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Abstract

One of the problems in the design of ports is the assessment of coastal sediment movements near structures. The article pres-
ents materials for assessing the impact of port facilities on the processes of coastal erosion/accumulations in the area of Gelendzhik
Bay (Black Sea). All the main processes of interaction of waves, currents and sediment movement occur in the coastal zone,
therefore, the study presents the possibilities of complex application of hydrodynamic and lithodynamic models. In this work,
the wind wave models Wave Watch 111 and SWAN were used. As the initial data, the data of the NCEP/NCAR reanalysis of wind
fields in the period from 1989 to 2012 were used. To simulate currents, sediment transport and lithodynamic processes, a model
of two-dimensional COASTOX—CUR currents generated by waves and wind, COASTOX-SED sediment transport together with
the COASTOX—MORPHO bottom reshaping model was used. In the simulation scenario, a sequence of the 5 strongest storms
from the period under consideration was considered. Analysis of washout zones/accumulations have shown that areas of intensive
bottom reshaping are associated with the most intense currents. It is shown that the construction of the port facilities will not have
a significant impact on the lithodynamic processes in the Gelendjik bay.
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MOJAEJINPOBAHUE T'MIPOJANHAMMNYECKUX
1 JINTOJIMHAMUYECKUNX BEPETOBBIX ITPOITECCOB B PANOHE MOPCKOTO ITOPTA

Cratbs noctynuia B pegakiuio 27.04.2022, nocae popadotku 05.07.2022, npunHsTa B nevats 18.10.2022

AHHOTAIUSA

OnHoit 13 Mpo6JIeM TP MPOESKTUPOBAHUHY TTOPTOB SIBJISIETCS OLIEHKA TIepeMeleHUIT 6eperoBbIX HAHOCOB BOJIM3U COOPYKeE-
Huli. B cTatbe mpuBeneHbl MaTepralibl OLIEHKU BIMSIHUSI COOPYXXEHUIT MopTa Ha Mpoliecchl 0EPEroBoii 3p03nn/akKKyMyISILMU
B paitoHe OyxThl ['eneHmkuk (YepHoe Mmope). Bce ocHOBHBIE TTPOLIECCHI B3aUMOJAEUCTBYS BOJIH, TEYEHU I 1 IBUKEHUSI HAHOCOB
MPOUCXONST B NMPUOPEXKHOI 30HE, MOATOMY B MCC/IEAOBAHUM MPEACTaBICHBl BO3MOXHOCTH KOMIUIEKCHOTO NMPUMEHEHUS TH-
IPOAMHAMUYECKUX U JINTOMMHAMUYECKUX Mozesieil. B maHHo# paGoTe MCTOIb30BAIMCH MONEN BETPOBOTO BoJHeHUsT Wave
Watch 111 1 SWAN. B kauecTBe MCXOMHBIX TaHHBIX UCTTOIb30BaIuCh naHHble peaHann3a NCEP/NCAR mnoseit BeTpa B nepuon
¢ 1989 o 2012 r. [Insg MoaeupoBaHus TeYEHUI, IepeHOoca HAHOCOB U IMTOAMHAMUYECKUX MTPOLIECCOB UCT0JIb30Baach MOJIEb
reHepupyeMbix BoHaMmu 1 BeTpoM aByMepHbIX TedeHnii COASTOX—CUR, tpancnopra HanocoB COASTOX-SED coBMecTHO
¢ mozenbto niepepopmupoBanusi tHa COASTOX—MORPHO. B cuenapuu MoaenMpoBaHus paccMaTpuBaiach MocaenoBaTe/lb-
HOCTb 5-TH CaMbIX CUJIbHBIX IIITOPMOB M3 pacCMaTpMBaeMOTo Meproaa. AHAIN3 30H pa3MbIBOB/aKKyMYJISILIMU TT0Ka3ajl, YTO
YYaCTKM MHTEHCUBHOTO TiepeopMUpOBaHUsI JHA CBSI3aHBI ¢ HauboJiee MHTEHCUBHBIMM TeueHUsIMU. [lokazaHo, 9TO CTpoU-
TEJIBCTBO COOPYKEHMIT TOPTA HE OKAXKET CYIIECTBEHHOTO BIMSIHUS Ha JINTONMHAMUYECKUE TIPOIIecChl B [€IeHIKMKCKOM OyXTe.

