality
spread process. A two-dimensional (2D) spectral wind-wave (SW) model was used to simulate the
wave field in the study area. This model was used to calculate the wave field based on unstructured
meshes. This model calculated the growth, decline and transmitted waves generated by wind and
swells in offshore and nearshore areas. The dynamics of the gravity wave was simulated based on the
equation of the wave action density [42,43]. The formula was used in the Cartesian coordinate system
for small areas; spherical polar coordinates were applied to large areas. The conservation equation for
wave action is expressed as follows:

∂N
∂t

+∇·(νN) =
S
σ

(1)

where N(x, σ,θ, t) is the action density; t is the time; x = (x, y) is the Cartesian coordinates;
ν =

(
cx, cy, cσ, cθ

)
is the propagation velocity of a wave group in the four-dimensional phase space x,

σ and θ; S is the source term for the energy balance equation, and ∇ is the four-dimensional differential
operator in the x, σ,θ-space.

The governing equations of unsteady 2D flow are based on the nonlinear, vertically integrated 2D
equations of conservation of mass and momentum to delineate variations in the flow and water level
of all the grids [44]. The continuity equation representing the conservation of mass is given as follows:

∂ς
∂t

+
∂p
∂x

+
∂q
∂y

= 0 (2)



Appl. Sci. 2019, 9, 1703 4 of 20

The momentum equation in the x-direction is as follows:

∂p
∂t +

∂
∂x

(
p2

h

)
+ ∂

∂y

( pq
h

)
+ gh∂ς∂x +

gp
√

p2+q2

C2·h2 −
1
ρw

[
∂
∂x (hτxx) +

∂
∂y

(
hτyy

)]
−Ωq − f VVx +

h
ρw

∂
∂x (pa) = 0 (3)

The momentum equation in the y-direction is as follows:

∂q
∂t +

∂
∂y

(
q2

h

)
+ ∂

∂x

( pq
h

)
+ gh ∂ς∂y +

gp
√

p2+q2

C2·h2 −
1
ρw

[
∂
∂y

(
hτyy

)
+ ∂

∂x

(
hτxy

)]
−Ωq − f VVy +

h
ρw

∂
∂xy (pa) = 0 (4)

where p and q (m3/s/m) are the fluxes in the x- and y-directions, respectively; t (s) is the time, x and
y (m) are the Cartesian coordinates; h (m) is the water depth; d is the time-varying water depth
(m); g (9.81 m/s2) is the acceleration due to gravity; ζ (m) is the sea surface elevation; C is a Chezy
resistance parameter (m1/2/s); f(V) is the wind friction factor; V, Vx, and Vy are the wind speed and its
components in the x- and y-directions (m/s), respectively; Ω is the Coriolis parameter, which is latitude
dependent(s−1); Pa is the atmospheric pressure (kg/m/s2); ρw is the density of water (kg/m3); and τxx,
τxy, τyy are the components of effective shear stress.

Sediment transport formulations are built into advection-dispersion module, 2D-AD. 2D solves
the advection-dispersion equation as follows:

∂c
∂t

+ u
∂c
∂x

+ ν
∂c
∂y

=
1
h
∂
∂x

(
hDx

∂c
∂x

)
+

1
h
∂
∂y

(
hDy

∂c
∂y

)
+ QLCL

1
h
− S (5)

where c is depth averaged mass concentration (kg·m−3) u; ν is depth averaged flow velocities (m·s−1);
Dx and Dy are dispersion coefficients; h is water depth; S is the deposition/erosion term (km·m−3

·s−1);
QL is the source discharge per unit horizontal area (m3

·s−1
·m−2); and CL is the concentration of the

source discharge (kg·m−3). The bottom shear stress τb (N·m−2) is calculated with respect to current
and waves using following equation:

τb =
1
2
ρ fw

(
Ub

2 + Uδ
2 + 2UbUδ cos β

)
(6)

where ρ is the density of water (kg·m−3); fw is the wave friction factor; Ub is the horizontal mean wave
orbital velocity at the bed (m·s−1); Uδ is the current velocity at top of water boundary layer (m·s−1);
and β is the angle between the average wave direction and the observed wave direction (degree).
Formula for sediment deposition was originally proposed by Krone (1962) [45] as

SD = wsCbpd (7)

where SD is deposition rate (kg·m−3
·s−1); ws is settling velocity (m·s−1); Cb is near bed concentration

(kg·m−3); pd is probability of deposition which is calculated by

pd = 1−
τb
τcd

, τb ≤ τcd (8)

where τb is bed shear stress (N·m−2) and τcd is critical bed shear stress for deposition (N·m−2).
Settling velocity, ws, described flocculation process. Flocculation is when the concentration of sediment
is high enough for the sediment flocs to influence each other settling velocity. The modification of
settling velocity also computed due to salinity variation.

ws,s = ws
(
1−C1es·C2

)
(9)
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where ws,s is settling velocity due to salinity variation; C1 and C2 are calibration parameters; and S is
salinity. Erosion formula was described as soft partly consolidated sediment [46].

SE = Eexp
[
α(τb − τce)

1/2
]
, τb > τce (10)

where SE is the erosion rate (g·m−2); E is the erosion coefficient (g·m−2
·s−1); τce is critical bed shear

stress for erosion (N·m−2); and α is coefficient (m·N−0.5).
The overall transport of particles during a time interval, ∆t, results from an advective component

and a dispersive component, which accounts for the non-resolved flow processes. The particle transport
equation at the i’th time step can be expressed as:

xi+1 = xi + ν·∆t + D·V + γ (11)

where

V =


ux

uy

−Vsett

;
∣∣∣U∣∣∣ = √

u2
x + u2

y; D =
1∣∣∣U∣∣∣


∆DL −∆DT 0
∆DL ∆DT 0

0 0 0

;γ =


∆D0

∆D0

∆D0W

 (12)

∆DL is longitudinal dispersion caused by turbulence; ∆DT is transversal dispersion; ∆D0 is neutral
dispersion; ∆D0W is dispersion caused by wind acting on the surface; xi is particle coordinates in three
dimensions at time steps i (m); ∆t is time steps (s); ux and uy are horizontal current velocities (m/s);
Vsett is settling velocity (m/s); DL is the longitudinal dispersion coefficient (m2/s); DT is the transversal
dispersion coefficient (m2/s); D0 is the neutral dispersion coefficient (m2/s); and Dw is dispersion due to
wind (m2/s).

2.3. Data Collection

2.3.1. Wind Data Collection

During the period from September to November, cold weather occurs accompanied by storms,
tropical cyclones and the intertropical convergence zone in the south-central region. The prevailing
wind from September to November blows from the northeast with intensities that increase from
21.6% to 51.6% (the greatest intensity is in November with the value of 51.6%) (Table 1, Figure 2).
The winter monsoon lasts from December to January of the following year. This is advantageous
as it is a high-pressure system. Subsidiary high-pressure systems along the eastern sea of China,
with frequencies ranging from 60–70%, stabilize the winter monsoon. During this period, the prevailing
wind blows from the northeast, with frequencies between 44–51%. A drop in the winter monsoon
is usually observed from February to March. Although the winter is still harsh, the frequency of the
winter monsoon reduces to approximately 10%. The high-pressure systems along the eastern sea of
China with higher intensities account for 70% of the winter monsoon, while the Pacific high-pressure
systems account for the rest of the winter monsoon. The prevailing wind in Quy Nhon still blows from
the northeast, with a reduced frequency between 30–40%.
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Table 1. The frequency and “calm wind” (%) based on directions at Quy Nhon station.

