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1. Matheinatical Modeling of Mud Transport in Ports
with a Multi-Layered Model
—Application to Kumamoto Port—

Hiroichi TSURUYA*
Kazuo MURAKAMI*¥*
Isao IRIE***

Synopsis

A multi-layered model is developed for the prediction of mud transport in an estuary
and ports. Extensive field measurements have been carried out in Kumamoto Port that is
under construction to obtain detailed information on siltation mechanisms. A most
remarkable result is the effect of a submerged dike on reducing the amount of deposition
within the test trench.

A multi-layered model is adopted to take into account the effects of submerged dikes
and to be able to reproduce the vertical distribution of suspended mud concentrations.

Numerical constants which govern mud transport, and the movement of mud layers by
waves are estimated from the data obtained by the field observations and laboratory experi-
ments.  Finally, deposition rates in three trenches were used to calibrate the present model.

As the dimension of the trenches is 70X50m in area, the mesh size in and near them
should be small, about 10m, but the area apart from these places doesn’t need as fine a
mesh. To satisfy such contradicting requirements, a nested grid model is adopted. The
calculation is conducted with the supercomputer NEC SX-1E of the Port and Harbour
Research Institute. .

After the calibration of the deposition rates is completed, calculations for the future
plans are carried out to estimate the amount of deposition for cases with and without
submerged dikes. )

It is predicted that submerged dikes 1m in height from the bottom will prevent siltation
in the access channel and anchorages of Kumamoto Port by about 309 of the total
deposition without submerged dikes ‘ '

Key Words: Siltation, Kumamoto Port, Critical Shear Stress, Cohesive Sediment, Mud
Transport.

® Chief of Hydrodynamics Laboratory, Marine Hydrodynamics Division
** Chief of Environmental Hydraulics Laboratory, Marine Hydrodynamics Division
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Mathematical Modeling of Mud Transport in Ports with a Multi-Layered Model

1. Introduction

Mud processes in an estuary are comprised of many factors such as flocculation,
deposition, consolidation, and erosion. In estimating the amount of mud deposition in
harbours and access channels, numerical simulations are a useful method. Although mud
processes are termed as ’siltation’, physical processes included in the siltation vary
considerably from place to place. Consequently, we must be aware of the natural
conditions in the field where we are concerned; e.g. bed materials, waves, currents,
salinity, etc.

Extensive field measurements have been carried out in Kumamoto Port which is
under construction to obtain detailed information on siltation mechanisms. A most
remarkable result is the effect of a submerged dike on reducing the amount of
deposition within the test trench.

A multi-layered model is adopted to take into account the effects of submerged
dikes and to be able to reproduce the vertical distribution of suspended mud particles.

Numerical constants which govern mud transport process are estimated from the
data obtained by the field observations and laboratory experiments. Finally, deposition
rates within three trenches were used to calibrate the present model.

As the dimension of the trenches is 70mX50m in area, the mesh size around them
should be small, about 10m, but the area apart from these places doesn’t need as fine a
mesh. To satisfy such contradicting requirements, a nested grid model is adopted.
The calculation is conducted with the supercomputer NEC SX-1E of the Port and
Harbour Research Institute.

After the calibration of the deposition rates is completed, calculations for the future
plans are carried out to estimate the amount of deposition for cases with and without
submerged dikes.

It is predicted that submerged dikes 1 m in height from the bottom will prevent
siltation in the access channel and anchorages of Kumamoto Port by about 30% of the
total deposition without submerged dikes.

2. Mathematical Modeling of Mud Transport

2.1 General Outline of the Model

External forces governing mainly the mud movement and transport in an estuary
are tidal currents, wave-induced currents, and waves, As the coastal area around
Kumamoto Port consists of a wide shoal of soft mud, the range of the shoreline
movement is about 2km or more, The model must be able to take this movement into
account. . Moreover, it is expected that the model can treat the detailed configuration
of the bed and construction such as submerged dikes. Consequently, we adopted the
multi-layered model with nested grid for the calculation of tidal currents and diffusion
of bed materials including erosion and deposition.

The present model consists of several horizontal layers as shown in Fig.1. The
effect of the structure on the siltation, (e.g. submerged dikes) can be reasonably
evaluated by the present model. The submerged dikes are to be constructed at 4 m to
7 m below the MWL. By taking this into consideration, the water depth is vertically
divided into seven layers as shown in Fig.2. The nested grid model can treat the
composite arrangement of rough and fine meshes.

—_ 17 —
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Fig. 1 Multi-Layered Level model
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Fig. 2 Division of Water Depth into
Seven Layers

The supercomputer NEC SX-1E is used for the calculation. It takes, however,
four hours to calculate 24 hours of tidal currents in the field.
2.2 Basic Equations

Tidal currents on a shoal are calculated by a set of known equations: (1) continuity
equations, and (2) equations of motion. Mud is transported in suspension and this
process can be represented by diffusion equations.
(1) Continuity equations

The continuity equation for the total layer is expressed as

14 F] K'm?‘.} 9 Kma.}:\, 0
W'—*—W(kgl k).|__ay_ (kgl k) =0, e ( 1 )

where, ¢ is the water surface elevation, My and N. (=wh:, vh) are the horizontal
fluxes in the x and y directions, respectively, # and » are the horizontal mean velocities

— 8§ —




Mathematical Modeling of Mud Transport in Ports with a Multi-Layered Model

in the x and y directions, respectively, / the thickness of layers, Kms; the number of
layers, and subscript £ denotes the k-tk layer. For each layer, the condition of conti-
nuity must be also satisfied and the equation can be written as

2
Wi-y2 + —%—Mk-i-WNk D= Whyr g, | ceeeeereesessssssesssssissiisisniasnenens (2)

where, w is the vertical velocity. Variables in the equations are illustrated in Fig. 1.
(2) Equations of Motion
Equations of motion for each layer in the x and y directions are expressed as

a;ltlk + a(gﬁu)k‘*' 9 (ggv)k+(WM| k12— WM | k41,2) /P
v ke O 9°Mi My
=fNe—— = A+ Ay 3y (3)

+ha 72 (kg — ) AUk_yyn 72 (Uk—%E4q) A Ulcﬂ/z)l
hicrse Risrss

and

o0 4 2L | DU 1 (N | beryg—10N | a1,2)

2 2
=—ka—%%+AI aa‘zz + Ay agg ......... (4)

+h[ 72 (”k-l;vk) AUk_1,2 _ 72 (vk-‘;:lcu) AUgyy,e 1,
k-1/2 k+1/2

where p is the density which is the function of salinity (s) and suspended solids (SS),
f the Corioli’s parameter, p the pressure, A, and A, are the horizontal eddy viscosities
in the x and y directions, respectively, § the acceleration of gravity, r® the friction
coefficient (7,2=¢n?/h'® for the bottom layer), n the Manning’s roughness coefficient,
and

A Ug_y,s =,\/(a1¢-| —uk)2+ (Vr—y —vk)2.

