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Symposium 3.—Sedimentation in Estuaries,
Harbors, and Coastal Areas

INTRODUCTION

Most papers presented in thiz and the 1947
sedimentation conference were concerned pri-
marily with the erosion, transportation, and
deposition of sediment in streams and reser-
voirs. Of equal importance, particularly in
coastal areas, is the behavior of stream-borne
sediments upon entering the ocean. Such sedi-
ments may enter directly on an open coast or
they may enter into an estuary. The practical
problems involved in these two processes differ
greatly and are discussed briefly as follows.

A stream discharging directly on to an open
coast will drop its sediment load upon entering
the relatively quiet water of the ocean. The bed
materials load will be deposited in the form of
a delta, whereas the wash load will be carried
offshore into deep water either as a density cur-
rent or in suspension by the rather feeble
coastal currents. Whether or not the delta com-
posed of the coarser sediment fractions exists
as a pronounced bulge on the coastline depends
on the size of the sediment, the range of tide,
but principally on the intensity of wave attack.
If the wave action is relatively light and the
material is relatively coarse, then the delta may
be of a rather permanent form. On the other
hand, if the intensity of wave attack is high
and the material fine, then the stream-borne
sediments are resorfed by the high turbulence
of the breaking waves and moved along the
coast by the littoral currents, and no evidence
of a delta in the usual sense exists,

In many localities along the coastlines of the
world, streams often enter a bay or estuary
before the river waters reach the ocean. The
amount of sediments transported by such
streams that may reach the ocean depends on
a number of factors, such as stream discharge,
size of the bay or estuary, and character of the
sediments. In case of large bays or estuaries
and moderately sized streams, almost all the
bed material load will be deposited in the bay
and only some of the washload is eventually
transported to the ocean by streamflow and
tidal currents. A great percentage of the wash-
load actually may be deposited in the bay or
estuary as a result of flocenlation, which occurs
when the sediment-laden fresh water meets the
saline bay waters.

Although streams appear to be the major
source of sediments supplied to our coastlines,
such factors as cliff erosion, slides, onshore
movement by wave action, and wind action may
be of imporfance in many regions. In addition
to the supply of sand, the problem of the loss
of sand may also be important. Such losses may
result from the movement of sediment offshore
into deep water, losses into submarine canyons,
accretion against littoral barriers, removal of
sand for construetion purposes, wind action,
and abrasion by wave action. While all of these
factors are not discussed in this morning’s
sesgion, it is gratifying to see the amount of
time that has been alloted to this subject.

IMPORTANCE OF MARINE INFLUENCES IN ESTUARINE
SEDIMENTATION

[Paper No. 647

By RoeerT E. BURNS, research oceanographer, Office of Research and Development, U.S. Coast and
Geodetic Survey !

The important early settlements in this
country were in the estuaries of major rivers,

1 Field work and analysis of sediment in Port San
Juan, British Columbia, was conducted at the University
of Washington under Office of Naval Research Contract
Nonr-477(10), Project NR 083 012.

Consequently, it is not surprising that many
investigations of estuarine sedimentation have
been made in these same estuaries. Under these
conditions, it is important to realize that most
contemporary concepts of estuarine sedimenta-
tion have been strongly influenced by the pres-
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ence of an overwhelming dominant river load.
Although initially there was a tendency to con-
sider the estuary merely as a continuation of
the river environment, it was recognized early
that marine processes must also be considered.
Since the estuary is an environment in which
the marine forces are at least in equilibrium
with the river forces (as contrasted with, for
example, the deltaic environment), the impor-
tance of these marine forces should be consid-
ered at some length.

Although the role of tides and tidal currents
has been recognized for some time, only in
recent years has the importance of galinity and
the saline-wedge intrusions been examined in
detail. The role of the salinity distribution is
now the subject of many investigations, and in
general terms its effect on both the net-circula-
tion and on flocculation of suspended clay min-
eral load is reasonably well understood.

Unfortunately, because so much of the
research has been conducted in estuaries of
major rivers, examination of the behavior of
river-introduced load has tended to overshadow
examination of other sources of sediment and
of the nonriver processes. The saline wedge is
important in any estuary, but its impact upon
sedimentation becomes relatively less important
as the magnitude of the suspended clay mineral
Ioad of the river decreases.

In many nonmajor river estuaries, the prob-
iem of evaluation of sedimentation is extremely
complex because of the secondary importance of
the river-related source of sediment and the
absence of a major river flow. In these areas,
an understanding of the various sources of
sediment other than a major river and an
evaluation of the importance of the processes
of nonriver origin are necessary to understand
the overall sedimentation regime.

One of the simplest possible models for sedi-
mentation is that in which the characteristics
of the sediment are determined by the inter-
action between those processes tending to
remove sediment and those processes tending to
add sediment. If the sediment is characterized
a8 a funciion of the mineralogy, diameter,
shape, and lattice of the component grains, this
interaction can be expressed in the form:

So == (S; + Ss) —Sr
Where S = A function (mineralogy, shape,
diameter, lattice) ;
o = Observed at time of survey;
i == Initial condition (presurvey) ;
s = Added from source;
» — Removed from area.

Despite its simplicity, this relation is the
basis for more elaborate models, and in itself is
of value in determining changes in sediment
over periods of time. Although the model is

rarely expressed in these specific terms, it has
been used by many investigators of estuarine
sedimentation. Since adequate evaluation of
even this bagic model iz generally beyond the
capabilities of the investigator, attempts to
examine natural situations usually invelve one
of two basic approaches.

(1) The more common approach assumes a
gteady sfate in which the observed sediment
type is unchanged through time, i.e., S, — Siand
5: must equal S;. The sediment found within
the estuary is assumed to be in equilibrium with
environmental processes, and an attempt is
made to determine the physical processes con-
trolling this equilibrium.

Geologists examining lithified samples from
the geologic column are invariably limited to
these steady-state assumptions by the nature of
their data. Further, many studies of contempo-
rary conditions follow this line of reasoning
because of the extreme difficulties in conducting
more adequate sampling programs.

(2) The second general use of the basic model
involves a system in which S, =% 5. Evaluation
of this assumption involves at least two surveys
of the area and an attempt to determine repre-
sentative values of both S; and S, for the period
between the surveys. A comparison of charts
based on past surveys with more recent data is
frequently used fo evaluate S; and S-.

However, in this simple form the model gives
no ingight into the various processes acting
within the area of investigation nor is it useful
in determining the particular processes respon-
gible for additions and removals of sediment.
A further development of the model is neces-
sary in order to consider the behavior of sedi-
ment within the estuary and to evaluate the
various processes responsible for sediment
distribution.

One of the simpler models of estuarine sedi-
mentation that can be developed is presented in
figure 1. This indicates that all sediment intro-
duced into an estuary, from whatever source,
has one of five possible behaviors:

{1) The sediment can move through and out
of the estuary without ever being deposited (a
process of bypassing).

(2) The sediment can move through and out
of the estuary in a series of steps involving
alternate deposition and ercsion.

(3) The sediment can be permanently depos-
ited after initial deposition.

(4) The sediment can be subjected to alter-
nating deposition and erosion through one or
more cycles and can then be permanently
deposited.

{5) The sediment can be recycled continually
without ever being moved out of the estuary or
being permanently deposited,
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SEDIMENT REMOVAL
SOURCE FROM ESTUARY
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iMPULSE "
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IN MOTION OF A
SEDIMENTARY PARTICLE
ORIGINALLY AT REST
WITHIN THE ESTUARY

F16URE 1. — Block model for evaluating sedimentation
in an estuary.

Each of thege five behaviors may vary in im-
portance through time, and all of them may be
operating simultanecusly but on different sedi-
mentary particles. The observed bottom sedi-
ment distribution is, then, the result of the
summation through time of all the processes
acting in the area.

The application of this model to a natural
situation involves the evaluation of the various
sources of sediment and the processes of trans-
portation and erosion within the area. In par-
ticular, we must consider the processes that
may be capable of giving impulse to particles
which for one reason or another are at rest on
the bottom.

Figure 2 is a generalized presentation of the
various sources from which sediment may be
introduced into an estuary.

The surface source is responsible for the

SURFACE

SHORELINE SOURCE
SOURCE RIVER.
V <~ SOURCE
SOURCE SHORELINE SOURCE

BOTTOM
SOURCE

Fi1GURE 2. — Generalized sources of sediment entering
an estuary.

2 WaANG, F. H. RECENT SEDIMENTS IN PUGET SOUND
AND PORTIONS OF WASHINGTON SOUND AND LAKE WASH-
INGTON. 160 pp. 1955. Ph.D. thesis. On file at the li-
brary, University of Washington.

intreduction of such material as voleanic ash,
rafted sediment, windblown particles, ete.
Although some specific incidents of importance
have been reported (11), such sources are
usually minor and are not generally considered
in the evaluation of most natural situations.

The bottom of the estuary may be a source of
gediment introduced into an estuary by proec-
esses related to turbidity currents. Although
such processes are sometimes important in
redistributing sediment already within the
estuary, it is unlikely that the bottom is nor-
mally an important source of new sediment in
estuaries.

Without a2 river source the estuary cannot
exist, but the importance of the sediment added
from this source both varies greatly with time
in any single estuary and certainly from one
estuary to another. In the estuaries of large
rivers the river is usually a dominant source
of sediment, and several investigators (2, 4)
have emphasized processes that distribute the
river-introduced sediments. When the river is
a dominant source — gpecifically when the river
is a large one with an extensive drainage basin
— the problem of floceulation of silt- and clay-
sized particles iz of major importance. How-
ever, in areas of limited drainage basins and
relatively little weathering to form clay min-
erals, the problem of flocculation becomes con-
siderably less important.

An additional factor affecting the sediment-
ary-laying importance of the river source is the
general circulation related to the intrusion of
the saline water along the bottom. This has
been covered in detail from the hydrodynamic
viewpoint by wvarious investigators (9). The
effectiveness of this ecirculation in trapping
river-introduced sediment was discussed by
Schultz and Simmons (72). When the river
flow is diminished, as in the case of many of the
nonmajor river estuaries, downstream move-
ment is confined to the upper layers or may be
completely overbalanced by the tidal currents.
In these cases, all but the very finest sediment
is trapped within the limits of the estuary by
some initial deposition. In keeping with the
model (fig. 1}, further resuspension and trans-
port must then be related to processes that are
not directly attributable to river action.

The shoreline source exists in the nearshore
water within the estuary, and it contributes
sediment from along the beaches and shoreline,
including that produced by slumping of the
shore, The importance of sediment from shore-
line sources has been minimized in many of our
investigations of major river estuaries, but it
is considered of primary importance in the
north European estuaries () and in the Puget
Sound area.?
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The final, and most frequently overlooked,
source of sediment is the seaward end of the
estuary. Sediment brought to the mouth of the
estuary by longshore movement and coastal cur-
rents can be carried into the area by tidal cur-
rents, wave-induced movement, the salt-replac-
ing bottom current, and other elements of the
general circulation. In some areas the mouth
source of sediment is the dominant one and
overshadows all others. In the major east coast
estuaries it has been cbserved that the sand
content inereases from the head to the mouth,
and this may be the result of introduction of
sediment from a mouth source.

The importance of the mouth source is diffi-
cult to evaluate in any except special cases,
Ippen ® suggests that the salt-replacing bottom
current may be of major importance in moving
sands headward in some of the east coast major
estuaries. In any area with abundant longshore
and coastal current along the open coast out-
side the estuary, the importance of the mouth
source must be considered.

The phenomena contributing to the transport
of sediment that give some insight into the pos-
sible magnitudes of fluvial and marine processes
are:

(1) River-associated flow;

(2) Tidal influence —

(a} Vertical movement (tides), and
(b) Horizontal movement (tidal currents) ;

{(3) Wave influence —

(a) Longshore and littoral transport or lit-
toral transport,

{b) Bottorn movement under shoaling
waves, and
(¢) Suspended movement under shoaling

waves
(4) General cirenlation —
(a) Related to salt budget,
(b) Related to tides,
{c) Related to waves, and
{d) Related to winds.

Seaward movement of river-introduced sedi-
ment by river current alone is of limited extent
in any estuary. Without those aspects of turbu-
lence generally associated with processes other
than river flow, even the fine sediment that
normally moves seaward in the surface layers
would not be maintained in suspension long
enough {o bypass the estuary in any quantity.
Bedload is characteristically deposited near the
point of entry of the river into the estuary or

2 TpPEN, A. T. SEDIMENTATION IN ESTUARIES, Mass,
Inst. Technol. Class notes for course in estuarine en-
vironment, 1960, {Mimeo.)

4 VINCENT, G, CONTRIBUTION TO THE STUDY OF SEDI-
MENT TRANSPORT ON A HORIZONTAL BED DUE TO WAVE
action. Sixth Conf. on Coastal Engin.,, Miami, Proc.,
pp. 326-356. 1958, Council on Wave Research, Univ. of
Calif, (Berkeley).

near the point of maximum intrusion of saline
bottom water.

The influence of tidal action is important
both as a direct cause of sediment movement
and in many indirect ways. The periodic dimin-
ishing and reversal of tidal currents allow mauch
of the sediment in suspension to be deposited.
If subsequent maximum velocities are too small
to give impulse to these particles, their trans-
port directly as a result of tidal currents is end-
ed. In addition, the geometry of many of the
nonmajor river estuaries ig such that the tidal
currents are generally oscillatory and result in
little net movement. Those net movements that
have been observed appear to be more closely
related to the indirect effect of the tidal current
on the general circulation (7).

Most other effects of tidal action are algo in-
direct. The rise and fall of the water has no
direct effect except that due to the periodic cov-
ering and uncovering of the nearshore hottom.
The effect of the tidal action as a mechanism for
mixing fresh and saline water exerts a control
on the general circulation of the estuary.

One of the major marine influences that con-
trols sedimentation in the estuary (and, spe-
cifically, in the nearshore areas) is the effect of
wave action. The process of longshore trans-
port is generally related either to tidal currents
or to net movements under the influence of wave
action. In contrast to the larger scale oscilla-
tory movement associated with tidal currents,
there will generally be, at any point that is
under wave influence, a more pronounced uni-
directional movement of the bottom sediment
associated with wave action.

The direction of this transport associated
with wave action is related to the direction of
dominant wave propagation. Actual sediment
movement may be generally with, or counter to,
the direction of wave movement, depending
upon factors associated both with wave and sed-
iment particle dimensions and the depth of
water.?

All the factors mentioned above are individ-
ually important, but they alsce contribute to the
general cireulation in the estuary. One element
of the general circulation is the headward move-
ment of bottom water resulting from continuity
requirements imposed by the removal of salt
(7, 10). The interaction of the tidal currents
with the bottom results in a net mass transport
as described by Abbott (7). Other mass trans-
ports that result from the net velocity profiles
associated with shoaling waves (8) and from
motion due to the effect of wind stress (5) con-
tribute to the general circulation.

The general circulation, as defined here, is a
low velocity net transport that should be of lit-
tle direct importance in the transportation of
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sediment. . However, combined with processes
capable of giving impulse fo, of resuspending or
of maintaining sediment in suspension, the gen-
eral circulation becomes a major factor in con-
trolling the distribution and sorting of sediment
within the estuary. Although an evaluation of
the general circulation in any estuary is an
almost impossible undertaking (6), the interac-
tion of river flow, tidal currents, wave-related
movement, and wind-induced current appears
to be the basie control,

A brief discussion of some of the features of
Port San Juan, British Columbia, may be used
as an example of the importance of the mouth
gource and the marine processes. Although this
is a small estuary of the Gordon and San Juan
Rivers, fresh-water discharge appears to be ade-
quate to allow development of a two-layered sys-
tem. An evaluation of the possible sources of
sediment has been conducted and indicated that
the shoreline, bottom, and surface sources may
be considered negligible.* The introduction of a
characteristically micaceous sediment by the
rivers is indicated by a very localized occurrence
associated with the extreme head of the estu-
ary. On the other hand, the mouth source is
considered of primary importance, since the net
longshore movement of sediment along the coast
outside Port San Juan provided material of the
same general characteristics as that collected
from the bottom over most of the area. Thig
sediment is mineralogically distinet from the
river-related micaceous sediment mentioned
above,

In Port San Juan, it is impossible to separate
the processes of initial transpoertation and dep-
osition from processes of reworking. The uni-
modal, well-sorted sediment and the lack of in-
dications of permanent depogition imply that a
reworking after initial deposition is an impor-
tant and continuing process.

The major contribution of the river to the
transport of sediment appears to be in relation
to the role of fresh-saline water mixing in in-
fluencing the general circulation. This general
circulation appears inadeguate to give impulze
to any sediment particles on the bottom, but
ghould act ag an initial trap for any sediment
introduced from the river source.

The effect of longshore movement and sedi-
ment sorting under wave action appears to be of
primary importance in Port San Juan. Meas-
urements conducted by the National Research

5 BurNg, R, E. A MODEL OF SEDIMENTATION IN SMALL,
SILL-LESS, EMBAYED ESTUARIES OF THE PACIFIC NORTH-
WEST. 117 pp. 1962, Ph.D. thesis. On file at the library,
Univ. of Wash.

6 NATIONAL RESEARCH COUNCIL OF CANADA. PRELIMI-
NARY (WAVE) STUDIES. 4 pp. and 4 figs, 1961. Division of
Mechanical Engineering. Unpublished manuscript on
Port San Juan.

Council of Canada indicate that 4 swell having
an 8- to 10-second period enters the mouth of
the estuary throughout most of the year.®

‘Waves of this magnitude are eapable of giving

impulse to sedimentary particles over the whole
of the estuary bottom because of its relatively
shallow depth (18 meters and lesg).

The estuary acts as an effective trap for much
of the river-introduced sediment, but the ab-
sence of the fimer sizes raises the possibility of
bypassing of the fine sediment as the result of
interaction between the wave net-velocity pro-
file and the sediment-suspension gradients of
the finer particles.

With the addition of sediment from both the
mouth and the river, there remains the problem
of satisfying the continuity requirements. Be-
cause the waves are capable of giving impulse
to bottomed particles, the mode of movement
induced by wave action is a function of the size
of the wave and the normal daily and seasonal
variations in wave dimensions will impose vary-
ing effects. The overall bed movement will al-
ways be in the direction of the dominant wave
propagation, headward in this estuary. The
suspended load will be affected differently as
the wave dimension modifies with passage over
a shoaling bottom.

Under maximum wave conditions there may
even be a net removal of sediment from the
area. It appears more probable, however, that
the amount of bedload entering from the mouth
is compensated by a continuing removal of the
finer sediment of stream origin and a periodic
removal of some of the sand sizes from the bot-
tom. If it can be assumed that the amount of
river-introduced sediment is a function of the
river discharge, the rate of addition of sediment
by streams is greater for the winter months
during the very time the larger waves are gen-
erally steeper but less persistent. During the
summer, the amount of stream-introduced sedi-
ment ig sharply decreased at the same time that
the waves entering the area are most persistent.
The winter waves appear to be capable of re-
moving greater peak loads and coarser sediment
during the fimes when they are effective in the
area; the summer waves, because of their great-
er persistence, probably remove a greater over-
all volume of sediment, but without the coarse
extremes.

Additional field testing of the general model
of sedimentation in some nonmajor river estu-
aries has verified the importance of the nonriver
gources of sediment. Further, there is good evi-
dence that most sediment introduced into estu-
aries, from whatever source, is subject to an
initial deposition within the limits of the area.
An understanding of the processes capable of
providing impulse o these hottomed particles is
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necessary in order to evaluate the eventual dis-
tribution of sediment. In the nonmajor river
estuaries these processes are rarely related di-
rectly to river flow, but appear to be predomi-
nantly of marine origin,
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TECHNIQUES AND RELATED

DEVELOPMENTS IN DESIGN AND OPERATION
[Paper No. 65]

By Louis J. MAURIELLY, chief, Marine Division, U.S. Army Engineer Division, North Atlantic, New York, N.Y., and
Lewis CACCESE, chief, Operations Division, U.S. Army Engineer District, Philadelphia, Pa.

Synopsis

A considerable amount of dredging by the
Corps of Engineers to improve and maintain
navigation channels in various regions of the
United States is accomplished by seagoing hop-
per dredges. Conventional methods of opera-
tion are described. Various disposal techniques
employed, particularly recent developments,
and related modifications in design and opera-
tion are discussed.

Introduction

A significant amount of dredging performed
by or under the jurisdiction of the Corps of
Engineers, 1J.5. Army, requires the use of sea-
going hopper dredges. The Corps presently
owns and operates in the various coastal and
Great Lakes regions of the United States 15
dredges of this type with hopper capacities
ranging from 500 cubic yards to over 2,000
cubic yards. Physical and other descriptive data
of this hopper dredge fleet is shown in table 1.
The annual total cost of operating the dredges
amounts to nearly $19,000,000, with costs of
individual dredges ranging from approximately
$700,000 to $2,400,000 a year. In recent years,

the total volume of material removed annually
by these dredges is approximately 65 million
cubic yards, as measured in place within project
limits.

Basically, the seagoing hopper dredge is a
self-propelled vessel resembling the modern
ocean tanker in appearance except for a larger
amount of deck equipment (figs. 1 and 2). In
lieu of the cargo tanks of the ocean tanker, the
hopper dredge is provided with hoppers or bins
used to load and carry material dredged hy-
draulically from the bottom. It is a completely
gelf-contained dredging plant equipped with all
necessary dredging equipment (i.e., centrifugal
pumps, dragarms or trailing suction assem-
blages, etc.). The significant characteristic of
the hopper dredge is that it operates while
underway and requires no anchors or other
mooring devices. Modern hopper dredges re-
flect about a century of development., They
usually work in channels or harbors in which
wave action or heavy traffic makes a stationary
dredging plant undesirable or intolerabte; also,
in many other waterways the location of the
shoal and the disposal area are so far removed
from each other that the mobility of the hopper
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TABLE 1.—Specifications of Corps of Engineers hopper dredges

599

Propulsion,
Year Length, Maximum | Maximum Al twin screw Dredge pumps
Name built beam, and hopper draft Remarks
depth capacity loaded Horsepower | Type ! | Number | Size |Horsepower
Feel Ciue. yd. Fi.In, Inches

Essayons...| 1950 | 525x72x40 8,270 81-0 8,000 | TE 2 32 1,850 )

Goethals. . .| 1938 | 476x68x36 6,422 | 29-0 4,500 | TE 2 30 1,300 | Equipped for sump
rehandling.

Biddle. .. .. 1947 | 352x60x30 3,060 24-334 6,000 | TE 2 28 1,150 .

Comber 1947 | 352x60x30 8,422 24-334 6,000 | TE 2 28 1,150 | Equipped for direct
pump-out,

Gerig...... 1947 | 352x60x30 3,060 | 24-334 6,000 | TE 2 28 1,150

Langfitt. 1947 | 352x60x30 3,060 | 24-334 6,000 { TE 2 28 1,150

Harding 1939 | 308x56x30 2,682 20-3 4,240 | D 2 20 650

Markham. .| 1960 | 339x62x28 2,681 20-0 5,300 | DE 2 23 2650 | Equipped for direct
pump-out,

Mackenzie .| 1924 | 268x46x22 1,666 | 21-0 2,400 | DE 1 26 900

Hains. ..., 1942 | 216x40x15 885 | 13-0 1,400 | DE i 20 410 | Equipped for direct
pump-out and
side-casting.

Hoffman 1942 | 216x40x15 920 13-0 1,400 | DE 1 20 410

Hyde...... 1945 | 216x40x15 720 | 13-0 1,400 | DE 1 20 410

Lyman, 1945 | 216x40x15 920 | 13-0 1,400 | DE 1 20 410

avison 1945 | 216x40x15 720 : 1390 1,400 | DE 1 20 410
Pacifie. . . .. 1937 | 180x38x14 500 11-3 1,200 | D 1 18 340

1 TE ="Turbo-electric; DE = Diesel-electric; D =Diesel direct drive.

2 Also equipped for operation at 1,000 hp.

F1cure 1.— Hopper dredge Essayons.

dredge makes it by far the most efficient dredg-
ing plant.

As in any dredging operation, the location of
the dredging site, the character of the bottom
material, the regimen of the waterway, and the
availability of suitable disposal areas are im-

portant factors that affect the economics of hop-

per dredging and dictate the methods and tech-

niques employed. The principal intent of this

paper is to discuss the influence of such factors

gn _hopper dredge disposal techniques and
esign.
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FIGure 2. — Hopper dredge Markhant.

How Hopper Dredges Usually Work

Although this paper will deal particularly
with the disposal phase of hopper dredge opera-
tions, a brief discussion of how hopper dredges
normally work and certain elements involved in
their operation is appropriate.

Hopper dredges are designed primarily to
dredge materials hydraulically, to load or re-
tain the solids dredged in their hoppers, and
then to haul the spoil to a disposal area or dump,
where the material is disposed of by dumping
through doors in the bottom of the hoppers
(fig. 3). Loading is accomplished by sucking
the bottom material through the drags into the
hoppers while making one or more cuts (or
passes) through the dredging area. The quan-
tity or volume pumped during the loading opera-
tion depends primanily upon the character of
the material and the amount of pumping time
involved as well as the hopper capacity and the
pumping and propulsive capability of the dredge
being used. The length of haul also affects the
amount of time that may be spent pumping.
During the dredging (or pumping) process the
bottom material is pumped in a diluted state
and the hoppers are equipped with overflows to
allow excess water to be discharged overboard.
In the case of such materials as very heavy
coarse sand and gravel that readily settle in the
hoppers, most, if not all, of the solids are re-
tained in the hoppers and only minor quantities

of solids are lost in the overflow. Conversely, in
certain materials such as very light and fine silf,
most of the solids pumped after the hoppers are
filled with the dredged mixture may be over-
flowed if pumping is continued. Generally, the
preponderance of materials encountered in
dredging problems fall in between these ex-
treme categories. For illustrative purposes,
figure 4 shows theoretical hopper dredge loading
curves for materials of various degrees of re-
tainability between 0 and 100 percent, if a uni-
form solids pumping rate is assumed. The re-
tainability factor obviously dictates to a large
measure the time invelved in loading and
the hopper load obtained. In addition the
length of haul and the time spent in making the
round trip to and from the disposal area and
dumping the load are important in determining
when to terminate loading so as to attain the
so-called “economic load” and “economic pump-
ing time.” The economic load and economic
pumping time are determined by a serieg of
economic load tests conducted periodically dur-
ing normal dredging and hauling operations.
During these test loads, measurements of the
hopper load are made when it reaches overflow
level and thereafter at least at every turn; the
economic load is dredged when the.retained
cubic yards per minute of total cyele time (i.e.
pumping, turning, running to and from dump,
and dumping) equals the increments] retained
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FIoure 3. — Cutaway view of hopper dredge Essayons,

cubic yards per pumping minute or expressed
in mathematical form when:
AY Y
‘At Tt

Y =THopper load measured in cubic yards of
material comparable in density to that
in situ;

AY = Increase in hopper load between meas-
urements, in cubic vards;

t —=Pumping time, in minutes;

At = Pumping time fo obtain increage in hop-
per load (AY) between measurements,
in minutes;

T — Nonpumping time (i.e., turning, running
to and from dump, and dumping), in
minutes.

During initial stages of loading prior to

where

3{ invariably ex
At ¥ ex-

and this is indicative of underpump-

reaching an economic load,

ceeds —— TIE + 7

normally in-

ing. As loading progresses TR + 7

AY
creages and ~E decreases and approach each
other in value. If pumping continues after an

. . , Y
economic load is obtained, then ‘%? becomes

less than +—— 7 which indicates overpumping.

T—l—
In praectice the point of economic loading gen-
erally is not exacily defined for each and every
load dredged, since it may well occur at a point
other than exactly at the end of a dredging cut.
Therefore, overpumping to a slight degree
usually results. This is generally true except in
cases where loading by pumping only to over-
flow is found to be economical or otherwise de-
sirable. In such cages, since essentially nonre-
tainable materials are involved, the hoppers
are normally dewatered before commencement
of loading.,
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FIGURE 4. — Retention in hoppers of varying grain-
sized materials.

Upon completion of Jeading, the dredge pro-
ceeds at full speed to a designated disposal area
to dump the load. After disposal, the dredge
returns to the dredging area to repeat the
loading.

Disposal by Conventional Dumping

Ag indicated above, hopper dredge spoil is
normally disposed of by dumping through doors
in the bottom of the hoppers. Emptying the
hoppers by this operation takes about 3 to 15
minutes, depending principally on the volume
and nature of the material in the hoppers. Gen-
erally, relatively fluid materials are dumped
readily, whereas sticky clays and certain gran-
ular materials are more difficult to dump and
washout and hopper jetting may be required.
In this regard, it has been found that the dump-
ing of heavy medium sand of essentially uni-
form grain size existing in various coastal
regions may induce severe hull vibrations, un-
less the dumping sequence of individual hoppers
is carefully controlled and large amounts of
flushing and jetting water are used.

In most cases, hopper dredge spoil is pres-
ently being disposed of by dumping in desig-
nated areas in deep water at sea or outside
navigation channel limits in open bays or rivers.
Dump areas usually are selected with a view
toward effecting permanent (within practical
limits) disposal of the dredged material while

MISCELLANEOUS PUBLICATION 970, U.S. DEPARTMENT OF AGRICULTURE

maintaining the length of haul to a minimum.
Application of these criferia results in com-
promises based on practical considerations of
the particular job conditions and the economics
involved. In general, the hauling distance for
Corps of Engineers hopper dredging averages
from 3 to 4 miles. The degree of harbor water-
front industrialization in certain waterways
makes it necessary, however, to haul spoil con-
siderably greater distances, For example, all
spoil dredged by hopper dredge from principal
channels in New York Harbor is dumped in a
designated area of deep water in the Atlantic
Qcean, involving a haul of more than 30 miles
from certain locations.

Practically all developments leading to the
use of hopper dredge disposal techniques dif-
fering from conventional dumping in deep
water, have stemmed primarily from efforts to
reduce the length of haul required for disposal.

Dumping in Rehandling Basins

In operating hopper dredges in the Delaware
River from Philadelphia to the sea, a haul of
50 miles or more would be required to effect
disposal in deep water at sea. The necessity for
precluding such long hauls was realized as early
as 1880, when provisions were made for hop-
per dredges to dump in prepared basins from
which a pipeline dredge redredged the material
and discharged it ashore behind retaining dikes.
The basin was in effect a previously dug hole
in the riverbed into which materials were
dumped by the hopper dredge. The rehandling
dredge then pumped this material from the
hole to the shore disposal area. This scheme,
with improvements from time to time to reduce
losses of spoil dumped by the hopper dredge
before it could be picked up by the rehandling
dredge, was used extensively in the Delaware
River for over a half century. The rehandling
basins were usually located in pairs so that one
could be used by the hopper dredge to dump
into while the other was being emptied by the
rehandling pipeline dredge. A typical arrange-
ment is illustrated in figure 5. Maneuvering the
hopper dredge in extremely restricted basins
requires considerable care and greater skill by
navigating personnel than in conventional
dumping in open deep water. Therefore, the
time required for dumping in sueh operations
usually was greater than in the latter case,

The bottom material comprising recurring
shoals in the lower part of the Delaware River
is a light silt, about 1,800 grams per liter in
density, with approximately 90 percent by
weight of the solid grains finer than 0.06 mm.
in diameter. The retention of such material in
rehandling basins presents a problem. In the
Delaware River it was found that at least half
the volume of material dumped by the hopper
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FIGURE 5, — Typical rehandling scheme.

dredge was carried away by tidal currents be-
fore it could be picked up by the pipeline dredge.
As a regult this scheme wag discarded in 1954
by adoption of the sump rehandling technique,
as described hereafter in this paper. It is con-
sidered, however, that the method of rehandling
spoil by dumping into open water basins has
merit when the material is heavy and consists
of relatively coarse grains that readily settle
after dumping and are not significantly affected
by prevailing currents.

Agitation Dredging

During the loading of hopper dredges, as
described above, the overflow contains varying
amounts of solids that are returned to the
waterway. A significant part of this overflowed
material, particularly when fine-grained and
slow-settling, may be earried and distributed by
currents over wide areas in the vicinity of the
dredging site. In a strict sense, this constitutes
“agitation dredging.” Some degree of agitation
exists in most types of dredging and it is funda-
mentally inherent but not intentional in most
hopper dredge operations. However, by defini-
tion, agitation dredging by hopper dredge is a
process that intentionally discharges overboard
large guantities of dredged material with the
objective that a major part will be transported
and deposited outside channel limits by tidal,
river, or littoral currents. This method of
dredging with direct disposal or discharge in
the immediate vicinity of the area being
dredged may be advantageous when most of the
material handled does not resettle in the chan-
nel and is not deposited where it can become a
potential source of detrimental shoaling that
may require future excavation. A fairly
thorough knowledge of prevailing eurrents in
the waterway and the composition and charac-
teristics of the sediment to be dredged is essen-
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tial to determine the feasibility of employing
agitation dredging of any kind. Conditions may
be favorable for agitation dredging when the
shoal material consists of fine graing in the silt
and clay categories with extremely slow gettling
rates, and dispersal of the dredging material over
alarge area is affected by prevailing currents. A
chart developed and used by the Corps of Engi-
neers to defermine the largest grain size that
may be expected to reach a deposit area of given
depth at a given distance from the dredge is
shown in figure 6. In any event, in specific cases,
although favorable field conditions for this
method of dredging may be indicated, the effec-
tiveness of the operation also must be evaluated
not only by the immediate and lasting improve-
ments in the particular channel dredged but also
with the full consideration of possible adverse
effects in adjacent areas as well.

In agitation dredging, the hopper dredge
normally continues to make repetitive cuts
through the dredging area while pumping well
beyond economic loading limits, The hauling
and dumping phases of operation are ordinarily
eliminated except for ocecasional trips to the
dump to avoeid consolidation of material in the
hopper that may eventually result in undue
difficulty in dumping. In some cases, to avoid
consolidation, the dump doors may be kept
cracked open and lower (emergency) overflow
gates may be used for discharging the material
overboard. Also, at certain locations where agi-
tation dredging is not feasible during parts of
the tidal current cycle (i.e. slack water, flood-
tide), dredging and hauling on an economic
basis are employed intermittently.

Corps of Engineers’ hopper dredges have
been used with mixed sueceess for agitation
dredging in practically all regions of the United
States since the early 1900’s. In some cases, it
has been found to be an expedient and eco-
nomical means of keeping navigation channels
open. There has been a decided decline in the
use of this dredging technique by hopper
dredges since 1955. The big advantage in agita-
tion dredging is the ability to move large masses
of material from shoal areas quickly and
cheaply. It therefore cannot be overlooked as a
dredging technique where it can be successfully
employed. In some cases, particularly where
frequent recurring dredging requirements are
present regardless of the dredging methods and
type of plant used, any disadvantages of this pro-
cedure can be tolerated with good judgment for
the economic considerations involved. At pres-
ent, agitation dredging is occasionally used in
certain entrance channels along the Gulf coast,
such as the Southwest Pass of the Mississippi
River in Louisiana, and the Mississippi Sound
channels leading into Gulfport and Pascagoula
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Harbors in Mississippi. In these projects, the
dredge Langfitt has agitated and removed a mil-
lion or more cubic yards of sediment from
within channel hmits within a 1-week dredging
assignment. The annual total volumes agitated
by hopper dredges in the past 10 years has
ranged from 1.3 to 11.8 million cubie yards.

Sump Rehandling Operations

A review of the amount of dredging effort
required to maintain navigation projects
dredged by hopper dredges was made in 1950-
52. This review revealed the need for de-
veloping new methods for the disposal of hop-
per dredge spoil. The Delaware River, below
Philadelphia, was an example of a location
where costly maintenance was resulting from
material that was being lost in the dredging
process. Engineering studies indicated that ap-
proximately 20 to 25 million cubie yards of ma-
terial were being dredged each wyear in the
maintenance of this channel, whereas only ap-
proximately one-third of this amount was en-
tering the estuary as new material. After
studying the problem, it was concluded that the
difference between the total volume of material
being dredged each year and the estimated
sedimentation or natural shoaling represented
the quantity of material that was escaping from
open water disposal areas after the dredged ma-
terials had been dumped from hopper dredges.

Based on this conelusion, it was decided that
a method of providing for the positive capture,
retention and permanent disposal of dredged
material was required to effect a significant re-
duction in the annual dredging workload. Ex-
perience had demostrated that agitation dredg-
ing, bottom dumping in open waters, or bottom
dumping in rehandling basins for removal by
pipeline dredges did not offer any degree of rea-
gonable success in reducing the annual volume
of maintenance dredging by hopper dredges.
Various possible solutions were studied, and
from this study there evolved the idea of un-
loading a hopper dredge through a self-con-
tained and elevated discharge line into a re-
handling barge or vessel, located at selected
suitable mooring stations, from which the ma-
terial could then be pumped ashore. Since the
material to be dredged in the Delaware River
was predominantly light silt susceptible to being
transported extended distances by the river cur-
rents to possibly form new shoals, it was also
decided as a general rule, that the hopper
dredges would load by pumping only to the
overflow level and then haul and dispose of the
material into the rehandling vessel.

Conversion of a hopper dredge to unlead into
a rehandler included the installation of a col-
lecting system in the hopper area to transport
the dredged materials in the hoppers for de-

livery into the rehandler through an elevated
pipe (referred to as a “snorkel”) that is ex-
tended over the dredge side (fig. 7). This
system, including the necessary valves, permits
the discharge of material into the rehandler by
a hopper dredge, using the same pumps utilized
for dredging. For example, on the dredge
Goethals, two 32-inch collecting mains with sue-
tion inlets into the hoppers extend longitud-
inally from the rear to the forward end of the
hoppers. These lines are connected to the sue-
tion =ide of the two 32-inch dredge pumps.
The material is then pumped into a single 42-
inch pipeline at the main deck level and through
the discharge snorkel into the rehandler., A
sump rehandling vessel was provided by con-
verting an obsolescent hopper dredge (the New
Orleans built in 1912) and using its hopper area
as the storage compartment. The propulsion
and original dredging machinery was removed
and a 6,000-hp. pump installed for discharging
the material from its hoppers to shore disposal
areas in the same manner as a pipeline dredge
(figs. 8 and 9).

Since December 1954 the sump rehandling
dredging system has been used with consider-
able success to maintain a major part of the
96-mile channel of the Delaware River between
Philadelphia and the sea. It has also been used
to improve and maintain the Norfolk Harbor
channel. From December 1954 through June
1962 the following quantities have been handled
utilizing this technique.

Cubic yurds
Delaware River ................ 77,390,700
Norfolk Harbor ................ 10,908,200
Other areas ............ccuunun. 2,782,000

It has been found that positive disposal and
retention of material which has formed shoals
can be obtained at reasonable costs. The ma-
terial when placed behind shore disposal area
dikes is not only removed as a potential source
of future shoaling but also frequently enhances
land values,

The measure of success of the sump rehan-
dling system with its criteria for positive dis-
posal of all dredged material is manifested by
the Delaware River maintenance history. Prior
to sump rehandling, as much as 25 million cubic
vards of material were being handled annually
by hopper dredges to maintain the Delaware
River channel. This workload required as many
as 22 hopper dredge months of operation per

‘vear, together with the full-time use of several

pipeline dredges to rehandle material ashore.
Presently, the lower Delaware River channel ig
being maintained by removing approximately
Tl million eubic yards annually, involving the
use of about 10 hopper dredge months, Despite
this reduced effort, a better channel exists. In
brief, the development of the sump rehandling
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F1GURE 7. — Hopper dredge Goethals, showing 42-inch discharge pipe for sump rehandling,

system and the positive disposal of dredged ma-
terial has reduced the required dredging effort
to approximately one-half of its former level.

It was found that the sump rehandler was the
answer where:

(1) The particle sizes of the sediment are
predominantly in the silt category or finer. (In
the Delaware River it is most common that less
than 10 percent of the shoal material is in the
sand category.)

(2) Enclosed disposal areas can be located
at a distance of within 3 miles of the sump
rehandler.

(3) A mooring for sump rehandler can
be provided in 30 feet of water to permit the
hopper dredge to maneuver and moor for un-
loading.

(4) Tt is determined that modern pipeline
dredges cannot be used effectively because of

any of the following conditions:

(a) Distance between the shoal and dis-
posal area exceeds a reasonable discharge pipe-
line length;

(b) Water and weather eonditions are too
extreme or severe; or

(¢) Floating pipeline is too obstructive to
channel navigation.

The above criteria all existed in the lower
Delaware River and Philadelphia Harbor and
as a result the sump rehandler was suceessfully
operated.

A significant factor in employment of the
sump rehandler is that by the nature of the op-
eration the maximum economy results when
both converted hopper dredges — that is, the
Comber and the Goethals — are used in conjunc-
tion with the sump rehandler New Orleans.
This results in large production where as much
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FI1GURE 8. — Sump rehandler New Orleans.

as 2 million cubic yards of shoal material are
placed ashore per month and positively retained
behind banks.

The sump rehandling team of two hopper
dredges and a sump rehandler dredges mass
quantities of material efficiently and effectively;
however, three major pieces of dredging plant
are required. Not many projects either have
the requirement for so much eapacity or are
able to justify the mobilization and operating
cost of three major pieces of plant. This has
been the major limitation that prevents the
widespread application of this technigue beyond
the principal waterways of Philadelphia and
Norfolk.

From the sump rehandling experience it was
apparent that positive retention of dredged ma-
terial is the best solution to many dredging re-
quirements. However, the fact that the rela-
tively high operating cost of the sump rehandler
system precluded ifs use on projects with
limited dredging requirements or workload
necessitated further studies to provide addi-
tional improvements in disposing of hopper
dredge spoil. As a result the degign of the direct

pumpout system for hopper dredges was de-
veloped to overcome this limitation. This direct
pumpout system was devised to accomplish the
same positive retention of dredged material as
the sump rehandling system but with only one
major item of plant. It is anticipated that direct
pumpout capability will bring the technique of
positive disposal of hopper dredge spoil within
the financial capacity of many more projects.

Direct Pump Ashore Operations

The sump rehandling system experience estab-
lished that the positive disposal of all dredged
gpoil iz an excellent solution in projects
with dredging requirements such as the Dela-
ware River. It was also evident that this dredg-
ing system was compatible with all campaigns
for cleaner waters and most congistent with the
Corps of Engineers respongibilities for assur-
ing that solids are not indiscriminately intro-
duced into the navigable waters of the United
States. These observations, together with the
concern for reducing the high operating cost of
the sump rehandling operation, led to consid-
eration of equipping the hopper dredge to con-
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F1GURE 9. — Hopper dredge discharge being set into receiving hopper of sump rehandler New Orleans.

nect directly to a pipeline and pump itzelf out.
Obviously this procedure would slow down the
disposal operation of the hopper dredge, but a
compensating feature would be the elinination
of a high-cost rehandling plant required in the
sump rehandling process.

Direct pumpout of Government hopper
dredges had not been previously used to any ap-
preciable extent. The hopper dredge New Or-
leans was equipped with a direct pumpout sys-
tem when originally constructed, but no record
of the use or effectiveness of this system is
available. The hopper dredge Sen Pablo did do
some direct pumpout dredging in 1923 and 1924
at Mare Island Strait with an improvised sys-
tem, but again the records do not indicate any
evidence of the degree of its success.

The first modern effort to pump out directly a

Government hopper dredge was with the Hains
in 19569. The direct pumpout capability on the
Huains was obtained by improvised meodifica-
tions to the piping system that is normally used
to de-water the hoppers. This system normaliy
removes all water that remains in the hoppers
after dumping, so that the dredging may com-
mence with completely empty bins. The de-
watering system was modified so that the
dredged material could be sucked from the hop-
per and then pumped through a pipe connected
to shore. Thig first effort was on the Calumet
River, where it was formerly necessary to haul.
dredged material 13 miles into Lake Michigan.
More recently, direct pump ashore with the
Hains also has been utilized in dredging the
Rouge River. An area of 75 acres at Grassy
Island in the Detroit River has been diked and
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riprapped and mooring facilities have been pro-
vided for direct pumpout operation. During the
first two seasons of operation, over 300,000
cubic vards of material have been directly
pumped ashore by the Heins. The average haul
to the diked area is 6 miles, whereas the nearest
alternate location for open wafler disposal in
Lake Erie would have involved a haul of 23
miles. This success has prompted the Corps to
malke plans to procure and dike an area at Hol-
dand Harbor, Mich., to replace the long haul now
necessary from the inner end of the project.

The trend toward more extensive use of this
method of positive disposal of dredged material
is next evident in the Markham. The original
design and construction of this 2,600-cubic-yard
hopper dredge, which was completed in 1960, in-
cluded a direct pumpout eapability. The dredge
can place 2,000 hp. of its total available 5,300
hp. for use in the pumpout operation. This is
in contrast to the dredge Hains, which is limited
to only the 410-hp. pumping power available for
normal dredging operafions.

One pump ashore project was done by Mark-
ham in 1961 at Toledo, Ohio, where approx-
imately 416,000 cubic yards of maintenance
dredging material was pumped about 1,400 feet
into a diked area provided by the city of Toledo
on park property. A second shore disposal area
is being developed at Toledo known as Buckeye
basin, an inland area about 3,500 feet distant.
The discharge line will be laid in an 8-foot
storm sewer, which discharges into the Maumee
River close to present moorings. Use of storm
sewer is necessary because the area to be tra-
versed is in the metropolitan part of the city.
The Buckeye basin will hold about 5,000,000
cubic vards and it is estimated it will be ade-
quate for about 20 vears of maintenance dredg-
ing in the river section. A third shore disposal
area in Toledo is being created just outside the
river mouth by a new work contract requiring
diking of a disposal area in Maumee Bay for
pipeline dredging, This will be available in
future vears for hopper dredge disposal from
the inner bay channel and lower river channel.

In a short time an area in Lake St. Clair
known as Gull Island, a former open water pipe-
line dump when channels in the vieinity were
dug, will have to be diked for confined disposal
of maintenance dredging from channels in Lake
St. Clair. The island is about 30 acres of firm
ground with much additional bottom just awash
around it.

From the knowledge that direct pump ashore
operations have been performed successfully,
coupled with an indicated need for replacing the
existing sump rehandler New Orleans in the
near future, it has been determined that a more
efficient program would result from adoption of

the direct pumpout technique on hopper dredges
utilized in the Delaware River and Norfolk Har-
bor. A hopper dredge that can also rehandle
material directly ashore has the obvious advan-
tage of more mobility and less fixed operating
cost than the system that requires a hopper
dredge and a sump rehandler. As stated earlier,
these latter features were the ones that were
proving a limitation on a greater use of sump
rehandling. In view of this, it was concluded
that the method of direct pumpout was gener-
ally preferable and the decision was made to
convert the Comber and Goethals for self-un-
loading directly into shore disposal areas and
to eliminate the sump rehandler.

In summary, the decision for direct pumpout
in lieu of sump rehandling was arrived at be-
cause:

(1) Direct pumpout plant {(by conversion of
existing hopper dredges) can be provided at less
initial cost than sump rehandling plant.

(2) The volumes of material that can he
placed through a sump rehandling facility indi-
cates it may become limited to an inefficient
part-time use.

{3) The lesser operating cost of a direct
pumpout dredge than a hopper dredge plus a
sump rehandler will place the means of taking
advantage of a positive retention dredging sys-
tem more within the budget limitation of smaller
projects, which have not been ahle to afford the
sump rehandler.

Sump rehandling ceased in Febhruary 1963
when the New Orleans was deactivated for
eventual disposal. The hopper dredge Comber
was converted for direct pumpout. This conver-
sion alters the dredge so that her full propulsion
power of 6,000 hp. is utilized for direct pump-
out. The Comber pumpout power for sump re-
handling was limited to the dredge pump power
of 1,150 hp. per pump or 2,300 hp. total. This
alteration provides the Comber with the ability
to pump through 20,000 feet of pipeline. As a
result, direct pumpout operations in the Dela-
ware River were initiated in May 1963 and
hereafter it is anticipated that the 9,000,000
cubic yards of material previously dredged an-
nually with sump rehandling will be dredged,
utilizing the direct pumpout technique instead.
In order to provide the productive capability
required to handle this volume of material, the
dredge Goethals will also be similarly converted
to include pump ashore facilities in the spring
of 1964,

There is presently under design a new hop-
per dredge to replace the Muackenzie in the
Southwestern Division. This proposed 3,100-
cubic-yard dredge, to be named MeFarland, will
be the most modern that our present technology
can produce. A feature of this dredge will be its
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ability to utilize as much ag 5,600 hp. for direct
pumpout operations. This will enable the dredge
to pumpout through as much as 20,000 feet of
pipeline, This capability for direet pumpout
ashore through a pipeline is expected to be of
congiderable value in certain areas of the Sa-
bine-Neches Waterway and the Houston Ship
Channel, particularly where a shortage of dis-
posal areas sufficiently accessible for conven-
tional pipeline dredges is developing as a re-
sult of waterfront industrialization.

