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ABSTRACT _

JIANG, J. and MEHTA, A.J., 2000. Fine-grained sedimentation in a shallow harbor. Journal of Coastal Research,
16(4), 1146-1150.West Palm Beach (Florida), ISSN 0749-0208.

Sedimentation is examined at a potential site for an oil terminal along the Aoshan channel slope in the vicinity of
the East China Sea, where fine-grainedsediments predominate. Afeature ofthis slopeis that due to characteristically
enhanced lateral exchange of fluid momentum and suspended sediment mass, vertical profiles of flow velocity and
suspended sediment concentration are more uniform than at the center of the channel. It is shown that lateral eddy
diffusionat the slope is likely to be the dominant cause ofthis mixing.Accordingly, a two-dimensional, depth-averaged
numerical model was applied to simulate historic rates of sedimentation in the study area by using an approximate
method to estimate the annual rate of sedimentation, because long term data on suspended sediment were unavail
able. Model-simulated rates are compared with observed patterns of sedimentation.

ADDITIONAL INDEX WORDS: Cohesive sediments, numerical modeling, sedimentation, tidal channel, velocityprofile.

INTRODUCTION

There are numerous muddy tidal channels in the Zhoushan
region of the East China Sea (Figure 1). These channels are
characterized by strong tidal currents and comparatively
deep waters, with depths usually greater than 30 m. They
also tend to have bank slopes with an average width of -100
m to -500 m and maximum depths of ~20 m to ~30 m. Due
to their characteristically conducive environment, such chan
nel slopes are potential sites for constructing ports (YE and
YING, 1991). Therefore, prior to construction, emphasis is
naturally placed on understanding currents, resuspension,
sedimentation and, consequently, bank stability. This was
the case for the proposed Aoshan oil terminal in the study
area.

In the ensuing presentation, typical measured profiles of
tide-induced velocity and fine-grained suspended sediment
concentration (SSC) in the study region are described, fol
lowed by an examination of the likely mechanism resulting
in comparatively uniform velocity profiles observed on the
channel slope. Then, a depth-averaged numerical model is
introduced and applied to simulate historic rates of sedimen
tation along the slope of the Aoshan channel. Finally, the
significance of the results, and conditions under which depth
averaged models may be applied for simulating bottom
changes in port projects, are briefly noted.

FIELD INVESTIGATION

Aoshan channel (Figure 1) is located along the east coast
of China, about 130 km south of the Yangtze River. In this
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region, the distribution of bottom features is uneven, with a
mean water depth of about 25 m and maximum depth on the
order of 50 m. The semidiurnal tide has a mean range of
about 3.1 m. Bottom and suspended sediments are dominated
by clayey-silts with dispersed median diameter in the range
of 5.5-9.6 J-Lm. The Yangtze River is the major source of this
sediment, which is carried south towards to the study area
by sustained coastal currents.

Extensive investigations of tidal currents, SSC and sedi
mentation near the East Headland of the Aoshan channel
slope (Figure 1) were carried out during February to March,
1995 (XIA et al., 1995). The survey site included the region
around the future port with an area of about 1 km". Vertical
profiles of velocity and SSC were measured at several sites
within the study area and also along the center of the adja
cent channel using SLC9-1 digital current meters (designed
by the Institute for Marine Instruments, Qingdao) and Nis
kin bottles, respectively. Bottom core samples and surveys
using a side-scan sonar were also obtained. An examination
of sedimentation rates was carried out by means of 210Pb
analysis of the core samples along with comparisons of his
toric surveys (XIA et al., 1995).

Table 1 and Figure 2 show typical vertical distributions of
observed velocity and SSC. Also shown in Table 1 are data
from the Tiaozhoumen channel and Daishan channel (Figure
1). Note that H is the local water depth, t: is the tidal mean
velocity, Um is the tidal mean maximum velocity and C is the
tide-mean SSC. It is observed that on the channel slope, un
like in the channel itself, the maximum velocity occurs at
mid-depth (in two-Aoshan and Tiaozhoumen-out of three
cases) rather than at the water surface. Although the verti
cally-averaged velocity was lower than in the channel, there



Shallow Harbor Sedimentation 1147

Hangzhou Bay

Shengsi Channel

I /
/

l{j /u
I / '"