Month Calm Wind
Direction

North North-East East South-East South South-West West North-West

1 9.5 12.6 43.7 2.3 4.1 2 31.2 4
2 14.7 8.9 41.2 3.5 10.3 6.1 26.6 3 0.1
3 19.6 6.7 30.2 6.1 26.2 11.7 16.2 2.5 0.4
4 23.6 5.9 18.1 9.1 36.7 19.4 9.1 1.1 0.6
5 26.1 5.3 13 7.5 32.3 21.4 11 7 2
6 25.3 2.8 6.5 6 25.8 17.4 16.8 21 3.6
7 22.6 2.4 5.9 2.6 23.9 12.3 18.1 31 3.6
8 22.8 2.3 7.1 3.3 19.2 9.5 19.6 34 4.2
9 25.6 5.7 21.6 4.5 17.1 11.6 21.4 3.2

10 14.7 12.8 36.4 4.8 5.8 4 29.4 0.5
11 7.9 13.1 51.6 2.5 1.5 1.1 26.3 0.1
12 6.4 10.6 51 1.6 1.2 0.9 30.8
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In addition to the changes in air from the polar region, high pressure cold continental winds move
to the east, splitting from the Siberian high, and another subsidiary high-pressure system appears near
the tropics and diffuses along the eastern sea of China. This high pressure affects the humidity, is warmer
than the continental polar air mass and causes an increase in intensity of 26%, together with the
southeast wind in March. Throughout the second half of April and early May, this period experiences
a conflict between western and eastern systems, because cold high-pressure decreases, western low
pressure moves to the east and becomes more intensive, reversing the subtropical high pressure to the
east. The wind in the East Sea gradually changes direction from southeasterly to northerly, convective
clouds develop strongly in mountainous areas, subtropical high pressure affects the East Sea, but the
effect slowly moves to the north along with the low range equator. In this period, the prevailing wind
at Quy Nhon station is in the southeast direction, with the intensity ranging from 32–37%.

From June to August, in the low range, low pressure warm air, originating from the Burmese–Indian
border, tends to change direction from the east to the southeast. The monsoon season in northern
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China, accompanied by tropical cyclones during the monsoon of South Asia, is closely associated to the
southwest monsoon season. In the upper atmosphere, the Pacific subtropical high is degraded by the
weakness and retreats to the south of the subtropical west wind. The subtropical high in the Southern
Hemisphere gently ascends to the north to provide a chance for the southeast wind of the high-pressure
area of Australia to move above the equator. A low equatorial ridge also ascends to the north to
become active at 16◦ N–20◦ N, and accordingly, a tropical cyclone is formed to stimulate a southwest
monsoon. However, due the effect of the topography, the prevailing wind at Quy Nhon Port is in
the southeast direction, with a frequency from 19–26%. Moreover, during this period, the southwest
and north winds dominate at Quy Nhon Port, with a frequency from 10–20%. In reality, the monsoon
does not blow continuously and constantly, but periodically. Therefore, during the monsoon periods,
the wind magnitude is relatively small, and the observed wind speed is 0 m/s; this is known as “calm
wind” (written as “Calm” on the wind rose) (Figure 2). According to the statistics for Quy Nhon Port,
the greatest frequency of calm wind was seen from April to October, and the frequency fluctuated
from 23–26% (Table 1).

Another important factor of the feature of the wind regime is the wind speed. The wind speed in
coastal areas is likely to be more intensive than on the Mainland. In Quy Nhon, the annual average
wind speed in the mainland fluctuates from 2.4–2.6 m/s, with monthly fluctuation from 1.8–4.2 m/s
(Table 2). The greatest fluctuation occurs in September and December (according to statistics over the
past 5 years) and is approximately 3.1–3.2 m/s.

Table 2. The monthly average wind speed at Quy Nhon station from 2011–2016 (m/s).