Side-Casting (or Boom-Discharging)
Operations

Ag indicated in the foregoing discussion on
agitation dredging, hopper dredges are some-
times used to perform this type of dredging
where certain conditions exist, making the over-
board discharge of essentially all pumpings ad-
vantageous. Since 1957, private interests have
developed self-propelled seagoing dredges of a
type similar to Corps hopper dredges, but
designed principally as more effective, high-
capacity agitation dredging tools. To date, these
dredges have been used only in Mexico and
Venezuela, mainly in the latter country.

D. K. Ludwig, president of National Bulk
Carriers, Inc., owners and operators of some of
the world’s largest oil tankers and ore carriers,
reportedly conceived the idea of such dredges
for dredging the bar at the mouth (called Boca
Grande) of the Orinoco River that extends sea-
ward over 25 miles. In 1956, this company con-
verted a T-2 tanker to an experimental side-
casting dredge. The conversion essentially con-
sisted of installing two steam-turbine driven
36-inch suction, 32-inch discharge dredge
pumps, with associated trailing suction drag-
arm assemblages of conventional hopper dredge
design. However, no hoppers were provided, and
the discharges from the two pumps are carried
through individual 25-inch diameter overboard
discharge pipes that form integral parts of a
fixed (boom) structure extending 250 feet out-
board of the starboard side of the vessel.

_ The material comprising the Boca Grande bar
18 & consolidated clayey silt with an in-place
density averaging over 1,600 grams per liter.
The controlling depth prior to commencement of
work by the Sealane in December 1956 was ap-
proximately 12 ft. By May, 1961, the Sealone
had removed over 100,000,000 cubic yards of this
sediment through the entire length of the off-
shore bar, thereby providing a navigation chan-
nel for 60,000-d.w.t, ore carriers loaded to
33-ft. draft. Also, it is significant that since the
method of operation involved resulted in gradual
deepening over the entire length of the channel,
interim use of the channel was permitted during
the course of the work with attendant increas-
ing benefits. The Senlane’s success became

apparent in its first year’s operation. This
prompted Venezuelan authorities to enter into
a long-term charter agreement in 1958 with Na-
tional Bulk Carriers for the construction of a
specially designed 4-pump ecombination hopper
and boom-type dredge and its use in deepening
the Maracaibo Bar and the channel within Lake
Maracaibo to permit navigation by the largest
deep draft oil tankers.

This dredge named Zulie was built in Kure,
Japan, in 1959 (figs. 10 and 11). It is a steam
turbine vessel 548 feet long, 95 feet in beam
(molded), and 40 feet deep, with 8,500-cubic-
yvard capacity hoppers and four 32-inch dredge
pumps, each fitted with a suction dragarm as-
semblage (2 outhoard or side drags and 2 in-
board in ladder wells). The discharge piping is
arranged so that the hoppers can be loaded in
the conventional manner or the speoil can be
pumped directly overboard through a single 57-
inch boom-supported discharge line extending
328 feet from the ship's side. The boom can be
rotated 180° from one side to the other, to per-
mit discharge on either side. The Zulio un-
doubtedly is the largest and most productive
earth-moving machine afloat. In its first year’s
operation it pumped about 57,000,000 cubic
yvards, mostly from the bar e¢hannel. The dredg-
ings were thrown to either side of the channel,
and reportedly most of the material was carried
away by littoral currents and did not return to
the channel.

Another dredge similar to the Zulia in size
and pumping capability, except that it is diesel-
powered and has a hopper capacity of 3,500
cubie yards, was built in 1961 by National Bulk
Carriers. This dredge named Icoa was also con-
structed in Kure, Japan, for long-term charter
by the Orinoco Mining Co., a subsidiary of U.S.
Steel Corp., and is presently working in the
Orinoco River to deepen further and maintain
both the Boca Grande bar and river sections of
the channel.

The Corps of Engineers has followed the de-
velopment of the Sealane, Zulia, and Icoa with
considerable interest, It is recognized that un-
der certain conditions that the side-casting
method of agitation dredging provides a practi-
cal means of removing large quantities of ma-
terial relatively inexpensively and rapidly. In
addition, when controlling depths do not permit
conventional loading of hopper dredges during
initial stages of work, side-casting may be em-
ployed economically and expediently to obtain
an interim improvement in channel depths. Such
conditions were encountered by the Corps in
1959 when it became neceszary to dredge the
entrance channel to the small harbor of Ontona-
gon, Mich., on Lake Superior. A very uniform
controlling depth of between 9 and 10 feet ex-
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isted in the channe] section between pier break-
waters, which owing to draft requirements, pre-
cluded conventional uge of the hopper dredge
Hains. Therefore, this dredge was fitted with
a discharge pipe extending approximately 20
feet from the ship’s side to permit the dredging
of a pilot channel by discharging directly over-
board. The outer 10-foot gection of pipe was
elevated at a 20° angle, and at full pump power
the point of discharge impact was approxi-
mately 45 feet from the dredge. By using this
improvised setup, the critical part of the chan-
nel was deepened to 14 feet — sufficient for
flotation required for normal loading and haul-
ing operations. The material dredged was mostly
a uniform fine sand with an in-place density of

S E
P

A%,

we
&%
A 7

approximately 2,000 grams per liter. It setiled
rapidly despite prevailing current velocities of
about 3 miles per hour, and after dredging sound-
ings showed most of the side-boomed material
remained where deposited. After this first ex-
perience with side-casting in the Great Lakes,
the Hains has been equipped with a discharge
pipe of 70-foot outreach (with impact about 100
feet off the ship’s side) as shown in figure 12
and presently it is being used in selected proj-
ects in the Detroit district, particularly where
the material may be deposited behind break-
water piers. Production in such cases is report-
edly from 60 to 160 percent greater than when
hopper dredging is done conventionally and the
spoil is hauled a mile or more to a bottom dump.

FIeURre 12, — Hopper dredge Heins during side-casting operations at White Lake Harbor, Mich.
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Side-casting capability also is being incorpo-
rated in the design of the proposed new dredge
MeFarland. This will be the first Corps of Engi-
neers hopper dredge equipped with a revolving
boom-supported discharge line for this purpose.
The proposed vessel will be 300 feet long and will
accommodate a fabricated aluminum boom 174
feat, 2 inches long (measured from the center
of rotation to the discharge end), which will
extend 138 feet, 2 inches beyond the nearest
gide of the dredge in the 90° working position.
Side-casting dredging operations with this
dredge in selected offshore channel sections of
Gulf coast projects where prevailing cross-
channel littoral currents occur are expected to
reduce dredging costs. These projects include
the Sabine-Neches outer bar, Freeport Harbor,
(Galveston entrance channel, Port Aransas,
Brlazt)s 1sland harbor, and Matagorda ship chan-
nel.

In addition, the Corps of Engineers is pres-
ently planning to convert two small surplus
Navy vessels (one YSD and one YF) for exclu-
sive use (no hoppers will be provided) as side-
casting dredges in various shallow coastal inlet
projects along the North Caroling coast and in
similar exposed channels along the Louisiana
coast, respectively.

Summary

In most hopper dredging work, spoil disposal
is dumped in deep water. However, other
methods of disposal listed have been or are
being used under certain conditions:

(1) Dumping in rehandling basins (for sub-
sequent disposal ashore by pipeline dredges) ;

(2) Agitation dredging

(8) Sump rehandling (self-unloading}) ;

(4) Direct pump ashore (self-unloading);

(5) Side-casting (boom discharge).

It is noteworthy that the two principal unor-
thodox hopper dredge disposal methods being
given increasing attention Involve widely differ-
ent bagic philosophies. On the one hand, the
development of direct pumpout emphasizes the
permanent removal of sediment so that it can
never become a source of further shoaling or
have any other detrimental effect on water
resources development. At the other extreme,
gide-casting involves returning all the dredged
material to the waterway directly adjacent to
the shoal. This contrast becomes sharper when
it is noted that the newest hopper dredges are
equipped to dredge both ways; that is, they can
pump directly ashore or side-cast, in addition
to being able to operate conventionally by filling
hoppers and dumping through bottom gates.

This increase in versatility of the hopper
dredge manifests that there is no single solution
to fit all dredging problems. Studies of harbors
and estuaries are requited to provide for an
intelligent selection of spoil disposal techniques.
These studies must include sedimentation and
current analyses. From such analyses it can
be concluded if the low cost and high-volume
side-casting operation is advantageous, or if
the slower and more expensive direct pumpout
method should be utilized for the greatest long-
range economy, or if the intermediate more con-
ventional techniques are more appropriate.

The significant factor is that the modern hop-

per dredge is being designed and constructed to
suit a wide range of requirements, and the
task for the engineer is hecoming one of giving
greater emphagis to a truly considered diserimi-
nation of the wvarious dredging and disposal
methods that are available to him.

SOME ENGINEERING ASPECTS OF DISPOSAL OF SEDIMENTS
DREDGED FROM BALTIMORE HARBOR

[Paper No. 66]
By MIcHAEL A. KOLESSAR, chief, Navigation Reperts Section, U.S. Army Engineer District, Baltimore

Synopsis

Dispogal of sediments dredged from channels
and harbors becemes increasingly difficult as
waterfront property is developed commereially
and disposal areas become scarce, This paper
presents a method for obtaining more effective
use of a limited area. It desecribes laboratory
tests made to determine the bulking character-
istics of the sediments when placed in a confined
area by hydraulic pipeline dredge,

It has been said that great ports are usually
geographic accidents. They achieve their early

prominence by virtue of their location with
respect to centers of population and overland
transportation networks. Interestingly, how-
ever, the further development of the port quite
often depends, to a large degree, on the geolog-
ical history of the region. The ease with which
channel dimengions can be Increased and main-
tained is closely related to the geomorphology
of the area and particularly to sedimentation
processes that for centuries have contributed to
the makeup of the river bottom.

The port of Baltimore is a striking example
of the strong influence these proceszes have on
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the development of channels for deep-draft
traffic (fig. 1). Baltimore is a fall-line city,
being on the boundary between the Atlantic
Coastal Plain and the Piedmont Plateau, and
is located at the head of the navigable part of
the Patapsco River, which is a tidal estuary
on the west side of Chesapeake Bay. Chesa-
peake Bay, actually a large tidal estuary, repre-
sents an ancient drainage system, which was
drowned toward the end of the Pliocene epoch.
Further modification was introduced by the ris-
ing and falling sea level upon a presumable
stable land surface during the following Pleisto-
cene epoch.

The valleys of the ancient drainage system in
unconsclidated Coastal Plain deposits of pre-
Pleistocene Age were subsequently filled by
alluvium eroded from highlands and by deposits
of Recent Age after inundation by marine
waters. It is in these recent deposits of silt,
clay, and sand that the navigation channels in
the Patapsco River are dredged and maintained.
The existence of these soft sediments has con-
tributed largely to the growth of the Baltimore
port. The material is relatively easy to dredge,
and a minimum of maintenance is required be-
cause the shoaling rate is quite small. Another
advantage is that the soft bottom of the chan-
nel presents far less danger of damage to
heavily laden vessels operating with little clear-
ance under the keel. The presence of these fine-
grained materials, which in the past have made
it feasible to keep pace with the ever-increasing
demands for channels to accommodate larger
and larger carriers, now presents one of the
most diffieult problems in further development
of the port.

The problem is one of disposal of the dredged
material. Waterfront property on the periphery
of the harbor is highly industrialized and val-
ued, in some cases, as high as $15,000 per acre.
Large land areas for dumping are simply not
available within economic distances from the
channels to be dredged. Water areas adjacent
to the shoreline are not often usable because
depths of water and poor foundation conditions
make the cost of necessary retaining dikes pro-
hibitive. The dredged material, composed of
gilt and clay with a dry weight of about 35
pounds per cubic foot, is not ideal fill, and
property owners are not eager to obtain such
material for enhancement of their lands, In
view of these circumstances, the efficient use of
the limited areas available for disposal of spoil
is not only desirable but becomes a very impor-
tant factor in determining the method of dredg-
ing that will be used.

This paper presents an approach to the design
of an optimum-size disposal area to be used for
disposal of material dredged by a hydraulic

pipeline dredge. The author, who was one of
the engineers who formulated the plan, will
readily admit that methods used may appear
cumbersome to those more familiar with sedi-
mentation processes. It is his hope, however,
that if any fundamental concept has been missed
or improperly applied, informed readers will
bring the matter to his attention,

One of the disposal areas made available by
local interests as part of the local cooperation
required by the authorizing Act for the Balti-
more Harbor project consisted of about 130
acres of water area immediately channelward
and adjacent to lands owned by two different
corporations. One of the riparian owners, in
giving permission to use the offshore area, speci-
fied that the final elevation of the fill would not
exceed 9 feet above mean low water. The other
riparian owner requested that fill bhe not less
than 4 feet above mean low water and not
higher than adjacent fast lands that have an
elevation of about 35 feet. The average depth
of water in the area was about 6 feet but a
submarine bar roughly parallel to the shore line
and about 2,000 feet therefrom rose to within
3 feet of the water surface. Subsurface explora-
tions confirmed the helief that the bar was com-
posed of hard material and would provide ade-
quate foundation for a moderately high dike.
The borings also showed that, within the dis-
posal area, there were pockets of sand and
other granular materials which could be used
for construction of a dike.

A rule of thumb in general use in the dredg-
ing industry for determining size of a disposal
area needed for a continuous hydraulic dredg-
ing operation is that the volume of the enclosure
should be a minimum of 2 to 3 times the in situ
volume of material to be removed from the cut.

In this particular instance, however, it was
believed that considerable refinement was neces-
sary to assure that the final elevation of the fill
would be within the limits specified without
having to resort to intermittent work stoppages
while the fill decanted. Information was also
needed on the retention time that would be
required in the disposal area to assure that the
effluent over sluiceways would not exceed by
more than the specified 20 grams per liter the
weight of ambient water in the channel. It was
decided to simulate the mixture that might be
expeected in the dredge pipe and ocbhserve the rate
of gedimentation in transparent vertical stand
pipes.

Five transparent plastic tubes of about 4
inches in diameter were erected in a freight
elevator shaft at the Baltimore District Office
of the Corps of Engineers. Two of the tubes
were slightly over 6 feet in length, two were a
few inches longer than 12 feet, and one was
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about 24 feet long. The 12-foot lengths corre-
sponded to the probable protoype dimensions of
the column of mixture that would occur in the
disposal area. The 24-foot tube was erected to
simulate the placing of maferial in a disposal
area containing 6 feet of water.

Earlier observations of various mixtures in
1,000 cc. graduates showed, as might be expect-
ed, that the rate the interface between clear
water and the turbid mixture lowered in the
graduate varied in proportion to the amount of
mixing water. But since there was some ques-
tion as to whether the consolidated character-
istics of the sediment in the small test could
be correlated with the higher columns in the
disposal area, it was decided to make direct
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observation of a full-size column under condi-
tions more nearly resembling the actual opera-
tion.

It was not possible to find general agreement
among dredging conftractors regarding the
density of material that would be transported
through the proposed 2-mile long dredge pipe-
line. Most agreed that about 25 percent.of the
mixture in the pipeline would be solids, but
they were not certain if the measurement was
by weight or volume. :

Laboratory analysis of 14 samples taken in
the area fo be dredged showed that the in situ
density of the material as measured by a Bico-
Braun Mudwate hydrometer averaged about
1,300 grams per liter (table 1). Specific gravity

TABLE 1.—Soils data for Curtis Bay channel obtained November 1960
[Weight of water=562.355 1b. at 60 F°]

[Water content, w% =

weight of water
weight of solids

» 100]

Depth Specific
Hole | Sample below Water In situ density gravity Void Grain size
No, Ne. water content of ratio
surface w% G. fliter L. feu, it solids Ds Dy
Feel Pl
C-1 2 30-35 193.3 1,258 84 2.728 5.856 ... L
C-1 3 35-40 164.6 1,285 80.1 |........... 5.075 0.0014 0.00015
C-1 4 40-45 150.5 1,319 §2.2 2,696 4413 1.
Cc-2 1 20-25 185.0 1,274 794 . ... .. 5693 |............ e
C-2 2 25-30 199.% 1,260 73.8 2,794 6.063 0047 00040
C-2 3 30-35 158.1 1,313 81.9 ... ....... 4585 (..
c-2 4 35-40 161.9 1,311 81.7 |........... 4,622 0025 00025
C-2 b 40-45 158.8 1,319 82.2 2.716 4478 ...
C~3 1 23-28 111.0 1,397 811 ... ... .. 3.413 0020 00010
C-3 2 29-30 253 [ oo 2693 ......... .. .28 0090
C4 1 25-30 144.4 1,337 83.4 2.683 4079 ...
C~4 2 30-35 159.5 1,317 821 ... ... 4406 [0 o o
C-4 3 35-40 169.2 1,295 807 ... ... 4.934 0014 00025
C-4 4 40-45 165.0 1,309 816 |........... 4.705 0011 00030

of solids ranged from 2.70 to 2.Y9 and void
ratio ranged from 3.413 to 6.063. Mechanical
analysis showed that the median diameter of
graing was about 0.0022 mm.

It was decided to place mixtures of 1 part
of 1,300-gram-per-liter material and 4 parts of
water by volume in one of the 6-foot tubes and
in one of the 12-foot tubes. To obtain an
approximation of the effect of a denser mixture,
mixtures of 1 part 1,300-gram-per-liter mate-
rial and 1 part of water by volume were placed
in the other 6- and 12-foot tubes. Mixing water
was water taken from the site of the proposed
dredging and had a specific gravity of 1.003.
These proportions were selected as representing
the probable upper and lower limits of the
density of material in the dredge pipe line.

The 24-foot tube was charged with 6 feet of
brackish water and 6 feet of 1-to-1 mixture was
added. After 4 days the supernatant liquid was
drawn off and another 6-foot lift of 1-to-1 mix-
ture was added. The process was repeated on
the 27th day. The elevation of the interfaces

wasg recorded and plotted against elapsed time.
The results of the tests are shown on figures 2
and 3. Numbers along the curves represent the
relation of the volume of the mixture contain-
ing sediments in suspension as compared to the
original in situ volume of material of 1,300
grams-per-liter density contained in the mix-
ture. This relation is referred to later in this
paper as the bulking factor.

In computing the volume required in the
disposal area, the following assumptions were
made:

1. Dredging would be by hydraulic dredge
with 27-inch discharge that would deposit about
6,350 cubic yards of mixture in the disposal
area per hour.

2. Pumping would be in progress 22 hours
per day for 25 days per month.

3. Discharge over spillways would not exceed
3 inches in depth, and density of effluent over
1spillways would not exceed 1,020 grams per
iter.
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4, Losses over the spillway would be approxi-
mately equal to excess overdepth dredging.
© 5. The density of material in the discharge
pipre would be befween 1,060 and 1,152 grams
per lifer.
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6. A maximuom eof 1 million cubic yards in
place in the channel would be dredged and placed
in the disposal area during 1 month, and the
entire pumping operation would be complete in
100 days.

TaBLE 2.—Computed volume of fill afier 100 days of pumping

(In thousands of cubie yards)

li;%r;: (i)%n Volume Days in Bulking factor test? Volume of fill test
(per- cut disposal
cent) I 2 3 4 1 2 3 4
30 9640 T0-100 1.50 1.57 1.8 1.65 1,440 1,507 1,526 1,634
30 960 40-70 1.58 1.66 1. 1.70 1,517 1,594 1,536 1,632
20 640 20-40 1.66 1.73 1. 1.75 1,062 ©L107 1,140 1,120
10 320 10-20 1.82 1.80 1. 1.79 582 576 605 573
5 160 5-10 1.93 1.84 2. 1.83 309 294 330 293
5 160 0-5 2.10 1.93 2. 1.92 336 309 367 307
100 3200 F. . e 5,246 5,187 5,504 5,509
Ratio of volume in fill to volumein eut. .. ... ... . ... ... ... ........ 1.63 1.62 1.72 1.72

1 Test No. 1 was 6-foot tube of 1 to 4 mix (1,062 g./1.), test No. 2 was 6-foot tube of I to 1 mix (1,152 g./1.), test No. 3
was 12-foot tibe of 1 to 4 mix (1,062 g./1.), test No. 4 was 12-foot tube of 1 to 1 mix (1,152 g./1.).

Table 2 presents a summary of the computa-
tion of the volume required in the disposal area
to accommodate 3.2 million cubie yards of mate-
rial to be removed from the cut. Bulking factors
as determined by tests 1 through 4 are shown
for increments of time varying from 5 days to
20 days, the shorter times being selected for
the periods when the curves showed the greater
rates of change. The totals at the bottom of
each of the last 4 columns represent the maxi-
mum volume the fill will attain and the volume
that must be made available in the disposal
area.

The density of the initial mix had no appreci-
ahle effect on the volume of the fill at the end
of the pumping time, Also, the volume of fill as
determined by the 12-foot tests indicafed a
higher relationship of fill to initial volume than
did the tests using 6-foot tubes.

The estimated volume of the fill computed on
the basis of the test data ig believed to be some-
what higher than would actually occur because
the test did not take into account the probability
that a substantial part of the material dredged
wotld be {ransported to the disposal area in the
form of balls and would not go into suspension.

It was considered safe to assume, therefore,
that the maximum volume of fill would be not
more than about 70 percent greater than the
volume in the cut. This narrowing down of
the range of bulking that could be expected
made it possible to make a better determination
of the economiecal height of the dike and the
optimum amount of material to be placed in the
disposal area.

The disposal area at Hawkins Point was con-
structed in September 1962. The contractor
pumped up dikes to about mean low water,
using borrow areas within the disposal area
itself. By dragline he brought material from
the inside slope to bring the top of the dike to
about 12 feet above mean low water. By exea-
vating material from within the disposal area
for dikes, he increased the capacity below mean
low water. A hydrographic survey was made
after dikes were constructed but before filling
operations began. Further surveys after the fill
s complete will be made to compare the actual
prototype conditions with those predicted by
the laboratory tests. From initial observations,
close agreement is expected.

CHANNEL SEDIMENTATION AND DREDGING PROBLEMS,
MISSISSIPPI RIVER AND LOUISIANA GULF COAST
ACCESS CHANNELS

[Paper 671
By Austin B. dwmiTH, Chief, Navigation and Dredging Branch, U.S. Army Engineer Division, Lower Mississippi
Valley and Mississippi River Commission, Vicksburg, Miss,

Synopsis
Sediment has been a major navigation prob-
lem at the Mississippi River Passes since Sieur

de la Tour completed the plans for New Orleans.
Channel shealing in the Mississippi River be-
tween Cairo, 1ll, and New Orleans, La., has
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been a major navigation problem since 1870,
The solution to the Passes problem, where the
salt-water wedge and the Mississippi River
sediment meet, is being resolved by a combina-
tion of jetties, contraction works, and dredging.
The annual channel shoaling on the 200 cross-
ings between Cairo, I1l.,, and Baton Rouge, La.,
has been battled by the dustpan dredge since
the development of this unique equipment by
the Migsissippi River Commission in 1895.
Today this problem ig being combated by chan-
nel stabilization works and dredging.

Silting in the Atchafalaya River, including
the basin, the lake section, and the Gulf access
channel below Morgan City, is being attacked
by a major dredging program. Channel silting
in the Calecasieu River 40-foot ship channel is
being met by new construction dredging, in-
cluding retention dikes, enlargement of the
existing waterway, and maintenance dredging.
Channel sedimentation on the new 36- by 500-
foot gulf outlet channel is expected to be heavy.
Experience on similar channels and that gained
during current construction indicates that chan-
nel giltation in this new tidewater channel to
New Orleans will be heavy from wave wash of
passing vessels and sea action, particularly in
the seabar section where the littoral drift is
athwart the entrance channel.

Channel Sedimentation — Historie
Problem

During 27 to 30 May 1962, 28 motor vessels
with 272 barges were delayed a combined total
of 831 hours and 25 minutes due to the logs of
project depth in Grand Lake Crossing (mile
504} on the Mississippi River. Until dredged,
the controlling depth in this river crossing was
7 feat, whereas the drafts of the loaded barges
and towing vessels ranged from 8 to 10 feet.
Again, on 15, 21, and 22 August 1962 the navi-
gation channel was blocked by sediment at three
other separate shoaled crossings. These chan-
nel blocks occurred as the Mississippi River fell
rapidly from middling stages and hefore the
Corps of Engineers dredge plant could deepen
a number of heavily shoaled crossings.” These
1962 low-water navigation difficulties attest to
the fact that sediment in the channel remains
the major problem in providing a dependable
navigation channel on the Lower Mississippi
River, the congressionally assigned task of the
Mississippi River Commission, Corps of En-
zineers, U.S. Army.

River engineers have been concerned with
Mississippi River sediment since Sieur de la
Tour completed the plan of New Orleans and
Sieur de Paugér constructed the post called
Balize (the buoy) at the mouth of Southeast
Pass (Pass a POutre), circa 1724, to serve as a

guide to ships wishing to make passage over
the 10-foot-deep seabars and ascend the river.
They tried various schemes to combat the silt
and deepen the selected Passes, but it remained
for Eads and Corthell in 1875 to design and
construct the first successful channel control
works which, with dredging, provided a deep-
draft channel via South Pass.

In his 1821 examination of the Mississippi
River, Captain H. Young of the U.S. Topo-
graphic Engineers found the navigation chan-
nel infested with logs, snags, and sawyers
deeply embedded in Mississippl River silt. Cap-
tain Henry M. Shreve removed the snags, but
it remained for the Mississippi River Commis-
sion to develop, in 1895, the unique dustpan
dredge, which has provided a dependable
method of maintaining the project navigation
channel by removing the annual high-water
siltation from those crossing channels that do
not erode ag the river falls to low stages.

On 24 July 1862, during the War Between
the States, Adm. David G. Farragut moved his
Union fleet of war vessels from siege before
Vicksburg, Miss., downstream to the deeper
waters in the Baton Rouge-New Orleans sector
to prevent these overdraft vessels from being
trapped in hostile territory behind shallow
crossings as the river fell to low stages.

By 1870 larger and deeper draft steamboats
were being constructed for economy of trang-
portation, During years of extreme low water,
overdraft steamboats were forced to lay by for
1 to 3 months of the vear because of shoaled
crossings. This critical situation led the U.S.
Congress to direct that extensive studies be
made by the Army Corps of Engineers of the
Missigsippi River navigation problems and to
establish the Mississippi River Commission in
1879.

This Commisgsion gave immediate considera-
tion to the channel siltation problem. It made
extensive studies and examined all phases of
the Mississippi River regimen, including the
movement of sand waves on the riverbed and
other siltation phenomena associated with river
meander, such as bank caving and the enlarge-
ment of the meander loops by alluvial deposits.
First attempts to cope with {he problem were:
(1) regulation of the low-water channel by the
construction of permeable dikes, and (2) clos-
ure of secondary channels at Plum Point, Tenn.,
and Lake Providence, La. The dikes and clogure
dams, as then constructed, were inadequate to
withstand the forces of the river. After exhaus-
tive experiments, the Commission adopted
dredging as the positive methed of maintaining
a dependable navigation channel against the
cyclic siltation in the Mississippi River. In
combating the silt problem by dredging, the
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Commigsion was fortunate in the early develop-
ment of the dustpan-type dredge, which re-
mains the optimum plant for dredging Missis-
sippi River crossings.

Mississippi River Channel Shoaling
Problem — Cairo to Baton Rouge

In the analysis of the Mississippi River
dredging problems, sediment is considered to
be any material (silt, sand, or clay) that is
deposited in the channel and has to be removed
by dredging. Figure 1 shows the mechanical
analysis of a sample taken from the bed of the
Mississippi River at a point 813 miles above the
Head of Passes and of a sample taken in South-
west Pass near the mouth of the Mississippi
River.

The two major maintenance requirements
are (1} removal of high-water shoaling from
the Mississippi River crossings, and (2) re-
moval of highwater shoaling in the “shabby”
reaches where the river's flow is bifurcated
and trifurcated. Figure 2 shows a typical Mis-
sissippi River meander and the crossings that
usually shoal at high water and require dredg-
ing at low stages.
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Bank caving has been a major source of the
material that ig depogited in river crossings and
“shabby” reaches during high-river stage. In
his 1892 study and analysis of the 1877-83 and
the 1892 hydrographic and caving bank surveys
of the Mississippi River, J. A. Ockerson, mem-
ber, Mississippi River Commission, found that
the total length of caving banks between Cairo,
I11., and Donaldsonville, La., was then 921 miles,
and that the average annual volume of caving
per mile from Cairo to Donaldsonville was then
1,003,579 cubic yvards,

From 1945 prototype studies of Mississippi
River bank caving, occurring between the 1931
and 1941 hydrographic surveys, Austin Smith
and Edgar McCleave, staff _engineers of the
Migsigsippi River Commission, reported as
follows:

Without stabilization there will be continued caving
of the bank. The amount of annual bank caving on the
Mississippi River between Cairo, Illinois, and the mouth
of Old River near Angola, Louisiana, a river distance
of approximately 770 miles, is some 800,000,000 cubic
yards. While the magnitude of this bank caving, when
indicated only in figures, might not seem excessive, it
would require about seventy-five 30-inch dredges work-
ing constantly to move this volume of material annu-
ally., The Mississippi River is the world’s biggest dredge.
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FIGURE 1. — Grain-size distribution at Mississippi River erossing below Cairo and at mouth of Mississippi River.
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Fi1gURE 2. — Typical crossing.

Figure 8 shows the 1931-41 caving bank his-
ory between Caire and Qld River, as described
ibove.

These two caving bank studies, some 50 years
ipart, show that in its natural regimen annual
»ank caving on the Mississippi River between
sairo and Donaldsonville averaged over 1,000,-
J00 cubic yards per mile. Both reports show
;hat the heaviest bank caving occurred between
he mouth of the Arkansas River and Natchez,
VMiss. The influence of this source of channel
iediment on the Mississippi River regimen is
narked.

The Migsissippi River Commission in its
tudy and review report on the Mississippi
iiver between Cairo and Baton Rouge, dated 14
"ebruary 1944, House Document No, 509 (78th
ongress, 2d Session), noted that the source
f sediment from caving banks would be mark-
%ﬂ{ é'educed when the river is stabilized, and

ated :

_ Stabilization of the banks will reduce the sand in mo-
ion, will fix the location of crossings and reduce the
mount of dredging required to maintain the 9-foot
hannel of the existing project. It is estimated that the
«isting authorization for maintenance dredging will
1erefore be ample to secure a minimum low-water depth
£ 12 feet after stabilization is accomplished.

In concluding its report the Commission stated:

The Commission is of the opinion that stabilization of
the river is necessary to retain reduction in floods ob-
tained by channel rectification and is advisable for the
purpose of safeguarding the main Mississippi River
levees and protecting the investment which they repre-
sent. The Commission is of the further opinion that such
stabilization may materially inerease the flood-carrying
capacity of the river channel and, together with main-
tenance dredging already authorized, will provide a
minimum depth of 12 feet at low water for navigation.
With the advance of the stabilization program
there has been some reduction in the annual
dredging requirements to maintain the interim
9_ by 300-foot navigation channel.

Channel Crossing Shoaling —
Cairo to Baton Rouge

Between Cairo and Baton Rouge there are
some 200 river crossings, including a number
of “shabby” reaches where there is divided flow.
As the river falls to low stages, some 40 to 85
crossings do not scour and thus require annnal
dredging. The annual dredging estimates are
based on the assumption that at least 60 cross-
ings will require dredging during normal low-
water seasons.

The number of crossings requiring dredging
in the fiscal years 1953-61, inclusive, is shown
on table 1. The number of crossings having a
controlling depth of less than 12 feet in selected
years between 1986 and 1960 is shown on table
2.

TABLE 1.—Number of crossings dredged between
Cairo, Ill., and Baton Rouge, La., 1953-62

Number of crosgings dredged at— I
Vicksburg

TFiscal lowest New Fotal

year flow Memphis | Vieksburg | Orleans

district digtriet distriet

C.f3.

1958. ... 132,000 60 14 1 5
1954, . .. 136,000 54 31 1 86
1955.... 145,000 37 16 |........ 53
1956. ... 128,000 35 29 (... 64
1957. ... 133,000 33 23 ..., 56
1958. ... 230,000 30 4] ....... 44
1959.. .. 198,600 33 15 |........ 48
1960 .. .. 162,000 33 ..., 44
1961.... 205,000 35 9. ... 44
1962. ... 246,000 37 5 ...... 42

TABLE 2.—Number of crossings with less than 12-
foot depth, Cairo, Iil., to Baton Rouge, La., for
selected years, 193660

Crossings with i
Year less thangiz feet ‘lrcl)(imflljxvg
Nuaber C.fs.
1836. . ............ e 94,000
1938 ... . L. 71 157,000
1929 ... ... . 153 100,000
1942, .. ... ...l 41 254,000
1943, ... .. ... T4 161,000
1966 ... ...l 77 128,000
1960, ... ... 54 187,000
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FIGURE 3, — Caving bank history.

Since the crossing bars and divided flow
reaches build up during high-water stages and
about one-third of them do not scour cut satis-
factorily of their own accord, steps must be
taken at the beginning of each low-water sea-
gon to (1) determine which crossings will re-
quire attention and mark the best channel avail-
able until improvements can be made, (2) make
“before dredging” surveys for getting the
dredging work properly laid out, {3) move
dredges to the jobs and deepen the shallow eross-
ings at the proper time, and (4) check all cross-
Ings regularly during the low-water season and
dredge if necessary.

Annual Maintenance Dredging
Requirements -— Cairo to Baton Rouge

The annual maintenance dredging required
to provide a dependable 9- by 300-foot channel
from Cairo to Baton Rouge, a distance of ap-
proximately 737 miles, ranges from an extreme
low of 20,000,000 to 2 high of about 45,000,000
cubic yards. The quantity of maintenance
dredging required during the fiscal years 1930
through 1962 is shown on table 3. This large

amount of maintenance dredging is accom-
plished annually by four large dustpan dredges,
three of which are located in the Memphis dis-
trict and one in the Vicksburg district. This
dredging work is performed annually between
May and January at an annual cost of about
$414 million. The schematic diagram of the
operation of the dustpan dredge is depicted on
figure 4.

The dustpan dredging requirements listed in
table 3 show an increase during 1932-45, re-
flecting a channel rectification program that in-
cluded 18 cutoffs and other major channel re-
alinements. While channel stabilization accom-'
plished since 1945 has had a salutary influence
on the annual dredging requirements, there are
other factors that must be considered in esti-
mating the dredge capacity needed to maintain.
a dependable 12-foot channel between Cairo
and Baton Rouge. These factors are (1) the
increased vessel draft that is depicted on figure
b, (2) increase in lost dredging time due to
passing navigation, ranging up to 16 hours in
some situations, and (3) outsize tows that re-
quire greater than the project-width channel:
for safe passage during low river stages.



TYPICAL DUSTPAN
DREDGING OPERATION

FIGURE 4. — Schematic diagram of dustpan dredge operation.
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TABLE 3.— Maintenance dredging between Cairo, I,
and Baton REouge, La., 1830-62

Guantity exeavated in—
Fiseal
year Memphis Vicksburg New Orteans Total
distriet district distriet
Cu. yd. Cu. yd. Cu. yd. Cu. yd.
1930. .| 5,044,507 0 5,044,507
1931, .| 7,579,131 0 0 7,679,131
1932, .| 8,916,679 0 34,000 9,000,679
1933 . .} 12,127,300 184,363 258,653 | 12,570,316
1934 . .| 29,673,173 437,690 208,215 | 30,319,078
1985. .| 27,554,524 183,310 97,300 | 27,835,134
1936. .| 17,596,668 918,744 0 | 18,515,412
1937..| 31,069,025 | 2,625,898 0 | 33,694,928
1938. .| 26,108,704 | 1,483,501 99,415 | 27,691,620
1939 | 19,624,409 | 3.105.420 0 | 22,729,829
1940 .| 31,163,225 | 4,262,679 | 1,086,660 | 36,517,564
1941, ] 25,814,861 | 8,201,059 | 18,116,124 | 40,132,044
1942 .1 19,713,591 | 26,200,000 (111,407,272 | 37,320,263
1943 ) 15,466,888 | 26,150,000 118,930,593 | 35,546,981
1944 . | 27,087,000 | 28,450,000 | 15,478,000 | 40,965,000
1945. .| 25,162,000 | 7,686,000 | 19,174,000 | 42,022,000
1946 .| 20,278.277 | 5420,075 | 16,924,800 | 32,632,152
1947 .. 17,143,575 | 10,373,460 551,775 | 28,068,310
1948 . .| 80,407,310 | 10,956,235 1,138,141 | 42,501,686
1949. .} 27,901,570 | 9,324,614 1,762,142 | 88,988,326
1950. . 29,242 773 | 9,223,574 432,204 | 88,898,641
1951. .| 25,987,195 | 6,991,611 0 | 32,978,806
1952. .| 14,271,086 | 2,850,564 1,490,285 | 18,611,935
1953 . .| 35,163,231 5,358,374 132,645 | 40,367,307
1954 . .| 89,830,162 | 6,156,021 373,852 | 46,403,493
1955, .| 29,839,459 | 7,288,930 0 | 37,128,339
1956 . .| 33,286,993 | 8,706,476 0| 41,993,674
1957 .. 34,390,837 | 5,806,922 0 | 34,390,837
1958 | 22,904/396 | 6,777,131 0 | 281981527
1959 . .| 26,928,000 | 7,230,000 0 | 34,158,000
1960, . 25,335,247 | 4,942,497 50,300 | 30,328,044
1961 . .| 24,709,000 | 4,943,000 218,000 | 29,870,000
1962. .| 28,213,000 | 7,502,000 199,000 | 85,914,000

L Under channel eonditions after major rectification of
channel trace.

2 Quantities are approximate and are adjusted to reflect
only maintenance dredging work, excluding all improvement
dredging.

Baton Rouge to the Head of Passes

In this sector of the Mississippi River, where
a 35- by 500-foot channel is maintained, there
are some 8ix crossings that may require dredg-
ing, depending upon the magnitude and dura-
{ion of the high water. Here, as the river fallg
to low stages, high-water shoaling is removed
by dredging, presently with the use of a hop-
per dredge. Recent prototype experiments with
a dustpan dredge have proved successful at
crossings at Red Eve and Bayvou Goula, La.
Early consideration will be given by the Corps
of Engineers to the development of a dustpan
dredge capable of efficient excavation to 60-foot
depth for use in maintaining the recently au-
thorized 40- by 500-foot channel in this sector
of the Mississippi River.

Special Maintenance Dredging Problems

In addition to the maintenance of a depend-
able channel on the Mississippi River, the Corps
of Engineers project provides for the mainte-
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nance of access to the off-river harbor channels
at Memphis, Helena, Greenville, Vicksburg, and
Baton Rouge. The siltation of the Vicksburg
Harbor that followed the 1876 Centennial cutofl
has been satisfactorily solved by diverting the
Yazoo River past the Vicksburg city front via
the lower arm of the abandoned Centennial
Band, High-water siltation in the approach
channels to the other four harbors requires an-
nual dredging,

The port of Baton Rouge requires no dredg-
ing to maintain the authorized 500-foot channel
through the harbor. At New Orleans, annual
channel sedimentation is heavy along the con-
vex side of the channel. Dredging is required to
maintain the 35-foot- by 1,500-foot-wide chan-
nel, which is parallel to and 100 feet riverward
of the wharf line.

Mississippi River Passes

The Mississippi River brings to its mouth
sediment loads of 1,000,000 tons daily. As
shown in figure 6, this alluvian silt advances
the 35-foot-deep contour at the mouth of the
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FIGURE 6. — Advance of 35-foot contour, Mississippi
River delta.

Mississippi River seaward about 100 feet per
year. Consequently, silt is the major factor to
be considered in the planning, construction,
and maintenance of a dependable navigable
channel through the Passes. The planning and
construction work by Eads and Corthell in 1879
at South Pass remains an outstanding example
of overcoming the silt-salt water consequence.
Only a nominal amount of dredging is required
to maintain the 30- by 600-foot channel.

Annual siltation is important to the mainte-
nance of the batture at the Mississippi River
Pagses. Where the batture becomes narrow
from wave wagh of passing vessels and winds,
it is frequently necessary to construct outlet
channels to supply siltation in the open bay in
order to strengthen the batture banks on the
bay side and prevent serious crevassing during
high-river stages.

The Eads design of the South Pass jetties
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and the subseguent relocation of the enirance
range across the seabar largely eliminated the
gilt-salt water intrusion problem at South Pass.
At Southwest Pass improvements are in prog-
ress to provide a dependable 40-foot channel
based on a design channel layout developed
from meodel and prototype studies. The im-
provements at Southwest Pass consist of pile
dikes to collect the silt and constrict the channel]
and realinement of the lower jettied channel
and the approach channel across the seabar, to
conform generally with the channel alinement
at South Pass. The purpose is to provide, inso-
far as possible, a self-maintained 40-foot chan-
nel throughout Southwest Pass without inereas-
ing the hopper-dredge requirements resulting
from high-water sedimentation at the mouth.
High-water deposition in the Mississippi River
Passes requires the removal of some 3,000,000
cubic yards annually.

Atchafalaya River Basin Shoaling

Depogition of sediment in Atchafalaya Basin
east and west floodways has become a serious
threat to the flood-ecarrying ecapacity of the
floodways. The development of an enlarged
central channel is in progress in order to con-
fine the flow of the Atchafalaya River through
the basin and close off side-diversion channels
that are carrying sill into the floodways. Since
1954 some 115,000,000 cubic yards has been
dredged or placed under contract to be dredged
in developing and enlarging the central channel.
About 140,000,000 cubic yards is scheduled to
be dredged to complete the central enlargement
and distributary closures from Alabama Bayou,
mile 54.0, to Stouts Pass, a distance of 61 miles.
High-water siltation in Grand Lake reqguires
annual maintenance dredging fo provide the 12-
by 125-foot navigation channel.

In the seclor of the Atchafalaya River be-
tween Morgan City and the Gulf, siltation in
the 15.mile seabar and approach channel re-
quires annual dredging.

Calcasien River

The 35-mile deep-water channel (30 by 250
feet) between Lake Charles and the Gulf of
Mexico was eompleted in 1941, and at that time
malintenance was assumed by the United States,
In 1953, deepening of the channel to 35 feet was
completed. The project channel crosses three
large lakes and courses along the margin of
Calcasieu Lake for a distance of 14 miles. Silta-
tion from stream runout, wave wash of passing
ships, and extreme weather conditions has heen
heavy, particularly through Calcasieu Lake.
Since 1953 some 29,900,000 cubic vards of ma-
terial has been removed in maintaining the
project channel.
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The present narrow 250-foot channel is being
enlarged to 40 by 100 feet to accommodate
supertankers. In addition to enlargement of
the existing channel, the project will provide
for consfructing parallel dikes through the lake
sections to lessen the heavy siltation in these
sectors of the waterway.

Gulf Outlet Channel

It is anticipated that siltation from wave
wash of passing vessels, sea action, and the
bedload movement from the littoral currents,
which are westward athwart the seabar chan-
nel, will require extensive maintenance dredg-
ing to maintain the 70-mile tidewater channel
now under construction from New Orleans to
the Gulf of Mexico via Chandeleur Islands. The
bulk of the shoaling is expected to occur in 20
miles of open-water channel through Breton
Sound and across the seabar channel to the
Gulf of Mexico.

Conclusions

The river engineer is concerned with two ulti-
mate problems in the maintenance of our
modern waterways: (1)} the reduction in annual
channel sedimentation and (2) the prevention
of bank erosion by the commerce it carries.
These vexing problems are aggravated by ris-
ing dredge costs and the increased volume and
speed of traffic carried by the waterway.

On the Lower Mississippi River annual chan-
nel and harbor sedimentation should lessen with
the completion of upstream reservoirs and
stabilization of the channel below Cairo. Here
the yardsticks of increasing traffic and aeceler-
ated industrial growth are excellent measures
of the economic benefits being derived from the
dredging required to remove the annual chan-
nel and harbor siltation.

Selected References

BEARss, E. C.
1962, DECISION IN MISSISSIPPI.

CORTHELL, E, L.
1881. THE MISSISSIPPI JETTIES.
ELLICOTT, ANDREW.
1803. THE JOURNAL OF ANDREW ELLICOTT.
Fisx, H. N.
1955. SAND FACIES OF RECENT MISSISSIPFI DELTA
pEPOSITS, 4th Petroleum Cong. Proc,
HackerT, C. W,
1931. PICHARDO: LIMITS OF LOUISIANA AND TEXAS.
HAMMER, RICHARD.
1962, THE NEW LiFT FOR TRANSPORT : EARTH
SKIMMERS. Fortune Mag. (Dec.)
HUNTER, L. C.
1949, STEAMEOATS ON WESTERN WATERS,
MississiPPI R1vER COMMISSION.
1880-1920. [ANNUAL REPORTS.]
QOCKERSON, J. A.
1892, REPORT OF ASSISTANT ENGINEER J. A. OCKERSON
ON CAVING BANKS FROM CAIRO TO DONALD-
SONVILLE WITH TABULATED RESULTS AND
PLATE.

1893. EROSION OF RIVER BANKS ON THE MISSISSIPPY
AND MISSOURI RIVERS. Trans. 28: 396.
SMITH, A. B,
1845, CHANNEL STABILIZATION, MISSISSIPPI RIVER.
Amer. Soe, Civil Engin. (Mid-South Sec.),
Address Aug. 3.

1950, IMPROVEMENT OF THE MISSISSIPPI RIVER AND
AIDS TO NAVIGATION. Permanent Internatl
Asgoe. Navigation Cong, Bul, 34,

1960. SOUTHWEST PASS-MISSISSIPPI RIVER 4({-FT.
CHANNEL. Permanent Internatl. Assoc. Nav-
igation Cong, Bul. 51,

and McCLEAVE, E. R.

1945. MRC TECHNICAL STUDY OF CAVING BANKS.

Trask, P, D.

1950, APPLIED SEDIMENTATION.

UNITED STATES CONGRESS.

1927. SPECIAL REPORT OF THE MISSISSIPPI RIVER
COMMISSION ON REVISION OF PLANS FOR IM-
PROVEMENT OF NAVIGATION AND FLOOD CON-
TROL OF THE MISSISSIPPI RIVER. T0th Cong.,
1st Sess., House Doc. 1.

1944, MISSISSIPPI RIVER BETWEEN CAIRO, ILL., AND
BATON ROUGE, LA. 78th Cong., 24 Sess,, House
Doe. 569,
WATERWAYS EXPERIMENT STATION,
1939. STUDY OF MATERIAL IN TRANSPORT, PASSES OF
THE MISSISSIPPI RIVER. Tech. Memorandum
158-1.

PHENOMENA AFFECTING IMPROVEMENT OF THE
LOWER COLUMBIA ESTUARY AND ENTRANCE

[Paper No. 681

By JoHN B. LoCKETT, chief, Special Projects Investigation Section, U.S. Army Engineer Division,
North Pacific, Portland, Oreg.

Synopsis
This paper describes work undertaken to im-
prove the lower Columbia estuary and entrance
for navigation and discusses past eoncepts of
phenomena controlling the regimen of this area
as related to these improvements. Recent ad-
vances in technology have given birth to a new

concept of tidal hydraulic phenomena that em- -

phasizes the relation of salinity intrusion and
littoral movement to the degree of shoaling ex-
perienced in estuarine areas. The findings of
prototype measurements undertaken in 1959
along the lower Columbia and other endeavors
to expand the knowledge of controlling phe-
nomena, including statistical wave studies,
analyses of offshore changes, studies of atirition
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and accretion of adjacent shorelines, and com-
prehengive investigations of the distribution of
Columbia River sediments are reviewed in the
light of this new concept. Authorization, con-
struction, and verification of the comprehensive
lower Columbia estuary hydraulic model are
discussed, as well as tests proposed for identi-
fication of controlling phenomena and for de-
velopment of the most effective and economieal
plan of improvement, Finally, the paper sum-
marizes the extent of present knowledge and
outlines considerations for the future under con-
ditions of controlled upland discharge resulting
from contemplated headwater reservoir opera-
tion.

Introduction
The River

Physical characteristics

Columbia River rises in Columbia Lake,
British Columbia, Canada, and flows in a eir-
cuitous course for 462 miles to cross the Inter-
national Boundary, from where it flows gen-
erally southward 435 miles across the State of
Washington to the Washington-Oregon State
line, thence generally westward for 310 miles
through the Cascade and Coast Ranges to empty
into the Pacific Ocean near Astoria, Oreg., as
shown in figure 1. The river and its tributaries
drain an area of 259,000 square miles, consist-
ing of rugged mountain ranges separated by
valley troughs, trenches, and plateaus, of which
39,500 square miles lie in Canada., Elevations
in the basin range up to nearly 14,000 feet above
sea level in the Rocky Mountain system on the
east. The total fall of the Columbia River from
its source to the Pacific Ocean is 2,652 feet.

Runoff

The normal annual runoff of the Columbia
River is 180,100,000 acre-feet, and the dis-
charge pattern of the lower river is quite regu-
lar with low flows occurring from September
through March and high flows from April
through August. At The Dalles, Oreg., 192
miles above the entrance, the mean annual run-
off is 133,700,000 acre-feet and extremes in
mean daily discharge at this point have ranged
from 36,000 to 1,240,000 c.fs.