~ 0.5 -
/,

/ // //
/ /

0
/

0 0.5 1 1.5 2 2.5
Velocity (m/s)

VERTICAL PROFILE OF VELOCITY

Figure 1. Location map of major channels in the Zhoushan region of the
East China Sea.
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where y is the lateral coordinate with origin at the shoreline,
z is the vertical coordinate with origin at the bottom and pos
itive upward, U(y) is the vertically-averaged velocity at any
point in the channel and f(z) is the vertical distribution func
tion of U. For simplicity of treatment, we will assume that
U(y) has a parabolic form:

uniform than those found in the deeper portions of channel
(FISCHER et al., 1979; YE and YING, 1991; JIANGet al., 1994;
XIA et al., 1995). However, little is known quantitatively
about the precise cause of this uniformity. To evaluate this
problem, one can obtain analytical solutions of the velocity
profile on the slope and at the center of the channel. This
purpose can be achieved by neglecting the advective terms in
the flow momentum equation and assuming that both the
horizontal and the vertical eddy diffusion coefficients, K; and
K v ' are constants.

The time-mean velocity, u, at any point in the channel can
be assumed to have the form

0.6 0.8 1 1.2 1.4
Tidal mean sse (kg/m ')

Figure 2. Typical vertical profiles of tidal velocity and SSC over the
Aoshan slope (solid lines) and in the center (dashed lines).
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Numerous other observations have suggested that the ver
tical profiles of velocity on channel slopes tend to be more

was a comparatively strong near-bottom current on the slope
with a value greater than ----40 cm/s. Since this is the typical
threshold velocity of fine-grained sediment motion dominated
by clayey-silts (JIANG et al., 1994), this type of a velocity
structure leads to a relatively low rate of sediment deposition
on this slope. Table 1 and Figure 2 also indicate that, as a
consequence of the velocity structure, sse over the slope was
more uniform than in the channel (in two-Aoshan and Dais
han-out of three cases).

Table 1. Characteristic values of velocity and SSC observed over channel slope and in channel center during a spring tide.

Channel Slope Channel Center

H Um a c H Um a C
Channel Layer (rn) (rn/s) (rn/s) (kg/m") (m) (rn/s) (m/s) (kg/m")

Aoshan channel surface 0.73 0.47 1.31 2.09 1.26 0.55
middle 23 0.82 0.51 1.69 73 1.67 1.15 1.00
bottom 0.67 0.40 1.75 1.39 0.83 1.61

Tiaozhoumen channel surface 0.99 0.50 0.28 1.52 0.85 0.22
middle 25 1.07 0.52 0.37 30 1.22 0.73 0.31
bottom 0.87 0.43 0.37 0.98 0.56 0.37

Daishan channel surface 0.84 0.52 0.50 1.48 0.77 0.36
middle 20 0.80 0.58 1.13 35 1.39 0.75 0.57
bottom 0.73 0.54 1.20 1.16 0.61 0.64
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ity and momentum equations along wit h the conventional
bottom an d surface conditio ns (O'CONNOR and ZEIN, 1974;
COLE and MILES, 1983).

The vertically in tegr ated sediment transpo rt equation is

aHC + aHUC + aHVC = !.-(HD ac) + !.-(HD ac)
at ax ily ax x ax ily Y ily

+ (m , - m d)H (7)

in which the fine-grained sediment deposition and erosion
functions , md and m e> take on the well-known forms (KRONE,
1962 ; KANDIAH , 1974 )

whe re x is the longitud inal coordinate, t denotes time, V an d
V are the vertically-averaged velocities in the x and y direc
tions, respectively, C is the vertically-averaged SSC (omitting
the overbar for convenience), D, and D; are the sediment
mass diffus ion coefficients in the x and y directions, respec
tively, md is the rate (mass per unit bed area and time) of
SSC deposit ion , m , is the corresponding rate of bottom sedi
ment erosio n, co, is the sediment (floc) settling velocity, Tb is
the bed shear stress, Td is the limiting shear stress for de
position , T. is the critical shear stress for erosion ( T. = Tel for
new ly deposited sediment and T. = T. 2 for fully consolidated
sediment), C; is the SSC at the bed calcu lated from the form
C; = I3C, whe re 13 (>1) is obtained by the empirical re lation
ship of JIANG and Su (1995) , and E is the erosion rate con
stant.