Month
1 2 3 4 5 6 7 8 9 10 11 12

Year

2011 2.4 2.2 1.9 2.2 1.9 2.3 1.9 3.1 2.2 1.9 2.4 3.7
2012 2.0 2.1 2.1 2.0 2.0 2.0 2.3 2.8 4.2 2.5 2.0 2.8
2013 2.9 3.0 2.0 2.1 2.1 2.1 2.4 3.5 4.0 2.2 1.9 2.9
2014 2.5 2.7 1.9 2.7 1.8 2.7 2.2 2.6 2.7 1.8 2.5 2.5
2015 3.2 2.9 3.1 3.0 2.8 2.4 2.4 2.5 2.6 3.1 3.2 3.3
2016 2.5 2.7 2.6 3.0 1.9 2.2 2.1 2.2 3.4 2.7 3.4 3.3

2.3.2. The Regime of Tide

The research area is affected by two types of tide: Semidiurnal tide and irregular tide. The number
of days when semidiurnal tide occurs is between 18–22 days each month, and irregular tide occurs
the rest of the month. There is a small waterflow in the low tide. The time of the high tide is often
longer than the ebb tide. The amplitude of tide ranges from 1.5–2 m, and this hardly changes in high
tide. However, between the high tide and low tide, the magnitude changes considerably. At low tide,
the flood rises and ebbs in a range of 0.5 m. At Quy Nhon station, there are four days of semidiurnal
tide. The peak tide rises at 5.30 pm and ebbs most rapidly at 11.30 am in midiurnal tide, while the peak
tide rises at 6.30 am and ebbs most rapidly at 7.00 am in the semidiurnal tide, with 1.53 m of the high
tide and 0.61 m of the low tide.

According to statistics of Quy Nhon station, which is located at 13◦46′ North–109◦13′ East,
the regime of tide is mostly irregular. Apart from general features, the amplitude of the tide in this
area also depends on the hydraulic discharge of Kon River and Ha Thanh River that discharges to sea.
The average tidal amplitude over the years at Quy Nhon ranges from 2.2 m to 2.3 m, and the maximum
tidal amplitude is 2.6 m. The tidal peaks are often observed in October, November and December and
the historical record was measured on 3 December 1986 at 3.06 m. The lowest peak is observed in July
and August, and 0.36 m was the lowest measured tide on 8 August 1987.
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2.3.3. The Characteristics of Streamflow

The characteristics of streamflow at Quy Nhon area is influenced by two monsoon periods
including the northeast and southwest: (1) During the northeast monsoon, the streamflow in the
estuary is virtually in the south-southwest direction. The streamflow in bottom layer is in the southeast
direction going away from the shore. The streamflow speed in coastal areas is about 10–14 cm/s;
the flow in the estuary area has a higher speed of about 20–25 cm/s. The flow speed at the middle
layer is between 10–15 cm/s and the flow speed at the bottom layer is between 7–9 cm/s. (2) During the
southwest monsoon, the flow at surface layer at the estuary area is to the north. The flow in coastal
area in the south area is to the northwest. The flow at the bottom layer throughout the study area is
virtually in the northeast direction from offshore to coastal. The flow speed in the northwest is between
3–14 cm/s; the flow speed in the remaining areas is between 20–28 cm/s. The flow speed at the middle
layer and the bottom layer ranged between 13–18 cm/s, 5–9 cm/s, respectively. Finally, the flow at
Quy Nhon area is strongly influenced by the China East Sea circulation system under the influence
of monsoons.

3. Results

3.1. Calibration and Validation Spectral Wind-Wave (SW) Model

3.1.1. Establishing Mesh in SW 2D Model

To evaluate wave propagation in the study area, the bathymetry within the wave mesh was
surveyed and expanded to a wide area. The computation grid is an unstructured grid of the whole
study area. The computation mesh had a total of 9083 grids and 4857 nodes. The computation mesh can
produce detailed results in the study area with its small and smooth grids while reducing computation
steps with the use of more sparse grids offshore. An unstructured grid was established for the offshore
zone with the maximum mesh size 3000 m and for the coastal area with the minimum mesh size
50 m (Figure 3b). It was then used to create the wave mesh for the study area (Figure 3a). Based on
topographic features of the study area, the wave in the South China Sea hardly propagates in the Quy
Nhon port. The wave at Quy Nhon port is normally generated from the wind. As the wind speed and
velocity are relatively small, the wave in the port is small as well. The front of the port (the east of the
port) is hardly affected by waves. Parameters were chosen based on the interaction between outside
and inside the study area to outline its border (Figure 3b). The northern boundary of the study area
ranges from 14◦00′ N, 109◦15′ E to 14◦00′ N, 109◦30′ E, the southern boundary ranges from 13◦30′ N,
109◦30′ E to 13◦30′ N, 109◦15′ E, and the eastern boundary ranges from 14◦00′ N, 109◦30′ E to 13◦30′