Rele in economic development

Water resource development has been of basic
significance in the economic evolution of the
Pacific Northwest, which has in recent years
emerged from an almost complete dependency
on its basic resources of agriculture and timber
to diversification and broadening of economic
activities by production of more and more
finished products. Water transportation by in-
land rivers, the Pacific Ocean, and the Puget
Sound area has played a major role in the

economic expansion of this great region. With
suitable harbors that are strategically loeated,
a flourishing trade has developed with Alaska,
Canada, the Far East, California, and the east
coast of the United States. The Columbia River,
the most important inland waterway, provides
a route for ocean-going traffic from its mouth
to Vancouver, Wash., and, through the connect-
ing Willamette River, to Portland, Oreg. Im-
provements are being undertaken to extend
deep-water navigation with authorized channel
depth of 27 feet to The Dalles. Barge traffic
extends up the Columbia to Pasco, Wash., by a
combination of open-river regulation and slack-
water navigation provided by Bonneville, The
Dalles, John Day, and McNary Dams. With
completion of four authorized dams on the
Lower Snake River, slackwater navigation for
barge traffic will then extend to Lewiston,
Idaho. Progressive improvement of the Colum-
bia River has been accompanied by significant
increases in ocean-going commerce as shown by
Er%f]’ﬁcl trends of major commodity groups in
able 1,

TABLE 1.—Ccean-borne commerce on Columbia River

Item 1925 1940 1950 1953 1960
Thou- 7Thou- Thou~ Thou- Thow-
. sand sand and sand sand
Agricultural lona tons tons tons tons
produets. . .. 733 312 635 1,153 4,417
Animal
products. . .. 41 49 61 20 69
Minerals. .. .. 31 26 323 T1 989
Forest
produects... ./ 1,998 | 1,962 | 1,372 1,775 1,041
Petroleum
products....| 1,720 | 3,050 |- 5,971 7,090 5,651
Miscellaneous. 713 965 792 820 426
Total . .| 5,236 | 6,924 { 9,214 | 10,929 ; 12,492
The Lower Estuary
Extent

The Columbia Estuary, as affected by tidal
variations, extends during periods of low river
flows up to Bonneville Dam on the Celumbhia
River, 140 miles above the entrance, and to
Willamette Falls at Oregon City on the Wil-
lamette River. At higher river stages the sec-
tiong of the river thus affected by tidal condi-
tions progressively move downstream. The
reach below Oak Point, Wash. (river mile 52),
shown on figure 2, forms the lower Columbia
Estuary, and tidal conditions in this section
generally have more effect on stages than river
flows. In this reach the main river channel
traverses a meandering course befween gen-
erally widening bank lines, past many low
islands and shoals, to eventually join the Pacific
Ocean between the rugged headlands of Cape
Digsappointment on the north and the low-lying
Point Adams on the south.
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F16URE 1. — Columbia River Basin,

Tidal influence

Normally, reversals of current direction
occur throughout the lower Columbia Estuary
ag the result of tidal fluctuations of the Pacific
Ocean. At Fort Stevens, river mile 8, the aver-

age daily tidal variation is about 8 feet, The
lowest tide observed at this point was estimated
to be 3.0 feet below mean lower low water and
the highest stage, which resulted from a com-
bination of storm activity and tidal aetion,
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was 11.6 feet above mean lower low water. The
tidal prism of the Columbia Estuary has been
estimated at 732 square-mile feet.

The Entrance
General

Perhaps the most consistent characteristic of
the Columbia entrance, figure 3, iz its con-
tinually changing regimen that strives to create
a balance between the forces of the ocean and
those of the river. This balance is quite deli-
cate, ag any modification of the river forces in
the entrance area, no matier how minor, is ac-
companied by a corresponding change in ocean
forces. As a consequence, throughout the period
»f man’s endeavor to improve conditions for
navigation, the entrance has undergone many
:hanges and has assumed many different com-
slexions.

Tides

Tides at the Columbia River entrance have
he diurnal inequality typical of the Pacific
'oast, with a long runout from higher high to
ower low water. The mean range is 6.5 feet,
he range from mean lower low water to mean
igher high water is 8.5 feet, and extreme tides
ange from minus 2.6 feet to plus 11.6 feet,
tean lower low water.

Vinds and storms

Two seasons having wide variance in wind
nd sea conditions generally occur each year

at the entrance. The season of severe storms
usuaily extends from October to April, and
storm winds, beginning generally in the south
quadrant, gradually veer to the southwest and
finally blow themselves out as they move around
to the west or northwest. Storms are often con-
tinuous for several days and are accompanied
by extremely heavy seas mostly from the south-
west, During the summer season, the conditions
of wind and sea are much less gevere than those
of the winter season. From May through Sep-
tember, winds from the north or northeast begin
in the morning, increase in force during the day,
and diminish at night. Occasionally during the
winter and spring, there are several days when
an ealtsterly wind predominates and the weather
is cold.

History
Prior to Improvement

A chart (fig. 4) made under the direction of
Admiral Vancouver clearly indicated the exist-
ence in 1792 of a single channel at the Columbia
entrance with a depth of 414 fathoms between
Cape Disappointment and Point Adams. In
1839 Sir Edward Belcher revealed the exist-
ence of two channels at the entrance separated
by a large shoal area which forced the deeper
channel northward against Cape Disappoint-
ment to turn sharply southward and join a
generally shallower channel along Point Adams,
ag shown in figure 5. This shoal area, called the
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Fi1GURE 8. — Columbia Entrance.

Middle Sands, grew in size until its 18-foot con-
tour in 1874 embraced a very large area sea-
ward and south of Cape Disappointment and
covered almost all of the area now occupied by
the present entrance. A part of the Middle
Sands formed an island inside the entrance that
later separated from the main shoal area and,
migrating fo the north to form Sand Island,
restored a single channel to the entrance in
1885. At that time the main part of the Middle
Sands had moved westward to create a west-
ward extension of Cape Disappointment and
minimum depths of 20 feet prevailed on the
ocean bar, as shown in figure 6.

30-Foot Entrance Project

Early attempts to improve the entrance, prior
to the adoption by Congress in 1882 of the ini-
tial permanent navigation project, consisted of
sporadic dredging in combination with the con-
struction of temporary training structures. It
was soon realized even in those early days that
such limited work could not be effective in con-
trolling, or even influencing to any appreciable

1 Report of the Board of Engineers, dated 13 October
1882, prinfed as part of Senate Exee. Doc. 13, 4Tth
Cong., 2d Bess.

degree, the outsized forces at work in the en-
trance and that improvement of more per-
manent character would be required. The first
project was adopted on August 2, 1882, pur-
suant to the recommendations of the board of
engineers for the permanent improvement of
the mouth of the Columbia River.

This project provided for the construction of
a South Jetty, 414 miles in length, lying in a
generally northwesterly direction from its base
at Point Adams, to secure a depth of 30 feet
over the entrance bar. Construction of the
rubble-mound structure was initiated in April
1885 and completed, with four groins along its
northerly side, in October 1895. The erest of
the completed jetty sloped from 12 feet above
mean lower low water at its shore end 1o plus
10 feet at a point 114 miles from the shore,
thence to plus 4 feet at its outer end. A total of
946,000 tons of stone were placed in the struc-
ture at a total cost of $1,969,000. : &

Ahhough shoals marking the beginning of
Clatsop Spit began to form along the north
side of the jetty during its construction, a gen-

_eral improvement of depths over the bar was

soon evident. By 1895 depths of 31 feet were
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available on an alinement that, under the in-  about 3 miles. These favorable condifions were
fluence of the jetty, had migrated to the north  only temporary, however, as the continued
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nerthward migration of the channel by 1898
reduced depths to 29 feet and by 1901 caused
further deterioration of the entrance channel
until in 1902, as shown in figure 7, there existed
three entrance chamnels, each only about 22
feet deep. In the meantime Clatsop Spit had
grown to form a hook-shaped island through
the South Jetly at its midlength, which later
extended to create a solid land connection with
Point Adams.

40-Foot Entrance Project
Construction phase

In view of these deteriorating conditions and
the need for inereased entrance depths to fur-
nish a margin of safety to navigation, Congress,
in the River and Harbor Aect of March 3, 1905,
adopted the recommendations of the board of
engineers on project for improvement of the
mouth of Columbia River? that provided for
extension of the existing South Jetty and con-
struction of a North Jetty and groins, in com-
bination with dredging, to secure an entrance

2 Report of the Board of Engineers, dated 24 January
1908, printed as part of appendix 20 of Annual Report,
Chief of Engineers, U.S. Army, 1903, Pt. 3, v. 3.

channel one-half mile wide and 40 feet deep.
Ag the South Jetty was being extended seaward,
a single entrance was restored and by 1911 a
depth of 24 feet was again available across the
ocean bar, As completed to a fotal length of 6.6
miles in Aungust 1913, the South Jetty had an
average top width of 25 feet and an elevation
of plus 10 feet from the shore to the “knuckle”
end of the original project, from whence the
height was increased by stages to an elevation
of plus 24 feet at the outer end.

Construction of the North Jetty began in 1913
and by the next year, when only about 1 mile in
length, entranee depths had increased to 30
feet. Ag constructed, the North Jetty had a
top width of 25 feet, sideslopes of 1 on 114, and
crest elevation of 28 to 32 feet above mean lower
low water. Completion of the jetty to its full
length of 2.4 miles in August 1917 was accom-
panied by further improvement of entrance
depths to 40 feet through a narrow bar chan-
nel. In addition to 410,000 tons of stone used
for rebuilding the outer end of the original
South Jetty, a total of 4,427,000 tons of stone
was placed in the extension of the South Jetty,
at a total cost of $5,6567,000, Nearly 3 million
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Fi1Gure 7. — Celumbia entrance, 1902,

tons of stone were used in the construction of
the North Jetty at a cost of $4,319,000,

Adjustment phase

Completion of the North Jetty, with its posi-
tive control on flows, marked the beginning of
the achievement of the long-sought goal of
securing dependable depths through the en-
trance for navigation. By 1920 the 40-foot
depth contours had retreated considerably,
providing an entrance channel about 1 mile
wide and, during the next 5 years, further deep-
ening occurred to make a minimum entranee
depth of 45 feet available in 1925. By 1927
minimum depths of 47 feet were available over
the bar, as shown in figure 8. For the first time,
depths in excess of 40 feet then prevailed along
the channel side of the North Jetty. However,
concurrently with improvement of navigation
conditions, shoals developed immediately north
of the North Jetty and formed a solid land mass
extending almost to its full length. Clatsop Spit
continued to grow until by 1981 its westward
and northward extensgion had reduced entrance
depths to about 48 feet,

Refinement phase

_ Rehabilitation of the South Jetty was begun
in 1931 and completed in 1936. Later in 1936,

the outer 500 feet of the structure was impreg-
nated with a hot asphaltic mix in an attempt to
prevent disinfegration at this peint by heavy
seas. This expedient did not prove successful,
and a solid concrete terminal was constructed
at the outer end in 1941, Further growth of
Clatsop Spit was accompanied by movement of
the navigation channel clozer to the North
Jetty and by development of increased depths
along the channel side of the outer end of that
structure. In an effort to prevent the continued
movement of the channel to the north, four
permeable dikes were constructed along the
south shore of Sand Island and jetty A, ex-
tending southward from Cape Disappointment,
was completed in 1939, In spite of this, the con-
tinued westward movement of Clatsop Spit was
accompanied by removal of more and more of
the shoal area protecting the North Jetty and
some damage was caused by undercutting along
the channel face of the structure.

In 1939 the North Jetty was rehabilitated
and a concrete terminal block placed at its
cuter end. Continued advances of the Spit
through 1951 coincided with definite movement
of the 40-foot depth contour along the north
side of the entrance channel to the east and
south. In 1952, for the first time, an inner bar
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in extension of Clatsop Spit had formed between
the jetties. Reconstruction of the South Jetty
involved the placement of 4,288,000 tons of
stone in the superstructure at a cost of $4,930,-
000. Rehabilitation of the North Jetty required
the placement of 244,000 tons of stone and 234,-
000 tons of stone were used in the construction
of jetty A, all at a total cost of $1,271,000. -
Dredging

As ample depths prevailed over the ocean
bar, dredging under the 40-foot entrance proj-
ect was confined to the face of Clatsop Spit.
Amounts dredged since 1939 under that project
are shown in table 2; the full project width was
obtained only during the last 3 fiscal years listed.

TABLE 2.—Dredging on ocean bar since 1939;

L0-foot project
Fizeal year Amount dredged Fiscal year Amount dredged
Cubic yards Cubic yords

1939....... 501,300 | 1049 .. .. .. 1,023,800
1940. ..., .. 1,319,800 | 1950.. ... .. 923,200
1941-44. 011961L....... 1,000,300
1945 .. ..., 393,100 | 1862..... .. 1,267,400
1946. .. .. .. 186,900 | 18563....... 2,796,800
1947 ... 483,000 | 1954 ... ... 2,141,700
1948....... 1,030,200 | 1955....... 1,749,300

438-Foot Entrance Project

Project progress

To meet the needs of modern ocean naviga-
tion, Congress, in 1954, modified the entrance
project to provide for minimum depths of 48
feet throughout the half-mile channel width
to be secured initially by dredging and, sub-
sequently if experience so warranted, by con-
struction of spur jetty B along the north shore
(fig. 9), which also shows conditions prevailing
in 1962. Dredges were successful in 1956, the
initial year of dredging on the modified project,
in securing by the end of the seagon in October
depths of 48 feet over the full channel width, in
gpite of heavy amounts of erratic shoaling and
scouring that accompanied the dredging opera-
tions.

Extremely heavy shoaling of the newly
dredged channel during the following winter
months, together with lack of sufficient dredg-
ing plant, resulted in the decision to concentrate
the 1957 dredging effort to obtain project
depths throughout a channel of only 1,500-foot
width. Dredging in 1957 was also accompanied
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by erratic shoaling and scouring over the 1,500-
foot channel and was similarly followed by pro-
portionately heavy shoaling during the ensuing
winter season. Approximately 75 percent of
the material dredged in 1956 and 1957 was dis-
posed in an offshore area approximately 1 mile
south of the extreme end of the South Jetty
{area A), as shown on figure 3, with the balance
disposed in deep water along the entrance range
(area B), adjacent to the inside of the North
Jetty (area C), and upriver in the vicinity of
Chinook Point {(area D). Quantities dredged
during these and subsequent years and the
amounts of total apparent shoaling and scour-
ing noted within the authorized channel width
Eyblfrequent condition surveys are given in
able 3.

Modification of spoil dispoesal areas

Tests of pilot equipment designed to measure
subsurface current directions and velocities,
conducted early in 1958 in preparation for the
general prototype measurement pregram of the
following year, revealed the fact that spoil dis-
posed in areas A and C returned to the dredged
entrance channel. As a consequence, disposal
practices were subsequently modified so as to
concentrate disposal of dredged materials in

TABLE 3.— Dredging, shoaling and scour;
48-foot project

Amount of— Net
Calendar Quantity

year dredged | Shoaling Scourin_gl Shosl Bcour

Thou~ Thou- Thou- Thou- | Thou-

sand sand sand sand sand

cubic cubic cubic cubie Cubic

yards yards yards yards yards
1986, .. .. ... ... 14,436 ) 3,492 | 6,268 12,229 ... ...
1957............| 3,808 | 7,279 | 7,438 (...... 157
Total, 1956-57.| 18,345 | 15,771 | 13,699 | 2,229 157
1968............| 2,608 | 3,216 | 5,942 |......12,728
1959, .......... 2,389 | 6,146 | 3,361 2,785 |......
1960. . ... . ..... 2,286 | 5,008 | 4,048 | 960 |... ...
1961, . ... ... ... 2,054 | 3,559 | 3,007 Bh2 t... ..
Total, 1958-61.| 9,232 | 17,929 | 16,358 | 4,297 | 2,726

deeper water offshore (area B) and to eliminate
as much as possible the disposal of these ma-
terials south of the South Jetty and near the
North Jetty. Although since that date shoaling
and geouring has generally followed the pre-
viously noted pattern, the magnitude of such
occurrences has been reduced somewhat from
that experienced in previous years as shown
above,
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Rebabilitation of entrance structures

Rehabilitation of jetty A in 1961 involved
the placement of about 214,000 tons of stone at
a cost of about §$814,000. In that same year,
213,460 tons of stone were used in rehabilita-
tion of the upper part of the South Jetty be-
tween the land connection with Point Adams
and the “knuckle,” at a cost of $2,328,000. Re-
habilitation of the South Jetty seaward of the
“knuckle,” involving the placement of 268,000
’i%résg of stone, is scheduled for completion in

Past Concepts of Controlling Phenomena
Approach to Past Concepis

Any discussion of past concepts of phe-
nomena controlling the regimen of the lower
Columbia Estuary and Entrance, as related to
the constructed improvements, should recognize
the state of knowledge prevailing at that time.
Engineers had little but readily observable con-
ditions and apparent reactions of surface cur-
rents to obstacles to guide their thinking, plan-
ning, and design, of improvements, since estu-
arine instrumentation asg it is known today did
not then exist. Henee it iz small wonder that
some works constructed under these circum-
stances failed to yield the desired results. The
surprising thing is that many of these works
did somehow accormpligh their mission, perhaps
not in the exact manner predieted, and have
nevertheless survived to this day as monuments
to the integrity and ingenuity of their planners.
Accordingly, as we review these past accom-
plishments in the light of present knowledge,
engineers of today should feel quite grateful
and, indeed humble, for the advancement in
technology that alone is responsible for their
more enlightened position.

Past Experience

With little to guide their efforts other than
the observed conditions in the natural estuary
and entrance, it was apparent to engineers
charged with planning the Columbia Entranece
structures that in order to provide a depend-
able channel, the waters of the enfrance area
should be confined to an area smaller than then
existed in nature. To effect such an accomplish-
ment, a South Jetty was constructed with its
base at Point Adams which, while temporarily
improving entrance conditions during the sub-
sequent period of estuarine adjustment, did not
fulfill the needs of then-existing navigation, as
depths over the ocean bar had not been perma-
nently improved by this expedient.

3 See footnote 2.

¢ Mouth of Columbia River Current Survey, 1932.
On file in the Office of the District Engineer, U.8. Army
Engineer District, Portland, Oreg.

In view of this, engineers then studied the
bankline geography of the lower estuary and
concluded that further confinement of entrance
flows could be effected by opposing jetties spaced
about 2 miles apart at their ends, roughly the
minimum distance between banklines in the
lower estuary.® Accordingly, the South Jetty
was extended and a North Jetty constructed.
Although some improvement was effected by
the extension of the South Jetty, thiz better-
ment of conditions was relatively minor and of
a tentative nature only,

It was not until the North Jetty had been
constructed that a truly dependable channel was
made available in the Columbia River entrance.
Although ever-changing controlling depths over
the entrance bar were achieved in different
phases of estuarine adjustment after the com-
pletion of the North Jetty, thege depths were
much greater than those that previously existed.
As a result, by confinement of entrance flows to
a relatively smaller area, engineers achieved a
breakthrough in their efforts to control depths
over the entrance bar.

Past Concept as Developed by Experience

Thus the success gained by confinement of
entrance flows supported the conclusion that, in
order to achieve greater entrance depths, it was
only necessary to confine flows to the extent re-
guired. Although recognizing that there existed
a number of observed phenomena such as for-
mation of ghoals in unexpected places, which
somehow did not conform to this concept, these
engineers were primarily concerned, and justi-
fiably so, with net results as measured by past
accomplishments. As a consequence, the theory
of confinement of flow wag accepted by these
engineers as a bagie principle in the planning,
design, and construction of estuarine improve-
ments.

1932 current measurements

Notwithstanding the apparent validity of the
theory of flow confinement, there prevailed some
question whether this theory properly integrat-
ed all factors and forces in estuarine areas.
Consequently, in 1932 the Corps of Engineers
undertook a program of prototype measure-
ments at five stations across a range located
some 5 miles ahove the ends of the jetties.*
More than 5,600 individual current meter ob-
servations were made at several depth levels at
these stations during three different stages of
upland discharge. Although no ingtruments
were specifically employed for the purpose of
determining subsurface current directions, the
measurements taken were interpreted to indi-
cate that mean ebbtide velocities were greater
than floodtide velocities for all stages of the
upper river and, during freshet stages, were
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much stronger. Also at high river stages, ebb
bottom velocities were much higher than flood
bottom velocities for all perceniages of time.
At intermediate river stages, bottom wvelocities
were lower than at high stage, with ebb bottom
velocities predominating for about half the
meagsurements. At low river stages, flood bot-
tom velocities were generally predominant.

If the magnitude of ebb bottom velocities as
compared to flood bottom velocities and their
assumed greater transporfing power are con-
sidered, it appeared evident at that time that
the ebb flow was sufficient to maintain a channel
between the jetties of at least 40 feet deep at
mean lower low water and no further contrac-
tion of the enirance appeared necessary for
satisfactory channel maintenance, Thus, the re-
sults of the 1932 current measurement program
were interpreted as confirming the theory of
flow confinement as applied to imnrovements
in the Columbia Estuary and Entrance.

Jetty A

Notwithstanding the indication revealed by
the 1932 current measurements that further
contraction works would not be necessary to
secure project depths, Clatsop Spit continued to
advance to the northwest, crowding the en-
trance channel against the North Jetty and re-
ducing the available depths in a channel, which
was at that time assuming an undesirable aline-
ment, To correct this condition jetty A was
constructed in 1938 and 1939 to confine further
flows in the entrance area. Although jetty A
provides & degree of protection to vessels using
the west Baker Bay channel against winter
winds and waves, this structure, even in combi-
nation with the concurrently constructed Sand
Island dikes, has had little beneficial influence
on navigation depths or conditions through the
lower Columbia Estuary or Entrance.

Jetty B

Although the failure of jetty A to produce
the desired channe]l control could not be ex-
plained at that time, the validity of the theory
of flow confinement was still accepted, although
to a somewhat lesser degree, hy engineers as
late as the early 1950°s when planning for the
48-foot entrance channel wag initiated. Accord-
ingly, as part of the 48-foot project, jetty B, to
be located between the North Jetty and jetty A,
was recommended and authorized in 1954 as a
structure to supplement and enhance the con-
fining influence of jetty A, if initial operations
to secure the 48-foot entrance channel proved
impracticable. Subsequent events and almost
explosive expansion of knowledge regarding
estuarine phenomena have cast considerable
doubt on the value of the proposed jetty B as a
regulating structure, and, consequently, no fur-

ther action has been undertaken by the Corps of
Engineers leading toward its construction.

Modern Concepts of Controlling
Phenomena

Approach to Modern Concepts

Much credit should be given to the Corps of
Engineers’ Committee on Tidal Hydraulics and
to the Waterways Experiment Station for their
pioneering efforts and studies that have led to a
broadening of engineering knowledge of char-
acter and magnitude of forces controlling the
regimens of estuaries and their entrances. Early
hydraulic model studies at the Waterways Ex-
periment Station included a model of the Savan-
nah Estuary and Entrance (Georgia) and, as
wag the practice at that time, fresh water was
employed throughout the model system. Consid-
erable difficulty was initially experienced in at-
tempting to verify current measurements made
in the model with those observed in the proto-
type.

All efforts to obtain accurate verification of
the model failed until someone suggested that
salt be added to the ocean portion of the model
in the amount necessary to simulate salinity
conditions in the prototype ocean. When this
was done, verification was a relatively easy task,
as the model, thus operated, completely and ac-
curately reproduced observations of current di-
rection and velocity noted in the prototype. This
“breakthrough” in model techniques led to
study and definition by many engineers and
scientists of the important role that salinity in-
trusion plays in the development of forces con-
trolling estuarine environment. These studies
and companion investigations of related phe-
nomena by otherg since 1948 have produced a
new concept of estuarine phenomena, which has
given the waterways engineer a more complete
and accurate understanding to the end that it is
no longer necessary to resori {o a trial and error
approach to estuarine improvements.

Although this new concept has completely
revolutionized all past thinking and has given
birth to the embryonic science of tidal hydrau-
lics, investigations of all estuarine phenomena
are being pursued at an ever-expanding rate
under the favorable technological climate pre-
vailing in the world today. Hence, new discov-
eries will be made and new technigues will be
developed that will further assist the engineer
of the future to solve estuarine problems more
completely than is now possible,

Salinity Intrusion
Although of extreme importance in the de-
velopment of the estuarine regimen, the role
that salinity intrusion plays in this development
has to date been only broadly defined. Schultz
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and Simmons 5 point out that engineers con-
cerned with the golutions of problems in estu-
arine environments have become keenly aware
in recent years that the amount of fresh water
discharged into an estuary, and the degree to
which it mixes therein with the salt water of
the sea, are major factors in establishing the
hydraulic and shoaling regimens of the estuary.
The presence in estuaries of water of variable
density causes marked differences in the magni-
tudes, distributions, and durations of the cur-
rents, as compared to those of a single density
system.

As a result of the density difference between
the heavier salt water at the seaward end of the
estuary and the fresh water at the upstream
end, each type of water tends to assume a rough
wedge shape with the base of the wedge at the
gource. The interface of (orline of demarcation
between) the salt and fresh water may vary
from well defined to almost obscure, depending
on the degree of mixing of the salt and fresh
water in any given estuary. Where mixing is
slight the transition from fresh to salt water is
well defined and occurs within a small percent-
age of the channel depth. On the other hand,
where the mixing is appreciable no definite in-
terface of the salt and fresh water exists except
in isolated instances.

For convenience, the degree of mixing may be
classed into three broad categories of highly
stratified, partly mixed, and well mixed, with
the transition from one type of mixing to an-
other being gradual instead of well defined.
The most significant effect of salinity intrusion,
thus defined, is the creation of density currents
in estuaries that cause the bottom flood currents
to predominate over the bottom ebb currents by
inereasing the velocity and duration of the
former and decreasing the velocity and dura-
tion of the latter. The resulting net upstream
movement of bottom currents within the saline
regicn of the estuary constitutes an effective
trap for sediments on and near the bottom, pre-
venting their movement to the sea and causing
the bottom to be shoaled and unstable. From
their studies Schulfz and Simmons arrived at
the following general conclugions:

1. The degree of mixing of salt and fresh
water in estuaries plays an important role in
the establishment of their hydraulie regimens.
Asg the ghoaling regimens of some estuaries are
related directly to their hydraulic regimens, it

5 SiMmMoNs, H. B., and ScHULTZ, E. A, FRESH WATER-
SALT WATER DENSITY CURRENTS, A MAJOR CAUSE OF SILTA-
TION IN ESTUARIES. Corps of Engineers Committee on
Tidal Hydraulies, Tech. Bul. 2. April 1957.

5 IpPEN, A. T., and HaRLEMAN, D. R. F. ONE-DIMEN-
SIONAL ANALYSIS OF SALINITY INTRUSION IN ESTUARIES.
Corps of Engineers Committee on Tidal Hydraulics,
Tech. Bul. 5. June 1961.

follows that the degree of mixing also plays an
important role in establishing their shoaling
regimens.

2. Because of incomplete mixing of salt and
fresh water in estuaries, the predominance of
flow in the bottom strata is almost always up-
stream while that in the surface strata is down-
stream ; the degree of such predominance is de-
pendent on the degree of mixing, being most
prominent in the highly stratified estuary and
least prominent in the well-mixed type.

3. Changes in upland discharge, tidal prism,
and physical configurations of estuaries will
frequently change the degree of mixing of salt
and fresh water therein and thus affect such
important features as the vertical distribution
of current velocities, the direction and degree
of flow predominance, the amount of shoaling,
and the location of major shoal areas.

4, As lightweight sediments are supplied to
estuaries principally through the medium of
upland discharge, it follows that auch discharge
plays a dual role in estuarine sedimentation.

5. The magnitude of changes in upland dis-
charge into estuaries usually far exceeds that
of changes in tidal prism of physical configura-
tion. For this reason and because upland dis-
charge is of primary importance, it follows that
major ehanges in upland discharge should be
accomplished only after consideration of all
probable effects. ,

Continuing Research on Salinity Intrusion

An analytical investigation of salinity infru-
sion and related phenomena was initiated by the
Corps of Engineers Committee on Tidal Hy-
draulics in January 1954, This general investi-
gation was designed to determine for conditions
of open channels subject to salt water intrusion
and tidal oscillations from the sea the following
four aspects of the phenomena: (1) The extent
of salinity intrusion and the mean salinity dis-
tribution, (2) the vertical mixing of fresh and
salt water and the resulting vertical salinity
distribution, (3) the vertical distribution of eur-
rent velocities as affected by salinity distribu-
tion, and  (4) the movement and deposition of
sediments as affected by density-current phe-
nomena. On the basis of studies undertaken on
phase (1) of this general investigation, Ippen
and Harleman ¢ indicate that it is possible to
make quantitative predictions regarding salin-
ity intrusions in partially or well-mixed estu-
aries of essentially uniform cross section without
prior knowledge of any existing salinity con-
ditions. Further, the factors that cause changes
in salinity intrusions have, for the first time,
been guantitatively evaluated. Thus by means
of intrusion equations, the effect of changes in
the fresh water discharge, channel depth, ete.,
can be predicted. Of even greater importance is
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the possibility that the diffusion and tidal para-
meters developed in this study will have impor-
tant significance in understanding the intrusion
mechanics of estuaries of nonuniform geometry.
Analyses will be made of phases (2), (3), and
(4) of this investigation in the light of findings
of studies of phase (1) as may be applicable.

Shoaling Processes

Much remains to be learned regarding the
processes involved in the formation and stabili-
zation of shoals in estuarine channels. In 1957
the Committee on Tidal Hydraulics launched a
hroad program of studies congidered necessary
to develop essential knowledge of these process-
es. The different phases of work eontemplated
under this program are summarized as follows.

Basic laws for movement and deposition
of muddy sediments

Since most estuarine shoals in the TUnited
States are composed of muds rather than sands,
a contract has been made with the University
of California to study the rheological properties
of consolidating sediments. Natural sediments
from a number of estuaries are being furnished
to the university as a basis for the studies.

Effects of a repetitive scour and deposition on
sedimentation

As it appears that successive scour and depo-
sition of sediments may play an important role
in shoaling processes, early flume tests to de-
termine the significance of these factors are
planned.

Techniques for radivactive tracing of
sedimext action

These techniques offer a great potential in
the development of knowledge in shoaling pro-
cesses, making it mandatory that their use be
encouraged in econnection with specific investi-
gations and that consultation and advice be ex-
tended to those engaged in this work. Field tests
planned by the district engineers of Galveston
and Norfolk will be closely followed.

Development of in-place turbidity meter

Because of the great areas embraced by most
estuaries and the eonstantly changing condi-
tions of tide and fresh-water inflow, it is ap-
parent that complete and simultaneous cover-
age of such systems for measurements of sus-
pended sediment concentrations, with only ap-
proximately accurate results, will yield much
more valuable information than will long-term
coverage and highly accurate results. Awvail-
able evidence indicates that an instrument op-
erating on the basis of light extinction as a
measure of turbidity may fulfill these needs.
Development of such an instrument is under
way at Johns Hopkins University.

Flocculation

Floceulation of suspended and dissolved solids
plays an important role in shoaling processes,
as sea water is an efficient flocenlating agent,
but little work of scientific value has yet been
accomplished to evaluate its significance. A
comprehensive literature survey of this subject
has been made and a report thereon completed.
Recommendations for further work in this field
are now under review, and it is probable that
further research will shortly be initiated.

Stabilization of deposits

The physical and chemical changes that occur
in sediments after deposition appear important
to an overall appraisal of the matter of shoaling
pbrocesses. A literature survey of this subject
has been completed and additional research is
fortheoming.

Analysis and corrvelation of protetype data

Proper analysis and correlation of existing
prototype hydraulie, hydrographic, and other
data will reveal certain relations among estu-
aries that should lead to a better understanding
of the overall subject of shoaling processes.
Dats on important estuaries are now being as-
sembled and analyzed, and it is anticipated that
direct comparisons and correlations should re-
veal definite characteristics,

Shoaling in slips and tributary channels

It is anticipated that test facilities for general
invegtigations of hydraulic and shoaling phe-
nomens in slips and tributary channels will
shortly be constructed as additions to existing
hydraulic models at the Waterways Experiment
Station and tests initiated to determine the fac-
tors involved.

Classification of sediments

Proper classification of the sediments that
contribute to shoaling of the different estuaries
in the United States is of importance from the
viewpoint of a comprehensive understanding of
shoaling processes. This effort is being carried
out concurrently with the analysis and correla-
tion of prototype data previously described.

Littoral Processes

Waves of all character and magnitude break-
ing on a coastline generate movements of beach
materials in the alongshore component direction
of the generating waves. These movements es-
tablish the littoral regime of the shoreline, and
the intensity of these movements determine the
quantity of material or littoral drift moving
past a point on the shoreline. As, during the
course of an extended period of time, waves
attack a shore generally from one predominant
direction, so too will the littoral movements of
material passing a point on that shore move in
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one predominant direction parallel to the coast.
Just ag waves also attack this shore from other
directions over an extended period of time,
though less predominately from those diree-
tions, g0 too will there be littoral movements
past the point that may be in a direction oppo-
gite that of the predominant littoral drift.

Thus, from a point along a shoreline, guch as
the entrance to an estuary, the total quantity of
littoral material in movement is the sum of all
littoral movements in both the up-coast and
down-coast directions. Both of these material
movements contribute to shealing in major
estuarine entrances. They also affect the deli-
cate balance hetween erosion and acecretion of
the shoreline. In instances where littoral drift
is intercepted by coastal structures such as
groinsg or jetties, the shore updrift of these
structures will grow seaward to a point, fed by
the cessation of the littoral movement, while
the shore downdrift from the structures will
recede, being starved by the intercepted littoral
drift.

Prototype Measurement Program of 1959
Background

In view of difficulties experienced in mainte-
nance of the 40-foot entrance project resulting
from the continual encroachment of Clatsop
Spit shoals on the adopted channel alinement,
the problem at the Columbia River Entrance
wag re-approached in 1956 in the light of new
concepts and expanding knowledge of tidal hy-
draulic phenomena concurrently with initiation
of work on the newly authorized 48-fcot en-
trance project. In making this new approach,
the advice and guidance of the Committee on
Tidal Hydraulies formed the bazis for an inten-
sive investigation of several aspects of the
problem.

As the initial step in this investigation, the
committee recommended that a program of pro-
fotype measurements of current velocity and
direction, as well as salinity, be undertaken to
define broadly the density current regime es-
tahlished by environmental river, ocean, and
hydrographic conditions prevailing in the lower
estuary. With effects of density currents thus
defined it was the view of the committee that
any additional structural measures designed to
reduce shoaling in the entrance area, such as
jetty B, could be properly analyzed and evalu-
ated in a hydraulic model study.

General Scope of Program

In order to achieve the above goal, it was
necessary that the program provide data suf-
ficient to meet the design and verification needs
of a hydraulic model study. To this end the pro-
gram required 3 cyecles of measurements to
obtain data for conditions of low, normal, and

high river discharge. Each cycle was to include
observations of current direction and velocity
for a continuous full tidal period of about 25
hours at 23 stations located along 7 ranges
across the lower 52 miles of the estuary (fig.
10). At each station current velocity and di-
rection measurements were taken at 30-minute
intervals at the surface and near the bottom
and at the intervening quarter-points of depth.

Initially, simultaneous observations were
made at one station on each range for a contin-
uous period of about 25 hours to establish the
relationghip between the ranges. This was fol-
lowed by simultaneous observations at all sta-
tions on each range until all observations had
been obtained. Salinities and temperatures
were also observed throughout the vertical at
each station concurrently with the measure-
ments of currents and directions. This program,
due to its magnitude and the complexities in-
volved in instrumentation, administration, and
operation, not to mention the frying conditions
of weather and heavy seas, represented a monu-
mental task. A total of approximately 26,000
observations were taken during the 3 cycles of
measurements. However, in spite of the magni-
tude of work involved and the difficulties ex-
perienced, reliable measurements were obtained.

Program Instrumentation
Velocity—azimuth-depth assembly

Equipment being tested by the 1.8, Geologi-
cal Survey to measure tidal flow was used as a
guide in the protoetype measurement program
for the development of an instrument designed
to measure subsurface current velocity and di-
rection, as well as depth of the instrument above
the bottom. This instrument consisted of a
transducer for a Raytheon Fathometer, mount-
ed in the bottom of 140-pound streamline brass
weight with fing, suspended on the bottom of a
Price current meter hanger bar. Also mounted
in the weight was a Magnesyn compass trans-
mitter that monitored on a remote panel the di-
rection in which the assembly was facing as
deflected by the current. A seven-conductor,
pancake swivel was mounted between the eur-
rent meter hanger bar and the seven-conductor,
14, inch diameter, suspension cable. The assem-
bly as finally developed and used in the program
is shown in figure 11.

Salinity—temperature assembly

Although consideration was given fo the ad-
visability of taking water samples at the five
elevationa of each station and determining salin-
ity by laboratory tritration procedures, it was
felt that, in the interest of reducing the work-
load, a less exact method of measuring salinity
would suffice for the needs of the data collection
and analysis program. It was also considered
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FIGURE 11. — Velocity — Azimuth — depth assembly.

advisable to obtain concurrent measurements
of water temperature, To meet these require-
ments a conductivity cell with remote-reading
resistance indicator was used to measure salin-
ity, and a temperature cell, together with
Wheatstone-balanced bridge, was used to ob-
tain temperatures. The conductivity and tem-
perature cells were mounted on a bracket above
a 140-pound brass weight, and short leads from
the cells were connected to leads from the sus-
pension cable inside a short stainless steel hang-
er that was clamped to the lower end of the
suspension cable, as shown in figure 12. The
soldered connectlons were embedded in a hard,
waterproof plastic filler. A seven-conductor sus-
pension cable identical to that used for the ve-
locity-azimuth-depth assembly was used.

Figugre 12. — Salinity — temperature assembly.

Pillar crane

As the metering and salinity-tempec *ure o

semblies were to be used over the sides of small
boats, a special crane was designed and fal ™

cated to raise the bottom of the asr~ms o
weights 30 inches above the boat deck and far
enough away from the side of the vessel so
that the danger of striking the assembly instru-
ments against the boat hull would be minimal.
Pipe was used for the main structural members
of the pillar crane shown in figure 13.

Otber equipment

In addition to 12-volt batteries for each me-
tering vessel, one complete set of current me-
tering and salinity-temperature assemblies
and a pillar crane were kept in readiness for use.
Automatic tide gage recorders were maintained
at strategic points in the lower estuary to record
tidal stage variations during the data me~-"re-
ment periods.

Program Administration
General :

Administrative tasks associated with the pro-
gram included the procurement of necessary
equipment, rental of vessels, training of equip-
ment operators, and coordination of program
details with fishery and navigation interests.

Procurement of equipment

Assemblies and pillar cranes previousiy de-
scribed were obtained by contract with local
manufacturers. Small items, including repair
parts and flashing lights for buoys, as well as
battery chargers, were obtained by direct pur-
chase. Storage batteries were rented for each
of the measurement periods. All equipment was
assembled at the Government moorings in Port-
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F1GURE 13, — Pillar ¢rane.

land prior to movement by truck to the small-
boat basin at Astoria, which served as the field
headquarters for the program. Specifications
were prepared to meet the particular require-
ments of the control boat, the master metering
boat, and four metering boats. These vessels
were hired through normal contractual proce-
dures on an hourly rental basis.

Operator training

Professional engineers and engineer techni-
cians from the engineering division of Corps of
Engineers, Portland District, were selected as
equipment operators and indoctrinated by
means of a special training program. Each op-
erator was furnished a 20-page brochure de-
scribing the purpose of the prototype measure-
ment program and related administrative and
technical details, prior to a general orientation
session to insure a thorough understanding by
all of their specific duties. This was followed by
a 4-hour session in which each operator was
taught how to assemble, operate, and maintain
each item of measuring equipment.

Coordination

Discussions were held with the United States
Coast Guard to determine the type of buoy most
degirable to mark the location of each measure-
ment station in the lower estuary, and to insure
the availability of such buoys and needed ap-
purtenant equipment. At the request of the
Columbia River Fisherman’s Protective Associ-
ation, arrangemenis were made to forego the
use of buoys at stations C and D on Range 2, to
eliminate interference with fishermen’s nets on
established drifts and to remove and replace
buoys at stations D and E on Range 3 during and
after the August fish runs,

Some minor shifting of station locations in
the back channels was made at the suggestions
of tug and barge operators to avoid accidental
removal of buoys by log tows. The Columbia
River Bar Pilots Association was notified of
proposed activities, and the Coast Guard was
furnished the latitude and longitude of each
buoy for publishing in ite nofice to mariners
well in advance of the placement of buoys.
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Program Operation

Field operations, with the attendant require-
ment for extreme accuracy and timing of ob-
servations, occasionally in the face of adverse
weather and wave conditions, represented the
most difficult phase of the measurement pro-
gram. Initial operations involved the placement
of first class can buoys by the Coast Guard early
in April 1959 to mark the location of the meas-
urement stations.

Distribution of vessels

Four equipment operators were assigned to
each of the six vessels providing two 2-man
operator crews for alternate 12-hour shifts
throughout each 8-day measurement cycle. The
control boat, the Sujan, in addition to repre-
senting an immediate source of supply of spare
equipment and the means for supervision and
control of operations, wasg also used to ferry
operator crews to and from shore bases estab-
lished at Fort Stevens, Astoria, Svenson,
Knappa, and Westport for the purpose of re-
ducing the time required for changing shifts.
Station A, Range 3, the master-metering sta-
tion, was occupied by the metering boat, Catana,
continuously throughout each 8-day measure-
ment cycle. The four other metering boats, the
Morning Star, Rosie, Mary K, and My Booat,
were phased among the remaining 22 stations
to obtain combinations of 25-hour measure-
ments at each station as shown in table 4.

TABLE 4.— Distribution of metering boats

Boat and station oceupled

25-hour

metering MORNING MY MARY
period CATANA STAR ROSIE | BOAT K

1,. 3-A 2-C 2-B 3-D 3-E
200, 3-A 1-A 1-B 1-C 1-D
3. 3-A 2-A 2-B 2-C 2-D
4. . 3-A 4-A 4-B 4-C 4-D
| 3-A B h-A 6-A 6-B
6.. 3-A 5B 6-A T-A 7-B
7o | 3-A 4D| 2C| 5B | 7B
Observations

Measurements of current velocity and direc-
tion, salinity, and temperature at five different
levels were made every half hour at each station.
These levels were located 8 feet below the water
surface, 2 feet above the bottom, and at the
intervening 14-, 14-, and %) -depth levels.

Cycles of measurement

The initial cycle of measurement was under-
taken from May 5 through May 13, 1959, a pe-
riod of normal river flow, when the digscharge

" DIsTRICT ENGINEER, U.S., ARMY ENGINEER DISTRICT,
PORTLAND, INTERIM REPORT ON 1959 CURRENT MEASURE-
MENT PROGRAM, COLUMBIA RIVER AT MOUTH, OREGON AND
WASHINGTON. 1960.

ranged from 365,000 to 404,000 cf.s. in the
lower estuary. The second cycle of measure-
ment was accomplished hetween June 16 and
June 24, 1959, a period of high river flow, when
the discharge ranged between 532,000 and 577,-
000 c.f.s. The final cycle of measurement was
made between September 15 and September 23,
1959, a period of low river flow, when the dis-
charge ranged between 153,000 and 214,900
c.f.s.

Analysis of Prototype Data
General

An office analysis of observed prototype data
was undertaken by the district engineer, Port-
land, and a record of all observations obtained
and his analyses of these data are contained in
a four-volume manuseript report * that provides
the most complete source of observed data re-
lating to the current, salinity, and temperature
regimes of the lower estuary and entrance. Due
to weather and sea conditions, which precluded
the undertaking of a program of measurements
near the point where Clatsop Shoals encroach
upon the entrance channel, all cbservations were
made upstream from this problem area.

While the measurement program did not re-
veal conditions prevailing in that area, it did
show the vagaries of currents and other meas-
ured phenomena throughout other parts of the
lower estuary and, thus, provided data for com-
petent verification of a hydraulic model of the
entrance and lower estuary. In such a model,
physical phenomena contributing to shoaling in
the problem area are now in the process of being
observed, understood, and analyzed to the ex-
tent feasible by tests of possible structural
expedients.

Flow predominance

In analyzing observations of current direc-
tion and velocity, plots similar to that shown in
figure 14 were prepared for each station.
Changes in current direction between flood and
ebb and velocity were noted at each depth level
throughout each observation eycle of approxi-
mately 25 hours’ duration. From these plots it
was possible, by computing the subtended areas
above and below the zero velocity line, represent-
ing the volumes of flood and ebb flows, to de-
termine the predominant direction of flow and
the degree of predominance of such flows at
those levels.

Figure 15 shows changes in flow predomi-
nance noted at all stations and levels during
each river discharge cycle of measurement on
Range 1, and figure 16 shows similar informa-
tion obtained from observations taken on Range
2. From similar data developed along each
measurement range if was possible to obtain
flow predominance profiles along the northerly
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part of the lower estuary, as shown in figure 17,
as well as along the adopted ship channel aline-
ment shown in figure 18.
Salinity intrusion

Measurements of salinity, taken concurrently
with those of velocity and direction, revealed
significant intrusion by salinity within the

lower 20 miles of the estuary, shown in figure
19,

Temperature

Although a general {rend of correlation be-
tween salinity and temperature was noted, this
correlation was not conclusive, owing possibly
to the time lag between the taking of the salin-
ity and the temperature observations.

Findings of the Program

The prototype measurement program con-
firmed the view that the Columbia Estuary, like
any other major estuary, is influenced by tidal
forces to an extent governed by geography and
the complex interaction of these forces with
density, littoral, and perhaps other forces signi-
ficant to the various problems experienced in
the estuary. The program definitely identified

the normal estuarine characteristie of upstream
flow predominance along the bottom levels of
the lower estuary in contrast to the downstream
predominance noted in the upper levels. This
revealed existence of a generally defined pat-
tern of circulation within that region, which
has governed the deposition of sediments form-
ing the shoals obstructive to navigation. It has
also given rise to the view that the estuary now
acts as a vast sediment trap, in which the phe-
nomenon of density currents preclude, except
during rare periods of extreme upland dis-
charge, the movement of hottom sediments to
the sea.

In consideration of these findings, the Com-
mittee on Tidal Hydraulics concluded that while
it would be possible to obtain, by extensive and
costly analytical analyses of observed data
together with collection of additional data, an
element of success in determining the cause or
causes of the existing shoaling and other prob-
lems, such analyses could not accurately predict
the effects of improvements works.

Analyses of anticipated future problems
would be even more diffieult, if not impossible.
Also, the effects of regulatory works that are
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completed, in progress, or planned for the
Upper Columbia River and its tributaries will
be very significant in the estuarine section of
the river,

In the light of all these conditions, the com-
mittee felt that more must be learned regarding
the physical factors governing the behavior of
the waterway and that a comprehensive hy-
draulic model of the lower estuary represented
the most important and urgently needed tool to
aid in the development of this knowledge. Ac-
cordingly, the committee recommended that im-
mediate steps be taken toward construction of
a suitable hydraulic model of the Lower Colum-
bia Estuary from Oak Point to the sea as the
initial phase of a comprehensive model investi-
gation.

Offshore and Estuarine Scour and Shoal
Long-Term Trends

Concurrently with the general analysis of
observed data, studies were made of the gen-
eral shoaling patterns since 1945 reflected by
condition surveys made of the immediate off-
shore area, the entrance area, and two shoal

areas upsiream therefrom (Desdemona and
Flavel shoals). These latter shoal areas are
located in the vicinities of miles 8.8 and 10.7,
respectively. In the review of these particular
studies it should be recognized that they show
only the changes occurring within the limits
of the authorized channel, and, consequently,
such studies are not capahle of showing the
character or magnitude of changes occurring
elsewhere throughout the vast estuary and en-
trance area. Although these studies represent
an analysis of known changes, they cannot, due
to the limited area covered, reveal more than
an indication of the changes occurring in this
vast area.

A somewhat clearer indication of the changes -
occurring in the lower estuary is revealed by a
preliminary study of long-term scour and shoal
trends made in 1961, which compared bank-to-
bank bydrographic surveys of 1868 and 1958
within an 11-mile reach between north and
south lines passing through Upper Sand Island
and Tongue Point, This study indicated that
the total net shoaling oecurring within this
reach of the estuary, which did not include the
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tremendous Clatsop Shoals, amounted to 77 mil-
lion cubic yards of material over the 90-year
period. Deposition of this amount of material
represents an average shoaling of about 3 feet
over the 40 square miles of area considered.
This preliminary study tends to confirm the
view that the Columbia Estuary, since the days
of initial improvement, has been acting as a
vast sediment trap. Of this amount of shoaling,
66 million cubic yards, or approximately 90
percent occurred in the lower 6-mile reach be-
low Astoria, which includes the Desdemona and
Flavel Shoal areas.