Irie and Kuriyama (1988) have demonstrated the importance of vertical distribution
of the currents in mathematical modeling of the morphological changes in harbours.
(3) Mass Conservation Equations (for salinity and SS)

Conservation of mass stands for both salinity (s) and suspended solids (SS). Mass
conservation equations are expressed as

ig;t@= _% (MCr) "'—:T(Nkck)—'(w'i'ws)c |12+ (WH+ws)C | ke1re
- (5)
9 9Cxy, 0 9Cs aC e OC
ST (Kzh ox )+a_y(K” b oy )+ (K 9z ) k-1/2 (K: a_,)m./z’

where, C is the mean concentration, K, K,, and K, are horizontal in the x and y
directions and vertical diffusion coefficients, respectively, and w, the settling velocity of
mud particles. The vertical arrangement of variables for the multi-layered level model
is shown in Fig. 3.
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(4) Nearshore Currents

Nearshore currents induced by waves are calculated by using the continuity equation
(1) and the equations of motion in which the radiation stress terms M, and M, as
well as the bottom friction terms F, and F, are included.

The radiation stress terms (M., M,) are given by the following equations as

1 9Szz | 8Szy
Me=—— (G .
1 ,0S 89S,
M, — zy v

where p is the density of water, Sy, S.y, Syy are the radiation stress components and
the expressions for which are

Sus = Emu { (1+c0s%0) —— 1},

Rw
2

Szy = E sin 20, T eiveseeereersrasetersacrtarsattessinnnienasarenen (7)

Suy = Emo { (L+sin20) —— 1},

where 6 is the direction of wave propagation, #.,=C¢/Cs, Cy the group velocity, Cu
the wave celerity, E=pgH?/8, and H is the wave height.

The bottom friction terms (F,, F,) owing to waves and currents are estimated by
the following equations as

Fz=F {M (1+cos?8) +—1;—[—sin 265,
Fy=F {M (1+sin%6) +_12\,7_sinzo},
where F=f,H/{Tsinh (kwh)}, fv the Jonssow's friction coefficient (Jonsson, 1966), T

the wave period, %, the wave number, # the water depth, and M and N are discharge
components in the ¥ and y directions, respectively.
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(5) Deformation of Waves

Random sea wave refraction is calculated by solving the energy flux equation
which contains wave damping owing to interaction between surface waves and mud
beds. The fundamental equation takes the form

_‘,’37 (Svz) +T"’y_ (Svy) +aa_o (S08) + 2HiCoS=0,  woerverereerenessnsnsesanes (9)

where S denotes the directional wave spectral density, #: the damping coefficient owing
to interaction (7Tsuruya et al., 1987), and v., vy, and vg which are given by

vz = Cycos0,
vy = Cgsiné,

_ Gy, 0C
Vo= z

[
c(a

BC .. e Qa0
0

sind ———cos@),
y

where C and C; denote phase and group velocities, respectively.

Wave damping by random wave breaking is given by Goda (1985). Diffraction and
reflection of random waves are calculated by Taekayama’s method (1981).

2.3 Mud Transport Model

Physical processes governing the transport of cohesive sediment in estuaries are
settlement, deposition, erosion, convection, diffusion, and consolidation.

In Kumamoto Port, abrupt deposition occurrs during stormy weather. This type
of deposition is expected to be reproduced in the calculation. Consolidation process,
therefore, is not considered in the present model because the time scale of the consoli-
dation is much larger than that of the abrupt deposition.

(1) Erosion

In the model, bottom materials are separately treated as mud and sand. The rate
of erosion from the bed (E) is given as a boundary condition of the mass conservation
equations (5). The rate of erosion of mud has been formulated by Partheniades (1965)
as

E=M(_:_:—1), ........................................................................ an

where 7, (Pa) is the shear stress at the bottom by the combined action of waves and
currents, t. (Pa) the critical shear stress for erosion, and M (kg/m?/min) is the constant.
The bottom shear stress t» is given by Tanaka and Shuto (1981).

The rate of erosion of sand can be expressed by Bijker's formula (1980, 1982) as

—_— !
Er=K, (K841 —Co
—z

H

where Cguax is the concentration of sand at the bottom layer, Cz’ is the concentration
of sand at the bed given by Cp (Bijker, 1980, 1982) and the weight proportion (Eq.17),
hguxax the thickness of the bottom layer, K. (=0.16Vy4c/1/100) the vertical diffusion
coefficient, Vycw the bed shear velocity owing to waves and currents, 2 the water
depth, and Cr which is expressed as

Cp=— StCn
6.3 V7V g
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where Sy is the bead load and is given by the following relation as

Sb_B(lsocT/\/? exp [ —0. 27 Adgeli? RN 14)
" Ve (14— (E22) 3

where C, is the resistance coefficient after Chezy and equal to 18log (124/7) with 7 as
the apparent bed roughness, V' the mean velocity, B (:5) the coefficient, d;, the grain
size of the bed material, A the relative density of the bed material, z# the ripple
coefficient, #» the Manning’s roughness coefficient, %, the amplitude of the horizontal
orbital velocity at the bed, and § which is expressed as

L 15

where fu is the friction coefficient as derived by Jonsson (1966).
Contributions of the weight proportion from mud and sand can be estimated by

Em = PnE, eeerrerireieecnnoiineiesieeseneninsinesessssininesesssssssnnsessennns 16)

CB/ = PyCB,  serereersreeseisssisisieeinssiininnnrieniesenssssiiesstessonsinarencessssernes an

where Pn and P; are the weight proportions of mud and sand in the bed, respectively,
and E, and E; in Eq. (12) are erosion rates of mud and sand taking the weight
proportion into account.
(2) Deposition

Deposition rate D is estimated by a similar consideration by Skeng and Lick (1979)
as

D=5 Coed e e e et e et e ae et raaaaaaeaaras
= Guws CeKMAX, ....................................... 18)

where w; is the settling velocity, Cses the concentration of mud at the bed, and 8 is
the correction factor to estimate Cheqs from the mean concentration of the bottom layer
(CKMAX)-