KooueBbie ciioBa: coopyxxeHus nopta, YepHoe mope, 'eneHmKkukckas Oyxra, YUCIEHHOE MOICIMPOBAHUE, BOJTHBI, TEYEHMSI,
JINTONMHAMMUYECKHUE TTPOIIECCHI
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1. Introduction

Assessment of the impact of seaport construction in the Gelendjik Bay on currents and associated sediment
transport distribution is included in a set of necessary measures to study the impact of this construction on coastal
processes in the bay. Usually such estimates are made on the basis of observations of lithodynamic processes in the
design area [1], but there are studies performed on the basis of numerical modeling [2]. Comprehensive numerical
modeling of wind waves, hydrodynamics, sediment transport and lithodynamics provides the basis for conducting
such a study. The key consideration was to compare changes in bottom bathymetry after series of design storms in
today’s conditions and after construction of port facilities.

The area of the projected port is located in Gelendzhik Bay on the northeastern shore of the Black Sea. Ge-
lendzhik Bay juts into the shore for 3 km between Cape Tonkyy and Cape Tolstyy (Fig. 1). The depth at the entrance
to the bay reaches 18 m, in the center of the bay — about 10 m and gradually decreases towards the shores. The shore
of the bay in the construction area is abrasive, the height of the abrasive ledge is 1.5—2.0 m, and near the entrance
capes the shores are rocky. There are practically no natural beaches (their width does not exceed 2 m).

Wind waves were modeled using the Wave Watch III and SWAN models [1—3]. To simulate currents, sediment
transport and lithodynamics, we used the COASTOX—CUR model of two-dimensional currents generated by waves and
wind, COASTOX-SED sediment transport together with the COASTOX—MORPHO seabed reshaping model [4—7].

2. Methods

Wave fields inside the Gelendjik Bay, necessary for modeling currents and seabed reshaping, were calculated by
the Wave Watch III (deep-water zone) and SWAN (coastal zone) models based on the NCEP/NCAR [8—10] reanal-
ysis of wind fields in the period from 1989 to 2012. The same unstructured grids were used to model wind waves, as for
lithodynamic modeling. Thus, errors arising from re-interpolation of fields from one grid to another were excluded.

COASTOX—CUR is a model for modeling of coastal currents generated under joint impact of wind, gradient
currents of the deep-water zone, tides and wind waves. The numerical module solves two-dimensional shallow wa-
ter equations using the finite volume method on unstructured grids, which include terms describing the effects of
bottom friction, wave radiation stresses, and horizontal turbulent mixing. Due to the universal structure of model
equations, they can, in addition to coastal currents, by appropriate boundary conditions and switched off function of

Fig. 1. Satellite image of the Gelendzhik Bay
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wave radiation stresses, describe various long-wave processes — river currents, transformation of tidal waves, storm
surges, tsunami waves. Algorithms for parallelizing computations on multiprocessor and/or multicore systems are
also implemented.

The COASTOX current module is based on a two-dimensional system of equations time-averaged on scales
significantly exceeding the period of “short” waves (storm waves, swell), in the long-wave (hydrostatic) approxi-
mation. These equations explicitly describe the tides and water level fluctuations associated with wind surges. The
effect of short waves on currents and changes in the mean level is parameterized in the equations by wave stresses.
The corresponding system of equations, in which the time-averaged currents in the coastal zone are determined by
the balance between the wind shear stress T1,,, the bottom shear stress T, the vertical averaged turbulent horizontal
exchange tensor 7}, the radiation stress tensor .S;;, and the force due to the free surface elevation gradient d&/0x;, has

i ij
the following form:

oh %4 _ (1)
ot ox;
dq; 0 g 0 oq;
2y (ug)\+oh——=——|D.—L|—1,.+T..+ s 2
o axj(fq’) o, 6xj[ faij BT T @

where ¢ — time, x; — spatial coordinates, # = &—¢ — flow depth, u; — current speed in i-direction; g; — discharge in
i-direction; g(x, y, f) — function of water surface; g — acceleration of gravity; 1; — wave stress in i-direction; T,,; —
surface wind shear stress; D; — horizontal turbulent viscosity coefficient (is a function of wave characteristics).