Offshare

A study of offshore conditions landward of
the 16-fathom depth line from 6 miles south to
an equal distance north of the Columbia en-
trance shows that great changes have occurred
in this area since 1877, During the 50-year
period, 1877 to 1926, which corresponds
roughly to the period of jetty construction, this
study revealed that there oecurred a net accre-
tion of 183 million cubic yards of material
north of the entrance and a net erosion of 374
million cubic yards of material south of the
entrance, as shown on figure 20. This change is
attributed in large part to the interception by
the North Jetty of the predominately south-
bound littoral drift, which resulted in the ac-
cumulation of material north of the entrance
and starvation of the offshore area immediately
to the south. During the following 32-year
period, 1926-58, in which the influence of the
jetties was continued, the study revealed that
the ineremental net accretion to the north of
the entrance amounted to about 134 million
cubic yards, whereas incremental erosion to the
south amounted fo about 130 million cubic
yards, as shown in figure 21.

Entrance Channel

Studies of changes occurring within the en-
trance channel sinece 1945 have revealed a trend
for increased shealing in this channel through-
out this period, notwithstanding the change in
project depths from 40 to 48 feet effected in
1956, and the associated increased dredging
made necessary thereby. Figure 22 ghows in
graphical form accumulated dredge quantities
material remaining in the authorized entrance
channel above 42 feet of depth, accumulated
seour and shoal, and average rates of shoaling
from 1945 to 1955, during which time the 40-
foot project was being maintained. Figure 23
shows similar information for the period from
1956 to 1960, during which the 48-foot project
was being developed. The average rates of
shoaling within the entrance channel during

these periods as shown on these graphs are as

follows:
Average rate of shoaling

Period Cubic yards per year
194652, . ittt i 909,000
1963-B5. . v ei it 1,518,000
1956-60. .. .irn i 1,931,000

Desdemona Shoal

The results of similar studies of changes oc-
curring within the authorized navigation chan-
nel, 35 feet deep and 500 feet wide, through
Desdemona Shoal during the period 1945-60
are reflected on figure 24. The average rate of
shoaling prior to the change in channel aline-
ment, effected in January 1951, amounted to
about 458,000 cubie yards a year. Since that
time the shoaling rate has been reduced to an
average of about 270,000 cubic yards a year.

Flavel Shoal

Figure 25 shows the results of studies made
of changes occurring within the authorized
navigation channel through Flavel Shoal since
1946. The average shoaling rate in this area
during this period has been about 270,000 cubic
vards a year.

Attrition South of South Jetty

As previously mentioned, serious attrition
has been taking place in adjacent offshore areas
along the Oregon coastline immediately south
of the South Jetty since the days of initial im-
provement. Perbaps the most startling visual
evidence of this change is the gradual erosion
during the last 25 years of the massive sand
dunes which protected the arm of land con-
necting the midpoint of the South Jetty as com-
pleted in 1895 with Point Adams. These dunes
have been breached along several hundred feet
of shore immediately south of the structure and
are quite thin for some distance farther south.

The driftwood line indicates that the remain-
ing beach berm has been overtopped during re-
cent storms and it now appears that a complete
breach to the lagoon in rear of the shore may
occur at any time and is inevitable within a few
vears unless action is taken to prevent such a
catastrophe. The low, permeable enrockment
along the remains of the trestle at the root of
the jetty separates the lagoon from the estuary
proper, as shown in figure 26, but the tide ebhs
and flows freely through this structure. Be-
cause of the lag in tidal time between this part
of the estuary and the open sea, about 40 min-
utes, a substantial head would develop along
thig light enrockment in the event of a breach
between the sea and the lagoon,

It is quite probable that failure of the struc-
ture by scour would be rapid in that eventuality
and the breach wounld quickly develop into the
primary course of the river outlet. A program
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FI1GURE 20. — Offshore scour and shoal volumes, 1877-1926.
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F1GURE 21. — Offshore scour and shoal volumes, 1926-58.
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FI1GURE 26. — Erosion south of South Jetty.

of study and surveillance of offshore conditions
in the vicinity of the South Jetty has been
launched in an effort to determine the cause or
causes of this problem with the view to under-
taking appropriate corrective action. In the
meantime, a temporary structural strengthen-
ing of the threatened area has been made to
prevent a relocation of the entrance channel,
pending completion of the study and surveil-
lance program and analysis of the problem in
the hydraulic model hereinafter described in

detail.
Satistical Wave Studies

In continuation of Corps of Engineers’ studies
of characteristics of waves off the California
coast, a contract was awarded in August 1960
to the National Marine Consultants, Inc., Santa

& NATIONAL MARINE CONBULTANTS, INC. WAVE STATIS-
TICS FOR TWELVE MOST SEVERE STORMS AFFECTING THREE
SELECTED STATIONS OFF THE COASTS OF WASHINGTON AND
OREGON, DURING THE PERIOD 1950-1960., January 1961;
OCEANOGRAPHIC STUDY FOR COLUMEIA RIVER ENTRAMNCE.
March 1961; WAVE STATISTICS FOR THREE DEEP WATER
STATIONS ALONG THE OREGON-WASHINGTON COAST. May
1961. Santa Barbara, Calif.

Barbara, Calif., for accomplishment of studies,
leading to the development of characteristics of
waves prevailing off the coasts of Oregon anc
Washington. These particular studies had as
their objectives: (1) the development of wave
statisties for three deep-water stations off the
Oregon and Washington coasts bhased on con-
ditions prevailing in 1956, 1957, and 1958; (2)
statistics for 12 most severe storms at these
selected stations during the period from 1950
to 1960; and (3) structural design wave anal-
yses and wave modification analyses of condi-
tions prevailing at and near the Columbia En-
trance during the period 1940-60. The results
of these studies, discussed in the following para-
graphs, are contained in manuscript reports
prepared by National Marine Consultants, Inc.®

Hindcast Studies, 1956, 1957, and 1958

The general area covered by these studies
embraced the entire Pacific coast of Oregon and
Washington as represented by three selected
deep-water stations: one located off the entrance
to Yaquina Bay, one off the Columbia Entrance,
and one off the coast between Grays Harbor
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and the Strait of Juan De Fuca. On the basis of
6-hour U.S. Weather Bureau synoptic charts
covering extratropical cyclones and the Pacific
high pressure cell, these studies routed the
paths and decay of meteorological disturbances
to develop the height, direction, and period of
the resulting wave conditions at the deep-water
stations. The extratropical cyclones considered
in these studies included storms moving into the
Gulf of Alaska, storms moving directly into the
study area, storms moving onto the California
coast, and western Pacific storms.

In addition to development of the charac-
feristics of waves resulting from these meteoro-
logical conditions termed “swell,” the studies
also determined similar characterigtics for
waves caused by local wind conditions termed
“sea.” Thig latter condition often constituted a

MISCELLANEQUS PUBLICATION 970, U.S. DEPARTMENT OF AGRICULTURE

separate source of swell at an adjacent station,
inasmuch as a wave in the form of “sea” at one
station would show up as “swell” at an adjacent
station not under the influence of the same wind
condition. It was frequently found during the
course of the studies that as many as six sepa-
rate wave trains would sometimes occur simul-
taneously at the deep-water stations. As a
consequence, in the annual summary shown in
table 5, the time over which “swell” conditions
occur is greater than the elapsed time over the
period covered. This tabulation and table 6
show the significant wave height and direction
frequency of waves caused by “swell” and
“sea,” respectively, at the deep-water station
off the Columbia Entrance, located at latitude
46° 12’ North and longitude 124° 30 West:

TABLE 5.—“Swell”’: Average annuacl height and direction® frequency distribution 2
Average total hours; 10,508.45

Height of “swell’
(feet) NNW NwW WNW w WEW
Percent Percent Percent Pereent Percent
1to 2.9,... 0.68 8.20 12.67 13.69 6.67
3to 4.9, .. .04 2.16 12.36 13.61 4.67
Qtoe 69.. 04 1.18 6.14 5.51 137
Tto 89.. . .04 A5 2.50 2,67 .54
9t 10.9.... .05 20 1.11 1.43 A7
I1to 129 .. |.......... .09 .66 .63 .30
13t 149, ... |.......... .02 .28 61 21
1I5t016.9, .. .|.......... 202 13 21 .09
ITt0189. .. )........., 07 .06 .20 .08
19t 209... .|.......... 04 .04 07 .02
2110229 . ... .02 09 [
280249, ... 04 07
2510269, .. .. ..... ...
2T+ ... e 3.04
Total Z 0.35 12.43 35,97 38.80 14.47 6.43 7.03 3.78 119.76
! Direction from which waves approach the deep-water station.
% Based on 36514 days.
330 feet (March 1956).
TABLE 6.—“Sea’': Average annual height and direction' frequency distribution?
Height of “sea™ Total
(feet} N NNW NW WNW w WSW swW S5W . 3 =
Percent Percen! Pereent Percent Pereent Percent Ferceni Pereeni Percent Pereent
lto 2.9.... .. .06 2.25 7.32 1.44 2.7 1.00 2.49 1.57 3.07 23.97
3t 49, ... . 84 1.76 5,25 1.45 1.51 1.21 1.61 1.40 2.43 17.46
53to 6.9.. A2 62 1.71 54 79 73 1.11 1.44 1.85 9.21
Tto 89...... 16 .28 1.22 53 .60 46 1.14 1.04 1.06 6.49
9to10.9...... 02 e 37 21 16 14 .23 .63 .80 2,56
11t0129...... e .04 .43 .13 09 J1 .85 45 .95 2,55
13 to 14.9 07 .05 09 09 .10 23 A5 45 1.53
15 to 16.9 A 05 e D9 o 12 .25 .51
17 to 18,9 02 07 D2 ) 02 .0b 19 35 N2
19to229 ... .......| ........ e B O A S, 12 .06 20
23027 e .04 02 . 04 .10
Total 3 3.50 5.04 1647 443 6.10 3.7 7.25 743 1131 100.00

! Direction from which waves approach the deep-water station.

* Based on 36534 days.

¢ Frequency distribution of “sea” offshore of 6,02 percent and of calm of 28.67 percent; calm includes waves of 0 to 0.9 foot.
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Severe Storm Wave Characteristics, 1950-60

Generally, extratropical cyclones giving rise
to severe wind and wave conditions along the
Oregon-Washington coast originate near Japan
and move eastward across the Pacific toward
the Gulf of Alaska. The degree to which thege
disturbances affect conditions off the Columbia
Entrance depends not only upon the intensity
of the storm but alsc on the disposition of the
Pacific high cell. During the summer months
this cell is sufficiently removed to the north so
that only a few storms approach the Oregon-
Washington coast and those that do are rela-
tively weak,

During the period from October to May,
however, with the southward shift of the Pacific
cell, intense storms approach the coast. These
storms develop in the form of rapidly moving
intense frontal systems on low pressure centers
and oceur several times each winter, Although
prefrontal southerly winds often attain veloei-
ties of over 100 miles per hour in gusts along
the coast, the winds associated with these storms
seldom reach hurricane foree over much of the
area. However, the extent of sforms in terms
of duration and fetch can produce hurricane
magnitude waves that last for relatively long
periods of time.

Principal wind fields associated with these
storms produce south to southeasterly winds
preceding a warm front, southwest to west-
southwest winds in the warm sector, and west-
southwest to northwest winds behind a cold
front., Each of these wind regimes can develop
high waves, but offshore topography and
coastal promontories dictate shallow water
effects at coastal locations. Hindeast methods
reveal the characteristics of severe storm waves
in deep water off the Columbia Entrance dur-
ing the period 1950—60 as shown in table 7.

TABLE 7.—Severe storm wave characleristics

Significant, Significant Direction
Date heighi period from—
Feet Seconds

27 Oet. 1950, ... . 24 11 SwW
21 Jan. 1951, . ...... .. 27 14 WSW
2Feb.1951.......... 25 13 WSwW
18-19 Dec. 1951..... .. 23 12 NwW
6-T Dec. 1952 . . 25 11 SW
5 Dec. 1958, ..., . 24 14 WSW
12-138 Feb, 1954.... ... 30 13 SSW
19 Nov. 1954. ... ... .. 23 12 SW
15 Jan. 1956.......... 24 12 5W
3 Mar. 1956. . ....... 30 12 W
26 Dec. 1957.......... 23 13 W
23 Jan 1958........ ... 26 11 SSwW
11 Dec, 1959.......... 25 13 SW

Structural Criteria of Columbia Entrance

This study was composed of two parts — one
part considered the characteristics of storm

waves ag applied to the design of structures at
the Columbia Entrance and the other part re-
lated to refraction patferns assumed by waves
from different directions and of different pe-
riods as they approach a 20-mile sector of the
coast centered on the Columbia Entrance. The
structural design wave analyses were based on
hindcast studies of a number of severe storms
that approached the entrance during the last
20 years. Considering the deep-water charac-
teristics of waves generated by the previously
mentioned severe storms and the physical fac-
tors tending to modify these waves, such ag ex-
posure, refraction, shoaling, bottom friction and
percolation, bottom slope and still-water depth
at the entrance site, as well ag the frequency
distribution of wave heights, it was determined
that structural criteria at the Columbia en-
trance should he based on the following general
wave conditions:

Significant wave height
14
4 2 30.0—g feet
Significant wave period
+1
(T oo, 13.01 seconds
420

Direction of approach (4) 235°—15 (from)

With a tide range of 8.5 feet, storm setup of 2.5
feet, and design depth of 51 feet, the most se-
vere condition occurring within the period of
study produced a wave with a significant height
of 33.5 feet, significant period of 13 seconds,
and ag angle of approach of 284° as shown in
table 8.

TABLE 8.— Design weave choracieristics

Design wave
Deep water Modification at entrance
Refraction | Shoaling | |
Hg Ts [S] eoefficient | coefficient Hg Ty

(feet) | (sec.) | (dir.) Kr i (feet) | (sec.) | (dis.)
30 13 | 205° 0.94 0.996 | 28.0 13 | 206°
25 13 | 225° 1.11 996 | 27.5 13 + 218°
28 13 | 245° 1.20 996 | 33.5 13 | 234°
30 13 | 270° 97 .996 | 29.0 13 | 254°
28 13 | 295° .71 996 | 20.0 13 | 263°
23 12 | 315° 1.24 996 | 275 13 | 278°

Radioactive Analysis of Bottom Samples

In connection with the broad study being con-
ducted by the Atomic Energy Commission of
the distribution of Columbia River sediments as
related to discharge of radioactive waste ef-
fluent from the Hanford complex, which is sub-
sequently discussed, samples of bottom ma-
terials were obtained from five different points
within the Columbia Entrance and from one lo-
cation in the lower Estuary, In the Entrance
area, one (sample A) was obtained from the
channel on Range 2, two (samples B and C)
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were obtained from each side of the entrance
channel on Range 1, one (sample D) in the en-
trance channel between the ends of the jetties,
and one (sample E) in the channel about 1 mile
outside the jetties. In the lower estuary one
sample (sample F'} was obtained from the chan-
nel near Harrington Point,

These samples were analyzed by the General
Electric Co. in Hanford to ascertain the rela-
tive ages of isotopes present in an endeavor to
determine the source of materials forming the
samples. In these samples, the radioisotope con-
centrations were extremely low in comparison
with the natural radioactive content of the
material. However, it was possible to make age
estimates based on the Zn® (245 day half-life)
and Cr® (26 day half-life} concentrations. A
high Cr®* concentration relative to the Zn®® con-
centration wonld represent a “new” material
whereas 3 low Cr™ concentration relative to Zn®®
would represent much “older” material. The ob-
served Zn® and Cr®t concentrations in the above
gsamples and their calculated ratio and relative
ages were determined as shown in table 9. The

TABLE 9.— Analysis of samples

Concentration
D/ fgram . Ol Reiativa
Sample — \ v \ Ratmﬁﬁ age
AL 17.1 11 0,64 New,
B......... 3.9 1 3 0Old,
C......... 5.8 5 .85 New.
Do 3.2 1 3 0ld.
E.. 6.3 ] 19 New,
F......... 7.6 30 3.95 | Very new.

newer sediments suggest the likelihood that the
material has been recently formed of particles
moved into the estuary from upland areas,
whereas the older sediments very likely have
moved into the entrance area from the ocean.

Distribution of Columbia River
Sediments

The Atomic Energy Commission has launched
a broad program of study and investigation
aimed (1) to explore Columbia River sediments
as they bear on the fate of radicisotopes re-
leased from the Hanford preduction complex
and (2} to determine the interactions taking
place in the Columbia Estuary related to the
ultimate distribution of sediments as measured
by the concentration of radioactivity on these
sediments. In this study, it is proposed to col-
lect and analyze samples of hotftom and suspend-
ed sediment to determine the principal chemical
and physical exchange reactions involved, the
sedimentation rates and accumulations, and the
character of transport downstream of the sedi-
ments of sorbed or precipitated isotopes, with
the view to depicting in a quantitative manner

the radicactive material balance in regard to its
interactions with the sediments,

In the estuarine section of the river, the study
is directed toward measurement of the physical
forces of tides and currents and to sample the
estuarine waters, biota, and sediments to de-
termine:

1. The dispersion patterns and rates of inter-
change of the dissolved radioactivity in the
fresh waters with those of the saline, brackish
waters;

2. The removal of radioactivity from solufion
by means of chemical exchange with suspended
and bottom sediments in the estuary; and

3. The rate and degree of removal of radio-
activity from solution into the biological food
web,

Status of Investigation

It is not difficult to visualize that a study of
this broad scope and complexity, considering its
pioneering nature, will require several years to
complete. Nevertheless, considerable progress
has already been made along several broad
phases of the investigation. Pursuant to con-
tracts made with the Atomic Energy Commis-
sion, the Department of Oceanography, Uni-
versity of Washington, has conducted field in-
vestigations to determine the characteristics of
movement of Columbia River waters in the Pa-
cific Ocean and has traced the fresh water plume
of flow for many miles seaward.

Other field investigations by that Department
are directed at measurements of ocean salinity,
chemical composition, transparency, tempera-
ture, density, plankton, and analysis of bottom
sediments along the coast, across the continen-
tal shelf, and into the abyssal plain of the
ocean. In addition, studies by the Laboratory of
Radiation Biology of that University of the
radioactivity in biological organsms are under-
way.

Through another contract, the U.8. Geological
Survey has activated a program to study fluvial
sediment transport in the river as may be re-
lated to the sorption of radionucleides associ-
ated with such movement. Although this pro-
gram will initially investigate sediment phe-
nomena at a number of ranges across the Co-
lumbia River above Portland, it is possible that
this program will be later extended to cover
reaches of the river below that point. It is an-
ticipated that the comprehensive hydraulic
model of the lower Columbia Estuary and En-
trance, subsequently described, will eventually
be of much value in revealing the distribution
of sediments in these regions.

Related Studies

The Department of QOceanography, Oregon
State University, for a number of years has
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been engaged in the study of coastal and ocean
phenomena prevailing along the coast of Ore-
gon. In addition to its investigation of the na-
ture of sediments in estuarine waters along this
coast, the Department is engaged in preparing
bathymetric charts of the offshore areas and
plans shortly to map and study the physical fea-
tures of the Astoria Canyon lying off the Co-
lumbia Entrance. Its study of the distribution
of Columbia River water has revealed the sea-
sonal offshore movements of ocean currents to
the gouth during the summer and to the north
during the winter. Offshore cruises have re-
vealed large lense..-of traceable river water up-
wards to 50 miles in diameter and 100 feet thick
located hundreds of miles at sea. These lenses
of water are somewhat warmer than the river
water flowing from the Columbia Entrance.

Comprehensive Hydraulic Model
Investigation

Authorization

Pursuant to the previously mentioned recom-
mendations of the Committee on Tidal Hy-
draulics, which received the coneurrence of the
district engineer, Portland, and division engi-
neer, North Pacific Division, Portland, Oreg.,
the chief of engineers in March 1961 authorized
the undertaking of a compreshensive hydraulic
model investigation of the lower Ceolumbia Estu-
ary and Entrance. As the result, the U.S. Army
Engineer Waterways Experiment Station in
Vicksburg, Miss., has constructed and will
shortly place into operation a hydraulic model
that will reproduce the lower 52 miles of the
Columbia Estuary and a part of the Pacific
Ocean extending about 8 miles north and south
of the river entrance and offshore to the 20-
fathom confour.

Design Features

The hydraulic model has been constructed to
linear scale ratios, model to prototype, of 1:500
horizontally and 1:100 vertically. Tides and
tidal currents are being reproduced by a pri-
mary tide generator located in the ocean part of
the model and a secondary tide generator lo-
cated at the upstream limit of the model at Oak
Point, Wash. The model ocean is equipped with
wave generators to reproduce ocean wave
effects on movement and deposition of sedi-
ments, as well as a circulating system to repro-
duce the effects of alongshore littoral currents
on sedimentation phenomena,

The model will be operated with salt water,
salinity scale 1:1, in the model ocean, and with
fresh water supplied by the Columbia River
and its significant tributaries, so that density
effeets on hydraulic and shoaling phenomena
will be reproduced. The model will be of a

combination fixed-bed and movable-bed type,
so that eritical parts of the model estuary and
entrance can be converted from one type to an-
other, thus employing the advantages of each
type in conducting studies of the various prob-
lems involved. Figure 27 shows the general
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FI1GURE 27, — General layout of Columbia hydraulic
model.

layout of the model as well as the limits of the
fixed-bed and movable-bed parts.

Model Verification

Hydranlic and salinity verifications of the
model were based on prototype measurements
of tides, current velocities, current directions,
and salinities observed during the 1959 proto-
type measurement program. The observation
stations manned during that program, as well
as the range of conditions covered, were speci-
fically planned to provide the data needed for
these phases of model verification. As the model
is adjusted to reproduce simultaneounsly all
pertinent phenomena observed at the prototype
stations during the 1959 measurement pro-
gram, pertinent phenomena at intermediate
points in the prototype are also being repro-
duced to scale.

Verification of bed movement in the movable-
bed part of the model involves an empirical
process of adjusting the forces involved, the
nature of the bed material, and the duration of
model operation until the model will repro-
duce within sufficient accuracy the significant
changes in bed conditions that have occurred in
the prototype during known periods of fime.
These significant changes include the formation
of shoals in the navigation channel, aceretion
and erosion, or erosion in areas outside the
navigation channel, and accretion or erosion
attributable to structures constructed in the
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prototype during the period of time used for
model verification purposes.

Once the model has demonstrated its ability
to reproduce all significant changes in bed con-
* ditions of the prototype, the actual model opera-
tion time required to effect such changes is used
as a measure of the time scale for hed move-
ment. Thus, if the model consistently shows
that changes which occurred in the prototype
between hydrographic surveys made at inter-
vals of 1 year are being reproduced in the model
during 20 hours of operation, then the time
scale for bed movement would be 20 hours
model to 1 year prototype, or about 1 to 438.

Although the time seale for bed movement in
the Columbia model will not be known until the
movable-bed verification is accomplished, the
time scale for reproduction of hydraulic and
salinity phenomena, derived mathematically
from model linear scales, will be about 1 to 50.
Thus the model, within the time scales thus de-
termined, will reproduce tidal elevations and
phases, current velocities from bank to bank
and from surface to bottom, salinity concentra-
tions and distribution throughout the saline
part of the estuary, and movements of sedi-
ments within the movable-bed part of the
model. In addition to reproducing these phe-
nomena, the model will automatically repro-
duce the dilution, dispersion, and flushing pat-
terns of any contamlnants that might he
introduced and readily mixed with the waters
of the estuarine system.

Model Testing

It is anticipated that during the next 25
years, continued growth and industrial develop-
ment within the Columbia River basin, includ-
ing construction and completion of many water
development and conservation projects, will
have a marked effect on the quality as well as
characteristics of Columbia River flows. In
order that the Columbia model may be a useful
tool during this eritical phase of development,
the model has been constructed to have a uge-
ful life of at least 25 years. During the early
part of its life the model will serve to solve
problems of present-day urgency, after which
it will be available to lend guidance to the solu-
tion of future estuarine problems as they de-
velop and affect the welfare of the lower Colum-
bia Estuary and Entrance area. Having been
successfully verified, tests now proposed for the
model are outlined in the following paragraphs.

Entrance relocation

The threat of a channel relocation through
the shore end of the South Jetty resulting from
the loss of shore material in that area poses an
extremely difficult and challenging problem to
those charged with maintenance of a usable and.
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satisfactory entrance channel for navigation.
When the enormeus buildup of materials im-
mediately offshore and north of the present
entrance, the attrition of the shore and offshore
areas immediately south thereof, and the con-
tinuing growth of the Clatsop Spit shoals are
considered, it is not difficult to perceive that
thig threat is quite imminent, particularly when
the destructive effects of storms experienced at
the Columbia Enfrance are directed toward
such an eventuality.

Recognizing the possibility that such a re-
located entrance, if developed in accordance
with careful planning, could podsess merit over
the present entrance, insofar as channel main-
tenance is concerned, the model offers an oppor-
tunity for careful and complete engineering’
analyses of the problems associated with the
development of suech a new channel. In the
model the factors now producing the large
ghoals in the present entrance can be evaluated
as they would affect conditions along the relo-
cated channel and permit engineers to investi-
gate all phases of the potential problem before
it occurs, thus saving much time, money, and
effort that might otherwise be expended. If the
dislocation to establish navigation that would
occur by a sudden relocation of the entrance
channel is considered, one of the initial model
tests will be fo explore the consequences of such
relocation and to determine the courses of ac-
tion to be taken.

Jetty rebabilitation

As previously mentioned, jetties at the Co-
lumbia Entrance have been rehabilitated on
several occasions to resfore parts of these struc-
tures that have been damaged or destroyed by
destructive storms. Rehabilitation undertaken
in the past has largely been directed toward
restoration and increasing the height and sec-
tions of those parts of the structures lying
above mean sea level on the assumption that the
part below this level, if not in satisfactory con-
dition, would make itself evident by complete
failure of the jetty structure. This assumption
has proved correct, as subsidence of the struec-
tures, particularly after their initial construe-
tion, revealed the fact that a certain amount of
consolidation was required to effect a stable
jetty foundation. Such a foundation has been
secured over the years until now rehabilitation
is confined to restoration of those parts of the
structures damaged by wave action. Notwith-
standing the limited nature of rehahilitation,
the work involved is costly and must be con-
ducted during the relatively calm season of the
year. Its cost and the construction difficulties
involved, together with experience gained at
ofher river entrances, have raised question
among engineers as to the value of such limited
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rehabilitation insofar as maintenance of project
depths are concerned.

Although completely rehabilitated jetties un-
doubtedly provide some benefit to small craft
against heavy seas ag long as these craft remain
in the lee of these structures, these particular
benefits are seldom of sufficient magnitude to
justify the large rehabilitation costs involved.
Further, if sea conditions beyond the jelty are
such as to preclude safe operation of small craft,
there is little reason to expect that the prudent
operator of such a vessel would have need for
any protection a rehabilitated jetty might pro-
vide. Despite the deteriorafed condition of the
South Jetty at the entrance to Grays Harbor,
Wash., just north of the Columbia Entrance,
depths in the authorized entrance channel to
that harbor are more than twice those for
which the jetiies were designed to maintain.
Although early rehabilitation of that jetty is
now being considered, this work is required to
preserve its structural integrity against attack
by currents that threaten to undermine the
jetty foundation.

Agide from work of such emergent nature,
there appears to be sound basis for question as
to the actual value of rehabilitation for the
sole purpose of preserving the upper parts of
jetties, Certain areas exist for exploration
of the most economical time interval for con-
ducting such rehabilitation operations, taking
into consideration the construetion problems
involved and the actual benefits to be expected.
The Columbia model, in its initial testing phase,
will provide an opportunity to demonstrate the
value of recent rehabilitation work and such
further work as may be proposed for the im-
mediate future.

Entrance channel realinement

As may be noted from recent condition sur-
veys, generally as shown on figure 9, the au-
thorized entrance channel takes a southwesterly
course through the outer bar as it proceeds
seaward through the Columbia jetties. Al-
though dredging on the outer bar on this aline-
ment iz not now significant, heavy dredging is
required to maintain the adopted channel
through the inner bar within the jetties. Just
west of the authorized channel hydrographic
surveys reveal a natural parallei channel of
even greater depth, which appears to offer a
possibility of decreasing dredging requirements
if, through some means, advantage might be
taken of the greater depths afforded, without
introducing an undeszirable risk to navigation.

In connection with model studies of different
channel alinements at the Southwest Pass en-
trance to the Mississippi River, it was found
that the introduction of a degree of sinuosity
into the channel alinement took advantage of

the prevailing river and ocean forces to obtain
a more satisfactory entrance channel. Such an
expedient, in combination with realinement of
the enfrance channel, might have definite merit
at the Columbia Entrance and will be tested in
the comprehensive model.
Salinity intrusion and shoaling

The model will accurately define the extent
of salinity intrusion in the Columbia Estuary
under the different conditions of tide and up-
land digcharge and will show the part such in-
trusion plays in the development of the shoal-
ing regime of the estuary and entrance. The
movable-bed tests will show the mechanism re-
gponsible for the formation of Clatsop Spit, the
forces involved in the great imbalance of off-
shore materials to the north and south of the
present entrance, and the role that alongshore
littoral forces play in the formation of these
large shoal and attrition areas. Once these
forees are clearly undergtood and their inter-
relationships evaluated in the model, tests can
be made of structural measures designed to take
advantage of these forces in the development of
an entrance channel that will be easier and less
costly to maintain.
Reduction of entrance width

Although early engineers were guided by ob-
servations of existing bank-to-bank widths in
the estuary in determining the present width
between the ends of the jetties, approximately
2 miles, it has long been felt by the present-day
engineers that these structures were too far
apart to guide efficiently the forces at work 1o
produce an easily maintained entrance channel.
In the model it will be possible to test the value
of more confining structures, such as would re-
sult from extension of the alinement of the orig-
inal South Jetty past the “knuckle.” Other con-
fining works, such as groins constructed per-
pendicular to the South Jetty, could also be
tested and evaluated.

Jetty B

One of the early tests in the model will eval-
uate the merit of jetty B as presently authorized
by the 48-foot entrance project. The 1959 pro-
fotype measurement program revealed the
existence of generally upstream currents at all
times along the bottom of the “cul-de-sac” in
which jetty B would be located. Such a strue-
ture could possibly tend to cause undermining
of the existing North Jetty through reflection
of the prevailing bottom upstream currents
toward that structure. The merits as well as the
possible adverse effects of jetty B will be ex-
plored fully in the model.

Other tests

The above brief discussion outlines some of
the early tests proposed for the comprehensive
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Columbia Estuary and Entrance model. Doubt-
lessly, numerous other tests will be made as
new problems arise through increased growth
and development of the Columbia Basin. Not
the least of these will be that caused by increased
pollution of Columbia River wafers through
domestic and industrial waste disposal. It may
be expected that the Columbia medel, like
models of estuaries elsewhere, particularly
along the heavily developed eastern seaboard,
will define the flushing pattern peculiar to the
Columbia Estuary and will point the way tfo
golution of this problem as well as other prob-
lems not now envigioned by engineers of this
day.

Summary of Present Knowledge

The vastness of the lower Columbia Estuary
and Entrance area iz only one characteristic
that helies the complexity of the problem of
achieving and maintaining a reasonable degree
of permanence insofar as navigation is con-
cerned. The problem is further complicated by
the dynamic forces of ocean salinity, littoral
drift, river flow, and storm waves that are
primarily responsible for the geographical for-
mation of the area and the interactions taking
place therein. These characteristies, together
with the extremely large and variable range
of diurnal fidal action prevailing along the
Oregon and Washington coasts, give to the
Columbia Fgetuary and Entrance a uniqueness
beyond compare. The tremendous amounts of
energy expended by these outsized forces in the
entrance and estuary area exceed those ex-
pended in any similarly improved area any-
where in the world today. Past efforts to regu-
late these forces in the interest of navigation
have led to construction of massive and long,
stone training structures, the North and South
Jetties, which confine the ship channel to a rela-
tively limited area but do not assure adequate
depths for navigation without continual dredg-
ing year after year.

Comparison of depths shown by hydrographic
surveys undertaken since the beginning of im-
provement reveal that the estuary is gradually
becoming shallower, being filled with bottom
materials carried by the river and transported
from adjacent ocean areas. Clatsop Spit shoals,
which continually encroach on the present en-
trance channel, constitute the most striking evi-
dence of this progress. Other evidence, al-
though less spectacular, such as the changes
oceurring immediately upstream from these
shoals, confirm this trend. Measurements of
current direction and velocity, as well as salin-
ity and temperature, at different depth levels
throughout the estuary reveal the existence of
a salinity block or salt-water wedge action
along the bottom through the entrance, which

not only prevents the movement of bottom ma-
terials to the sea but encourages the movement
of ocean materials into the estuary. This intru-
gion of salinity into the estuary, an incidental
byproduct of improvement, now controls the
regimen of the estuary area.

Another incidental effect of improvement,
interception of the predominantly north to
south alongshore littoral drift by the North
Jetty, has created a severe imbalance of ma-
terials immediately offshore the entrance. This
imbalance threatens not only to pinch off the
present entrance channel by the accumulation
of littoral material from the north but, with the
asgistance of storm waves, also threatens to
produce a major relocation of the river outlet
to the south, where attrition of the shore and
offshore area has weakened the confining in-
fluence of the South Jetty.

The comprehensive hydraulic model of the
Columbia Estuary and Enftrance, now under-
going verification tests at the Waterways Ex-
periment Station, offers the sole means of de-
veloping an engineering analysis and evaluna-
tion of the forces responsible for the pending
cataclysm in this arca and of determining the
action which might be taken to prevent such an
eventuality.

Considerations for the Future

Achievement of all feasible storage in the
Columbia River headwater areas in the pri-
mary interests of flood control, hydroelectric
power, and irrigation will alter materially the
pattern of river flows in the lower estuary. As
shown on figure 28, these flows have in the past
ranged from a minimum of 59,000 c.f.s. to a
maximum of about 1,300,000 c.f.s. Regulation
by such storage will reduce the future range
of these flows by lowering extreme discharges
to not more than 600,000 c.f.s. and by increas-
ing minimum flows to about 150,000 c.f.s. This
alteration of the river flow pattern may be
expected to eliminate any possible flushing of
bottom sediments from the estuary to the sea by
extreme river discharges of the magnitude that
has been experienced in the past.

On the other hand, the increase in low river
flows may, to a small degree, reduce the extent
of salinity intrusion in limited parts of the
lower estuary, While this regulation of river
flow is not expected to modify appreciably the
total amount of fresh water entering the estu-
ary, it will, by reduction of extremely high dis-
charges, tend to maintain the permanency and
quite likely increase the degree of salinity in-
trusion into the estuary. Also, as revealed by
experience gained at the Savannah Estuary,
such regulation of upland flows may tend fo
concentrate shoaling to a much more limited
length of the Columbia Estuary.
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History of the Pacific Northwest reveals
that channels of greater and greater depth are
required to support the increase in ocean com-
merce attending the continued growth and
economic development of this region. Due to
the geography of the entrance area and the
severe wave and weather conditions that pre-
vail in that area during the winter months,
depths of 48 feet are necessary for safe passage
through the Columbia Entrance, while the main
Columbia channel inland now provides only a
depth of 35 feet. Recent increases in the size
and draft of the world fleet of ocean carriers
have revealed a need for increasing the minimum
depth of the main river channel above the en-
trance to Portland and Vancouver from 35 to
40 feet, and plans to effect such further deep-
ening of the main channel are now underway.

Although no corresponding deepening of the
entrance channel is planned at present, due to
the fact that elimination of delays caused by
the 48-foot entrance channel to prospective
trafic will not now justify such further deepen-
ing, it is obvious that eventually, as the region
continues to grow, greater entrance depths will
be required. Provision of the contemplated 40-
foot channel in the river above the entrance is
expected to extend the effect of salinity intru-
sion farther into the estuary, causing changes
in shoaling patterns and increasing dredging to
maintain the larger channel dimensions. Any
further deepening of the present entrance chan-
nel will intensify saline conditions within the
estuary and certainly modify, and quite likely
aggravate, the shoaling problem.

As previously mentioned, pollution of the
estuarine waters is not now a serious problem
facing those charged with maintaining the
quality of Columbia River wafer. However,
with the expected growth in population and in-
dustrial development in the area tributary to
this great river, experience elsewhere, particu-
larly along the Atlantic seaboard, points to the
eventual need for strict control of pollutants
disposed in the Columbia River. The extent of
such control will largely be governed by the
flushing characteristics of the Columbia Estu-
ary as affected by improvements designed pri-
marily for the sole benefit of navigation. It does
not appear unreasonable that the degree of pol-
lution induced into the river may some day ex-
ceed the flushing capacity of the estuary.

All these problems are susceptible fo study,
analysis, and evaluation in the comprehensive
hydraulic model of the lower Columbia Estuary
and Entrance. There iz little doubt that the
model will contribute greatly to the solution of
these and other problems of an unforeseeable
nature at this time. In the event the model
demonstrates the merit of a planned major

relocation of the entrance channel through the
South Jetty, it appears probable that many of
the problems created by salinity intrusion into
the estuary may also be solved or greatly
alleviated.

Such a planned relocation would involve con-
struction of a navigation canal in the Point
Adams area of the dimensions required by
ocean commerce connecting the estuary at that
point with the deep ocean area just south of
the present South Jetty. A lock might be re-
quired in this canal at Point Adams to eliminate
or reduce the intrusion of salinity into the
estuary from the canal. Also, a new but sub-
stantially shorter South Jetty may be required
to fix firmly the entrance channel between this
new structure and the enrockment forming the
present South Jetty. With such a relocated en-
trance channel and salt-water lock, the present
entrance would be abandoned, closed to naviga-
tion, and allowed to shoal naturally. If shoal-
ing in the present enfrance channel reduces con-
trolling depths to the equivalent of those
prevailing prior to 1885, it may be expected that
the intrusion of salinity into the estuary will be
correspondingly reduced until it is no longer a
controlling factor in the estuarine regime.

With the reduction of depths created by
shoaling it may be expected that, even with the
minimum regulated flow of about 150,000 c¢.f.s,,
river flows will completely usurp the entire
channel section at all times and there will no
longer prevail the marked density currents that
are now so characteristic of the intrusion of
salinity into the estuary. At that time, except
for the modification of the river flow pattern
resulting from upstream storage, the restored
flushing characteristics of the river would move
the bottom sediments to the sea in a manner
gimilar to that which prevailed prior to man’s
attempt to improve the entrance. The fresh-
water estuary thus obtained will be capable of
more complete flushing of pollutants, and it is
reasonable to expect that dredging require-
ments for navigation will be considerably less
demanding.

Along with such achievement there would he
restored the uninterrupted predominantly north
to south littoral drift past the present entrance
that would nourish and restore the starved
shoreline immediately to the south. Although
restoration of the natural littoral regime may
eventually require dredging of the relocated en-
trance channel, this work will not be required
for many years due to the depths now existing
in that area. Thus, with restoration of condi-
tions which largely prevailed prior to improve-
ment, the strategic value of the Columbia Estu-
ary and Entrance area may be assured through-
out the foreseeable future at reasonable costs.
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MEANS AND METHODS OF INDUCING SEDIMENT DEPOSITION
AND REMOVAL

[Paper No. 69]
By JoHN W, HARRIS, supervisory hydraulic engineer, U.S. Army Engineer District, Sqvannah, Ga,

Synopsis
Maintenance of Savannah Harbor has be-
come progressively more critical as the deepen-
ing of the channels caused heavy shoaling con-
centrations in a highly industrialized section of
the harbor where spoil disposal areas are limited.
The Savannah Harbor model study developed
meang of inducing sediment deposition in areas
where more economical means of removal could
be utilized. The hydraulic changes expected fo
be produced by the proposed plan of improve-
ment and their effects on shoaling, as well as
their effect on the efficiency and cost of harhbor

maintenance, was diseussed.

Introduction

Savannah Harbor, Ga., is located in the lower
21 miles of the Savannah River. Maintenance
of Savannah Harbor has long been a problem of

concern to navigation interests and an item of

great expense to the Government. Concurrent
with the improvement of the harbor, each suec-
cessive deepening has caused the shoaling to
shift upstream. After the harbor was deepened
fo 34 ft. in 1947-48, shoaling coneentrated in
channels adjacent fo the city of Savannah,
where only limited areas are available that can
be used for spoil disposal. To provide adequate
maintenance of the channe! without excessive
increases in cost, it was evident that action to
reduce or relocate the shoaling would be re-
quired to insure adequate maintenance of the
channels at reasonable cost. The Savannah
Harbor investigation and model study was per-
formed for this purpose. The model studies
have developed a plan to reduce shoaling in the
navigation channels and to induce the deposit of
most of the shoal material in a sediment trap
that would be located adjacent to adequate spoil
disposal areas.
Description

Savannah Harbor (fig. 1) is located in the
tidal estuary where the Savannah River empties
into the Atlantic Ocean. Channel locations refer
to 1,000-ft. stations with the upper limit of the
harbor at station 81499 and the lower limit at
station 2451000, which is generally referred
to as station 245. Similar reference is made to

other 1,000-ft. stations throughout the harbor.
The authorized maintenance project provides
for a channel 36 ft. deep at mean low water and
500 ft. wide from deep water in the ocean across
the bar to station 194 (harbor entranece) ; thence
34 ft. deep and generally 400 ft. wide to station
94 (Georgia Ports Authority terminals) ; thence,
30 ft. deep and 200 ft. wide to the upper limit
(Atlantic Coastal Highway bridge). Turning
bagins are located in the vicinity of stations 83,
90, 95, and 104. In the vicinity of the Atlantice
Coast Line Railroad terminals, the channel is
550 ft. wide. The navigation channels in the in-
ner harbor are located in North Channel and
Front River. The Atlantic Intracoastal Water-
way crosses North Channel at about station 165.
The center of the city of Savannah is located
on the south side of Front River at about station
120 with industrial developments extending to
the upper limits of the harbor.

Shoaling

The annual shoaling rate for the inner harbor
averages about 7,000,000 cu. yd. The greatest
concentration occurs in Front River opposite
the city of Savannah, as shown on figure 1,
where over 50 percent of the shoaling takes
place between station 117 and station 136. The
shoaling shifted upstream to its present location
after the deepening of the channels to 34 ft. in
1947-48. Figure 2 shows a graphical compari-
son of the shoaling before and after the deepen-
ing. The shoal material is primarily silt and
clay with very little sand-size material.

‘ Maintenance

Pipeline dredges are used to maintain the
inner harbor channels. A Government dredge
is normally assigned to the district, although
frequently it is necessary to obtain the services
of a privately owned dredge under contract to
assist the Government dredge. The present
maintenance program for the inner harbor (sta-
tion 194-811-499) costs over a million dollars
annually and requires an average of 11 months
work annually by Government plant and 2
months work each second year by contract.
Dredging requirements are based on the present
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maintenance policy, which provides that dredg-
ing be performed when an area with authorized
project depth of 34 ft. has shoaled to about 30
to 82 ft. Maintaining full project dimensions
would require more frequent dredging than the
present policy. Maintenance of the bar and
jetty channels is performed with Government-

owned hopper dredge. The annual shoaling on
the bar (station 194-245) amounts to about

700,000 cu. yd.
Spoil Disposal Areas

The shortage of spoil disposal areas adjacent
to the rapidly shoaling channels has greatly in-
creased the cost of channel maintenance. Spoil
area No. 1 (fig. 1) has been virtually filled and
area 13A has been diked and is now being used
for maintenance of the major shoal sections of
the channel, although pipelines in excess of
10,000 ft. are required for maintenance of some
channel sections.

Description of the Savannah Harbor
Model

Approximately 418 square miles of prototype
area were reproduced in the Savannah Harbor
model, including the Atlantic coast from Hilton
Head Island to Wassaw Sound and offshore
areas well beyond the 40-ft. contour of the
ocean: up the Savannah River about 50 miles to
the head of tidewater at Ebenezer Landing ; the
extensive system of tidal tributaries, salt-water
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creeks, and boundary marshes that affect tidal
action throughout the harbor; and the Atlantic
Intracoastal Waterway from Calibogue Sound
through Skidaway River. The model was con-
structed on scale ratios, model to prototype, of
1:800 horizontally and 1:80 vertieally. 1t was
equipped with necessary appurtenances to re-
produce and measure all pertinent phenomena
such as tidal elevations, salt-water intrusion,
current velocities, fresh-water inflow, pollution,
and shoaling. The model was constructed to
conform to the prototype conditions that existed
in 1950. Hydraulic and salinity verification was
based on extensive protoype measurements made
in 1950 and 1951, Shoaling verification was
based on the quantitative distribution for the
vears 1953-54, which is representative of pre-
vailing conditions for the existing 34-ft. project
depth.

Shoaling Tests

The procedure developed and used in the gen-
eral investigation for duplicating prototype
shoaling involved the injection of a measured
mixture of ground gilsonite and water into the
model and pooling the water after a prescribed
number of tidal cyeles. The gilsonite that settled
within the channel limits was reftrieved and
meastured and the resuits expressed by a per-
centage distribution curve. An acceptable re-
production of prototype shoaling was attained,
gince exact duplicativn of the prototype shoal-
ing was neither possible nor necessary. At the
termination of a shoaling test all material in
motion was deposited immediately in place.
Dredging and spoiling techniques that are be-
lieved to have a definite effect on the prototype
shoaling quantity and rate eould not be repro-
duced in the model. However, it was not neces-
sary to obiain exact reproduction of prototype
shoaling, since the basic model shoaling distri-
bution curve was used for evaluating the effec-
tiveness of proposed improvement plans.

Back River Sediment Basins

The results of the verification and prelimi-
nary tests confirmed that sediment bagins might
offer a possible means for reducing mainte-
nance costs if the location, entrance, and hy-
draulic conditions of such hasing could be de-
signed to attain the maximum possible rate of
shoaling in them and if the basins could be lo-
cated adjacent to adequate spoil disposal areas.
Back River is ideally located for construction of
a sediment basin. It has no commereial traffic,
it is located near the major shoal area, it has no
industrial development on either side, and the
Government has perpetual spoilage easements
m extensive diked areas adjacent to the pro-
sosed location for the sediment basin. A series
f tests were made to determine the most favor-

able conditions for a sediment basin and the
effect of such a plan on the hydraulic regimen
of the harbor.

Development of a Plan

The effectiveness of each plan was judged
primarily by the ability of the plan to reduce
shoaling in the Front River navigation channel
between stations 82 and 135 and to concentrate
shoaling in the sediment basin. The model tests
of a sediment basin, located in the lower part of
Back River, 1,500 ft. wide and 2 miles long with
an entrance channel in the mouth of Back River,
reduced the shoaling in the navigation channel
by about 20 percent, Since the reduction in
channel shoaling occurred downstream from
the entrance to Back River instead of in the
critical shoaling area upstream from that point,
little benefit would be realized.

Two tests were made with the entrance chan-
nel to the sediment basin located in the immedi-
ate vicinity of the shoaling concentration and
with constriction dikes in the mouth of Back
River, which were necessary to make the plans
effective. One test was made with the entrance
channel located near the middle of the major
shoal area at station 125 and with a 150-ft. open-
ing between the constriction dikes as shown on
figure 3. The sediment basin retained 35 per-

= NAVIGATION CHANNEL
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S0 Fr OPENING

7 ——SEDIMENT BASIN
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IE0FT WIDE X 4G FT OEEP
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acon 0 4000 BOOD
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FI1GURE 3. — Sediment basin with entrance channel at
station 125.

cent of the shoaling, and the navigation channel
shoaling was reduced to 64 percent, but the re-
duction oeccurred downstream from the en-
trance to the basin with a slight increase in the
upstream quantity. The other test was made
with the entrance channel loeated near the up-
stream end of the major shoal area at Station
116 and with a 200-ft. opening between the con-
gtriction dikes, as shown on figure 4. The shoal-
ing in the navigation channel was reduced to 65
percent while the sediment basin retained 38
percent. Although these plans were successful
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FIGURE 4. — Sediment basin with entrance channel at
station 116.

to some degree, substantial shoaling would still
oceur in the area where spoil areas are critical.

Tests were made with a 300-ft. wide entrance
channel in the mouth of Back River and a tide
gate in Back River above the SAL Bridge about
1.5 miles upstream from the sediment basin,
with a canal connecting the Back River tidal
prism, above the tide gate, with Front River.
The tide gate served to reduce the ebb flow
through the sediment basin and also to increase
ebb flows in Front River to prevent shoaling.
This plan (fig. 5) was very effective, but the
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ENTRANCE GHANNEL
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TIGURE 5. — Sediment, basin with tide gate in upstream
location.

sediment basin was enormous and the initial
construction cost too high to produce a favor-
able economic ratio. Tt was determined by addi-
tional tests that the sediment basin could be re-
duced to a width of 600 ft. and still be reason-
ably effective. Up to this point the tests were
made for the present authorized channel depth
of 34 ft.

