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CHAPTER 1
INTRODUCTION

The disposal of dredged material has recently regeived much atten-
tion. Section 404(b) of the Federal Water Pollution Control Act
Ammendments of 1972, P.L. 92-500, prohibits diScharges of dredged
material to navigable waters of the United States unless permits are
issued through the U.S. Army Corps of Engineers. In 1975, guide]ines
on the issuance of permits were published in the Federal Register.
Among the ecological impacts from dredged material disposal to be
examined were {mpairment of the water column and the covering of
benthic communities. The need for mathematical models to predict the
disposition of suspended solids resulting from disposal of dredged
material therefqre becomes apparent.

The Corps of Engineers currently dredges portions of the upper
Mississippi River to maintain a nine foot deep channel for barge traf-
fic. The hydraulically dredged material is aischarged onto a nearby
island or bank and the excesé water flows back into the river. This
water contains suspended solids, either from the dredged sediment or
from the disposal site, and forms a suspended solids plume where it
enters and rejoins the river.

Much of the modeling on suspended solids plumes resulting from

dredge ‘disposal has been for open sea or estuarine operations. Little



work has been done on dredge disposal in the river environment. The
objectives of this study were to:

1) Collect field data on'suspended solids and turbidity during
two dredge disposal operations on the Mississippi River,

2) Check the utility of the Schubel and Carter (1978) model for
adequate]y describing the observed field data and modify, if
possible, to reflect river conditions,

3) Examine other models available to describe the observed field
data, including the numerical, computer solution of Weschler
and Cogley (1977) (such models can be used to rapidly generate
a number of simulations covering a spectrum of conditions ex-
pected in the Mississippi Rfver), and

4) Develop a convenient, analytical solution for the prediction
of suspended solids concentrations caused by hydraulically
dredged sediment and compare the model results to field
measurements.

The scope of this modeling effort includes the utilization of ex-
isting dredge disposal mathematical models, both analytical and
numerical, as well as the development of a new model. The new model
is specifically derived for continuous nonpoint source, sidebank dis-
posal type of operations such as commonly practiced in the upper
Mississippi River. Suspended solids concentrations are predicted.

This research grew out of a larger drédging study by a multi-
departmental, multi-disciplinary consortium called the Great River
Environmental Action Team, GREAT II. The GREAT II study reach of the

Mississippi River stretches from Guttenberg, Iowa to Saverton, Missouri.




CHAPTER II

LITERATURE REVIEW

Review of Models

Models for predicting the distribution of suspended solids result-
ing from disposal of dredged material have been proposed by Schubel,
Carter et al., (1978) and Wechsler and Cogley (1977). Both models be-

gin with the Fickian diffusion equation:

aC 53¢ _ 3 [, oC
at *Yiax; T o, (Ki x1.> | (2.1)

Rate of change Rate of change of Rate of change

of suspended solids + suspended solids

of suspended

concentration concentration due solids concen-
to convection tration due to
diffusion

where C refers to the concentration (mass per unit volume) of suspended
sediment; u; refers to the fluid velocity in a rectangular coordinate
system, Xi3 and Ki refers to the eddy diffusion coefficient in the i'th

direction. The models begin to differ at this point in the assumptions

that are made.

-

Schubel and Carter Model
The model developed by Schubel, Carter et al., (1978) is for

estuarine or shallow coastal dredge disposal operations. The initial



assumptions are: 1) the individual concentrations of the various size

fractions of suspended sedimeht, Cis can be described by a vertically
D

averaged suspended solids concentration, C = %- .f pX c, dz, where D
: 0

is the depth of the water column and z is vertical distance in the
Cartesian coordinate system, X, y, z; 2) the eddy diffusivities in the
x and y directions, Kx and Ky, are equal and independent of depth;

3) the fluid velocity in the x and y directions, Uy and uy, are depth
independent; and 4) the terms for vertical diffusion and convection can
be combined into one term, - %g, where W is the mean settling velocity

of the particles, D
-!; Zwicidz

ot ~—

Ecidz

and Wi is the settling velocity of the individual particle, c; This

fourth assumption is based on the assumption that the suspended solids
transport due to vertical diffusion and vertical fluid velocity cur-
rents is much smaller than the transport due to the settling velocity

of the suspended solids. The resulting equation is:

oC

3 3 oC , 3 3C _ WC
- ﬁy'uyc T Keax t 3y Ky 3x ~ D (2.2)

d
p) - 5§'uxc
Okubo and Pritchard (Okubo, 1962) proposed the solution assuming
an instantaneous vertical line source. This solution is then inte-

grated over time to describe a continuous vertical line source. The

resulting equation is:




t
1 X = uxt
Clxayst) = 5y j Tr e [—z;r‘— exp |- Gfr
o

exp [‘—"—%—] dt" (2.3)

where q is the rate of suspended material added to the plume (mass per
time) and w is the diffusion velocity (cm/sec}. The diffusion velocity,
w, is related to the horizontal eddy diffusion coefficient by
KX = w2t, The first and second exbonentia1 terms in the integral refer
to diffusion of suspended solids in the x and y direction, while the
third exponential term in the integral represents particle settling.

The model is not used in this form, however. First, x, y, and t'

* * *
are nondimensionalized to x , ¥y and t , where
*

X = X. uxt
- *
y=y uxt
*
t' =ttt

The resulting equation is:

1
C(x,y,t) = —3— 1 exp - Eﬁ, X -t" exp - 35 Xi
’.y ? Trwz D t -(—t—*—yz p W ‘t* p W t*

0

exp - [Yt*] dt* (2.4)

The integral term is defined as a function, G, of x*, y*, “/ux and v,

where vy = Wt/D and relates the plume age, t, to the settling time,

W/D. Normalizing Equation 2.4 by the concentration at the plume front

(at distance uxt), the final form of the model is obtained:



C(x,y,t Géx ) f, “uy, 3() (2.5)
Cuxt,yst G],y ,w/ux,’Y '
*
For the centerline, y = 0, Equation 2.5 reduces to:

C(X,O,t) = G(X*s m/u)u Y)
Clu t,0,8) ~ G(1, ®uy, ¥)

The solution to the model for the plume centerline is contained

. . G(X /u)(’ ) %* . W
in a series of graphs of AR 2 /u ) Y) vs. X With /uX and y as

pafameters. These graphs are conta1ned in Schubel, Carter et al.,
(1978) and some are included in Chapter V of this report as examples.
The lateral dimensions of the plume are determined by taking the
second moment, ;5; of the concentration distribution of Equation 2.4.
The second moment can also be described as a function of x*, 60/ux and

vy and has the value:

242 u
= L F (X", Yy, v) | (2.7)

f t* exp - <——> (——{1—2—> exp - (yt*) dt”

FOXs @/ 0 ) = , (2.8)

f T exp - <X> <——-—t—',;—~ti> exp - (yt*) dt*
0

Again, Equation 2.7 is normalized with respect to the second moment at

where

the plume front to obtain:

~lf<|

7 (x,t) L F(x*, “uy, )
(o6, PO T 7) .

The Tateral dimensions of the plume are determined from another set of

graphs in Schubel, Carter et al., (1978). A few examples are shown

in the example calculation in Chapter V of this report.



This model is particulary applicable to dredge disposal in a
shallow, wide estuary. The assumption of KX = Ky is only valid in an
area where there is not a strong primary flow velocity, ux. The ver-
tically averaged suspended solids concentration is suitable for a shal-
low disposal area. The assumption of a vertical line source is also
typical of the normal mode of dredge disposal in an estuarine environ-

ment (Barnard, 1978).

Wechsler and Cogley Model
The model developed by Wechsler and Cogley (1977) is for predic-
}tion of downstream concentration of suspended sediment in waters
characterized by unidirectional, steady flow, infinite width, constant
depth and infinite length. The initial differential equation for
describing the_suspended solids concentration at any point downstream

of the dreage discharge is:

d L) d oC 0 aC

3 3¢\ _
-2 (Kz 5_2_)- 0 (2.10)

where X,y and z represent the longitudinal, -lateral and vertical co-

ordinates, respectively; u, is the mean current velocity in the x

X
direction; C is the suspended sediment concentration; W is the settl-
ing velocity; KX, Ky, and KZ are the eddy diffusion coefficients in

the x, y, and z directions; and f(W) is the settling velocity frequency
distribution. The first term in Equation 2.10 describes downstream

advection, the second term describes vertical sedimentation,while the



last three terms describe eddy diffusion in the x, y and z directions,
respectively.

Several simplifying assumptions are made to make the model useful:
1) the eddy diffusion in the downstream direction is negligible com-

pared to the other diffusion and transport terms, therefore,

g—x ((X —g—g) = 0; 2) the eddy diffusion in the vertical direction can be
related to the vertical position in the flow by, Kz = 0.02 [ <}-%> H
3) the eddy diffusion in the lateral direction is given by

K, = 2.2 (K,))

y 2 max’ and 4) for non-flocculant sediment, the settling term

can be described by W 58C/92, and solving the model for each sediment
size fraction and superimposing the results for the final solution.

The resulting equation is:

oC oC 9 zy 3C 0 oC\ _
Ux -B—)Z_'I- W 37 " 5z @.02 UXZ (]-‘5) S—Z-) - ’é‘y (2.2 (Kz)max _3—)7> =0
(2.11)

Equation 2.11 is solved using the finite difference method for the
downstream and vertical directions and an anaiytica1 solution involv-
ing the "error function" for the lateral direction. It is assumed the
source is a vertical line source, continuously emitting sediment at a
given strength per unit height. This source strength is converted to
a concentration by assuming the sediment is initially concentrated in
a vertical column of width, b, which is small relative to the depth, D.
The upstream boundary condition is then,C = Co at x = 0, |y| <b,

z < D. The surface boundary condition specifies no net flux of material

across the surface, or Kz g%-+ WC = 0. The bottom boundary condition




assumes all material settling to the bottom remains, with no re-entrain-
aC

ment, or Kz'§f = 0.

The model solution is contained in a computer program which is
described in Wechsler and Cogley (1977). The inputs to the program
are mean current velocity, mean stream depth, settling velocity dis-
tribution (given as any number of sediment fractions and their corre-
sponding concentration and settling velocity) and three computational
parameters. The output consists of 1) a section showing the vertical
distribution of sediment downstream for each sediment fraction (without
lateral spreading); 2) the summation of the vertical distributions for
all size fractions; 3) the lateral spreading coefficients; and 4) hori-
zontal slices through the three-dimensional plume at five pre-selected
depths showing the concentration distribution at each depth.

The assumption of a vertical line source of width, b, which is
less than the total depth, D, is applicable to open water discharge
of dredged material. It is Tess abp]icab]e to a plume resulting from
land runoff since the plume source tends to be widé with respect to
the depth. The assumptions concerning the eddy diffusivities, Kx, Ky

and Kz’ are suijtable for describing a plume-developing in a river or

an estuary with a strong current flow.

Convection - Dispersion Equation

The basic equation describing convection and dispersion of dis-
solved matter or suspended particles is based on the principle of con-
servation of mass. For a conservative substance, the principle of con-

servation of mass can be stated (Sayre, 1968):
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Rate of change [Rate of change of | [Rate of change of |
of mass in = mass in control + | mass in control
control volume volume due to volume due to
L_convect1'0n diffusion
ac 1 8 (. aC
5t Ui B, toax (81' 3x1.> (2.12)

where €; is the diffusion coefficient in the i'th direction and all
other terms are described previously. For laminar flow, €5 = Eys the

t+ e

coefficient of molecular diffusion. For turbulent flow, e; = e + gy,

where e is the coefficient of turbulent diffusion. In Fickian diffu-
sion theory, it is assumed that dispersion resulting from turbulent
open-channel flow is exactly analogous to dispersion from molecular
diffusion. The dispersion coefficients in the x, y, and z directions
are assumed to be constants, given by Kx’ K. and Kz' The resulting

y
equation, expressed in Cartesian coordinates is:

3C aC 3C aC _ ., 93%C 3%C 32C
3t U ax Yy T U T Ky 3% * Ky ay? | K, 372 (2.13)

The sq1ution of Equation 2.13 depends on the values of Kx’ Ky and

Kz' Various authors have arrived at equations to approximate the
values of the dispersion coefficients (K) in the longitudinal (x),

lateral (y), and vertical (z) directions.

Longitudinal Dispersion Coefficient
The first discussion of dispersion in turbulent flow was by Taylor
(1954) for dispersion in a long, straight, circular pipe. Taylor found

the dispersion coefficient to be:
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Ky = 10.06 a U, | (2.14)
where a is the pipe radius and U, is the shear velocity. The shear
velocity can be calculated by U, =\/§;75, where t_ is the shear stress
at the wall of the pipe and p is the fluid density.

Elder (1959) obtained an expression for Ky in two-dimensional open-
channel flow: J

K, =a DU, -(2.15)

where o

5.93, D is the mean depth and U, is, again, the shear ve]ocity,

calculated as Uy = \/;;75 = \/E_B_§; where To is the shear stress
at the bottom, g is the acceleration of gravity and Se is the energy
slope. Elder's expression is for infinitely wide channels, meaning no
lateral velocity or concentration gradients, and a logarithmic ver-
tical ve]ocity_distribution. Longitudinal dispersion, therefore, is

a result of differential convection in the vertical direction and
turbulent diffusion.

Yotsukura and Fiering (1964) applied Tayjor's solution method to
open channels and used a computer solution to obtain values of o vary-
ing from 9 to 13 as the ratio of uX/U* varied from 14.5, indicating a
rough channel boundary, to 20, indicating é”smooth channel boundary.

Thackston and Krenkel (1967) included the term u /U, in the dis-

persion equation, resulting in:

uy 1/4
K = o D U\ g (2.16)

where o has the value 5.82 or 7.25. The value uX/U* is a dimensionless

measure of the bottom roughness; larger values meaning smoother bottoms.
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Thackston and Krenkel are careful to point out, however, that Equation .
2.16, as well as all of the previously mentioned equations, does not
apply in areas where there is appreciable lateral velocity variation.
In such a case, the authors state that KX will be much Targer than
calculated by Equation 2,16, and recommend in situ measurement of
KX. Since natural streams have a significant lateral velocity profile,
none of the preceeding equations and o coefficients ére directly
applicable.

Fischer (1966) showed that the dispersion of a slug of material
injected into a natural stream is divided into two distinct phases;
1) the convective period, in which the material diffuses laterally and
longitudinally until the material is completely distributed across the

channel, and 2) the diffusive period (called the Taylor period), in ‘

which the dateral concentration gradient is small. The convective
period is characterized by a highly skewed longitudinal concentration
profile; the downstream face being blunt and the upstream tail being
long. The above equations for KX are not applicable to the convective
period. The Taylor period is characterized by a more nearly Gaussian
longitudinal concentration profile. The above equations are applicable,
with the restrictions mentionéd, to the Taylor period. The criterion
for determining if dispersion of a material is in the convective period
or the Taylor period is (Fischer, 1966):
2% Uy 17

L>1.8FU; (2.17) -

where L is the distance downstream from the source of the material; 2

is the characteristic cross-sectional length, described as the distance
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from the point of maximum surface velocity to the far bank; r is the
hydraulic radius and uX/U* is as previously defined. If L is greater
than the right hand side of Equation 2.17, then the Taylor period has
been reached.

Working with natural streams, Fischer (1967) found that longitud-
inal dispersion was a result of the combination of two effects;
1) variable lateral convective velocities and 2) concentration grad-
ients giving rise to lateral diffusion of material. The effect of the
lateral diffusion is to dampen the dispersion caused by the different-
jal lateral convective velocities. This mechanism for dispersion in
natural streams is in contrast to the mechanism proposed by Elder (1954)
and used by the other authors, in that dispersion is caused by lateral
velocity gradients as opposed to vertical velocity gradients.

Using this mechanism, Fischer (1967) found an equation for the

longitudinal dispersion coefficient in the Taylor period:

B y y
K, = -% f q'(y) dy f R;—%—Gy dy f q'(y) dy (2.18)
0 o - 0 .
where
D(y)
q'(y) =f u'(z,y) dz (2.19)

0

-

and q'(y) is described as the discharge per unit width; u' is the de-
viation of the local mean velocity, U, from the cross-sectional mean

velocity, ux,(U =u, - u'); B is the stream width; and Ky is the lateral
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dispersion coefficient, taken as Ky

Equation 2.18 can be solved for any stream after measuring the energy

= 0.23 DU, by Fischer (1967).

s lope, Se, the cross-sectional geometry and the cross-sectional vel-
ocity distribution of a "typical" cross-section. Fischer (1967) solved
Equation 2.18 with the use of a computer for several laboratory flumes
and related the resulting KX values back to Equation 2.15 and found
values of a ranging from 5 to.16. The higher values of a were for
flumes with sloping sides rather than perpendicular sides. Again, the
lateral velocity currents set up by the sloping sides of natural streams
give problems in predicting o, so the more simple Equation 2.15 can not
be used.

Liu (1977) used Equation 2.18, since it correctly describes the

prime mechanism of dispersion in natural streams, to develop an ex-

pression for Kx which is much easier to calculate:

P )
k=8 Um “Pu e . (2.20)

where (Lju 1978 ),

U 2
B = 0.5(%) (2.21)
X

and QB is the river discharge. The new coefficient, B, is an easier
coefficient to use than o, since B does not depend on stream morpho-
metry but on the dimensionless bottom roughness, a value more easily
estimated. Based on e§isting data for KX in streams and the value of
KX predicted by Equation 2.20, KX can be predicted to within a factor
of six by Equation 2.20. This is better than any other of the simple
methods described for predicting the Tongitudinal dispersion coeffi-

cient.




15

Lateral Dispersion Coefficient

Elder (1959) proposed the equation for predicting the lateral dis-

persion coefficient, Ky:

'Ky = ¢ D U, | (2.22)
where ¢ is equal to 0.23. The value of ¢ = 0.23 was obtained by ex-
periment in long, wide laboratory flumes.

Many authors have since investigated the value of ¢ in both labor-
atory flumes and natural streams. Sayre and Chang (1968) reported
¢ = 0.17 in a straight laboratory flume. Yotsukura and Cobb (1972)
report values of ¢ for natural streams and irrigation canals varying
from 0.22 to 0.65, with most values being near 0.3. Other reported
values of ¢ range from 0.17 to 0.72. The higher values for ¢ are all
for very fast rivers. The conclusions drawn are that; 1) the form of
Equation 2.22 is correct for predicting Ky, but ¢ may vary, and 2) ap-
plication of Fickian theory to lateral dispersion is correct as long as
there are no appreciable lateral currents in the stream. .

Okoye (1970) refined the determination of ¢ somewhat by use of the
aspect ratio, A = D/B, the ratio of the stream depth to stream width.
It was found that ¢ decreased from 0.24 to 0.093 as A increased from
0.015 fo 0.200.

The effect of bends in the channel on Ky is significant. Yotsukura
and Sayre (1976) reported that ¢ varies from 0.1 to 0.2 for straight
channels, ranging in size from laboratory flumes to medium size irri-
gation chanals; ¢ varies from 0.6 to 10 in the Missouri River, and ¢

varies from 0.5 to 2.5 in curved laboratory flumes. Fischer (1968)
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from the point of maximum surface velocity to the far bank; r is the
hydraulic radius and uX/U* is as previously defined. If L is greater
than the right hand side of Equation 2.17, then the Taylor period has
been reached.

Working with natural streams, Fischer (1967) found that longitud-
inal dispersion was a result of the combination of two effects;
1) variable lateral convective velocities and 2) concentration grad-
ients giving rise to lateral diffusion of material. The effect of the
lateral diffusion is to dampen the dispersion caused by the different-
ial lateral convective velocities. This mechanism for dispersion in
natural streams is in contrast to the mechanism proposed by Elder (1954)
and used by the other authors, in that dispersion is caused by lateral
velocity gradients as opposed to vertical velocity gradients.

Using this mechanism, Fischer (1967) found an equation for the

Tongitudinal dispersion coefficient in the Taylor period:

B y y
Ky = -% f q'(y) dy f K—y‘%ﬂw dy f q'(y) dy (2.18)
0 o - 0 -
where
D(y)
q'(y) =f u'(z,y) dz (2.19)

o

and q'(y) is described as the discharge per unit width; u' is the de-
viation of the local mean velocity, U, from the cross-sectional mean

velocity, ux,(U = Uy - u'); B is the stream width; and Ky is the lateral
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Lateral Dispersion Coefficient

Elder (1959) proposed the equation for predicting the lateral dis-

persion coefficient, Ky:

Ky = ¢ D Uy v (2.22)
where ¢ is equal to 0.23. The value of ¢ = 0.23 was obtained by ex-
periment in long, wide laboratory flumes.

Many authors have since investigated the value of ¢ in both labor-
atory flumes and natural streams. Sayre and Chang (1968) reported
¢ = 0.17 in a straight laboratory flume. Yotsukura and Cobb (1972)
report values of ¢ for natural streams and irrigation canals varying
from 0.22 to 0.65, with most values being near 0.3. Other reported
values of ¢ range from 0.17 to 0.72. The higher values for ¢ are all
for very fast rivers. The conclusions drawn are that; 1) the form of
Equation 2.22 is correct for predicting Ky, but ¢ may vary, and 2) ap-
plication of Fickian theory to lateral dispersion is correct as long as
there are no appreciable lateral currents in the stream. _

Okoye (1970) refined the determination of ¢ somewhat by use of the
aspect ratio, A = D/B, the ratio of the stream depth to stream width.
It was found that ¢ decreased from 0.24 to 0.093 as A increased from
0.015 to 0.200. |

The effect of bends in the channel on Ky is significant. Yotsukura
and Sayre (1976) reported that ¢ varies from 0.1 to 0.2 for straight
channels, ranging in size from laboratory flumes to medium size irri-
gation chanals; ¢ varies from 0.6 to 10 in the Missouri River, and ¢

varies from 0.5 to 2.5 in curved laboratory flumes. Fischer (1968)
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reports that higher values of ¢ are also found near fhe banks of

rivers.

Vertical Dispersion Coefficient
Very little experimental work has been done on the vertical dis-
persion coefficient, K, . Jobson and Sayre (1970) reported a value

for marked fluid particles of:

= Z
K, = KU,z (1 - £ (2.23)
for a Togarithmic vertical velocity distribution. « is the von Karman
coefficient, which is shown, experimentally, to be approximately = 0.4
(Tennekes and Lumley 1972 ). Equation 2.23 agrees with experimental

data fairly closely.

Water Quality Criteria

‘The féderal water quality criterion for turbidity and suspended
solids is based on protection of freshwater fish and other aquatic
1ife (Water Quality Criteria 1976 ). The criterion is stated:
"settteable and suspended solids should not reduce the depth of the
compensation point for photosynthetic activity by more than 10 percent
from the seasonally established norm for aquatic 1ife."

Turbidity and suspended solids have several effects on fish and
other aquatic organisms. Deposited sediments can damage invertebrate
populations and cover g}avel spawning areas. Silt attached to eggs
may inhibit oxygen transfer and so increase mortality. Suspended sol-
ids may act directly on fish by either killing them or inhibiting

their growth, and by reducing the availability of food. Suspended .
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solids reduce 1ight penetration which causes a reduction in the depth
of the photic zone. This reduced photic zone may lead to a reduction
in primary production which 1eéds to a decrease in the amount of food
for fish. Turbidity also interferes with aeﬁthetic enjoyment of water-
ways.

The Iowa Water Quality Standard (1977) for surface water states;
"the turbidity of the receiving water shall not be increased by more
than 25 Nephelometric turbidity units by any point source discharge."
The criterion shall apply after an appropriate mixing zone. The mix-
ing zone is the area of diffusion of an effluent in the receiving water.
In all cases, the mixing zone should be as small as practicable and

not include more than 25 percent of the cross-sectional area.
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CHAPTER ITI
MODEL DEVELOPMENT

The distribution of sediment in the water column is governed by

the equation:

oC °oC _ 9 9C
3t T Y 3X; - oX; (Fi 8Xi> (3.1)

where us refers to the fluid velocity in a rectangular coordinate
system (Xi)’ C refers to the concentration (mass per unit volume) of
sediment suspended in the water column, and Ki refers to the dispersion
coefficient in-the i'th direction (Sayre 1968). Equation (3.1) can be

rewritten as:

aC , u_ aC aC
3t ¥ Xax T yay —z— 8x(x8x> 8y<y8y> Bz<zaz>(32)

where x, y and z refer to the longitudinal, lateral and vertical
directions, respectively.

The solids in the plume are not uniform, but consist of various
size particles, each with a distinct sett]iﬁ§ velocity. The vertical
velocity of a particle (uZ) can be divided into two fractions, its

natural settling velocity in quiescent water, Wss and the velocity of
the water in the z direction, w. Incorporating these into Equation

(3.2) gives:
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) d 3 -
8t2c1'+ux8x Ie; t+ou i Ic, +(w +w) Zci

3 3 3 3 (¢
X (Kx X ZC) * dy <Ky dy ZCi) * 32 (Kz 3z ZC) (3.3)
These plumes develop along a shore of the river where the water is

shallow; therefore vertically averaged solids concentrations will be

calculated. The necessary assumptions are that Uys Uys KX and K are

y
depth independent, w = 0 and there can be no flux of suspended material
across the surface of the river (- Kz 32 u C 0 at z = 0). With

these assumptions, Equation (3.3) can be 1ntegrated to obtain (Schubel,

et al., 1978):

3 ,, 3, , 3C_ 5 f 3C\, 3 f B\ W
5t " Ux ax T Yy ay T @ (( ax>+ y(<y 8y) D (3.4)
where % J’ rc; dz, (3.5)
0
WC 1 3 o \
T°F [Kz 57 LC; Zwici] (3.6)
JfD z=D ’
. 0 Zwicidz
and W= (3.7)

FJ“"‘_"’“ '
rc.dz
o i

C is defined as the mean suspended solids concentration and W is the
mean settling velocity of the particles. D is the average depth of
the water containing the plume.

In a river, the following additional assumptions can be made to

further simplify Equation (3.4) (Sayre, 1973).
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u, = constant (3.8)
D = depth = constant - (3.9)
uy =0 (3.10)
Ky = constant (3.11)

and K << K. so d_ [, 3C\. (3.12)
X M oX (%x 8g>" 0

Incorporating these assumptions into Equatibn (3.4) and assuming steady

state (3C/9t = 0) gives:

2

Q

C_ X (3.13)

oC _ _ WC
90X y uXD

o ‘LK
<]

The solution to this equation can be written (Sayre, 1979) as:
x|
C (ysx) = C'(y,x) exp |~ u D (3.14)

where C'(y,x) is the solution to the diffusion equation:

2
Ky 3 C

C _
X (3.15)

For the case of a continuous point source of ﬂow,QO and solids

concentration,C_, the solution to Equation (3.15) is (Sayre, 1973):

03

QqC 2
C'(y,x) = uODO ] exp | 77 (3.16)
X 2\ Ky x/uy 4 ny )

This equation has the form of a normal probability function with var-

iance, oy2 = ZKy x/uy. .Substituting this into Equation (3.16) gives:

Q.cC 2
C' (y,x) = UODO 1 exp [: %5-}] (3.17)
X 2T Oy y
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Equation (3.17) describes the plume resulting from a continuous
point source. Water running off from a shore can better be described
by a line source of width,b, perpendicular to the shoreline. Equation
(3.17) can be modified to describe a line source by the method used by

Sayre (1973, 1979). The resulting expression is:

27 o

y y
where B is the width of the river and y' is a dummy variable describing

B
C' (ysx) = 6[ C'(y',0) == exp - %‘-g—zi] dy' (3.18)

any point within the source width. The initial conditions for this
Tine source are:

QG .
¢ (y's0) = 45— O<y <b
b

c' (y'50) =0 > b<y'<B (3.19)
where Qb =‘uXDb and is the portion of the river flow passing through
the source width,b. Incorporating these into Equation (3.18) and sub-

1
stituting the standard normalized variable s = xéx—fgives

B y/o Y ]
Q%L 1 Y s?
C' (y,x) = Q .1' exp -{j§— ds (3.20)
| b |Jer
y-b "’
- cy —

which is in the form of the cumulative normal distribution function.