From the calculation, we can obtain the mean concentration Cxuax at the bottom
layer, but we want to know the concentration near the bed. The correction factor g8
is introduced to estimate the concentration near the bottom from the calculated mean
concentration Cxxax. The factor # may depend on the wave conditions, turbulence,
the type of bed materials, and the thickness of the bottom layer. It is, therefore,
extremely difficult to get an universal expression for .. We now estimate the value
of B from the field observation data. Figure 4 shows the typical distribution of SS
observed at the observation tower and the pipe pile on August 31st, 1987. Plotted
data are the average values of SS measured by water samplers. Detailed description
will be given on 3.4 (4). Fitted curves are exponential functions and the concentraion
at the bed is assumed to be the average value from the bed to the height of 5 cm.
Estimated value of @ for each observation station are also shown in the figure as a
function of the thickness of the bottom layer. Because of the exponential distribution,
the value of B decreases as the thickness of the bottom layer increases. = Moreover, it
is suspected from the measured data at two stations that the value of B varies from
place to place. In the calculation, however, it is unrealistic to give different values of
f. Here we assume that the value of B is given by the average value obtained at the
observation station and the pipe pile, and # is constant if the thickness of the bottom
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Fig. 4 Vertical Distributions of SS and £

layer is larger than 2.36 m. The thick solid line in Fig.4 shows the functional
relationship between the thickness of the bottom layer and B, given by the following
expression as

1.0, (2p =< 0.05m)
B = 1 8.92540.805, (0.05<C2p=C2. 36m)  weeeeereeresiesmnensenneniataeene s 19)
10.0, (2o>2. 36m)

where 2z, is the height from the bed and equal to the thickness of the bottom layer
hKMAX .
(3) Settling Velocity

The settling velocity w; for sand in the Bijker’s model is given by Rubey’s formula
(1933) as a function of the grain size. For mud, on the other hand, ws depends on the
concentration of mud. As the concentration increases, a probability of collision between
mud particles increases and the settling velocity increases. Above some specific concent-
ration, the settling velocity begins to decrease because of the hindered settling (Dyer,
1986).

The relationship stated above is schematically shown in Fig.5. The relationship
between the settling velocity and the concentration of mud is expressed as

ws=A,C81, (CLCh)
=A,CyB1[1-A, (C—Cyu)]B2, (C=Cn)

where A,, A,, B, B,, and Cg are empirical constants. Mehta (1986) has given the
values of these constants for the field data in Severn Estuary (Thorn, 1981). The
broken line in Fig.5 is given by Meita.

In the present model, hindered settling is not effectively applied because details of
the process are not yet known. Here we assumed that the settling velocity is constant
for the concentration greater than the critical value Cr. Two asterisks in the figure
are obtained by solving the diffusion equation in which the convection and diffusion
terms are neglected. The measured time variation of vertical distribution of turbidity
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in the field will be discussed later.
(4) Diffusion Coefficients behind Submerged Dikes

Turbulence intensity in the region behind a submerged dike increases considerably.
Vertical and horizontal diffusion coefficients also increase when compared with cases
without submerged dikes (Tsuruya et al., 1987). The rate of increase in the diffusion
coefficients with and without submerged dikes is given by

KHO Urcf

Ku _[ Un (KH’—I.O) +1.0]’ .......................................... D

where Kg is the diffusion coefficient behind a submerged dike, Kz, the diffusion
coefficient without a submerged dike, U. the mean velocity in the second layer, U,.s
the velocity at the reference point, and Kz’ is the rate of increase in the diffusion
coefficient which is given by the experiment (Fig. 6).
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Fig. 6 Rate of Increase in Horizontal Diffusion Coefficient
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3. Natural Conditions on the Eastern Side of Ariake Bay
and Field Observations at Kumamoto Port

For the simulation of mud transport, it is necessary to obtain data on the natural
conditions by field observations. These are tides, tidal currents, winds, waves, and bed
material properties such as particle size distributions, water contents, critical shear
strength, and other characteristics which are related to mud transport.  In this chapter,
natural conditions, bed material properties, and results of the field observations during
stormy weather are descrided. All these field observations are conducted by the Fourth
District Port Construction Bureau, Ministry of Transport (Yatsushiro Port Construction
Office, 1988).

3.1 Natural Conditions on the Eastern Side of Ariake Bay

Kumamoto Port is under construction as a new commercial port at a site off-

Kumamoto City in Ariake Bay as shown in Fig.7. Ariake Bay is surrounded by

Kumamo,o
City

Fig. 7 Construction Site of Kumamoto Port
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Shimabara Peninsula, Udo Peninsula, Amakusa Islands, and the Kumamoto Coast. The
tidal range here is highest of all the Japanese coast. Owing to the geographical
conditions, tidal currents are strong and wave heights are small compared with other
Japanese coasts.

There are two main rivers flowing into the Kumamoto Port area. These rivers
originate in the Aso Mountains, which is a famous active volcano. A great amount of
fine sediment is transported from the mountain area to Ariake Bay. As a result of the
fine sediment discharge, a wide tidal flat has been formed in front of Kumamoto City.
Therefore, it is thought that the area is not suitable for the construction of a port
because of siltation problems. However, a new port which is accessible from Kumamoto
City has been projected, because the city has become a center of trade and industry of
the Central Kyushu District.

The Fourth District Port Construction Bureau has carried out many kinds of field
observations about siltation around the construction site to establish sufficient counter-
measures against siltation.

Figure 8 shows the final plan of Kumamoto Port. = The observation tower and the
pipe pile which are shown by open circles were built at 4 m and 2 m depths, respec-
tively, below the LWL to measure tides, waves, winds, and turbidity of sea water.

(1) Tides

Tides are a fundamental factor to determine the natural conditions such as water
surface elevation, tidal currents, etc. in an enclosed inner bay. Ariake Bay is famous
for the highest tidal range in the Japanese coast. Harmonic constants in several ports
within Ariake Bay are shown in Table 1.  Wave induced water particle velocity at the
bottom is a function of the water depth, as is the breaking wave height. Therefore,
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Table 1 Harmonic Constants of Ports in Ariake Bay

Station Kumamoto Mi-ike Suminoe Misumi
Tidal Amp. Phase Amp. Phase Amp. Phase Amp. Phase
Component (H) (x) (H) (x) (H) (x) (H) (x)

Sa 17.64 140. 64 20.73 139.19 19.0 148.0 19.35 144.71
Ssa 4.47 20.70 4.02 352.68 — - 1.92 328.45
O, 21.17 197.30 21.96 199.24 21.6 205.0 20.92 198.22
K, 28.06 217.48 28.96 218.66 26.7 221.1 27.27 218.22
M, 134.68 255.08 155. 38 259. 28 172.1 267.1 121.19 253.35
S, 57.90 290. 68 68.09 294. 96 74.8 305.9 52.03 288.15

the wave-induced shear stress acting on the bed is considerably influenced by the water

surface level,
A tide gauge has been installed on the tower at a depth of 4 m since 1975.
harmonic constants at the site of the tower are shown in Table 1.