To determine the effectiveness of the sedi-
ment trap-tide gate plan with anticipated future
harbor improvements, tests were run that in-
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corporated deepening of the channels to 40 ft.
Thege tests indicated that the ¢bb velocities in
Front River were inadequate to prevent shoal-
ing, The tide gate was then shifted 1.8 miles
downstream to a point at the upstream end of
the sediment basin to increase the volume of the
Back River tidal prism, which discharged into
upper Front River. This arrangement was sat-
isfactory for the 40-ft. deep channel; however,
when it was tested with the 34-ft. depth in the
navigation channel, spring tide velocities in
Front River were observed that would be haz-
ardous for navigation. This condition was cor-
rected by placing a side opening in the tide gate,
which reduced the effective volume of the Back
River tidal prism. These tests showed conclu-
gively that the sediment trap-tide gate plan
could be used for present project channels and
also adapted to future harbor developments.

Side Opening in the Tide Gate

The side opening in the tide gate structure,
which is required to prevent excessive velocities
in the existing navigation channel, demon-
strates the hydraulic mechanics that reduce the
shoaling in Front River. An opening of 500 ft.
was successful in maintaining the ebb velocities
compatible with the requirements of naviga-
tion, but the plan was not effective in reducing
the channel shoaling nor for inducing shoaling
in the sediment basin. An opening of 200 ft.,
however, was effective in reducing shoaling in
upper Front River; but the sediment basin was
relatively ineffective. An opening of 100 ft. was
effective in reducing the shoaling in Front
River, making the sediment basin effective and
preventing excessive velocities in Front River.

The Sediment Trap-Tide Gate Plan

The most effective plan was phase 8, scheme
6, test 4 (fig. 6), which requires a sediment
basin in Back River 600 ft. wide, 40 ft. deep,

SPOIL AREA
SIDE OPENING
TOOFT Wi0E

{_ENTRANGE CHARNEL
Y JOOFT WIE 34FT GEEP

SEDIMENT BASIN

FIGURE 6. — Sediment basin with tide gate in down-
stream location (phase 8, scheme 6, test 4, and test
10).
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and about 2 miles long; a tide gate in the vicin-
ity of Highway 17A; and a canal connecting
Back River to Front River in the upper part
of the harbor. The entrance channel to the
sediment basgin 18 300 ft. wide and 34 ft. deep.
During the shoaling tests, at the end of the
prescribed number of tidal eycles, a stable con-
dition had not been reached in the navigation
channeis and sediment was still actively enter-
ing the sediment basin, whereas, in other tests
the sediment had stabilized. Test 10 was then
performed which extended the shoaling test
until stability was reached. This plan reduced
the shoaling between stations 82 and 135 from
77 to 5 percent and between station 135 and
gtation 205 from 23 o 9 percent.

The Tide Gate Struecture

The tide gate structure was provided to in-
crease the efficiency of the sediment basin by
reducing ebb flows through the basin. A 500-ft.
gated opening was provided in the structure
that opened automatically to allow flood flows to
pass through hut which was closed during the
ebb periods. A canal was provided to drain the
Back River tidal prism above the tide gate
structure into Front River, thus increasing ebb
flows in Front River. During spring tide peri-
ods it would be necessary to pass a part of the
water from the Back River tidal prism through
the sediment basin to prevent high velocities in
I'ront River that might be dangerous to naviga-
tion. The shoaling tests were conducted with a
fixed side opening 100 ft. wide in the tide gate
structure ; however, the efficiency of the sedi-
ment hasin probably could be increased by pro-
viding an opening only .during the spring tides
‘hat produce excessively high velocities.

Sediment Basin Maintenance

Based on the present harbor choaling rate
ind the model shoaling tests, it will be neces-
sary to dredge about 6 million cu. yd. annually
rom the sediment basin. To retain the effec-
iveness of the sediment basin, it will be neces-
iary to dredge it annualily or probably continu-
msly, with periodic maintenance dredging in
he navigation channels, The redistribution of
he shoaling material is expected to produce
onsiderable savings over the present mainte-
lance cost because:

(1) If a conventional pipeline dredge is used,
easonably short pipelines would be required,
ince the spoil area iz located adjacent to the
asin, whereas long lines are now required to
12intain navigation channels,

(2) Fixed pipelines could be utilized to elim-
1ate much labor in handling.

(3} The dredge would be out of the naviga-
on channel, which would eliminate loss of time
ermitting vessels to pass.
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(4) The operation of the dredge would be
confined to limits of the sediment basin, elimi-
nating the costly movement of the dredge over
many miles of navigation channel.

(5) It would be possible to let the sediment
consolidate to an optimum density for efficient
removal from the basin; whereas, the present
specified depths in the navigation channel,
which must be maintained, often necessitates
dredging material that has not consolidated guf-
ficiently for economical remeval.

The savings in labor and increased efficiency
of dredging the material from the sediment
hasin would produce appreciable reduction in
the maintenance cost. Preliminary economic
studies for the plan indicate a favorable benefit-
cost ratio. Although no specific plans have been
made, it is contemplated that some means other
than a eonventional pipeline dredge can be de-
viged to mainiain the sediment basin, such as a
gimple arrangement of pumps on barges with
drags similar to the hopper dredge or dusfpan-
type infake, or semimobile dredge powered by
electricity. Since the preliminary economic
studies have been based on the maintenance of
the sediment basin with a conventional pipeline
dredge, it is almost certain that final studies will
Iindicate a more favorable benefit-cost ratio for
the plan.

Improved Channel Maintenance

The present maintenance of the navigation
channels requires the services of a 24-inch pipe-
line dredge almost contintiously to dredge the 7
million eu. yd. annually at a cost of about $1.25
million. The sediment trap-tide gate plan would
reduce the channel shoaling to the extent that
dredging would be required ounly periodically
and chammel conditions would be greatly im-
proved, The project channel depths, which
would be almost self-maintained, is a very im-
portant benefit.

Verification of Medel Shoaling Test
With Prototype Data

The shoaling tests for the sediment trap-tide
gate plan are partially verified by prototype
data, which indicate that Savannah River dis-
charges of 16,000 c.f.s. or greater tend to shift
the coriceniration of shoaling downstream and
that discharges of this magnitude, if continued
for an appreclable length of time, have a pro-
nounced effect on shoaling in the harbor.

Figure 7 shows Savannah River discharges -
for about a i-year period with center-line pro-
files in the harbor during varions flow condi-
tions. Fluff (unconsolidated sediment) is pres-
ent in areas susceptible to shoaling. During a
period of normal discharges up to 10,000 c.f.s.
the fluff extended from station 103 {o station
140. Moderately high discharges shifted the
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FI1GURE 7. — Effect of Savannah River discharges on shoaling.

fluff downstream, and after several months of
high flows the fluff extended from station 122 to
station 184. Then when the discharges returned
to normal the fluff moved back upstream with
rapid consolidation of material occurring be-
tween station 120 and station 140. The sedi-
ment trap-tide gate plan produced hydraulic
conditions in the model that eliminated shoaling
in Front River similar to the effect produced by
high discharges.

Conclusions

Shoaling, which the deepening of the Savan-
nah Harbor shifted to a section where spoil dis-
posal areas are limited, prompted model studies

which have demonstrated means of inducing
shoaling in a sediment basin which is located
adjacent to adequate spoil areas.

The most advantageous plan developed pro-
vides for a sediment basin and tide gate in Back
River. In the model this plan was successful in
increaging ebb fiows in Front River, which
shifted the shoaling from this critical area to
the sediment basin. The model tests indicated
that 89 percent of the shoaling would be induced
in the sediment basin.

Considerable savings in harbor maintenance
would be realized through the efficient dredging
methods that would be possible in maintaining
the sediment basin.
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SEDIMENTATION IN THE SAN FRANCISCO BAY SYSTEM
[Paper No. 70]
By BERNARD J, SMITH, civil engineer, pUe.S. Army Engineer District, Sun Francisco

Abstract

The San Francisco Bay system is a land.
locked series of embayments of 430 square
miles. The annual sediment load approximates
8 million enbic yards, 85.5 percent from the
Sacramento-San Joaquin River system and 14.5
percent from Bay area streams. Upon entry
into the Bay system, the character of the sedi-
ment inflows change. The density of the bedload
decreases from 90 to 31 Ib. per cu. ft. for San
Pablo Bay, 49 Ib. per cu. ft, for Central Bay,
and 88 lb. per cu. ft. for Suisun Bay; and the
sand content is lost and the silt content in-
creased an additional 14 percent. The clay con-
tent remains constant at about 57 percent. For
fresh water inflows of around 30,000 c.f.s., the
dilution factor on entering the system is about
1: 54, However, no discernible drop in parts per
million of sediment load has been observed. 1t
is concluded that tidal- and wind-wave-induced
turbulence erodes bottom deposits and inhibits
settlement. Contribution of the supplemental
supply from littoral erosion outside the Golden
Gate is discounted. Historical sedimentation
evidences cyclical trends and interactioning
within the system. The effects of wind action
on marginal and intermediate shoals are noted.
Massive displacements of sediment volumes
would drastically affect the biota of the estuary.

General

The sedimentation pattern, a critical eco-
nomic factor for an estuary of commercial rank,
becomes of added importance in a system such
as the San Francisco Bay complex in whieh en-
vironmental change may have far-reaching con-
sequerices on the biota of the region. The Bay
system is the gateway in the spawning season for
salmon runs to the headwaters of the Sacra-
mento River system. If also is a strategic land-
ing area for wildfowl on the Pacific flyway.
These aspects are important to the regional
economy and of increasing import to the State
and Nation.

The complex of delta, bays, and straits mak-
ing up the San Francisco Bay system is the tidal
terminus of an estimated annual mean natural
runoff of 34,881,000 acre-feet (7). This flow ap-
oroximates 49 percent of the estimated total

natural mean annual runoff of the State of Cal-

fornia. Concomitantly, the system is the nat-
1ral receiving basin for large sediment inflows.
However, changes have been extensive, in the

1 DaINEs, N, H. STUDY OF SUSPENDED SEDIMENT IN

"HE COLORADO RIVER, U.S, Dept. Int., Bur. Reclam, Mimeo.
6 pp. Sept. 19459,

last 100 years particularly, so that the full nat-
ural runoif is not discharged into the system,
much being diverted, and the sedimentation
pattern consequently has changed. In addition,
cyelic phenomena, such as droughts and floods,
underlie some fluctuations in sediment inflow,
deposition, and scour.

The Source and Character of the
Sediment Inflow

Figure 1 gives the goil conditions over the
contributory watersheds and the historical out-
flow into the delta, the component bays,
and the discharge through the Golden Gate for
the period 1924 60, taking into account the
operation of the reservoirs constructed in the
period. Table 1 gives the percentage breakdown
by five classes of soil cover for the tributary
sediment source area.

TABLE 1.—Sotl classification of sediment source area
tributary lo Suisun Boy, Sen Francisco Bay System!

Percent
- Seil type Area of total
Syuere miles

Sandy foams. ... ... .......... . 39.5
Loams..................... ... 6,490 11.0
Clayloams.................... 21,004 35.6
Clays. . .................... . 3,127 5.3
Variable. ..................... 5,074 8.6
Total................... 59,000 100.0

1Data obtained from reference (2).

The effect of diversions for municipal, in-
dustrial, and agricultural use, together with
transfer of flows south through the Delta, is ap-
parent in the 37-year average of historical out-
flows to the Pacific — an outflow through the
Golden Gate of 21 million acre-feet as against
a full natural estimated average of 35 million
acre-feet. Although sediment inflow would not
decline in strict proportion to declining outflow,
nevertheless a substantial drop would oecur.

Reservoir retention and regulation of flow,
however, does not necessarily imply equivalent
reduction in sediment transport to the lower
bays. Floodflow releases through dams scour a
portion of the trapped sediment. In the dry
season the clear water releases tend to regain
full competency to carry the maximum sedi-
ment load by erosion below the dams. Daines,!
in gtudying sedimentation in the Colorado River
system, noted that the monthly sediment loads
varied considerably, with the floodflow months
showing the highest loadings. Similar observa-
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tions have been recorded for Central Valley
streams of California. Hence, the source of
sediment can be regarded as being over the en-
tire watershed, above and below reservoirs,
with the floodflows carrying through reservoirs
into downstream channels much seour material
from the uplands. Figure 2 shows the major
rivers and major dam sites for the Central Val-
ley (dams constructed or authorized) and indi-
cates the areas that normally would contribute
to the sediment inflow to the Delta, i.e., areas
below the lowest major dams, and the additional
areas that in times of released floodflows would
contribute sediment from the upland regions,

It is apparent that in years of no major flood
releases, the character of the sediment inflow
would reflect the soil conditions of the piedmont
and alluvial fan areas in the lower elevations of
Central Valley, with a high clay content and a
high colloidal clay suspension (see fig, 1). In
flood periods, the composition would change to
reflect heavier concentrations of sand and
gravel from the uplands and from scourings of
channel beds. In this connection, the last up-
gtream depogits from the hydraulic mining era
should be considered. Gilbert (7) estimated the
total debris from mining and rain erosion for
the 65 years, 1850-1914, at 2,375 million cubic
yards within the area tributary to Suisun Bay,
distributed as shown in table 2.

TABLE 2.— Distribution in 1914 of debris from
maining and eroston from lands draining fo the
San Francisco bay system for the period 1850-1914

[Estimated by G. K. Gilbert (7]

Location Debrig
] Milli
Deposx!:s«_— . cubii ;oa,:dx
Within the Sierra Nevada. ... ..... ... ..
In the piedmont. .. ... ................ 520
In the channels of valley rivers. . ... .. .. 100
On inundated lands, including tidal marshes! 294
Inthebays... ... ... ... ... .. ...... 1,146
In the ocean. . . .. e 50
Total .. ... . ... . ... ... 2,375

The last three items of table 2, totaling 1,490
million cubic yards, represent mining debris
and fiuvial sediment that had been transported
past the Delta in the bay system proper between
1850 and 1914, or a rate of movement under 23
million cubic yards per annum. The competency
of the rivers were assumed to average at the
same rate for 1914-60, an additional 1,054 mil-
lion cubic yards would have been moved past
the Delta. This would be insufficient to move

2 HEMEREE, C. H., MeuiN, K. B., BoYer, M. C., and
SweNsoN, H. A. 1950 PROGRESS REPORT OF THE BIGHORN
RIVER DRAINAGE BASIN. 11,8, Geol. Survey Water Re-
sources Div. [1951.]

the residual 885 million cubic yards remaining
from the 1850-1914 period and the erosion load-
ing that logically could be expected to increase
from the Gilbert estimates of approximately 11
million yards per year when agricultural de-
velopment was less intensive. However, of the
885 million, 435 million are considered by Gil-
bert to be permanently lodged — 100 in the
mountain and 335 million in the piedmont. On
this basis he concludes that within 50 years
(i.e., by 1964) the mining debris load will have
been cleared and erosion sediment, approxi-
mately 8 million cubic yards per annum, would
congtitute the sediment loading into the Delta.

This estimate by Gilbert is a remarkably
close forecast of actual conditions as deter-
mined by the U.S. Geological Survey over the
period 1957-59. The conclusion reached by the
Geological Survey was that the annual average
gediment inflow from the Central Valley and
local streams would be 8 million yards, based on

8.8 million yards per annum for the 1957-59

water years (17).

Estimated Future Sediment Inflow

From the preceding reports it can be inferred
the mining debris from the hydraulic mining
era no longer presents a problem and any con-
tributions from the lodgments in the uplands
will be negligible. Future sediment inflow will
be from the normal sources. The U.8. Geolog-
ical Survey investigation (21) determined the
average daily total load for 1957-59 to be 17,000
tons and the estimated future total load as
16,000 tons. Inflow into the Delta was 14,200
tons per day, and the future inflow was esti-
mated at 13,000 tons. The critical aspect of
converting the measured and estimated sedi-
ment tonnage into volume was based on 50 1b.
per cubic foot for the suspended load and 90
Ib. per cubic foot for the bedload. With these
conversion factors, the Delta inflows become 7.2
and 6.9 million cubic yards, respectively. For
the entire system as previously mentioned, the
volumes are 8.8 million cubic yards for the
195759 period and 8.0 million for the future.

The USGS determinations of specific weight,
based on the average particle size of the ma-
terial transported by the Sacramento River,
were computed by methods given by Lane and
Koelzer (11) and Hembree? These methods
consider the sediment as consolidated in reser-
voirs under varying types of operation, the ini-
tial deposition density increasing with time and
with exposure to the air (for sediment exposed
during drawdowns). For sand (between 0.05
and 1.0 mm.} no increase occurs with time or
exposure. For clay (particles less than 5 mi-
crons) and silt (particles between 5 microns
(0.005 mm.) and 0.05 mm.), the initial density
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TABLE 3.—-Density® of sediments by malerial and
Teservolr operation?
Sand silt Clay
wi{kK|lw| £ |w| K

Reservoir operation

Sediment always
submerged or nearly

submerged. .. ......... 937 0| 65| 57| 30 |16.0
Normally a moderate

reservoir drawdown. ...} 93 | 0 | 74| 2.7 | 46 | 10.7
Normally considerable

reservoir drawdown . . . .| 93 0]79] 1.0 60] 6.0
Reservoir normally empty | 93 0482 0|78 Xi]

Example: Sediment in a reservoir, useful life 100 years,
with sediment 20 percent sand, 40 percent silt, 40 percent.clay.
Composite density =20 percent (93 1-0) 440 percent (85 1
5.7 logyy 100)+40 percent (30416
logyp 100) =93 20 percent -} T6.4 X
40 percent 4 62.0X40 percent =

74 Ih./cu. ft.

1 Dengsity is indicated by symbol W,
% Values for X obtained from reference (11).
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ig increased by an amount equal to log time by a
congtant K. Table 3 gives values for K under
a range of reservoir conditions (11).

To determine the average density of sediment
inflow delivered to the perimeter of the Delta
and the component bays of the system, 58 anal-
yses of particle sizes were studied for distribu-
tion in the ranges up to 0.004 mm, for clay,
0.004 to 0.064 mm, for silt, and 0.064 to 0.500
mm. for sand. When unift weights taken from
table 3 were assigned for sediment always sub-
merged and any computation factor was omit-
ted, the average unit weight was determined at
43.84 1b. per cubic foot. Table 4 gives the deri-
vation of this figure. Since the California Divi-
sion of Water Regources arrived at 50 1b./cu. ft.
and the USGS, although arriving at a figure of
49 Ib. per cu. ft., also adopted 50 lb./cu. ft. as
the average density in view of the limited num-

TABLE 4.~-Sediment inflow analysis for San Franciseo Bay system’

Percent
clay Percent silt Percent sand
Nurber Month
of and TLaocation 0.004 0.016 0.064 0.125 0.250
samples year «<0.004 to to to to to
mm, |0.016mm. 0. 064 mm. (0. 125mm. (. 250 mm.! 0. 500 mm.
Pet. Pel. Pet. Pel. Pel. Pet,
2...... Feb.1959. . ............ San Joaquin at Vernalis. . ....... 54 30 0 6 ... ... ..
3...... Feb. 1960. ... ... .. ... |.......... do.......... ... 67 13 18 2.0
T...... Feb., Mar. 1959 . ... ... .. Saeramento at Sacramento.... ... 26 11 17 14 23 9
3...... Feb. 1960. ... ... .. ... |............ do................. 38 19 25 7 11 ].......
2...... Feb.1959. . ... ......... Yole Bypass at Woodland . . ... .. 80 16 3 i O P,
2...... Feb, 1960, ... ... ... ... .. .. ..... do.................. T4 19 3 2 1 1
4...... Feb.1959. ... .......... Alameda Creek near Niles. . . .. 56 27 12 > P
4...... Feb.1960... ... .......|.... . s do.................. 72 17 9 2.0
5...... Feb.1959. .. ... ........ Napa River near St. Helena. .. ... 49 15 9 4 11 12
g...... Jan.—Mar, 1960, .. ......[. ... ........ do. ... o 38 20 18 8 16 |.......
4.... .. Jan,, Feb. 1959, .. ...... Sonoma Creek, Boyes Hot Springs 29 12 22 13 11 13
5.o..... Jan-Mar. 1960 .. ... . | ... ... . ... do.............. 45 20 17 8 e 3
3.0, Feb, 1959, ... .......... Walnut Creek at Walnut Creek. . . 62 i0 19 8 1{.......
2...... Feb, 1960. ... ... .. .. ... . ... .......... do,.............. 63 19 12 4 2.
1...... Feb.1960........_ ..... Guadalupe at San Jose. ......... 92 7 ) A PRI FANY
3.0, Jan,, Feh. 1966.......... Ban Francisquito Creek at
Stanford. . ................ .. 71 8 17 £ 25 DRV
Totals. .. ... 916 263 202 98 83 38
Percentages. .. ... .. .. 57.2 16.4 12.6 6.2 5.2 2.4
Unit weight —1b, per cubicfoot. .. .|... ... ... ... v oooioei..,. 30 65 93
Weight per cubic ft. 48.84 (call 50).|......... .. ....... e 17.18 18.85 12,83

! Data abstracted from “Suspended Sediment in California Streams,” U.S. Geologiesl Survey, Sacramento, Calif.

(Unpublished records.)

ber of analyses concentrated in February 1959
and February 1960, 50 Ib./cu. ft. was adopted in
this study. Similarly, 90 1b./cu. ft. used by the
USGS in this report was adopted for the weight
per cubic foot of bedload.

These are the average densities of sediment
inflow delivered at the meres of the system.
Progression downbay toward the Golden Gate
results in comminution of the coarser particles
and in higher percentages of colloidal particles,
extensive flocculation, and, hence, less compac-
tion of sediment with consequent less average

sediment densities for suspended load and bed-
load. If the findings of the USGS study are
adopted — the most exhaustive to date — the
volume of sediment delivered annually to the
Bay system (including the Delta) was 8.8 mil-
Hon cubic yards for the 1957-59 period. Table 5
gives the definitive findings by weight of the
USGS investigation.

Direct measurement of the bedload is diffi-
cult, due as much to the complexity of the phe-
nomena of bedload movement as to the physical
difficulties of measurement, with turbulence be-
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TABLE 5.—Average daily sedvment inflow to Sen
Frameisco bay system?

1902-59

adjusted
1857-59 to
Station 1957-59
or condi-
Stream group Suspended sediment; Un- Total tions—
measured | sedimant total
measured| estimated| sediment | (rounded)| sediment
Tons Tons Tons Tons Tons
Delta system. .| 12,200 50 | 1,960 | 14,200 | 13,800
Suisun Bay. ... 320 320 60 700 500
San Pablo Bay. 218 580 80 900 | 1,000
San Francisco
Bay........ 983 410 140 | 1,500 800
Total
(rounded) .| 13,700 | 1,400 | 2,200 | 17,000 | 16,000

1 From table 12 of reference (12).

ing a principal factor in the movement. Trans-
portation of the bedload is affected by traction
manifested either by rolling, sliding, or by par-
ticles making small jumps, called “saltation.”
The width of the stream, permitting either one
or more threads of maximum velocity with ac-
companying areas of maximum turbulence, is
also a factor. If the phenomena of formation of
dunes and antidunes is also added as factors, it
is apparent that, in the present knowledge, the
indirect approach to estimation of the bedload
is the most practical; that is, measurement of
the total load and the subtraction of the sus-
pended load., The USGS investigation defer-
mined the total load for some streams at con-
crete controls or where the channels were hed-
rock with high turbulence. For other streams
with alluvial beds, the unmeasured (bed) load
was estimated on the basis of mean velocities
and particle size of the bed material. For the
major contributors — the Sacramento and S8an
Joaquin Rivers — total sediment discharge was
computed (3).

TABLE 6.—1957-59 sediment inflows by geographic
areas in percentages by weight and volume
Bedload

{percent of
total for area)

Suspended load
(percent of

Geographic area total for area)

. By weight |By volume!| By weight IByvolumel
Delta.............. 86.9 92.26 13.1 7.74
Suisun Bay......... 91.4 95.02 8.6 4.98
San Pablo Bay. .. .. 91.1 94.85 3.9 5.15
San Francigsco Bay . . 90.7 94.63 9.3 5.37
Total system
(rounded
by USGS).. 81.0 92.35 13.0 7.65

t Conversion based on densities of 80 1b./cu. ft. for bed-
load and 50 lb./eu. ft. for suspended load.

3 GrRIMM, C. I. STUDY OF TIDAL CURRENTS AND SILT
MOVEMENTS IN THE SAN FRANCISCO BAY AREA, WITH PAR-
TICULAR REFERENCE TO THE EFFECT OF A SALT WATER
BARRIER UPON THEM. U.S. Corps Engin. Spee. Rpt. (App.
D, House Doc. 191, 7T1st Cong., 3d Sess.) 1931, [Not
published.] o

Table 5, quoted directly from the USGS in-
vestigation (11), sets forth the findings from
the 1957-59 series of observations and the de-
rived bedload figures (listed as “Unmeasured
sediment”) by geographical distribution of the
sediment inflow. Table 6 gives the percentage
distribution of the total sediment load of sus-
pended leads and bedloads by geographical
areas. Table 7, derived from tables 5 and 6,
gives tonnages and daily sediment inflows by
geographical areas and also the rounded annual
sediment inflow in cubic yards. In table 7, the
1909-59 figures adjusted to 1957-59 conditions
are considered valid for the period 1960-2011.

TABLE 7.— Sediment inflows to San Francisco Bay
system, 1960-2011

Adjusted Percent-

total sediment! age of

Geographic Daily Average total

area Per- inflow annual sedi-

Tons/day| centage inflow ment

of total inflow

Cu. yd, Cu yd.

Delta. . ... ... 13,800 | 85.7 | 19,280 | 7,040,000 | 85.5

Suisun Bay . . . 500 3.1 720 260,000 3.2

San Pablo Bay | 1,000 6.2 | 1,420 520,000 6.3
San Franeizco

Bay........ 800 5.0 | 1,149 415,000 5.0

Total..... 16,100 | 100.0 | 22,560 | 8,235,000 | 100.0

1 1909-59 figures adjusted to 1957-59 conditions.

Comparative Estimates

The volume derived from table 5 for the
1957-59 water years agrees almost identically
with the volume for the same years derived
from a study of historical sedimentation that
used Bureau of Reclamation figures for histori-
cal outflow of the Sacramento River at Sacra-
mento in the long term period 1924-25 to 1959-60.
The total outflow to the Delta for the combined
Sacramento-San Joaguin system was determined
from a rating eurve (fig. 3) giving the relation
of the total Sacramento-San Joaquin flow to the
flow of the Sacramento River at Sacramento.
The sediment-water discharge relation curve
(fig. 4), used by the USGS in their 1957-59
study, was then used to obtain the suspended
sediment load and this multiplied by 1.2 to ob-
tain total sediment load. Table 8 details the
results of this study. The long-term annual
average sediment Inflow is 6,200,000 cubic
yards. For the water years 1957-59, the aver-
age is 7,280,000 cubie yards as compared to
7,200,000 given by the U.S. Geological Survey.

Gilbert (7) estimated 2 million cubie yvards
average annual sediment inflow for the period
prior to 1849, 18 million for the 1849-1914
period, and 8 million for the future after clear-
ance of the mining debris. Grimm in 19312
estimated 5.75 million, and the Corps of Engi-
neers in 1954, assuming considerable reservoir
regulation, determined the total at 3.36 million.
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The State Division of Water Resources,* in the
1955 report on the feasibility of barriers, esti-
mated the annual load at 4 million cubic yards.
Much of the variance in these figures can be
attributed to paucity of data available to the
investigators, judgment being a definite factor
in the estimating process. The findings of this
present study, as noted, are based on records
maintained continuously for 8 years.

Factors Affecting Future Sediment Inflow

The estimate of 8,235,000 cubic yards per
innum given in table 7 is an average based on
wppraigals of the major factors affecting the
rolume of gediment. These are land use, stream-
lows, and the conditions governing the forma-
ion of river channels (river morphology). Rain
wrosion of the land surface and channel erosion
f the streambed effected by the river itself are

4 CALIFORNIA DIVISION OF WATER RESOURCES. SEDI-
TENTATION. Appendix G of “Feasibility by the State of
larriers in the San Francisco Bay System,” Sept, 1955.

the main determinants of waterborne sediment.
Land use in turn is the major factor in rain
erosion, and the competency, capacity, and ex-
isting load are the factors determining to what
extent, if any, channel erosion and the shaping
of new channels will take place.

If the land use aspect of the San Franeisco
Bay system tributary sediment source areas is
considered, the change to urban use will be most
marked for the local bay area watersheds and
least, relatively inconsequential, for the Sacra-
mento-San Joaquin system. The land use pat-
tern for the local areas in 1960 was 10 percent
urban, 60 percent agricultural, and 30 percent
mountain, public, and wastelands. By 2020
urhan use will appreoach 35 percent (6) (15),
and agricultural use decline to 40 percent.
Since the loeal drainage areas contribute but
14.5 percent of the present total sediment in-
flow, these changes will bring no noticeable
variations in resulting sediment volume. Within
the Sacramento-San Joaquin system the present



682 MISCELLANEOQOUS PUBLICATION 970, U.S. DEPARTMENT OF AGRICULTURE

100,000
7
> /d/
3 <
@
i )%
0
2 /
'_
z 10,000 /
I /
w
7]
<
5 )
O L/
: f
-
E /
5 /
L] ’(
o V/
w
o
=
w
: /
)
2 1,000
z
o
w
=
5
< 100,000
a
RELATION BETWEEN
SEDIMENT DISCHARGE
AND WATER DISCHARGE
SACRAMENTO RIVER AT SACRAMENTO
10,000
DAILY MEAN WATER DISCHARGE
ool IN CUBIC FEET PER SECOND

FI1GURE 4. — Relation between sediment discharge and water discharge of Sacramento River at Sacramento.



SYMPOSIUM 3.—SEDIMENTATION IN ESTUARIES, HARBORS, AND COASTAL AREAS

633

TABLE 8.-—E'stimated average monthly historical sediment inflow fo the Sacramento-San J oaguin Della,
192560

{In thousands of cubic yards)

Annual
Year Qct, Nov. Deec. Jan. Feb. Mar, Apr. May June July Aug. Sept. total
1924-25| 60 65 99 92 2,010 70T 1,298 936 67 61 65 58 5,518
1925-26! 59 42 61 76 1,384 3563 1,223 153 60 67 67 b9 3,604
1926-27, 59 683 697 810 2,468 1,654 1,721 1,236 320 57 53 it 9,728
1927-28| &9 260 190 301 T20 2,146 1,313 368 a7 62 65 60 5,601
1928-29/ 60 51 54 59 222 181 107 193 56 65 65 59 1,172
1929-301 60 41 6565 514 478 1,022 548 289 55 65 64 58 3,859
1930-31] 59 40 43 68 61 193 59 61 65 70 70 62 851
1931-32[ 62 41 217 568 668 727 679 1,044 247 62 67 62 4,444
1932-33| 63 42 43 59 65 352 352 274 152 67 68 62 1,599
1933-34 61 41 83 502 234 478 196 68 64 68 68 62 1,925
1934-35] 62 67 47 809 372 1,113 2,422 1,514 276 61 65 60 6,868
1935-36] 59 40 41 1,126 2,001 128 1,362 722 2338 61 65 68 5,906
1936-37| 60 41 42 46 987 1,396 1,563 1,158 155 62 67 61 5,643
1937-38 59 614 1,760 779 2,514 3,125 2,631 2,497 1,718 78 60 57 15,982
1938-39] 58 76 167 97 108 365 208 59 63 70 69 60 1,340
1939-40 61 62 60 1,452 2,103 1,917 1,855 785 88 63 64 60 8,570
1940-41, 68 69 784 2,298 2,451 1,933 1,946 1,831 457 63 61 68 12,029
1941-42 68 58 1,135 1,525 2,135 1,024 1,870 1,579 866 58 62 58 10,438
1942-43| 57 97 413 1,320 1,486 2,184 1,572 731 1,651 58 68 61 9,598
194344, 59 56 61 83 470 559 211 349 57 62 62 60 2,089
1944-45] 60 93 111 152 1,372 586 572 572 123 57 57 57 3,812
1945-46 59 161 1,184 1,677 365 622 844 617 91 59 59 56 5,794
1946-47f 58 92 196 96 339 776 406 76 56 60 60 57 2,272
1947-48) 59 85 57 390 106 263 1,590 1,677 1,006 57 58 68 5,416
1948-49 63 T8 97 91 94 1,408 1,334 484 64 59 59 59 3,890
1949-50 59 57 58 478 1,251 848 1,101 785 222 59 59 55 5,033
1950-51 65 |1,076 3,066 1,643 2,195 1,224 592 662 75 58 61 63 10,730
1951-52 61 105 1,031 2,512 2,664 2,076 3,084 3,656 1,232 232 71 83 16,707
195253 63 69 733 2,505 788 491 737 1,085 818 79 58 91 7,517
1953-54f 74 105 120 359 1,576 1,428 1,539 463 77 59 59 79 6,137
1954-55| 73 122 390 350 122 110 107 307 91 57 LYi 60 1,346
1955-56 59 63 1,221 5,088 1,731 1,406 847 1,317 492 96 91 68 12,479
1956-57| 95 122 95 94 205 1,529 285 817 180 59 61 91 3,633
1957-58] 235 245 361 1,044 3,907 2,227 3,886 1,756 1,014 122 118 153 15,068
1958-59] 96 96 96 627 1,128 622 107 856 56 29 63 75 3,140
1959-60] 58 57 59 81 1,040 954 256 163 75 T0 61 59 2,933
36-year
total 2,450 |5,112 (15,478 [29,971 41,819 (38,117 40,428 180,269 (12,279 (2,552 |2,347 12,387 [223,209
36-year
average, 63 142 430 833 1,161 1,059 1,123 841 341 1 65 66 6,200
Percent
by
month 1.1 2.3 6.9 134 187 171 18.1 13.6 5.5 1.2 1.0 1.1 160

land use pattern, dominantly agricultural and
recreational, will persist with only minor
change, percentagewise, in urbanized areas.

Intensified agricultural usage and an expand-
ed highway network will tend to increase the
sediment volume, but these tendencies will be
offset by improved practices in soil conserva-
tion, watershed management, and highway
Irainage. In 1917 Gilbert (?) estimated pre-
mining etra average sediment inflow at 2 million
:ubic yards when the region was largely virgin
and_and forecast 8 million yards for a fully
leveloped highway system through a much
Xpanded agricultural area. The broad conclu-
sion, therefore is that land use changes between
1960 and 2020 will not materially affect the
otal sediment inflow.,

When the future channel erosion and river
norphology aspects are considered, the chief

additional factors over the natural conditions
are the mining debris deposits and the existence
of numerous reservoirs, The mining debris load
is disposed into the component bays, except for
permanent lodgments in the mountains that are
stabilized and will not contribute to the sedi-
ment inflow. Thus, the appraisal of future load-
ings narrows down to the effect on competencies
and capacities of the rivers of the system from
the construction and operation of numerous
dams that now ring the tributary area at or
about the alluvial fan elevations, The sediments
in solution and in the eolloid state that would
be unaffected by velocity changes could to some
extent be altered in content and volume by land
usage practices, thus changing the chemistry
and the flocculation tendencies.

No such changes would oceur to any appreci-
able extent above the line of reservoirs, Below
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the reservoirs the principa! agents of such
change would be industrial and agricultural
contaminants. These in their totality could,
with greatly expanded volume, present a dis-
posal problem of large proportions requiring
treatment and disposal works. Their effect is
not here included, as present knowledge of this
phase is inadequate to form quantitative con-
clusions.

If the preceding feature is omitted, future
sediment loads of streams will depend for the
most part on conditions below the line of dams.
The physical effects of constructing a dam
across a stream are pronounced, tending to
ehange the total activity of the river — reshap-
ing its course and affecting the competency, ca-
pacity, and load of the current.

As defined by Twenhofel (24, p. 191), com-

MISCELLANEOUS PUBLICATION 970, U.S. DEPARTMENT OF AGRICULTURE

petency is the ability of currents to transport,
in terms of dimensions of particles; capacity is
the ability to transport, in terms of quantity;
and load is the actual quantity transported.
Competency depends upon velocity and turbu-
lence, which in turn vary with the shape of the
channel, hottom irregularities, slope, depth,
and discharge. There is a competent slope for
each variation of channel and for each dimen-
sion of particles of a given specific gravity.
Competeney varies as about the fifth power of
the velocity. Capacity is dependent on the same
variables as competence, but additional factors
are the ratio of depth to width of stream and
the degree of mixing of the sediments, Thus,
capacity is generally less for material of uni-
form dimensions than for graded materials.
The stream load as a maximum equals the
capacity. Capacity ranges between the 3d and
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th power of the velocity increase. If these con-
iderations to the reaches are applied immedi-
tely above and below a dam, the competency
pstream is gradually reduced by the widening
snfines of the reservoir so that a selective
rading of deposition results with a tapering of
ilt at the lower end. Aggradation of the
treambed results. With continued aggradation
1ere comes about a loss of cross seetional area,
» that scour results and the deposition process
ikes place further down in the reservoir, the
mg-run result being complete siltation of the
agservoir, With loss of competency and capac-
¥, releases through the reservoir are greatly
‘arified of suspended load. Virtually all the
edload is usually trapped in the reservoir.

Below a dam, the number and the intensity
£ the threads of maximum velocity are reduced,
‘hen not actvally eliminated, by zero flow
wrough the dam or spillway. With reduced
irbulence and velocity in the immediate reach
slew the dam, only the fine silt is picked up in
1s pension or rolled on the bed in traction. The
hi-sical effect on the streambed is loas of fine
wiments in the shoal areas and filling of the
zeper parts with part of this fine silt load.
Tith flood releases, however, the partly clarified
ream under an artificially increased head is
1aracterized by turbulence and high veloeity
y that seour occurs and degradation ensues.
his is the prevalent condition for the Sierra
‘evada in the winter flood months.

Table 9 shows that a major part of the tofal
ver mileage lies below the line of lowest dams.
urther, the dams and reservoirs are in general
: the breaks in gradient between the steep
sland and the flat sluggish lowland courses
here, irrespective of the existence of reservoirs
oviding stilling basin effects, there would
iturally occur heavy deposition of sediment.
he corollary follows that the competencies,
pacities, and loadings below the dams do not
ity greatly from those that prevailed on the
dow-dam reaches before the reservoirs were
nstructed. Figure 5 illustrates the location at
eaks in grade of the majority of reservoirs
nstructed or authorized.

It follows, consequently, that the principal
fect of the reservoir systems of the Central
alley and local Bay area streams (where the
me gituation holds) lies in the regulation of
w and thus the regulation of sediment inflow.
1e competencies and capacities of the various
reams would be affected by the velocities and
lumes of the regulated flows and, derivatively,
e sediment loadings. On analysis, this again
offset — similar to reservoirs at the break in
ade — by the concentration of sediment dis-
arge in the flood months. In the long-run
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TABLE 9.—Stream regimens, Sacraomento-San
Joogquin System

Elevation at— Length Average gradient
Source|Lowest,
Stream in system Lowest | teo dam Below
Source dam |lowest| +to Upland dam
dam |[mout
Feet Feef | Miles | Miles Fl‘e:aég:; ’ Fj{eég)gr
Sacramento
River......| 8,000 450 64 | 243 1 224 0.35
Stony Creek..] 4,000 380 48 24 | 14.3 2.28
Putah Creek..] 2,500 185 48 27 | 10.5 1.11
Feather River] 6,000 | 180 | 104 | 64 | 10.5 0.53
Yuba River. .| 7,500 282 64 44 | 21.4 1.21
Bear River,..| 3,500 136 38 28 | 16,87 | 0.91
American
River...... 8,500 200 81 24 | 19.4 1.58
Mokleumne
River......| §,000 230 64 40 | 23.0 1.09
Calaveras
River...... 6,200 | 1,600 33 1 260 19 0.21
San Joaquin
River...... 14,000 289 88 | 230 | 209 0.24
Mereed River.| 11,000 405 T2 48 | 89.0 1.35
Tuolumne
River......| 10,000 331 86 48 | 216 1.19
Stanislaus
River,... .. 9,000 537 66 48 | 30.4 2.42
Totals. . .f,.......[...... 823 | 868 |.......|......

average (see table 8), 50 percent of the annual
total sediment is delivered in the flood months
— January, February, and March. In flood
vears such ag 1958, this ficure risesg to 70 per-
cent. Thus flood releases would carry a major
part of the annual sediment load from the low-
land reaches and a certain amount of reservoir-
trapped sediment through scour effect. At 7
ft./sec. velocity, all but the heaviest stones would
be moved by scour. At 314 ft./sec. (14, p. 193),
pebbles up to walnut size would be scoured.
Hence, gince a flood release velocity of 314
ff./sec. would prevail, it can be taken the sedi-
ment load below a dam would be at the maxi-
mum competence and capacity of the stream.
For the remaining months, the average con-
ditions of flow volume and velocity would, as
regards sediment inflow, about balance the total
under natural conditions ranging from moder-
ate to almost zero flow. Hence, the overall con-
ditions for effects of reservoir at or near the
alluvial fan elevation in the tributary sediment
area to the Delta would seem to warrant the con-
clugsion that no marked variation from the esti-
mated annual average sediment figure of 7,040,-
000 cubic yards will occur.
The sediment inflow to the Delta will be re-
duced in its passage to Suisun Bay by deposition
within the sloughs and by an amount carried by
the transfer flows exported through the Tracy
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pumping plant and the Contra Costa Canal.> The
estimate of 7.04 million cubie yards of inflow to
the Delta, based on the 1957-59 observations,
covers withdrawal conditions above the Delta
ag of 1960. Reduction in sediment volume for
future increased withdrawals and for the trans-
fer flows to the Contra Costa Canal and through
the Tracy pumping plant will closely approxi-
mate the suspended load. The bedload for the
greater part will remain in the system. If the
water-sediment discharge relation curve (fig.
4) is used, the reduction in suspended load for
withdrawals can be obtained. Figure 4 is con-
sidered applicable to withdrawals over the en-
tire system, including volumes from local bay
area streams. Withdrawals within the Delta
totaled 4,500 c.f.s. in 1960, the corresponding
sediment withdrawal being 600 tons per annum,
or 307,000 cubic yards per annum. Table 10

TABLE 10.—Sedement in flows to Bay system adjusted
Jor varying water exports before deposition in Della
(Total sediment 1960 inflow of 8,235,000 cu. yd.)

Water volume exported Sediment seca'lxitént

(e.£.8,) reduction Reduction! inflow!
per annum

Tons Cu. yd. Cu. yd.
4,500, .. ..., ... 600 307,000 | 7,928,000
10,000, . ............. 1,000 511,000 | 7,724,000
15000, .............. 2,200 | 1,124,200 | 7,110,800
20,000............... 4,500 | 2,299,500 | 5,935,500

1 Buspended load. Does not include bedload.

gives the range of sediment inflow for future
transfers before accounting for deposition in
the Delta.

Sedimentation Within the System

The estimated average annual inflow of 8,-
235,000 cubic yards will be delivered to the
entire system and will be distributed to the com-
ponent elements in the proportions given in
table 7, the Delta receiving 7,040,000 cubic
yvards, or 85.5 percent. At present, the transfer
volumes exported from the Delta average 4,500
c.f.s., representing 307,000 cubic yvards of sus-
pended sediment per annum. The sediment in-
flow to Suisun Bay, therefore, is 7,133,000
yards, less deposition within the Delta.

Determination of the amount of sediment
deposited in the Delta — as with the other parts
of the system —- presents difficulties in view of
the complex conditions that affect deposition,
such as floceulation and tidal currents. Al-
though research has been productive qualita-
tively in the field of estuarine sedimentation, a

5 At Tracy, Calif., is located the pumping plant that
supplies the Delta-Mendota Canal, the supply being
pumped from Old River. Since the Sacramento River
furnishes the major part of the supply, there is a cross-
delta transfer of flow that otherwise would follow the
course of the Sacramento River into Suisun Bay.

methodology derived from the mechanics of the
phenomena involved that would give quantita-
tive as well as qualitative results has not yet
been perfected. Hence, an indirect approach
becomes necegsary to estimate present rates of
deposition.

The lower reaches of the Delta are subject to
eyclic floceulation as the fresh-saline water in-
terface fluctuates upstream and downstream
with the tides and all reaches are subject to the
tidal impulses that tend to a storage effect on
floodtide when the river inflow is met by the
oncoming tidal rise, thus favoring deposition.
The emptying effect of the ebbtide, particularly
the long ebb, tends fo cause resuspension of
sediment and to scour. Similarly the advance
and recedence of the saline interface brings
floceulation of colloidal matter and later resus-
pensien in the colloidal state when fresh water
conditions oceur. In all instances, because of
the predominance of the ebb flow, a residunal
downstream movement of deposited material
takes place. Comparison, therefore, at regular
intervals over an extended period indicate
changes in channel configurations throughout
the Delta that would afford quantitative data on
the deposition processes. In the light of quali-
tative research findings, reasonable projections
into the future could possibly be made. Unfor-
tunately, no regular sequential data over a long
period are available for the Delta. IHence, as the
best available alternate, the dredging records
for the Sacramentc River, the San Joaquin
River, and 0Old River Slough, which are con-
tinuous for the 30-year period, 1930-59, are
adopted.

In using these records a primary considera-
tion is to what extent, if any, the diminishing
volumes of debris from the hydraulic mining

erg are represented in the figures given in
table 11.

TABLE 11.— Dredging of Sacramento-San Joaquin
Delta, 1930-591

Years Maintenance | New work Total

1,000 cu. yd, | 1,000 cu. yd, | 1,000 cu. yd.

1930, ... ... ..... , 906 ,
1931-35.............. 5,420 24,174 29,594
1936-40.............. 12,380 7,469 19,849
1941-45.............. 7,826 ... .. 7,826
1946-50.............. 6,223 280 6,503
1951-65.............. 4,554 5,269 9,823
1956-59.............. 2,683 |.......... 2,633
Totals........... 39,991 38,098 78,089
30-year average. .. 1,333 1,270 2,603

1 Data from files of U. 8. Army Engineer District, Sacra-
mento.

Gilbert (7) estimated that in 50 years from
1914 all debris except permanent lodgments in
the mountains would have been cleared from



SYMPOSIUM 3.—SEDIMENTATION IN ESTUARIES, HARBORS, AND COASTAL AREAS 687

the Bay system. This estimate has been horne
out by subsequent develepments. At the pres-
ent time (1962), cbservations indicate stabili-
zation has come about. The enormous quanti-
ties involved in this movement, estimated by
Gilbert at 850 million cubic yards, of which 375
million would be sand and gravel subject to
deposition at reduced velocities, preclude the
possgibility that the Delta could be the depository
without far greater volumes of dredging than
those given in fable 11 — 375 million cubie
yards that would be deposited as against 78
million dredged in 30 years. The conclusion
must be made that the great bulk of this ma-
terial has been swept through the Delta on into
the Bay system. The continuous development of
channel improvements for expeditious removal
of floodfiows lends strength to this viewpoint —
that in effect all debris has been cleared throngh
the Delta except minor quantities deposited in
backwaters.

Deposits in the Delta, therefore, can be taken
as the normal sedimentation for years of med-
ium to low flows, resulting on the slackening of
velocity in the Delta sloughs and residual floe-
culation at the western end of the Delta. This
hypothesis assumes the mining debris load and
heavy channel erosion load were removed by
floodflows occurring at least at 5-year infervals
and that the maintenance dredging average of
1,833,000 cubic yards represents dry low-flow
vears accumulations plus aftermath lodgments
from the diminishing flood flows. If 85 percent
represents the total Delta deposition (the minor
sloughs not being dredged). the average annual
sediment deposition in the Delta is estimated at
1.6 million cubic yards.

Sediment Inflow Distribution

From the preceding discussion, the direct
gsediment inflow into the Bay system, excluding
the Delta, i.e., deducting sediment exported with
the transfer volume of 4,500 ¢.f.s. and 1.6 mil-
lion cubic yards deposition within the Delta, is
given in table 12. These sediment volumes —

TABLE 12.— Direct sediment inflows (1960 econdi-
tions) to Bay system

Average annual
Bay sediment inflow

. Cubic yards
Suisun Bay (from delta). .. ............. 5,133,000
Suisun Bay (from local)................. 260,000
San PabloBay.................... ... . 520,000
3an Franeisco Bay. . ................. . 415,000
Total ... .. ... . .. 6,328,000

»art in the colloidal state, part in suspension,
ind part being moved by traction (bedload) —
ipon delivery into the tidal waters of the system
mter an environment of higher salinity, eyelic

reversals of flow and much greater wind action
over large expanses of shallow water. In the
changed environment the sedimentation proc-
esses are greatly changed, the end result being
comminution of particles and a higher floccula-
tion precipitation. These changes are reflected
in density changes in the bottom sediments and
elimination of the sand content by reduction
Into silt and colloids.

The changes effected in the character of the
gsediment load upon entrance to the tidal system
and subjection to the changed environment vary
over the limits of the component bays. How-
ever, a general indication is obtained by com-
paring the data given in table 4 with the data
presented in table 13 compiled from 40 analysis
of suspended sediment load taken from the Bay
in September 1957 (13). The sand content is
eliminated in the Bay suspended sediment load
and the silt content increased, as shown in table
14.