The solution to Equation (3.20) is

Q.C _
C' (ysx) = g~ [F L) - F (lg—bﬂ (3.21)
b y Yy
where the value of F (*) can be obtained from a cumulative normal dis-

tribution table, such as the one included as Appendix C.
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The suspended solids plume described by Equation (3.21) includes
no effects from the side banks of the river. It is assumed that the
channel banks act as reflecting barriers. Including the effects of

reflection from the near side bank, the equation becomes:

Q.C .
C' (y,x) = —%;9 |} (Loi—-b-) - F (%;—b)i] (3.22)

This equation is not applicable if the suspended solids plume disperses
in the Tateral direction enough to reflect from the far shoreline. An
exact solution is presented by Sayre (1969).

| Substituting Equation (3.22) back into Equation (3.14) gives the

final solution,

QC _
C (y,x) =__-8;Q l} (Lg;b-) - F (’L;{;Qﬂ exp‘z %%x] (3.23)

QCo
o is the initial suspended solids concentration at the source. By
b .

dividing both sides of Equation (3.23) by the initijal concentration, the

model can be written:

Q b - b W |
Q‘;C_(') C (y,x) = &('%y—) - F (%—):l eva[' h’ij‘x (3.24)

and the right hand side can be solved 1ndepehdent of the source concen-
tration.

The parameters that are necessary to solve the model are the
source width, b; the mean depth, D; the mean downstréam velocity, uys
the Tateral dispersion coefficient, K, 6; and the terminal settling

y
velocity of the suspended particle, W. Values of downstream distance,
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X, are chosen and the lateral extent of the plume is calculated by vary-
ing the value of y/oy, and hence, y. An additional advantage is that
the model can be solved several times for size fractions with different
terminal settling velocities and the several solutions summed for the
final solution.due to the principle of superposition for linear dif-
ferential equations. |

The model can be programmed for solution with a programmable cal-

culator. One program for a Hewlett-Packard 29C is included as

Appendix A.
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CHAPTER 1V
FIELD PROCEDURES AND RESULTS

Suspended Solids/Turbidity Relationships

It was intended to use a continuous flow turbidity monitoring
device to sample the plume. Discrete samples were also to be taken
and analyzed for suspended solids concentration. With this data, a
correlation could be developed to translate the continuous flow tur-
bidity data into suspended solids, which was necessary for input into

the model. To this end, experiments were carried out in the laboratory

to develop corré]ations for three distinct types of particles, sand,
laboratory d?ade colloidal kaolin c]af’and Iowa River mud, a mixture
of silt and clay.

Turbidity was measured nephelometrically with a Turner Model 111
Fluorometer equipped with a flow-through door. A 2A secondary filter
was used with no primary filter. The sample of turbid water was con-
tained in a 1000 ml1 Erlenmeyer flask and was.Eontinuous1y mixed with a
magnetic stirrer and stir bar. The sample was withdrawn from the flask,
drawn through the fluorometer at approximately 1.2 1/min, and returned
to the flask. When a stéady turbidity reading was obtained, a sample
was collected from the pump discharge and analyzed for suspended solids.

Flow was downflow through the fluorometer. The material in the flask

* Fisher Scientific Co., Fair Lawn, N.J., Laboratory Grade Colloidal .
Kaolin Powder.
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was then diluted and the procedure repeated. Figure 4-1 shows the
equipment used.

The procedure was repeated for each of the three types of mater-
jals, sand, kaolin, and river mud. The relationship betweeh suspended
solids and turbidity for each of these materials is shown in Figure
4-2. It can be seen that although there are great differences in the
suspended solids concentration necessary to produce a certain turbidity,
each material exhibits a distinct relationship between suspended solids
and turbidity. The clay particles are Sma]]er and more numerous per
unit mass and therefore scatter 1light to a greater degree than Iowa
River mud or sand.

It was felt the suspended solids in the plume resulting from
disposal operations would exhibit this same phenomenon. It was there-
fore decided to measure turbidity continuously in transects across
the plume and take enough discrete samples for suspended solids analysis

to describe the relationship between the two parameters.

Field Sampling

Three of the four dredging operations by the U.S. Army Corps of
Engineers, Rock Island District, on the Miﬁsissippi River in 1978 were
monitored. Dredging operations monitored were near Hannibal, Missouri,
river mile 313.5, on Oc}ober 16 and 17; near Keithsburg, I1linois,
river mile 425.8, on October 25; and at Rock Island, I1linois, river
mile 482.0 on October 28. These three sites are shown in Figure 4-3.

At the Hannibal site, 18,800 cubic yards of sediment weredredged. At
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Figure 4-3, Experimental] apparatus used to develop turbidity Vs,

suspended solids re]ationships.
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Keithsburg, 11,166 cubic yards of sediment weredredged in 16.0 hours
and at Rock Island, 11,596 cubic yards of sediment were dredged in
18.58 hours. Each dredging disposal operation was unique with respect
to the resulting turbidity plume generated.

The dredge spoil at the Hannibal site was discharged to nearby
Armstrong Island, shown in Figure 4-4. This island is abproximate1y
1.7 miles long ahd 0.3 miles wide at its wideét point. It also has a
large inland depression and lake. There was nb runoff from this
island during the dredging. Much of the discharged water was assumed
to be percolating,with the rest ponding in depressions on the island.
Samples of the discharged water and of the ponded water were collected
for size analysis of the suspended solids for the purposes of comparison.

The dredge spoil at the Keithsburg site was discharged to Willow
Bar Is]and,zadjacent to the dredge cut, see Figure 4-5. Willow Bar
Island is approximately 2500 feet long and 400 feet wide and gently
slopes away from the main channel of the river. Consequently, there
was a return water flow to the back side of the island. Several points
of entry were noted but only the area downstreém from the major runoff
point was monitored.

The possible Tlateral and longitudinal dimensions of the turbidity
plume were estimated from surface debris washed into the river with
the runoff flow. A system of shore markers and in-stream buoys was
laid out to act as location markers so that the dimensions of the
plume could be accurately determined. A geodimeter (distance meter),

Hewlett-Packard Model 3800B, was used to measure the distance of each

L s oo OF IOWA
Sastoricat Buiiding
w2 ROWRES, ICWA 50319
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Figure 4-4. Site of dredging operation near Hannibal, Missouri
showing dredge cut and disposal area.
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GARNER
ISLAND

Figure 4-5. Site of dredging operation near Keithsburg, I1Tinois
showing dredge cut and disposal area.
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of the shore markers and buoys from the source of the plume. Each buoy
was placed so that it was roughly perpendicular from the shore line.
With this information, it was possible to calculate all of thé distances
in the grid system of markers and buoys. The grid system was approx-
imately 180 m. long by 80 m. wide.

Sampling of the plume was done by traversing the grid system in a
serpentine fashion in a slow moving boat. Samples were drawn through
the fluorometer continuously with a Masterflex Model 7545, Variable
Speed Drive pump. The pump was equipped with a number 7017 head and
used 0.225 in. I.D. by 0.3900 in.0.D. Tygontubing. Samples were drawn
at a rate of approximately 0.6 1/min and had an approximate residence
time of 0.4 minutes in the tubing. The boat was estimated to be moving
at 1 m/sec so the boat had moved approximately 20 m. between the time
the sample was removed from the water column and the time the turbidity
was read and the sample collected for suspended solids analysis. A
YSI Model 81A recorder with a 30 in/hr chart speed gear was attached
to the fluorometer to continuously record the turbidities. 100 ml |
discrete samples were taken from the puhp discharge for calibration of
the turbidity vs. suspended solids relationship.

The plume was sampled at three depths; top, middle and bottom.
During the sampling, the fluorometer became inoperable. It began
showing relatively constant turbidity readings at all points in the
plume. It was also giving an abnormally high reading for the turbidity,
around 500 to 900 NTU. Normal turbidity readings were all less than

100 NTU. Consequently, the continuous output was not used.
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Additional water samples were collected for size analysis of the
suspended sediment at the head of the plume, and at the discharge point
into the river. Size analysis included visual accumulation tube (VA
tube) as well as micropipette measurements for coarse and fine graded
materials. The velocity of the water flowing into the river was suf-
ficient to erode the shoreline of the island. A channel was cut into
the shoreline approximately three feet wide at the mouth and extending
approximately fifteen feet inland. Since this material was forming
the plume, a sample of this soil was collected. At the point where
the flow entered the rjver, a sand bar was buf]t up during the course
of the sampling. This sediment was also sampled for size analysis.
The final measurement taken was the current velocity at a point midway
between the shore and the buoy line. The current velocity was measured
with a Universal Current Meter 10.002.

Due to the Tocation of the sediment to be dredged at this site,
the discharge line from the U.S. Army Corps of Engineer's Dredge
Thompson to the shore ran across the entire width of the main channel.
This effectively blocked any barge traffic from either direction. For
this reason, the dredging operation was frequently halted and the dis-
charge Tine separated for bérges to pass. This interrupted the flow
from the island and sampling was halted until the flow was resumed.
Sampling was not restarted for a period of time after the flow had
returned to allow time for the plume to become re-established.

The dredge spoil at the Rock Island, I1linois site was discharged

directly to the I11inois shore of the river in what is known as a
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"beach nourishment" type of operation, see Figure 4-6. This was the
only operation with side bank disposal. In this type of operation, a
major percentage of the discharged sediment settles on the river bank
while a small portion of the sand and the majority of the silt and
clay fractions are retained in the water that returns to the river.
These fractions make up the plume.

Shore markers and buoys were again located in such a}manner as to
encompass the plume. The grid marked out was 430 m. long and
approximately 100 m. wide. Distances were taken with the geodimeter
and sampling of the plume was begun. The fluorometer was still in-
operative, it would not hold a zero reading, so many discrete samples
were taken to be analyzed for suspended solids and turbidity at the
laboratory. A1l samples were taken at the three foot depth, which was
approximately mid-depth. Water samples were taken at several points
in the plume for size analysis of the suspended sediments. Samples
were taken of the water flowing across the bank before entering the
river; the water at the head of the plume, and watér approximately
100 meters downstream from the head of the plume. A sample of the
deposited sediment near the dredge discharge was also collected for
size analysis. .

Discharge flow at this location was also quite intermittent. Due
to the morphometry of the river bed, there were times when very little
sediment was being dredged and discharged. These periods of pure water
discharge could last for minutés. During these times, very little

suspended material was being added to the plume. The dredging
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operation was also halted several times to move the discharge pipe
further upstream. This had the dual effect of stopping the sampling

activity and moving the source of the plume to a new location.

Field Results

The results from the Hannibal, Missouri sampling trip were size
analyses on suspended material in two samples. The first was a sample
of water flowing very near to the dredge discharge. It was attempted
to get a homogenous sample of material being discharged from the
dredge but this was not possible. When material was discharged from
the dredge discharge pipe, a large portion of the solids immediately
settled. The water portion of the dredged material flowed over this
mounded sand. This water was sampled for size analysis. The results
of the size analysis are shown in Figure B-1, Appendix B and a
summary is shown in Table 4-1. This sample contained 2100 mg/1 of
suspended solids.

The second sample was of water flowing overland across Armstrong
Istand. This sample was collected approximately one half mile from
the discharge point. The water was fairly sjow moving and had passed
throﬁgh some relatively quiescent pools. It was felt that this water
was indicative of the water that would have returned to the river, had
there been return flow.

The suspended solids content of this sample was 74 mg/1. It can
be seen in Table 4-1 that the size of the suspended solids in the over-

land flow water was much smaller than the size of the suspended




DESCRIPTION: Sand, % Silt, % Clay, %
Hannibal:
Discharge Pipe 95.6 " 1.4 3.0
Overland Flow 0.3 7.2 92.5
Keithsburg: )
Island Mud 0.7 89.3 10.0
Deposited Sand 81.5 13.5 5.0
Discharge Creek 5.0 66.0 29.0
Head of Plume 1.8 67.0 31.0
Rock Island
Sediment near discharge 95.5 2.3 2.2
Discharge Pipe >99.9 --- -—
Beginning of Plume 95.0 3.7 1.3
Suspended Solids in Plume 0.7 25.3 74.0

Dgps 1m

270
<2

490
17
15

370
455
330
<2

Character

fine to medium
sand
clay

silt
medium sand
silt and clay

silt and clay

medium sand

medium to course
sand

fine to medium
sand

silt and clay

Table 4-1. Results of size analysis of water and sediment samples.

LE
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solids in the discharged material. This is due to settling of the
larger material in the quiescent pools. The results of the size anal-
ysis can be seen in Figure B-2, Appendix B. |

The size analyses were performed by Mr. Wilbur Matthes, Jr., United
States Geological Survey, Iowa City. The particle sizes were analyzed
by the Visual Accumulation Method and the Pipet Method. The Visual
Accumulation method gives an analysis in the range of 62 to 1000 micro-
meters (um). The Pipet Method gives an analysis of the particles in
the range of 2 to 62 um. One sample was analyzed by the Dry Sieve
Method which gives an analysis of particles in the range of 62 to
4000 um.

The mid-depth suspended solids plume as sampled at Keithsburg is

shown in Figure 4-7. It can be seen that the plume hugged the shoreline

and exhibited 1ittle lateral dispersion; the plume is less than 20
meters wide.

The results from the four size analyses performed are shown sum-
marized in Table 4-1 and in Figures B-3 through B-6, Appendix B. The
samples analyzed were island mud, deposited sand, discharge creek and
head of plume. The first two were sediment 'samples while the second
two were water samples. Thé island mud sample was the material being
eroded to form the suspended solids plume. It was mostly silt with a
small amount of sand and clay. The deposited sand is material de-
posited as the runoff water entered the river. Of the two water
samples, the first was taken in the eroded discharge creek before enter-

ing the river, and the second was taken at the head of the plume, after
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the sand had been deposited. This can be seen by comparing the two
particle size frequency plots; the head of plume sample shows a Tower
percentage of sand than the discharge creek p1ot.

The mid-depth suspended solids plume as sampled at Rock Island
is shown in Figure 4-8, with iso-concentration lines. It can be seen
that this plume also hugged the shoreline and exhibited little lateral
dispersion over 500 m. downstream distance. The dropvin suspended
solids concentration between 200 m. and 350 m. is assumed to be caused
by a prolonged period of low solids concentration in the discharge.
The sampling was discontinued at 450 m. because of a large widening
and change in river morphometry at this point. -

There were four samples collected at Rock Island for sfzé analysis,

one sediment sample and three water samples, see Table 4-1 and Fig-

ures B-7 through B-10, Appendix B. The sediment sample was of sediment
near the dredge discharge,but away from the bank approximately 5 feet.
This sediment is material that had been dredged from the channel,
discharged on the bank and carried back into the ri?er by the

water. It can be seen that this was very large material. A sample
was collected near the discharge pipe in the same manner as the sample
collected at the Hannibal, Missouri dredge operation. It can be

seen that these samples are very similar. The water samples collected
at the head of the plume and 100 meters downstream in the plume

show interesting results. The suspended solids in the plume at the
head consist of primarily sand, while only 100 meters downstream,

there is almost no sand. Another interesting observation is that the
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silt and clay fractions have reversed, there being a much higher per-
centage clay in the body of the plume than at the head of the plume.
The turbidity of the samples collected for size analysis was mea-
sured in the laboratory with a Hach Model 2100 Turbidimeter. The max-
imum turbidity measured was 33 nephelometric turbidity units (NTU)
above ambient at the plume source. The ambient turbidity was 22 NTU.
The turbidity in the plume rapidly decreased with downstream distance;
the turbidity had decreased to 15 NTU at 100 m. downstream. Figure D-2
in Appendix D shows the relationship between suspended solids and tur-
bidity for the Rock Island samples. The correlation coefficient for

this data is 0.87.
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CHAPTER V
MODEL RESULTS AND DISCUSSION

Graphical Solution

The model development by Schubel, Carter et al., (1978) was first
used to try to simulate the observed field data. It was decided to

simulate the data from the Rock Island, I]]ihbis sampling trip.

Model Input Parameters
There are six input parameters to the model; a) the rate of
addition of suspended solids to the receiving water, b) the average
vertical thickness of the plume, c) the mean particle settling veloc-
jty, d) the diffusion velocity, e) the time interval for the plume
to reach its maximum length and f) the average current velocity of
the receiving water. Each of these parameters will be discussed as

pertaining to the Rock Island, I11inois site.

Rate of addition of suspended solids to the réceiving water (q)

The rate of addition of suspehded solids to the receiving water
is a function of the size of the dredge, the type of material being
dredged and the amount-of time for settling before the discharged
water returns to the receiving water.  Since the operation at Rock

Island was side bank disposal, there was essentially no time for

settling before the discharged water re-entered the river. The amount
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of suspended material entering the river and the rate of addition can
be calculated in several ways.

The fraction of the total solids discharged from the dredge that
becomes incorporated into the plume has been calculated to vary from
1% to 5% (Schubel, Carter et al., 1978). The mass of material dis-
charged from the dredge per unit time, Qm’ can be calculated. At
Rock Island, 11,596 cubic yards of material were dredged in an operat-
ing time of 18.58 hours (personal communication with Mr. Dick Baker,
Chief of Operations, Rock Island District, U.S. Army Corps of Engineers).
Using these values and assuming the sediment to be 85% solids,

Qm = 2.39 X 108 mg/sec. The fraction remaining suspended and becoming
incorporated into the plume is assumed to be the silt and clay fraction,
which from Table 4-1, is seen to be 5.0% at the beginning of the plume.
Therefore, -the rate of addition of suspended particulates to the plume,
q, is equal to 1.20 x 107 mg/sec.

An alternate method of calculation of the rate of addition of
suspended solids to the plume is‘to calculate the vé]ue of q = Uy ACb,
where A is the cross-sectional area of the head of the plume, Cb is the
concentration of suspended solids at the head of the plume and Uy is
the mean plume velocity in the longitudinal direction. From Figure 4-8,
it is seen that the width of the plume is approximately 50 meters at
the source, and the concentration is approximately 112 mg/1 at that
point. The average depth of the river was measured to be 6 feet and

the mean current velocity was 0.40 meters/second. Using this
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information:
A= (50 m)(2 m) = 100 m (5.1)
q = (0.40 m/sec)(100 m2)(112 mg/1)(1000 1/m°) = 4.48 x 10 mg/sec.
(5.2)

It is seen that there is a large disagreement in q ca]culated by
the two methods. Since the objective is to try to match the observed
suspended solids plume, the value q = 4;5 X 106 mg/sec is chosen.
Evidently some of the silt and clay must settle-out in a dense wedge
as the discharge water first enters the river. Approximately 2% of
the total sediment that is dredged actually enters the River and be-

comes entrained in the plume.

Average vertical thickness of the plume, D

The depth of the river was measured at several locations in the
suspended §o1ids plume. The average depth was determined to be approx-
jmately 6 feet. Schubel, Carter et al., (1978) advise using a value
of one half the total water depth in areas where the water depth is

8 feet or less. Therefore, the value D = 3 feet = 0.9 meters is chosen.

Mean particle settling velocity, W

The mean particle size can be determined from the size analysis
on the suspended solids. Since the sand settles immediately, the
material forming the plume is the silt and clay fraction. The mean
particle size of the silt/clay fraction was determined to be 0.02 mm.
Using Stoke's Law and a water temperature of 50° F, the mean particle

settling velocity was calculated, W = 0.027 cm/sec.



46

Diffusion velocity, w

Schubel, Carter et al., (1978) reported the range of the longi-
tudinal and lateral diffusion velocity in open rivers to be 0.2 -

0.5 cm/sec. The value of 0.5 cm/sec was chosen.

Time interval for the plume to reach its maximum length, t

The maximum length of a suspended solids plume in a river is
determined by the settling velocity of the suspended particle and the
vertical distance the mean particle must sétt]e (Barnard, 1978). For
the Rock Island case, W = 0.027 cm/sec and D = 3 feet,

91 cm
0.027 cm/sec

t = %-= = 3370 seconds (5.3)

Average current velocity of the receiving water, u, : ‘
The current velocity of the river was measured at several locations
within the suspended solids plume. The average current velocity was

calculated to be, u, = 0.4 m/sec.

Non-dimensional Ratiqs and Scaling Factors
The suspended solids model presented by Schubel, Carter et al.,
(1978) is in the form of a series of graphs. The graphs were developed
as functions of the fo]]owihg non-dimensional ratios and scaling

factors.

-

Ratio of diffusion velocity to advective velocity, w/ux

w _ 0.5 cm/sec _ 0.013 (5.4)

uy " 40 cm/sec
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This ratio indicates that the longitudinal dispersion is small in

comparison to the mean longitudinal velocity.

Ratio of the plume age to the settling time, ¥y

W . 3
y = _%_= (0.027 cm/g?czés 70 sec) . 4  (5.5)

The value of y will always be equal to 1 in a river since t is de-

fined as D/W.

Distance Scaling Factor, DSF

DSF = u t = (0.4 m/sec)(3370 sec) = 1350 m (5.5)
This is the expected distance of travel for the mean particle

which falls from the surface to the bottom.

Concentration Scaling Factor, CSF

6 3
. _ 2.24 x 10° mg/sec (1000 cm”/1) -
CSF = Eﬁéﬁf (n)(0.5 cm/sec) ® (91 cm) (3370 sec) 18,600 mg/1 (5.7)

Calculation of the Centerline Concentrations

The above ratios and factors are used along with the graphs of
Schubel, Carter et al., (1978) to calculate the concentration of the
suspended solids plume along the centerline. The centerline for a
sidebank disposal operationiin a river is along the near bank. The
model was originally developed for estuarine open water disposal, and
therefore,no effects of sidebanks were included in the solution. This
is easily modified for sidebank disposal in a river by assuming the
bank is a reflecting barrier. The effect of this reflecting barrier

on a plume resulting from sidebank disposal can be described as folding
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the plume back on itself along the ceterline. The net effect is that
the suspended solids concentrations calculated with this model must be

doubled to describe sidebank disposal in a river.

Suspended solids concentration at distance uxt

The first step in determining the suspended solids concentrations
along the centerline is to determine the suspended solids concentration
at distance uxt. This cohcentration is found by using Fighre 5-1,
(Barnard,.1978). Enter Figure 5-1 at the ca1cﬁ1ated value of /U, .
Move vertically to the éurve corresponding to the calculated value of
v and horizontally to determine the value of

Concentration, mg/1 at distance u.t = 0.0045
CSF

Therefore,the suspended solids concentration at 1350 m is calculated
to be equal to 84 mg/1 above the ambient river value. Doubling this
value to account for reflection from the bank gives a value of 167 mg/1

above ambient.

Distance, x, where centerline concentration is a specified concentration

above ambient

The next step in determining the suspended solids concentrations
along the centerline is to choose a centerline concentration and find
the distance downstream‘that corresponds to this concentration. As an
example, the distance where the centerline suspended solids concentra-

tion = 1000 mg/1 above ambient will be calculated.
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1000 mg/1 - 1000 mo/1 _ ¢ o (5.8)

1) Calculate: concentration at distance ut © 167 mg/1

2) Use this ratio to enter Figure 5-2 from Barnard (1978) along
the ordinate. Move horizontally to the curve corresponding
to cu/uX and then vertically to determine the value of

Distance x
DSF

Figure 5-2 is for x = 1. Figures for vy = 0.01, 0.1, 10 and
100 are included in Schubel, Carter et al., (1978). Multiply-
ing this value by DSF gives the distance at which the center-
line suépended solids concentration is 1000 mg/1 above
ambient.

For the Rock Island site, cu/ux = 0.013 and DSF = 1350 m.

Figure 5-2 shows .

- Distance x _
Distance x . .52 . (5.9)

Therefore, the distance where the centerline suspended solids
concentration is 1000 mg/1 above ambient is equal to 700 m.
3) Steps 1 and 2 are repeated for as many different suspended
solids concentrations as are needed‘to adequately describe
the centerline of the plume. Values calculated for the
Rock Island site are shown in Table 5-1.
It can be seen 1n_figure 5-2 that the curve for (’u/uX is nearly
vertical below

Concentration_at distance x  _ 1
Concentration at distance uxt

For this reason, plume concentrations can not be calculated at distances
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Concentration Concentration Distance x | Distance x
(mg/1) Concentration at distance u t DSF (m)
25,000 150 0.032 43

10,000 60 0.085 15
5,000 30 0.14 189
2,500 15 0.23 310
1,000 6 0.52 700

500 3 0.80 1080
167 1 1.00 1350
Table 5-1. Downstream distance corresponding to various suspended

solids concentrations along the centerline. Rock Island, I1linois site.




53

beyond uxt. For the Rock Island plume, the plume can not be described
at a distance beyond 1350 m. The suspended solids concentration at

this point is 167 mg/1.

Lateral Dimensions of the Plume
The plume described by this model is approximately Gaussian and
therefore, the lateral dimensions are directly related to x, the down-
stream distance. The width of the plume as determined by the C(I)

isopleth and measured from the centerline, y, is determined by:

2 2(1 > [_2n C(I)/CSF
5§?-£\/; (ﬁg%) o )(%ii> [_ n 1)/ _] (5.10)

where o2(x/DSF) is determined from Figure 5-3, c2(1) is determined

from Figure 5-4, C(x) = suspended solids concentration on the center-
line at di§tance X, C(I)= suspended solids concentration of the
isopleth chosen to define the plume, w/ux, DSF, CSF and x as defined
previously.

Assume the plume is defined by the 50 mg/1 above ambient isopleth.
For the Rock Island site, C(I) = 25 mg/1 since the plume is reflected
from the shoreline. The width of the plume, can be calculated at each.
of the distances where the centerline suspended solids concentration
is known. To finish the example calculation, the width of the plume
js calculated at x = 700 m or where C(x) = 1000 mg/1 above ambient.

(1) calculate:

X _700m _
BSF = 7350 m . 0-°2 (5.9)

This is the value that was found in Step 2,previously.
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Calculate:

C(1) _ 25 mg/T
CSF = 18600 mg/1

= 0.0013 - (5.11)

Use the value x/DSF to enter Figure 5-3 along the abscissa.
Move vertically to the correct m/ux curve and then horizon-
tally to determine the value of o2 (x/DSF). From Figure 5-3,
with x/DSF = 0.52 and w/u, = 0.013, o% (x/DSF) = 0.25.

Use the value co/ux to enter Figure 5~4 along the abscissa.
Move vertically to the correct?y curve and then horizontally
to determine the value of o2?(1). From Figure 5-4, with
w/u, = 0.013 and v = 1, a?(1) =

Calculate:

oF J (DSF) e ( ) [ o C(I)/CSF (5.10)

=J (0.25)(1)(0.013)? (} n oi888§> - o020

Calculate: ‘

= (y/DSF)(DSF) =(0.024)(1350 m) = 32 m (5.12)
Steps 1-6 are repeated for other values of x and C(*) until
the shape of the 50 mg/1 isopleth’is adequately determined.
Table 5-2 shows tﬁe values calculated for the 50 mg/1 isopleth
for the Rock Island site. If other isopleths ?re desired,

the procedure is repeated for a different C(I) value.
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X X C(x) o?f x_ Yy y
(m) DSF (mg/1) (DSE) DSF (m)
43 0.032 25,000 0.0010 .0017 2.3
115 0.085 10,000 0.0068 .0043 5.8
189 0.14 5,000 0.020 .0072 10
310 0.23 2,500 0.053 011 15
700 0.52 1,000 0.25 .024 32
1080 0.80 500 0.62 .037 50
1350 i.OO 167 1.0 .045 60
Table 5-2. Estimate of lateral extent of the plume at various

distances x for Rock Island, Illinois.
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Discussion of Model

It can be seen by comparing Table 5-1 to Figure 4-8 that the model
does not predict the plume observed during the dredge disposal opera-
tion. The maximum suspended solids concentration observed was 124 mg/1
above ambientAwith the maximum extent of the 50 mg/1 isopleth being
approximately 500 m. downstream. The model shows a maximum suspended
solids concentration in excess of 25,000 mg/1 and the maximum longitud-
inal extent of the 50 mg/1 isopleth is greater than 1350 m.

Much of this problem can be traced to the assumptions concerning
the type of source of the plume. The model assumes a point source
discharge which is consistent with the mode of discharge in estuarine
pipeline disposal operations, but it is not representative of the side-
bank disposal operations performed on the Mississippi River, GREAT II
reach. i}

It can be seen from Figure 4-8 that the concentration of suspended
solids at x = 0 is approximately constant for a distance of 50 m.

This Tine source means that the same amount of solids is suspended in
a much greater volume of water for the observed plume, as opposed to
the model calculated plume.

The solution to this pr6b1em would be to modify the model so the
initial source condition would be a line instead of a point. Unfortun-
ately, this is not an easy task.

An alternative solution would be to solve the model assuming sev-
eral point sources located at several points across the observed plume

source width. This type of solution may have more closely described
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the ohserved plume, but the problem of reflection from the shoreline
would have made the solution very unwieldy. It was decided that
this type of solution was beyond the scope of "a simple model" and so
was unsatisfactory for this study.