The hydrodynamic equ ations were solved by the Alternate
Direction Implicit approach, and an Eule rian- Lagrangian
scheme was adopted in the discret izat ion of Eq . (7) (CHENG
et al., 1984). At the open boundaries, the M2 harmonic com
ponent of ti de and measured SSC were prescribed. Manning's

Figure 3. Ana lytical soluti ons of vertical distribution function of velocity
over th e channel slope (solid lines ) and in the center (das hed line) for
different valu es of ex .
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the following solutions of the vertical distribu tion functio n of
velocity, f(z) , are obt aine d: On the channe l slope:

aH {eaz + eu
(2H - z l }

f ez) = - 1
tanh(aH) - «H 1 + e2aH

with a = {(2/12)(Kh/K)[ U(I )IU(Y)]}"'. In the channel center:

3Z( z )f ez ) = H 1 - 2H

SEDIMENTATION

Figure 3 compares f( z) over the slope and at the center of
channel by selecting a water depth of 25 m on the slope and
40 m at the channel center. It is seen that the velocity profile
on the slope is typically more unifo rm than in the channel
center, thus demonstrat ing that lateral eddy diffusion can
lead to a comparatively uniform velocity on the slope . It is
also observed that the velocity profile on the slope is depen
dent on the va lue of a , i.e., the combination of slope width,
the rat io of vertically-averaged velocity in the center to that
on the slope, and the ratio of turbulent mome ntum diffusion
coefficient in horizontal direction to that in the vertical di
rection. For a 2: 0.3, the velocity profile becomes almost uni
form. For the three channels examined, the range of a can
be shown to be 0.2-0.5, which therefore lends cre dence to the
potential for application of a depth-averaged numerical model
to simu late sedimentation.

Following the above observations, a depth-averaged, two
dimensio na l numerical model was applied to simulate h istor
ic rates of deposition and erosion. The mode l code consists of
a hydrodynamic component and a fine-grained sedim ent
transport component. The governing shallow water hydro
dynamic equations include the vertically integrated continu-

where g is the gravitational acceleration and s is the water
surface slope along the channel. The second te rm on left side
of Eq. (3) accounts for the lateral eddy diffusion effect. It is
important over channel slope due to the large lat eral gradient
of velocity, bu t can be characteristically omitted at the chan
nel center, where the vertical diffusion term, i.e., the first
te rm on the left hand side of Eq. (3), te nds to domin ate (FI
SCHER et al., 1979). Accord ingly, combini ng Eqs. (1), (2) and
(3) along with the boundary conditions

f (z )IFo = 0, af(z )\ . = 0 (4)
az e -r H

where I is the slope width and U(l) is the velocity in the chan
nel. Equ ation (2) satisfies the condition of no velocity at the
bank, i.e., U(O ) = 0, channel velocity at the edge of the slope,
i.e; U(y ) = Utl ), an d no velocity gradient there, i.e., dUldy =
oaty = I.

Assuming a quasi-steady state, the simplified momentum
equation along the channel direction is

!.-(K au) + !.-(K au) = -gs
az U az ily h ily
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Table 2. Selected values of important flow and sedimentary parameters.

Parameter Value Parameter Value

Ws 3.5 X 10 4 m/s 'Td 0.1 Pa
E 0.0005 kg/m-s 'Tel 0.2 Pa
n; u, 10 mvs 'Te2 0.5 Pa
~ 2.62 + 0.38 In(wjKu*) PD 800 kg/m"

coefficient specifying the bottom roughness was selected to
be 0.017 as a representative mean for the entire 1.1 X 1.0
km 2 area modeled. The spatial grid spacings were Llx = ~y

= 30 m, and the time step was ~t = 3 s. The sediment trans
port equation was solved without flow-sediment coupling, a
reasonable assumption in comparatively low SSC regimes
(O'CONNOR and ZEIN, 1974; COLE and MILES, 1983).

From the model runs, the sedimentation thickness, hr, was
calculated from

averaged SSC and the bottom shear stress over one tidal cy
cle.