Bottom sediment densities, which compare
relatively with bedload densities of the inflow
sediment load to the Delta, while varying by lo-
cation within the Bay system, are consistently
lighter than the 90 1b. per cu. ff. determined by
the USGS for the Delta bedload ; the differences
are shown in table 15.

Other major aspects affecting sedimentation
characteristics and deposition are salinity, tur-
bidity, and wind effects. Table 16, giving salin-
ity and turbidity (sediment p.p.m.), is to be
considered in a relatively locational sense only,
since wide ranges in values oceur at every loca-
tion due to the tidal cycles varying over the year
and the seasonal fluctuation being pronounced.
The data presented are averages of hourly read-
ings made 21-22 September 1956 by the U.S.
Army Engineer Distriet, San Francisco. With-
in each flood and ebb c¢yele the sediment (parts
per million) fluctuates from lows at beginning
and end to maxima in the middle of the cycle,
the maximum being approximately double the
minimum value. Salinity shows considerably
less variation and in the lower reaches none.
Temperature and wind effects are discussed
later in connection with historical patterns of
deposition.

The environmental changes brought about as
the sediment inflows from the river systems
traverse the bay can be broadly grouped into (1)
changes in characteristics and (2) changes in
deposition patferns. From the preceding data
the principal changes in characteristics are the
elimination of the sand content, increase in
silt confent, and decreased densities of bottom
sediment regarded as equivalent to the bedload
of the fluvial sedimentation eonditions. It is
significant that no change cccurs in the clay
content percentage of the suspended load char-
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TABLE 13.—Bay sediment analyses (suspended
load), September 1957

TABLE 14.—Change tn conleni of suspended loads,
Delta sediment inflow and Bay sedvment

Field samples Clay Silt Sand Source Clay St Sand
Lessthan! 0,094 to | 0.016 to | 0,065 to | 0.125 to | 0.250 to Pel. FPet. Pet,
Sample | Depth | 0.004 | ©.016 | 0.064 | 0125 | 0.250 | 0.500 Deltainflow. . .......... ... 57 29 14
No. mm. | mm. | mmo | oom. ) omm | oo, Bay system,................ 57 43 0
Feet FPet. Pel. Pet. Pet. Pet. Pet.
8T..... 21.5 54 45 A N P PR Change (to Bay system). . 0 +14 —-14
16T....| 265 47 50 gl . : "
24. ... ... .| B0 48 2] under fluvial and Bay tidal conditions — would
ig% o 275 ig ‘g? 213 ------------------ indicate that flocculation, which removes a high
AR R S I I A A percentage of colloids and tends to increase ’ghe
56T, 25.5 48 50 2h bedload, is balanced by the addition of colloids
5;?% 25.5 T4 24 - O Y resulting from attrition of the coarser particles
PR 2851 % ig N R P R by tidal action and turbulence, both tending to
69T gs0 | s1i oar | elll|liviillll reduce in the bedload and to increase in the sus-
i pended load. In this connection, no material
78'1‘- 25.5 | 49| 49 2 change occurs in the weight per cubic foot of
8o S I Bl suspended sediment for fluvial and bay condi-
1037 815 | 55 45| | lLLUln tions—48.84 To. per cu. ft. for fluvial sediment
111. 31.6 | 58| 38 a4 and 47.05 1b. per cu. ft. for Bay suspended sedi-
ent. it i 1 ere i
152- 28.0 50 o g __________________ ment. Hence, it is concluded there is no great
128, 2756 | 47 o s3|......|........--. . ..
135, 270 63 35 N R R TABLE 15.— Bottom sediment densities! Sun
143, 26.0 85 15 b Francisco Bay system
169, 30.0 | 45 B2 3 -
A Bottom sediment
170....) 305 | 40| 57 s Generat location density
182, 30.5 65 35 ... e . Lb. feu. ft.
189, 20.5 72 27 1 P P Buisun Bay.................... ... ..., 88
197 . 30.5 53 45 ol Central (North San Francisco) Bay....... 49
204.. .. 305! 46 53 S D N N South San Franciseo Bay................ 45
SanPabloBay......................... 31
211, 295 B2 8B t Analysis of 124 dredge spoil samples over period 1953-62
224, 28.5 48 BEZ | v U.S. Army Engineers, San Franecisco Distriet Operations
230. 27.5 60 40 ... e Division,
TLoo. 28.5 148 142 £ L+ (RN DRI S . .
52 to80 | \ R material change in proportions of total sedi-
""" S| e Z|----o]----------- ment by weight per cubic foot between sus-
pended load and bedload.
Aver- From this reasoning increase in volume is
age.j...... 57 40 B ! FE TR PR proportional to the changes in densities of the
Unit suspended loads and bottom sediments as fol-
weight!. .. ... 30 65 ... 98 |...... lows:
. Percent
Weights ..., .. 19.1 2795 ..o Suisun Bay .
- San Pablo Bay ........... c... 2486
17 samples; multiply percentages by 7. San Francisco Bay .. 1286

25 sampleg; multiply percentages by 5.
8 Weight per cubic foot is 47.05 Ih., or 47.

acteristics — remaining at 57 percent. The dep-
osition patterns are changed {from fluvial fypes
as determined by competency, capacity, and
loading of the carrier streams, to fluctuating
tidal forward and backward movements modi-
fied by salinity changes, wind effects, and bot-
tom currents.
Increase in Volume

Of practical consequence is the increase in
volume resulting from the lowered densities of
Bay bottom sediment in comparison with the
bedload densities under fluvial conditions. The
significant feature — the percentage of clay
content in the suspended load remains constant

The bulk of the increase is actually concentrated
in the bedload to bottom sediment increase, in
part accounting for the large shoaling volumes

TABLE 16.— Average salinity and sediment through-
out the San Francisco Bay system, Sept. 2122,
1956

Salinity 1 Sediment
Location

Flood Ebb Flood Ebb

P, P.pl. P.punt, P.p.t.
Collingville. .. .......... 0.7 0.7 89 71
Carquinez Strait. ....... 19.6 17.1 T6 B0
San Pablo Strait........ 243 [....... 12 0......
East of Treasure Island..[ 29.9 29.9 27 23
Dumbarton. . .......... 29.0 29.0 97 43

tIn parts per thousand.
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occurring in the component bays. As noted
previously these increases for bedload to bot-
tom sediment are 2 percent for Suisun Bay,
249 percent for San Pablo Bay, and an average
of 91 percent for San Francisco Bay. A cubie
yvard of bedload material, e.g., becomes 314
cubic yards of bottom sediment in San Pablo
Bay.

Deposition of Sediment in the Tidal Bays

Upon entrance into the Bay system, the ve-
hicle of carriage for the fluvial sediment be-
comes the tidal prism, which is characterized
by alternate advances and recessions so that net
movement downbay is very much less than
under the fluvial movement in a single direction
—downstream. The tidal prism is averaged at
1.575 million acre-feet, or 788,000 c.fs.,
and if the average daily fresh water inflow
is set at 29,000 c.f.s., or 14,500 c.f.s. for a
complete 12-hour cycle, the dilution ratio is
approximately 54:1, Thetotal volume of the Bay
system, however, is much greater than the tidal
prism, and approximates 5.6 million acre-feet
below mean sea level, excluding the Delta, which
permits still greater dilution. However, there is
no marked difference between the sediment
concentrations urder fluvial and under Bay
tidal conditions, indicating that supplementary
supplies are being made to the suspended load
in the Bay waters either from outside the
system from the ocean or from bottom mud
stirred into suspension by tidal action.

Krone, in his studies on estuarial shoaling
in the Bay system (10), states with regard to
shoal material “most of the shoal material
appeared to have originated from inland
Irainage by way of the San Joaquin-Sacra-
nento River system, which carried principally
nontmorillonite, and less from coast range
Irainage, which carried principally illite. It
was concluded that sediment is mixed through-
it the Bay system, and that the composition
ind particle-size distribution resulted from the
ombination of sediment loads from the
rontiguous streams, as modified by local trans-
ort conditions.” This statement would favor the
riewpoint of the supplemental supply originat-
ng from bottom deposits, since an ocean supply
vould necessarily be reflected in the analysis of
wottom sediment. This is supported by the gen-
trq.l functioning of the system whereby a net
laily outflow constantly occurs, entailing sedi-
nent outflow to rather sediment inflow from
he ocean. It is concluded, therefore, that the
dditional sediment load in the tidal waters
ver that being delivered from the fluvial sedi-
nent input is derived from the bay bottom sedi-
1ents and is a result of tidal and wind action.

The pattern of deposition, conseguently,

comes from the net translation and deposition
resulting from reiterated reversals of compe-
tencies and capacities of the tidal flows modified
by salinity variations and wind effects. The
pattern is in continuous flux, a basic daily pat-
tern being adjusted to an overriding seasonal
fluctuation and a long-term flood-drought cyeli-
cal swing modifying these basic fluetuations.
Geologic action also afTects the deposition of
sediment, such as differential settlement of land
in different locations of the system. A slow rise
of the Pacific Ocean is also known to be occur-
ring. Thus as a result of the superimposed long
term fluctuations over a number of decades,
parts of the system would be slowly changing
from a condition of accretion to one of scour
Or vice versa.

The normal pattern for fluvial sediment en-
tering the tidal system is for a net daily pro-
gression downbay of the bedload increased by
flocculation as the salinity concentration in-
creases. The net downbay movement is evident
on comparison of the competencies and capaci-
ties of the flood and ebbtides through a complete
daily cyele for a mixed tide. The net downbay
movement is not pronounced for a typical sine
tide, and for the recurring case of floodtide
dominance net movement would be upstream.
Over the long run, and particularly for the flood
months of heavy sediment inflow, net movement
is downbay. If the data for a mixed fide were
analyzed, an index of the overall movement
downbay is obtained. For the tides of November
11-12, 1958, the average of the velocities of the
two ebbtides exceeded that of the two floods
by T percent and the corresponding average
tidal prism for the ebbs exceeded that for the
floods by 2.7 percent. Thus, the competency of
the ebbs is 40 percent greater than the flood
competency. Hence, with the greater carrying
volume of the ebbtides, the resulting capacity
of the ebbtides exceeded by 30 percent that of
the floodtides. However, the dominance of the
flood duration over the ebb duration mitigates
the effect of the ebb capacity dominance, thus
cutting down the net movement downbay of the
suspended particles to about 0.4 mile. For sedi-
ment on the bottom, part fluvial bedload and
part eroded from the bottom deposits, many
variables enter into the net movement that
takes place. For this aspect the movement and
volume of deposits and the rates of accretion
and scour recourse are best for analysis of
changes in bottom configurations.

The Historical Sedimentation Pattern

For the Bay system changes in bottom con-
figurations can be agcertained from the sound-
ings surveys conducted at periodic intervals
from 1855 through 1956. The changes thus ob-
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tained give the volumes of accretion or scour
for the time intervals neted, but the changes do
not give the total net deposition that has taken
place throughout geologic time. This total was
approximated through a series of borings from
which contours of the bottom of the Bay mud
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lying on firm clay or sand were established.
The contours for the top of the Bay mud were
then obtained from the most recent soundings;
by subtraction, the net volumes of Bay mud
were derived, the total being slightly under 16
billion cubie yards. Table 17 details the deposi-

TABLE 17.— Bay Mud volumes, San Francisco Bay system

Average
depth to Volume to Water
Location Water area clays and elays and volume Bay mud volume
sands sands
1,000 1,000 1,000 Millions of
Acres Feat acre-feel acre-feet aere-feet cubic yards
Suisun Bay:
Army Point to Chipps Island. ............ .. ... 22,967 29.8 684 268 416 671
Carquinez Strait:
Napa River to Army Point.................... 4,350 74.0 322 172 150 243
San Pablo Bay:
Point San Pablo to Napa River, . .............. 58,361 57.3 3,344 631 C 2,713 4,379
Central San Francisco Bay:
Golden Gate to south end, Yerba Buena Island
to Point San Pueblo. . .................... 52,968 - 92.0 4,873 1,897 2,976 4,801
San Francisco Narrows:
South end of Yerba Buena Island to Candlestick Pt. 21,255 62.0 1,318 592 726 1,170
South Bay:
Candlestick Point to Alviso.................... 83,950 46.0 3,862 951 2,911 4,695
Total: Bay system.......................... 243,851 159.06 14,403 4,511 9,892 15,959

* Average.

tion of the Bay mud deposits in the component
bays. Deposits are lightest in Suisun Bay,
heaviest in Central Bay, and roughly equal for
the remaining areas, the ratio of deposition per
acre being 1:3:2 for Suisun Bay, the Central
Bay, and the approximately equal (by rate per
acre) areas — Carquinez Strait, San Pablo Bay,
and South Bay.

The total of 16 billion yards of deposits of
bay mud is the net result of an indeterminate
period extending back into geologic time. The
present water volume of the system is slightly
in excess of 10 billion cubic yards, but assump-
tion, based on rough comparison with the 16 bil-
lion yards deposit, that a very great period
would have to elapse for complete filling of all
bays is not warranted. With increasing redue-
tion of the tidal prism, the San Franeisco bar
would move landward with probable inflow of
ocean sediment, Accelerated deposition with
augmented volume of sediment would shorten
the period of ultimate fill. Net deposition per
annum determined from bottom eonfiguration
changes over a 100-year period is 6 million
yvards. If this rate would remain constant, the
period for complete siltation of the system would
be 1,700 years.

From the record, however, cycles of erosicn
and accretion oeccur that make unreliable any
straight line projection for the pattern of depo-
gition. A close analysis of these cyclical trends,
however, is difficult, because of the overlapping
and lack of continuity in the basic source data.
Also some survey data have been questioned for

relighility by previous investigations. For this
study, data and findings of previous studies
E’ere appraised in the light of recent observa-
ions,

The source data are the surveys conducted by
the USC&GS from 1855 at infervals through
1956, The investigations consulted were (1)
those by Gilbert (7), completed in 1914; (2)
the comprehensive study by the 1.8, Army
Corps of Engineers, known as the Grimm study
completed in 1930 but not published; and (3)
the Division of Water Resources, State of Cali-
fornia, investigation released in March 1955 as
part of the report “Feasibility of Construction
by the State of Barriers in the San Francisco
Bay System.” The first comprehensive surveys
by the USC&GS were carried out between 1855
and 1868. Gilbert questioned the reliability of
the vertical controls used for the surveys of the
northern half of San Francisco Bay and of San

. Pablo Bay. The USC&GS in rebutfal countered

that such vertical controls were relatively un-
important, ag compared to the accuracy of the
depth measurements. For the southern half of
San Francisco Bay (1857-58) and for Suisun
Bay (1867-68), local tide stations, some tied
into bench marks, supplemented the permanent
gtation at Fort Point. The Grimm study supple-
mented the source data with surveys of Suisun
and San Pablo Bays in 1930, but the fieldbooks
and boat sheets have not been located. Changes
in shorelines between surveys also made diffi-
cult the computation of volume changes on a
bank to bank basis.
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The methods of using the source data affect
the results. Volume changes can be determined
by establishing bottom contours, planimetering
the areas, and computing volumes by depth in-
tervals. An alternate method is to establish a
grid over the system and average the depth of
the recorded soundings within the quadrilat-
eral; the area by depth giving the water volume
when compared with the altered water volume
of a subsequent survey determines the volume
change in deposition. The accuracy of the grid
method depends on the uniformity of spacing
»f the depth measurements within the quadri-
ateral, the shape of the bottom, and the area.
The accuracy of the contour method depends on
‘he horizontal accuracy of the contour location.
silbert apparently used both methods, using
sither where most adaptable. Grimm used one
ninute (longitude and latitude) quadrangles,
mt used contours to some extent as subdivi-
sions of the main tract. The State adopted 14-
ninute quadrangles together with cross sec-
iong, to develop better the fringe tracts, espe-
iially. The present Corps of Engineers study
1sed 14-minute quadrangles.

If it is assumed that water volume change
iquals sediment volume change, the possibility
f subsidence of the Bay floors is discounted.
(his possibility, for lack of data to evaluate
wroperly, was discounted in all prior investiga-
ions. In this study the possibility of subsidenee
vas evaluated from data furnished by the U.S.
reologieal Survey (8) covering subsidence in
janta Clara County. The effect is relatively
ainor and is not included in the findings
raphed in figures 6 through 14, which give
umulative sediment volume changes through-
ut the system. With this feature discounted,
he sedimentation pattern is given by the major
omponent areas.

Suisun Bay

Figure 7 gives the sedimentation changes in
-minute quadrangles and table 18 gives the
hanges by major areas for Suisun Bay. Ex-
epting the channels that range in depth from

‘ABLE 18.-—Cumulative sediment volume changes,
Suisun Bay 1866-1956

1866
Area 1887 1921 193¢ 194142 1956

Mtllion | Million | Million | Million | Million
cite ye. cu. yd, cti. g eit. yds cu. yd,

hannel areas

and middle

ground....... 22.5 7.3 115 =01 4.......

‘est Bay and

Suisun slough

channel . . ., ., 10.0 3.2 5.7 5.5 ..., ..

onker bay..... 27 ) =95 —63 =11.8).......

rizzly Bay. ... 3.2 |...... ... U P, 1.8

Totals. .. .. 384 1.0 1091 —641.......

20 to 70 feet (ineluding a series of navigation
channels with authorized maintenance depth of
30 feet and width of 300 feet), Suisun Bay is
markedly shallow, generally less than 6 feet in
depth. For the period of record, the main depo-
gition took place in the 21-year period 1867-86
and was laid down chiefly in the channel areas.
By 1921 scour had reduced the 22.5 million
yards to 7.3 million and to actual scour by 1942
despite a temporary aceretion recorded in 1930.
The area covered by the West Bay area and
Suisun slough chanmel experienced the same
general depletion frend. Similarly and to a
marked degree with Honker Bay, the pattern
changed from a deposit of 2.7 million yards by
1886 to a scour of 11.8 million by 1942. The
Grizzly Bay area was relatively inactive
through the 90-year period.

Carquinez Strait
The accumulated sediment volume change for
Carquinez Strait is given in table 19 and figure

TABLE 19.—Cumulative sediment volume change,
Carquinez Straight, 18561950

Years Volume

Million cubic yards
70.0

81.0
983

8. The strait, in general a mile in width be-
tween steep escarpments and 8 miles long, is
deepest in the middle (Dillon Point) with
soundings to 100 feet and much shallower
depths at either end — about 30 feet.

An overall aceretion of 98.3 million yards, the
greater part during the years 1857-86, is shown,
but this masks areas of scour and fill cceurring
within the same quadrangle. This particularly
applies 1o two quadrilaterals south of Benieis
bounded by 122° 8 W. to 122° 10" W. and 38° 2r
N. to 38° 3’ N. Detailed study of these areas
showed very heavy sedimentation oceurred
along the north shore of the strait accompanied
by compensating scour in the channel area.
The mean lower lIow water line of Southampton
Bay had advanced about 2,500 feet from deep
inside the Bay to a part alined with the sweep
of the gtrait. The mean level low water line is
now located where water depths were 90 feet in
1857, most of the filling occurring in the 1857—
86 period. In the vicinity of Benicia Arsenal
Pier a shore line advance of 500 to 700 feet oc-
curred during 1857 to 1886, affer which the
situation became stabilized until 1942. Accen-
tuated shoaling is indicated in the vicinity of
the new arsenal dock (built in 1941-42) from
the data furnished by the 1949 survey.
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SYMPOSIUM 3.—SEDIMENTATION IN ESTUARIES, HARBORS, AND COASTAL AREAS

693

|
[ -

NOTE:
AUNIFORM SHOALING OF ONE
FOOT IN OME MINUTE QUAD
=,C80,00¢ CU YDS,

'
(

I&Hll T
i

ENUHUL
Vs
EERARERS

065"

'i'lll‘l'['
4
.

s
ST
p
L

T

T
{1666

2]

W
ik

s,

| @\”\2
T

f

R

7

2

Ly

1900 1950

MILLION CUBIC YARDS

=
g

802" (LAT, 38 ————

L
ONE MINUTE GUADRILATERAL TRiPLE SCALE

T 38°05"
SR &

<

\

o

SUISUN BAY
CUMULATIVE SEDIMENT VOLUME
CHANGE CURVCS

22700 ¥

F1GURE 7. — Cumulative sediment volume change curves of Suisan Bay.

San Pablo Bay

The sedimentation pattern of San Pablo
Bay was studied by three subdivisions ac-
cording to depth: (1) shoal areas of 4 feet
depth or less extending over 39 quadrilaterals,
(2) shoals between 4 and 20 feet in depth
covering 40 quadrilaterals, and (3) chan-
nel areas over 20 feet deep covering 2014 quad-
rilaterals. Table 20 and figure 9 give the sedi-
ment change volume data by periods. The 4
feet and less shoal areas lie mostly in the north-
ern and western limits of the Bay, although
small areas contiguous to the southern shore-
line are included. (See fig, 17). The highest
deposition, relatively, has occurred in the shal-
low areas, with the major part occurring in
1856-87 period. The intermediate depth areas,
4 to 20 feet, lie on either side of the channel
areas with the greater extent north of the chan-
nels. These areas for the total period show over
twice the deposition of the marginal shoals and
over 4 times that of the channel areas. The
:hannel areas are conspicuous by consistently
showing scour from the initial period of depo-
sition in 1856-87.

North San Francisce Bay and Golden Gate

North San Francisco Bay, regarded in thig
aper as the central bay between the northern

TABLE 20.—Cumulative sediment and mean depth
changes, San Pablo Bay, 1855-1951

Area

Marginal shoal
(0 to 4 feet)
areas, million
cubie yards. . ...
Mean depth of
deposits, feet. . . .
Intermediate (4 to
20 feet) shoal,
million cubie
yards. ... ......
Mean areas depth
of deposits, feet. .
Channel (204 feet)
areas, million
cubic yards., . ...
Mean depth of
deposits, feet. .. .

1385-87 | 1899 1922 1930 1951

74.0
1.80

75.8
1.81

101.2
2.40

76.3
1.81

105.3
2.50

162.0
3.74

169.9
3.92

214.8
4.95

177.1
4.10

251.6
5.80

88.4
3.98

83.6
3.97

T4.4
3.35

474
2.14

56.3
2.54

Total volume,

million cubic
yards......

Total average
depth, feet. .

413.2
3.80

824.0
3.00

829.3
3.04

3904
3.60

800.8
2.78

and western arm (San Pablo and Suisun Bays)
and the southern arm (below Yerba Buena) of
the Bay system, is analyzed on a similar basis
to San Pablo Bay by considering marginal
shoals (0 to 10 feet), intermediate shoals (10 to
30 feet), and channel areas (over 30 feet). The
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0- to 10-foot shoals are the Berkeley mud flats
and the drowned valleys of the western shore
covering 22,9 quadrilaterals. The intermediate
depths flank the deep water and include South-
ampton shoal. These areas cover 18.2 quadri-
laterals. The channel areas cover 26.9 quadri-
laterals within the central part of the total area
and lead into Golden Gate, 6 quadrilaterals.
Figures 10 and 14 and table 21 summarize the
volume and depth changes from 1855 to 1948
for North San Franecisco Bay and through 1956
for the Golden Gate.

The marginal shoals of the Bay eroded 0.58
foot in the initial 40-year period and then re-
versed to accretion in relatively small amounts
that were insufficient to overcome the previous
erosion: the overall effect from 1855 to 1948
being a net erosion of 0.14 foot. The intermedi-
ate shoalg, 10 to 30 feet deep, by conirast con-
tinually showed accretion, with a total depth
gain for the entire period of 8.16 feet. The
channel areas have the same pattern as the mar-

MISCELLANEOUS PUBLICATION 970, U.S. DEPARTMENT OF AGRICULTURE

TABLE 21 —Cumulative sediment volume change,
North San Franecisco Bay and Golden Gale

Area 1855-95 1916 1948
Million | Miltion | Miltion
cubic yards | culde yards leubte yards
San Francisco Bay:
Marginal shoals (0 to 10
feet) areas.......... I —14.6 —5.6 —3.4
Intermediate shoals :
(A0 to 30 feet). . ........ 65.6 96,1 161.1
Channel (deep water) areas.| —53.5 [ —46.2 8.5
Totals. .............. —-2.5 443 | 166.2
185573 1894 1956
Golden Gate................ —8.1 | —434 | —10.8

ginal shoals — erosion to accretion — with a
slight overall increase in depth of deposit, 0.29
foot. A similar general pattern was followed
for Golden Gate se”imentation.

South San Francisco Bay
Three general surveys, those of 1857, 1896,
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and 1956, and a partial survey in 1931 are the  being one of silting (0.25 foot). The overall
basis for derivation of sediment volume changes  change for the South Bay is a scour of 173.5
in the South Bay, the largest bay in the system.  million cubic yards, an erosion of 1 foot, over
The analysis is made over three zones: zone A  the period of 1855-1956.

covering 26 quadrilaterals from Treasure Is-
land south to Hunters Point, lat. 37° 49 to lat.
47° 447; zone B covering 58 quadrilaterals from

San Francisco Bar

Between 1855 and 1956 the San Francisco

Hunters Point south to Point San Bruno, lat.  Bar outside the Golden Gate has lost 85 million
37° 44’ to lat. 837° 39’; and zone C covering 87  cubic yards (fig. 14). This figure is the result
quadrilaterals from Point San Bruno south  of careful recomputation of all available data.
from lat. 87° 89’ to 37° 27". Figures 11, 12, 13  Comparative data for gains and losses in the

and table 22 summarize the sediment volume  outer and inner slopes and the crest are given
changes. in table 23. The general consensus of authori-

Zone A, predominantly deep water, consist-
ently shows scour over the past century, the
change in mean depth being 1.7 feet. Scouring
also occurs in zone B; light in the 40-year

fies studying the bar is that it is composed of
sand eroded from fthe coast, swept into the
Golden Gate by the floodtide and swept out on
the ebbtide radially. Bay mud apparently forms

period 1855-96, a scour of 0.8 feet; continuing 1O part of the bar. That part of fluvial sedi-
light to moderate, 0.9 foot, in the shorter period  Ment and disturbed bottom sediment of the Bay
1896-1922; and experiencing a light accretion,  System that is earried out to the ocean is pre-
0.15 foot, 1922-56. For zone C the general scour  sumably swept past the bar.

trend occurs after 1896, the period 1855-96

A complete analysis of the San Francisco Bar
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is not attempted, diseussion being limited to Discussion of Historic Sedimentation Pattern

consideration of the bar relative to sedimenta- Summarizing, the greater part (85.5 percent
tion within the system. Between 1855 and 1873 by Weight) of the fluvial sediment load is de-
there appears to be a general shrinkage of vol-  livered to the Delta. Direct inflows of sediment

ume except in the deeper inner zome. This  to the bays are 3.2 percent to Suisun Bay, 6.3
shrinkage, relatively slight — 30 million yards  percent to San Pablo Bay, and 5.0 percent to San
out of a present total volume above the 60-ft.  Franecisco Bay. Upon entering the Bay system,
depth of 874 million — was accelerated to 182  the fluvial sediment loses the sand content and
million cubic yards lost for the I1-year period  tends to flocculate as salinity increases. How-
1873-84. From 1884 on, a reversal fo accretion  ever, no simple pattern of deposition such as
occurred — 77 million between 1884 and 1900 prevails for I:iVEI‘ regimens occurs within the
and a further 50 million between 1900 and 1956.  bays and straits. Instead tide and wind effects
A study of cross sections at time intervals be- 204 a long-term cyclic trend underlie the estu-
tween 1855 and 1957 also shows no marked arial sedimentation processes.

movement, relatively, of the bulk of the bar, Tidal Effects

although a certain amount on internal displace- The principal tidal effect is a net movement
ment between zones has occurred. It is possible of sediment downbay, the major part being dis-
that the net shrinkage of 85 million yards isbut  turbed bottom sediment from the bay bottom,
a translation of volume to depths below the the minor part being the fluvial bedload. This
60-ft. contour on the outer slope. This aspectis  is deduced from the absence of any dilution ef-
under study at the present time. fect in the sediment load analysis of fluvial flow

¥
o
=

}
—W{j‘h
1

Q
[
]

'.
i

q

£
P
;
3
o
Tl
. ;
) ; )
FTW’PTI | *
'
‘" .

TN
;”‘ -
pr -
(Mgl b
L 1
7
[
i ;
V]
v
TR T 3 T T luuuy 7
- %—""" [ (F’ “"-—]‘ L- W - /—/

S TATAT T

A~

"‘FFI
'
-
4
»

T
<

T
S

¢
}
+
[
4

F‘T"! M IrAm

[HUHA
=

4;‘
.

r)llll
1 “P il {
<] L} A
r . E
[T
’
L
g

T
<
™
FTTT
-
',’
| rd 0
» ”
+ - d

TS

i

s

PTTT
-

I
-

T T
i W

TTI

[y
T

u M T YT ]
> I g ; , ’,n
e ‘.’ ! - id J -
TRIITTT

SCOUTH SAN FRANCISCO BAY
CUMULATIVE SEDIMENT VOLUME
CHANGE CURVES

FigoRe 12. — Cumulative sediment volume change cturves of South San Francisco Bay, 37° 4% to 37° 3% N.



SYMPOSIUM 3.—SEDIMENTATION IN ESTUARIES, HARBORS, AND COASTAL ARBAS 699

sediment loadings and bay water sediment load-
ings. The effect of floceulation and reduction
in grain-size dimensions results in lighter den-
sity bedload material. This iz most marked in
San Pablo Bay where flocculation is heaviest.

Movement downbay of both suspended load
and bedload is the net result of the dominance
of the ebb tidal competencies and capacities
over those of the flood tide. This is illustrated
in figure 15, which shows the high concentra-
tions of sediment at peak flood and ebb and the
dominance of the ebb over the flood.

Wind Effects

The effect of wind action on sedimentation
over the large expanses of the gseveral bays can
be inferred from analysis of the deposition pat-
terns by depth ranges. For shallow depths,
wind wave turbulence would be pronounced.
The stirring-up effect of the wave action would
be augmented by the bottom return flow, op-
posite in direction to the wind-induced surface

flow. Progressively as the fetch increased, the
turbulence and volume of sediment in suspen-
sion would increase, reducing the potential for
deposition, For Suisun Bay the prevailing
winds are from the northwest with Honker Bay
the farthest east, Grizzly Bay next, and Suisun
Slough farthest west. Hence, for the same
periods, siltation over the shallow areas should
be greatest in the most westerly parts and light-
est in the most easterly.

This assumes not too marked a variation in
salinity over the area. From table 18 the cumu-
lative sediment volume changes show deposi-
tion occurring in descending order of volume
for the shallow areas from highs in the western
to lows in the eastern parts of the Bay, the least
deposition occurring in Honker Bay, the farth-
est east. For the period 1867-86 this effect is
pronounced, the ratic of deposition per unit
area of shallows being approximately 4:1 from
west (Suisun Slough and West Bay) to east
(Honker Bay). The effect is masked in the
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drought period 1921-30 by changed floccula-
tion conditions when the saline-fresh water
interface apparently moved from San Pablo
Bay into Suisun Bay.

When the shallow areas are grouped for San
Pablo Bay, the rate of the deposition (see table
20} for the marginal shoals (0 to 4 feet) iz 2.2
timeg that for the intermediate shoals (4 to 20
feet). This is not so apparent by inspection of
figures 8 and 9, due to the orientation of the
shallows and also the masking of the wind-in-
duced turbulence effect by the fluctuations of
salinity that occur across the Bay as the saline
interface moves with seasonal fluctuations of
fresh water inflows. The construction of dike
12 from the southern end of Mare Island west-
erly from 1,000 feet in 1908 to a total length of
12,800 feet between 1937 and 1951 materially
altered the deposition pattern in the vicinity of
Mare Island. Data on changes in bottom eleva-
tions along the dike are given in table 24. The
accentuated accretion after 1896 can be attrib-

uted to the impounding effect of the dike.

The detailed aspects of shoaling in Mare
Island Strait and the South and North Bays are
presented by W. J. Homan and E. A. Schultz
(9) and are here discussed in general terms
only.

Wind wave effects on sedimentation in North
San Francisco Bay, the central Bay of the sys-
tem, and in South Bay are masked by the com-
plex interactions of tidal currents and phases.
The deposition rates of the marginal shoals, 0 to
10 feet deep, in the North Bay are markedly less
(table 21) than the rates for the intermediate
shoals, 10 to 80 feet deep. However, the Berke-
ley flats that constitute most of the marginal
shoals are to the extreme east of the Bay where
the fetch is greatest from the west. Both these
flats and the Southampton Shoal are probably
more affected by the tidal complex. Similarly,
for the South Bay no adequate explanation is
yet available for the formation of San Bruno
Shoal and the silting in the vicinity of Alameda
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TABLE 22.—Cumulative volume and mean depth
changes, South San Francisco Bay, 1855-1956

701

a net scour of 173.5 million cubic yards, while
the North Bay has experienced a net gain of

P — 166.1 million yards, a virtual balance.
depth 1856-96 1922 1931 1956 Further indications of interactioning within
A, Treasure the system are the relations between sedimen-
Island to tation in Suisun and San Pablo Bays. In this
H‘{}ltlers Pt.: instance the coincidence of survey dates with
ong{ﬁg’n the dry period 1922-30 is advantageous. Be-
ewyds. .| —20.3 | ... .. —477 tween 1826 and 1941 Suisun Bay was subject
Depth, ft...| — 1.10 |..........[......... - 1.7¢ to scour except for the dry period 1922-80. San
B,tH%réteSrs Pt. Pablo Bay between 1886 and 1951 experienced
Beunor accretion except during 1922-30, when scour
Volume, occurred the reverse to Suisun Bay. There is
million ) ) little doubt that normally the heavy sedimenta-
Depf?ﬁl' fﬁgds-- i‘%-go :10?-,?0 :9?25 tion in San Pablo Bay reflects heavy floccula-
C, Pt San ’ ; | tion and that during 1922-30 the migration into
"Bruno south; Suisun Bay of the saline—fresh water interface
Volu_ﬁ{e, resulted in the reversed pattern for both bays.
milhion
Deptie 5| L0851 Z'00s | Z%30  TABLE 24.— Historical botiom elevations (MLLW)
Total: along north side of dike 12, certain years
Volume, Distance along dike crest from east end
gzlillri;:ir; P —178.5 Year 200 ft.
Depth, ft.."| — 0.80 | ... < oo P0Teet | BOODfeet | TI00 feet | B0 e
Island. Figures 16, 17, 18, and 19, showing the  1856.... .. Fial "] M| | T
shoal areas and typical cross seetion of themajor 1878l [ —20
bays and the wind roses at strategic points, in- %ggg ------ e O Ot O
dicate the extensive areas of the system subjeet 1951 7| ooy Yoo iy 0 _g
to wind action.

Interactioning Within the System

An interchange of water volumes, concen-
trated at the turn of the tides, occurs between
the Scuth Bay and the north bays with conse-
quent interchange of sediment volumes. Much
more coordinated prototype data coupled with
model tests are needed to prove the workings of
this sediment interchange. Figure 20 and table
25 present data of interest but are inadequate
to form a base for firm conclusions. Over the
101-year period, the South Bay has undergone

1 Shoreline.
Environmental Aspects

From the biologieal environmental viewpoint,
the most important character of the Bay system
is the prevailing shallowness of the bays, with
a few such exceptions as Golden Gate, Carquinez
Strait, and Raccoon Strait. Depths 15 feet and
less helow mean sea level occupy 70 percent of
the total water area, and at —20 feet the water
would be but 21 percent of the total at mean sea
level. This condition ean be highly productive

TABLE 23.—San Francisco Bar and edjacent offshore area sediment volume change

Cumulative
sediment
Area, volume, and depth 1865-73 1873-84 1873-1900 1884-1900 1900-1956 volume
change
Inner slope above 60 ft.—11 guads,:
Volume................. million cubic yards. . —44 —61.5 —17.6 +43.9 +29.0 +7.0
Depth....... . ... .. ... . feet. . —0.36 —5.16 —1.47 +3.69 +244 | ...
Crest inside $6-foot contour——11 quads.:
Volume................. million cubic yards..|] --18.2 —18.2 —10.3 +7.9 +11.0 -174
Depth.. ... .. ... ... .. .. . feet. . —1.53 —1.53 — .87 +0.66 +093 ... ...
Quter slope above 60 ft.—18 quads.:
Volume................. million cubic yards. . —20.4 —63.6 —-53.1 +10.5 —8.3 —81.8
Depth. ... ... feet. . —1.04 —3.26 —2.73 +0.54 —043 ... ...,
Miscellaneous—below 60 ft.—10 quads.:
Volume................. million eubie yards. . +13.1 —38.5 —23.6 +14.9 +17.7 +7.2
Depth..... ... .. ... ... . ... ... feet. . +1.21 —3.55 —2.18 +1.38 +1.63 |..........
Entire 50 quads,:
Volume.............. ... million cubic yards. . —29.9 —181.8 —104.6 +77.2 +49.5 —85.0
Depth. . ... ... ... ... ... ...... feet. . —0.54 —-3.38 —1.93 +1.43 +0.91 —-1.5
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TaBLE 25.—Adjusted historical sedimentation, San Francisco Boy System, 1855-1956

Net sedimentation, 101
Cyele vears!
Area Accretion Scour
Rate Total
Years Rate Volume Years Rate Volume volume
Suizun Bay, except Feet 108 ewt, el Feet 160 o, g
Grizzly Bay . .. ... 1855~ 86 (31 | 4+ 1.85 + 0T |
Do e 1886-1922 (36) | — 0.95 =342 | ...,
Do.......... 1922—- 30 {8) + 1,24 89 | e
Do, oo e 1930- 56 (260 | — 1.57 =403 |
Grizzly Bay........ 1855~ 86 (31} ; + 1.68 + B2 |
Do oo 1886-1956 (70) | — .02 — 14| e
Subtotal......|.............. ... 41194 | —75.7 +0.43 + 43.7
Carquinez Strait....| 1855- 86 (31) | + 2.41 + TAT | e
Do.......... 1886-1922 (36) | + .30 4+ 100 e
Do. .1 1922- 56 (34) | + .62 2L | e
Subtotal......[...............|[......... 41068 1. +1.06 +106.8
San Pablo Bay...... 1855~ 87 (32) | +10.45 H8344d | e
Do........... 1887- 99 (12) + 4+ 41 S 35 2 U DR DAY I IR
Do........... 1899-1922 (23} | + .66 e 3 0 P 1Y PO Pt FDUNDINY I
Do, ..o oo, 1922—- 390 (8) —11.2 =896 . . ...
Do........... 1930- 56 (26} | + 5.35 41390 [oo e
Subtotal . .....|. ... ... ... .. ... +539.5 .. L —89.6 +4.45 +-449.9
North S8an Francisco
AV . e 1855- 95{(40) | — 063 — 25| ... ... .. .......
Do......... 1895-1916 (21) | 4 2.23 + 469 ... ... B Y
Do......... 1916- 56 (40) | + 3.8 FI52.0 1. e e
Subtotal. ... .|.............. | ... . ... 41989 5. ... - 25 +1.94 +196.4
Golden Gate........1............ ... .. .. 1856~ T3 (18) | — 045 [ — 81 [ ........|..........
Do oo 1873~ 94 (21) [ — 168 — 853 | ........|..........
Do............ 1894-1956 {62) | + 0.53 4+ 826 |
Subtotal,.....|.........covviifene ... 4828 e — 43.4 —0.11 — 108
South San Francisco
- U A B 1855- 96 (41) [ — 1839 | — B5.6 | ........|..........
Do. ..o 1896-1956 (60) | — 1.965| —117.9 . ........|..........
Subtotal......[....... ... ..ol —173.5 -1.72 —173.5
Total, San
Francisco
ay. ... ... 18551956 + 9.87 +997.2 | 1855-1956 — 3.81 | —-3847 +6.06 +612.5
San Francisco Bar...|... ... ..... .| ... ... ... . ... ... 1855- T3 {18) | — 166 | — 2991 . ... ... | .........
Do, oo 1873~ B4 (11) | —1663 | —-1818 ;... ... ....|..........
Do.......... 1884-1900 (16) | 4 4.83 B o =3 IR DU RN SN DU,
Do. 4 1900- 56 (66) | + .88 495 | e
Subtotal .. ....|...............|......... 1267 | —211.7 — .84 — 850
Total, Bay plus
San Francisco
ar.......... 1855-1956 11,13 | +1,123.9 | 1855-1956 — 591 | —596.4 +5.22 +527.5

! Adjustment to 101 years made by extending back to 1855 or forward to 1956 for areas lacking data from 1855 or to 1956
at the rates of the nearest cycle in time,

for aquatic life, emergent and nonemergent
vegetation, and shore life. Normally estuarine
conditions inhibit great population concentra-
tions of marine life, but for the Bay system
large areas of relative quiescence are conducive
to bottom life such as oysters. The productive

oyster bed area for the system has been esti-
mated at 170,000 acres of bay floor with a
potential yield up to 400 million pounds a year
(6). Also the mud flats and shallows, in addi-
%_i%)n to oysters and clams, support shore bird
ife.
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Sedimentation by affecting turbidity and
being the chief carrier of nutrient material for
the estuarine biota is an important basie factor
in the biotic environment. Parallel factors of
equal rank are the saline and temperature gra-
dients throughout the system (4, 5).

Hence, any major displacement of sediment
volumes between bays resulting from ecyclic
changes such as the wet-drought eycle or arti-
ficial redeployment of basic areal characteris-
ties would have major effects on the environ-
mental conditions sustaining the biota. Essen-
tially such major displacement would come
from altered salinity, thereby changing the
floceulation pattern, altered tidal current
strengths, direction and phasing affecting depo-
sition and turbidity, altered bottom configura-
tions affecting depths, and corresponding
habitats.

1)

(2)

(3)

4)

(5)

(6)

1957,
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MODEL TESTS OF SHOALING AND OF DREDGE SPOIL
DISPOSAL IN SAN FRANCISCO BAY

[Paper No. 71]

By W. J. HOMAN, supervisory civil engineer (general), and E, A. SCHULTZ, supervisory hydravlic engineer
(research), U.S. Army Engineer District, San Francisco

Abstract

San Francisco Bay has an area of 486 square
miles. The tributary ares is 62,920 square miles.
Much of the Bay is very shallow: 70 percent is
less than 20 feet deep. The average annual silt
deposition rate has been about 6,000,000 cubic
yards. Estimated future sediment inflow is 5,-
840,000 tons a year.

There are 17 authorized navigation projects
in the Bay system below Carquinez Strait. The
Federal Government spends about $2,270,000
annually for maintenance dredging. Dredge
spoils are dumped in deep sections of the Bay.

Mode! tests indicate approximately 30 per-
cent of the material dredged from the Oakland-

Alameda area is carried to sea and about 4 per-
cent returns to navigation channels; and that
dredge spoils can be dumped more than 1 mile
closer to the point of origin without detrimental
results. Model tests of Mare Island Strait in-
dicate similar possibilities. Material originally
deposited in shallow areas may be resuspended
by wave action and returned to navigation
channels,

Model tests of remedial works at the Alameda
Naval Air Station indicate possible sediment re-
ductions of as much as 69 percent.

Savings in maintenance dredging as a result
of model studies are expected fo far exceed the
cost of such studies.
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Introduction
The Bay

San Francisco Bay, shown in figure 1, con-
tains one of the largest and most important port
complexes on the west coast of the United
States, and is also the discharge point for the
largest drainage basin in the State of Cali-
fornia — the Sacramento-San Joaquin River
system, which drains the great Central Valley
of California. The active area contributing to
the discharge into San Francisco Bay contains
48,883 square miles. There is an additional area
of 14,037 square miles that is normally land-
locked, but which, during extreme wet cyecles,
might contribute to the discharge into the Bay.
The total tributary area is thus 62,920 square
miles, or about 40 percent of the total area of
the State. This area is shown in table 1.

TABLE 1.—Area tributary to San Francisco Bay

Area Drainage size

Square miles

Sacramento River Basin. . . ... .......... ... 26,322

San Joaquin River Basin.................... 19,096

Small streams discharging directly into Bay. . . 3,465

Total. . ... ... ... .. ... . 48,883
Tulare Lake Basin (south of San Joaquin

Basin)......... ... .. ... ... 13,625

Goose Lake Basin (north of Sacramento
Basin). . ... .. ... ... .. 412
Grand total. . ......................... 62,920

Although the channel through the Golden
Gate has a maximum depth of about 385 feet,
San Francisco Bay, as a whole, is relatively
shallow and bordered by extensive areas of
“tidelands” that are exposed at low tide. There
is also a crescent-shaped bar about 5 miles sea-
ward from the Golden Gate. The natural water
depth at the deepest point over the crest of this
bar is about 34 feet at mean lower low water.
The area inside the Golden Gate below the junc-
tion of the Sacramento and San Joaquin Rivers
at Collinsville, which excludes the Sacramento-
San Joaquin Delta with an area of about 34,000
acres at mean sea level, at various elevations,
and percentage of area at mean sea level at
these same elevations is shown in table 2.

Sedimentation

A recent estimate, by the U. S. Geological
Survey, of silt expected to be discharged into
the Bay system under future conditions is 5,-
840,000 tons a year. About 1,940,000 tons (1,-
600,000 cu. yd. at 90 Ib. per cu. ft.) is deposited
in the Sacramento-San Joaquin delta, leaving a
balance of 3,900,000 tons entering the Bay
proper. This is made up chiefly of fine particles
in a collodial or semicolloidal suspension. Much

TABLE 2.—Area at vartous elevations in San
Francisco Bay, 1962

Area at
mean sea
level

Elevation Area Area

Square
Acres miles Percent

278,600 435 100
294,400 460 106

Meansealevel. ......... ...
Mean higher high water. . ...

Mean lower low water. . . ... 253,400 396 91
— 5 feet mean sea level.... .| 199,000 311 71
—10 feet mean sea level.. . .. 138,500 216 50
—15 feet mean sea level. ... . 101,700 159 37
—20 feet mean sea level.... .| 87,600 137 32

of this material is precipitated by flocculation
on contact with salt water and deposited in the
Bay. Sediment originally deposited in shallow
areas may be resuspended by wind and wave
action and a part of material thus resuspended
may be deposited in navigation channels or car-
ried to sea through the Golden Gate. The total
volume of shoals formed in the Bay is depend-
ent on the inplace density developed by the
sediment. Available data indicate average in-
place densities ranging from 30 to 40 pounds
per cubic foot, which is equal to a total sediment
inflow between 7.2 and 9.6 million cubic yards
a year.

A study of the historical shoaling pattern of
San Francisco Bay shows somewhat extreme
variations. These studies also show nonuni-
form distribution throughout the Bay; in fact,
there have been periods of degradation in almost
all sections of the Bay and there appears to be
a long time trend of degradation in the South
Bay. Studies of the shoaling pattern and trend
for the 101-year period from 1855-1956 indi-
cate dn average annual deposition of 6,060,000
cubic yards for the Bay as a whole. These
studies are based on a comparison of water

- depths as obtained from navigation charts and

surveys by the U.S. Coast and Geodetic Survey.
There is some question as to the accuracy of
some of this work, due in part to changes in
both vertical and horizontal controls. However,
findings are believed to be indicative of long
time trend. Findings for the 101-year period
are shown in table 3.