Tide at Kumamoto Port
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HMean Springs N g
Low Water Leve
(L.¥.L.) #0.03 4+0.52 Mean Low
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Datum Level [”
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(Harconic Conatants during Dec. 1975 to Jan. 1977)

Fig. 9 Tidal Properties Diagram at
Kumamoto Port
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The

Figure 9 shows the
several kinds of tidal levels at Kumamoto Port based on the harmonic constants data
collected from December, 1975 to January, 1977.
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(2) Tidal Currents

Tidal currents were observed by three Anderra-type current meters and three Ono-
type current meters. Sea bottom sediments are eroded by the shear stress caused by
tidal currents and wave action. The suspended materials are then transported by tidal
currents. Tidal currents, therefore, play an important role in transporting bed materials.
Field measurements of tidal currents were carried out at the six observation stations
as shown by the triangeles in Fig.10. Continuous measurements for 15 days were carried
out at three stations (solid triangles) in Fig.10. At the open triangles in the same
figure, observations for 1 day were carried out.  Observed tidal current pattern in the
spring tide are shown in Figs. 11 (a) to 11 (I). Generally speaking, the south-west
direction current is predominant at edd tide and the north-east direction current is
predominant at flood tide. The maximum velocity is in the range from 30 to 50 cm/s.

A 15 daoys observation
A 1 doy observation

Q , 5 , 1okm

Fig. 10 Observation Stations of Tidal
Currents
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(3) Winds

An anemometer is fixed on the observation tower. Figure 12 shows the diagrams
of frequency distributions of wind direction (wind rose) in a whole year, in winter
season, and in summer season. In winter season, the direction of the predominant
winds stronger than 10m/s, caused by monsoons, is from North to North-North-West.
In summer season, the main cause of strong winds are typhoons, so the predominant
wind direction is not determined. The fetch length is an important factor for the
generation of wind waves. Figure 13 shows the fetch lengths from the opposite side
coast of Kumamoto Port, in which fetch lengths from North-West and South-West are
longest. In Kumamoto Port, therefore, wind directions from North-West and South-
West are important.

(1) Four seasons (2) Winter seasons (3) Summer seasons

Legend
C3103~49m/sec
50~99 «
100~149 «
Hl 150~199 ~

Fig. 12 Wind Roses

N

10 20 30 40km

Fig. 13 Fetch Lengths of Kumamoto Port
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(4) Waves

Waves are significant external forces for the erosion of bottom sediments in
Kumamoto Port.  As the swells from the ocean cannot enter Ariake Bay because of
the enclosed configuration, almost all waves that attack Kumamoto Port are wind
generated within Ariake Bay.

Figure 14 shows the frequency distributions of wave height in each wave direction
for a whole year. According to Fig.14, wave directions of large waves are North-
West to North-North-West.  This is because of the monsoons in winter.

3.2 Properties of Bed Materials in Kumamoto Port

In considering siltation, properties of bed materials are important factors as well as
natural conditions. In order to graps the characteristics of bottom materials, bottom
samplings are carried out in the observational area. Figures 15(a) and 15(b) show the
borizontal distributions of the main constitution of soil materials and its water content.
Bottom sediments in the offshore area have high water content and small particle size.
Therefore, the bed materials in the offshore side consist of fine clay and silt. On the
other hand, bottom sediments in the onshore side have low water content and large
particle size. The bed materials in the onshore side consist of fine sand and silt. The
lead penetration records at each location correspond to the water content and other
properties of the bottom materials.
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3.3 Field Observation Site and Measurement Equipment

In the previous sections, general characteristics of natural conditions and bottom
sediment properties are described. However, there still remains the relationship between
external forces and the sediment movement. In Kumamoto Port, the bottom sediment
erosion is mainly caused by stormy waves. Synthetic field observations are, therefore,
carried out during stormy weather.

Three trenches are constructed to investigate the relationship between the amount
of sediment deposition and external forces such as waves and currents. The effect of
a submerged dike to reduce the amount of deposition is also tested. Three trenches
are shown in Fig.8, Trench No.1 is located at 4 m depth below LWL, and trenches
No.2 and 3 are located at 2 m depth below LWL. Trench No.3 is surrounded by a
submerged dike of 1 m in height. On the other hand, No.2 trench is surrounded by
no facility. Trenches No.2 and 3 are located 100 m apart from each other. The
scale of these trenches is 70 m in length and 50 m in width with a rectangular shape.
The depth of the trenches is 2 m from the bed level and the side slope is 20%.
Figure 16 shows the side and plane views of these trenches with and without the
submerged dike.

Various field measurements are performed around the trenchec as shown in Table 2.
The pipe pile for the tentative observation is constructed between trenches No.2 and
No.3. At a depth of 4 m, there is an observation tower for long period observation.
Figure 17 shows the observation tower and the measuring instrument fixed on a pile.
Similar measuring instrument is equipped on the pipe pile. Other measurement equip-
ment is set in the trenches as shown in Fig. 18.

Since it is considered that the deposition would be predominant during stormy

83
Submerged Dike
1 T T 7355
A 0
L | No.l -60 B : "
N .
l No2(-41) —lglg =, ||l - ~HlEl =
A g8’
L 1 [ 11
] S0 .
70
Unit: m Unit :m
Section A-A’ Section B- B’
V=1/200 V=1/200
No.l-40m ’ -40
No2(-2im /‘:3 .0 (-2.|m) < oy —2. 1m
-6.0m N $ -4.1m N
(-4.1m) 77
Trench Nos.l and 2 Trench No.3

Fig. 16 Side and Plane Views of Trenches
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Table 2 Field Survey Items

Items

Equipment

Location

Siltation volume

Echo sounding

Measuring pole

3 trenches

Currents I

Electro-magnetic current

meter

2 trenches and tower and

pipe pile

Suspended Solids

Water sampler

Tower and pipe pile

Turbidity Turbidity meter (optic) Tower and pipe pile
Waves Ultra-sonic wave gauge Tower

Bottom surface Sand level meter 2 trenches

Tide Tide gauge Tower

Sediment properties Sediment sampler 3 trenches

O Turbidity meter.