N, 109◦30′ E (Figure 3b).
Nowadays, the application of the products of meteorological models such as Global Forecast System

(GFS), Weather Research and Forecasting (WRF) as input for hydrological and hydraulic 2D models is
increasingly popular and effective [40,47,48]. The wind statistics are produced from the NOAA GFS
model, with a resolution of 0.5 degrees and a time span of 3 h at ftp://nomads.ncdc.noaa.gov/GFS/Grid4.
The Climate Data Operators (CDO) tool and Grid Analysis and Display System (GraDs) were used to
produce wind direction and velocity to provide input data for a simulation spectral wind-wave model
(SW). The simulation results were produced from 1 September 2017 to 31 October 2017.

The collected wind data at Ly Son station was used to evaluate the simulation results (wind
direction and velocity) produced from the numerical weather prediction at the study area. The wind
statistics from the GFS model are highly reliable, with the modification of real data from global ocean
observing stations. The data is suitable for the simulation of the wave regime in the study area.
The results of the wave field were used to produce input data for the hydraulic model MIKE 21 HD.

ftp://nomads.ncdc.noaa.gov/GFS/Grid4
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3.1.2. Calibration and Validation of Spectral Wind-Wave in 2D Model

In the seaside of Nhon Hai ward, the sea is relatively deep, the slope of the shoreline is steep,
and the 20 m isobath is 15 km from the shore. In the study area, the wave regime is suitable for
the wind regime, and the wave regime is divided into two seasons. In the winter, the direction of
the wave is northeast (NE) with an average height between 0.8 and 0.9 m, and it may range from
1.1 to 1.2 m during the first three months. The biggest wave varies from 4.0–4.5 m. In the summer,
the direction of the wave is south west (SW) and southeast (SE). The average height ranges from 0.6 to
0.7 m. The largest wave can be 4.0 m.

The calibration and validation of spectral wind-waves in a 2D model was undertaken using
observed wave height data at Ly Son station during 1–30 September 2016 and 1–31 October 2016,
respectively. The calculation of the wave characteristics showed that the simulated and observed wave
heights were in good agreement in terms of the vibration amplitude, absolute value, and tidal phases
during both the calibration and validation processes (Figure 4). The Nash–Sutcliffe efficient (NSE) [49]
values ranged from 0.91 to 0.92 in the calibration and validation processes. Root mean square error
(RMSE)-observations standard deviation ratio (RSR) values ranged from 0.27–0.3 in both calibration
and validation. Percent bias (PBIAS) values for calibration and validation ranged from −5.6% to −3.8%
(Percent Bias (PBIAS) < ± 10%) [50]. During the southwest monsoon, the 2D SW model simulated the
general trend of the wave peaks well. The parameters obtained in calibration were maintained in the
validation process with the bottom friction, based on Nikuradse roughness, ranged from 0.038–0.04 m.
Dissipation coefficients white-capping (Cdis and Delta dis) were 4.5 and 0.5, respectively. The wave
breaking coefficient ranged from 0.68–0.73. The validation results showed that the 2D SW model had
successfully simulated the wave propagation in the study area (Figure 5). The parameters were reliable
enough to conduct the wave field simulations under different scenarios in the study area.
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3.2. Calibration and Validation of Hydrodynamic in 2D Model