Tides

Tides in the San Francisco Bay system are of
the mixed type; there being two high tides and
two low tides during each lunar day of 24 hours
and 50 minutes. There is a marked and con-
stantly changing difference in these tides.
There is likewise a difference in the type of tide
in the southern section of the Bay and in the
central and northeru section and up the Sacra-
mento and San Joaquin River channels. Water
surface elevations in the Sacramento River are
affected by tides »s far upstream as the vicinity
of Knights Landing, some 20 miles above Sacra-
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TABLE 3.—Adjusted hislorical sedimentation, San Francisco Buay system, 1855-1956

Net sedimentation,
Cycle 01 years!
Area Accretion Seour
Rate Total
Years Rate Volurme Years Rate Volume volume
Feet 108 eu. yd. Feel 106 cu. yd. Feet 105 eu, yd.
Suisun Bay, except
Grizzly Bay. .. ... 1855~ 86 (81) | + 1.85 4 BT e
Do.. ... e 1886 22 (36) — 0.95 =842 | ...
Do.......... 1922- 30 (8) + 1.24 + 0.9 |
C Dol 1930- 56 (26) | — 157 | 401 | ..l il
Grizzly Bay........ 1855~ 86 (31) | + 1.68 + 52 .
Do oo e 1886— 56 (70) — .02 — 14|
Subtotal........[......... ... .0 .. ... ... H1194 [ —75.7 0.43 + 43.7
Carquinez Strait. .. .| 1855—- 86 (31) + 241 4 OTAT e
Do.......... 1886— 22 (36) + .30 4 100 fo e
Do.......... 1922—- 56 (34) + .62 2L |
Bubtotal . ... .. .| ... ... F106.8 | ..o -+-1.06 +106.8
San Pablo Bay...... 1855— 87 (32) +10.45 43344 |
Do........... 1887- 99 (12} + 41 4 4 e
Do........... 1899- 22 (23) | + 2.66 4 611 |
Do 1922— 30 (8) —11.2 =896 |......... oo
Do........... 1930— 56 (26) 4+ 5.35 189 |
Subtotal....... .| .. .... ... ... . 4B39D | —89.6 +4.45 +449.9
North San Francisco
ay. ... B S S 1855- 95 (40) | —0.083 1 — 2.5 (... ... ... .. ...,
Do......... 1895— 16 (21) +2.23 + 489 ... e
Do......... 1916 56 (40) + 3.8 152,01
Subtotal. ... ... ... ... ... 1989 | - 2.5 +1.94 +196.4
Golden Gate,.......|........cvovinnne 1855- 73 (18) —0.45 — Bl ... ..
Do, 1873- 94 (21) —1.68 — 852 |
Do............ 1894- 56 (62) | 4+ .53 4 0328 | e e e
Subtotal. .....|. ... ... ... ... ... ... 4+ 826 ... — 434 — .11 — 10.8
South San Francisco
- O 1855- 96 (41) | ~-1.39 — BB6 ..
Do. .o 1896- 56 (60) —1.965 —117.9 (...
Subtotal. ... .| ... .o —-173.5 —1.72 —173.5
Total, entire San
Francisco Bay. .. .} 1855- 56 + 9.87 +997.2 | 1855~ b6 — 3.81 —384.7 +6.06 +612.5
San Franecisco Bar. . .|........... ... . ... ... ... ... ... 1855~ 73 (18) | —1.66 — 299 [, ...
Do, o . 1873~ 84 (11) —16.53 —181.8 |. ... ... .
Do........ 1884— 00 (16} + 4.83 % O e
Do. 1300- 56 (56) | + .83 +49.5 | e e
Subtotal......|..... ... ... .0 . F12B7 | —211.7 — .84 — 85.0
Total, Bay .
plus Bar....| 1855-1956 11.18 +1,123.9 | 186561956 —591 —b96.4 +5.22 +527.5

! Adjustment to 101 years made by extending back to 1855 or forward to 1956 for area lacking data from 1855 or to 1956

at the rates of the nearest cycle in time.

mento; and on the San Joaquin River to a few
miles upstream from the Mossdale
where Highway 50 crosses the river. Tides in
the South Bay are predominantly of the stand-
ing wave {ype, which results in very poor cir-
culation in the southern section of the South
Bay. Those in the central and northern section
are of the progressive wave type. Tidal heights

Bridge

are shown on the tidal reference plane chart
ficures 2 and 8. Tidal elevations referred to
mean seq level at the Golden Gate and ranges
at various key points are shown in table 4.

Maintenance Dredging

The Federal Government spends about $2,-
270,000 annually for maintenance dredging in



712 MISCELLANEOUS PUBLICATION 970, U.S. DEPARTMENT OF AGRICULTURE

@ DISTAMCE \m miLE3 FADM COLOEW GATE BAIOGE ——
COWFL S L RIVERS

v el :-esv uln o ot i
- T AT POMT
- T ol OLgEN caTe o B[ a -
S et NTO S WATED BA SF m TEATENY BT Lot T sAN PARLD HERCWLFS CNOCKETT PORT Creagd CHIPSS 1N COLLMSYILLE.
-y wur 223 A ] 230 £ no “o 503
PRES D
|
- 30 i © ) ol - 0
i

R

0l
| | il
. i = I i -1 AT T I
| ¢ inEST ToE LESL b | '\\ |
e I s i \1‘ o
T T T
i I il |1
| ; t 11 i I
i A
——H Ak b
\1|‘ w1 — e p == L —k“! s
| = e syl [ \I_/ |
At plrrgro |
S —— 1 ! o — : I ‘i |
HiDBInD
© 4 1 - 4
i [T 170
- Lgpm vane moety ——1—-—r~rH | e b
Z un =T I I m— bt 4
z \ f R TR
2 | | Lt |l
] I Lol o ¥
3 L] b T e T T A
| ‘ i | Il’ 1 f \
—==t—r— ‘--L—L"_?-h‘ 3L'+| E PN i H
LW — T T Tt T
' i HEENE I
i N ||/ IRERIED
| Pl P!
=== AT
i i AR SR
T
[ | I ] ] |1 |
1] 4 Ml’!'l [ || 1'
| | | i
——— et ToE (E8TH] II ! H E i |J l‘
i T T |
I | [ I | |
| [ b 1 I |
| | | Ty 1! [
| bl A I
| L] I 4]
] 20 | m‘[ -
[ CISTAWCE 1% 3TATUTE mmE$
AT PIOOE I ‘
s o ez ! o 51 e PRI -l IS N
w———— ( MUTH] ¢ BRIDEE [ NATH ) SACRAMENTO
FcALE RIVER
HONIZOWTAL 1"+ 5 MILES {STATUTE)

VERTICAL  1"- ) FOOT

BOTES

I ELEVATIONS FOR ALL TIDAL PLAMES TAKEN FROM LATEST
AVAILABLE US.C & G.5 OATA, AS GIVEN IN 175 MaRCr 'S8 FOLDER.

2 (13TMCES SCALED FROM US.C. & G.5 HYDROGRAPHIC CHARTS
ALOME MAIN GHANMELS. { SEE TABLE 7, DATA BOOK}

3 DrSTANCES SHOWN SEPARATELY FOR THE SACRAMENTD AND
SAN JOAQULM ARE TAWEW FROM SACRAMENTD DISTRICT PROJELT
MAPS FOR THESE TWO RiVERS.

F1curE 2. — Tidal reference plane chart, San Francisco Bay.
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FIGURE 3. -— Tidal reference plane charts, Sacramento and San Joaquin Rivers.
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TABLE 4.—Tidal elevations end ranges in San
Francisco Bay

Esti- | Esti-
Mean | Mean mated| mated
higher| lower |Mean|maxi-| mini- | Maxi-
Location high low range | murn | mum mum
water [ water high low range
water | wafer
Feet Feef Feef | Feel Feel Feel
Golden Gate. . .. .. 26| —81 | 57|51 —5.61| 107
Point-S8an Pablo...| 29 | —3.0 | 5.9 | 5.6 | —5.4 | 11.0
Selby............ 321 —-31 (63 (59| —51 1110
Benicia.. ... PO 33| —25 58|60 —45 | 105
Confluence of
Sacramento and
San Joaquin :
River. ... _..... 33| —11 {4460 —25 8.5
Hunters Point. ... . 33| —38 (66| 57| —5.6| 11.6
San Mateo Bridge .| 85 [ —3.8 | 7.8 | 6.2 | —6.3 | 12,5
Dumbarton Bridge. | 4.1 | —4.3 | 84 | 6.8 | —6.7 | 13.5
Alviso (South end
of Bay)......... 44 —46 |90 |69 | —7.1 | 14.0

the San Francisco Bay system downstream from
Carquinez Strait for the removal of almost
8 million cubie yards of silt from navigation
channels. There are in this area a total of 17
authorized projects ranging in depth to 50 feet.
The location of these authorized projects is
shown on the map in figure 1. The estimated
average annual shealing rates and authorized
depths of these projects is shown in tahle 5.

MISCELLANEOUS PUBLICATION 970, U.S. DEPARTMENT OF AGRICULTURE

to the confluence of the Sacramento-San Joaquin
River mear Collinsville, and 17 miles of the
Pacific Ocean beyond the Golden Gate. The
ocean floor is reproduced to the 140-foot depth
contour. A considerable area beyond this depth
is included to provide space for the primary in-
flow—outflow headbay. It is one of the largest
tidal models in the world. The model is built of
reinforeed concrete and is of the fixed-bed type.
The model floor, except the ocean area, was cast
in sections approximately 12 feet square with a
gerewjack resting on a concrete footing under
each eorner, to provide means of adjusting for
any differential settlement. The linear secale is
1:1,000 horizontally and 1:100 vertically. Sa-
linity in the medel is maintained at the same
concentration as the prototype. Other secale re-
lationships are shown in table 6.

TABLE 6.—Secale relationships in model of San
Francisco Bay

TABLE 5.— Authorized navigation projects, project
depths, and annual shoaling rates, San Franeisco

Baoy
Authorized Shoaling
Project or faeility! depth rate

Feet Cubic yards
Mare Island Strait. .. ............ 30 to 26 1,856,000
Pinole Shoal Channel. ... ..... ... 35....... 325,000
Oakland Outer Harbor. . . ..... ... 35....... 550,000
Oakland Inner Harbor. . ....... ... 30 to 25 400,000
Oakiand Naval Supply Depot!..... 35....... 300,000

Oakland Inner Harbor Approach
Channel. ...... . ... ... ... ... 30....... 80,000
Alameda Naval Air Station®..... .. 42, ... ... 1,000,000
Richmond Quter Harbor. ... . ... 36....... 400,000
Richmond Inner Harbor., .. .. ... 35to0 30 350,000
Islais Creek................ ... .. 35....... 50,000
San Bruno Shoal. ., .............. 30....... 275,000
Redwood City Harbor......... ... 30....... 250,000
Main Ship Channel (over the bar), .| 50....... 625,000
Point Molate Naval Fuel Depott. . .| 45 to 35 95,000
Hunters Point Naval Ship Yard'...| 45 to 30 462,000

Port Chicago Naval Ammunition
Depot®z, . ... ... ... .. ... 32to15.. 72,000
Mare Tsland Naval Ship Yard!. .. | 80t0o26..| 752,000
Total........ ..o 7,842,000

1U.S. Naval facility; all others are authorized Corps of

Engineers’ navigation projects.

2 Indicated as Concord N.A.D. on figure 1.

The Model

The San Francisco Bay model, which includes
most of the area outlined on the map (fie. 1),
includes the Bay proper and the lower reaches
of tributary streams that are affected by tides

Item Model Prototype
Velocity....... 1 ft./sec.. .| 10 ft./sec.
Time. ........ 0.6 min....| 1 hr.
Do ......... 1 min.. .. .| 1 hr, 40 min,
Do ......... 144 min.. .| 1 solar day (24 hr.)
Do ......... 149 min.. .| 1 lunar day (24 hr. 50 min.)
Do ......... 14.9 min.. .} 1 tidal cycle.
Do .. ... ... 7.2 hr.. . .1 30 days (1 month)
Discharge. .. .. 1lefs. ... 1,000,000 e.l.s.
Do ..... 1 g.pm....| 1,000,000 g.p.m.
Volume. ... ... 1 cu. ft.. . .| 100,000,000 cu. ft.
Do ....... 1 cu. ft.. . .; 2,296 acre-feet (approx.)
Area (plan)... .| 1 sq. ft.. . .| 1,000,000 sq. ft.
Do ....| 1sqg. ft. 23 acres {approx.)
Do woo.| 1sq. ft. .. .| 0.03 sq. mi. (approx.)
Area (cross
section). . ... 1 sq. ft.. . .1 106,000 sq. ft.

Tides and currents are reproduced by the
movement of adjustable valves to vary the in
flow (delivered by pumps) and the outflow (b;
gravity) by which the water surface is raisec
or lowered at the rate required to simulate tida
action. Inflow of tributary streams is intro
duced and regulated by weirs and meters by
which the fresh water discharge of all signifi
cant tributaries ean be reproduced to scale.

Shoaling Tests Techniques
Material

Shealing is simulated in the model by inject
ing finely ground gilsonite, which is a type o
oil shale occurring in nature and having a spe
cific gravity of about 1.04. This material is in
jected into the model as a slurry confainin:
from 50 percent to as much as 95 percent wate:
Dyes and other liquid tracers may also be use
to an advantage under certain conditions-to de
termine current patterns. Before gilsonite i
injected into the model, it must be thoroughl
wetted to prevent éxcesg flotation and washe
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to prevent excessive discoloration of water in
the model.

Model Capabilities and Limitations

It has been found by experience that a hy-
draulic model, such as that of San Franciseo
Bay, can be operated so as to reproduce in the
model siltation and shoaling patterns similar to
those that occur in the prototype. However, it
must be recognized that the model cannot repro-
duce all of the conditions that prevail in nature.
The relation between sedimentation and shoal-
ing as it occurs in nature and that which can be
reproduced in the model is qualitative only; it
being impossible to reproduce and measure in
the model to model scale deposition of the same
quantity of material as takes place in nature.
However, for many conditions the percentage
distribution of deposition as it occurs in the
prototype can be reproduced in the model, which
is entirely satisfactory for most purposes. One
reason for the inabilify to reproduce depositions
in the model bearing a direct quantitative rela-
tionship to those that occur in nature is the vol-
umetric scale relationship, which is 1:100,000,-
000. At this scale 1 cc. of material in the model
would represent approximately 131 cubic yards
in the prototype and if an attempt were made
to maintain this relationship the amount of ma-
terial deposited in navigation channels would
be so small as to render reliable measurements
almost impossible. Some other limiting factors
are:

1. Flocculation, which takes place in nature
when silt-laden fresh water comes in contact
with salt water, thereby causing precipitation
of finely divided suspended solids thaf are col-
loidal or semicolloidal in nature, cannot be re-
produced in the model because materials used
in the model to simulate silt (usually gilsonite)
does not flocculate.

2. No practical methed has been found to
reproduce in the model the action that takes
place when material that has been precipitated
in shallow areas during calm weather is dis-
turbed and comes back into circulation as a re-
gult of wind and wave action.

Type of Tests

Tests conducted in the model fall in two gen-
eral categories: (1) “base,” or verification tests;
and (2) “plan,” or improvement tests. The ob-
ject of “base” tests is to reproduce in the model
the same distribution of shoals or sedimentation
in a specific area of the model that takes place
in the prototype. “Plan” tests have as their ob-

1 A manual on “Operating Procedures for Conducting
Shoaling Studies in Model of San Francisco Bay,” dated
August 1962, prepared by the San Francisco Districet,
Corps of Engineers, provides detail information on the
technique of conducting shoaling tests.

jective the determination of the effects of im-
provements on the sedimentation and shoaling
pattern. For certain “base” tests, such as
dredge spoils disposal areas, prototype data may
not be available; therefore, the “base” test con-
sists of observing and measuring the distribu-
tion of the material in the model, then modify-
ing certain conditions such as the point at which
dredge spoils are dumped; repeating the test,
and noting and comparing the effect on shoal-
ing in the model.

Model Tests

Verification

The first step of any shoaling test is to repro-
duce in the model the same shoaling pattern in
the problem area as takes place in nature. (Hy-
draulic and salinity verifications are assumed to
have been accomplished.) This is a trial and
error procedure. Perhaps the most critical item
is selection of injection points or ranges. The
test material (gilsonite} is injected into the
model in one or more areas near the problem
area at locations that appear to be on the line of
travel of sediments deposited in the problem
area. Injections are continued over several tidal
cycles, then operation of the model continued
for several more cycles after injection has been
stopped to accomplish complete distribution of
the material injected. This operation is usually
continuous until there is no appreciable amount
of mafterial remaining in suspension. The ma-
terial is then recovered from each of the sepa-
rate sections into which the problem area has
been previously divided and measured and the
percentage of distribution of material so re-
covered compared with the percentage distribu-
tion of shoaling as it occurred in the prototype.

Sometimes very close verification can be ob-
tained. At other times or under other condi-
tions only approximate verification is obtain-
able. This latter condition occcurs more often in
a case of deadend channels. Due to the charac-
teristics of gilsonite, it is not transported into
these deadend channels to the same extent that
gilt in the prototype might be so transported.
Careful records must be maintained of the total
quantities of gilsonite injected at each range
and of the location of each injection point, since
plan tests reguire close reproduction of the in-
jection schedule.

Dredge Spoils Disposal Tests

Model tests were conducted to check the
merits of present areas used for dumping ma-
terial dredged from three of the problem areas
and of the results to be expected if these areas
were relocated closer to areas from which the
material was dredged as follows: (1) Oakland
Immer and Outer Harbor; (2) Alameda Naval
Air Station; (3) Mare Island Strait. Dumping
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F1GURE 4. — Model of Oakland Harbor and Alameda Naval Air Station.

areas presently used and alternate areas tested
in the model for Oakland Inner and Outer Har-
bor and for the Alameda Naval Air Station are
shown in figure 4. Similar information rela-
tive to Mare Island Strait is shown in figure 5.
“Basze” tests consisted of injecting gilsonite at
points currently used and observing and meas-
uring its distribution through the Bay system.
“Plan” tests consisted of making similar injec-
tions at alternate locations ; observing and meas-
uring the distribution and comparing the re-
sults with the “base” tests to determine the
merits of the alternate locations. ’

Oakland Inner and Outer Harbor

The presently used disposal area of material
dredged from this facility is in deep water on
the west side of Yerba Buena Island and about
7,000 feet northwesterly from the wegterly end
of the entrance channel to these facilities, desig-
nated as area 1 on the map (fig. 4). Dredge
spoils are dumped at this place at any time

without regard to the direction of flow of the
tide. For the “base” tests a continuous injec-
tion amounting to a total of approximately 150,-
000 ce. of gilsonite was made at this point, In
order to determine the feasibility of moving the
dredge spoil disposal area nearer to the project
and thereby reducing travel time and distance
for the dredges, two alternate locations desig-
nated as areas 1A and 1B on the map (fig. 4),
and located nearer the project area, were tested
by injecting similar amounfs of gilsonite in
ghese locations. The results are shown in table

Very little difference occurred in the distribu-
tion of dredge spoils dumped at the three areas
congidered (table 7). Tests indicate that, on an
average, less than 4 percent of material dumped
at any of these locations is redeposited directly
in navigation channels in the Bay system, and
approximately 30 percent of the dredge spoils is
carried directly to sea through the Golden Gate.
It also appears that approximately 65 percent
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FIGURE 5. — Model of Mare Island Strait.
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TABLE 7.—Comparison of ‘buse’” and |“plan’ tests
of dredge spoil disposal areas for the Oakland-
Alameda group projects

Gilsonite deposits of total
quantity (ce.) injected
Projects
Area I Area 1A | Area 1B
{base) {plan) {plan)
Pel. Pel. Pet,
Richmond Harbor Channels. . ., 0.73 0.65 0.60
Oakland-Alameda Group
projects. .. ... .. ... ... ... .. .84 37 1.02
Hunters Point and Islais Creek. .08 A1 .18
San Bruno Shoal, South Bay. .. .35 .30 A4
San Franeisco Pier Slips. ... ... 67 70 76
Pinole Shoal, San Pablo Bay...|........ A0 12
Richardson Bay Channel. ., ... 12 .16 16
Main Ship Channel over Bar. ., .26 .60 .60
(1) Bubtotal, navigation
facilities. . ............ 3.65 2.99 3.88
(2) Richardson Bay, outside
of Channel {measured). 45 .64 .62
San Francisco Bar, south. . 7.78 7.89 5.84
8an Francisco Bar, north . . 3.18 2.45 2.58
(8) Subtotal outside of
Golden Gate minus
bar channel......... .. 34.72 23.18 29,36
(4} Subtotal interior Bay,
outside of navigation
facilities (estimated)
Minus (2) Richardson
Bay)................. 81.18 | 73.19 | 66.14
Totals (1), (2), (3),
and (4).............. 100.00 | 100.00 | 100.00

of the dredge spoils is redeposited in parts of
the Bay outside of navigation projects. It is
probable that a considerable part of this ma-
terial may be resuspended by wind and wave
action. An indeterminate amount of the resus-
pended material would be deposited ultimately
in navigation channels. A considerable part
would also be carried to sea through the Golden
Gate. Tentative conclusions derived from these
fests are that alternate or “plan” areas can be
used for digposal of dredge spoils without detri-
mental effect, and a worthwhile savings thus
accomplished through reduction of haul dis-
tance,
Alameda Naval Air Station

Test procedure for this facility were similar
to those for the Oakland Inner and Quter Har-
bor. In figure 3, the presently authorized spoils
disposal area designated as area 2 on the map
is located some 7,000 feet southerly from the
westerly end of the approach channel and the
alternate or “plan’ area designated as area 2A
is located on the prolongation of the centerline
of the approach channel. The use of this latter
area would result in a decrease of approximately
2 miles in the haul distance from the project
to the spoils disposal area. The results of the
teats of these two areas are shown in table 8.

There is very little difference in the disper-
sion pattern of material dumped in either of

the two areas (fable 8). In fact, the tests indi-
cate that the plan area (area 2A) has a slight
advantage. The distribution pattern is very
gimilar to that for the Qakland Inner and Outer
Harbor. About 4 percent of the material is
deposited in navigation channels and 25 per-
cent to 30 percent is earried out to sea through
the Golden Gate. Tentative conclusions are that
the plan area (area 2A) can be adopted without
detrimental results, and an appreciable savings
in dredging costs accomplished through reduc-
tion of hauling distance.

TABLE 8.—Comparison of ““base’” and “plan’’ tests
for dredge spoil disposal areas for Alameda Naval
Air Station

Gilsonite deposits
of total quantity
{cc.) injected
Location
Area 2 Area ZA
(base) (plan)
Pel. Pet.
Richmond Harbor channels. .. ....... .. 0.45 0.64
Oakland-Alameda group projects. . .. ... .28 .40
Hunters Point and Islais Creek......... 15 .15
San Bruno Shoal, South Bay........... 1.63 1.02
San Francisco Pierslips. . ............. 1.09 .88
Pinole Shoal, San Pablo Bay........... 12 .22
Richardson Bay channel .. .......... ... .09 A1
Main Ship channel over bar............ .23 .13
(1) Subtotal in navigation facilities. .. 4.02 3.55
(2) Richardson Bay, outside of
channel {measured)............ 0.37 0.45
San Francisco Bar, south......... 5.10 3.63
San Francisco Bar, north....... .. 1.72 1.65
{3) Subtotal outside of Golden Gate,
minus Bar channel. .. .......... 31.09 21,78
{4) Subtotal interior, cutside of
navigation facilities (estimated)
minus (2} Richardson Bay...... 64.52 | 74.22
Totals (1), (2), (3), and (4)...] 100.00 | 100.00

Mare Island Strait

Avreas currently used for disposal of dredge
spoil and the area tested in the model for this
facility are shown in figure 5. At this facility
dredge spoils are dumped during and at ebbtide
at area 4, located downstream from the mouth
of the Strait; and on floodtide at area 5, located
upstream from the mouth of the Straits. Two
separate “base” tests were conducted at this
location, one during which injections were made
only on the ebb at area 4, and one during which
injections were made only on the floodtide at
area 5. Inthe “base” tests approximately 50,000
ce, of gilsonite were released in each area. For
the plan test at area 44, injections were made
continuously through both the ebb- and flood-
tide and approximately 100,000 cc. of gilsonite,
or twice the quantity used for each of the indi-
vidual plan tests, was injected. The distribution
pattern of each of the ‘“base” tests and of the
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“plan” test and a comparison of results is given

in tables 9, 10, 11, and 12.
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TABLE11.—Spoildisposalarea }A (plan), deposition
within and without navigation channels and slips

. . . Gilsenite deposits
TABLE 9.—Spoil disposal area 4 (base), deposition Porcent
within and without navigation channels and slips Project Cabie | of total
nti-
Gilsonite deposits meters | injected
i . Percent Pinole Shoal, San Pablo Bay............ 5,075 5.4
Froject Cubie | of sotal Mare Island Strait..................... 4,655 | 4.9
meters | injected Suisun Bay Channel. .. ................ 1300 ]
Pinole Shoal, San Pablo Bay........... 5,765 1.5 Total. . e 10,020 | 106
Mare Island Strait.................... 2,410 4.8
Suisun Bay Channel . ,................ 150 1 Outside of Golden Gate, no evidence of
deposit. . ... ... i
Total....... ... ... ... ... ... 8,215 16.4 Central Bay, very little evidence of
. deposit. ..o e e s
OltltSIde ;)f Golden Gate, no evidence of Interior Bay, outside of projects......... 84,720 59.4
eposit. .. ... ...
Ceéltral Bay, very little evidence of Totals........cooooiiviiiivn... 94,750 | 100.0
eposit. ... .. ... ..
Interior Bay, outside of projects........ 41,785 | 83.6 Davis Point {(Union Oil Co. pier):
Area 1 (630,000 =sq. ft). .............. 110 1
S 50,000 | 100.0 Area 2 (230,000 sq. ). . .0 ovir 230 2
L, Measurements made of gilsonite deposits
Measurements made of gilsonite, de- in limited areas for comparison with
posits in limited areas for comparison results of other base and plan tests,
with results of subsequent tests, as as follows:
follows: . . . {1) 2-square-mile area in Buisun Bay
{1) 2-square-mile area in Suisun immediately east of Benicia,
Bay immediately east of north of channel between shore
Benicia, north of channel be- and 18-ft. depth contour......... 7,415 7.8
tween shore and 18-ft. depth {2) V4-square-mile area in Carguinez
contour. . ......... e 980 2.0 Strait, from Benicia shore to
(2) ls-square-mile areain 18-ft. depth contour. .. .. ......, 3,880 4.1
Carquinez Strait from Benicia -
shore to 18-ft. depth contour, . .. 500 1.0 t Estimated.

L Estimated.

TABLE 10.—Spoil disposal area 5 (base), deposition
withtn and without navigation channels and slips

Gilsonite deposits
Percent
Project Cubic | of total
centi- L
metets | injected
Pinole Shoal, 8an Pablo Bay............ 1,140 2.5
Mare Isiand Strait. .................... 2,870 6.2
Suisun Bay Channel. . . .. ... ......... 230 .5
Total ..o L] 4,240 9.2
Jutside of Golden Gate, no evidence of
deposit. . ... ... ...
Jentral Bay, very little evidence of
deposit....... ... ... . e
[nterior Bay, outside of projects. .. ...... 41,760 90.8
Totals......... ... ... .......... 46,000 | 100.0
Measurements made of gilsonite deposits
inlimited areas for comparison with
results of other gase and plan tests,
as follows:
(1) 2-square-mile area in Suisun Bay
immediately east of Benicia,
north of channel between shore
and 18-it. depth contour......... 5,200 113
{2) 14-square-mile area in Carquinez
Strait from Benicia shore to
18-ft. depth contour. .. ...._. ... 2,415 5.3

TABLE 12.— Comparison of test results for base
and plan tests of dredge spotl disposal areas for

the Mare Island Strait project

Distribution
Project Area 4 | Area 5 |Area 45| Area 44
base base base plan
Percent | Percent | Percent | Perceni
Mare Island Strait........ 4.8 . 5.5 .9
Pinole Shoal . . ........... 11.5 2.5 7.2 54
Suisun Bay Channelt. .. ... | 5 3 3
Totals............. 16.4 92: 130} 106
Outside of Golden Gate. ... 0 0 ] ¢
Central Bay.............. 0 0 0 0
Interior Bay, outside of
projects. . ............. 83.6 | 90.8| 87.0 | 89.4
Totals............. 100.0 | 1000 | 100.0 | 100.0
Northwest shore of Suisun
Bay (limited area of
Z2eg.ml) ..l 24610 113 6.4 7.8
Benicia Shore (limited
area of 14 sq. mi.). 1.0 5.8 3.0 4.1
Davis Point (Unicn oil
Co. pier):
Area I (580,000 sq. ft.).......[.......[....... 1
Artea 2 (230,000 sq. ft.)|. ... |- e 2

1 Estimated.

From the foregoing tabulations practically
none of the material injected in the disposal
areas of Mare Island Strait appears to be car-
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ried to sea and a considerable part of it actu-
ally appears to be transported up Carquinez
Strait and into Suisun Bay. The test of the
“plan” (area 4A) indicates slightly less redepo-
sition in navigation channels than do either of
the areas currently used. Since the annual
shoaling rate and dredging rate in Mare Island
Strait, including the Naval Ship Yard, is
approximately 2,600,000 cubic yards, this indi-
cates that use of the “plan” area might result
in a decrease of about 16,000 cubic yards a
yvear in the shoaling rate in Mare Igland Strait
and a slight reduction in Pinole Shoal.
Tentative conclusiong are that the “plan”
area (area 4A) can be uged without detrimental
results and that its use might result in some

MISCELLANEOUS PUBLICATION 970, U.S. DEPARTMENT OF AGRICULTURE

decrease in the shoaling rate in Mare Island
Strait. Furthermore, a slight reduction in haul-
ing distance could also be accomplished,

Model Tests of Shoaling in Navigation Projects

Model tests were conducted to ascertain the
effect of various improvements consisting chiefly
of dikes and training walls on shoaling in
navigation projects. The results of some of the
tests of plans for the Alameda Naval Air Sta-
tion, where the average shoaling rate is about
1 million cubic yards a year, are considered
typiecal of results that might be anticipated from
similar plans elsewhere. The results of tests
of 11 plans are shown in table 18. Plans and
channel sections are shown on figure 6.

TABLE 13.—Shoaling test results after vartous improvements, Alameda Naval Air Station

Shoaling
Channel distribution Change in shoealing for plan—
section No. after

improvements 1 2 3 5 6 i 8 8a 9 10
Percent Percent | Percent | Percent | Percent | Percent | Percent | Percend | Percent | Percent | Percent | Percent

| 0.6 +33 +33 —33 +33 +33 +33 - —
2 0.9 0 +80 +60 +80 +80 | +680 +80 | +100 +60 +80 +80
E 0.7 0 +25 | +150 +75 1 +125 |+3,375 +75 +-25 +50 +50 —20
4. 10.1 +38 | +113 —24 +55 —+18 +85 +40 +18 —11 +16 +25
5. 30.9 +6 —19 —36 —14 —31 —69 —20 —76 —50 —32 —44
6. 17.6 —10 —41 —44 —-31 —23 —65 -9 —76 —54 0 —20
T 164 —30 —52 —&3 —39 —26 —67 +21 —83 —64 —15 —10
8. 22.8 —55 —69 —66 —58 —47 —79 +7 —93 -—T6 —23 —33
Total. . .. 100 —11 —25 —44 —23 —25 -21 +2 —69 —53 —-15 —23

Mode] tests indicate that there is a direct
relation between the volume of water (the tidal
prism) flowing into or through a tidal basin or
across an excavated navigation channel and the
amount of silt deposited in such a facility. In
the facility under consideration under present
conditions, a considerable volume of water flows
through the basin on both the flood- and ebb-
tides. On the floodtide, water enters the basin
from the west and a part of it passes out through
the 750-foot gap in the breakwater on the south
side of the docking area. On the ebbtide, the
reverse condition prevails. Closing the gap, as
indicated for plan 1, which reduced the tidal
prism to the volume within the docking area
represented by that area and the tidal range,
produced a net reduction of 11 percent in silta-
tion throughout the project, with the greatest
reduction taking place in the part protected by
the breakwater (sections 6, 7, and 8) but with
increases in some sections of the approach
channel (sections 1, 4, and 5). During the test
a large eddy formed over the navigation chan-
nel seaward of the area protected by the break-
water, and a considerable volume of water that
would normally flow into the sheltered area
passed over sections 4 and 5, which accounts
for the inerease in shoaling in these sections.

Plan 2, which consisted of a closure of the
T50-foot gap in the breakwater and a 2,000-foot

extension of the breakwater, produced a still
further decrease in net total shoaling with a
large decrease in the area protected by the
breakwater but with an increase in shoaling in
the unprotected section of the channel (sections
1 through 4). In this test an eddy extending
across the approach channel and to the shore
immediately north of section 4, developed dur-
ing the test. Plan 3, which includes all features
of plan 2 plus a dike extending 1,300 feet south-
erly from fhe shore north of section 4, affected
the pattern of this eddy and accomplished a
further reduction in total shoaling but resulted
in a further increase in depositions in the
approach channel to the west, sections 1, 2, and
3. Plans 4, 5, and 6 are based on the same con-
cept as plan No. 3; that is, deflection of the
eddy which appeared to be responsible for depo-
gitions in that section of the channel not pro-
tected by the breakwater.

Plans 7 and 9 were tested fo determine the
possibility of accomplishing a worthwhile redue-
tion without closing the 750-foot gap in the
breakwater southerly from the docking area,
sinee this opening is desired in order to provide
a passage for seaplanes. The results of these
plans, one of which resulfed in a net increase
of 2 percent in total depositions, proved coneclu-
sively that closure of this gap is a key factor.

Plan 8, which reduces the access area to the
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FIGURE 6. — Models of plans 1 to 10, to study shealing in navigation projects.

eastern section of the project where about 90
percent of the shoaling takes place to a cross
section 500 feet wide, proved to be the most
effective in that the net reduction in shoaling
was 69 percent. This plan demonstrates con-
clusively the theory that there is a direct
relation between the amount of water flowing
into or across an improved channel or docking
area and siltation in the facility. This plan
eliminated substantially all of the eddy cur-
rents that had resulted in great increases in
deposition in sections 1 through 4, although it
did show some increase in sections 2, 3, and 4.
This increase is accounted for by the fact that
the restriction in the approach to the sheltered
area probably resulted in a slight buildup west-
ward of the opening and also probably caused a
slightly greater amount of water to pass across
sections 2 and 3 and that part of section 4 west-

ward of the entrance than would take place

under existing conditions.
Plan 10 was tested to determine the effect of
deflecting dikes that would divert water flowing

directly through the 750-foot opening in the
breakwater on an ebbtide. It was considered
probable that considerable part of the silt car-
ried into the docking area through this opening
on an ebbtide traveied as a bedload movement
or at least for the lower part of the stream, and
that the dikes might serve to deflect the currents
to the west. The results indicate some improve-
ment; however, a comparison with plan 9 cast
doubt on the effectiveness of this plan.

Discussion

The results of the program of model tests
of hopper dredge spoil disposal reported herein
are adequate to evaluate the current practice of
disposal of spoil from the standpoint of effects
on main navigation channels, side channels, and
harbors and on slips and small boat basins
while dredging operations are in progress. The
present practice of “free-dumping” of dredge
spoil beyond the limits of the channel and the
disposal areas themselves are satisfactory. How-
ever, since the amount of material that deposits
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in navigation facilities is insignificant, and with
very little differences resulting from the dis-
posal areas currently being used for the newly
located areas, it is concluded that “plan” areas
located closer to the dredging projects should
be utilized in future dredging operations. Thus,
by reducing the haul distance, considerable
savings can be effected in the dredging opera-
tions. Studies have not progressed far enough
to determine whether a change in present prac-
tice to a more expensive practice of controlling
spoil, such as the sump rehandler dredging tech-
nique (to insure that none of the dredge spoils
returns to the waterway) is warranted. When
consideration is given to the large amount of
gpoil that deposits in shallow areas of the Bay,
from whence large amounts are resuspended by

wave action and carried by tidal currents into
the various navigation facilities, rehandling
and disposal in diked areas may be warranted
for some projects.

With regard to plans of improvement to
reduce shoaling, additional tests and studies
are required for further substantiation of
results indicated and for the development of
details of plans that might be recommended.
Also several other problem areas appear to be
susceptible of analysis and possible szolution
by model tests. Results to date indicate that
the model tests will result in material savings
in maintenance dredging costs, and in a much
better understanding of shoaling problems in
the San Francisco Bay system.

CHANNEL DEPTH AS A FACTOR IN ESTUARINE
SEDIMENTATION

[Paper No. 72]

By HENrRY B. SIMMONS, chief, Fstuaries Section, Rivers and Harbors Branch, Hydraulies Division, U.S. Army
Engineer Waterways Experiment Station, Vicksburg

Abstract

In most estuaries in the United States that
have been improved for navigation by large
oceangoing vessels, drastic changes have taken
place in both annual shoaling rates and in the
locations of major shoal areas as the channels
were progressively deepened, Numerous prob-
lems that affect channel maintenance have
arisen because of these changes, and some of
these problems have now reached a critical
state.

This paper presents a case history of Savan-
nah Harbor to illustrate how shoaling rates
and patterns have been changed by progressive
changes in channel depth. The paper also dis-
cusses the more important reasons for such
changes and suggests remedial measures that
appear to offer both technieal and economic solu-
tions to certain of the problems thus created.

When the early settlers of this ecountry
reached the Atlantic and Gulf coasts in their
sailing ships, they discovered that the natural
estuarine channels afforded ready access to the
interior for sufficient distances to locate suit-
able sites for towns and farms and to provide
shelfered anchorages for their ships. Cities
such as Charleston, Savannah, Mobile, and many
others were founded on the first terrain
encountered which wag sufficiently high above
high tide for development. Although the
natural estuarine channels were usually char-
acterized by entrance bars and interior cross-

ings, some having controlling depths of perhaps
6 to 12 ft. at low tide, such depths were usually
adequate for safe navigation by the oceangoing
ships of that era. Furthermore, after having
spent weeks or even months at sea since leaving
the last port of call, the ship caplains were not
disturbed by a delay of several hours waiting
for high tide to navigate an especially trouble-
some bar or crossing.

Most of the natural estuaries discovered by
these early settlers were apparently in a state
of eggential equilibrium between the rate of
supply of sediments from both fluvial and
oceanic sources and the ability of the currents
generated by tides and freshets to remove such
gediments and carry them to sea. The environ-
ment in which these natural estuaries existed
was a comparatively simple one, sinece there
were essentially no agricultural developments
to accelerate erosion and no attempts had been
made fo alter the physical characters of the
channels or the hydraulic characters of flows
therein. Because of the usual semicircular
entrance bars, which had crest elevations only
a few feet below low tide, it is probable that
density currents played only a very minor role
in the sedimentation processes of these natural
estuaries. Although the locations and crest
elevations of bars and crossings were probably
changed drastically from time to time by severe
storms and major freshets, it appears likely that
the controlling long-term conditions were
restored fairly quickly after such events.
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With the advent of steam power for ocean-
going ships, the ship designers quickly discov-
ered that increased vessel size and draft paid
handsome dividends in terms of lower construe-
tion and operating costs per unit of cargo capac-
ity ; that these factors are still important today
is most dramatically evidenced by the modern
supertanker. As the sizes and drafts of ocean-
going ships increased, the natural depths of
estuaries used for navigation were no longer
adequate and a chain of actions and reactions
was begun that is still in progress at the present
time.

The first attempts to improve navigating
conditions in tidal waterways consisted largely
of the removal of snags and other obstructions,
followed by the closure of secondary channels
to confine flows to major channels, and then by
the construction of dikes and jetties fo increase
depths over interior crossings and entrance
bars. Maximum depths sought through such
improvement measures were usually 15 to 20
ft. at low tide. With a minor amount of initial
and maintenance dredging, the engineers con-
cerned were largely successful in obtaining the
rather moderate depths desired. Repetitive
maintenance dredging was generally not a
major problem, since the environments of the
waterways involved had still not been altered
to a significant degree. However, as increasing
vessel drafts required greater and greater
depths, which were obtained and maintained
largely by dredging — supplemented in some
cases by channel contraction works and more
extensive entrance jetty systems — it became
.increasingly obvious to the engineers concerned
that important environmental factors had been
altered to such extent that many of the improved
estuaries bore little resemblance either physi-
cally or hydraulically, to those that existed in
the natural state. It is therefore not surpriging
that principles of improvement that at first
yvielded highly satisfactory results became less
and less effective as channel depths were pro-
gressively increased.

The various types of estuaries encountered,
the hydraulic and salinity conditions character-
istic of each type, and the effects of upland
discharge in controlling estuary type were dis-
cussed by the author in 1955.! Some of the
shoaling characteristics of the various types of
estuaries and principles of improvement plans
designed to reduce shoaling were discussed by
the author and E. A. Schultz in 1957.2 This

1 SIMMONS, H, B. SOME EFFECTS OF UPLAND DISCHARGE
ON ESTUARINE HYDRAULICS. Amer. Soc. Civil Engin.
Proc. Paper 792, 1955.

2 SIMMONS, H. B., and ScnulLTz, E. A. FRESH WATER-
SALT WATER DENSITY CURRENTS, A MAJOR CAUSE QF STLTA-
TION IN ESTUARIES. U.8, Army Corps of Engineers Com-
mittee on Tidal Hydraul. Tech, Bul. 2. 1957,

present paper is concerned primarily with the
effects of channel depth as a varying environ-
mental factor on the amount of repetitive shoal-
ing in estuaries, and more particularly on the
locations of major shoal areas within estuaries.

At first thought it might appear that the loca-
tion of the major shoal area within an estuary
would not be of major importance from an eco-
nomic viewpoint, provided the dredging fre-
quency and the quantity of dredging per unit
time were the same. However, because suitable
areas for disposal of dredged soil are rapidly
being filled, which necessitates longer discharge
lines to reach remote areas and in some cases
booster pumps to maintain efficiency, the unit
cost of dredging may vary over a wide range,
depending on the location of the shoal area
being dredged. As an example, the unit cost of
dredging various shoal areas within one naviga-
tion project familiar to the author ranges from
as little as $0.15 to as much as $1.00 per cu. yd.
This wide range depends almost entirely on
whether there are spoil disposal areas immedi-
ately adjacent to the dredging site that require
little or no retention dike construction or
whether the spoil must be placed in remote dis-
posal areas that require the construction of
elaborate retention dikes to prevent the spoil
from running hack into the channels being
maintained or from flowing onto and damaging
adjacent properties.

The effectz of channel depth on the shoaling
regimen of an estuary can probably be best
illustrated by an actual case history; that is, by
taking a given estuary and developing a record
of the rates and patterns of shoaling at various
stages of its development. The author has
selected Savannah Harbor for this purpese for
three principal reasons. First, Savannah Har-
bor is characteristic of the partly mixed estu-
ary, which is the most commen type in the
United States that has been improved for deep-
draft navigation; second, Savannah Harbor is
a relatively simple type of estuary from the
standpoint of channel complexity; and third,
the engineers who have been responsible for
the development and maintenance of Savannah
Harbor have been more painsfaking than most
in keeping good records, so that the determina-
tion of reasonably accurate shoaling rates and
patterns for previous channel depths has been
possible. Also, two rather comprehensive hy-
draulic model investigations of Savannah Har-
bor have been carried out by the Waterways
Experiment Station during the past 20 years,
and information gained during these investiga-
tions has contributed much to an understanding
of the present and former hydraulic and shoal-
ing regimens of the harbor.

Savannah Harbor (fiz. 1) comprises the
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FI1GURE 1. — Location map, Savannah Harbor.

lower 23.3 miles of the Savannah River, which
s located on the South Atlantic coast of the
United States and forms the boundary between
Georgia and South Carolina, plus 7.5 miles of
bar channel between deep water in the Atlantic
Ocean and the entrance jetties. The city of Sa-
vannah is located 16.1 miles upstream from the
entrance to the harbor, and the improved chan-
nel extends another 7.2 miles upstream from
the city. The navigation channel follows North
Channel from the ocean to the head of South
Channel and then follows Front River to the
head of navigation at channel station 82. The
present navigation project for the harbor calls
for a channel 500 ft. wide and 36 ft. deep at
mean low water (m.lw.) from deep water in
the Atlantic Ocean to channel station 190;
thence 400 ft. wide and 34 ft. deep at mean low
water to channel station 94 ; thence 200 ft. wide
and 30 ft. deep at mean low water to the head
of navigation at channel station 82. The two
jetfies at the entrance to North Channel, which
are about 2,500 ft. apart, were constructed be-
tween 1890 and 1896.

The mean range of tide at the entrance io
Savannah Harbor is about 6.8 ft., that at Bull
Street Gage (stafion 120) is about 7.4 ft., and
that at the head of the navigation project is
about 8.0 ft. Maximum tidal current velocities
in the navigation channels are 5 ft. per sec. dur-
ing spring tides. Prior to construction of Clark
Hill Dam upstream from Augusta, Ga., the
fresh-water discharge of the Savannah River
ranged from a normal low of about 4,000 c.f.s.
to a4 maximum of about 350,000 c¢.f.s. Since

construction of the dam, the fresh-water dis-
charge has been effectively regulated at about
7,000 c.f.s.; however, local heavy rains in the
watershed downstream from the dam have in-
creased the discharge at Clyo, Ga. (the head of
tidal influence), to about 25,000 c.f.s. for peri-
ods of several days. For normal conditions of
tide and fresh-water discharge, salt water hav-
ing a salinity of about 5 parts per thousand
(p.p.t.) penetrates upstream to about channel
station 109 at high-water slack of the tidal cur-
rent and retreats to about channel station 129
at low-water slack.

Ag stated previously, Savannah Harbor is
characteristic of the partly mixed estuary, in
that the vertical mixing of salt and fresh water
is not complete over the length of salt-water
intrusion. In this type of estuary, surface sa-
linities are appreciably less than bottom salini-
ties and a significant. part of the vertical sa-
linity difference occurs within a few feet of the
depth. This transition zone may be considered
to be an “interface,” even though it is not well
defined, because the net flow over a complete
tidal cyele is downstream above the transition
zone and upstream below the transition zone.
The vertical distribution of flow in Savannah
Harbor for conditions of mean tide and a nor-
mal fresh-water inflow of about 7,000 cf.s. is
shown in figure 2. The numerical values on this
figure represent the percentage of total flow
over a complete tidal cyele that was down-
stream or ebb at each point of measurement. A
value of 50 indicates that upstream and down-
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stream flows were exactly in balance; values
greater than 50 indicate that downstream flows
predominated over upstream flows; values less
than 50 indicate that upstream flows predomi-
nated over downstream flows.

Examination of figure 2 shows that the di-
rection of net bottom flow in Savannah Harbor
is upstream from the harbor entrance to about
channel station 125 and is downstream from
this location to the upper end of the navigation
project. Bottom upstream predominance
reaches a maximum in the vicinity of station
153, where the floodfiow is about 71 percent of
the total flow over a tidal cycle, and the ebb is
only about 29 percent., The elevation of the
transition zone or interface between net up-
stream and net downstream flow is located at
about 70 percent of the channel depth at station
140, aboui 35 percent of the depth at station
155, and about 50 percent of the depth at sta-
tion 190. The direction of net flow at the sur-
face and at all other elevations above the
interface is downstream. Upstream from the
limit of salt-water infrusion, the direction of
net flow is downstream at all depths, and the
degree of downstream predominance at any lo-
cation in this reach is an indication of the re-
iation between the tidal discharge and the
fresh-water discharge.

The sediments that deposit in Savannah Har-

flow in Savannah Harbor.

bor to form shoals congist almost entirely of
gilts and floceulated clays, and it is obvious that
the transportation and deposition of these light-
weight sediments are greatly influenced, if not
controlled completely, by the flow distribution
just described. If a given sediment particle en-
tering the upstream end of the harbor is of such
nature as to deposit first in the fresh-water
region, it would likely be resuspended during
each strength of velocity and thus be moved
progressively downstream to the vicinity of
station 125, beyond which point the direection
of the net flow is upstream. On the other hand,
should the nature of the particle be such that it
would remain in suspension until deposited
through flocculation or related processes, it
would likely first deposit at some location well
downstream from station 125 where salinities
are relatively high. Again the particle would
likely be resuspended during each strength of
current, but in this case it would be moved
progressively upstream to the vicinity of sta-
tion 125 by the net bottom upstream flow.
Therefore, in both of these assumed cases, there
is a net force tending to concentrate sediment
in the vicinity of station 125, since the direc-
tion of net bottom flow is toward this general
location from both directions.

Figure 3 shows the relation between bottom
flow predominance in Savannah Harbor and the
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F1gure 3. — Relation of shoaling and predominance of bottom flow.

average annual distribution of shoaling in the
harbor. The solid lne in figure 3 is a replot of
the bottom flow predominance values from
figure 2, again plotted against 1,000-ft. chan-
nel stations. A value of 50 percent again indi-
cates that upstream and downstream flow ig in
balance, while values in excess of 50 percent
indicate downstream predominance and values
less than 50 percent indicate upstream pre-
dominance. The nodal point, or the loecation
where upstream and downstream flow at the
bhottom iz in balance, is at about station 125 as
previously described in the preceding para-
graph. The dashed line in figure 8 shows the
average annual distribution of shoaling in Sa-
vannah Harbor for the vears 1952 and 1954,
during which period the channel depths and
widths throughout the harbor were as just
described.

In this plot, the harbor has been divided into
5,000-ft.-long sections, and the value plotted in
the center of each section represents the per-
centage of total shoaling of the harbor that oc-
curred in that section. Of the total shoaling 35
percent occurred between stations 120 and
130 or within the 2-mile-long channel reach en-
compassing the nodal point for bottom flow pre-
dominance. In addition, 20 percent of the
total occurred in the adjacent Z-mile-long
downstream reach, and 14 percent of the
total ocecurred in adjacent 2-mile-long upstream
reach. Therefore, from a total improved chan-
nel length of about 31 miles, about 69 percent of

the total shoaling occurred in a 6-mile-long
reach that brackets the nodal point for bottom
flow predominance. Thus, more than two-thirds
of the total annual shoaling occurs in less than
one-fifth of the total length of the dredged
channel.