Plane view

Water Sampler

=
L
L\\"/ i
Side- view
‘[wmlem
j '. ':WIro ;?
\ |
LHWL H 1 Water :
3 \ Sampler, 1
: ! / |
- 1 ™ i
- - :“ +2.0
H| [ :
5 ]
LWL, H ‘ :o—.-:q?q
i
2.0—
PAS .
)— 3.8
3\ =V
§4&\\\ TN R

Fig. 17 Observation Tower and Measuring Equipment
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Fig. 18 Measuring Equipment in Trenches

weather, water sampling and turbidity measurement were carried out at the observation
tower and the observation pile automatically during the onset of typhoon and large
wave conditions. Water samplers and turbidity meters are equipped with the obser-
vation tower and the pipe pile as shown in Fig. 17.
3.4 Results of Field Measurement
(1) Weather conditions during observation period

During the observation period from December 1986 to March 1988, there were only
several occasions when significant wave height H,,, exceeded 1.0 m. Table 3 shows

Table 3 Typical High Wave Records during Rough Weather

Dat Ti Significant wave Duration
ate m
tme wave height period exceeds 0.7m
1987. 2. 3 16 1.14m 4.4s
18 1.26m 4.9s 30 hours
20 1.03m 4.2s
1987. 8. 31 0 1.14m 3.4s
2 1.33m 4.2s
14 hours
4 1.69 m 5.3s
6 1.25m 4.9s
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the observed large waves during this period. In winter monsoon season, large signifi-
cant wave heights from 1.03 to 1.25 m were observed. @ The corresponding significant
wave period was about 4.5 second. The dominant wave direction was North-West.
The time during which the significant wave heights exceeded 0.7 m lasted about 30
hours.

In the summer season, typhoon No. 8712 set upon the area. Large significant wave
heights greater than 1.6 m were observed. @ However, the time during which the
significant wave height exceeded 0.7 m was shorter than the monsoon season.

(2) Siltation Volume in Trenches

Inside the three trenches, ten poles were set to measure the increase of bottom

levels owing to the deposition of bed materials. Figure 19 shows the time variation of

1986 1987 1988
1271 17y 271 3/V 4/t 5/t 6/t T/ 8/1 9/1 10/F /1 1271 w271 3/10
1 1 1 1 1 1 f 1 1 L 1 | I ]
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Fig. 19 Time Variation of Deposition Heights at the Center of Three Trenches
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deposition heights at the center of each trench. In the figure, six arrows show the
onest of large waves. The leftmost arrow shows the start of the observation. It is
found from the figure that the severe and sudden deposition occurred at trenches No.1
and No. 2 during rough seas on February 3rd, 1987 and on August 31st, 1987, On the
other hand, the deposition at trench No.3 was small. It is considered that the submer-
ged dike has a considerable effect on reducing the deposition of mud. During gentle
and calm seas, a small amount of deposition occurred in three trenches. This fact
means that the tidal current has little effect on the deposition.

Figure 20 shows the time variations of bottom profiles within each trench from

From Aug 30 to Sep 3, 1987
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December 17th, 1986 to February 19th, 1988, Trenches No.1 and No.2, which were
not surrounded by the submerged dike, were buried up to the original level of the
bottom. For trench No. 3, which is surrounded by the submerged dike, the original
bottom profiele of the trench was maintained during the observation. From the figure,
it is also found that the submerged dike has a considerable effect on reducing the
deposition volume in trench No.3. Around the submerged dike, no extreme erosion or
deposition could be observed.
(3) External Forces and Suspended Materials

The simultaneous measurements of tides, waves, currents, turbidity, and bottom
levels were carried out. Figure 21 shows the measured time series data of the
oscillatory current velocity, averaged current vector, turbidity concentration, wave
height, tidal level, and deposition height in trench No.1 August 30th to September 2nd,
1987. From the figure, it is found that there is a strong correlation between the
oscillatory current velocity and the turbidity concentration. Moreover, increase of
the bottom level starts when wave height is large and tidal level is low. It is suspected
that the bottom sediments around Kumamoto Port are eroded mainly by shear stresses
caused by wind waves. Also, the bottom sediments were eroded by stormy waves when
the tidal level was low.
(4) Vertical Distributions of Suspended Materials

Turbidity is measured by optical equipment. Figures 22 shows the time series of
vertical distributions of turbidity measured at the observation tower. High concent-
ration of turbidity occurred at low tide when wave height was large.  Maximum
concentration of turbidity was about 1,000 ppm.

Aug. 31, 1987
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Next, the concentrations of suspended solids (SS) obtained by water sampling are
described. Figures 23 shows the vertical distributions of the concentration of suspended
solids at the observation tower and the pipe pile stations. A large concentration
greater than 10,000 ppm was observed near the bottom. From the figure, a steep
vertical gradient of SS concentration is seen.

There are discrepancies between values of turbidity and suspended solids. Turbidity
is measured by optical system. On the other hand, suspended solids are measured by
weighting the solid matter contained in the sampled water. Several reasons for this
difference can be considered. For example, it is thought that bottom sediments were
stuck to the water sampler during the survey. However, the actual reason still remains
unknown.

The particle size distributions of suspended materials taken by water sampler is
shown in Fig.24. From the figure, the particle size of suspended materials at rough
seas is similar to the size of bottom materials. This means that almost all bottom

sediments are eroded by strong shear stresses caused by wind waves during stormy
weather,

(5) Damping Factor of Waves

Waves damp during the propagation in an area of cohesive mud beds owing to the
interaction between surface waves and loose mud beds. Shear stresses induced by waves
are the most important factor to erode the bottom sediments in Kumamoto Port. To
calculate the distribution of wave height for the whole area, it is necessary to obtain
not only the data of wave transformation, but also this wave damping factor.
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Fig. 23 Vertical Distributions of Concentration of Suspended
Solids at Observation Tower and Pipe Pile




Mathematical Modeling of Mud Transport in Ports with a Multi-Layered Model

(%)
100 P
2 8%,
8 4 e
% e =

o +20m o 4
78 e  00m(LWL) D . °

a -20m ° e

s -30m ﬁ; .

0 -35m 2 s

e -38m ¢
50 .

