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Significantly deepened coastal structures regarded as wave breakers can influence both on the wave and sediment
transport parameters in the coastal zone. The wave breakers applied at present are placed not deep and this factor
negatively influences navigation and water exchange between the coastline zone and the open sea. Optimal
location of the underwater structure permits to arrive at a solution of the beach erosion problem with the purpose
of preserving aesthetic attraction of the coast. Due to numerical modeling using the Xbeach model, studied is the
influence of the significantly deepened solid and impermeable bar upon the sediment transport depending on
different wave parameters and the bar location relative to the coastline. The applied ratios between the parameters
of waves and underwater structure provided the most effective wave height and period decrease. Changes in the
sediment transport at various locations of a bar relative the coastline are studied. It is revealed that presence of the
underwater bar promotes double reduction of the offshore sediment transport. It is shown that the highest effect in
reducing the coast erosion (in case the underwater bar is present) is achieved for the waves whose steepness
exceeds 0.04. Location of the bar closer to the coast results in the offshore sediment transport decrease for the flat
waves and increase — for the steep ones. The offshore sediment transport can be minimized in case the underwater
bar position is such that the waves passing over it do not break down, bur remain on the verge of breaking.
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Task setting and methods

Bottom and coast erosion under the action of storm waves is one of the main
problems in the protection of coastal zone facilities. Waves propagating over an
inclined bottom and decreasing the depth of water under the influence of nonlinear
processes transform, change their shape and become asymmetric, which leads to
their collapse. The collapse of waves can contribute to termination of the sediment
flow directed towards the coast, moving the bottom material towards the sea with
compensational countercurrent and catastrophic erosion of the bottom. Underwater
structures, for example, in the form of bars, affect the nature of the wave
transformation above them and, thereby, the intensity of the wave energy
dissipation in the swash zone and the amount of material carried towards the sea.

Underwater wave breakers, used in present-day practice, as a rule, have
a small depth (not more than 0.75 m according to SP 277.1325800.2016). It has
negative effect on shipping and environmental aspects of coastal zone
development, such as the aesthetic appeal of the coast and water exchange between
the shallow water area and outer part of the water area. An analysis of the
experience of using underwater structures with a depth of 0.5 to 1.5 m relative to
the water level on the USA, Japan, Italy and Australia coasts showed that erosion
was observed in 7 out of 10 considered cases [1]. This fact proves that the influence
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of the underwater structure on the transformation of the waves and the subsequent
wave transport of sediment is not well understood and, possibly, the location of the
underwater structure is of key importance. Through physical experiments (report
Delft Hydraulics*, as well as [2, 3]), it was found that a small depth of water above
the underwater structure has a greater effect on reducing the height of the wave
passing above it than in the case with a significant depth of the structure. Separate
studies have shown that with increasing water depth, i.e. greater depth, it is possible
to reduce the average period to 25-40% [4, 5].

The study of wave transformation over underwater bars in the wave tray [6, 7]
and using the SWASH model [8, 9] made it possible to determine the optimal
combinations of wave and bar parameters the maximum changes in wave height
and period take place at. To make the underwater structure an effective coast
protection structure, during its installation it is necessary to take into account not
only local changes in the parameters of the waves above it, but also scenarios for
the subsequent transformation of waves to the shore, minimizing the structure's
effect on the coast erosion, i.e. to determine the best location of the structure taking
into account the preservation of the aesthetic appeal of the coast.

Within the research carried out, two problems were solved:

1) estimation of the effect of the underwater bar of the selected configuration
on the sediment consumption depending on the parameters of the waves;

2) analysis the sediment consumption dependence on the position of the bar
relative to the coastline for the selected wave mode. The impermeable underwater
bar in both tasks was located on a flat bottom with an average slope of 0.02 and
a seashore sediment size of 0.02 mm.

The tasks were solved by the mathematical modeling method using the Xbeach
model [10, 11]. Suspended sediment transport in the Xbeach model is simulated
using the advection-diffusion equation [12]. The morphodynamic model block for
estimating the sediment transport estimation uses R. Soulsby and L. van Rein
formula [13], taking into account sediment transport taking into account the bed
load and suspended load transport.

Discussion of the results obtained

Solving the first problem, the underwater structure (bar) was located at 5.3 m
depth, had a depth of 2.66 m (the parameters are given at the bar midpoint) and
a length of 28 m (Fig. 1). The wave regime and bar parameters at which the most
effective simultaneous decrease in the wave height and the average period of the
waves occur are considered as basic [6-9, 14]. The most effective simultaneous
reduction of the wave height (by 36%) and the average wave period (by 33%) takes
place when the relative length of the structure Lea/L = 0.57, where Ly is the length
of the bar, m; L is the wavelength, m, and the relative depth of the structure dya/Hs =
= 0.78, where dar is the depth above the bar, m; Hs is significant wave height, m.