The bottom shear stress consists of two components. The first is determined by the quasi-stationary flow, and the
other — by the bottom orbital motion of water particles induced by waves. After averaging of the bottom stress over
the wave period, we obtain the following formula for the bottom stress due to the action of waves and currents:

o’ o’
Ty =61| U, +—2-cos’ o [u; +| —L-sinacosa |u, ¢, 3)
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(02 0)2
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where o — direction of wave propogation to coastline relatively to coordinate line x;.
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Here o — wave angular frequency; H,, — wave height; k — wave number.
Wave stresses can be calculated by the formula:
1 oS;
vy =———L1, %)
Pw axj

where §j; — wave-generated radiation stresses. At depths less than 0.35 m, radiation stresses are given by the ratio:

, h
TS:TSW' (8)

The COASTOX-SED model is based on the numerical solution of the equations of advective-diffusion sedi-
ment transport by the finite volume method. The local intensity of sedimentation and erosion processes is taken
to be proportional to the difference between the instantaneous and equilibrium sediment concentration in each
grid node. To calculate this intensity, set of known formulas of the modern theory of coastal sediment transport
is used. At the same time, the Van Rijn formulation [11—13] is recommended as the main one for non-cohesive
sandy sediments and fractions close to them in size, and the Camenen-Larsen [14] formulation is recommended
for pebble sediments.

The COASTOX—MORPHO model is based on a two-dimensional equation of the mass balance of seabed sedi-
ments in the coastal zone (Exner’s equation), which is numerically implemented on the same computational grid as
the COASTOX—CUR and COASTOX-SED models.
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The wind wave modeling was carried out on four nested rectangular grids. The first grid covered the entire Black
Sea, the number of grid nodes was 288x117, the grid cell size was 3 minutes, or approximately 5.5 km. The second grid
covered the North-Eastern part of the Black Sea — 267 X 169 points, cell size — 0.6 min or 1.1 km. The third grid covers
the coastal zone of the sea opposite the bay — 239 x 88 points, cell size 0.15 min, or 275 m. The fourth grid covered the
water area of the Gelendjik Bay. When constructing the grid, the projected port facilities were taken into account. The
number of grid nodes is 238 X 168, the cell size is about 27.5 m. The bathymetry for the computational grids was inter-
polated to the nodes from the GEBCO topographic publicly available data on a 30-second grid, as well as for the coastal
zone from Kerch to the eastern border of Turkey from the digitized graphic sea maps C—Map v93.2. For the coastal part
of the Gelendjik port, depths from construction drawings, measured with an echo sounder, were used [15].

To model hydrodynamic and lithodynamic processes, two computational grids were constructed. One for the
bathymetry of Gelendjik Bay in the today’s conditions, the other — taking into account the design facilities of the
port and dredging zones.

The grid size in the first case is 47625 nodes, 94414 elements, in the second — 54383 nodes, 107532 elements. The
linear size of the grid cells varies from 100 m in the east of the bay to 5 m in the port area (Fig. 2).

Taking into account the assumption that main seabed reshaping is usually caused by strong storms, the 5 strongest
storms were selected from the period under consideration, for which currents, suspended sediments concentrations
and the final picture of bed level changing were then calculated.

The table shows the simulated storms. The average duration of the storms was 8 days, and the total duration of
the simulation period was 41 days.

Based on field data of seabed soils in the Gelendzhik Bay, the sediments were considered as non-cohesive sed-
iments (sand) with the following characteristics: density — 2650 kg/m?; particle size distribution — Ds, = 0.1 mm,
Dy, = 0.3 mm. The soil porosity was taken equal to 0.33.