3
o
N
25 T;,
. g z
Ly
1 3
gl

o_l_Ll:a.G'_ﬁg [ RN L 11 o1t

1 2 4 6 810 20 40 60 80100 (um)

Diameter

Fig. 24 Particle Size Distributions of Suspended Materials
Sampled at Various Level

15 * Observation Tower

e (Wave gage)

) . Observation Tower
~1.2F
E N | Pipe Pile }(EMC)
£09
K=
[
Ioe
®
>
g 0.3 .
1 RS
00 8/31 6 12 18 9/ 3
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The damping factor was obtained from the wave heights observed at the observa-
tion tower and the pipe pilee. A wave gauge was installed on the observation tower,
but not on the pipe pile. Then wave heights are estimated by oscillatory current speed
measured by the electro-magnetic current meter for both station. Figure 25 shows the
time series data of wave heights measured at the observation tower and the pipe pile.
In the figure, black dots show the wave heights measured by wave gauge at the obser-
vation tower, the solid line shows the wave heights estimated by oscillatory current at
the tower, and the broken line shows the wave height at the pipe pile. = During stormy
weather, wave height at the pipe pile was slightly smaller than at the observation tower.
This is owing to the effect of interactions between surface water waves and the bottom
mud layer. Figure 26 shows the ratio of equivalent deep water wave height at the
observation tower (H,) to that of the pipe pile (/). From the results, the damping
factor in Kumamoto Port is estimated to be about 0. 56.
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4. Calibration

4.1 General Description

Figure 19 shows the abrupt depositions occurred on February 6th and September
1st. We adopt the deposition on September 1st as the representative case for the
calibration. Part of port facilities had been constructed at that time. The “Kumamoto
Port Ohashi” bridge with a length of 872 m, connecting the offshore port and the
city, a wharf with a length of 300 m, and part of the revetment for a reclaimed were
completed.

The area for calculation is divided into five areas from the first to the fifth. Mesh
sizes are 300m, 100m, and 100/3 m for each area from the first to the third respectively.
For the fourth and the fifth area, the mesh size is 100/9m.  Arrangement of the mesh
for the first area is presented in Fig.27. Magnifield meshes for the second area are
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shown in Fig.28. The third area is separated into two parts. Within them, there
exist the fourth and the fifth area. Figure 29 shows the fourth area that includes
No.2 and 3 trenches. The trench on the left side is surrounded by a submerged dike.
The fifth area shown in Fig. 30 includes trench No.1. Numbers in the figures mean
the water depths from the mean water level (MWL) in decimeter units. The mean
water level is 2.45 m above the datum level (DL) as explained in Fig.9. The smallest
mesh size is 11.1 m. The present nested grid model can treat the composite mesh
arrangement of rough and fine meshes. Therefore, calculation, which includes the small
area with special interest, can be efficiently conducted.

The number of layers is seven as already shown in Fig.2. The thickness of the
first layer is 3 m.  The tidal range is included within the first layer so that the shore-
line moves within this layer according to the tidal level.  The thickness of the layer is
set at 0.5 m for layers 2, 3,4, and 5 because the submerged dikes in the future plan will
be set between these layers. The number of layers in the first area are shown in Fig.
31. Near the coast, there is a shallow area which consists of only one layer. At the
deeper site, on the other hand, the number of layers is seven. From the bottom
sampling data, constituent rate of mud and sandy mud is decided as shown in Table 4.
The boundary between mud and sandy mud beds is shown in Fig.32. Onshore sides
from the boundaries are the sandy mud areas.
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Table 4 Constituent Rate of Mud and Sandy Mud

Mud Sandy mud
(D5¢<<0.062mm) (D5,>0062mm)
Grain size 0. 020mm 0.020mm 0.24mm
Percentage 100% 20% 80%

4.2 Damping of Surface Waves

The observed wave heights at the observation tower and the pipe pile were previou-
sly shown in Chapter 3.

The ratio of the equivalent wave height at the pipe pile to that at the observation
tower is shown in Fig. 26.

The predicted value by the multi-layered viscous fluid model (Tsuruya et al., 1987)
is shown as a dash-dot line in Fig.26. When wave heights are large, i. e, from 2:00 to
6:00 a. m., August 3lst (see Fig.25), the theoretical value agrees dosely with the obser-
vation. In the calculation, the depth of the mud layer and water content are set to at
10cm and 2009, respectively.

Calculated rate of mass transport is shown in Figs.33, 34, and 35 as a unit of
cm?®/s/cm. '




Mathematical Modeling of Mud Transport in Ports with a Multi-Layered Model

2IZcSTE23338808%uBARNRBABEANINS

VECTOR SCALE -

ecaersacey . - | O
80 . .
o

© 1000 2000n
—_—

0 25 son
vécmgu YECTOR SCALE
80 a0
w? 06?
- [ . o
Fig. 34 Calculated Mass Transport Volume Fig. 35 Calculated Mass Transport Volume
(Fourth Area) (Fifth Area)

4.3 Tidal Currents

In the calculation of tidal currents, measured velocities at the open boundary are
given as the boundary conditions (Katoh et al., 1979).

We can recognize from Table 3 that the maximum significant wave height is 1. 69
m at 4:00 a. m., August 3lst. At 2:00 a. m. when the value of SS starts to increase
(see Figs.21 and 22), the significant wave height and period are 1.33 m and 4.2 s,
respectively.  Relating these items to the deposition, wave conditions are decided to be
as follows: H,,3=1.25 m, T,,s=4 s, direction of the wave is WSW, and their duration
is 6 hours. It can be said from Fig.21 that when waves are large, the tidal level is
low. Therefore, waves are operated from 15:00 to 21:00 in the calculation as shown in
Fig.36 Only tidal current is calculated from 0:00 to 15:00, Calculations of erosion,
diffusion, and settlement is conducted from 15:00 to 27:00. All the calculations are
finished at time 27.00,

_37_



Hiroichi TsuruyA » Kazuo MURAKAMI - Isao IRIE

Corputation of diffusion
and settlesent (12 hours)

¥ave action
(6 hours)
—
- o t v } +— ——if
= 8 122 1 18 1 24 2 30 3
2

hour

Fig. 36 Time Table of Calculation

ur
" TR L L L L A NN NNNOAS S A N A NN NN NN NN NS SN S s s~ = = e S )
n AN T N T N O e N N N O N N O O N et
" \\\\\\\\\\\\\\ N N O N N s,
- S T N N A A A A AN AR ANANN N AN AN NN NSNS S S S S S S S S ]
M O T A A A N A A N S S S SSTrr oo e.
P e T e e S O T N N NN NN AN AN
" {¢ R e N e e N N e N N N S ~
0 A A Yy AN N N N N N N N N NS
" Ay
M
ot § \\\\\\\g\\\\\\\\\
nl R
IR
n \\ NRRRRNRNRRNNNNNS S s s v
N NNANANNANNNNNNASS S s s s v
S Y
:': NN \\\t\\\\\\\\\ (3 Y
1 A b
; sim \\::::m::::s--
" NANY NS S AN~
:; \\\\\: ?\\.\
1] VECTOR SCALE l\ \\ \\ \\ : s <
n € cA/RED 3 i ERR)
1: 100 ’ ) :
ot §0 ; i
r ’ .
o+ 0 y P AR
of B—
» -
‘L o ‘1000 2000m
. [ — 1]
T T T T T R T i T e T T T 0o 0 T 0T T T T e T T e T N T N T N e e e e e e

Fig. 37 Calculated Velocity Distribution for the First Layer
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An example of the calculated tidal current distribution is shown in Fig.37. Veloci-
ties in the second area where the mesh is three times smaller than that of the first area
are expressed together with the velocities for the first area.