*Smith, G.M., 2002. AmWaj Island Development, Bahrain: Physical Modelling of Submerged
Breakwaters. Report H4087 for OSSIS property Development. Deltares (WL), 35 p. Available at:
https://repository.tudelft.nl/islandora/object/uuid:7efcbaeb-4fc4-447f-add5-fd5c642af777/datastream/OBJ/download
[Accessed: 01 May 2018].
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Fig. 1. Underwater structure position on the bottom profile

With these ratios, the parameters of the resulting wave mode are as follows:
Hs = 3.43 m; average wave period T = 5.61 s; peak wave period T, = 7.01 s; L =
=49.12 m; the steepness of the waves H./L = 0.043, where H,, is the average
height of the waves.

The underwater bar influence on the sediment transport and the sediment
transport variations with changing wave parameters (wave height and period,
Table 1) were studied. For comparison, the similar tests without an underwater
structure were also carried out.

Table 1

The studied wave regimes to assess the sediment transport parameters
at presence of the underwater bar

Parameters of wave mode with constant wave period

/H, m Hs, m T.s Tp s Lm | (HIL)
1.49 2.40 0.030
1.70 2.75 0.035
1.92 3.09 0.039
2.13 3.43 5.61 7.01 49.12 0.043
2.34 3.78 0.048
2.55 4.12 0.052
2.77 4.46 0.056

Parameters of wave mode with constant wave height

Hav, m Hs, m T,s T, S L,m ‘ (H/L)
4.77 5.96 35.49 0.060

5.05 6.31 39.79 0.053

5.33 6.66 44.33 0.048

2.13 3.43 5.61 7.01 49.12 0.043
5.89 7.36 54.16 0.039

6.17 7.71 59.44 0.036

6.45 8.07 64.96 0.033
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In the process of modelling, the waves affected the bottom profile with an
underwater bar for 30 minutes, the simulation results were output once per second.
The total consumption of suspended sediment (m?/s) for the entire simulation was
estimated. Negative values of sediment flow rate indicate a total sediment discharge
towards the sea. The greater the absolute values of this indicator, the greater the
amount of sediment carried out of the coastal zone. Irregular waves were set by
waves with JONSWAP spectrum parameters — significant wave heights (Hs, m), peak
frequency (1/T,, Hz) and spectrum “peak” parameter (gammajsp = 3.3).

It was obtained that with an increase in the steepness of the waves due to the
growth of their height (the period of the waves is the same), the sediment flow
towards the sea in the presence of an underwater bar will increase until the slope
reaches a value close to 0.04 (Fig. 2, a). A further increase in the steepness above
this value leads to a decrease in sediment discharge towards the sea. At the same
time, the discharge of sediments towards the sea on an underwater profile without
a bar will have an upward trend with the steepness increasing. At constant wave
heights, a decrease in their period (and, accordingly, an increase in steepness) will
lead to a decrease in sediment consumption with and without an underwater bar.
For all the studied variants it is shown that the sediment consumption in the
presence of an underwater bar is always lower than without it. It was revealed that
with the studied wave mode, the underwater bar reduces the transfer of material
towards the sea twice, and with an increase in steepness due to an increase in wave
height, this difference increases.
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Fig. 2. Integral values of the suspended sediment total charge in course of a 30 minute long wave
impact at variation of the wave height (a) and the period (b) relative to the basic wave regime (Hs =
=3.43m, T =5.61s, dotted line)

When solving the second problem, 20 different positions of impermeable bar
and four wave regimes were considered. For all numerical experiments peak wave
period (T, = 7.5 s and L = 87.8 m) and the bar length (28 m) were the constant
parameters. These parameters were selected as optimal from the point of view of
obtaining the maximum wave transformation effect above the bar in order to
reduce the values of average period. This takes place at Lya/L = 0.31. Initial wave
parameters selected for modeling are given in Table 2.
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Table 2

Wave parameters for numerical modeling

Regimenumber |  Hs,m | T,s | Lm ] (Hs/L)
1 1.78 0.02
2 2.33 0.027
3 2.88 75 878 0.033
4 3.43 0.039