Because the model could not.be used to predict the observed plume

at Rock Island, this model was not used to try to predict the Keithsburg .

plume.

Analytical Solution

The model discussed in Chapter III was developed as an alternative
to the model developed by Schubel, Carter, et al. This analytical
model was developed to describe transport and dispersion of suspended
solids in a river. It was decided to simulate the suspended solids

plume that-was observed during the Rock Island dredging operation.

Model Input Parameters
There are six input parameters to the model, a) the width of the
plume source, b) the mean depth of the portioﬁ of the river containing
the plume, c) the mean velocity of the river 1h the area of the plume,
d) the dispersion coefficient, e) the settling velocity of the suspended
particle and f) the downstream distance from the plume source. Each

parameter will be discussed.

Width of the plume source, b

The width of the plume source is a function of the velocity of

the returning flow, the direction of that flow with respect to the
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direction of the receiving water flow and the velocity of the receiv-

ing water. A plume resulting from sidebank disposal would be expected
to have a wider plume source than a plume resulting from disposal at

a site where the water could not immediately return to the river. A
plume developing in a backwater area characterized by a sTow moving
current would be expected to haQe a wider plume source than a plume

developing near the main channel of a river with a fast current.

Mean depth of the plume, D

The plumes resulting from dredge disposal operations are generally
shofe-attathed and are therefore in areas of varying depth. The mode1
assumes constant depth. Therefore, an attempt should be made to mea-

sure the depth at several locations in the area of the plume to deter-

mine an average depth. This average depth will be used in the model,

directly.

Mean river velocity, u,
The mean velocity of the river in the immediate vicinity of the

plume must be known.

Dispersion coefficient, K
y

The lateral dispersion coefficient must be either measured or cal-
culated from empirical relationships. Assuming Elder's (1959) relation-
ship of Ky = 0.23 DU*,-Ky was calculated to be approximately 100 cm?/sec.
Allowing for some effects of the sloping channel bottom, the value of

Ky was chosen to be 300 cm?/sec.
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Settling velocity of the suspended particle, W

The terminal settling velocity of a suspended particle is deter-
mined by its specific gravity and its size. The particle size can be
estimated by fall velocity analysis. Knowing the particle size and
assuming a specific gravity, Stoke's Law can be used to determine the
terminal settling velocity. A chart is included in Barnard (1978) and
is reproduced in Appendix D, relating particle size to terminal settling

velocity. This chart can be used for settling velocity approximations.

Downstream distance from the plume source, X

The model equation given in Chapter III is solved at a particular
distance downstream from the plume source. To determine the entire

plume, the model must be solved several times with different x distances.

- Solution to Rock Island, I11inois Plume

A solution was first attempted using a mean settling velocity, as
with the model of Schubel, Carter, et al., (1978). It was not possible
to calculate a plume that resembled the field-observed p]umé using this
technique. Therefore it was decided to calculate the plume resulting
from each of three different size fractions and sum the individual
concentrations to get the overall plume.

The final solution involved three size fractions; sand, silt and
clay. The proportion of each fraction was determined by knowing the
size analysis at a point in the plume and the concentration of total
solids in the plume at various locations. Table 4-1 shows that the

silt/clay ratio was approximately 25:75 at a point in the plume.
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Figure 4-8 shows a suspended solids concentration of approximately
45 mg/1 at the end of the plume. Assuming no clay settled out of the
plume over the short length of the measured plume, the initial clay
concentration was calculated to be approximately 35 mg/1 or 30% of the
initial suspended solids concentration. The proportion of sand was de-
termined from Figure 4-8. The initial suspended solids concentration
was approximately 112 mg/1 and the suspended solids concentration at
100 m was approximately 60 mg/1. Assuming all of the sand had settled
in the first 100 m and that little of the silt and clay had been re-
moved, gave an initial sand concentration of 52 mg/1 or approximately
45% of the initial suspended solids. The remaining 25% of the initial
suspended solids was assumed to be the silt fraction. Thus, the com-
position of the suspended solids at the plume source was approximately
45% sand, éé% silt and 30% clay.

The settling velocity for each of these fractions was estimated
- from Appendix D and from the size analysis of the material entering
" the plume, Figure B-9, Appendix B. The mean diameter of the sand
fraction was determined to be 0.26 mm, corresponding to a settling vel-
ocity of 0.02 m/sec. The silt fraction meag particle size was 0.026 mm
with a settling velocity of 0.003 m/sec. The settling velocity of the
clay fraction was chosen as 0.000001 m/s.

The following paraﬁeters were used as input to solve the model
for the Rock Island simulation:

b=2m

D

2m
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o= 0.4 m/s
Ky = 0.03 m?*/s
wsand = 0.02 m/s
wsi]t = 0.003 m/s
wc]ay = 0.000001 m/s
98§Q-= 112 mg/1
where QOC0 is the concentration of suspended material at x = 0.
9,

These values are used in Equation 3.24 to simulate the plume.

By F(u_b_)_ F(.L..?.)] exp | _ Wx_ (3.24)
roo Gy oy Dux

The method of solution to Equation 3.24 follows.
(1) -Choose a distance, x, downstream from the source. For
example, choose 50 m.

(2) Ccalculate the value of the exponential term.

W _ 0.02 m/s)(50 -
exp [— Bﬁx] = exp [- ((2 m)TO?l)l(m/s%Q}_ 0.287

(3} Choose value of y/cy. This value corresponds to the distance
from the plume cénter]ine, Y. The plume centerline, y = 0,
is defined as the shoreline along which the plume develops.
To calculate the centerline concentration, y/oy = 0.

(4) Ccalculate the value of o_.

y
o, =\[2K, x/u, =.\/2 0.03 m) (_50m Yy 5y

sec 4 m/s




(5)

(6)

(7)

(8)

(9)

(10)
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Calculate the distance from the centerline, y.

y=®0@0=m)mnm=0m

Calculate the value b/oy.

b _25m
oo 2.mm 90
y
Calculate the value y+b
o
y
Yh X 4b - 049.00=9.0.
y y y
Calculate the value y-b
5
Y
YhoY b oo 9.09=-9.09.
y y y
Determine F<_y_4_-g> and F(t‘l) from a table of the cumula-
%y %y |

tive normal distribution function. This table is included as
Appendix C.

F (9.09) = 1.0

F (-9.09) = 0.0
Insert values calculated in steps 2 and 10 into Equation 3.24
to calculate the proportion of chosen size fraction remaining

in the plume at point (y,x).

% ¢(y,x)= (1.0-0.0) (0.287) = 0.287.
QOCO
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(11) Calculate the initial concentration of the sediment fraction

chosen.

Q.C
—%}5{} [% sediment choseﬁ] = (112 mg/1)(0.45 sand)
b : ‘

= 50.4 mg/1 sand
(12) Calculate the concentration of the chosen sediment fraction
at point (y,x). .
C (y,x) = (50.4 mg/1)(0.287) = 14.5 mg/1
(13) Repeat steps 3 through 12 for a sufficient number of values
of y/cy to determine the concentration of the chosen sedi-
ment fraction in the plume cross-section at distance x.
(14) Repeat steps 2 through 13 for the various sediment fractions.
(15) Sum the values calculated in step 12 for each point (y,x) to
aetermine the overall suspended solids concentration at
point (y,x).
(16) Repeat steps 1 through 15 for Sufficient number of values of
X to determine the dimensions of the plume and the concen-
trations in the plume.
The simulated suspended solids plume 6;1cu1ated for the Rock
Island, I11inois site is shown in Table 5-3.
Figures 5-5, 5-6 and 5-7 all show the simulated suspended solids
plume. Figure 5-5 sths the plume superimposed on the field data.
Figures 5-6 and 5-7 show the simulated plume to a distance of 10,000

meters for different values of Ky. Figure 5-6 is for Ky = 300 cm?/sec.,



" sap SILT CLAY Total
x |y |y+b | y-b Fly+b Fly-b Fraction C (y,x) | Fraction € (y,x) | Fraction C (y,x) ig ?;TT?

(m) o, | 9 oy (m) ( cy> (oy ) Remaining | (mg/1) Remaining | (mg/1) [ Remaining| (mg/1) (mg/1)
50 0 9.086 | -9.086 0.0 1.0 0.0 0.283 14.3 0.981 27.5 1.000 33.6 75.4
6 | 15.086 | -3.086 { 16.5 1.0 0.0010 0.283 14.3 0.980 27.4 0.999 33.6 75.3

7| 16.086 | -2.086 ]9.3 1.0 0.0185 0.278 14.0 0.963 27.0 0.981 33.0 74.0

8| 17.086 | -1.086 | 22.0 1.0 0.1388 0.244 | 12.3 0.845 23.7 -0.861 28.9 64.9

9 | 18.086 | -0.086 | 24.8 1.0 0.4657 0.151 7.6 0.524 14.7 0.534 17.9 40.2

10 | 19.086 0.914 | 27.5 1.0 0.8196 0.051 2.6 0.177 5.0‘ 0.180 6.0 13.6

11 | 20.086 1.914 } 30.3 1.0 0.9722 0.008 0.4 0.027 0.8 ©0.028 0.9 2.1

12 | 21.086 2.914 | 33.0 H.O 0.9982 0.001 0.0 0.002 0.0 0.002 0.1 0.1

100 0 6.425 | -6.425 0.0 1.0 0.0 0.080 4.0 0.963 27.0 1.000 33.6 64.6
3 9.425 | -3.425 { 11.7 1.0 6.0003 0.080 4.0 0.963 27.0 1.000 33.6 64.6

4 | 10.425 | -2.425 | 15.6 1.0 0.0076 0.080 4.0 0.956 26.8 0.992 33.3 64.1

5 1 11.425 | -1.425 | 19.4 1.0 0.0771 0.074 3.7 0.889 24.9 0.923 31.0 59.6

6 | 12.425 | -0.425 | 23.3 1.0 0.3352 0.053 2.7 0.640 17.9 0.665 22.3 42.9

Table 5-3. Simulated suspended solids plume for Rock Island, I1linois site.
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. SAND SILT CLAY Total
Fraction | C (y,x) | Fraction | C (y,x) | Fraction | C (y,x) in Plume
x| Y |y*b |y=b |y (Fly+b)|Ffy-b C (y,x)
(m) o | oy gy (m) (: 9y (; oy Remaining | (mg/1) Remaining | (mg/1) Remaining | (mg/1) (mg/1)
100 71 13.425 0.575 | 27.2 1.0 0.7173 0.023 1.2 ' 0.272 7.6 0.283 9.5 18.3
8| 14.425° 1.575 | 31.1 1.0 0.9424 0.005 0.2 0.055 1.5 0.058 1.9 3.6
9 | 15.425 2.575 | 35.0 1.0 0.9950 0.000 0.0 0.005 0.1 0.005 0.2 0.3
200 0 4.543 | -4.543 0.0 1.0 0.0 0.006 0.3 0.927 26.0 1.000 33.6 59.9
1 5.543 | -3.543 5.5 1.0 0.0002 0.006 0.3 0.927 26.0 1.000 33.6 59.9
2 6.543 | -2.543 | 11.0 1.0 0.0055 0.006 0.3 0.922 25.8 0.994 33.4 59.5
3 7.543 | -1.543 | 16.5 1.0 0.0614 0.006 0.3 0.870 24.4 0.938 31.5 56.2
4 8.543 | -0n.543 | 22.0:] 1.0 0.2936 0.005 0.2 0.655 18.3 0.706 23.7 42.2
5 9.543 0.457 | 27.5 1.0 0.6761 0.002 0.1 0.300 8.4 0.324 10.9 19.4 _
6 | 10.543 1.457 | 33.0 1.0 0.9275 0;000 0.0 0.067 1.9 0.072 2.4 4.3
71 11.543 2.457 | 38.5 1.0 0.9930 0.000 0.0 0.006 0.2 0.007 0.2 0.4
300 A 0 3.709 | -3.709 0.0 0.9999 0.0001 0.0 0.0 0.892 25.0 0.999 33.6 58.6
1 4,709 | -2.709 6.7 1.0 0.0034 0.0 0.0 0.890 24.9 0.996 33.5 58.4

Table 5-3 (continued).
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, SAND SILT CLAY ggms
Fraction | C (y,x) | Fraction | C (y,x) | Fraction |[C (y,x) |1 Plume
X Y. |y*b | y-b |y Fly+b\| F(y- ¢ (y,x)
(m) I, cy oy (m) <' Gy ;) <l °y j) Remaining | (mg/1) Remaining| (mg/1) Remaining | (mg/1) (mg/1)
300 2 5.709 | -1.709 | 13.5 1.0 0.0437 0.0 0.0 0.854 23.9 0.956 32.1 56.0
3 6.709 :0.709 20.2 1.0 0.2392 0.0 0.0 0.679 19.0 0.761 25.6 44.6
4 7.709 0.291 | 27.0 1.0 0.6145 0.0 0.0 0.344 9.6 0.385 12.9 22.5
5 8.709 1.291 | 33.7 1.0 0.9017 0.0 0.0 0.088 2.5 0.098 3.3 5.8
6 9.709 2.291 | 40.4 1.0 0.9890 0.0 0.0 0.010 0.3 0.011 0.4 0.7
7 | 10.709 3.291 | 47.2 1.0 0.9995 0.0 0.0 0.000 0.0 0.000 0.0 0.0
400 0 3.212 | -3.212 0.0 0.9993 0.0007 0.0 0.0 0.858 24.0 0.998 33.5 57.5
1 4,212 | -2.212 7.8 1.0 0.0135 0.0 0.0 0.848 23.7 0.986 33.1 56.8
2 5.212  -1.212 | 15.6 . 1.0 0.1127 0.0 0.0 0.763 21.4 0.887 29.8 51.2°
3 6.212 | -0.212 | 23.3 1.0 0.4160 0.0 0.0 0.5n2 14.1 0.584 19.6 33.7
4 7.212 0.788 | 31.1 1.0 0.7817 0.0 0.0 0.188 5.3 0.219 7.4 12.9
5 8.212 ].788 38.9 1.0 0.9631 .0 0.0 0.032 0.9 0.037 1.2 2.1
6 9.212 2.788 | 46.7 1.0 0.9974 0.0 0.0 0.002 0.1 0.003 0.1 0.2

Table 5-3 (continued).
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s Total
SAND SILT CLAY Solids
Fraction | C (y.x) | Fraction | C (y,x)| Fraction | C (y,x) | 0 Plume
x 'y | y*b fy=b |y Fly*+b\|[F(y- ’ ’ ’ C (y,x)
(m) o, o, o, (m) o o, Remaining | (mg/1) Remaining | (mg/1) Remaining | (mg/1) (mg/1)
500 0 2.873 | -2.873 0.0 0.9979 - 0.0021 0.0 0.0 0.824 23.1 0.995 33.4 56.5
1 3.873 | -1.873 8.7 0.9999 0.0305 0.0 0.0 0.802 22.5 0.969 32.6 55.1
2 4.873 | -0.873 | 17.4 1.0 0.1914 0.0 0.0 0.669 18.7 0.808 27.1 45.8
3 5.873 0.127 | 26.1 1.0 0.5505 0.0 0.0 0.372 10.4 0.449 15.1 25.5
4 6.873 1.127 | 34.8 1.0 0.8701 0.0 0.0 0.107 3.0 0.130 4.4 7.4
5 7.873 2.127 | 43.5 1.0 0.9833 0.0 0.0 0.014 0.4 0.017 0.6 1.0
6 8.873 3.127 | 52.2 1.0 0.9991 0.0 0.0 0.001 0.0 0.001 0.0 0.0

Table 5-3 (continued).
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Figure 5-5. Simulated suspended solids plume for Rock Island, I1Tinois
site ‘superimposed on field data.
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Figure 5-6. Far field suspendeg solids plume for Rock Island, Il1linois

site. Ky = 300 au“/sec.
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Figure 5-7. Far field suspended solids plume for Rock Island, I1linois
site. Ky = 1000 cm¢/sec.
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the same value used for Figure 5-5, while Figure 5-7 is for

Ky = 1000 cm?®/sec. Since the far field plume was not measured during
the. field sampling, there is no basis for choosing either one as the
correct plume. However the turbulence scale would increase as the

lateral dimensions of the plume increases downstream, so one might

expect an increase in Ky, the lateral dispersion coefficient.

Solution to Keithsburg, I11inois Plume

The observed suspended solids plume at Keithsburg, I11inois was
quite different from the plume observed at Rock Island, Il1linois. It
can be seen from Figure 4-7 that the source width is much smaller; it
was estimated to be 3 meters. Table 4-1 indicates that a very dif-
ferent sand:silt:clay ratio was measured at Keithsburg; approximately
2:67:31 at the head of the p]ume. Figure B-6 in Appendix B shows
mean diamtérs for the particles to be; sand = 0.0086 cm and
silt = 0.0017 cm. These correspond to settling velocities of 0.005 m/sec
for sand and 0.00022 m/sec for silt. The settling velocity for clay
was again chosen to be 1 X 10'6 m/séc. ‘The stream velocity was mea-
sured to be 0.35 m/sec. The initial suspenged solids concentration
was estimated to be 75 mg/1 from Figure 4-7. The parameters used as
input to the model for the Keithsburg, I11inois simulation are summar-
ized below.

b=3m

D=2m

u, = 0.35 m/s
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Ky = 0.03 m?*/s

wsand = 0.005 m/s
wsi]t = 0.00022 m/s
wc]ay = 0.000001 m/s
0820 = 75 mg/1

The simulated suspended solids plume for Keithsburg, I11inois is shown
in Table 5-4. Figure 5-8 shows this model plume superimposed on the
 field data while Figure 5-9 shows this same plume in the far field.
Figure 5-10 shows what the far-field plume might look like if

Ky = 1000 cm?/sec. Again, the far-field plume was not measured in the

field so it can not be determined which plume, Figure 5-9 or Figure

 5-10 is more correct.

Discussion of the Analytical Model
Inspection of the plumes generated by the model (Figures 5-5

through 5-10) yield several physical parameters that can be estimated
by solving the model for a particular dredge disposal operation. Some
of these parameters are, tﬁe plume centerline suspended solids concen-
tration, the lateral suspended solids conce;trations, the amount of
solids being deposited at some point in the receiving river, the di-
lTution volume for dissolved substances, and the maximum length of
the plume. -

The model does a good job of predicting the centerline (near bank)

suspended solids concentration. Figure 5-11 and Figure 5-12 show the




SAND SILT CLAY Total
: Fragtion | € (y,x) | Fraction | C (y,x) | Fraction | C (y,x) in Plume

x |y ly+b jy-b y Fly+b) [F{y-b C (y,x)
(m) oy oy cy (m) ( oy < cy> Remaining | {mg/1) Remaining{ (mg/1) Remaining | (mg/1) (mg/1)
20 | 0.0 |1.620 -1.620 | 0.0 0.9474 0.0526 0.776 1.2 0.889 44.7 0.895 20.8 66.7
6.5 2.120 -1.120 | 0.9 0.9830 0.1314 0.738 1.1 0.846 42.5 0.852 19.8 63.4
1.0 | 2.620 -0.620 | 1.8 0.9956 0.2676 C.631 0.9 0.723 36.3 0.728 16.9 54.1
1.513.120 -0.120 | 2.8, 0.9991 0.4522 0.474 0.7 0.543 27.3 0.547 12.7 40.7
2.0 | 3.620 0.3%0 | 3.7 0.9998 0.6480 0.303 0.4 0.350 17.6 0.352 8.2 26.2
2.514.120 0.880 { 4.6 1.0 0.8106 0.164 0.2 0.188 9.4 0.189 4.4 14.0
3.0 |4.620 1.380 | 5.6 1.0 0.9162 0.073 0.1 0.083 4.2 0.084 2.0 6.3
3.5 (5.120 1.880 | 6.5 1.0 0.9699 0.026 0.0 0.030 1.5 0.030 0.7 2.2
4.0 {5.620 2.380 | 7.4 '1.0 0.9913 0.008 0.0 - 0.009 0.5 0.009 0.2 0.7
4.516.120 2.880 | 8.3 .1.0 0.9980 0.002 0.0 0.002 0.1 0.002 0.0 0.1
40 | 0.0 1.146 -1.146 | 0.0 0.8741 0.1259 0.562 0.8 0.739 371 0.748 17.4 55.3
0.5|1.646 -0.646 | 1.3 0.9501 0.2591 0.519 0.8 0.682 34.3 0.691 16.1 51.2

Table 5-4. Simulated suspended solids plume for Keithsburg, I1linois site.
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SAND SILT CLAY ol
x |y ly+b | y-b y F <x+ §> F <% - p)| Fraction | ¢ (ysx) | Fraction | C (y,x) | Fraction | C (y,x) é"(sli?e
(m) o, oy 9, (m) oy o, > Remaining | (mg/1) Remaining | (mg/1) Remaining | (mg/1) (mg/1)
40 | 1.0{2.146 -0.146 | 2.6 0.9840 0.4420 0.407 0.6 0.535 26.9 0.542 12.6 40.1
1.5 12.646 0.354 | 3.9 0.9960 0.6383 0.269 0.4 0.353 17.7 0.358 8.3 26.4
2.013.146 '0.854 | 5.2 0.9992 0.8034 0.142 0.2 0.186 9.3 0.189 4.4 13.9
2.5 3.646 1.354 6.5‘ 0.9998 0.9121 0.066 0.1 0.087 4.4 0.088 2.0 6.5
3.0 [ 4.146 1.854 | 7.8 1.0 0.9681 0.024 0.0 0.032 1.6 0.032 0.7 2.3
3.5 | 4.646 2.354 | 9.2 1.0 0.9907 0.007 0.0 0.009 0.5 0.009 0.2 0.7
4.0 15.146 2.854 {10.5 1.0 0.9978 0.002’ 0.0 0.002 0.1 0.002 0.0 0.1
80 | 0.0(0.810 -0.810 | 0.0 0.7910 0.2190 0.323 0.5 0.558 28.0 0.572 13.3 4.8
0.51]1.310 -0.310 | 1.8 - 0.9049 0.3783 0.297 0.4 0.514 25.8 0.527 12.3 38.5
1.0 | 1.810 0.190 | 3.7 0.9649 0.5753 0.220 0.3 0.380 19.1 0.390 9.1 28.5
1.5 | 2.310 0.690 | 5.6 0.9896 0.7549 0.133 0.2 0.229 11.5 0.235 ‘5.5 17.2
2.0 |2.810 1.190 | 7.4 0.9975 b.8830 0.065 0.1 0.112 5.6 0.115 2.7 8.4

Table 5-4 {continued).
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Table 5-4 (continued).

SAND oosuT CLAY Total,
Fraction | C (y,x) | Fraction | C (y,x) | Fraction | C (y,x) in Plume

X |y |y+b | y=b (v Flyrb) | Fly-byf ™ C (y,x)
“{m) oy oy o, {m) ( o, ( oy ) Remaining | (mg/1) Remaining | (mg/1) Remaining | (mg/1) (mg/1)
80 | 2.513.310 1.690 9.2 0.9995 0.9545 0.025 0.0 0.045 2.3 0.045 1.0 3.3
3.0 |3.810 2.190 |11 0.9999 0.9857 0.008 0.0 0.Q14 0.7 0.014 0.3 1.0
3.5(4.310 {'2.690 |13.0 1.0 0.9964 0.002 0.0 0.004 0.2 0.004 0.1 0.3
120 | 0.0 {0.661 -0.661 { 0.0 0.7457 0.2543 0.209 0.3 0.473 23.8 0.491 11.4 35.5
0.5 |1.161 -0.161 | 2.3 0.8772 0.4360 0.187 0.3 0.425 21.4 0.441 10.3 32.0
1.0 | 1.661 0.339 | 4.5 0.9516 0.6327 0.135 0.2 0.307 15.4 0.319 7.4 23.0
1.5 | 2.161 0.839 | 6.8 0.9846 0.7992 0.079 0.1, 0.179 9.0 0.185 4.3 13.4
2.0 | 2.661 1.339 | 9.1 0.9961 0.9097 0.037 0.0 0.083 4,2 0.086 2.0 6.2
2.5 13.161 -1.839 [11.3 0.9992 0.9670 0.014 0.0 0.031 - 1.6 0.032 0.7 2.3
3.0 ] 3.661 2.339 [13.6 0.9998 0.9904 0.004 0.0 0.009 0.5 0.009 0.2 0.7
3.5 [ 4.161 15.9 1.0 - 0.9977 0.001 0.0 0.002 0.1 0.002 0.0 0.1
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Total

. SAND SILT CLAY Solids

Fraction | C (y,x) | Fraction | C (y,x) | Fraction | C (y,x) in Plume

x | Y. |y*b |y-b y F{y+b\ |Fly-b ’ ¥ 22 C (y,x)
(m) o, o, o, (m) o, o, Remaining | (mg/1) | Remaining | (mg/1) | Remaining | (mg/1) (mg/1)
160 | 0.0]0.573 -0.573 | 0.0 0.7167 0.2833 0.138 0.2 0.412 20.7 0.433 10.1 31.0
0.511.073 -0.073 | 2.6 0.8580 0.4709 0.123 0.2 0.368 18.5 0.387 9.0 27.7
1.011.573 0.427 { 5.2 0.9421 0.6653 0.088 0.1 0.263 13.2 0.277 6.4 19.7
1.5]2.073 0.927 | 7.8 0.9809 0.8230 0.050 0.1 0.158 7.9 0.158 3.7 1.7
2.0|2.573 | 1.427 |10.5 | 09949 0.9232 0.023 0.0 0.068 3.4 0.072 1.7 5.1
2.513.073 1.927 113.1 - 0.9989 0.9730 0.008 0.0 0.025 1.3 0.026 0.6 1.9
3.013.573 2.427 115.7 0.9998 0.9924 0.002 0.0 0.007 0.4 0.007 0.2 0.6
3.514.073 2.927 118.3 1.0 0.9983 0.001 0.0 0.002 0.1 0.002 0.0 0.1

Table 5-4 (continued).
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Simulated suspended solids plume for Keithsburg, I1linois
site superimposed on field data.
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suspended solids concentration predicted and observed as a function of
downstream distance for the Rock Island and Keithsburg sites, respect-
ively. Figure 5-11 shows good agreement between the predicted and
observed suspended solids concentrations for the first 150 meters down-
stream. The low field measurements observed between 150 and 350 meters
are assumed to be due to an extended period of dredging in an area

of deep water, hence, lower than normal solids concentration being
discharged from the dredge. At the end of the observed plume, there

is about a 5 mg/1 difference between the observed concentration and

the predicted concentration. Figure 5-12 shows excellent agreement
between the observed and the predicted suspended solids concentration

at Keithsburg.

The model is less successful in predicting the degree of lateral
dispersions It can be seen in Figure 5-5 for Rock Island that consid-
erable suspended solids concentrations were observed beyond the 10 mg/1
.and 1 mg/1 isopleths predicted by the model. It can also be seen that
there were few samples taken inside the area bounded by the 10 mg/1
predicted isopleth,and that those samples that were taken show a great
deal of variability with no smooth concentration gradient.

In Figure 5-8 for Keithsburg, no samples were taken within the
predicted plume at any point other than the centerline. Those samples
taken beyond the predicted plume show no excess suspended solids in the
stream resulting from dredge disposal.

In order to assess the effect of dredge spoils disposal on the

benthic community, the amount of dredged material deposited on the
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bottom must be calculated. This can be readily calculated with the
known parameters and the predicted suspended solids plume.

At steady state, the rate of solids deposition at any point in the
plume is:

Deposition Rate = C (y,x) KD _ (5.13)
where C (y,x) is the mean suspended solids concentration at the point
(ysx), K fs the settling rate constant and D is the depth. The
settling rate constant can be calculated by w/D, where W is the settling
velocity and D is the depth. The solids deposition rate can now be
expressed:

Deposition Rate = C (y,x) W (5.14)
Equation 5.14 is solved for each sediment fraction and the results are
summed for the total solids deposition rate. The concentration of
each sedimént fraction at many points in the plume is given in Table 5-3
for Rock Island and Table 5-4 for Keithsburg. Multiplying these concen-
trations by their respective settling velocities gives the deposition
rate for that sediment fraction. The results of this calculation are
given in Table 5-5 and Figure 5-13 for Rock Island and Table 5-6 and
Figure 5-14 for Keithsburg.