4.4 Vertical Distribution of Suspended Solids :

The calculated vertical distributions of suspended solids (SS) are shown in Figs. 38
and 39 along the center lines of trenches No.2 and No. 3, respectively The time is
21:00 and the current direction is from offshore to onshore. Figure 38 (without
submerged dike) for trench No.2 shows the vertical distributions of SS similar to that
in Fig.23. In Fig. 39, which is for trench No. 3, vertical distributions of SS are almost
uniform because of the existence of the submerged dike and the concentration at the
bottom layer is smaller than that of the previous case.
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4.5 Deposition Rates

Measureed deposition heights during rough seas from August 31st to September 1st
within three trenches are listed in Table 5 together with the water content.

In the calculation of erosion, the critical shear stress r. was set at 0.1 (Pa) after
Murakami et al., (1989) and the constant M was varied until the reasonable deposition
heights are obtained. The calculated deposition heights are listed in Table 6. The
upper row shows the contribution from deposition only and the lower one shows the
total amount by both deposition and mass transport owing to wave action. Comparing
with Table 5, the calculated total deposition heights agree with the measured one. The
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Table 5 Deposition Heights and Water Contents
within Three Trenches
(Aug. 29-Sept. 2, 1987)

Trench No.1 Trench No.2 Trench No.3
Deposition
63 60 -2
Height (cm)
Water
Content 231 189 192
(%)
Table 6 Calculated Result of Deposition Heights
Trench No.1 Trench No.2 Trench No. 3
Deposition
63.4 39.8 4.0
(cm)
Deposition
+
Mass Transport 74.6 53.4 4.0
(cm)

value of M thus estimated is 1.2kg/m?/min. According to ven Leussen and Dronkers
(1988), the range of M is 0.006~0.24 kg/m?/min. We have a larger value of M for
the present model than usual. However, as the model dose not include every process
in the field, we must finally calibrate the calculated value by the field data. Therefore,
we concluded that the present model could reproduce the deposition heights in the
field.

5. Application to Future Plans of Kumamoto Port

5.1 Tidal Currents

We have two cases for the future plans as shown in Figs.40 and 41. Figure 40
corresponds to the tentative plan that will be completed by the end of March 1990.
This is named as future plan 1. The final plan is shown in Fig.41 and is named as
future plan 2. The mesh arrangement is the same for both figures. The smallest
mesh size is 100/3 m (=33.3m), and the region with this mesh is named the third area.
The mesh size of the coarser area is 100 m. This area is named the second area. The
coarsest mesh size as shown in Fig. 27 is 300 m and the area is called the first area. In




Mathematical Modeling of Mud Transport in Ports with a Multi-Layered Model

al

£9sggegspenasega g3y
LI B S Do I S it S B B e o e i

I N T
N N N O O O I O O I

e

L

s
nf =
1 =
1) =
. =
i
)
. ——
.
)
1
1 0 250 sooM
+

[ T S S T T WU S0 T S S S S S T S T S S S ST A S S SN S T U |

23 0 4 5 8 7 8 BI0ITIBIAIGI0ITININI0NI I IDLALELNNY SO

#¥R (F28%)

Fig. 40 Mesh Map for Future Plan 1

I ——

b
-

-

I S O O 0 O R
TP LT T T T T T LT LR R LT

| AEEEERERNEERNEEEEEEEEEE

I
HEH
i
{
T

0 250 SO0M
=

[N S T S N T S T S W S W T A R
13348030 01011 I2I314161017 101301 NIINIIETIIE

#¥R (B2a8)

Fig. 41 Mesh Map for Future Plan 2



Hiroichi Tsuruya « Kazuo MurAKAMI « Isao IRIE

w
-l
LSS P 7 7 % o o o ot b b ot et st et ot i e e = om m w - - . - w A A 3 S
P P oottt st e e e e e e @g
P o ottt ettt ettt ee e e e e xs _:
P P P ottt et e e e e e e e e It
Pttt ettt et et e e et 5 o o
Pttt et e~ e~ w2 @
S 5 P et et et e o e = e > = > - e T w m w v h e e s =
PSS P o, L= pypaaiaalla
S o e e,
S o, =
S 5
S S o, - 1 o
SISt it ] T
PSS 1= @
S, 1= |°
S St 1 N
S 1= [
L A, PPN 1= ©
S e S s g —————————————— . ——— _ — 1= |
S S O O = ] =
S S St R e S S O e 1 «
S R S S S N ] £
S S S R ] "
S e S R Y =] ] "
S S S S S S st NANSNNSNNS S NSNS e &=
A e = 1= 2
R e ~—————~ A1 [®
1 B[
................................................................................... R
..................................................................... =
]
e .s Sa
\\\\.\\\\\\\\\\\‘\\\\\\\ R N @g
e AN N - al ﬁ
APl e IR 2w 1]
e oo o-
e e we @

i

.

s = SN
P77 = SSSSSSsS

IIIII

A
NeSSS

///‘1\\‘\

[ =

PP P PP PP PP P s
o

POV S S S S T ST U ST U0 A S S S S U S ST S U S ST VO ST T TN S VAT T AT W S S T S YA S VAT S AT SO0 A S T S N T O T T S ST SN T S ST WY O S T T S S S T Y SO O S BT S0 OO0 SO0 e B

»
== 1=
///lﬂl.ll\\!.\lﬂl% .m
S, &
— =

\\\\\\m\&v\&w&m&&m\“@ , m= ;
L ]

NI MR (E3RE-H1R- 21, 00HOUR)

Third Layer (With Submerged Dikes)

Fig.43 Calculated Velocity Distribution for the

First Layer (With Submerged Dikes)

Fig.42 Calculated Velocity Distribution for the



Mathematical Modeling of Mud Transport in Ports with a Multi-Layered Model

SIS S P o P P P o 2 ot o e,

\\ < s NNNNSNNNNNNNNNN N
\\““\“““““\\\“““““H“H\\\ B N N N W N I I A A 4
IOP PSS SIS SSIIPISSs e N S S S A Y s
EE IS SIS ISP PP e i 0 S Y O O O O O O I Y A Y v
P SESSSSSS IS SSPPes: SASSSSSNNNNNNNNNANNAVV LN Y
PP . TITTIIIITIIIIINN MM b L ﬂ f [ P aed
PSS, TIIIIIIIIINN NN MMM MMM w
S e, RARRRARRARNAANNNNNNNNAR R R pup——
SIS o TITTTIINNNN NN uaiutated
o, SeSTSSS NANAVAAVAAV LV VNN ST
A IIII ISP RNy,
P e et e P ~—— N
PSS N R .
s RARNNNSRNNNNNN IR IR
T ST
SANNANNNYYLAV A
““““““““““\ e S N
T e R S S . ﬁ\l\l‘\l“.u&l\l\.‘\l
SES S S SSSSSNNRANNN AN AN NN =
REES S eSS SNSRI NNN N NN N NN b4
gl et CCCEEN S A S SN SN o~
e e N N N N T S
“““““““““\\ SNNNNNAN S NSNS S
. . e e -
S S S S S N T
...............................................................................
TErefsrrrcoELbEsstsassobboBs0asEsssT IS eERRARaREERANRARSARSR a2z " e RN-

T 28 48 07 6 00NITNEBOTIENNUNDUNIDBININRN

NOMR (B30E-B3B-21.