Different positions of bar were characterized by the depth above it (dsar) and
distance from the bar to the coast (x), (Fig. 3, a). For all bar positions the bar
deepening (dwar) Was equal to the half of the water depth in the site of the structure
location. Relative bar deepening was determined as dwa/Hs. Bar location relative to
the water edge was assessed as a relation of the structure distance from the coast x
to the wave length L (x/L). Wave breaking caused by the depth decrease above the
bar was determined according to breaking index y by the criterion [15]:

v = 0.5 + 0.4 tanh(33so),

where o = Hims/L is initial wave steepness; Hrms IS root-mean-square wave height.
According to this dependence, wave breaking takes place at y > 0.8.
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Fig. 3. Bottom topography («), total values of the sediment transport (b) and the roller energy

dissipation (c) for the wave regime 2 at different positions of the bar. DRi is the roller energy
dissipation at different positions of the bar
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Total sediment transport at the presence of submarine bar (Spar) Was calculated
as a sum of bed load and suspended sediments. Wave energy variations at the wave
transformation above the bar were taken into account on the basis of variation of
roller energy dissipation (DRuay) values. In Fig. 3, b and c¢ the principle of
determination of total sediment transport and roller energy dissipation values
depending on the bar position is represented.

The main purpose of the study was to clarify how the relative distance from
the coast, relative depth above the bar and the intensity of wave energy dissipation
affect the amount of sediments transported in the coastal area, particularly on the
fixed-length underwater profile.

According to the modeling data it was obtained that mainly the decrease in
sediment transport towards the sea occurs for waves that do not break above the bar

(Fig. 4).
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Fig. 4. Dependence of the values of the total sediment transport upon the relative distance of the bar
from the coast (x/L)

For the gentle waves (with 0.02 initial steepness) propagating above the
underwater bar, the decrease in sediment transport towards the sea is observed for
both breaking and non-breaking waves. The closer the underwater bar is to the coast,
the less sediment transport towards the sea will take place. For the considered cases
with a decrease in the bar distance from the coast (x/L varies from 3.8 to 1.7) the
sediment consumption decreases almost twofold. For steep waves, the amount of
sediments transported towards the sea will be higher for breaking waves. Moreover,
the closer the bar is to the coast, the greater is the sediment transport towards the sea.
For the waves with initial steepness of 0.039 the amount of sediments transported
towards the sea will increase in case of closer bar location relative to the coast,
regardless of whether the waves break above the bar or not.

364 PHYSICAL OCEANOGRAPHY VOL.25 1SS.5 (2018)



Additional relative parameters were introduced: Spa/So and DRya/DRo. The
first parameter characterizes the relation of sediment consumption between the bar
and the coastline to the sediment consumption on the profile without the under-
water bar. The second parameter is a relation of energy dissipation above the bar to
the total energy dissipation above the profile without the underwater bar.

The analysis of wave energy dissipation intensity revealed that the more wave
energy is spent above the bar (DRpa/DRo parameter has higher values), the smaller
relative values of sediment transport are (smaller Sya/So values indicate a positive
bar effect on the sediment transport, i. e. on the consumption decrease (Fig. 5, a)).
Thus, regardless of the initial steepness of the waves, the efficiency of deepened
bar (for reduction of the sediment flow towards the sea) also depends on the
relative share of wave energy that dissipates when the waves pass over the
underwater bar.
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Fig. 5. Dependence of the relative values of the sediment transport upon the roller energy relative
dissipation (@) and the bar relative deepening (b). Index of the «br» legend is referred to the cases of
wave breaking over the bar; index of the «no br» legend is referred to the cases of no wave breaking
over the bar

In its turn, the intensity of wave energy dissipation depends on the relative
deepening (dva/Hs). For all wave steepness values the minimum one of sediment
consumption is observed at dwa/Hs ~ 0.8—0.9, which corresponds to the waves on
the verge of breaking (Fig. 5, b). For non-breaking waves the value of sediment
consumption, according to the obtained trend of Sya/So values, is linearly dependent
on the relative bar depth and steepness of waves. The control of sediment transport
parameters (particularly, the consumption) and the forecast of its values is possible
if the waves propagate above the bar without breaking.

Conclusions.

1. It was revealed that underwater structure in the form of impermeable bar
contributes to the reduction of sediment consumption towards the sea. The losses
and redistribution of wave energy, when the wave passes above the bar, lead to
decrease in sediment transport intensity and sediment resulting transport in the
water edge zone.
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2. When the underwater bar is located closer to the coast, sediment transport
towards the sea decreases for gentle waves and increases for steep ones. If the bar
is located in such a way that the waves do not break above it, then the closer the
bar is located to the coast, the less is the sediment consumption towards the sea.

3. Minimization of sediment consumption towards the sea is possible if the
underwater bar is placed in such a way that the waves pass over it on the verge of
breaking but do not break. Under this condition the bar location is optimal from the
point of view of saving the sediments within the coastal zone.
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