Calibration and validation of hydrodynamics in the 2D model used an observed water level
tide at Quy Nhon station during 1–30 September 2016 and 1–31 October 2016, respectively. In this
study, Nash–Sutcliffe efficient (NSE), Percent bias (PBIAS), and RMSE-observations standard deviation
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ratio (RSR) were used to evaluate the observed and simulated water levels [49,50]. The results of the
calculated and observed water levels were in good agreement in terms of the vibration amplitude,
absolute value, and tidal phases during both the calibration and validation processes (Figure 6).
The NSE value for calibration and validation of the water level at Quy Nhon station ranged from
0.84–0.86. The maximum tide peak error in calibration and validation were 0.14 m and 0.16 m,
respectively. According to the guidelines for model evaluation [50], the 2D model simulated the
streamflow trends very well, as demonstrated by the statistical results, which were in agreement
with the graphical results. The RSR values ranged from 0.32–0.44 for both calibration and validation.
The PBIAS values ranged from −4.7 to −3.5 for both calibration and validation. The average magnitude
of the simulated values had a good performance rating (PBIAS < ± 10%) for both calibration and
validation. The simulation results for the streamflow regime using the 2D model were very good
in terms of performance ratings, as revealed by NSE, RSR, and PBIAS. The calibration parameters
used in the model validation process were the bed resistance Manning coefficients, which varied from
52–57 (m1/3/s), the eddy viscosity coefficient (Smagorinsky) [51–53], which ranged from 0.28–0.32 (m2/s),
and wind friction, which ranged from 0.0018–0.002. The time step was 72 s. The last parameters were
used to simulate mud transport in the dumping zone of the 2D model under different scenarios.
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The model results showed that the flow field in the study area was strongly impacted by topography,
flow in the river, wind and wave fields (Figure 7). The flow field has tremendous fluctuations in both
direction and speed. This means that the flow field can impact the sedimentation process differently
in the various scenarios. To avoid this, the study decoupled the hydrodynamic module and mud
transport module in the 2D model to simulate the sedimentation of the submerged zone.
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3.3. Result of Mud Transport (MT) in 2D Model

The scenarios tested in the mud transport module are as below:
Scenario 1 (S1): Using the reanalysis of wind data from September and October 2017 produced

from the NOAA GFS model for the study area.
Scenario 2 (S2): Calm wind
Scenario 3 (S3): Using the wind direction from September and October 2017, and additionally,

the wind velocity reaches Beaufort level 4, with a wind speed of 6,7 m/s.
The simulation time was from 10 September 2017 to 30 September 2017, the time step for the

simulation was 72 s, and the iteration was 60,000 steps.
Scenario 1 (S1): This scenario applied the reanalysis of wind data in September and

October 2017 produced from the NOAA GFS model for the study area. The results of the hydraulic
simulation demonstrated that streamflow velocity fluctuated from 0.08–0.72 m/s in the dredged area,
streamflow velocity fluctuated from 0.08–0.16 m/s in the dredged area, the tidal flow in high tide
could reach 0.36 m/s, and the flow velocity in the dredged area ranged from 0.12–0.28 m/s in the
southeast (Figure 8a,b).

The hydraulic results affected the diffusion of total suspended solids (TSS) in the 2D MT model.
Based on the results, the concentration of floating sludge under calm wind was 0.08 kg/m3, which is
below the acceptable limit (the tolerance limit of QCVN 10-MT:2015/BTNMT [54] is 0.5 kg/m3).
At low tide, the concentration was higher, at 0.0072 kg/m3 diffused in an area of 6 km2, but at
high tide, the concentration was greater than 0.0045 kg/m3 in an area of 8 km2 (Figure 8c,d).
However, this concentration was much lower than the acceptable limit; therefore, the dumping
of dredged materials in this area was unlikely to increase the concentration of suspended material to
beyond the acceptable limit.
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Scenario 2 (S2): The simulation in calm wind showed that during peak and low tides, the flow
velocity was smaller than 0.03 m/s. In the dredged area, flow velocity was in the southwest during the
peak tide and in the west during low tide. In the ebb tide, flow velocity was northeast, at 0.04–0.36 m/s.
At high tide, the flow was upstream, southwest, at 0.03–0.05 m/s (Figure 9a,b).
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Figure 9. The simulation results of S2. Streamflow field during (a) low tide; (b) high tide. Distribution of
suspended sediment concentration (SSC) during (c) low tide; (d) high tide.