To determine the tota]'mass of solids deposited at any point,
multiply the deposition rate at that point by the time of operation
of the dredge. The deﬁth of solids deposited at any point can then be
calculated by assuming a solids density and a percent solids. The

depth of solids deposited at all points in the plume at Rock Island is



SAND SILT CLAY Total Solids
Deposition Deposition Deposition Deposition
x C (y,x) Rate C (y,x) Rate C (y,x) Rate y Rate
(m) (mg/1) (mg/m?-sec) (mg/1) (mg/m*-sec) (mg/1) (mg/m*-sec) (m) (mg/m?-sec)
50 14.3 286.0 27.5 82.5 33.6 0.0 0.0 386.5
14.3 286.0 27.4 82.2 33.6 0.0 16.5 386.3
14.00 280.0 27.0 81.0 33.0 0.0 19.3 361.0
12.3 246.0 23.7 71.1 28.9 0.0 22.0 317.1
7.6 152.0 14.7 44 .1 17.9 0.0 24.8 196.1
2.6 52.0 5.0 15.0 6.0 0.0 - 27.5 67.0
0.4 8.0 0.8 2.4 0.9 0.0 30.3 10.4
- 0.0 0.0 0.0 0.0 0.1 0.0 33.0 0.0
100 4.0 80.0 27.0 81.0 33.6 0.0 0.0 161.0
4.0 86.0 27.0 81.0 33.6 0.0 11.7 161.0
4.0 8.0 26.8 80.4 33.3 0.0 15,6 160.4
3.7 74.0 24.9 74.7 31.0 0.0 19.4 148.7
Table 5-5. Bottom sedimentation rate for Rock Island, I1linois site.
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SA '
v Depesition o Deposition . Deposition ngggsig}ggs
X ¢ (y,x) Rate € (y,x) Rate € {y,x) Rate y Rate
(m) (mg/1) (mg/m*-sec) (mg/1) (mg/m?*-sec) (mg/1) (mg/m?-sec) (m) (mg/m?-sec)
100 2.7 54.0 17.9 53.7 22.3 0.0 23.3 107.7
1.2 24.0 7.6 22.8 9.5 0.0 27.2 46.8
0.2" 4.0 1.5 4.5 1.9 0.0 311 8.5
0.0 0.0 0.1 0.3 0.2 0.0 35.0 0.3
200 0.3 6.0 26.0 78.0 33.6 0.0 0.0 84.0
0.3 6.0 26.0 78.0 33.6 0.0 5.5 84.0
0.3 6.0 25.8 77.4 33.4 0.0 11.0 83.4
0.3 6.0 24.4 73.2 31.5 0.0 16.5 79.2
0.2 4.0: 18.3 54.9 23.7 0.0 22.0 58.9
0.1 2.0 8.4 25.2 10.9 0.0 27.5 27.2
0.0 0.0 1.9 5.7 2.4 0.0 33.0 5.7
0.0 0.0 0.2 0.6 0.2 0.0 38.5 0.6

Table 5-5 (continued),
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SAND SILT CLAY Total Solids
Deposition Deposition Deposition Deposition
x C (y,x) Rate C (y,x) Rate € (y,x) Rate y Rate
(m) (mg/1) (mg/m*-sec) (mg/1) (mg/m?-sec) (mg/1) (mg/m?-sec) (m) (mg/m?-sec)
300 0.0 0.0 25.0 75.0 33.6 0.0 0.0 75.0
0.0 0.0 24.9 74.7 33.5 0.0 6.7 74.7
0.0 0.0 23.9 71.7 32.1 0.0 13.5 7.7
0.0 0.0 19.0 57.0 25.6 0.0 20.2 57.0
0.0 VO.O 9.6 28.8 12.9 0.0 27.0 28.8
0.0 0.0 2.5 7.5 3.3 0.0. ~ .| 337 7.5
0.0 0.0 0.3 0.9 0.4 0.0 40.4 0.9
‘ 0.0 0.0 0.0 0.0 0.0 0.0 47.2 0.0
400 0.0 0.0, 24.0 72.0 33.5 0.0 0.0 72.0
0.0 0.0 23.7 7.1 33.1 0.0 7.8 71.1
0.0 0.0 21.4 64.2 29.8 " 0.0 15.6 64.2
0.0 0.0 14;1 42.3 19.6 0.0 23.3 42.3

Table 5-5 (continued).
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SAND SILT CLAY Total Solids
Deposition Deposition Deposition Desposition
x C (y,x) Rate C (y,x) Rate C (y,x) Rate y Rate
(m) (mg/1) _ (mg/m?-sec) (mg/1) (mg/m?*-sec) (mg/1) (mg/m?-sec) (m) (mg/m?-sec)
400 0.0 0.0 5.3 15.9 7.4 0.0 31.1 15.9
0.0 0.0 0.9 2.7 1.2 0.0 38.9 2.7
0.0 0.0 0.1 0.3 0.1 0.0 46.7 0.3
500 0.0 0.0 23.1 69.3 33.4 0.0 0.0 69.3
0.0 0.0 22.5 67.5 32.6 0.0 8.7 67.5
0.0 0.0 18.7 56.1 271 0.0 17.4 56.1
0.0 0.0 10.4 3.2 15.1 0.0 26.1 31.2
0.0 0.0 3.0 9.0 4.4 0.0 34.8 9.0
0.0 0.0. 0.4 1.2 0.6 0.0 43.5 1.2
0.0 0.0 0.0 0.0 0.0 0.0 52.2 0.0

Table 5-5 (continued).
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SAND SILT Total Solids
Deposition Deposition Deposition
« y C (y,x) Rate C (y,x) Rate Rate
(m) (m) (mg/1) (mg/m?-sec) (mg/1) (mg/m?-sec) (mg/m?-sec)
20 0.0 1.2 6.0 44.7 9.8 12.0
0.9 1.1 5.5 42.5 9.4 10.5
1.8 . 0.9 4.5 36.3 8.0 8.9
2.8 0.7 3.5 27.3 6.0 6.7
3.7 0.4 2.0 17.6 3.9 4.3
4.6 0.2 1.0 9.4 2.1 2.3
5.6 0.1 0.5 4.2 0.9 1.0
6.5 0.0 0.0 1.5 0.3 0.3
7.4 0.0 0.0 0.5 0.1 0.1
8.3 0.0 0.0 0.1 0.0 0.0
40 0.0 0.8 4.0 37.1 8.2 9.0
1.3 0.8 4.0 34.3 7.5 8.3

Table 5-6. Bottom Sedimentation rate for Keithsburg, I1linois site.
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SAND SILT Total Solids
Deposition Deposition Deposition

« y C (y,x) Rate C (y,x) Rate Rate
(m) (m) (mg/1) (mg/m?-sec) (mg/1) (mg/m?-sec) (mg/m?-sec)

40 2.6 0.6 3.0 26.9 5.9 6.5

3.9 0.4 2.0 17.7 3.9 4.3

5.2 0.2 1.0 9.3 2.0 2.2

6.5 0.1 .5 4.4 1.0 1.1

7.8 0.0 0.0 1.6 0.4 0.4

9.2 0.0 0.0 0.5 0.1 0.1

10.5 0.0 0.0 0.1 0.0 0.0

80 0.0 0.5 2.5 28.0 6.2 6.7

1.8 0.4 2.0 25.8 5.7 6.1

3.7 0.3 1.5 19.1 4.2 4.5

5.6 0.2 1.0 11.5 2.5 2.7

7.4 0.1 0.5 5.6 1.2 1.3

Table 5-6 (continued).
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SAND SILT Total Solids
Deposition Deposition Deposition
« y C (y,x) Rate C (y,x) Rate Rate
(m) (m) (mg/1) (mg/m*-sec) | ~ (mg/1) (mg/m?-sec) (mg/m?-sec)
80 9.2 0.0 0.0 2.3 0.5 0.5
11.1 0.0 0.0 0.7 0.2 0.2
13.0 1 0.0 0.0 0.2 0.0 0.0
120 0.0 0.3 1.5 23.8 5.2 6.7
2.3 0.3 1.5 21.4 4.7 6.2
4.5 0.2 1.0 15.4 3.4 4.4
6.8 0.1 0.5 9.0 2.0 2.5
9.1 0.0 0.0 4.2 9 0.9
11.3 0.0 0.0 1.6 0.4 0.4
13.6 0.0 0.0 0.5 0.1 0.1
15.9 0.0 0.0 0.1 0.0 0.0

Table 5-6 (continued).
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SAND SILT Total Solids
Deposition Deposition Deposition

« y C (y,x) Rate C (y,x) Rate Rate
(m) (m) (mg/1) (mg/m?-sec) (mg/1) (mg/m?-sec) (mg/m?-sec)

160 0.0 0.2 1.0 20.7 4.6 5.6

2.6 0.2 1.0 18.5 4.1 5.1

5.2 0.1 0. 13.2 2.9 3.4

7.8 0.1 0.5 7.9 1.7 2.2

10.5 0.0 0.0 3.4 0.7 0.7

13.1 0.0 0.0 1.3 0.3 0.3

15.7 0.0 0.0 0.4 0.1 0.1

18.3 0.0 0.0 0.1 0.0 0.0

Table 5-6 (continued).
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shown in Figure 5-15. The solids density is assumed to be 2.65 gm/cm®
and the sediment is assumed to be 85% solids. It can be seen in Fig-
ure 5-15 that only at the head of the plume is there significant solids
deposition. At a distance of approximately 50 m downstream, only

1 mm of sediment accumulates during the 18.58 hours of dredging. It
should be noted that this calculation does not include sediment which
immediately falls to the bottom in a dense wedge near the head of tHe
plume.

The depth of solids deposited from the plume at Keithsburg is
shown in Figure 5-16. It can be seen that there is less than 0.5 mm of
sediment deposited in the 16 hours of dredging.

Another area of interest in impact assessment of dredge spoils
discharge operations is desorption of substances previously adsorbed
to sediment particles during dredging and disposal. After desorption,
these substances are dissolved in the discharge water aﬁd thus are
returned to the river in an active form with the return flow. These
dissolved substances are not subject to settling. ﬂThe analytical
model can be used to calculate the concentration of a dissolved sub-
stance at any point in the suspended so]ids*p]hme with minor modifica-
tion.

Equation 3.14 is the general solution describing dispersion and
settling in a river. The exponential term describes the settling while
C' (y,x) describes the dispersion. The equation that describes the
dispersion of a dissolved substance is then:

C (y>x) = C' (y,x) (5.15)
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The particular solution to Equation 5.15 is Equation 3.22. Examina-
tion of Tables 5-3 and 5-4 shows that all of the terms of Equation 3.22

Q
are known. It becomes an easy matter to calculate *—9— C' (y,x) at

QcC

070
the specific points (y,x) in the plume. Multiplying this term by the

concentration of dissolved substance at the head of the plume will
yield the concentration of the dissolved substance at the several
points in the plume.

An alternate method of arriving at the concentration of a dis-
solved substance in the plume is calculation of the dilution volume.
The dilution volume is defined as the number of volumes of river water
added to one volume of water at the head pf the plume to arrive at the

concentration in the plume. The dilution volume is calculated as:
C

Dilution Volume = o> (5.16)

where Cb =’roo » the concentration at the head of the plume. The con-
Q
b

centration of a dissolved substance, C', is then ca]cq]ated:
c .
_ b
~ Dilution Volume (5.16a)

CI

Tables 5-7 and 5-8 show the method of calculation of the dilution
factor for the plumes at Rock Island and Keithsburg, respectively. It
can be seen from Figure 5-17 that the concehtration of a dissolved
substance along the shaoreline is the same as the concentration of that
substance at the head of the plume, after initial mixing has taken
place between the discharge water and the river. This indicates that

settling is the prime mechanism operating to reduce the suspended



. ) Dilution
¥YsX Volume
5 2 F <}L€§}1> F <y ;yb> Qogo C' (¥,x) (ng/1) c /e
50 0.0 1.0 0.0000 . 1.0000 112.0 1.0
16. 1.0 0.0010 0.9990 111.9 1.0
19.3 1.0 0.0185 0.9815 109.9 1.0
22.0 1.0 0.1388 0.8612 96.4 1.2
24.8 1.0 0.4657 0.5343 59.8 1.9
27. 1.0 0.8196 0.1804 20.2 5.5
30.3 1.0 0.9722 0.0278 3.1 36.0
33.0 1.0 0.9982 0.0018 n.2 555.6
100 0.0 1.0 0.0000 1.0000 112.0 1.0
1.7 1.0 0.0003 0.9997 112.0 1.0
15.6 1.0 0.0076 0.9924 111.1 1.0
19.4 1.0 0.0771 0.9229 103.4 1.

~ Table 5-7. Calculation of dilution volume for dissolved substances, Rock Island.
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q & (yon) Dilution
YsX Volume
(m) (m) F(%) F (’y‘%;g ) Q’;%; ¢ lyx) (mg/1) C,/C'
300 0.0 0.9999 0.0001 0.9998 112.0 1.0
6.7 1.0 0.0034 0.9966 111.6 1.0
13.5 1.0 0.0437 0.9563 107.1 1.0
20.2 1.0 0.2392 0.7608 85.2 1.3
27.0 1.0 0.6145 0.3855 43.2 2.6
33.7 1.0 0.9017 0.0983 11.0 10.2
40.4 1.0 0.9890 0.0110 1.2 90.9
47.2 1.0 0.9995 0.0005 0.1 2000.0
400 0.0 0.9993 0.0007 0.9986 111.8 1.0
7.8 1.0 0.0135 0.9865 110.5 1.0
15.6 1.0 0.1127 0.8873 99.4 1.1
23.3 1.0 0.4160 0.5840 65.4 1.7

Table 5-7 (continued).
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0 N Dilution
YX

m b | T ) (e e | e | e
100 23.3 1.0 0.3352 . 0.6648 74.5 1.5
27.2 1.0 0.7173 0.2827 31.7 3.5

31.1 1.0 0.9424 0.0576 6.5 17.4

35.0 1.0 0.9950 0.0050 0.6 200.0

200 0.0 1.0 0.0000 1.0000 . 112.0 1.0
5.5 1.0 0.0002 0.9998 112.0 1.0

11.0 1.0 0.0055 0.9945 111.4 1.0

16.5 150 0.0614 0.9386 105.1 1.1

22.0 1.0 0.2936 0.7064 79.1 1.4

27.5 1.0 0.6761 0.3239 36.3 3.1

33.0 1.0 0.9275 0.0725 8.1 13.8

38.5 1.0 0.9930 0.0070 0.8 1 142.9

Table 5-7 (continued).
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Dilution
X y /v +b F'v - b Q \ C' (y»x) Volume
(m) (m) & 7, 7, 0,C, ¢ (v>x (mg/1) C,/C’
400 31.1 1.0 0.7817 0.2183 24.4 4.6
38.9 1.0 0.9631 0.0368 4.1 27.2
46.7 1.0 0.9974 0.0026 0.3 384.6
500 0.0 .~ 0.9979 0.0021 0.9958 111.5 1.0
8.7 0.9999 0.0305 0.9694 108.6 1.0
17.4 1.0 0.1914 0.8086 90.6 1.2
26.1 1.0 0.5505 0.4495 50.3. 2.2
34.8 1.0 0.8701 0.1298 14.5 7.7
43.5 1.0 0.9833 0.0167 1.9 59.9
52.2 1.0 0.9991 0.0009 0.1 1111.1

Table 5-7 (continued).
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E/v + b . b Q, C' (y»x) D:/llilﬁ;gn
m | m Kl‘oy—> (Lc‘fy“) 0 ¢ O | mm | cye
20 0.0 0.9474 0.0526 0.8948 67.1 1.1
0.9 0.9830 0.1314 0.8516 63.9 1.2
1.8 0.9956 0.2676 0.7280 54.6 1.4
2.8 0.9991 0.4522 0.5469 41.0 1.8
3.7 0.9998 0.6480 0.3518 26.4 2.8
4.6 1.0 0.8106 0.1894 14.2 5.3
5.6 1. 0.9162 0.0838 6.3 1.9
6.5 1.0 0.9699 0.0301 2.2 33.2
7.4 1.0 0.9913 0.0087 0.6 114.9
8.3 1.0 0.9980 0.0020 0.2 500.0
40 0.0 0.8741 0.1259 0.7482 56. 1 1.3
1.3 0.9501 0.2591 0.6910 51.8 1.4

Table 5-8. Calculation of dilution volume for dissolved substances, Keijthsburg.
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. e (yox) Dalﬁtion
YX olume
(m) (%) F (;L§;9> F <x_§;g> 5;%;' ¢ {yax) (mg/1) C,/C'
40 2.6 0.9840 0.4420 0.5420 40.6 1.8
3.9 0.9960 0.6383 0.3577 26.8 2.8
5.2 0.9992 0.8034 0.1958 14.7 5.1
6.5 ~0.9998 0.9121 0.0877 6.6 1.4
7.8 1.0 0.9681 0.0319 2.4 31.3
9.2 1.0 ~0.9907 0.0093 0.7 107.5
10.5 1.0 0.9978 0.0022 0.2 454.5
80 0.0 0.7910 0.2190 0.5720 42.9 1.7
1. 0.9049 10.3783 0.5266 39.5 1.9
3.7 0.9649 0.5753 0.3896 129.2 2.6
5.6 0.9896 0.7549 0.2347 17.6 4.3
7.4 0.9975 0.8830 0.1145 8.6 8.7

Table 5-8 (continued).
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Dilution

X y F<1_+_£> F(,Y___P_) D g | & W) VoTume

(m) (m) o, o, Q,C, (mg/1) Ch/C

80 9.2 0.9995 0.9545 |  0.0450 3.4 22.2
1.1 0.9999 0.9857 0.0142 1.1 70.4

13.0 1.0 0.9964 0.0036 0.3 227.8

120 0.0 0.7457 0.2543 0.4914 36.8 2.0
2.3 0.8772 0.4360 0.4412 | 33.1 2.3

4.5 0.9516 0.6327 0.3189 23.9 3.1

6.8 0.9846 0.7992 0.1854 13.9 5.4

9.1 0.9961 0.9097 0.0864 6.5 1.6

11.3 0.9992 0.9670 0.0322 2.4 31.1

13.6 0.9998 | 0.9904 0.0094 0.7 106. 4

15.9 1.0 0.9977 0.0023 0.2 434.8

Table 5-8 (continued).
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0 & (y.x) D;1$tion
’ s X olume
m | @ | <y‘§;§> F K’L??y“t’) TEC 00 | e | e
160 0.0 0.7167 0.2833 0.4334 32.5 2.3
2.6 0.8580 0.4709 0.3871 29.0 2.6
5.2 0.9421 0.6653 0.2768 20.8 3.6
7.8 0.9809 0.8230 0.1579 1.8 6.4
0.5 | 0.9949 0.9232 0.0717 5.4 13.9
13.1 0.9989 0.9730 0.0259 1.9 38.6
15.7 0.9998 0.9924 0.0074 0.6 135.1
18.3 1.0 0.9983 0.0017 0.1 588.2

Table 5-8 (continued).
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solids concentration and that dilution played only a small part at
Rock Island after the initial mixing. It also indicates that a toxi-
cant desorbing from the sediment and re-entering the river would be

in its greatest concentration along the shoreline. Figure 5-18 for
Keithsburg shows a much greater degree of dilution than occurs at

Rock Island. This is primarily because of the much narrower plume
source with lower flow and momentum after having traversed the disposal
island.

The final physical parameter given by the model is the maximum
length of the plume. The limits of the plume are defined as the point
where the suspended solids concentration in the plume is no longer
distinguishable from the ambient suspended solids concentration. A
practical value for defining the 1imits of a suspended solids plume
in the Miséiésippi River might be 10 mg/1 above ambient. To find the
maximum length of the plume, the model can be solved for the center-
Tine concentration at various values of x until the distance where

the suspended solids concentration is 10 mg/1 is found.
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CHAPTER VI
WALDEN PLUME MODEL

Walden Plume Model

One of the computational models utilized to investigate the
turbidity plume caused by dredge disposal is the Walden Plume Model
presented by Wechsler and Cogley (1977). The turbidity plume model
was developed to predict the suspended sediment concentration down-
stream from a line source in open water. The model uses sedimentation
data obtained from jar tests and hydraulic data based on simplifying
assumptions of unidirectional constant flow, essentially infinite
width, constant depth, and infinite Tength.

The mathematical model is a material balance among the sediment
transport mechanisms of (1) downward transport by settling with ulti-
mate sediment removal by deposition on the bottom, (2) upward transport
by vertical eddy diffusion in the direction of decreasing concentration
gradient, (3) lateral dispersion by eddy diffusion, and (4) downstream
dispersion by both bulk advection and eddy diffusion.

The dif}erential equation expressing the material balance down-

stream from a dredging.site may be expressed as:

S, =0 (6.1)
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in which

x = downstream distance, m

y = vertical distance, m

z = lateral distanée, m

u = stream velocity at any point, m/sec
¢ = sediment concentration, kg/m3

W

settling velocity, m/sec
f(W) = settling velocity frequency distribution (sediment mass/W)
vs. W |
Ex’Ey’Ez = eddy diffusivities in x, y, and z directions, respect-
ively, m2/sec |
In the derivation of this equation it was assumed that the flow is

steady, uniform, and fully turbulent, and that eddy diffusion can be

characterized by Fick's Law with eddy diffusion coefficients.

To apply the equation to the plume model other assumptions must
be made which are listed below.
(1) Eddy diffusion in the downstream direction is negligible com-

pared to the other diffusive transport terms; i.e.,
(. =9 ’ (6.2)
(2) The fully turbulent velocity profile is flat, and it can be

assumed that u is constant and equal to the mean velocity,

Us i.e.,

(uc) = U = (6.3)

ol
x

(3) The equation relating eddy diffusivity, Ey, and vertical
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position in the flow can be derived by classical sediment

transport mechanisms as described by Wechsler and Cogley

(1977).

E, = 0.02 Uy(1 - y/h) (6.4)
in which h = channel depth, m

(4) The lateral eddy diffusivity, E, is approximately constant
and can be expressed in terms of the maximum value of Ey (at
'mid-depth) as
EZ = 2.2 (.005 Uh) ' (6.5)

Based on these assumptions, Equation (6.1) becomes

UgE+ 5 fufnan} - 5 (e 38 - 32 (6, 59 =0 (6.6)

with Ey and E, given by Equations (6.4) and (6.5). The first term of
'Equation (6.6) represents downstream advection, the second terms
accounts for vertical sedimentation (or settling), and the last two
terms represent eddy diffusion in the vertical and lateral directions,
respectively. The integral in the settling terms accounts for the
range of settling velocities of the sediment components and must be
evaluated over the entire range of settling .velocities. However, for
nonflocculent sediment, the settling velocity of each particle is
invariant in time and space. Thus, the settling term may be replaced
by the simpler form W 3¢/3y, and the equation which becomes

UB wBC 3_(E aC __g__(

ax 3y ~ 3y ‘y dy 32 * (6.7)

z 82
must be solved for each sediment size present. The results are then

superimposed to obtain total concentration at each point downstream

from the source.
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If the sediment is flocculating, the problem becomes more diffi-
cult, and some simplifying assumptions become necessary. This simp-
lification is discussed in detail by Wechsler and Cogley (1977).

Equation (6.7) is then to be solved for each settling - velocity
fraction in the sediment. The total suspended - sediment - concentra-
tion profile is obtained by adding the concentration profiles for each

sediment fraction.

Numerical Solution
Equation (6.7) is solved numerically by a finite-di fference method.
The boundary condition at the water surface specifies that there is no
sediment flux across the surface; i.e.,

ac
._._+w = 6'8
Ey 5y e 0 (6.8)

The bottom boundary condition states that all sediment reaching the
bottom is deposited and that there is no reentrainment. Therefore,
at the bottom

The initial concentration at the disposal site, x = 0, is known;
i.e., at any vertical level, y, -b <z <b,"and ¢ = o The calcula-
tion proceeds stepwise downétream. Over each step, Ax, an implicit
finite-difference approximation of Equation (6.7) is solved to compute
the concentration at the end of the step from the concentration at the
start. The boundary conditions at the top and bottom surfaces enter

at each step.
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It is important to note that the longitudinal diffusion terms,
3/3x (Ex dc/dx), is expressed at x + Ax rather than at x giving rise
to an implicit finite-difference scheme. This approximation is
necessary to allow the use of large values of Ax without generating
numerical instabilities. The equation is solved at N levels in the
vertical direction where N = h/Ay. The implicit system requires the
solution of N coupled equations at each downstream step.

The effect of lateral diffusion can be found by using the ana-
lytical solution of the diffusion equation together with the numerical
solution previously described. The lateral diffusion may be described

by:
%; (uC) = %E'(Ez 53) (6.10)

in which C represents the concentration for the two-dimensional problem

at each vertical level. The solution of Equation (6.10) is:

b
4rxE 2
C(x,2z) = ( ﬂz Z)—%.[‘ exp |- izﬁ§E!l—E-}dv (6.11)
-b A :

in which v is a dummy variable representing distance within the plume.
A transformation of variables relates this expression to the error

function (erf). If E, is taken as constant, and

2 2

(z-v)u_x" (6.12)
4xEZ 2 )
Equation (6.11) becomes
b 2
1 -y°/2

coz) = = [ e dy (6.13)

V2n b

A transformation of the 1imits of integration yields the error function
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for which a solution is well known. Thus, an analytical solution can
be attained for the lateral diffusion.

The combination of the analytical solutibn for the lateral dif-
fusion problem and the finite-difference solution of the sedimenta-
tion and vertical diffusion problem, as described by Wechsler and
Cogley (1977), yields a good approximation to the three-dimensional

concentration field, c(x,y,z).

Computer Program

A FORTRAN IV computer program to predict the three-dimensional
sediment plume was presented by Wechsler and Cogley (1977). Appropri-
ate revisions were made by the present authors to solve the problem
of interest herein using a Control Data Corporation (CDC) CYBER 71
computer systém. The program is listed in Appendix E.

The use of the program is discussed next. Input data include the
stream velocity, U, stream depth, H, sediment settling velocity dis-
tribution (given as the number of sediment fractions, NSEDF, and the
concentration, CO, and settling velocity, W, of each), the initial
discharge half-width, XL, and two computational parameters - the
number of downstream steps,_NSTEP, and theﬁéize of the computational
steps in the lateral (z) direction, DELZ. The longitudinal step size,
DELX, 1is taken as a constant; it is defined in a substitution state-
ment in the program. %he vertical step size, DELY, is computed from
the stream depth, H, and the number of vertical steps, XN.

Each sediment factor is analyzed separately, and all fractions are

combined to show the three-dimensional sediment plume. The first
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input value which is entered is the number of sediment parameters
needed. The next data which are read in are U, W, H, CO, NSTEP, XL,
DELZ. The values change for each sediment fraction, and they are
entered separately as the program considers each fraction.

After calculating certain constants to be employed during the
program execution and after computing the lateral eddy diffusivity
from Equation (6.5), the lateral diffusion is found by solving Equa-
tion (6.13), the transformed version of Equation (6.11). The program
then performs a finite-difference solution of the longitudinal dif-
fusion equation at each level in the vertical direction.

The analytical and numerical results are combined (as described
by Wechsler and Cogley, 1977) by rewriting the diffusion equation

symbolically as

u = (L +L.)c (6.14)

3¢
X y Y4

in which Lzrepresents lateral diffusion and L represents vertical

y
diffusion and sedimentation.

If C(x,z) represents the analytical solution, and C'(x,y) repre-
sents the finite-difference solution of the two-dimensional problem
ignoring Lz, the required solution which satisfies Equation (6.14),
after matching the initial conditions, is

c(x,y,z) = C(x,z)Q'(x,y) (6.15)
Since Ly and L_ affect only C'(x,y) and C(x,z), respectively, it is
possible to compute the analytical and numerical results separately and

combine them to obtain a valid numerical approximation of the three-

dimensional concentration field.
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Results

The program output consists of: (1) the vertical distribution of
sediment, in the absence of lateral spreading, doWnstream from the
source for each sedimenf fraction; (2) the summation of all the verti-
cal slices for all sediment fractions; (3) the lateral spreading
coefficients; and (4) horizontal slices through the three-dimensional
plume at preselected depths.

Sample results are given for the dredge disposal plume in the
Mississippi River at two sites - Rock Island, I11inois, River Mile (RM)

482, and Keithsburg, I11inois, RM 428.

Rock Island, I11inois

At Rock Island the sediment is assumed to consist of 25 percent
silt, 30 percent clay, and 45 percent sand. The settling velocity of
the silt is taken as 3 x 10'4 m/sec and of the clay as 3 x 10'6 m/sec
which are in agreement with pipette measurements by Birks (1980). The
settling velocity of the sand is 0.012 m/sec. The channel depth is
approximately 2 m, and the stream velocity is 0.4 m/sec. The initial
width of the sediment disposal plume is taken as 25 m, and the initial
concentration is 125 mg/1. The lateral dispersion coefficient, EZ, is
computed from Equation (6.5), and it has a magnitude of 0.0088 mz/sec.