Observations on the Aoshan channel slope showed that
sedimentation was dominant there. Hence, the above approx
imate approach was adopted to predict the annual rates of
sedimentation in this domain. Simulations of Tb' and C' were
initially carried out for a mean tide. Then, the hydrodynamic
code was run using the measured M2 tide, and the corre
sponding annual h., was calculated at each grid-point using
Eqs. (10)-(12).

Characteristic flow and sedimentary parameters required
to solve Eqs. (10)-(12) were determined by means of a statis
tical analysis of field data, numerical modeling tests, and re
sults from previous works (O'CONNOR and ZEIN, 1974, NICH
OLSON and O'CONNOR, 1986, MEHTA, 1991 and JIANG and
Su, 1995). The chosen parametric values are given in Table
2, where K (= 0.4) is the von Karman constant, u; is the
bottom shear velocity, = (TblpY\ and P is water density.

(11)

(12)

(9)

Observed Sedimentation

Modeled Sedimentation

Model results (Figure 4 and Table 3) showed that the an
nual deposition thickness shoreward of the 40 m contour was
typically 2'"'-'4 em, and near the shoreline was generally great
er than 6 em. Also, an annual deposition thickness of 6 to 10
em occurred in the --15 TIl deep natural basin near the coast
due to low velocities there. Similarly high rates of deposition
also occurred in the mudflat area. No significant deposition
occurred in the underwater exposed rock region. Finally, mild

RESULTS

Based on historic rates of sedimentation, three regions
(Figure 4 and Table 3) could be identified as follows:

(1) A region of steep slope onshore of the '"'-'40 m depth
contour with an annual mean deposition rate of '"'-'7 cm/yr,
characterized by clayey-silt with high water content, ranging
from 75% to 85% by volume. The high sedimentation rate
there was due to low current velocities, with a tidal mean
velocity of 0-55 cm/s.

(2) A region of underwater exposed rock located mainly off
the segment of the shoreline with a high cliff, without signif
icant deposition due to shallow depths coupled with compar
atively high currents, and with tidal mean velocity ranging
from 60 cm/s to 80 cm/s.

(3) A region of gentle slope offshore of the --40 m contour
with late-Pleistocene deposits eroded and exposing the sea
bed due to high currents, with a tidal mean velocity of 55-70
cm/s.

hf = ~ 2: {CbW s(l - ~)H(l - ~)
Pn Td Td

+ E(1- ~)H(~ - 1)}Llt (10)
where H is a unit function having the form

{
I for ~ > 0

H(~) = 0 for ~ $ 0

Using Eq. (10), one can evaluate the rates of sedimentation
on an annual basis once the flow condition, represented by
Tb, and SSC, represented by Cb, are simulated over the entire
year. However, it was not feasible to conduct these simula
tions because requisite observations of SSC at the open
boundaries of the domain were not available. Thus, it became
necessary to simplify the method of calculation. From the ex
pressions for m; and me in Eq. (8), it can be shown that the
vertically-averaged SSC in the water column is approximate
ly proportional to Tb in areas dominated by local sedimenta
tion. Accordingly, Cb , representing vertically-averaged SSC,
can be estimated over a tidal cycle from

where C' and Tb', respectively, are the simulated vertically-

1
h, = - 2: (m d - me)~t

PD

where PD is the dry density of deposit. Combining Eqs. (8)
and (9), one obtains

Table 3. Observed and modeled sedimentation rates over Aoshan channel slope.

Observed (rn/yr) Modeled (m/yr)

Location Range Mean Range Mean

Steep slope onshore of ~40 m contour
Gentle slope offshore of ~40 m contour
Region of underwater exposed rock

0.033 to 0.097
oto -0.026

o

0.07
-0.01

o

o to 0.10
oto -0.02

o

0.035
-0.009

o
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grated numerical code for simulating sedimentation on the
channel slope .

3. By calibration against field data on sedimentation, the
model could be reasonably well adapted to predict the distri
bution of historic rates of erosion and deposition within the
small harbor region, where long term observations of SSC
were not available.

4. It is evident that the depth-averaging assumption can
be best justified only for areas where enhanced momentum
and mass exchange result in comparatively uniform velocity
and SSC profiles. In the channel itself, with complex flowand
sediment profile structures, a fully three-dimensional model
code would clearly be more appropriate.
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