00HOUR)

€ CA/TEC )

VECTOR SCALE

Third Layer (Without Submerged Dikes)

Fig. 44 Calculated Velocity Distribution for the



Hiroichi Tsuruya - Kazuo MURAKAMI ¢ Isao IRIE

the third area of Fig.40, the access channel is 100 m wide and is shown as the inner
parallel lines. The depth of the access channel is 4.5 m. The outer lines parallel to
the access channel are submerged dikes which are 2,000 m in length. The width of the
access channel for future plan 2 (Fig.41) is 250 m and the depth is 10 m.  Submerged
dikes are also shown as the parallel lines outside the access channel. In both cases, the
height of the submerged dikes is 1 m. Conditions of the calculation are exactly the
same as the calibration case.

Figure 42 shows the calculated tidal current distribution at 21 hours for the first
layer of the third area in future plan 1. Figure 43 shows the tidal current distribution
at the same time but for th third layer. The submerged dikes are shown as the broken
lines. Velocities of the first layer are faster than that of the third layer and the
directions of the currents are different. As the height of the submerged dikes is set
at 1 m from the bottom, elevation of the submerged dikes in offshore site is deeper
than in onshore site. In Fig. 43, we can recognize that because of the existence of the
submerged dikes in the third layer, velocities near them become small. Figure 44 shows
the velocity distribution for the third area in the case without submerged dikes. Com-
paring with Fig. 43, we can notice that velocities near the breakwaters and along the
access channel increase if we don’t place submerged dikes.

5.2 Amount of Deposition

The calculated deposition heights inside the access channel are added together to
get the volume of deposition for each area as shown in Figs.45 and 46. It is assumed
that the water content of the deposited mud is 200%. The amount of deposition in
each area is shown in Fig. 47. The maximum deposition occurs at area E.  The redu-
cing effect of deposition by submerged dikes is about 23% for area E and 47% for area
G. The calculated volume includes mass transport by waves. In the calculation, there
is no limitation for erosion.  Although bottom change for each mesh is not shown,
erosion is large between the submerged dikes. In the field, the bottom material in the
deeper position will be harder than that of the bottom surface. The solid triangles in
Fig. 47 show the case in which the critical shear stress of the bed material for erosion
between the submerged dikes is a function of the depth from the bed surface. The
critical shear stress for erosion from the bed surface to a depth of 5 cm is set at 0.1 Pa
and 0.3 Pa for mud deeper than 5 cm. The average depth of deposition and the volume
of deposition are listed in Table 7. The amount of decrease in the volume of deposi-
tion owing to the submerged dikes is about 30%.

The calculated vertical distributions of suspended sediment concentration along the
line I-T in Fig. 46 is shown in Fig.48. This case is without submerged dikes. Outside
the access channel, the concentration at the bottom layer is two orders of magnitude
greater than that at the surface layer, Within the access channel, however, the dif-
ference of the concentration is smaller than that outside the access channel.

Figures 49 and 50 show the partition of the access channels and anchorages of
future plan 2. The calculated amount of depositions within the access channel are
added together like future plan 1. The calculated result of the volume of deposition is
shown in Fig51. It can be concluded that the total deposition will decrease about 23%
if 1 m height submerged dikes will settle along the access channel.
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Table 7 Volume of Deposits in Future Plan 1 (in Access Channel)

(without submerged dike) . (with submerged dike)
Area Average depth Volume of Average depth Volume of
(Numbers of Mesh) of deposition deposition i of deposition deposition
(cm) (m?) (cm) (m®)
H 2.98 1, 205 3.03 1,042
(31) 3.99 1,330 3.03 1, 042
G 13.85 5,233 8.93 3,374
(34) 17.66 6,672 9.38 3,544
F 19.90 7,517 15.17 5,731
(34) 23.15 8,745 15.69 5,927
E 26.02 9,539 21.51 7, 887
(33) 28.25 10, 357 21.90 8,030
D 19.74 7, 456 16.31 6,162
(34) 20.31 7,671 16.55 6, 253
C 7.83 3,221 7.09 2,915
(37) 8.05 3,311 7.19 2,956
B 1.19 834 1.28 895
(7) 1.19 834 1.28 895
A 0.22 308 0.23 325
(14) 0.22 308 0.23 325
Total 35, 313 28, 331
39, 228 28,972

Upper : Deposition only.

Lower: Deposition and mass transport.
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6. Discussion

The present model is a diffusion model. The validity of the model is examined by

comparing the deposition height within three trenches. The calibrated parameter is
only one, namely, the constant of erosion M. Siltation mechanism is so complicated that
every process cannot be included in the model, and the accumulation of parameters from
the laboratories and another tests would result in serious mistakes. The present model,
in this sense, needs the actual deposition data in the field. —This is more or less
common to every model. The present model does not take fluid mud into account.
As fluid mud is so dense and easy to move, access channels in a coast area will suffer
the inflow of it provided the fluid mud is formed sufficiently. =~ The formation of the
fluid mud is important but it is difficult to confirm its existence and the detailed
characteristics are not yet well explained.  Also, investigations about the flowing beha-
vior of fluid mud around the strudture should be done for the fluid mud model.

7. Conclusious

Three-dimensional multi-layered level model with nested grid is developed for the
calculation of siltation. To investigate the effect of submerged dikes on the siltation,
the water depth is divided into seven horizontal layers.  Vertical distridutions of mud
concentration are also reproduced in the model. A supercomputer is used for the
complicated and large scale calculations.

After the calibration of deposition heights within three trenches, calculations for the
future plans of Kumamoto Port are conducted. The amount of decrease in the volume
of deposition owing to submerged dikes was 30% for future plan 1 and 23% for future
plan 2. (Received on November 30, 1989)
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