The next three figures give the vertical distribution of each
sediment component, in percent of total concentration, downstream from
the disposal site. Figures 6-1, 6-2, and 6-3 show (in tabular form),

the hypothetical distribution in the absence of lateral spreading of




DEPTH, m

' 0.0
0.00 25.00
.10 25.00
.20 25.00
«30 25.00
. 40 25.00
.50 25,00
. 60 25.00
.70 25.00
. 80 25.00
.90 25.00
1. 00 25.00
1.10 25.00
1. 20 25.00
1.30 25.00
1. 40 25.00
1.50 25.00
1. 60 25.00
1.70 25,00
1. 80 25.00
1.90 25,00
AVG 25.00
Figure 6-1.

50.0 100.0 150.0 200.0 250.0 300.0 350.0 400.0 450.0 500.0

23.08
23.60
23.92
24.14
24.30
24,42
24.51
24.59
24,66
24.71
24,75
24,79
24.82
24.85
24,88
24.90
24.91
24.93
24,95
24.96
24.53

DISTANCE DOUNSTREAM, m

22.34
22.91
23.25
23.49
23.67
23.82
23.95
24,06
24,15
24,23
24,30
24,37
24.43
24,48
24.53
24,58
-24,62
24.66
24.70
24,75
24,06

21.82
22.38
22.72
22.97
23.16
23.32
23.45
23.56
23.67
23.76
23.84
23.91
23.98
24,05
24.11
24,16
24,22
24.27
24,32
24,40
23.60

21.37
21,92
22.25
22,50
22.69
22,85
22,98
23. 10
23,20
23.29
23.38
23.46
23.53
23.60
23.66
23.72
23.78
23.83
23.89
23.98
23.15

20.94
21.48
21.81
22,05
22.24
22.40
22.53
22,65
22.75
22.84
22.93
23.01
23.08
23.15
23.21
23.27
23.33
23.39
23.45
23.53
22.70

20.54
21.06
21.39
21.62
21.81
21.96
22.09
22. 21
22.31
22.40
22.49
22.56
22.63
22.70
22.76
22.83
22.88
22.94
23.00
23.09
22.26

source (no lateral spreading) - Rock Island.

20. 14
20.97
21.21
21.39
21. 5“
21.67
21.78
21.88
21.97
22.05
22.13
22,20
22.26
22.33
22.39
22.44
22,50
22.56
22.64
21.83

19.75
20.26
20.57
20.80
20,97
21.12
21.25
21.36
21.46
21,55
21.63
21.70
21.77
21.84
21.90
21.95
22.01
22,07
22.13
22.21
21. 41

Vertical concentration distribution of silt downstream from

19. 37
19.86
20. 17
20.39
20.57
20.72
20.84
20.95
21.04
21.13
21. 21
21.28
21.35
21.41
21. 47
21.53
21.59
21.64
21.70
21.78
21.00

18.99
19.48
19.78
20.00
20.17
20.32
20. 44
20.54
20.64
20.72
20.80
20.87
20.94
21.00
21.06
21,12
21.17
21.22
21.28
21.36
20.60
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DISTANCE DOWNSTREAM, m

0.0 50.0 100.0 150.0 200.0 250.0 3C0.0 350.0 400.0 450.0 500.0
0.00 30.00 29.98 29.97 29.96 29.95 29.95 29.94 29.94 29.93 29.93 29.92
.10 30.00 29.98 29.97 29.97 29.96 29,96 29.95 29.94 29.94 29,93 29.93
. 20 30.00 29.99 29.98 29.97 29.97 29.96 29.95 29.95 29.94 29.94 29,93
.30 30,00 29.99 29.98 29.98 29.97 29.96 29.96 29.95 29.95 29.94 29.94
. 40 30.00 29,99 29.98 29.98 29.97 29.97 29.96 29.95 29.95 29.94 29.94
«50 30.00 29.99 29.99 29.98 29,97 29.97 29.96 29.96 29.95 29.95 29.94
« 60 30.00 29.99 29.99 29.98 29.98 29,97 29.96 29.96 29.95 29.95 29,94
.70 30.00 30.00 29.99 29.98 29.98 29.97 29.97 29.96 29.95 29.95 29.94
. 80 30,00 30.00 29.99 29.98 29.98 29.97 29.97 29.96 29.96 29.95 29.94
.90 30.00 30,00 29.99 29.99 29.98 29.97 29.97 29.96 29.96 29.95 29.95
1.00 30.00 30.00 29.99 29.99 29.98 29.97 29.97 29.96 29.96 29.95 29.95
1.10 30.00 30.00 29.99 29.99 29.98 29.98 29.97 29,96 29.96 29.95 29.95
1. 20 30.00 30.00 23.99 29.99 29.98 29.98 29.97 29.97 29.96 29.95 29.95
1.30 30.00 30.00 29.99 29.99 29.98 29.98 29.97 29.97 29.96 29.96 29.95
1. 40 30.00 30.00 29.99 29.99 29.98 29,98 29.97 29.97 29.96 29.96 29.95
1.50 30.00 30.00 30.00 29.99 29.98 29.98 29.97 29.97 29.96 29.96 29.95
1. 60 30,00 30.00 30.00 29.99 29,99 29.98 29.97 29.97 29.96 29.96 29.95
1.70 30.00 30.00 30.00 29.99 29.99 29.98 29.98 29.97 29.96 29.96 29.95
1. 80 30.00 30.00 30.00 29.99 29.99 29.98 29,98 29.97 29.97 29.96 29.95
1.90 30.00 30.00 30.00 29.99 29.99 29.98 29.98 29.97 29.97 29.96 29.95
AVG 30.00 29.99 29,99 29.98 29.98 29.97 29.97 29.96 29,96 29,95 29.94

DEPTH, m

Figure 6-2. Vertical concentration distribution of clay downstream from source
(no lateral spreading) - Rock Island.
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DEPTH, m

o.o
0.00 45.00
.10 45,00
.20 45,00
30 45.00
. 40 45,00
.50 45,00
. 60 45,00
.70 45,00
. 80 45,00
.90 45,00
1.00 45,00
1.10 45,00
1. 20 45.00
1.30 45.00
1. 80 45.00
1.50 45.00
1. 60 45.00
1.70 45.00
1.80 45,00
1.90 45.00
AVG 45,00
Figure 6-3.
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.75
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DISTANCE DOWNSTREAM, m
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Vertical concentration distribution of sand downstream from
source (no lateral spreading) - Rock Island.

.00
.00
.00
.00
.00
.oo
.00
.00
.00
.00
[ ] 00
.00
.00
.00
.00
.00
« 00
.00
.00
.00
.00

.00
.OO
.00
.00
.00
.00
.00
.00
.00
.00
.00
.oo
.00
.00
.00
.00
.00
.oo
.00
.00
.00

Lel



122

silt, clay, and sand, respectively. It is interesting to note that
the héavy sand particles are seen to settle out of the plume in a
relatively short distance downstream from the source. The lighter
silt and clay remain dispersed in the flow and are transported a much
greater distance downstream. The concentration of the clay is seen to
change very little downstream from the source, since it becomes a
colloidal suspension. The distribution of all the sediment in the
plume, i.e., the summation of the vertical distributions of each sus-
pended sediment fraction is shown in Figure 6-4,

Lateral spreading factors are given in Figure 6-5. These factors
are then applied to the vertical concentration profiles, and the
three-dimensional plume is calculated as horizontal sections at
specified depths. Figures 6-6 through 6-10 show the horizontal distri-
butions of_sediment at the surface and at depths of 0.4 m, 0.8 m,

1.2 m, and 1.6 m. These figures give a good picture of the three-
dimensional plume in tabular form.

Because the Walden Plume Model is designed to simulate open-water
disposal, its use in the bank-disposal problem considered herein re-
quires the horizontal concentration distribytion to be folded about
the line taken as the river bank. In other words, a reflection prin-
ciple is used to simulate the river bank. This reflection is illustrat-
ed in Figure 6-11 with the horizontal concentration distribution at
the depth of 1.2 m. The open-water plume, Figure 6-9, is folded about
a line at the edge of the line source, at 2 ='-12.50 m, to approximate

the river bank. To determine the distribution for the bank disposal




DEPTH, m

0.0
0.00 100,00
.10 100,00
.20 100.00
.30 100.00
.40 100.00
«50 100,00
.60 100.00
.70 100.00
.80 100.00
«90 100.00
1.00 100.00
1.10 100.00
1.20 100.00
1.30 100.00
1.40 100.00
1.50 100,00
1.60 100.00
1.70 100.00
1.80 100,00
1.90 100.00
AYG 100.00
Figure 6-4.

50.0 100.0 150.0 200.0 250.0 300.0 350.0 400.0 450.0 500.0

53.17
53.96
54.66
55.57
56.25
57.10
58.31
59.88
61.77
63.90
66.18
68.55
70.95
73.33
75.67
77.94
80.13
82.23

84.28°

86.63
67.02

DISTANCE DOWNSTREAM, m

52.31
52.90
53.26
53.53
53.75
53.94
54.12
54.29
54.45
54.62
54.78
54,95
55.13
55.31
55.50
55.71
55.92
56.15
56.40
56.72
54.69

51.78
52.35
52.69
52.94
53. 14
53.30
53.44
53.56
53.66
53.76
53.85
53,93
54.00
54.07
54, 14
54.20
54,26
54.33
54.39
54.48
53.61

51.32
51.88
52.22
52.47
52,66
52.82
52.96
53.08
53,18
53.27
53. 36
53.44
53.51
53.58
53. 65
53.71
53.77
53.82
53.88
53.97
53.13

50.89
51.44
51.77
52.02
52.21
52.37
52.50
52.62
52.72
52.82
52.90
52.98
53.06
53.12
53.19
53.25
53.31
53.37
53.43
53.52
52.67

50.48
51.01
51.34
51.58
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Figure 6-7. Sediment concentration distribution in horizontal
plane at depth of 0.4 m - Rock Island.
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Figure 6-8. Sediment concentration distribution in horizontal
plane at depth of 0.8 m - Rock Island.
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plane at depth of 1.2 m - Rock Island.
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Open Water Disposal (see figure 6-9)
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Figure 6-11. Illustration of reflection principle
for bank disposal.
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(1ower portion of Figure 6-11), the distribution values for the open-
water disposal (upper portion of Figure 6-11) along the folding axis
are doubled, and the values below the folding axis are determined by
adding the corresponding values of the open-water plume above and be-
low the folding axis.

A graphical presentation of the numerical simulation of the dis-
posal plume at Rock Island is shown in Figure 6-12. SeQeré] sediment
concentration isopleths are drawn at the depth of 1.2 m. This depth
is of interest because it is the depth of the mean concentration of
the suspended solids, and it is approximately equal to the depth where
field measurements were taken. Although field measurement data are
not shown in this figure, the results obtained from the Walden Plume
Model are in close agreement with the field measurements and the re-
sults given in Chapters IV and V. The observed lateral spread was
somewhat greater than that shown in Figure 6-12.

Another indication of the plume orientation is given by a plot of
the 1ine of maximum sediment concentration at the dépth of 1.2 m with
distance downstream from the source. This simulation is shown for
Rock Island in Figure 6-13. The field data’from Figure 2-8 are shown
in this figure as a verification of the Walden Plume Model. The agree-
ment of the model prediction and the data is quite good. The problem
downstream from about 175-350 m was caused by the disposal operation
pumping pure water while the field measurements were taken as explained
earlier. Field observations indicate a larger lateral spread than

calculated in Figure 6-12, so the lateral dispersion coefficient should
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have been greater than 88 cmz/sec. It is noted that the maximum con- ‘
centration levels out at about 150 m downstream from the source to
approximately 66 mg/1. This trend indicates that in the first 150 m
downs tream from the source, the heavy sand particles settle out of the
plume, and the 1ight silt and clay particles remain suspended for a
Tong distance. A comparison with Figures 6-1, 6-2, and 6-3 verifies
this observation. |

One of the important variables in a turbidity étudy is the set-
tling velocity of the sediment particles. The settling velocity is
related to the nominal size of the sediment particle which may be
determined by a pipette and visual accumulation tube analysis. Ob-
viously, the heavy particles have a high settling velocity and settle

out of the turbidity plume first. The effect of the sand settling vel-

ocity on the maximum concentration distribution at the depth of 1.2 m
| is shown in Figure 6-14 in which results are given for two different
settling velocities of sand. As expected the plume with the heavier
sand reaches its asymptotic concentration first. ‘

The effect of the amount of sand in the sediment on the turbid-
ity plume is shown in Figure 6-15. The maximum solids concentration at
a depth of 1.2 m downstream from the source is shown for sediments
with different amounts of sand. The stream velocity and the sand
settling velocity are held constant, and the amount of sand in the sed-
iment is varied from 2 percent to 45 percent. As expected, the more
sand there is in the sediment, the lower the suspended solids concen-

tration becomes, and the sooner the concentration levels out
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downstream from the source. After the sand is settled, first the silt
and next the clay fractions can be expected to settle, but at distances
on the order of h“/w.

Figure 6-16 shows the effect of river velocity on the suspended
solids concentration. It is seen that higher stream velocities tend
to keep more solids in suspension, since over a given distance the
sediment has less time to settle out. Thus, a higher solids concen-
traction is maintained at any distance downstream from the source by

a higher river velocity.

Keithsburg, I11inois

The sediment at Keithsburg is assumed to consist of 67 percent
silt, 31 percent clay, and 2 percent sand. The settling velocities
of the sediment components, channel depth, and river velocity are the
same as those for Rock Island. However, the initial width of the dis-
posal plume is 3 m, the initial concentration is 75 mg/1, and the
lateral dispersion coefficient is taken as E, = 0.03 mz/sec.

The two-dimensional (vertical) concentration distributions in the
absence of lateral spreading are shown in tabular form in Figures 6-17,
6-18, and 6-19 for silt, c]ay, and sand, réépectively. The summation
of the vertical distributions of each fraction is given in Figure 6-20,
and the lateral spreading factors are shown in Figure 6-21.

The horizontal di%tributions of sediment at the surface and at
depths of 0.4 my, 0.8 my, 1.2 m, and 1.6 m are given in Figures 6-22
through 6-26. The dredge disposal at Keithsburg also was on the river

bank, so the reflection principle must be applied in the interpretation



~
o

o
o

SUSPENDED SOLIDS CONCENTRATION, mg/I
o
o

EFFECT OF RIVER VELOCITY ON THE

MAXIMUM  CONCENTRATION AT DEPTH OF

1.2 m

yU= 0.8 m/sec

/
60 -
Z Z U= 0.2 m/sec
B U=0.4 m/sec
40—
Wy |Silt |Cley |Sand
m/sl % | % | %
20
0007125 | 30 | 45
0 | 1 | | 1
o} 100 200 300 400 500
DOWNSTREAM DISTANCE, m
0 . 3 - . w
Figure 6-16. Effect of river velocity on maximum concentration at depth of 1.2 m - ®

Rock Island, I1linois.




DEPTH, m

0.0
0.00 67.00 61.76
- 10 67.00 63.25
«20 67.00 64. 11
.30 67.00 64.69
.40 67.00 65. 11
.50 67.00 65. 44
«60 67.00 65.70
.70 67.00 65.90
.80 67.00 66.08
.90 67.00 66.22
1.00 67.00 66. 34
1.10 67.00 66. 44
1.20 67.00 66. 53
1.30 €7.00 €6.60
1.40 67.00 66.67
1.50 67.00 66. 72
1.60 67.00 66.77
1.70 67.00 66. 81
1.80 67.00 66.85:
1.90 67.00 66.90
AVG 67.00 65.74
Figure 6-17. Vertical

DISTANCE DOWHSTREAM, n

59.87 5849
61.39 59.98
62.30 60.89
62.95 61.55
63.45 62.06
63.85 62.49
64.19 62.84
64.47 63.15
64.72 63.42
64.94 63.67
65.14 63.89
65.31 64.09
65.47 64.27
65.51 64. 44
65-74 64.60
65.36 64.75
65.98 61490
66.09 65.04
66-20 65.19
66.34 65.39
64-49 63.26

concentration

57.27
58. 74
59.64
60.29
60. 81
61.23
61.59
61. 90
62.18
€2.43
62. 66
62.87
63.06
63.20
63. 41
63.57
63.72
63. 88
64.03
64.26
62. 04

distribution of silt downstream from source

56. 13
57.57
58. U4H
59. 1)
59.61
60.03
60. 39
60.79
60. 97
61.22
61. 45
61.656
61.35
62.03
62.29
62.37
62.52
62.63
62.84
63.07
60. 84

(no Tateral spreading) - Keithsburg.

55.03
56.45
57.32
57.95
58. 45
58.86
59. 21
59.52
59.79
60.04
60+ 26
60.47
60.66
60.84
61.01
61.17
61.33
61.48
61.64
61.87
59.67

53.97
55.36
56.21
56.83
57.32
57.72
58. 07
58. 37
58.64
58. 88
59.10
59.30
59. 49
59.67
59. 84
59.99
60. 15
60.30
60. 46
60.68
58.52

52.92
54.29
55.12
55.73
56. 21
56.61
56.95
57.24
57.51
57.74
57.96
58. 16
58« 34
58.52
58.68
58. 84
58. 99
59. 14
59. 30
59. 52
57.39

51. 90
53.24
54.06
54.66
55.13
55. 52
55. 85
56. 14
56. 40
56.63
56.84
57.04
57. 22
57. 39
57. 55
57.70
57. 85
58. 00
58+ 15
58. 37
56. 28

50.0 100.0 150.0 200.0 250.0 300.0 350.0 400.0 450.0 500.0

50.90
52.21
53.02
53.60
54.06
S54.45
S4.77
55.06
55.31
55.54
55. 74
55.94
56.11
56.28
56. 44
56.59
56.74
56.88
57.03
57.24
55.20

6€l
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0.0 50.0 100.0 150.0 200.0 250.0 300.0 350.0 #00.0 450.0 500.0

0.00  31.00
- 10 31.00
.20 31.00
- 30 31.00
-0 311.00
<50 31.00
.60 31.00
.70 31.00
.80 31..00
.90 31.00

1.00 31.00

1. 10 31.00

1.20 31.00

1.30 31.00

1.40 31.00

1.50 31.00

1.60 31.00

1.70 31.00

1.80 31.00

1.90 31.00

AVG 31.00
Figure 6-18.

DISTANCE DOWNSTREAM, m

30. 97 30.97
30.98 30.97
30.99 30.98
30.99 30.98
30.99 30.98
30.99 30.99
30.99 30.99
31.00 30.99
31.00 30.99
31.00 30.99
31.00 30.99
31.00 30.99
31.00 30.99
31.00 30.99
31.00 30.99
31.00 30.99
31.00 31.00
31.00 31.00
31.00 31.00
31.00 31.00
30. 99 30.99

30.96
30.97
30.97
30.97
30.98
30.98
30.98
30.98
30.98
30.98
30.99
30.99
30.99
30.99
30.99
30.99
30.99
30.99
30.99
30.99
30.98

30.95
30.96

30.96"

30.97
30.97
30.97
30.97
30.98
30.98
30.98
30.98
30.98
30.98
30.98
30.98
30.98
30.99
30.99
30.99

30.99

30.98

30.95
30.95
30.96
30.90
30.96

30.97

30.97

30.97

30.97
30.597
30.97
30.93
30.93
30.93
30.93
30.93
30.93
30.93
30.93
30.93
30.97

Vertical concentrafion distribution

(no lateral spreading) - Keithsburg.

30.94
30.95
30.95
30.96
30.96
30.96
30.96
30.96
30.97
30.97
30.97
30.97
30.97
30.97
30.97
30.97
30.97
30.97
30.98
30.98
30.97

of clay

30.93
30.94
30.95
30.95
30.9%
30.96
30.96
30.96
30.96
30.96
30.96
30.96
30.96
30.97
30.97
30.97
30.97
30.97

30.97

30.97

30.96

30.93
30.94
30. 94
30.94
30.95
30.95
30.95
30.95
30.95
30.96
30.96
30. 96
30.96
30. 96
30.96
30.96
30.96
30.96
30. 96
30.97
30.95

30.92
30.93
30.94
30. 94
30.94
30. 94
30.95
30.95
30.95
30.95
30.95
30.95
30.95
30.95
30.95
30.96

30.96

30. 96
30.96
30.96
30.95

30.92
30.92
30.93
30.93
30.94
30.94
30.94
30.94
30.94
30.94
30.95
30.95
30.95
30.95
30.95
30.95
30.95
30.95
30.95
30.95
30.94

downstream from source

orl



DEPTH, m

DISTANCE DOWNSTREAM, m

0.0 50.0 100.0 150.0 200.0 250.0 300.0 350.0 400.0 450.0 S500.0
0.00 2.00 - 01 .00 - 00 - 00 .00 -00 .00 - 00 - 00 -00
- 10 2.00 .02 -00 .00 .00 .00 -00 .00 .00 - 00 -00
.20 2.00 .03 .00 .00 .00 .00 -00 .00 - 00 - 00 .00
- 30 2.00 . 06 -00 .00 -00 =09 - 00 .00 - 00 .00 - 00
- 40 2.00 . 09 -0 .00 .00 .00 .00 -00 - 00 - 00 - 00
- 50 2.00 - 12 .01 .00 - 00 00 .00 .00 .00 - 00 -00
.60 2.00 - 17 .01 .00 - 00 .00 .00 -00 - 00 -00 - 00
.70 2.00 .24 .01 .00 - 00 .09 .00 .00 - 00 .00 .00
-80 2200 - 32 .01 .00 .00 .00 .00 .00 .00 - 00 .00
.90 2.00 < 41 .02 .00 - 00 .00 00 -00 - 00 .00 -00
1.00 2.00 <51 .02 - 00 - 00 .00 -00 - 00 - 00 - 00 -00
1. 10 2.00 - 61 .03 - 00 -00 .00 .00 -00 - 00 - 00 00
1.20 2.00 72 .03 .00 -00 .00 -00 =00 - 00 .00 - 00
1.30 2.00 .82 .04 .00 .00 .09 .00 .00 .00 -00. .00
1.40 2.00 - 92 .04 - 00 .00 .00 .00 .00 - 00 - 00 .00
1.50 2.00 1.02 -05 .00 .00 .00 -00 .00 - 00 - 00 -00
1.60 2.00 1.12 -06 .00 .00 .00 .00 -00 -00 -00 .00
1.70 2.00 1.21 07 «-00 .00 .00 -00 .00 - 00 .00 -00
1.80 2.00 1.30 . .08 .00 .00 - 00 -00 -00 - 00 <00 - 00
1.90 2.00 1.81 .09 -00 .00 -00 .00 .00 - 00 - 00 «00
AVG 2.00 - 56 .03 - 00 .00 .00 -00 -00 .00 - 00 -00

Figure 6-19, Vertical concentration distribution of sand downstream from source
(no lateral spreading) - Keithsburg.
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DISTANCE DOWNSTREAM, m

SUMMATION OF SUSPENDED SEDIHENTS
0.0 50.0 100.0 150.0 200.0 250.0 300.0 350.0 400.0 450.0 500.0
0.00 100.00 92.74 90.8% 89.44 €8.22 87.03 85.97 84.90 83.85 82.83 81.82
<10 100.00 94.25 92.36 90.95 89.70 88.53 87.40 86.30 85.22 -84.17 83.14
-20 100.00 95.13 93.28 91.86 90.6,1 89.42 88,27 87.16 86.07 85.00 83.95
.30 100.00 95.74 93.93 92.53 91.26 90.07 88.91 87.78 86.68 85.60 84.54
.40 100.00 96.19 94.43 93.04 91.78 90.53 89.41 83.27 87.16 86.07 85.00
<50 100.00 96.55 94.84 93.47 92.20 91.00 89.82 88.68 87.56 86.46 85.38
.60 100.00 96.86 95.18 93.82 92.56 91.35 90.18 89.03 87.90 86.79 85.71
.70 100.00 97.13 95.47 94.13 92.88 91.67 90.48 89.33 88.20 87.09 86.00
.80 10Q.00 97.39 95.73 94.41 93.16 91.94 90.76 83.60 88.u46 657.34 86.25
-90 100.00 97.62 95.95 94.65 93.41 92.19 91.01 89.84 88.70 87.58 86.u8
1.00 100.00 97.84 96.15 94.87 93.64 92.42 91.23 90.06 88.92 87.79 86.69
1.10 100.00 98.05 96.33 95.08 93.85 92.63 91.44 90.27 89.12 87.99 86.88
1.20 100.00 98.24 96.49 35.26 94.04 92.83 91.63 90.46 89.30 88.17 87.06
1.30 100.00 98.42 96.64 35.43 94.22 93.01 91.81 90.63 89.48 88.34 87.23
1.40 100.00 ©8.59 96.78 95.60 94.39 93.13 91.98 90.80 89.64 88.50 87.39
1.50 100.00 98.74 96.91 95.75 94.55 93.34% 92.14 90.96 89.80 88.66 87.54
1.60 100.00 98.89 97.03 95.89 94.71 93.5) 92.30 91.12 89.95 88.81 87.69
1.70 100.00 99.03 97.15 36.04 94.86 93.65 92.46 91.27 90.10 88.96 87.83
1.80 100.00 99.16 97.27 96.18 95.02 93.82 92.62 91.43 90.26 89.11 87.98
1.90 100.00 99.31°97.43 96.38 95.24 94.05 92.85 91.66 90.48 89.33 88.20
AVG 100.00 97.29 95.51 94.24 $3.02 91.81 90.63 89.48 88.34 87.23 86.14

DEPTH, m

Figure 6-20. Summation of two-dimensional concentration distributions for all
sediment (no lateral spreading) - Keithsburg.
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LATERAL DISTANCE, m

0.00 1.000
.50  1.000
1.00 1.000
1.50 1.000
2.00 0.000
2.50 0.000
3.00 0.000
3.50 0.000
4.00 0.000
4.50 0.000
5.00 0.000
5.50 0.000
6.00 0.000
6.50 0.000
7.00 0.000
7.50 0.000
8.00 0.000
8.50 0.000
9.00 0.000
9.50 0.000
10.00 0.000
Figure 6-21.

DISTANCE. DOWNSTREAM -

.618 .460
594 .451
.539 .427
- 458 .390
.365 .343
«271 .290
- 189 .237
« 122 .186
. 074 141
-041 .103
.022 .073
<010 .049
- 005 .032
.002 .020
.001 .012
-.000 .007
-000 .004
.000 .002
.000  .001
-000. .001
.000 - .000

«383
- 364
- 341
-312
-278
- 282
- 205
- 169
136
- 107
- 081
-061
- 044
<031
.021
.014
. 009
. 006
-003
-.002

-335
«332
322
- 307
. 286
«262
236
-179
. 152
- 126
.082
.064
- 049
. 037
. 027
-020
-01h
.010
-007

. 301
299
292
. 281
-266
- 227
208
. 182
. 159
- 136
<115
L J 096
.079
-064
- 051

- 040 -

.030
«023
.017
-013

«276
«269
- 260
.2“8
234
217
- 199
- 180
. 161
- 142
- 123
- 106
-« 090
-075
- 062
- 050
. 040
.032
. 9025
.019

- 257
- 255
251
- 244
-238
. 222
- 209
- 194
- 178
161
- 144
- 128
<112
097
-083
- 070
- 059
- 049
.032
- 026

281
-239
«236
- 230
222
<212
- 188
- 174
. 160
-~ 145
- 131
. 116
- 102
- 089
«077
- 066
056
- 047
-039
-032

Table of Tateral spreading coefficients - Keithsburg.