The streamflow in the dredged area was quite stable, and the velocity was similar in both high
and low tides. Therefore, the effect of streamflow on the concentration of total suspended solids was
minimal. The suspended material moved to the northeast in the ebb tide and moved upstream to the
southwest in the high tide. As a result, the distribution of the suspended material was an elliptical shape
with the northeast–southwest axis. The simulation results showed that the maximum concentration of
suspended sludge was under the acceptable limit [54] (the acceptance of QCVN 10-MT:2015/BTNMT
is 0.5 kg/m3). The concentration of suspended sludge was greater than 0.004 kg/m3, spread over
a 3 km2 area (Figure 9c,d). However, this concentration was much smaller than the acceptable limit,
so dumping dredged materials in this area is unlikely to adversely increase the concentration of
suspended material.

Scenario 3 (S3): According to the simulated wind velocity during September and October 2017,
the wind blew from the north to the south. At the dredged area, the direction of streamflow
was southwest, and the current speed ranged from 0.08–0.24 m/s. At the outside of Hon Kho,
the current speed could reach 0.6–0.75 m/s. During the ebb tide, the direction of run-off was similar,
from the north to the south. At the dredged area, the streamflow was southwest, with speeds from
0.15–0.45 m/s. The streamflow outside Hong Kho extended to the south, with speed from 0.32–0.48 m/s
(Figure 10a,b). The simulation of sediment sludge showed that the concentration was less than
0.05 kg/m3 (the acceptable limit of QCVN 10-MT:2015/BTNMT [54]). At low tide, the concentration of
suspended material was greater than 0.004 kg/m3, spread over a 9 km2 area, and during high tide,
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the concentration was 0.004 kg/m3 over a 6 km2 area (Figure 10c,d). However, this concentration was
much lower than the acceptable limit, so the dump of dredged material in this area was unlikely to
adversely increase the concentration of suspended material.
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3.4. Results of Particle Tracking (PT) in 2D Model

The impact of the dumped spoils on water quality of Nhon Hai commune, Quy Nhon resulted
from the concentration of suspended material. The landfill of dredged material was 2.6 km to the
south of the Nhon Hai commune (Figure 1). The dredged material, transported to the landfill by
a hopper barge, was dumped in the following steps: The bottom door of the hopper barge was
opened, and the material fell out of the deck and plunged into the sea. To evaluate the environmental
impacts of dredge deposits, the study undertook a 2D model simulation, assuming that the dredged
material was transported by a hopper barge at a rate of 2304 m3/day; the concentration of suspended
solids at the dumping position was 0.04 m3/s and 0.50% of particles split from the dumped materials.
MIKE 21 PT was decoupled from the hydraulic MIKE 21 HD. The simulated streamflow, as well as its
momentum, would affect the concentration of the material. The results of the simulation of the three
scenarios: Northeast (S1), calm wind (S2), and southwest (S3), are shown in Figure 11. The parameters
of particle tracking (PT) used to simulate these scenarios in the 2D model are presented in Table 3.
The distribution of sediment and the transmission distance of sediment particles are presented in
Figure 11. After dumping, the seabed level in scenario 1 (S1) did not increase considerably (0.04 m);
however, the seabed level in scenario 3 (S3) increased by 0.1 m to 0.2 m, and the seabed level increased
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by 0.05 m in the calm wind scenario (S2). The results of MIKE 21 PT show the following changes in
seabed at the dumping position:

- In the case of calm wind (S2) and northeast wind (S1), the changes in seabed level due to the
dumping of spoils were relatively similar.