To calculate sediment transport in conditions of waves and currents action, the Van Rijn model was used. In this
model, direction of sediment transport coincides with flow direction.

Table
Duration and characteristics of simulated storms
No Dates of storm Duration of storm, days Significant wave height at entrance to the bay, m
1 03.12.1989—-09.12.1989 6 5.80
2 16.01.1993—27.01.1993 11 5.51
3 25.12.2001—-31.12.2001 6 5.44
4 30.01.2003—06.02.2003 5.85
5 05.11.2007—16.11.2007 11 6.18
Depth, m R ReX
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Fig. 2. Unstructured grid of SWAN and COASTOX models
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3. Results and Discussion

For the selected extreme storms, with a wind force more than 10 m/s, the prevailing directions were the direc-
tions of approaching waves in the segment from south to west. The strongest winds were observed for the west and
southwest directions. Wind speed from southwest reached values of 20—24 m/s. The distribution of currents in the
Gelendjik Bay and in the area of the designed port during the extreme storm from 05.11.2007 to 16.11.2007 is shown
in Fig. 3, 4 separates for today’s conditions and after construction of port facilities.

Flow Velocity Mag., mis

Flow Velocity, mis 36 06:00:00
276 mis — =
0.00 mis —

Fig. 3. Currents in the Gelendjik Bay in today’s conditions

Flow Velocity Mag., m/s

Flow Velocity, m/s 36 06:00:00
280 mis —
0.00 mis —

Fig. 4. Currents in the Gelendjik Bay after construction of port facilities
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The construction of the Gelendjik port has practically no effect on the distribution of currents in the southeastern
part of the Gelendjik Bay.

The currents in the central part of the bay are influenced by the port facilities. However, the general distribution
of the currents after construction does not change. The main change is due to the fact that currents coming from the
Cape Tonkyy becomes more unstable after the port construction and may deviate somewhat more to the west or east
than before construction.

In addition, the distribution of currents in the northwestern part of the bay changes the most after the construc-
tion of the port. First, the form of vortexes changes significantly. Their number may also change. There are also no
strong alongshore currents, north of the existing pier, they are blocked by the port.

The final bed level change in the Gelendjik Bay and in the port area is shown in Fig. 5, 6.

Fig. 6. Final bed level change in the Gelendjik Bay after the set of five extreme storms after construction of port facilities
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Based on the analysis results of erosion/accumulation in today’s conditions, it can be concluded, that the areas of
the strongest bed level changes in the Gelendjik Bay are associated with the most intense currents. Thus, the largest
erosion in the bay is observed in areas of strong currents near the capes that limit the entrance to the bay. The value of
the maximum erosion is observed near the capes and is about 1.8 m. The eroded material is carried away by currents
from the capes and is settled where the currents slow down.

In the eastern part of the bay, sediment accumulation zones of about 0.7 m in size are formed. Accumulation
zones of lower values is formed in the western part of the bay, along the current course from the cape to the north, the
value of accumulation thickness layer is about 0.3 m.

Significant bed level change is also observed along the coastline in the northeastern and central parts of the bay.
In the northeastern part, the values of erosion are about 0.4—0.5 m. In the central part — about 0.15—0.4 m. There is
also an accumulation zone of about 0.2—0.3 m in front of the erosion zone in the central part.

In the port facilities area, bed level changes are insignificant. At a distance of about 100 m southeast of the south-
ern breakwater, there is a small accumulation zone with layer thickness of about 0.1 m.

4. Conclusions

The construction of the port in the Gelendjik Bay has no significant effect on the distribution of erosion/accumu-
lation zones in the bay in its eastern and northern parts and along the coast in the northeast. The construction of the
port caused the disappearance of the erosion zone along the coastline to the north of the constructed berth, which is
due to the blocking of the currents observed here.

For the technical water areas of the port, the following can be concluded. The areas of the Gelendjik Bay, which
belong to the technical water areas of the designed port, are not subject to significant sediment accumulation or ero-
sion. Also, the dredging area to the north-east of the port generally does not tend to accumulation. In the protected
port water area, the processes of bed level changing do not take place.
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