-227
. 226
«223
-218
- 203
- 193
- 182
- 170
- 158
- 145
- 132
- 119
- 106
.082
- 072
- 062
. 053
- 037

«216
<215
«212
. 208
.202
- 195
- 186
- 177
- 166
- 155
- 144
132
- 120
- 109
- 097
. 086
-076
- 067
058
«050
- 042

1341
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-10.00 0 0 0 0 0 0 1 1 2 2 2
-9.50 0 0 0 0 0 1 1 2 2 2 3
-9.00 0 0 0 0 0 1 2 2 2 3 3
-8.50 0 0 0 0 1 1 2 3 3 3 4
-8.00 0 0 0 0 1 2 3 3 4 L] 4
=7.50 0 0 0 1 2 3 3 4 4 S 5
-7.00 "0 0 0 2 3 3 4 5 5 5 5
-6.50 0 0 1 2 L 5 5 6 6 6 6
-6.00 0 0 2 4 5 6 6 7 7 7 7
~5.50 0 0 3 5 6 7 7 8 8 . 8 8
-5.00 0 1 4 7 8 8 9 9 9 8 8
-4.50 0 2 7 9 10 10 10 10 10 9 9
-4.00 0 5 9 11 n 11 AR 1M 10 10 10
-3.50 0 8 12 13 13 13 12 12 1 1 10
-3.00 0 13 16 16 15 14 14 13 12 12 11
-2.50 0 18 19 18 17 16 15 14 13 12 11
-2.00 0 25 23 20 18 17 16 14 13 13 12
-1.50 75 31 26 22 20 13 16 15 1w 13 12
-1.00 75 37 29 24 21 19 17 15 14 13 13

-.50 75 41 30 25 21 19 17 16 15 14 13
0.00 75 42 31 25 22 19 17 16 15 14 13
.50 75 41 30 25 21 19 17 16 15 4 13
1.00 75 37 29 24 21 19 17 15 14 13 13
1.50 75 31 26 22 20 13 16 15 14 13 12
2.00 0 25 23 20 18 17 16 14 13 13 12
2.50 0 - 18 19 18 17 16 15 14 13 12 1
3.00 0 13 16 16 15 14 14 13 12 12 1"
3.50 0 8 12 13 13 13 12 12 11 1 10
.00 . 0 5 9 1 n 11 11 1 10 10 10
4.50 0 2 7 9 10 10 10 10 10 9 9
5.00 0 1 4 7 8 8 9 9 9 8 8
5.50 0 0 3 5 6 ? 7 8 8 8 8
6.00 0 0 2 4 5 6 6 7 7 7 7
6.50 0 0 1 2 4 5 5 6 6 6 6
7.00 0 0 0 2 3 4 q 5 5 5 5
7.50 0 0 0 1 2 3 3 4 4 5 S
8,00 0 0 0 0 1 2 3 3 4 4 4
8.50 0 0 0 0 1 1 2 3 3 3 4
9.00 0 0 0 0 0 1 2 2 2 3 3
9.50 0 0 0 0 0 1 1 2 2 2 3
10.00 0 0 0 0 0 0 1 1 2 2 2

0.0 50.0 100.0 150.0 200.0 250.0 300.0 350.0 400.0 450.0 500.0

U=10.4 m/sec Sand 2%
Ns = 0.012 m/sec Silt 67%
E, = 0.03 n?/sec Clay 31%

Figure 6-22. Sediment concentration distribution in horizontal
plane at the surface - Kejthsburg. .
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-10.00 0 0 (4] 0 0 0 1 1 2 2 2
-9.50 0 0 0 0 0 1 1 2 2 2 3
-9.00 0 0 0 0 0 1 2 2 3 3 3
-8.50 0 0 0 0 1 2 2 3 3 3 L
-8.00 0 0 0 1 1 2 3 3 4 4 4
-7.50 0 0 0 1 2 3 4 4 5 5 5
-7.00 0 0 0 2 3 4 -5 5 5 6 6
-6.50 0 0 1 3 4 S 6 6 6 6 6
-6.00 0 0 2 8 5 6 7 7 7 7 2
-5.50 0 0 3 5 7 7 8 8 8 8 8
-5.00 0 1 5 7 8 9 9 9 9 9 9
-4.50 0 2 7 9 10 10 10 10 10 10 9
-4.00 0 5 10 n 12 12 12 1 1 10 10
-3.50 0 8 13 L 14 13 13 12 12 11 1
-3.00 0 13 16 16 16 13 14 13 13 12 1
-2.50 0 19 20 19 18 16 15 14 13 13 12
-2.00 0 26 24 21 19 13 16 15 14 13 12
-1.50 75 33 27 23 21 19 17 16 15 14 13
-1.00 75 38 30 25 22 13 18 16 15 14 13

-.50 75 42 31 26 22 20 18 16 15 14 13
0.00 15 44 32 26 23 20 18 16 15 ) 13
50 75 42 31 26 22 2) 18 16 15 14 13
1.00 75 38 30 25 22 13 18 16 15 14 13
1.50 75 33 27 23 19 17 16 15 14 13
2.00 0 26 24 21 19 13 16 15 14 13 12
2.50 0 19 29 19 13 15 15 14 13 13 12
3.00 0 13 16 16 16 15 14 13 13 12 11
3.50 0 8 13 14 14 13 13 12 12 1" 1"
4.00 - 0 5 10 11 12 12 12 1 n 10 10
4.50 0 2 7 9 10 1 10 10 10 10 9
5.00 0 1 5 7 8 J 9 3 9 9 3
5.50 0 0 3 5 7 7 3 3 8 8 8
.00 0 0 2 4 5 2 7 7 7 7 7
£.50 0 0 1 3 4 5 6 6 6 6 6
7.00 0 0 0 2 3 4 5 S 5 6 6
7.50 0 0 0 1 2 3 4 -4 S 5 S
a.00 0 0 n 1 1 2 3 3 4 4 4
8.50 0 0 0 0 1 2 2 3 3 3 4
9.00 0 0 0 0 0 1 2 2 3 3 3
9.50 0 0 0 0 0 1 1 2 2 2 3
10.00 0 0 0 0 0 J 1 1 2 2 2

0.0 50.0 100.2 150.0 200.0 250.0 300.0 350.0 400.0 450.0 500.0

U = 0.4 m/sec Sand 2%
W, = 0.012 m/sec Silt 67%
E, = 0.03 n?/sec Clay 31%

Figure 6-23. Sediment concentration distribution in horizontal
plane at depth of 0.4 m - Keithsburg.
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-10.00 0 0 0 0 0 2 1 1 2 2 2
-9.50 0 0 0 0 0 1 1 2 2 2 3
-9.00 0 0 0 0 0 1 2 2 3 3 3
-8.50 0 0 0 0 1 2 2 3 3 4 4
-8.00 0 0 0 1 1 2 3 3 4 4 4
-7.50 0 0 1] 1 2 3 4 4 5 5 5
-7.00 0 0 0 2 k} 4 5 5 5 6 6
-6.50 0 0 1 3 4 5 6 6 6 6 7
-6.00 0 0 2 4 5 5 7 7 7 7 7 .
-5.50 0 0 3 5 7 7 8 8 8 8 8
-5.00 0 1 S 7 8 9 9 9 9 9 9
-4.50 0 3 7 9 10 1 10 10 10 10 10
-4.00 0 S 10 11 12 12 12 1" 11 n 10
-3.50 0 2 13 14 14 14 13 13 12 11 1"
-3.00 0 13 17 17 16 15 14 14 13 12 12
-2.50 0 19 29 19 18 17 15 14 14 13 12
-2.00 0 26 24 22 20 18 16 15 14 13 13
-1.50 75 33 27 24 21 13 17 15 15 14 13
-1.00 7s 39 30 25 22 20 18 16 15 14 13

-.50 s 43 32 26 23 20 18 17 15 14 13
0.00 75 44 33 27 23 29 18 17 15 14 13

.50 75 43 32 26 23 20 18 17 15 14 13
1.00 75 39 30 25 22 20 13 16 15 14 13
1.50 75 33 27 24 21 19 17 16 15 14 13
2.00 0 26 24 22 20 13 16 15 14 13 13
2.50 0- 19 20 19 18 17 15 14 14 13 12
3.00 0 13 17 17 16 15 14 14 13 12 12
3.50 0 8 13 14 14 14 13 13 12 AR 11
4.00 - 0 5 10 1 12 12 12 11 11 1 10
8.50 0 3 7 9 10 10 10 10 10 10 10
5.00 0 1 5 7 3 3 9 9 9 3 9
5.50 0 0 3 5 7 7 8 8 8 8 8
6.00 0 0 2 4 5 6 7 7 7 7 7
6.50 0 0 1 3 4 5 6 6 6 6 7
7.00 0 0 0 2 3 3 5 5 5 6 6
7.50 0 0 0 1 2 3 4 -4 S 5 5
a.00 0 0 0 1 1 2 3 3 4 4 4
8.50 0 0 0 0 1 2 2 3 3 4 4
9.00 0 0 0 0 0 1 2 2 3 3 3
9.50 0 0 0 0 0 1 1 2 2 2 3
10.00 0 0 0 0 0 0 1 1 2 2 2

0.0 50.0 100.0 150.0 200.0 250.0 300.0 350.0 400.0 450.0 500.0

U=0.4 m/sec - Sand 2%
NS = 0.012 m/sec Silt 67%
EZ = 0.03 m2/sec Clay 31%

Figure 6-24. Sediment concentration distribution in horizontal
plane at depth of 0.8 m - Keithsburg.
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-10.00 0 0 0 0 0 0 1 1 2 2 2
~9.50 0 0 0 0 0 1 1 2 2 2 3
-9.00 0 0 0 0 0 1 2 2 3 3 3
-8.50 0 0 0 0 1 2 2 3 3 4 4
~8.00 0 0 0 1 1 2 3 3 4 4 4
=-7.50 0 0 0 1 2 3 4 4 5 5 5
-7.00 0 0 0 2 3 4 5 5 5 6 6
~6.50 (] 0 1 3 4 5 6 6 6 7 7
-6.00 o 0 2 4 5 6 7 7 7 7 7
-5.50 0 0 3 5 7 3 8 8 8 8 8
-5.00 0 1 5 7 8 9 9 9 9 9 9
-4.50 0 3 7 9 10 11 11 10 10 10 10
-4.00 0 5 10 12 12 12 12 12 11 1 10
-3. 50 0 9 13 14 14 14 13 13 12 12 11
-3.00 0 13 17 17 16 15 14 14 13 12 12
-2.50 0 19 21 19 18 17 16 15 14 13 12
-2.00 0 26 24 22 20 13 17 15 14 13 13
-1.50 75 33 28 24 21 13 17 16 15 14 13
-1.00 75 39 30 25 22 22 18 17 15 14 13

-.5n 75 43 32 27 23 29 18 17 16 14 14
0.00 75 4s 33 27 23 22 18 17 16 15 14

.50 75 43 32 27 23 22 18 17 16 4 14
1.00 75 39 30 25 22 2) 18 17 15 1% 13
1.50 75 33 28 24 21 13 17 16 15 % 13
2.00 0 26 24 22 20 13 17 15 14 13 13
2.50 0 19 21 19 18 17 16 15 L 13 12
3.00 0 13 17 17 16 15 14 14 13 12 12
3.50 0 9 13 1% 1 14 13 13 12 12 11
4.00 2 ] 10 12 12 12 12 12 n 1, 10
4.50 0 3 7 9 10 11 11 10 10 10 10
5.00 ] 1 5 7 2} 3 9 9 9 9 9
h. &0 0 0 3 5 7 3 8 8 8 8 8
6.00 0 0 2 4 5 5 7 7 7 7 7
6.50 0 0 1 3 4 5 6 6 6 7 7
7.00 0 0 0 2 3 4 5 5 5 6 6
7.50 0 0 0 1 2 3 4 4 5 5 5
R.0N 0 0 0 1 1 2 3 -3 4 4 4
8.50 0 0 0 0 1 2 2 3 3 4 4
9.00 0 0 0 ] 0 1 2 2 3 3 3
9.50 0 0 0 0 0 1 1 2 2 2 3
10.00 0 0 0 0 0 0 1 1 2 2 2

0.0 50.0 100.0 150.0 200.C 250.9 300.0 350.0 400.0 450.0 500.0

DISTRIBUTION OF SEDIMENT LN HORIZONTAL PLANE
U= 0.4 m/sec’ Sand 2%
NS = 0.012 m/sec Silt 67%
E, = 0.03 n?/sec . Clay 31%

Figure 6-25. Sediment concentration distribution in horizontal
plane at depth of 1.2 m.- Keithsburg.
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-10.00 0 0 0 0 0 0 1 1 2 2 2
-9.50 0 0 0 0 0 1 1 2 2 2 3
-9.00 0 0 0 0 0 1 2 2 3 3 3
-8.50 0 0 0 0 1 2 2 3 3 4 L)
-8.00 0 0 0 1 1 2 3 4 4 4 5
~-7.50 0 0 0 1 2 3 4 L 5 5 5
-7.00 0 0 0 2 3 4 5 5 6 6 6
-6.50 (] 0 1 3 4 5 6 6 6 ? 7 -
-6.00 0 0 2 4 5 6 7 7 7 7 7
-5.50 0 0 3 5 7 8 8 8 8. 8 8
-5.00 0 1 5 7 8 9 9 9 9 9 9
-4.50 0 3 7 9 10 1 1 11 10 10 10
-5.00 0 5 10 12 12 12 12 12 11 n 10
-3.50 0 9 13 14 14 14 13 13 12 12 11
-3.00 0 13 17 17 16 15 15 14 13 12 12
-2.%0 0 20 21 20 18 17 16 15 14 13 12
~-2.00 0 27 24 22 20 13 17 15 14 14 13
-1.50 75 33 28 24 21 13 18 16 15 14 13
-1.00 75 39 31 26 22 2) 18 17 15 14 13

-<50 75 44 32 27 23 20 19 17 16 15 14
0.00 75 us 33 27 23 21 19 17 16 15 14

«50 75 4s 32 27 23 20 19 17 16 15 14
1.00 75 39 31 26 22 22 18 17 15 14 13
1.50 75 33 28 24 21 13 18 16 15 14 13
2.00 0 27 24 22 20 13 17 15 14 14 13
2.50 0- 20 21 20 19 17 16 15 14 13 12
3.00 0 13 17 17 15 15 15 14 13 12 12
3.50 0 9 13 14 14 14 13 13 12 12 11
4.00 . 0 5 10 12 12 12 12 12 1" 11 10
4.50 0 3 7 9 10 11 11 11 10 10 10
5.00 0 1 5 7 8 9 9 9 -9 9 9
5.50 0 0 3 5 7 3 8 3 8 8 8
6.00 0 0 o2 L3 S 5 7 7 7 7 7
€.50 0 0 1 3 4 5 6 6 6 7 7
7.00 0 0 0 2 3 4 S 5 6 6 6
7.50 0 0 0 1 2 3 8 4 S 5 5
8.00 0 0 0 1 1 2 3 4 4 4 5
.50 0 0 0 0 1 2 2 3 3 4 L}
9.00 0 0 it} 0 0 1 2 2 3 3 3
9.50 0 0 0 0 0 1 1 2 2 2 3
10.00 0 0 0 0 0 Q 1 1 2 2 2

0.0 50.0 106.0 150.0 200.0 250.9 300.0 350.0 QO0.0.QS0.0 500.0

U = 0.4 m/sec Sand 2%
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Figure 6-26. Sediment concentration distribution in horizontal
plane at depth of 1.6 m - Keithsburg.
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of the horizontal distributions. A graphical presentation of the hor-
jzontal distribution at the depth of 1.2 m is given in Figure 6-27.

It is interesting to note that due to the low concentration of sand
and the relatively high dispersion coefficient, the turbidity plume
spreads very rapidly.

Figure 6-28 presents the variation of the maximum sediment concen-
tration with distance downstream together with the field data. The
agreement of the model prediction and the field measurements is quite
good.

A complete set of horizontal sediment distributions at the depth
of 1.2 m is given in tabular form in Appendix F. In these studies, the
stream velocity, the percentages of sand, silt and clay in the sediment,
and the fall velocity of the sand were varied. For some of these
studies, the lateral dispersion coefficient and the initial sediment
concentration also were varied. As mentioned earlier, the reflection
principle must be applied to interpret these results for bank disposal.

The distributions are separated according to sediment composition.
For each sediment composition, sand fall velocities of 0.007 m/sec,
0.012 m/sec, and 0.015 m/sec are studied. For each fall velocity,
river velocities of 0.2 m/sec, 0.4 m/sec,.and 0.8 m/sec are considered.
In some cases the magnitude of the lateral dispersion factor and/or
the initial sediment concentration also were varied.

It should be noted that even though an implicit finite-difference
scheme was used to calculate the vertical sediment distribution, some

of the numerical results are seen to be unstable. See, for example,
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the results for a sand fall velocity of 0.015 m/sec coupled with a .

stream velocity of 0.2 m/sec. The combination of the relatively high

settling velocity of the sand and the low stream velocity yields very

high concentration gradients which lead to the instability. Another

example of instability is shown on the last page of this appendix where

a high sand fall velocity, ws = 0.03 m/sec, is coupled with a sedi-

ment which is almost all sand (95 percent) and a relatively Tow river

velocity,U = 0.4 m/sec. Results are not reliable in these instances.
This appendix can be used most effectively to compare results with

different values of the governing variables. It can be seen that

higher river velocities lead to higher sediment concentrations down-

stream from the source. It also is seen that higher sand fall velocities

lead to lower sediment concentrations downstream. Increasing the ‘

magnitude of the lateral dispersion factor is seen to increase the
lateral spread of the plume.

Appendix F is organized in three parts. The sediment composition
of the first 11 simulations was 45% sand, 25% silt, and 30% clay. This
composition was characteristic of a medium grain sand (v370 u) which
was pumped onto the beach and which immediately returns to the main
channel of the river. This was typical of the beach nourishment type
of disposal operation at Rock Island (Figure 4-6). At the shore line
the sediment size distribution was 95% sand (Table 4-1), but by the
time it entered the river, it was estimated at 45% sand, 25% silt, and
30% clay. This is the maximum percentage of sand that one would ex-

pect to measure in the River near the beginning of the plume. By
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measuring the dredged material size distribution and the river velocity,
one could find a figure in the Appendix F of similar characteristics
and thereby estimate the extent and magnitude of the suspended solids
plume. A lateral dispersion coefficient, Ez’ of 0.044 mz/sec is sug-
gested.

The second set of plots in Appendix F is for a sediment composi-
tion of 2% sand, 67% silt, and 30% clay, and was characteristic of
the dredge disposal operation at Keithsburg (Figure 4-5). For this
case, the discharge ran across Willow Bar Island and lost all but 1.8%
of its sand (see Table 4-1). Once again if the stream velocity is
known for a similar case, the suspended solids plume could be chosen
from the 11 at that sediment composition in Appendix F. Also available
are 10 simulations at an intermediate sediment composition of 20% sand,
25% silt, and 55% clay which might be representative of an island

disposal operation which rapidly returns to the channel.
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CHAPTER VII
SUMMARY AND RECOMMENDATIONS

Field studies were conducted on three dredged sites (Hannibal,
Missouri; Keithsburg, I11inois and Rock Island, I11inois). Turbidity
and suspended solids measurements were takeg 0 - 500 m downstream from
the discharge site. Excess turbidities in the plume ranged from 0 - 33
nephelometric turbidity units (NTU) while excess suspended solids were
0 - 125 mg/1. The plumes were shore-attached and near shore concen-
trations (centerlines) were measurable as far as 500 m (at Rock Island)
and were less than 75 m wide. .

Each dredging disposal operation was unique depending on whether
it was a beach nourishment or island disposal type of operation. The
island disposal operation at Hannibal was entirely impounded with no
return water discharge whatsoever. It is felt that the "worst case"
beach nourishment disposal condition was monitored at Rock Island.

Only if the sediment were finer grained silt and clay would a greater
suspended solids plume develop. |

Channel maintenance dredging at the three sites did not violate
Iowa Water Quality Standards of 25 nephelometric turbidity units (NTU).
Turbidities greater than 25 NTU were measured only at the initial point
of runoff into the Mississippi River for the beach nourishment type of

dredge materials disposal at Rock Island. Such short term concentrations
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would be within an allowable mixing zone of most State Water Quality
Standards.

Three mathematical models were utilized to describe the collected
field data: the Schubel-Carter (1978) model, the Wechsler-Cogley (1977)
Walden Plume model, and an analytical solution developed herein. Pre-
Timinary results show that the Schubel-Carter (1978) nomogram solution
is cumbersome to use for riverine conditions and involves a very time
consuming trial and error technique to calculate the correct initial
suspended solids concentration at the point of discharge. The
Wechsler-Cogley (1977) Walden Plume computer model has proven to have
several advantages over the Schubel and Carter approach. First, it is
possible to use a plane source discharge which is more realistic than
a line source as in Schubel and Carter (1978). Secondly it can handle
several size fractions easily and the computations are quickly facili-
tated by digital computer. The analytical solution developed herein
utilizes probability density function tables and is easier to understand
than the numerical solution of Wechsler and Cog]ey; but it does require
extensive hand calculations.

The Walden Plume model and the'ana1ytica1 solution developed herein
were successfully used to simulate the shore-attached centerline of the
dredge disposal operations at Keithsburg and Rock Island. It is
recommended that these 2 models be used in future modeling efforts.

Lateral concentration variations were not well described due to
insufficient field data as well as a lack of knowledge of the lateral

dispersion coefficients under these conditions. It is therefore
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recommended that further studies be undertaken to better delineate the
lateral dispersion phenomena as well as the initial mixing and density-
dependent settling at the head of the plume. Furthermore a worst case
of beach mourishment disposal at a site with silt or clay sediment
should be monitored if such a situation arises.

Each of the two models employed have relative advantages. The
analytical solution was conveniently utilized to provide estimates of
the in-situ dilution factors for dissolved constituents as well as the
expected rate and depth of sedimented material in the River. The
Walden Plume model was used to generate a range of solutions for dredge
disposal operations provided in Appendix F. If a planner or engineer
knows the grain size distribution of the material to be dredged, the
approximate r1'<ver velocity, and the mean depth of the discharge area, it .
is possible to locate a graph in Appendix F of similar conditions and

to predict the extent and concentration of the suspended solids plume.
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APPENDIX A

ANALYTICAL MODEL PROGRAM FOR HEWLETT-PACKARD 29C
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Figure D-2. Suspended solids vs. turbidity relationship for
Rock IsTand field data. A1l values are expressed as
mg/% or NTU above ambient.
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- APPENDIX E

WALDEN PLUME MODEL

COMPUTER PROGRAM




PRDGBKH-PiUHB(INPUT,OUTPUT,OUTPLH,TAPES=IHPUT,IAPEG=OUTPUT,

187

00100

00110+ TAPES=QUTPLM)

00120C

001302

00140C PROGRAM SOURCE A LABORATORY STUDY CF THE TURBIDITY

001502 GENERATION POIFNTIAL OP SEDIMENTS TO BRE DREDGED, BY

00160C B.A. RECHSLER & D.R. COGLEY, TLCH., REPCRT D-77-14,

001702 U,S. ARMY ENGINEEBER WATEBRWAYS EXPRRIMENT STATION, NOV. 1977
00180C

00190C

00200C WALDEN PLUNE MODEL

00210: REREKRE KRS ERER KRR EE R R A X KRR ER R KA SRR EEREEBEEE X EE KRR EKEER KSR ERKE LS
00220C ASSUMPTIONS INCLUDZ STEADY STATE, HO MCHMENTUM EFFPECTS

00230C AND NO RESUSPENSION OF MATERIAL

00235C

002“0: BEEREREREE R KSR X BERE R REERBAREEE L EEEBEE R R R R ER A EERRE XA SRR AR ERE XK ER XK EE
00241C THIS PROGRAM CONTAINS A SUBROUTINE FRCF THE IMSL LIBRARY, A
002422 PROPRIETARY PACKAGE FROM THE INTERNATIONAL MATHENMATICAL &
00243C STATISTICAL LIBRARIES, INC., HOUSTON, TEXAS. THIS ROUTINE MAY
002442 NOT B® REDISTRIBUTED OR REMOVED FROM THIS SOFTWARE FOR USE IN
00245¢C OTHER SOFTWARE DEVZLOPMENT. THE IMSL ROUTINS INCLUDED IS ERP.
002!‘6: tt"_#t‘#t#ttt‘t#ttttttttttttttt*ttttttttt't#tt#ttttt‘tt#t*t#t##tttt
00247¢C

00250 REAL IA,MA,ML,IIA

00260 DOUBLE PRECISION B8,MP

00270 DIMENSION C(20,51),D(20,20),IA(20,20),M4A(20,20) ,RL(400)

00280 DIMENSION RA (20,20} ,2J(20) ,ML(400),B(20),MP (400),IIA(20,20)
00290 DIMENSION ADELX (51) ,ADELY (20),2(21,51),AVG(51),C8U% (20,51)
00300 DIMENSION AVGSUM(51),B8(20) ,I0UT(51)

00310 DATA CSUM/1020%0,/

00320 DATA IA/400%0,/,0/400%0./,ITA/400%0./,2/1050%0./,AVG50%/51%0./
00330C STATEMERT FUNCIIOF TO CALCULATE EDDY DIFPFUSIVITY AT ANY DEPTH
00340 E(Y)=0,02%0%Y* (1.-Y/H)

00350 DO 10 I=1,20

00360 IA(I,I)=1.

00370 IIA(I,I)=-1.

00380 IFP (I.GT.1) IIa(I,I-1)=1.

00390 10 CONTINDE

00400 NSZD=1

00410C NO. OP SED. PRACTIONS.cccncccncee

00420 READ*,NSEDP

00u30c BEEREEEFEEREREEERRE R EERE R LR KRR R R R B S SR REAERE SRR KRR Nk
00440C U=STREAM VELOCITY,M/SEC ¥=SETTLING VELOCITY,M/SEC

00450C H=STREAX DEPTH , M CO=CONCENRTRATIOY OF SED. FRACTION
00460C NSTEP=¥0, OP DOWNSTRZAM STEPS XL=INITIAL DISCHARGE HALF-WIDTH,M
00470C DELZ=LATERAL STBP SIZEZ,M.

00“80: AERSEREREREEREE R A REKXEREEEE PR F SR ERXBREE R R KRB RRERR AR R K E KR KK KR Rk Rk kR ®
00490C PROGRAM CONTROL IS TRANSFERRED HERE PCR EACH SED. FRACTION
00500 11 IP(NSED .LZ. NSEDF) READ*,U,¥,H,CO,NSTEP,XL,DELZ

00510 IF(NSED .GT. NSEDF)GO TO 99

00520C XN=NUMBER OP DEPTHS

00530 XN=20

00535 THETA=1.0

00540 IFP (NSTEP.GT.50) NSTEP=50

00550 NSTEPI=NSTEP+1

00560 vRIT=(8,100%) U,¥%,8,C0,NSTEP,XL,DELZ

00570 1001 FORMAT (//2X,*INPOT~- *,#0 =x,6F6,2,2X,*V =%,F8,6,2X,

00580+ *H =%,P5,1,2X,*20 =%,F6.2,2X,*NSTEP =+,15,2X,

00590+ *XL =%,F5,2/,% DELZ =%,F6.2//)

00600 H=XN



00610C
00620
00630C
00640
00650
00660
00670
00680
00690
00700
00710
00720
00730
00740
00750
00760
00770C
00780
00810
00820C
00830
00840
00850
00860
00870
00880
00890
00900
00910
00920
00930C
00940
00950
00960
00970
00980
00990
01000
01010C
01020
01030
01040
01050
01060
01070
01080
01090
01100
01110
01120
071130
01140C
01150cC
01160
01170
01180
01190
01200
01210
01220
01230

501

500

680

100

200

300

LONGITUDIRAL STEP SIZBeseasevscss
DELX=10.

VERTICAL STEP SIZE..aqyecsanscene
DELY=H/XN

CONZ=2.2

DELI2=1./(DELY*DELY)
AVGSOM (1) =AVGSUM (1) +CO

IRC=

po 501 J=1,RSTEP1

ADELX (J) =(3~-1) *DELX

AVG (J) =0.