- The increase in seabed level due to the dumping of spoils over a period of approximately 180 days
was between 0.08–0.16 m over 0.0285 km2.

As for the movement of particles at the dredged position, the element block moved to under the
dredging position approximately 2.4 km in S1, and above the dredging position in S2 approximately
1.3 km. In S3, the element block moved quite far from the dredging position, approximately 2.9 km.
Therefore, the results of the simulation were qualified, as the dredging position was situated far from
the sea; therefore, it is significantly affected by the direction and velocity of wave and wind in the
dredging position.
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Table 3. The parameters of particle tracking (PT) in 2D model.

No. Parameter Value Unit

1 Flux 8.3 kg/s

2 Number of particles per
time step 20 Integer

3 Decay Rate 0.05 /sec
4 Settling velocity data 0.1 m/s
5 Settling parameters

5.1 Minimum concentration
for 0.01 kg/m3

5.2 Maximum concentration
for 10 kg/m3

5.3 Alpha 1.01

6 Dispersion coefficient
formulation 0.05 m2/s

4. Conclusions and Discussion

The study simulates and evaluates the effects of dumping dredged spoils at Quy Nhon Port,
which is one of the largest ports in Central Viet Nam. The dredging and maintenance of Quy Nhon Port
play an important role in the transportation, evaluation and selection of dredging position and dredging
volume. This study applies a 2D numerical model to simulate the propagation of contaminants in
dredge materials to the marine environment, with the assumption that the total volume of dredged
materials from Quy Nhon Port is transported by barges to the dumping location.

The reanalysis of wind data from the NOAA GFS model, with a high resolution of 0.5 degrees and
a time span of 3 h, was used to simulate the wave-wind propagation in the 2D model. The simulation
results were from 1 September 2017 to 31 October 2017. The calculated results of wave characteristics
showed that the simulated and observed wave height were in good agreement in terms of the
vibration amplitude, absolute value, and tidal phases in both the calibration and validation processes.
The parameters were reliable enough to conduct wave field simulations under different scenarios in the
study area. Calibration and validation of hydrodynamics in the 2D model used an observed water level
tide at Quy Nhon station during 1–30 September 2016 and 1–31 October 2016, respectively. The results
of the calculated and observed water levels were in good agreement in terms of the vibration amplitude,
absolute value, and tidal phases, during both the calibration and validation processes.

The results of hydrodynamics and spectral wind-wave in the 2D model were used to simulate
three scenarios using the mud transport module in the 2D model. The simulation results showed that
the maximum concentration of suspended sludge was below the acceptable limit (the acceptance of [54]
QCVN 10-MT:2015/BTNMT is 0.5 kg/m3) for all three scenarios. The study used the particle tracking
(PT) module in the 2D model to evaluate the environmental impact of dredge materials. The dredged
materials were transported by hopper barge at 2304 m3/day; the concentration was 0.04 m3/s at the
dredging position and 0.5% particles split from the dumped materials. The simulated results of the 2D
PT model showed that the element block in scenario 3 moved the furthest from the dredging position,
i.e., approximately 2.9 km. The results of the simulation were qualified, as the dredging position was
situated far from the sea; therefore, it was significantly affected by the direction and velocity of wave
and wind at the dredging position. For a future study, it is recommended that the uncertainty of the
modeling needs is reduced. The following aspects may be improved:

- The computation time steps of the 2D model are currently large, although it takes approximately
4 to 5 h for one simulation of the 2D SW, HD, MT, PT model. A smaller time step can refine the
results and provide more clarity, especially for sedimentation and particle tracking.

- The number of calibration and validation locations in the 2D models are few. It may not be
enough to evaluate the adequacy of the model in the study area.
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- The results of the 2D PT model only evaluate the distribution concentration and distance
transmission of particles after the dredged materials. The results will be more useful and
expanded if these are combined with the survey deposit patterns in the area surrounding the
dump site.
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