CONTINUE

DO 500 I=1,N

ADELY(I) =(I-1) *DELY

IP ((I-1)*DELZ.LE.XL) 2z (I, 1)=1.
CONTINUE :
CALCULATE LATERAL EDDY DIFFUSIVITY,EQ. (5)
EZ=0,005*H%U*CONZ

FORBZ=0.%EZ

CALCULATE CONZENTRATION DUE TO LATERAL DISPERSION
DO 680 J=1,NSTEP .
FPOREX=SQRT (ADELX (J+ 1) $PORE Z)

DO 680 IZ=1,21

AZ=(IZ-1) *DELZ

TOP= (AZ+XL) /FOREX

BT=ERP ( TOP)

BOT= (AZ-XL) /FOREX

EB=ERF (BOT)

2(IZ,J+1)=0.5% (BT ~EB)

CONTINUE

START PINITE DIFFERENCE SOLUTION.......
D> 100 I=1,20

€(I,1)=Co0

COY TINUE

AVG (1)=CO

D(1,1) ==E(1.5%DELY)

D(1,2)=E(1.5%DELY)

N i=8-1

CALCULATE EDDY DIPPUSIVITY AT VARIOUS LEPTHS
D3 200 I=2,u1 )
X1= (2¢I-1) %, 5% DELY

X2=(2%T+1) *,5#«DELY

D(I,I-1)=E(X1)

D(I,I) =—E(X1)-E(X2)

‘D(I,I+1)=E(X2)

CONTINUZ Ca
D (N,N)==%((XN-.5) #DELY)

D(N,N-1) ==D (N,N)

DO 300 I=1,X

D3 300 J=1,N

D (I,J)=DELI2*D(I,J)

CALCULATE COEFFICIENTS OF SYSTEM OF EQ. RESULTING FROM
PINITE DIPFERENCE SOLUTION

MA(I,J) =U/DELX*IA (L,J)~-THETA*D (I,J)

BA (I,J)=U/DELX*IA(I,J)+(1.-THETA)*D (I,J)+W*ITIA(I,J)/DELY
CONTINUE

CALL ARRAY (2,N,N,20,20,HL,N1)

CALL ARBAY(2,N,N,20,20,RL,RA)

DO 400 J=1,NSTEP

DO 405 T=1,N

cJ (I)=C(I,J)
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01250
01250 405
01260C
01270
01280
01290
01300 406
01310
01320
01330 407
01340C
01350
01360
01370 4747
01380 :
01390
01400
01410 399
01620
01430
01840 400
01450
014360 5001
01470
01480
01490
01500 5000
01510 410
01520
01530 5003
0153s
01540
01550
01560 99
01570C
01580
01590 5005
01600
01610
01620
01630 412
01640
01650
01660 6668
01670
01680
01690
01700 5002
01710 411
01720
01730
01740
01750 5555
01760+
01770
01780
01790
01800
01810
01820 801
01830

CSUN(I,J) =CSUM (I,d) +3J{I)
CONTINUE

FINAL SOLUTION BY ZOMBINATION OF ANALYTIC AKRD NWOHN.

CALL GMPRD (RL,CJ,B,N,N, 1)

DO 406 I=1,400 i

MP (I)=ML (I)

CORTINDE

DO 407 I=1,20

B8(I) =B(I)

CONTINUE

SOLVE SYSTEEM OF EQUATIONS..ecss
CALL DGELG (B3, MP,N,1,.000000001, IER)
I?7 (IER.GT.0) WRITEB(6,4747) IER,J
PORMAT (* LOSS OF SIGNIPICANCE AT PIVOT
DO 399 K=1,N

C{K,J+1)=E8 (K)
AVG(J+1) =B8(K) +AVG (J+1)

CONTINUE

AVG(J+1) =AVG (J+1) /XN

AVGSUM (J+1)=AVGSUN(JT+1) +AVG(J+ 1)
CORTINUE

WRITE (8,5001) (ADELX (I),I=1,NSTZP1,5)
FORMAT(11X,20F6.1,/)

DO 410 I=1,N

*,13,% IN STEP *,I3)

CSUM(I,NSTEP1) =2 SUM (I ,NSTEP1)+C (I,NSTEP1)
WRITE (8,5000) ADELY (I), (C(I,J),J=1,KSTZP1,5)

FORMAT(3X,75.2,2X,20P6.2)
CONTINUE

WRITS(8,5003) (AVG (KKK) , KKK=1,HSTEP1,5)

FPORMAT (4X,*AVG*, 3X, 206, 2)
WRITE(8,6667) :
NSED=NSED*1

G0 T0 11

CONTINUE

OUTPUT....PINAL BESULTS
WRITE (8,5005)

FORMAT(1H1,//TU0,*SUMMATION OF SUSPENDED SEDIMENTS*)

WRITRB(8,5001) (ADELX (), I=1,NSTEP1,5)
DO 412 I=1,NW

WRITE (8,5000) ADELY (I), (CSUM(I,J),J=1,NSTEP1,5)

CONTINUE

WRITE(8,5003) (AVGSUM (KKK) ,KKK=1,NSTEP1,5)

WRITE(8, 6668)

FORMAT (1H1)

DO 411 I=1,21

AZ= (I-1) *DEL2Z .
WRITE(8,5002) AZ,(Z(I,Jd),3=1,NSTEP1,5)
FORMAT (4%, P5.2,2X,20F6, 3)

CON TINUE

DO BOO IY=1,20,4

YVAL=(IY-1) *DELY

WRITE (8,5555) YVAL

FORMAT{1H1,////.T7,*DISTRIBUTIOR OF SEDIMENT IN HORIZONTAL %,

*PLANE AT DEPTH*,P6.2,* M  (MG/L)*,//)
DO 810 I12Z=1,21

IAZ=22-12

AZ=(~DEL2* (IAZ-1))

DO 801 IX=1,NSTEP1, INC

IDUT(IX) =(CSOM(IY,IX)*2(IAZ,IX)*1000.+40.5)/800

CONTINUE

WRITR(8,6666) AZ,(IOUT(KKK) ,KKK=1,HSTEP1,5)

SOLUTIONS
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01840 6666 FOREAT (2X,F6.2,2X,2016)
01850 810 CONTINUE

01860 DO 802 Iz=2,21
01870 AZ=DELZ*{I2-1)

01880 po 803 IX=1,NSTEP1, INC

01890 IDUT(IX) =(CSUM(IY,IX)*Z(IZ,IX)*1000.+0.5)/800

01900 803 CONTINUE

01910 WRITE(8,6666) AZ,(LOUT(KKK) ,KKK=1,NSTEP1,5)

01920 802 CONTINUE

01930 WRITE(S,6667)

01940 6667 FOREAT (//)

01950 VRITZ(8,5001) (ADELX(KKK),KKK=1,NSTEP1,5)

01960 800 CONTIRUE

01970 STOP

01980 END

01990 SUBROUTINE ARRAY(%2D®,I,J,N,N,S,D)

020003 REEEEREREE KRR REEEE XL KRR R K ERE AR R RN ER KRR KRR RN E KRR R &
02010C CONVERTS DATA ARRAY PROM SINGLE TO DCUBLE PRECISION OR VICE-VERSA
02020C BERBEAE AR KX R EEKKE KK EAE SRR AR KSR KRR RERREKE R KRB R E KR EERE R EREERREKEEE R KX RS &
02030C MODE=1 - FPROM SIKGLE TO DOUBLE PRECISICKX

02040C MODE=2 - DOUBLE PRECISION TO SINGLE

02050C I= - ROVS IN DATA MATRIX

02060C J= - COLUMNS IN DATA MATRIX

02070C §= - ROWS SPEBCIFIE) IN DIMENSION STATENENT FOR MATRIX D

02080C M= - COLUMNS SPECIFIED IN DIMENSIOH STATEMENT

02090C EEEKEEEBEEREIRR AR KKK KSR E X KR REREK AR R R E RS EER R R SR R EE KRR SR PR R X R R R R R RR &
02100 DIMENSION S (1),D(1)

02110 NI=N-T

02120 IF (MODE=-1) 100,100,120

02130 100 IJ=T*J+1 .
02140 NM=NeJ+1

02150 Do 110 K=1,J

02160 AM= NH-NT

02170 Do 110 L=1,I

02180 1J=1J-1

02190 EM=NK-1

02200 110 D (§M)=S (IJ)

02210 GO TO 140

02220 120 IJ=0

02230 NM=0

02240 po 130 X=1,J

02250 po 125 L=1,I

02260 I3=1IJ+1

02270 NE=RNM+1

02280 125 S(IJ)=D (NM) _
02290 130 NM=NNM4NI
02300 140 RETURN

02310 END -

02320 SUBROUTINE GMPRD(A,B,R,N,%,L)

023302 XL ER R RES AR RE R R AR KRR R AR R R KR KA AR R R R E R AR AR KRR KR KRR KRR R R &
02340C HULTIPLIZES TWO MATRICES TO FORM NEW MATRIX

02350C EXERXEREERAK XA AR RERR R R AR R R AR RR AN IR KB AR R R AR KR E RN R KRR AR LR K KRR
02360C A= - PFIRST MATRIX

02370C B= = SECORD MXTRIX

02380C R= - OUTPUOT MATRIX

02390C N= - ROWS IN A

02400C M= - COLUMNS IN A

02410C - L= - COLUMNS IN B

02420C EEERERRRRKEERR R R RERRER R AR RR KRR IR KRR K KA BR AR AR SR AR R ER KRR SRR R SR &
02430 DIMENSION A (1) ,B(1) ,R(1)

02440 IR=0




02450
02460
02470
02480
02490
02500
02510
02520
02530
02540
02550
02560
02570
02580
02590
02600C
02610C
02620°C
02630C
02640C
02650C
02660C
02670C
02680C
02690C
02700C
02710
02720
02730
027402
02750C
02760
02770
02780
02790
02800
02810
02820
02830
02840
02850
02860
02870C
02880C
02830C
02900
02910
02920C
02930C
02940
02950
02960
02970
02930
02990
03000
03010
03020C
03030C
030402
03050

LS e S

10
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IRK=-M
po 10 Kk=1,1L
IK=IK+X
po 10 J=1,N
IR=IR+1
JI=J-R
IB=1K
R{IR)=0
DD 10 I=1,M
JI=JI+N
IB=1IB+1
R(IR)=R (IR)+A(JI)*B(IB)
RETURN
EWD
SUBRDUTINE DGELG(R,A,M,N,EPS,IER)
EEEERERRRE AKX KB ERE RX KRR RRR R AR AR ERE R R R R SRR KRR R KRR AKX R KRR EE AR KK SRR
TO SOLVE A GEBENERAL SYSTEM OF LINEAR ECQUATIONS
R -~ DOUBLE PR2®CISION M X N RIGHT HAND SIDE MATRIX
AR - DOUBLE PREDISION M X N COEFP MATRIX
M - N0 OF EQUATIONS
N - NUMBER OF RIGHT HAND SIDE VECTORS
EPS - TOLERANCE PFOR TBEST
IER = 0 - NO EZRROR
-1 - NO RESULT BZCAUSE M LESS THAN 1 OR PIVOT BLEMENT =0
K - WARNING DUB TO POSSIBLZ LOSS OF SIGNIPICANCE INDICATED
EREEERR RS R R RS XK R R AR KA B U KRS IR SRR E R AR R R AR R RN KA KR KRR AR KK EE S XS
DINZNSTION A (1) ,R (1)
DOUBLE PRECISION R, A,PIV,TB,TOL,PIVI
IF(X%) 23,23,1

SEARCH POR GREATEST ELEMENT IN A
IER=0

PIV=0.D0

Bi= KN

NN=N*N

DO 3 L=1,MM
TB=DABS (A (L))
IF (TB-PIV)3,3,2
PIV=TB

I=1

CON TINUE
TOL=EPS*PIV

A(X) IS PIVOT FLEMENT
START ELIMINATIOR LOOP
LST=1

DO 17 K=1,H

TEST ON SINGULARITY
IP (PIV) 23,23,4
IP(I®R) 7,5,7

IF (PIV-TOL)6,6,7
IER=K-1 .
PIVI=1.D0/A (I)
J=(1-1) /1

I=I-J%K-K

J=J+1-K

I+KX IS ROW INDEX, J+K COLUMN INDEX OF PIVOT BLEMENT
PIVOT ROW REDUCTION AND ROW INTBRCHANGE IN RIGHT HAND SIDE R
DO 8 L=K,NN,N



03060
03070
.03080
03090
03100C
03110C
03120
03130C
03140C
03150
03160
03170
03180
03130
03200
03210
03220
03230cC
03240
03250
03260
03270
03280
03290C
03300C
03310
03320C
03330C
03340
03350
03360
03370
03380
03390
03400
03410
03420
03430
03440
03450
03460
03470
03480
03490
03500
03510
03520
03530C
03540C
03550¢C
03560
03570
03580
03590
03600
03610
03620
03630
03640
03650
03660

8

9
10

n
12

13

14

15

16
17

18
19

LLl=1+Y
TB=PIVI#*R (LL)
R{LL)=R (L)
R(L) =TB

IS ELIMINATION TERMINATED
IF (K-M)9,18,18

COLUMN INTERCHANGE IN A
LEND=LST+N-K

IF (3)12,12,10

II=*n

DO 11 L=LST,LEND

TB=A(L)

LL=L+II

A(L) =A (LL)

A(LL)=TB

ROW INTERCHANGE AND PIVOT ROV REDUCTICK IN &
DO 13 L=LST,HN,X

LL=L+I

TB=PIVI*A (LL)

A (LL) =A (L)

A(L)=TB

SAYE COLOMN INTERCHANGE INFO
A(LST) =J

ELEMENT REDOUCTION AND NEXT PIVOT SEARCH
PIV=0.D0 )

LST=LST+1

J=0

DO 16 II=LST,LERD

PIVI=~-A (II)

IST=II+HM

J=J+1

DO 15 L=IST,MM,N

LL=1-3

A(L)=A(L) #+PIVI*A (LL)

TB=DABS (A (L))

IF(TB-PIV) 15,15,14

PIV=TB

I=L

CONTINUE

DO 16 L=K,NNM,N

LL=L+J

R{LL) =R (LL) +PIVI=*R (L) 5
LST=LST+H

END OP BLIMINATION LOOP
BACK SUBSTITUTION AND INTERCHANGE
IP(H-1)23,22,19
IST=HN +N

LST=H+1

Do 21 I=2,M -

II=LST-I

IST=IST-LST

L=IST~-M

L=A(L) +0.5D0

DO 21 J=II,NM, M

TB=R (J)

1L=J
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03670 DO 20 K=IST,nN,M

03680 LL=LL#1

03690 20 TB=TB-A (K) *R (LL)

03700 K=J+L

03710 R (J) =R (K)

03720 21 R(K)=TB

03730 22 RETURK

03740C

03750C BRROR RETURN

03760 23 IER=-1

03770 RETURN

03780 END

03785C

03790C INSL ROUTINE NAME - MERF=ERFP

03800C

03810C~=we~nc-== et L L S L E R PRSP wmceedccccmcccanan
03820C

03870C  PURPOSE - BVALUATE THE ERROR FURCTION

03880C

03890C  USAGE - RESOULT = ERF(Y)

03900C

03910  ARGUMENTS Y - INPOT ARGUMENT OF THE ZRROR PUNCTION.
03920C ERF - ODUTPUT VALUEB OF THE SRROR FUNCTION.
03930C

04040C COPYRIGHT - 1978 BY IMSL, INC, ALL RIGHTS RES ERVED.,
04050C

04066C  WAREANTY - INSL WARRANTS ONLY THAT INSL TESTING HAS
04070C APPLIED TO THIS CODE. KO OTHER WARRANTY
04080C EXPRESSED OR IMPIIE®D, IS APPLICARLE.
04090C

04100C-==mmammem mmmmmmeee——— R T
0s110C .

04120 REAL PONCTION ZRF(Y)

04130C SPECIPICATIONS POR ARGUMENTS
04140 REAL Y

04150C SPECIFICATIONS FOR LOCAL VARIABL
04160 INTEGER ISR,I

04170 DINENSION P(5),0(3),P1(8),01(7),P2(5),02(4)

04180 REAL P,0,P1,01,P2,02,XMIN,XLARGE,SSQPI,X,
04190+ RES,XS5Q,XNUM, XD24, X1 '

04200C COEFFICIENTS FOR 0.0 .LE. Y .LT.
04210C 477

04220 DATA P(1)/-.44422647396874/,

04230+ P(2)/10.731707253648/,

04240+ P (3) /15.915606197771/,

04250+ P(4)/374.81624081284/,

04260+ P(5)/2.5612422994823E~-02/

08270 DATA 0(1)/17.903143558243/,

04280+ 0(2)/124.82292031531/,

04290+ 0(3)/332.17224470532/

04300C CORFFICIENTS FOR .477 ,LE. Y
04310C .LE. 4.0

04320 DATA . P1(1)/7.2117582508831/,

04330+ P1(2)/43.162227222057/,

04380+ P1(3)/152.98928508694/,

04350+ P1(4)/339.32081673434/,

04360+ P1(5) /451.91895371187/,

04370+ P1(6)/300.45926102016/,

04380+ P1(7)/-1.3686485738272E-07/,

04390+ P1(8)/.56419551747897/

04400 DATA Q1(1)/77.000152935229/,
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o4410+
044820+
04430+
04440+
04450+
04460+
os470C
04480
04490+
04500+
04510+
04520+
04530
04540+
04550+
0us560+
04570C
04580
04590
04600C
04610
04620
04630
ou640
04650
04660
04670
04680
04690
04700
04710C
04720C
04730
04740
04750
04760
04770
04780
04790
04800
04810
04820
04830
04840C
04850C
04860
04870
04880
04890
04900
04910
04920
04930
049430
04950C
04960C
04970
04980
04990
05000
05010

10

15

20

25

30

35

188

01(2) /277.58544474399/,
Q1(3) /638.98026446563/,
01 (4} /221.35409485C61/,
01 (5) /790.95092532790/,
01(6) /300.45926095698/,
Q1(7)/12.782727319629/
COEFPICIENTS FOR 4.0 . LT. Y
DATA P2 (1) /-.22695659353969/,
P2(2)/-4.94730910623252-02/,
P2(3) /-2.99610707703542-03/,
P2(4) /-2.23192459734182-02/,
P2(5)/-2.7866130860965E-01/
DATA 02(1)/1.0516751070679/,
02(2)/.19130892610783/,
Q2(3)/1.0620923052847E-02/,
02 (4)/1.9873320181714/

CONSTANTS
DATA XMIN/1,02-8/,XLARGE/5.6875E0/
DATA SSQPI/.56418958354776/
FIRST EXECUTABLE STAT EMENT
X=X
ISV = 1 .
IP (X.GE.0.0E}) GO TO 5
ISR = -1
X = =X

IF (X.LT..47720) GI TO 10

IF (X.LE.4.0E50) GO TO 25

IP (X.LT.XLARGE) G2 TO 35

BES = 1.ED

Go T S0
ABS(Y) .LT. .477, EVALUATE
APPROXIXATION FOR ERF

IF (X.LT.XMIN) GO IO 20

XSO = X#*X

XNUM = P(5)

DO 15 I=1,U

XNUM = XNUM*XSQ+P(I)

CONTINUE

XDEN = ((Q(1)+XSQ)*XSQ+Q(2))*XS0+Q(3)

RES = X#XNUM/XDEN

GO TO 50
RES = X2 (4) 2 (3)
GO TO 50
.477 .L%. ABS{Y) .LE. 4.0
EVALUATE APPROXIMATION FOR ERF
XSO = X*x .

XNUM = P1(7)#X+P1(3)
XDEN = X+Q1(7) :

DO 30 I=1,6
XNUN = XNON*X+P1(I)
XDEN = XDEN*X+Q1 (I)
CONTINUE
RES = XRUM/XDEN
GO TO 45 -
4.0 ,LT. ABS(Y), EVALUATE
APPROXIMATION FOR ERF
XSQ = X*X

XI = 1.020/XS0

XNUM = P2 (§)*XI+P2(5)
XDEN = XI+Q2(4)

DO 40 I=1,3




05020
05030
05040
05050
05060
05070
05080
05090
05100
05110

XNUM*XI+P2 (I)
XDEN*XI+Q2 (I)

INUN
XDEN

40 CONTINUE

45
50

RES = (SSQPI+XI*XRIM/XDEN) /X
RES = BES%EXP(-X5Q)

RES = 1.0EO-RES

IFP (IS¥V.EQ.-1) RES = ~RES
ERF = RES

RETURN

END
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APPENDIX F

HORIZONTAL SEDIMENT DISTRIBUTIONS

AT DEPTH OF 1.2 m




Sediment Composition
Sand 45%
Silt 25%
Clay 30%
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-50.00
-47,.50
-45,00
-42.50
-40.00
-37.50
-35.00
-32.50
-30.00
-27.50
~-25.00
-22.50
-20.00
-17.50
-15.00
-12.50
-10.00
-7.50
-5.00
-2.50
0.00
2,50
5.00
7.50
10,00
12,50
15.00
17.590
26,00
22.50
25,00
27.50
30.00
32,50
35.00
37.50
40.00
42,50
45.00
47.50
50.00

0 c 0 0 0 0 0 0
0 0 0 0 0 0 0 o
[V o 0 0 0 0 0 )
0 ) 0 0 0 0 0 0
c c 0 0 0 0 0 G
0 0 0 0 0 0 0 0
0 ¢ 0 0 0 ) 0 ¢
0 0 0 0 0 0 0 ‘
¢ c 0 0 0 0 0 e
0 0 0 0 0 0 0 2
0 o 0 0 0 0 0 o
0 0 0 0 0 0 0 ¢
¢ ¢ 0 0 0 0 o ¢
0 0 0 0 0 0 0 9
0 C 0 0 1 2 3 y
125 39 33 33 32 31 31 3z
125 79 66 65 63 60 58 57
125 79 67 66 - 6U 63 67 1
125 79 67 66 65 63 62 61
125 79 67 66 65 63 62 61
125 79 67 66 65 63 62 61
25 79 67 66 65 63 b 61
125 79 67 66 65 63 62 61
125 79 7 66 64 63 2 1
125 79 66 65 63 60 58 57
125 39 33 33 32 31 31 30
0 ¢ 0 0 1 2 3 4y
0 0 0 0 0 0 0 0
0 0 0 0 0 0 I\ g)
0 0 0 0 0 n 2 3
¢ c 0 0 0 ¢ 0 C
0 0 0 0 0 0 0 r
0 c 0 0 0 o 0 K
0 0 0 0 0 0 c ¢
] c 0 0 0 0 ) N
0 0 0 0 ) 0 0 -
c 0 0 0 0 0 0 0
0 0 0 0 0 0 0 2
0 ¢ 0 0 e 0 0 N

0 0 0 0 0 0 ¢
o 0 0 0 0 0 0 .

3

0.0 50.0 100.0 150.0 200.0 250.0 3v0.0 350.
DISTRIRUTIOK OF SEDIMENT IN HORIZONTRL

U=0.2 m/sec . Sand 45%
ws = 0.007 m/sec Silt 25%
E, = 0.0044 n’/sec Clay 30%

v

0 0 0
0 0 0
0 0 0
0 0 0
0 ¢ 0
0 0 0
0 0 0
0 v 0
0 0 0
0 0 0
¢ 0 ¢
0 0 0
0 ¢ 0
0 (4 0
5 6 6
30 29 29
55 53 52
60 59 58
60 59 53
60 593 58
690 5) se
60 59 58
60 59 5R
60U 59 58

O

CcCOoOocCoDOocoLUOoC oo Ww
< o
COOLUDODHOODOODO

O O C

400.0 450.0 53G,0
PLANZE
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~50.00
-47.50
-45.00
-42,50
-40.00
=-37.50
-35.00
-32.50
~30.00
-27.50
~-25,00
-22.50
~20.00
-17.50
-15.00
-12.50
-10.00
-7.50
-5.00
-2.50
0.00
2.50
5.00
7.50
10. 00
12.50
15.00
17.50
20.00
22.50
25.00
27,50
30.00
32.50
35.00
37.50
40.00
42.50
45.00
47.50
50.00

0 Y 0
0 0 0
0 0 0
0 0 - 0
0 0 0
0 0 0
0 0 0
0 0 0
0 Y 0
0 0 0
0 ¢ . 0
0 0 0
0 0 0
0 0 0
0 0 2
125 54 42
125 108 82
125 108 85
125 108 85
125 108 85
125 108 85
125 108 85
125 108 85
125 108 85
125 108 82
125 54 42
0 0 2
0 0 0
0 0 0
0 0 0
0 0 0
0 0 0
0 (U 0
0 0 0
0 0 0
0 0 0
0 0 0
0 0 0
0 0 0
0 0 0
0 0 0.

OQ0COCODOOOODOCODLE

FO000O0CCOCOPOoO0OoQCO

NOODOO0O0OO0COOOOOOCO

[oReNoRololeNoloNoNoNeloN el

NOSCOOCOOOCOO0OOOOCOO

w
OO0 OOO0OO0OOCOOCOOONW

0 0
0 0
0 9
0 0
0 0
0 0
0 0
0 0
0 0
0 0
0 0
0 0
0 0
0 1
9 10
33 32
57 55
65 63
66 65
66 65
66 65
66 65
66 65
65 63
57 55
33 32
9 10
0 1
0 0
0 ¢
0 0
0 0
0 0
0 0
0 0
0 0
0 0
0 0
0 O
0 0
0 v

WU NN W=
SN WNETEEEETNDWN -

COTCOOOCOVCOD -

DO OO0 O0COCCOQROO

(o =l )
W=

Voo,
N=we &

-t W
CoCoCoooToCoonNN

N (W =
NN NNOCOOCOCOCOOODOCOO
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QUWWWWWOOaNNODOOCOOOOODOOQOO
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—
CO0OOCOULOQOOOOOoONNN

0.0 50.0 100.0 150.0 200.0 250.0 300.0 350.0 400.0 450.0 500.0
DISTRIBUTION OF SEDIMENT IN HORIZONTAL

U=0.4 m/sec
Ws = 0.007 m/sec
E

2 = 0.0088 mz/sec

Sand 45%
Silt 25%
Clay 30%

PLANE



-50.00
-47.50
-45.00
-42,50
-40.00
-37.50
-35.00
-32.50
-30.00
-27.50
-25.00
-22.50
-20.00
-17.50
-15.00
~-12.590
-10.00
-7.50
~5.00
-2.59
0.00
2.50
5.00
7.50
10.00
12.50
15.00
17.50
20.00
22.590
25.00
27.50
30.00
32.59
35.00
37.50
40.00
42.50
45.00
47.50
50.00

(ol eN NN NoYoNoNe N No o Nale

— D
NN
o n

125
125
125
125
125
125

- ea =
NN
(N, WS,

c>O<3<>o<Dr>o<3C>o<3c>o<q

0 0 0 0 0
0 0 0 0 0
C 0 0 ¢ 0
0 0 0 Y 0
0 0 0 0 0
0 0 0 0 0
0 0 0 0’ 0
0 0 0 0 0
¢ 0 0 0 0
0 0 0 0 0
c 0 0 0 0
0 0 0 0 0
c 0 0 0 0
0 0 1 2 3
3 9 13 15 16
59 53 u7 43 41
118 36 82 72 65
118 105 94 85 78
118 106 35 e7 81
118 106 95 87 81
118 106 95 87 82
118 106 95 87 a1
11¢ 106 95 87 a1
18 105 34 85 78
115 96 82 72 65
59 53 47 43 41
3 9 13 15 16
0 5} 1 2 3
0 0 0 C 0
0 s} 0 2 0
C 0 0 ¢ v
0 0 0 0 0
< 0 0 0 0
0 ¢ 0 0 ¢
C 0 ¢ 0 v
Y 0 ¢ 0 0
C 0 0 0 0
0 0 0 0 0
0 0 0 0 0
0 ¢ 0 J o
C 0 0 0 0

0 o]
0 0
0 0
0 0
0 0
0 ¢
0 0
0 C
0 0
0 - 0
4} 0
0 Q
0 1
4 5
17 17
38 37
60 56
72 6"
76 73
77 T4
77 74
77 74
76 73
72 62
60 56
38 37
17 17
4 5
0 1
n n
G Q
0 0
¢ o)
0 ]
0 ul
0 o
0 o
0 o
0 ¢
0 0
0 3]

S WO AINIINI IO
DO LW NC AN =T Nw D

COOCCOZTOC DDOCOh

N OO0 COO0ODOCOCOCOO0O

W e
NMONNNOCOCOOOoOO0OOO0O0O0Q

(o)W WF,]
o~ J VERNEN

A JO
WO O

W o
N aa W

-
CONND
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DWNOODOOQOOOOCOO0O0

QOO0 LOOLON®

0.0 50.0 120.0 150.0 200.0 250.0 300.0 350.0 400.0 u450.0 500.0

U=
wS
EZ

DISTRIBUTION OF SEDIMENT IN

0.8 m/sec
= 0.007 m/sec
= 0.0176 mz/sec

HORIZONTAL

Sand 45%
Silt 25%
Clay 30%

PLANE




-50.00
-47.50
-45,00
-42,50
-40,00
-37.50
-35.00
-32.50
-30.00
-27.50
-25.00
-22.50
-20.00
-17.50
-15.00
-12.50
-16. 00
-7.50
-5.00
-2,50
0.60
2.50
5,00
7.50
10. 00
12.50
15.00
17.50
20.00
22.50
25.00
27.50
3C6.00
32.50
35.00
37.50
4¢. 00
42,50
45.00
47.50
50.00

[~ReNoNeNoNoNo oo RoNeN-NoNol )
ODHOOCOIODOOOOO
COOOCOO0OO0OO0ODDODOOCO

125 33 51
125 33 51
125 33 51
125 33 51
125 16 25
0 Y 0
0 0 0
0 C 0
0 0 C
C C 0
0 0 0
0 G 0
0 ¢ 0
¢ C 0
0 0 0
C < 0
0 C e
¢ ¢ 0
0 0 0
c C 0
0.0

U
W
E,

o w
FNOO0OO0DOCODDOOOODIOCOOCO

[o e N Mo o)
[C4 S T, IR S, ]

woaao,
NE AW

CO0DODODOOOOOOOQ

S OO DOCOOODOOCOOCOO

Doo0ooCcCCcOOTCOoOCOD20=

w
S2NOQCOQOOCOQCOROQOC

o
w o

[oa = a0 W * W ol o)
W www

w D
- O

CovoCcoCeCcoToDoN

0 0
0 0
0 0
0 0
0 V]
0 9
0 )
0 0
0 ¢]
0 9
0 7]
0 o
0 @
0 J
3 4
31 33
59 57
62 61
62 61
62 61
62 61
62 61
62 61
62 61
59 57
31 30
3 4
0 0
\ ]
0 3
) 8
0 0
G Y
N J
¢ J
0 G
0 ¢
o] 0
Q (]
Q 0
9] ¢]

DISTRIDUTION OF SEDIMENT IN HCRIZONTAL

= 0.2 m/sec
= 0.012 m/sec
= 0.0044 m2/sec

Sand 45%
Silt 25%
Clay 30%
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NO OO COOODCOOOQ
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50.0 120.0 150.0 200.0 250.0 300.0 350.0 400.0 450,0 520.0
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-50.00 0 0 0 0 0 0 0 0 0 0 0
-47.50 0 ) 0 0 0 0 0 0 0 0 0
-45,00 0 o 0 0 0 0 0 0 0 0 0
-42.50 0 c 0 0 0 0 0 0 0 0 0
-40.00 0 0 0 0 0 0 0 0 0 0 0
-37.50 0 0 0 0 0 0 0 0 0 0 0
-35.00 0 0 0 0 0 0 0 0 0 0 0
-32.50 0 0 0 0 0 0 0 0 0 0 0
-30.00 0 0 0 0 0 0 0 0 0 0 0 )
-27.50 0 0 0 0 0 0 0 0 0 0 0
-25.00 0 0 0 0 0 0 0 0 0 0 0
-22.50 0 0 0 0 0 0 ) 0 0 0 0
~20.,00 0 0 0 0 0 0 0 ¢ 0 0 0
-17.50 0 ¢ 0 0 0 0 0 1 1 2 2
-15.00 0 0 2 4 6 2 9 10 11 12 12
-12.50 25 4y 34 33 33 33 32 32 32 32 31
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-5.00 125 88 68 67 66 66 65 65 64 63 63
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ws = 0.012 m/sec Silt 25%
E, = 0.0088 n’/sec Clay 30%
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DISTRIBUTION OF SEDIMENT IN HCRIZONTAL

U=0.4 m/sec
HS = 0.012 m/sec
EZ = 0.0440 m2/sec

Sand 45%
Silt 25%
Clay 30%
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-50.00 0 0 0 0 0 0 0 0 0 0 0
-47.50 0 0 0 0 0 0 0 0 0 0 0
-45.00 0 0 0 0 0 0 0 0 0 0 0
-42.50 0 0 0 0 0 0 0 0 0 0 0
-40.,00 0 0 0 0 0 0 0 0 0 0 0
-37.50 0 ¢ 0 0 0 0 0 0 0 0 0
-35.00 0 0 0 0 0 0 0 0 0 0 0
-32.50 0 ¢ 0 0 0 0 0 0 0 0 1
-30.09% 0 Ui 0 0 0 0 0 n 1 1 1
-27.50 0 0 0 0 0 0 1 1 2 2 3 -
-25.00 0 0 0 0 1 1 2 3 4 5 S
-22.50 0 C 0 1 3 4 5 6 7 8 9
-20.00 0 0 2 4 6 8 3 1 12 12 13
-17.50 0 4 3 11 13 14 16 17 17 18 18
-15.00 0 17 18 21 22 23 24 24 24 24 25
-12.59 125 4y 34 33 33 33 32 2 32 KR 31
-10.00 125 70 43 46 4y 42 41 4o 39 38 37
-7.50 125 84 60 56 53 51 49 47 46 4y 43
-5.00 125 22 66 62 59 57 55 53 51 49 48
-2.50 12 az 68 65 63 61 58 56 54 52 51
0.00 125 83 68 66 64 62 60 57 55 53 51
2.50 125 82 683 65 63 61 58 56 sS4 52 51
5.00 125 88 66 62 59 57 55 53 51 43 48
7.50 125 eu 60 56 53 51 49 47 46 4y 43
10.00 125 70 49 46 44 42 41 4¢ 39 38 37
12.56 125 L4 34 33 33 33 32 32 32 31 31
15.00 (o 17 19 21 2 23 24 24 24 24 25
17.50 0 - 4 e 11 13 14 16 17 17 18 18
20.00 0 0 2 4 6 8 9 1 12 12 13
22.50 0 C 0 1 3 ] 5 6 7 R 9
25.00 . 0 2 G 0 1 1 2 3 4 5 5
27.50 c ¢ 0 0 0 0 1 1 2 2 3
30.09 0 0 3 0 0 0 0 th 1 1 1
32.590 0 C 0 0 0 0 0 G 0 0 1
35.00 0 0 0 0 0 0 0 0 Q 0 0
37. 590 Y ¢ 0 0 0 0 0 G 0 v 0
40.00 0 0 n 0 0 0 0 0 0 0 0
42.50 0 ¢ 0 0 0 0 0 Y 0 0 0
45.00 0 0 n 0 G 3 0 9 0 0 0
47.532 [ c 0 0 0 0 0 0 ¢ v 0
50.00 0 0 n 0 0 0 0 0 0 ¢ 0

0.0 50,0 1¢0.0 150.0 200.0 250.0 3C0.0 350.0 400.0 450.0 590,0

DISTRIRUTIOYN OF SEDIMENT IXN HCRIZCNTAL DPLANE
U= 0.4 m/sec Sand 45%
W = 0.012 m/sec Silt 259
E, = 0.0880 n’/sec Clay 30%
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0.0 50.0 100.0 150.0 200.0 250.0 3u0.0 35G.0 400.0 450.0 500.0
DISTRIBUTION OF SEDIMENT IN dORIZONTAL

U=0.8 m/sec
WS = 0.012 m/sec
EZ = 0.0176 mz/sec

Sand 45%
Silt 25%
Clay 30%
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DISTRIBUTION OF SEDIMENT IN HORIZONTAL PLANE
U= 0.2 m/sec Sand 45%
WS = 0.015 m/sec Silt 25%
E, = 0.0044 n’/sec Clay 30%
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0.0 50.0 100.0 150.0 200.0 250.0 300.0 350.0 400.0 450.0 500.0
DISTRIBUTION OF SEDIMENT IN HORIZONTAL

U= 0.8 m/sec
W, = 0.015 m/sec
E, = 0.0176 n’/sec

Sand 45%
Silt 25%
Clay 30%

PLANE
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Sediment Composition
Sand 2%
Silt 67%
Clay 31%
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-47.50
-45.00
-42.50
-40.00
-37.50
-35.00
-32.50
-30.00
-27.50
-25.00
-22.5C
-20.00
-17.50
-15.00
-12.590
-10.00
-7.50
-5.00
-2.50
0.00
2.50
5.00
7.50
10.00
12,50
15.00
17.50
20.00
22.50
25.00
27.50
30.00
32.50
35.09
37.50
40.00
42,50
45,60
47.5C
50,00

0 0 0 0
0 0 0 0
0 0 0 0
0 ¢ 0 0
0 0 0 0
0 ¢ 0 0
0 0 0 0
0 0 0 0
0 n 0 0
0 ¢ 0 0
0 0 0 0
0 c 0 0
0 0 0 0
0 c 0 0
0 0 0 1
125 6C 59 57
125 121 118 113
125 121 118 115
125 121 118 115
125 121 113 115
125 121 113 115
125 121 113 115
125 121 118 115
125 121 118 115
125 121 118 113
125 60 59 57
0 -0 9 1
0 o 0 o
0 0 0 0
¢ c 0 0
9 0 0 0
¢ C 0 0
0 0 0 ¢
0 ¢ 0 0
d 9 0 0
¢ G 0 0
0 0 0 0
c c 0 0
0 < 0 0
c ¢ 0 0
0 0 0 0

6.0 59.3 1%0.0 150.0 20C.0

U=
wS
EZ

CISTRIRUTION OF

0.2 m/sec
= 0.007 m/sec
= 0.0044 m’/sec

0 0
-0 0
0 0
¥} 0

0 Q

0 0

0 0

0 0

0 0

0 0

0 0

0 0

0 0

0 0

3 5
56 SYy
109 1C4
112 109
112 109
112 103
112 109
112 109
112 1CY
112 103
109 104
56 Sy
3 5

0 )

0 c

Q 0

0 0

N 0

J ¢

0 ]

0 Q

0 v

0 0

G 0

0 0

0 V]

0 o}

NOCOCOOCOQCOOICODOD

-
oun
oW

106

-
oo
o

1C6
106
1C6
106

186

OODTTDHOO

PO DO ODDODODOCO

DO

wn
D

96
103
104
104
104
104
104
103

36

LD T

<

Kl

l‘
¥]

>

[ N ot o

SFDIMENT IN HCFIZONTAL

Sand 2%
Silt 67%
Clay 31%

VWOOoOOTCOOOOOOLDOCOOO

N ey
OO W,m
[ S S oY

161

—
fe)
ey

101

w o
OV O CDUODODODOC L ON

o<

CC OO0 COO

DOOO0OCOOOOPOOOCO

COVCOOLOCODOT DO

25€,0 3¢0.C 35C.0 400,0 450.0 590.0

PLANE

2n4




-50.00
-47.50
-45.00
-42,.50
-40.00
-37.50
-35.00
-32.50
-30.00
-27.50
-25.00
-22.50
-20.00
-17.50
-15.00
-12.50
-10.00
-7.50
-5.00
-2.50
0.00
2.50
5.00
7.50
10.00
12.50
15.00
17.50
20.00
22.50
25.00
27.50
30.00
32.50
35.00
37.50
40.00
42.50
45,00
47.50
50.00

0 0 0
0 0 0
0 0 0
0 0 0
0 0 0
0 0 0
0 c 0
0 0 0
0 c 0
0 0 0
0 c 0
0 0 0
0 C 0
0 0 0
0 0 3
125 61 60
125 123 117
125 123 121

-
L]
wn
P
N
w
—
8]
-

-
N
W
—_
N
w
—
[\S}
—

-
[V}
w
-
%]
[#¥)
pury
[ 8]
—

-
N
(%]
-
N
w
—
[e8]
-y

125 123 LA
125 123 121

125 123 117

125 61 60
0 0 3
0 0 0
0 0 0
9 0 0
0 ¢ 0
0 0 0
0 ¢ 0
0 0 0
0 ¢ 0
0 0 0
0 c 0
0 0 0
0 0 0
0 0 0
0 0 0
0.0 50.0 100.0

u

W
s

E,

= 0.4 m/sec
= 0.007 m/sec
= 0.0088 me/sec

-

NO OO ODoO0Co0CoCoCoO

- =D d
- wh 2N
O O - O

11y
119
119
119
119

—
[, Qe
O b

00000000 OCODONHO

0 0

0 0

0 0

¢ 0

0 0

0 0

0 0

0 0

0 0

0 0

0 0
(4] 0

0 0

0 0
10 13
58 58
1C6 102
117 115
117 116
117 116
117 116
117 116
117 116
117 115
1C6 102
58 53
10 13
0 0

0 0

0 0

0 0

C v

0 0

¢ 0

0 0

0 0

0 0

0 0

0 0

0 0

0 0

0 h)
0 0

0 0

0 0

0 0

0 0

0 0

0 0

0 0

0 0

0 0

0 )

0 0

1 2
15 17
57 56
99 95
112 110
114 112
14 113
114 113
114 113
118 112
112 110
58 95
57 56
15 17
1 2

0 0

0 0

0 0

0 0

0 0

0 0

0 G

0 0

0 0

0 0

0 ¢

0 0

0 ¢

WooCoOoOLOOoCOCOoOOoCO@

-—
COODOLLAOHOOUODC WY

SO0 0o00CoCcCoCoO0oOC O

—
odn
[o)WVORN N )

109
110
110
119
109
106

ey

N,
o i

oo CcCocococooce

205

NOOOOCOO0OODOO0O00

[ SO o)
-

COCOCOQOTCOOWWDOWn

150.0 200.0 259.0 3CG.0 350.0 4006.0 450.0 520.0
DISTRILUTION g?

(>4

o

ZDINESNT IN

HCRIZONTAL

Sand 2%
Silt 67%
Clay 319

PLANE



206

-50.00 0 0 0 0 0 0 0 G 0 0 0
-47.50 0 0 0 0 0 0 0 C 0 0 0
-45.00 0 c 0 0 0 0 0 0 0 Q 0
-42.50 0 0 0 0 n 0 c 0 0 0 0
-40.00 C C 0 0 0 0 0 0 0 0 0
-37.50 0 0 0 0 0 0 0 n 0 0 0
-35.00 C c 0 0 0 0 0 0 0 v 0
-32.50 0 0 0 0 0 0 0 0 0 0 0
-30.00 0 C 0 0 0 G 0 0 0 2 0
- =27.50 0 0 0 0 0 0 0 0 0 0 0
-25,00 0 c 0 0 0 0 0 0 v V] 0
-22,.50 0 0 0 0 0 0 0 0 0 0 0
-2G,00 0 C 0 0 0 0 1 1 2 3 4
-17.50 0 0 0 1 3 5 7 9 10 12 13
-15.00 0 3 11 16 20 23 26 29 24 30 n
-12,50 125 62 61 61 60 S9 59 53 58 58 57
-10.00 125 120 AR R 105 100 95 92 89 e7 85 A3
-7.50 125 124 122 120 117 114 111 1c? 106 104 102
-5.,00 12% 124 123 121 120 119 117 116 114 112 1mm
~2.50 125 124 123 122 120 113 11 117 116 115 114
0.00 125 124 123 122 120 119 110 110 117 116 115
2.50 125 124 123 122 120 119 11e 117 110 115 114
5.00 125 124 123 121 12C 113 117 116 114 112 111
7.50 125 124 122 123 117 114 1 10 106 100 102
10.00 125 12¢ 111 105 100 95 92 9 £7 85 83
12.50 125 62 61 61 60 59 £9 59 53 58 57
15.00 0 3 11 16 20 23 26 28 29 30 31
17.50 0 -0 0 1 3 5 7 49 10 12 13
20.00 0 0 0 0 0 v 1 1 2 3 4
22.50 0 v 0 0 0 0 0 ¢ 0 v 0
25.00 c C 0 ¢ 0 0 0 S 0 0 0
27.50 0 0 0 0 0 J 0 3 0 0 0
30.00 0 C 0 0 o v ¢ U 0 6 0
32.50 0 0 0 0 0 v s J e 0 0
35.00 0 c 0 Y 0 0 G 0 G v G
37.50 0 0 0 0 o 0 G a 0 C 0
40.00 0 0 0 0 0 0 ¢ S 0 ] 0
42.50 0 0 0 0 0 0 ¢ & 0 C 0
45,00 c ¢ 0 0 0 0 0 U 0 ¢ 0
47.50 0 0 0 0 a 0 n 2 G 0 0
50,00 0 C 0 0 0 0 O U 0 0 0

0.0 50.0 100.0 150.0 200.0 250.06 3¢v0.0 35G.0 400.0 450.0 500.0

DISTRIGUTION OF  SEDIMEST IN HORIZONTAL PLANE
U=10.8 m/sec Sand 2%
NS = 0.007 m/sec . Silt 67%
EZ = 0.0176 n12/sec Clay 31%
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U=0.2 m/sec
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0.0 50.0 100.0 150.0 200.0 250.9 300.0 350.0 400.0 450.0 500.0
DISTPIBUTION ODP SEDIMENT IV HORIZONTAL

U=
”S
EZ

0.4 m/sec
0.012 m/sec
0.03 m2/sec

Sand 2%
Silt 67%
Clay 31%

PLANE
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-10.00 0 0 0 0 0 J 0 0 0 0 0
-9.50 0 0 0 0 0 2 0 0 0 0. 0
-9.00 0 0 0 0 0 2 0 0 0 0 0
-8.50 0 0 0 0 0 0 0 0 0 0 0
-8.00 0 0 0 0 0 ) 0 0 0 1 1
~7.50 0 0 0 0 0 J 0 0 1 1 2
-7.00 0 0 0 0 0 ) 0 1 2 2 3
-6.50 0 0 0 0 0 2 1 2 3 3 4
-6.00 0 0 0 0 0 1 2 3 4 5 6
-5.50 0 0 0] 0 1 3 4 5 6 7 8 -
-5.01 0 0 0 1 3 bl 7 8 9 10 11
-4.50 0 0 1 3 6 3 10 11 13 13 14
-4.00 0 0 3 7 10 13 14 16 17 17 18
-3.50 0 2 7 12 16 13 20 21 21 22 22
-3.00 0 6 15 29 23 25 26 26 26 26 26
-2.50 0 17 27 31 32 33 33 32 32 31 30
-2.00 0 35 42 43 42 41 40 33 37 35 34
-1.50 125 €1 53 55 52 3 be6 43 41 39 37
~1.00 125 85 74 66 60 35 51 47 44 42 39

-.50 125 103 85 74 65 53 5S4 50 47 44 41
0.00 125 109 39 76 67 5) 55 51 47 44 42

-50 125 103 35 74 65 53 54 50 47 44 41
1.00 125 &5 74 65 60 55 51 47 44 42 39
1.50 125 €1 53 55 52 9 45 43 41 39 37
2.09 0 36 4?2 43 42 41 40 33 37 35 34
2.50 0 17 27 31 32 33 33 32 2 31 30
3.00 0 6 15 20 23 25 26 26 26 26 26
3.50 0. 2 7 12 16 13 20 21 21 z2 22
4.00 0 0 3 7 10 13 14 16 17 17 13
4.50 0 0 1 3 6 3 10 11 13 13 14
5.00 0 0 0 1 3 5 7 3 9 10 1
5.50 ° 0 0 0 2 1 3 4 5 6 7 8
6.00 0 0 0 0 0 1 2 3 4 5 6
6.50 0 0 0 0 0 ) 1 2 3 3 4
7.00 0 0 J 0 0 ) 0 1 2 2 3
7.5%0 0 0 0 0 0 ) 0 0 1 ] 2
8.00 0 0 0 0 0 ) 0 0 0 1 1
8.50 0 0 0 0 0 [t} 0 -0 0 0 0
9.00 0 0 0 0 0 J 0 0 0 0 v
9.50 0 0 0 0 0 2 0 0 0 0 0
10.00 0 0 0 0 0 J 0 0 0 0 0

0.0 50.0 100.0 150.0 200.C 250.0 300.0 353.0 400.0 450.0 500.0

DISTRTBUTION NF SEDIAENT IV HORIZCNTAL PLANE
U=20.4 m/sec ~ ' Sand 2%
ws = 0.012 m/sec Silt 67%
E, = 0.03 n’/sec Clay 312
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DISTRIBUTION OF SEDIMENT IN FAORIZONTAL

U = 0.8 m/sec

-

Ns = 0.012 m/sec

E, = 0.0176 n%/sec

Sand 2%
Silt 67%
Clay 31%

PLANE
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-50.00 0 0 0 0 0 0 0 0 0 0 0
"=-87,50 0 0 0 0 0 0 0 ] 0 0 0
~45.00 0 0 0 0 0 0 0 0 0 0 0
-42.50 0 0 0 0 0 0 0 0 ] 0 0
-40,00 0 0 0 0 0 0 0 0 0 0 0
-37.50 0 0 0 0 0 0 0 0 0 0 0
-35.00 0 0 0 0 0 0 0 0 0 0 0
-32.50 0 0 0 0 0 0 0 0 4] 0 0
-30.00 0 '] 0 0 0 0 0 0 0 0 0
-27.50 0 0 0 0 0 0 0 0 J 0 0
-25.00 0 0 0 0 0 0 0 0 0 0 0
-22.50 0 0 0 0 0 0 0 0 0 0 -1
-20.00 0 0 0 0 0 0 0 ¢ 0 5 -341
-17.50 0 0 0 0 0 0 0 J -7 386-16751
-15.00 0 0 0 1 3 4 5 12 =185 674uxsxexx
-12.50 125 59 61 63 57 54 43 79 -1012 3227 1#%xxxx
-10.00 125 119 122 124 112 103 81 147 -1840 57797 %xxxsx
-7.50 125 119 122 126 115 108 87 159 -2017 64155%*%«*x
-5.00 125 19 122 126 115 108 87 159 -2025 6u4537%exssx
~2.50 125 119 122 126 115 103 87 159 -2025 6USU2%+x%%xx
0.00 125 119 122 126 115 108 87 153 -2025 645U2*xsx*x
2. 50 125 1139 122 126 115 108 87 159 =-2025 64SU2xx*x*xx
5.00 125 119 122 126 115 108 87 159 ~2025 64537*%xxxx
7.50 125 119 122 126 115 108 87 153 -2017 64155%===*%
10.00 125 119 122 124 112 103 81 147 -1840 57797%%%»sx
12,50 125 59 61 63 57 S4 43 79 -1012 3227 1%=%ssx
15.00 0 Y 0 1 3 4 5 12 -185 6T74Lussssrxx
17.50 0 0 0 0 0 0 0 0 -7 386-16751
20.00 0 0 0 0 0 0 0 0 0 5 =341
22.5G . 0 0 0 0 0 0 0 2 J 0 -1
25,00 0 0 0 0 0 0 0 0 0 0 0
27.50 0 0 0 0 0 0 0 0 J 0 0
30.00 0 0 0 0 Y 0 0 0 0 0 0
32.50 0 0 0 0 0 0 0 0 0 0 0
35.00 0 0 0 0 0 0 0 0 0 0 0
37.50 0 0 0 0 0 0 0 0 ] 0 0
80.00 0 0 0 0 0 0 0 0 0 0 0
82,50 0 ¢ 0 0 0 0 o . 0 0 0 0
45.00 0 0 ) 0 0 0 0 0 0 0 0
47.50 0 0 0 0 0 0 0 J 0 0 0
50.00 0 0 0 0 0 0 Q 0 0 ¢ 0
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0.0 50,0 100.0 -150.0 200.0 250.0 300.0 350.0 400.0 450.0 500.0

PISTRIBUTION OF SEDIMENT IN HCRBIZONTAL PLANE
U= 0.2 m/sec Sand 2%
ws = 0.015 m/sec Silt 67%

2
E, = 0.0044 m~/sec Clay 31%
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DISTRIBUTIJIN OF SEDIMENT IN HORIZONTAL

= 0.0088 m’/sec

U:
NS = 0.015 m/sec
Ez

Sand 2%
Silt 67%
Clay 31%

PLANE
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0 0 0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0 0 0
0 0 0 Q 0 0 0 0 0 0 0
v 0 0 0 0 0 0 0 0 0 0
0 0 0 0 0 ] 0 0 0 0 0
0 0 0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0 0 0
0 0 0 0 0 2 0 0 0 0 0
0 0 0 0 0 0 0 0 0 0 0
0 9 0 0 0 9 0 0 0 0 0
0 0 0 0 0 0 0 0 0 0 0
0 0 0 0 0 2 0 0 0 0 0
0 0 0 0 0 2 1 1 2 3 4
0 0 0 1 3 5 7 9 10 12 13
0 3 1 16 20 23 26 28 29 30 N
125 61 61 69 60 53 59 53 53 58 57
125 120 1M1 104 99 35 92 89 87 85 83
125 123 121 113 116 113 111 103 106 104 102
125 123 122 129 119 113 117 115 114 112 "
125 123 122 121 120 113 118 117 116 115 114
125 123 122 121 1290 119 118 117 116 116 115
125 123 122 LA 120 113 118 117 116 115 114
125 123 122 129 119 113 117 115 114 112 1
125 123 121 119 116 113 11 103 106 104 102
125 120 11 104 99 95 32 33 87 85 83
125 - 61 61 60 60 59 59 53 58 53 57
0 3 11 16 20 23 26 28 29 30 n
0 0 0 1 3 5 7 9 10 12 13
-0 0 0 0 0 0 1 1 2 3 4
0 0 0 0 0 Q 0 0 0 0 0
0 0 0 0 ) J 0 0 0 0 0
0 0 0 0 0 9 0 0 0 0 0
0 0 0 0 0 3 0 0 0 0 0
0 0 0 0 0 0 0 0 0 0 0
0 0 0 0 0 2 0 0 0 0 0
0 0 0 J 0 0 0 0 0 0 0
0 0 0 0 0 9 0 3 0 0 c
0 0 0 0 0 J 0 0 0 0 0
0 0 0 0 0 2 0 0 0 0 0
0 0 0 0 0 0 0 2 0 0 0
0 0 0 0 0 2 0 0 0 0 0

0.0 S50.0 10V.0 156.0 200.0 259.2 300.0 350.0 400.0 450.0 500.9

DISTRIBUTION 32 SEDIMENT I HORIZONTAL PLANE
U= 0.8 m/sec - Sand 2%
W, = 0.015 m/sec Silt 672

E2 = 0.0176 m2/sec Clay 31%
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Sediment Composition
Sand 20%
Silt 25%
Clay 55%
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-50.00 0 0 0 0 0 0 0 0 0 0 0
-47.50 0 0 0 0 0 0 0 0 0 0 0
-45.00 0 0 0 0 0 0 0 0 0 0 0
-42,50 0 0 0 0 0 0 0 0 0 0 0
-40,00 0 0 0 0 0 0 0 0 0 0 Q
-37.50 0 0 0 0 0 0 0 0 0 0 0
-35.00 0 0 0 0 0 0 0 0 0 0 0
-32.50 0 0 0 0 0 0 0 0 0 0 0 -
-30.00 0 0 0 0 0 0 0 0 0 0 0
-27.50 0 0 0 0 0 0 0 0 0 0 0
-25.00 0 0 0 0 0 0 0 0 0 0 0
-22.50 0 0 0 0 0 0 0 0 0 0 0
-20.00 0 0 0 0 0 0 0 Y 0 0 0
-17.50 0 0 0 0 0 0 1 2 2 3 4
-15,00 0 0 3 6 9 1 13 15 16 17 18
-12.50 125 58 53 50 49 49 us 48 47 47 47
-10.00 125 117 103 95 90 86 83 81 79 77 15
-7.50 125 117 106 101 98 97 95 94 93 91 90
-5.00 125 117 106 101 99 98 97 96 95 94 94
-2.50 125 117 106 101 99 98 97 96 95 95 94
0.00 125 117 106 101 99 98 S7 96 95 95 94
2.50 125 117 106 101 99 98 97 9é 95 95 94
5.00 125 117 106 101 99 93 97 96 35 94 94
7.50 125 117 106 101 98 97 95 94 93 ER| 20
10.00 125 117 103 95 90 86 83 a1 79 77 75
12.50 125 58 53 50 49 49 48 48 47 47 47
15.00 0 0 3 6 9 11 13 15 16 - 17 18
17.50 0 [} 0 0 0 0 1 2 2 3 4
20.00 -0 0 0 0 0 0 0 0 0 0 "0
22.50 0 0 0 0 0 0 0 0 0 0 0
25.00 0 0 0 0 0 0 0 0 0 0 0
27.50 0 0 0 0 0 0 0 o 0 0 0
30.00 0 0 0 0 0 0 0 0 0 0 0
32.50 0 c 0 0 0 0 0 0 0 0 0
35.00 0 0 0 0 0 0 0 0 C 0 0
37.50 0 0 0 0 0 0 0 S 0 0 0
40.00 0 0 0 0 0 0 0 0 0 0 0
42.50 0 0 0 0 0 0 0 0 0 0 0
45.00 0 0 0 0 0 0 0 0 0 0 0
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DISTRIZUTIIN DHP SEDIMENT IN HORIZONTAL FLANE
U=0.4 n/sec Sand 95%
W, = 0.03 m/sec Silt 5%

Ez = (.0088 mz/sec Clay 0%