Both the annual shoaling rate and the pat-
tern of shoaling in Savannah Harbor have
changed drastically as the channel depth has
been progressively increased, but the shoaling
pattern has changed much more drastically
than the shoaling rate. From data compiled by
the TU.S. Army Engineer Distriet, Savannah,
and especially by Ralph F. Rhodes, special as-
gistant to the district engineer until his retire-
ment in 1949, it has been possible to determine
the approximate shoaling patterns and the
average annual shoaling rate for the following
four channel conditions which are shown in
figure 4: (1) 30 ft. deep at mean low water
from deep water in the ocean to station 190,
thence 26 ft. deep to the Seaboard Airline Rail-
way bridge, thence 21 £t. deep to station 94; (2)
30 ft. deep at mean low water from deep water
in the ocean to station 190, thence 26 ft. deep to
station 94, thence 21 ft. deep to Creosote Wharf;
(3) 30 ft. deep at mean low water from deep
water in the ocean to the Seaboard Airline Rail-
way Bridge, thence 26 ft. deep to Creosote
Wharf; and (4} 36 fi. deep at mean low water
from deep water in the ocean to station 190,
thence 34 ft. deep to station 94, thence 30 ft.
deep to station 82.
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F1guRre 4. — Past and present channel depths.

For purposes of the analysis described below,
data obtained for the period 192325 were used
to represent the channel conditions described
in (1) above, those for the period 193132 were
used to represent the conditions described in
(2), those for the period 1939—44 were used to
represent the conditions deseribed in (3), and
those for the period 195354 were used to repre-
sent the conditions described in (4). These
periods were selected because no changes in
project channel dimensions were made immedi-
ately before or during any of these periods.
The harbor was divided into the following
three reaches: stations 107 to 134, represent-
ing approximately the upstream one-third of
the harbor; stations 134 to 166, representing
approximately the central one-third; and sta-
tions 166 to 205, representing approximately
the downgatream one-third. The annual average
shoaling rate for each one-third of the harbor
wag determined for each of the four periods, as
well ag the annual average harborwide shoaling
rate for each period.

The annual average shoaling rates for the up-
stream one-third (stations 107-134) of the
harbor and the downstream one-third (stations
166-205) for each of the four channel condi-
tions are plotted in figure 5. The points con-

nected by the dashed line in figure 5 show the
annual average harborwide shoaling rates, in
millions of cubic yards, for each of the four
periods. Examination of figure 5 indicates that
the annual average shoaling rate for the lower
one-third of the harbor was about 2.1 for the
first channel condition, 1.5 for the second, 1.2
for the third, and 0.2 for the fourth, which
shows a steady and significant decrease in shoal-
ing with each deepening and/or upstream ex-
tension of the project channel. For the up-
stream one-third, the annual average shoaling
rate was about 0.1 for the first channel condi-
tion, 0.8 for the second, 2.0 for the third, and
4.6 for the fourth, which shows a steady and
significant increase in shoaling with each deep-
ening and/or upstream extension of the project
channel,

The anmal average harborwide shoaling rate
in millicns of cubic yards was 2.8 for the first
channel condition, 4.8 for the second, 6.2 for
the third, and 7.2 for the fourth. Thus, the
change from the first condition to the second
increased shoaling by about 1.4 million cu. yd.
per year, and the change from the second con-
dition to the third caused a further increase of
about 2 million cu. yd. per year. However, the
change from the third condition to the fourth,
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FIGURE 5. — Past and present shoaling characteristies
of Savannah Harbor,

which was by far the most drastic physical
change and the one that caused the maximum
change in shoaling distribution, increased total
shoaling by only 1 million cu. yd. per year. This
trend indicates that by the time the third chan-
nel condition had been attained, density effects
in the harbor had developed to the point that
essentially all of the potential shoaling material
from upland sources was being trapped some-
where within the system. Therefore, when the
channel was further deepened and extended
to the fourth condition, the changed density
current regimen effected a further upstream
shift in the location of the major shoal area,
but the harborwide shoaling rate inecreased by
only some 16 percent.

In the center one-third of the harbor, be-
tween channel stations 134 and 166, the annual
average shoaling rate in millions of cubic yards
was about 0.6 for the first channel condition, it
increased to about 1.8 for the second, it in-
creased further to about 3 for the third, and
then decreased to about 2.4 for the fourth. In
comparison to the downstream one-third of the
harbor, the annual shoaling rate for the center
one-third was much lower for the first channel

condition, approximately the same for the sec-
ond, about two and one-half times ag great for
the third, and more than 10 times as great for
the fourth. In comparison to the upstream one-
third of the harbor, the annual average shoaling
rate for the center one-third was six times as
great for the first channel condition, twice as
great for the second, one and one-half fimes
as great for the third, but only about one-half as
great for the fourth.

These trends alse demonstrate quite clearly
the upstream migration of the major shoal area
as the project channel was progressively deep-
ened or extended, or hoth. For the first channel
condition, the downstream one-third of the har-
bor experienced by far the greatest shoaling
rate; for the second condition, the center one-
third shoaled at a slightly greater rate than
the downstream one-third and a much greater
rate than the upstream one-third; for the third
condition, the center one-third shoaled at a
slightly greater rate than the upstream one-
third and at a much greater rate than the down-
stream one-third; and for the fourth channel
condition, the upstream one-third shoaled at
about double the rate of the center one-third
and at more than 20 times the rate of the down-
stream one-third.

Although the harborwide annual average
ghoaling rate increased only about 16 percent
when the 30- and 26-ff. channelg of condition
(3) were deepened to 36 and 34 ft. as in condi-
tion (4), a very critical situation was created
with respect to the disposal of dredge spoil.
Downstream from about the mouth of Back
River, spoil areas of almost unlimited capacity
are available or can be readily obtained ; however,
upstream from this location the available spoil
areas are being filled rapidly and there are no
additional areas that can be developed eco-
nomically for spoil disposal purposes. For the
third channel condition discussed above, about
68 percent of the annual average shoaling rate
of 6.2 million cu. yd. cecurred downstream from
the mouth of Back River, or where spoil dis-
posal areas were readily available; however, for
the fourth channel condition, about 64 percent
of the annual average shoaling rate of 7.2 mil-
lion occurred upstream from this location where
gpoil disposal areas were limited. The increase
of about 2.6 million cu. yd. per year in Front
River is rapidly filling the remaining spoil dis-
posal areas, and the development of a critical
spoil disposal problem is imminent unless cor-
rective measures are taken fo reduce shoaling
in the upstream one-third of the harbor.

During the course of a recently completed hy-
draulic model investigation of Savannah Har-
bor at the Waterways Experiment Station, an
improvement plan designed to reduce shoaling
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in the upstream one-third of Savannah Harbor
wag developed and tested thoroughly. The gen-
eral features of this plan are shown in figure
6 and consist of the following: (1) a deep basin,

PROPOSED TIDE GATE
FPROPOSED SEDIMENT TRAP

FIGURE 6. — Elements of sediment trap plan for
Savannah Harbor,

or sedimeni trap, dredged in the downstream
end of Back River and connected to the navi-
gation channel by an access channel 200 ft.
wide and 34 ft. deep at mean low water; (2) a
dam equipped with one-way tide gates located
in Back River just upstream from the sediment
trap; and (3) a dredged channel, 200 ft. wide
by 26 ft. deep at mean low water, connecting
Back River and Middle River about 1 mile
upstream from the confluence of Front and
Middle Rivers.

The one-way tide gates in the Back River
dam would allow the tidal prism of Back River
to fill in the normal! manner from the down-
stream end, thus permitting the inflowing cur-
rents to transport sediments from the naviga-
tion channel into the sediment trap. The gates
would close when the Back River tidal prism
upstream from the dam is filled, or when the
water level on the two sides of the dam becomes
equal. During the ebb current phase, that part
of the Back River tidal prism upstream from
the dam would flow through the dredge cut into
Middle River and thence downstream through
Front River, thus inereasing the ebb current
velocities in Front River to such extent that
sediments would be moved downstream to the
vicinity of the access channel to the sediment
trap. Model tests have shown that this plan
would be very effective in collecting in the sedi-
ment trap a major part of the sediments that
EO“{:) deposit in the upstream one-third of the

arbor.

The above-described plan would not reduce

the harborwide shoaling rate; in fact, model
tests indicate that the harborwide shoaling rate
would be increased slightly. However, because
of the proximity of extensive spoil-digposal
areas immediately north of the sediment trap
and the fact that periodic removal of accumu-
lated sediments from the trap to maintain its
efficiency could be accomplished more economi-
cally than dredging from the channel proper, it
appears that the plan would provide an ac-
ceptable and economic solution to the spoil-
disposal problem. TFurthermore, model tests
indicate that, since most future maintenance
dredging would be done from the sediment
basin rather than from the channel, any given
channel depth required for navigation could be
maintained more effectively than by present
dredging techniques.

In other words, the present practice of allow-
ing the channel to shoal several feet above
project depth and then dredging to about 2 ft.
below project depth for advance mainfenance
would no longer be required except perhaps in
isolated areas. Also, there is a strong probabil-
ity that any remaining local shoal areas in
Front River would merely require periodic agi-
tation, rather than direct removal, since the net
downstream flow in Front River with the plan
installed should progressively move any sedi-
ments thus agitated downstream to the en-
trance to the sediment trap. Detailed studies
are now in progress by the U.S. Army Engineer
District, Savannah, to determine the technical
and economic benefits of the plan in relation to
the cost of its construction.

The Corps of Engineers makes detailed
studies of every proposed change in navigation
channel depth or extension in order to arrive at
the best possible estimate of the effects of such
changes on the quantity of maintenance dredg-
ing that will be required in the future. Until
fairly recently, the exact location of major shoal
areas was of little importance from an economic
viewpoint, since most of the reeurring shoaling
occurred downstream from wmajor port areas,
adiacent to lands not suitable for development,
where spoil areas were readily available, How-
ever, with increasing development of the lands
adjacent to our tidal waterways for industrial
and other purposes, and with the tendency for
progressive upstream migration of the loca-
tions of major shoal areas beeause of changed
dengity current regimens in the deeper chan-
nels, it is now of great economic importance to
determine in advance the effects of a proposed
deeper or longer navigation channel on the dis-
tribution of shoaling as well as on the quantity
of shoaling. Even in those navigation channels
where maintenance dredging operations are
performed with hopper dredges rather than
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pipeline dredges, every upstream migration of
a major shoal area increases the haul distance
to suitable dumping grounds and thus increases
the unit cost of dredging.

In addition to the matter of changes in ghoal-
ing distribution discussed in this paper, the en-
gineers of this era who are in charge of the
development and maintenance of our tidal
waterways are faced with many other problems
that were of little or no concern to previous
generations of waterway engineers. For ex-
ample, the effects of a proposed change in navi-
gation channel depth or length on the digper-
gion and flushing of industrial and munieipal
wastes must be known in advance from the
standpoints of public health and water use. The
effects of changed salinity and hydraulic regi-
mens on the fish and wildlife resources of the
area must be determined with maximum pos-

sible accuracy. Therefore, the modern water-
way engineer should initiate his study of the
effects of a proposed change in channel dimen-
sions with a full knowledge of the effects of
prior changes in the waterway involved, as well
as of the effects of similar changes in other
waterways of the same general type as that
involved. He should be well versed in the prin-
ciples of tidal hydraulics and should take ad-
vantage of every available tool, including hy-
dranlic models when applicable and necessary,
to insure that the new regimen of the waterway
involved is determined with sufficient accuracy
to satisfy the many and sometimes divergent
interests involved. This challenge must be met
if the continued development of our tidal water-
ways and the areas they serve is to proceed in
a sound technical and economic manner.

SEDIMENT PROBLEMS OF RIVER DEVELOPMENTS
IN DELTAIC REGIMES

[Paper No. 731
By CHESTER A. PEYRONNIN, JR., hydraulic engineer, U.S. Army Engineer District, New Orleans

Synopsis

Rivers carrying heavy sediment loads pre-
sent many difficult problems for hydraulic en-
gineers when attempts are made to develop
these waterways for navigation or improve
them for flood-control purposes. These
problems are compounded when the river is
actively building a delta system. Problems such
as (1) shoaling in the navigation channels, (2)
sediment control, (3) floodwater diversion, and
{4) river migration must be resolved before
full development of the river can be accom-
plished. These problems can be generalized and
illustrated by typical examples of the Lower
Missisgippl River. This paper discusses each
type, and gives some of the engineering con-
siderations in the solution of each type of
problem.

Introduction

The comprehensive development of a river for
navigation and to control floods generally re-
quires the resolution of problems concerning
flood control, navigation, water supply, and
recreational activities. In the case of a river
that carries a heavy silt burden in a deltaic en-
vironment, these problems become very com-
plex. Emergency relief floodways may become
inoperable after only a few years of operation;
navigation channels may become completely
shoaled in a few weeks; and distributaries may
be forced to migrate due to sediment deposi-
tion. Considerable research and analysis ac-

tivities have been devoted to the understanding
of the theoretical agpects of these problems, but
most solutions must be based upon engineering
judgment in the application of fundamental
knowledge. This paper draws upon typical
problems in the Lower Mississippi River Valley
to illustrate possible solutions and the actual
solutions employed to solve such problems,

General Description

The reach of the Mississippi River that will
be used as an example extends from mile 130
above the Head of Passes to the Gulf of Mexico,
20 miles below the Head of Passes (fig. 1).
Within this area are examples of navigational
problems such as Southwest Pass, spillway and
floodway siltation as typified by the Bonnet
Carre spillway, migration and delta building
considerations illustrated by the Cubits Gap
delta, and delta destruction as shown by Isles
Dernieres and the Timbalier Islands.

Navigational Problems

The most important problems in navigation
projects is the maintenance of channel dimen-
sions, Since the heavy silt load in the rivers
under discussion will tend to deposit and form
shoals under certain conditions, the mainte-
nance of the channel is very difficult. The most
critical location for the shoaling is generally at
the mouth of the river where the silt-laden river
water meets the heavier density seawater. The
fresh water flows into the sea in the form of a
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hypopyenal jet, with the lighter river water
flowing over the denser seawater. An interface
will be formed between the fluids, thus giving a
characteristic wedge shape. This interface will
be poorly defined beeause of mixing due to dif-
fusion currents, but may be defined for study
purposes as a line with a salinity expressed as
5,000 p.p.m. chloride ion. In rivers that have
been improved for navigation, the deep channel

will allow this wedge to move into the river
at low stages. Salt water will flow upstream
near the bottom while fresh water flows out
near the surface. Any material moving near
the bottom will be stopped by this wedge be-
cause of the local velocity reversal, At high
rates of riverflow, this wedge will move out to
the mouth, and since bed material will generally
be moving at this river stage, a considerable
amount of material will be stopped. The result
will be a heavy shoal formation near the mouth
or in the bar channel (fig. 2). Material that
passes over this bar may be returned to the
area by the upstream flow unless there are
strong lttoral currents to move it away.

The problem of heavy shoals in a bar chan-
nel may be solved in two ways. One way is to
orient the main river channel so that the bed-
load and suspended material approach the
wedge at an oblique angle and they will pro-
ceed into and over the wedge. Material car-
ried over the wedge will be in a better position
to be swept away, and material deposition at the
toe of the wedgze will be minimized. This
method is shown in figure 3,4. An alternate
method, which is somewhat of a departure from
usual methods, is to allow the material to be
deposited normally in the river channel while
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navigation is carried on in an alternate chan-
nel (fig. 3,8). This channel must be positioned
so that the salt wedge acts as a natural side to
the river, thus stopping any material from mov-
ing into this pass. Some bottom flushing will be
obtained by the scour action of the salt water.
Model tests of both of these methods show
benefits with respect to minimizing dredging
in the order of 50 to 60 percent reduction over

N

~ oo/

G
N,

FIGURE 3..— Southwest Pass channel showing (A) im-
proved alinement; and (B) alternate channel.

that of the previous alinement. The first method
has been employed in the redesign of the South-
west Pass jetty channel and has shewn good
results in the actual condition. The second
method showed model results equally as good
as the first, but at a greater cost in this appli-
cation.

Another major problem of sedimentation is
that caused by deposition under wharves or
piers in the river. Material is trapped under
these structures by piling bracing or by debris
caught on the piles or deposited by receding
high water. When the channel adjacent to the
wharf is redredged to maintain the required
depth, the material will slide and canse damage
to the structure. In addition to slope slides, ro-
tational failures have oecurred due to the in-
creased overburden as shown in figure 4. This
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FI1GURE 4. — Pier siltation.

problem can be solved by revising the channel
maintenance program to insure that the sedi-
mentary material is removed from under the
structure. Routine maintenance can be im-
proved to include removal of debris from under
the structure at frequent intervals.

Flood-Control Problems

In the natural state, a river will pass a flood
by enlarging its distributaries, opening new
ones, or flowing into a larger flood plain. In a
highly developed river system, none of these
can be allowed to happen. It is therefore neces-
sary to provide some temporary system for in-
creasing distributary flow. Spillways with
floodways to the sea are commonly used for this
purpose. There are three major sedimentation
problems in such a system that may cause diffi-
culty. The first is the repeated annual flood for
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which the spillway is not opened. This will al-
low deposits in the forebay to build up and de-
crease the entrance efficiency to the control
structure. The second is the deposition of sedi-
ment in the floodway, which will eventually re-
duce capacity after several operations. The
third is the sedimentation in the outlet waters,
which may decreage flow efficiency but which
may pose more difficult problems with respect
to the ecology of the area.

Bonnet Carre Spillway illustrates these prob-
lems rather well. It was completed in 1931 and
has been operated in 1937, 1945, and 1950. Per-
tinent data of the River are as follows:
Drainage basin: 1,245,000 square miles,

Flows at New Orleans: Low, 50,000-100,000 ¢.f.5.; maxi-

mum, at project conditions, 1,250,000 c.f.s.

Stages at New Orleans (Carrollton): Flood stage, 17

ft. m.g.l.; maximum at project conditions, 20 ft. m.z.l.
Sediment sizes: General maximum-—1 mm. {0 phi

units) in bed; 0.1 mm. (3.33 phi units) in suspension.
Median — 0,025 mm. (5.22 phi units).

Dredging required in Scuthwest Pass (for previous

35-ft. project depth) : Approximately 2% million cu. yd.
mean annual; 6 million annual maximum.

Salinity of river: 30 p.p.n. chloride ion.

Salinity of Gulf of Mexico: 18,000 p.p.m. chloride ion,

Project depth of Southwest Pass: 40 fi. with 2-ft. over-
depth allowed.

Amounts of sediment for each operation of the
gpillway are shown in table 1. There are prob-
lems in the spillway forebay and floodway.
There is no problem in Lake Pontchartrain, but
the potential of such a problem can be illus-
trated by the outlet conditions.

In the forebay, the buildup of sediment be-
tween operations has caused a reduction in flow

TABLE 1.—Discharge and sediment fill deposited
for Bonnet Carre Spillway for the years operated

(Design capacity, 250,000 c.f.8.)

28 Jan. to 28 Mar. o 10 Febh, to
Operations 16 Mar. 18 May 19 Mar.
1937 1945 1950
Maximum discharge,
efs.. ... ... e 211,000 318,000 223,000
Average discharpe,
efs. ... .. ... 131,000 223,887 156,217
Total discharge,
acre-feet. . .. ... .| 12,400,000 | 24,500,000 | 10,900,000
Fill deposited, weir
to Airline High-
way:
Volume, cu, yd.| 7,200,000 } 5,000,000 | 2,800,000
Percent of total 70 40 56
Fill deposited, Air-
line Highway to
Ilincis Central
Railroad:
Volume, cu, yd.| 3,000,000 | 7,500,000 | 2,200,000
Percent of total 30 60 44
Fill deposited in
Lake Pontchar-
train {(approx.):
Cu yd........ 2,230,000 | 17,600,000 | 7,400,000
Acre-feet. . ... 2,000 10,800 4,600

area into the structure. During the 1950 op-
eration, it was necessary to attempt to restore
capacity by remedial dredging during opera-
tion. Although this helped by opening the fore-
bay, it hurt the overall problem by putting more
material into the floodway, thereby probably
gilting it up more than a normal operation
would have, Several years after the 1937 op-
eration, a small levee was built to cloge off the
forebay from the river, thus minimizing the
annual deposition. This was degraded in 1944
before an expected high water and remained
degraded until after the 1945 operation. It has
been restored but some deterioration has taken
place. Solution of this problem by using this
removable levee seems to be well justified, be-
cause the levee will prevent the undesirable an-
nual deposition and retain full forebay capacity
for the time of operation (fig. 5).

The floodway proper of such a structure will
experience severe deposition during the opera-
tion period. Inaddition to the normal mechanics
of deposition there is the problem of deposition
due to interference in the flow by trees and
brush. If the spillway can be kept clear of
undergrowth and large trees, the flow line can
be improved and the deposgition decreased some-
what. Once the floodway capacity has heen
reduced by filling, the only solution is to dredge
a channel. There are many posgibilities in this
restoration process, hut the most economical
seems to be the use of a single channel through
the area because the spoil can be placed in the
remaining part of the floodway at minimuam
costs. It would probably be necessary to clear
this channel after every operation.

In the Bonnet Carre floodway, the pattern of
deposition has been influenced to a great ex-
tent by flow conditions in the floodway. In 1937,
the area from the structure to the Airline High-
way had not been cleared, and so a large per-
centage of material settled out in this area.
After the operation, the land was cleared and
grubbed, and in 1945 and 1950, larger percent-
ages of material were deposifed in the section
between the Airline Highway and the lake. Be-
cause of this deposition in the floodway, the
1950 flow line was elevated approximately 1 ft.
above the 1945 flow line near the structure,
and lesser amounts near the outlet. Because of
the loss of eapacity, the spillway can probably
pass the design flow only once more before
remedial measures are necessary.

The outfall sump of a spillway must receive
all of the excess sediment from the floodway.
The effect of such sediment may have two
aspects, hydrological and biological. The sedi-
ment is deposited by two processes; the first by
decreased velocity and sediment fallout, and the
second by fresh-saline water interaction. This
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F1GURE 5. — Bonnet Carre spillway.

interaction results in flocculation which re-
moves most of the suspended sediment. The
remaining fine sediment will tend to increase
the turbidity, thus giving the appearance of
dirty water, but will not produce significant
sedimentation because it will remain in suspen-
sion.

The quantity of sediment deposited in Lake
Pontcharfrain by each operation of Bonnet
Carre is given in table 1, for a total of 17,400
acre-ft. All of this has been deposited within an
area of 25 square miles adjacent to the flood-
way. Af an operation frequency of approxi-
mately once in 10 years, this would amount to a
1-ft. decrease in lake depth over its 410,000
acres in a period of 825 years at present condi-
tions. This is probably less sediment than the
amount deposited by natural erosional and dep-
ositional processes active in the lake and less
than the amount removed from the lake for
various projects in the area that have used hy-
draulic fill from the lake. The effect upon the
hydrology of the lake is thus relatively negli-
gible, If this sedimentation is important in other
situations, the only solution in a lake is remedial
dredging. The effect upon the biological process
is beneficial because of the nutritional value of
the nutrient salts in the sediment. Thus, in thig

spillway, the outfall problem is negligible, al-
though in others it may be important.

Delta Growth

Deltaic coasts are those that have been built
by a depositional process in which the transport
capacity of some parent stream carrying ma-
terial into an area exceeds that of the local area
gea currents carrying it away. The material
forms a delta whose shape is controlled by the
regime of the area in which it is deposited.
Deltas that form in shallow saline water from a
freshwater stream tend to form fan-shaped
fronts with braided distributaries migrating
through the delta. These distributaries are con-
tinually bifurcating and migrating as they silt
up or are diverted by natural phenomena, Such
a formation is illustrated by the Cubits Gap
formation of the Mississippi River (fig. 6).
Deltas that build in deeper water tend to ad-
vance in longer, narrower formations as illus-

“trated by the growth at Southwest Pass of the
Migsissippi River (fig. 7). Since the delta is
essentially submerged, it is outlined by the ad-
vance of the 35-ft. contour. The fan-shaped
delta builds useful marshland while the finger-
style delta builds underwater shoals of little
contemporary usefulness.
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Any river work that tends o alter the natural
sedimentary activity of the river will materially
affect the delta. Navigation works generally re-
quire deep channels to offshore depths, which
may be too deep for useful delta huilding. Flood
improvements may require the closing of a dis-
tributary which will then rob an area of its
source of supply. Power or flood-control dams
may so obstruct the sediment load as to pre-
vent an adequate amount of material from en-
tering the delta and thus cause an imbalanece in
the equilibrium.

The extensive and detailed experimentation
work at Southwest Pass has resulted in the im-
provement of flow conditions such that deposi-
tional effects of the salt wedge are minimized
and the sediment load carried efficiently out to
sea. Because of the great depths required for
navigation, the bulk of the sediment is depos-
ited in deep water and does not assist in the
building of a useful delta (fig. 7). In order to
assist in maintaining the integrity of the land
along Southwest Pass, several controlled outlets

to the Gulf are maintained and allowed to pass

sediment to the bay area adjacent to the pass.
Other than this small amount, all other sedi-
ment is wasted. This can be contrasted with the
essentially natural channel forming the Cubits
Gap delta.

Delta Destruction

Onece a delta is abandoned because of migra-
tion of the parent stream, the erosional and sub-
sidence effects, which have been present, be-
come dominant and the delta is slowly destroyed.
From an economic standpoint, it is desirable to
maintain these deltas because this land, while
generally not inhabited or developed, is the loca-
tion of important inferests such as fur frapping,
and wildlife congervation. If the distal fringes
of these deltas can be protected, the land will
continue to be useful for extended periods be-
cause vegetation growth and decay will con-
tinue to offset the subsidence to a great extent.

Thege fringes are subject to two types of at-
tack. The first type of aitack is that of net sub-
sidence which sets in once the active deposi-
tional process ceases. Subsidence has been in
effect all during the active delta period with
new material replacing that which subsided.
Once inactive, the delta front will continue to
subside. The fringe beaches will not subside as
rapidly, but will form offshore islands backed
by shallow bays. These islands will act as pro-
tective barriers against wave attack on the
mainland, but in time the islands will yield to
subsidence and erosion and the attack will con-
tinue on the mainland.

The second type of attack iz that which is
commonly associated with sea processes; that
is, wave action and littoral current movement of
material. In this attack the waves will work a
sorting process, moving the fine material off the
beach and into the nearshore bottom where the
littoral currents can move it away. If this proc-
ess can continue to equilibrium, a relafively
stable beach will be formed on the delta front,
However, this beach will generally be attacked
by higher waves during storms and the stahbility
upset, thus beginning the process again.

Timbalier Islands '

The Timbalier Islands probably began as spits
off of the mouth of Bayou Lafourche while it
was an active distributary of the Mississippi
River during both its deltaic growth in the La-
fourche Delta and its later activity in the mod-
ern delta. Material was continually fed in small
gquantities to the mainland and islands until
1904, when Bayou Lafourche was closed off from
the Mississippi River at its head for flood-con-
trol purposes. Once this gource of sediment was
cut off, the proeess of erosion became dominant.
In the last 50 years, there has been a retreat of
the mouth of the bayou at Belle Pass at a rate
of 120 ft. per year (fig. 8).
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F1GURE 8. — Timbalier Islands and Isles Dernieres,

The littoral currents in this area are westerly
and wave action from the southeast and south
has a westerly longshore eomponent, so that ma-
terial which is eroded from this headland drifts
westerly along the igland chain. The chain is
apparently building a continuous strip, but is
experiencing a net loss of material in the plan-
ing action. The east end of East Timbalier Is-
land has been retreating at a rate of approxi-
mately 100 ft. per yvear, and the western end at
a rate of 75 ft. per year. Timbalier is retreating
at a rate of only 50 ft. per year at its eastern
end and is advancing on its western end as a
result of the planing action. Since no new ma-
terial is heing added to this general mainland
area, it will continue to erode and the islands
will continue to erode with it. As more of the
coast is attacked the rate will decrease, but
eventually the islands will be pushed back to the
main marsh area which, in turn, will be subject
to attack. '

For this regime, there is no solution for pres-
ervation. Seawalls, bulkheads, or breakwaters
are too expensive for the area. Artificial nour-
ishment is also out of the question because of a
lack of available material for nourishment.

Maximum sand size on the beach is 0.5 mm. and
median size is 0.175 mm. No sand equal to or
better than this is available in the general region
for replenishment. There is some sand up in the
mainland along Bayou Lafourche, but not in the
quantity required, and it would be inadvisable
to rob the immediate mainland that is being pro-
tected. Some fresh water is now being diverted
into Bayou Lafourche from the Mississippi
River by a pumping station, which began opera-
tion in 1955, but not in sufficient quantities to
provide any significant amount of material.

Ysles Dernieres

The Igles Dernieres are remnants of the distal
extremities of the old Teche Delta of the Missis-
sippi River, which was active between 3,000 to
4,000 years ago. While the delta was active,
there was a general fan-shaped alluvial delta
advance into the sea. When the river migrated
away, the delta front remained and was re-
worked into sandy beaches fringing the delta.
Subsidence of the land behind these beaches
caused the beaches to emerge as islands sepa-
rated from the mainland by bays.

Since no new material is moving into this
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area, the islands are being reworked and are
succumbing to the action of wave attack (fig.
8). At the present time, the central part of
these iglands is receding at a rate of approxi-
mately 40 ft. per year, The eastern end is reced-
ing at a lesser rate of 24 ft. per year and the
western end at the rate of 12 ft. per year. The
ends are advancing slightly, due to the littoral
transport of material from the center section to
the ends. The littoral current off the islands
generally flows from east to west with the ex-
ception of a local reversal at the eastern end of
the islands. Waves from the southeast, south,
and southwest refract almost perpendicular to
the shore so that there is only limited lateral
motion of the beach material. There is a gen-
eral reduction in shore area and both shore and
nearshore bottom volume. The indications are
that these iglands are being planed away and
will gradually disappear. When the islands are
gone, there will be a direct attack upon the
mainland, which is predominantly a salty
marsh. This mainland will again develop a
frontal beach due o the removal of the fine ma-
terial, but this in turn will be attacked and con-
tinuously destroyed by wave and storm attack.

The beach material on these islands is rather
fine, having a maximum size of 0.5 mm. and a
median size of 0.15 mm. There are no suitable
sources of nourishment material available near
the islands, so that artificial nourishment cannot
be employed. Groins would not help, because
there ig very little movement along the beach,
An offshore breakwater or seawall would be too
expensive and would require costly maintenance
because of the general subsidence of the area
and would be economically unjustified because
of the lack of development on the islands or ad-
jacent mainland.

Solutions

The standard solutions in beach-erosion con-
trol are the use of structures such as groins, sea-
walls, or breakwaters; the replenishment of the
beach front; and the stockpiling of material to
be placed by littoral processes. These are gener-
ally used singularly or in combination, depend-
Ing upon the particular problem. All such solu-
tions require the expenditure of comparatively
large sums of money and, when measured
against the benefits, yield a low benefit-cost ratio
because of the expanse of area to be protected
and the sparseness of habitation.

The best technical solution for such an area
lies in the reestablishment of the inflow of sedi-
ment-laden water into it. This means that the
parent stream, or branches of it, must be re-
turned to provide natural nourishment to the

area. This would seem to be an almost impos-
gible solution if present navigation and flood-
control concepts are considered. Newer think-
ing has presented some interesting possibilities
that would make this concept worthy of consid-
eration. For instance, with regard to the ex-
ample, the Mississippi River has long been an
important navigable waterway and a vast sum
has been expended to develop and maintain the
mouth of it as such. To the east of it, however,
there is a tidewater channel being constructed
from New Orleans to the Gulf of Mexico called
the Mississippi River-Gulf Outlet, which will al-
low seagoing vessels to reach the city and enter
the Migsissippi River through a lock that may
be constructed in the future if justifiable. This
has many advantages over the river since it is
not affected by flooding eycles or serious silta-
tion problems, It thus appears feasible to con-
struct ship channels to handle commerce to
inland ports without utilizing major waterways.
Below a particular point on a stream, it is pos-
sible to allow the stream to return to a modified
natural meandering with many distributaries.
These smaller more numerous openings would
pass floods on wider flood plains and build a
more useful delta.

it is not proposed to allow completely unre-
stricted action, since this would present many
additional problems. The only practical solution
to the erosion of deltas lies in the long-range
preplanned control of distributaries, utilizing
control structures and revetment of directional
control of many of the distributaries to prevent
undesirable migration. This system has been
used to a limited extent in certain locations, such
as along Southwest Pass of the Mississippi
River, where an attempt has been made to main-
tain the status quo of the land adjacent fo the
navigable pass by controlling the several side
outlets so that there is no change in the flow and
sediment passing out through them but sedi-
ment is carried out so as to fill the land.

In delfaic areas that have not developed com-
mercially or industrially, the plan would be
easily implemented. Any flood-control or navi-
gation work on rivers could be planned to in-
clude the preservation of the delta system below
a certain point in the main stream.

Conclusions

In river systems, there are many problems
involving sedimentation from various sources.
These are increased by river developments and,
generally, the more extensive the development,
the more complex are the problems. All of thig
can be solved or minimized by good engineering
design after careful analysis of the problems.
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SEDIMENT DISCHARGE TO THE COAST AS RELATED TO
SHORE PROCESSES

[Paper No. 741
By GEORGE M. WATTS, hydraulic engineer, Beach Erosion Board, US. Army Corps of Engineers, Washington, D.C.

Synopsis

The supply of sediments to the shore by stream
and river discharge is a very important factor
in the stability of the shoreline, When this sup-
ply is altered, littoral forces will accordingly try
to adjust the shore zone. The development of
works on upland drainage basins for flood con-
trol and other purposes generally reduces the
sediment supply to the coast and the resulting
effect to the shore zone will be that of erosion.
Unless an appropriate plan of shore protection
ig developed and constructed, valuable coastal
property may be lost.

This paper discusses two coastal areas —
Ventura and northern Orange County, Calif. —
where the supply of sand to the coast has been
greatly reduced by basin development. In each
case the effects on the shore zone are pointed
out and the plan of improvement developed fo
solve the resulting shore erosion problem.

Introduetion

Engineers have long recognized the impor-
tance of sediment transport to the coastal zone
by river or streamflow and the general effect on
this zone if the sediment supply is altered. As
the development and control of drainage basins
tributary to our coast progress, it is apparent
that sediments supplied to the shore zones from
this source are being reduced. Quantitative sur-
vey data indicate that general erosion prevails
along our coast, but these and other data are not
sufficiently definitive to evaluate what part of
the erosion is due to a reduction of sediments
supplied to the coast by stream and river flow.

The stability of a shore or beach zone de-
pendg, for the most part, on there being a bal-
ance between supply and loss of material in the
littoral zone. If a reduction in supply occurs
from a reduction of sediment supply by upland
streamflow, the littoral forces (mainly, waves
and wave-induced currents) will tend to erode
the backshore to obtain materials to balance this
reduction. On the other hand, the retention of
gsediments by upland development would appear
to provide benefits related to the problem of
sedimentation within navigation channels at
coastal inlets. This may be true in certain in-
stances, but it is generally not the case. The
reduction of sediment supply to the coast

1Data from “Special Interim Report on Ventura
Area,” Beach Erosion Control Report, U.S. Army En-
gineer Digtrict, Los Angeles, Calif., August 1961; House
Doe, 458, 87 Cong., 2d Sess.; House Doc, 29, 83d Cong.,
15t Sess.

increases the unfavorable condition of unbal-
ance between applied littoral forces and mate-
rial movement, and if the composition of the
backshore is mainly fine-sized materials, the
shore may recede a considerable distance. Un-
der these conditions it may well be that the
actual quantity of littoral drift moving along
the shore and into an inlet channel will be sub-
stantially greater as compared to the condition
where flow from upland streams provide a sup-
ply of suitably sized sand for nourishing the
shoreline for some distance along the shores
adjacent to the inlet.

The U.S. Army Corps of Engineers has a
direct interest in this overall aspect. The chief
of engineers ig responsible for making studies
and carrving out beach erosion and navigation
projects, in accordance with appropriate Fed-
eral Laws and Acts pertaining to the Federal
role in such funetions.

Purpose

This paper presents cases where the supply
of material to the coast by upland flow was
greatly reduced, points out the resulting effects
to the shore zone, and summarizes the plans
developed to improve or stabilize the shore zone.

Presentation of Cases
Ventura, Calif.
General

The shore sector near the city of Ventura,
known as Pierpoint Beach, is about 75 miles
northwesterly of the ¢ity of Los Angeles. Sedi-
ments contributed to the coast in this area are
from the Santa Clara and Ventura Rivers.
Location of the area is shown on figure 1, the
drainage basin of the rivers on figure 2. The
dominant direction of littoral trangport, i.e.,
the dominant direction of alongshore movement
of littoral materials by the littoral forces, is
southerly, but, due to variability in direction of
wave attack, frequent transport of beach mate-
rials to the north does occur. The Santa Clara
River delta advances seaward following periods
of excessive flooding and tends to aect as a
barrier to littoral drift moving downecoast from
the Ventura River mouth and the coast north
thereof. The barrier effect extends to the Pier-
pont Beach area, and the advance or retreat of
the beach in the Pierpont area has been greatly
influenced by fluctuations of the Santa Clara
River Delta.

Sedimentation and Other Data®

The mouth of the Santa Clara River is located
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about 5 miles downcoast of Ventura. The drain-
age basin of this river comprises about 1,605
square miles, with about 90 percent of the drain-
age from the inland slopes of the western San
Gabriel Mountains and the southwestern slopes
of the eastern Santa Ynez Mountains. Slopes of
the river in the mountains average about 160
feet per mile and about 15 feet per mile on the
coastal plain. The basin is typical of this part
of California in that it consists mostly of sand-
producing sedimentary rocks. The estimated
gseagsonal runoff for the river over a 40-year
period (1893-1932) was 152,100 acre-feet. The
estimated annual sedimentation rate (gsediments
that could reach the stream and be subjected to
transportation and/or deposition therein) for
the Santa Clara River is as follows:

Santa Clara River sedimentation data (1893-1932):

Drainage area .........cccoo..... sq. mi,, .

Sand-producing part of drainage
2 Y S sq. mi., . 960

1,605

Rate of sedimentation per square

mile ... ... i cu. yd.. . 2,900
Average annual sedimentation of
sand ... ... e eu. vd.. . 2,800,200

It was estimated that the total quantity of
sediment reaching the coast each year was
about 50 percent of the average annual sedi-
mentation rate, or less than 1,400,000 cubic
vards. Construction of the Santa Felicia Reser-
voir in the Piru tributary drainage area reduced
the annual sand contribution by an estimated
340,000 cubie yards. The effect of other reser-
voirs constructed sinece 1948, along with the
effects of a series of extremely dry years, has
further reduced the sediment contribution to
the coast, and the average since 1948 is now
estimated at between 633,000 and 840,000 cubic
vards per year. Thus, where there was 1.4 mil-
lion cubic yards per year reaching the coast
goutheast of Ventura prior to 1948, there is now
only about 50 percent of that amount. Though
the Santa Clara River sediments maiily provide
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nourishment for the shores downcoast of the
river mouth, some nourishment to the npcoast
shores in the Ventura area occurs by reason of
periodic reversal in direction of littoral frans-
port, ie, to the northwest. As mentioned,
the seaward position of the delta greatly affects
the stability of the Pierpont Beach sector due
to the groin effect of the delta,

The mouth of the Ventura River is near the
northerly limit of Pierpont Beach and the city
of Ventura. The drainage basin of the Ventura
River is 228 square miles, and it is enclosed on
the north, east, and southeast by the Sants
Clara River basin and bounded on the west and
southwest by the Santa Ynez River basin.
Gradients are, in general, comparable with those
of the Santa Clara River. The annual sedimen-
tation of sand for the Ventura River prior to
1948 was as follows:

Ventura River sedimentation data (before 1948):

Drainage area .................... $q. mi, . 228
Sand-producing part of drainage

ATCR v it ir e it e sq. mi.. . 149
Rate of sedimentation per

sguare mile ..., 0., cu.yd... 4,260
Average annual sedimentation

ofsand . ... ... ... cu. yd.. . 635,000

No data are available on the amount of sedi-
ment carried by the Ventura River to the shore,
but, based on the data for the Santa Clara River,
it was estimated that 50 percent reached the
shore, or about 300,000 cubic yards per year,
Due to construction of reservoirs on Matilijia
and Coyote Creeks since 1948, if is estimated
the sediment contribution to the ocean has been
reduced by 50 percent.

The sediment yields to the coast for the Ven-
tura and Santa Clara Rivers (located northwest
and southeast, respectively, of Pierpont Beach)
are summarized in table 1.

TABLE 1.—Summaorized sedimentaiion daie for
Santa Clara and Ventura Rivers

Uncontrolled Estimated contribution
drainage area to littoral supply
Stream
Prior to | After Prior to After
1948 1948 1948 1948
. Sq. mi. | Sq. mi. Cu. yd, Cu. gd.
Ventura River. ..... 131 131 186,000 | 105,000
Matilijia Creek. . . 56 |....... 82,000 1. ... .. ..
Coyote Creek. .. .. 41 (... ... 50,000 |.........
Santa Clara River. .. 845 845 680,000 | 395,000
Piru Creek . . ... .. 440 ... ... 335000 |.........
Sespe Creek. . ... . 270 270 330,000 [ 190,000
Santa Paula Creek 50 30 45,000 26,000
Total. ... ... 1,833 | 1,296 | 1,702,000 | 716,000
Discussion

Thus with a gradual reduction of sediment
supply to the coast due to upland development,
there could be expected erosion of the coastal
sector in the Ventura area. Reduction in sedi-

ment supply from the smaller sediment con-
tributing river (Ventura), located northwest of
Ventura, amounted to about 200,000 cubic yards
per year. Since the dominant littoral transport
is to the southeast, it was not surprising to find
the annual erosion of the coast in the Ventura
area amounted to a little less than this figure.
Along the 2 miles of shore in the Pierpont Beach
area the mean high water shoreline receded
landward an average of 200 feet over the period
194881, Onshore installations, which previ-
ously had sufficient beach width fronting them
to provide protection against severe wave
attack, were gradually becoming vulnerable to
damage by storm waves,

In evaluating plans of improvement for the
problem area, it had to be assumed that the sedi-
ment contribution to the shore by the Ventura
and Santa Clara Rivers would not increase in
future years but, in fact, would probably be fur-
ther reduced. Inland sources of suitable sand
supply (by dry dryland haul) in this area are
limited, thus auxiliary structures for the pur-
poge of minimizing the annual losges of any
material placed along the shore by mechanical
means had to be considered. Considering all
data and factors pertinent to the problem, a
plan of protection was developed that involved
construction of 9 groing and placement of
1,534,200 cubic yards of restoration fill along
the Pierpont Beach sector. Required periodie
nourishment for the restored beach was esti-
mated to be 20,000 cubic yards per year. The
recommended plan is shown on figure 1. Inland
areas were located that had sand of suitable
gize characteristics and that contained sufficient
volume to provide the initial fill for restoring
the beach and future nourishment requirements.

The plan of protection is presently in the first
phase of construction, which involves eonstrue-
tion of three groins in the central and southerly
sectors of the problem area and provides sand
fill between the groins.

Northern Orange County, Calif,
General

The northwesterly limit of the Orange County
shoreline is at the mouth of the San Gabriel
River. The mocuth of the Los Angeles River and
the Log Angeles-Long Beach Harbor complex is
about 4 miles upcoast from the San Gahriel
River. The mouth of the Santa Ana River is
located about 12 miles southeast of the San
Gabriel River. Location of the area is shown on
figure 3. These rivers are typical of southern
California, as they transport large quantities
of sediments to the coast during flood periods
and relatively small quantities under normal
flow. High flood conditions were experienced in
1938, which contributed large quantities of
sand to the coast in the Los Angeles-northern
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Orange County areas. Sinece that time the up-
land has undergone such extensive development
that should comparable flood conditions prevail,
the sediment yield to the coast would undoubt-
edly be much less than that in 1938. This gen-
eral aspect has been a factor in the shore erosicn
problems in the northerly reaches of Orange
County, particularly between Newport Beach
and Anaheim Bay. Several structures have been
built along this shore sector that interrupt the
littoral drift and affect shore stability ; however,
reduction of upland sediment supply has un-
doubtedly been one of the primary factors caus-
ing instability of this shore sector.

Sedimentation and Other Data ? 3

The Los Angeles River ontlet works, located
about 4 miles north of the Orange County line,
are not actually within the shore erosion prob-
lem area. However, this river has had a very
significant influence on the problem and should
be considered before discussing the San Gabriel
and Santa Ana Rivers and the problem area.
Los Angeles-Long Beach has an interesting his-
tory of development+ as does the ocean outlet
of the Los Angeles River.® The mouth of the
river at one time was located in the area that
is now the heart of the harbor complex. Prior
to the extensive harbor development the river
must have discharged large quantities of sand
to the shore. Although waves approaching this
shore sector vary in direction and are influenced
by offshore islands, the resultant littoral forces
produced a dominant southeasterly movement
of the littoral drift. The river sand served to
nourish the shore for a. considerable distance
to the southeast.

The origin of the Los Angeles River is in the
Santa Susanna and Santa Monica Mountains.
Its drainage basin is shown on figure 4. Tt flows
along the south side of the San Fernando Valley,
around the easterly terminus of the Santa
Monica Mountains, thence across about 22 miles
of the Coastal Plain to Long Beach. The water-
shed of the river makes up an area of about 818
square miles. A channel, trapezoidal in cross
section, was completed in 1923 in the Long
Beach area, which served to divert the lower

2 Data from “Beach erosion control report on coopera-
tive study of Orange County, California,” Appendix V,
Phase 2. U.S. Army Engineer District, Los Angeles,
Calif., March 1962; House Doc. 602, 87 Cong., 2d Sess.

3 HerrON, W. J., JR., and HaRR:S, R. I.. NEW METHODS
(3)5 g?N?gR;ING BEACH SAND. Shore and Beach 30 (1):

-37. 1962,

+ McOuAT, H. W. HISTORY OF LOS ANGELES HARBOR.
Coastal Engin. Conf. Proe. 1, Council on Wave Res.
Univ. of Calif. 1950.

5 KEnvoN, Epcar C., JR. HISTORY OF OCEAN OUTLETS,
LOS ANGELES COUNTY FL0OOD CONTROL DISTRICT, Coastal
Engin, Conf. Proe. 1, Gouncil on Wave Res., Univ. of
Calif. 1850.

reaches of the river and establish the ocean out-
let just east of the harbor,

By 1941 the offshore San Pedro-Long Beach
breakwater extended southeasterly a sufficient
distance to cause dampening of the wave energy
reaching the shore in the river ouflet area and
reduced the effectiveness of the waves to dissi-
pate the large shoal at the mouth of the river.
Survey data covering the river mouth and
adjacent shore for the period of 1923-38 showed
the river discharge contributed over 500,000
cubic yards of material per year. During the
1940’s large quantities of material were dredged
from the ehannel through the delta, some being
placed on a 4-mile length of beach to the east
of the river outlet (about 6,000,000 cu. yd.)
and some placed in the harbor area to create
land for improvement of harbor facilities
(about 8,200,000 cu. yd.). Since 1938 thig river
basin has been highly developed, including ex-
tensive urban and industrial development, e¢heck
dams, and many channel stabilizing measures.
At present the quantity of sediment arriving
at the river mouth is a very small fraction of
that supplied prior to 1940. The offshore break-
water and deepened channel at the mouth of the
river greatly affect natural litforal transport of
the river sediments to the shores east thereof;
however, these factors are of little importance
to alongshore maferial transport if the small
quantity of sand now supplied by the river dis-
charge is considered. It is apparent that sub-
stantial adjustments, principally erosion, could
be expected for the shores southeasterly of Long
Beach when the large upland supply of mate-
rials to the coast through the Los Angeles River
was virtually eliminated. This problem for the
shore sector from the Los Angeles River to the
San Gabriel River has been minimized and, in
fact, the area is fairly stable, due to the south-
easterly extension of the Los Angeles-Long
Beach offshore breakwater system and fill placed
along the shore (i.e., the 6 million cubic yards
mentioned above and recent material placement
from a harbor development in Alamitos Bay).

As far as is known, there are no available
data on the quantity of sediment discharge to
the coast from the San Gabriel River. The
drainage basin of this river is shown on figure 4.
It has an area of ahout 700 square miles. The
development of works in the upper reaches of
the river has virtually eliminated sand supply
to the lower or coastal plain reach of the river.
Urban development of areas adjacent to the
lower reaches of the river and also the compo-
sition of the flat alluvial plain further reduces
the potential of much sand supply to the shore.
Present shoaling at the San Gabriel ocean out-
let works is indieated to be from littoral proc-
esses, and there is little evidence of material
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supply from the river discharge. It could be
reasoned if the San Gabriel River did supply
material to the coast, this supply has now been
virtually eliminated by the construction and
development of works on the upland reaches of
the river.

The Anaheim Bay entrance jetties are located
about 1 mile east, or downcoast, of the San
Gabriel River outlet. Sand fill was placed along
the shore between the San Gabriel River and
North jetty at Anaheim in 1959, and this shore
sector has been fairly well stabilized. The Ana-
heim Bay entrance jetties were completed in
1944 and, due to their length, effectively inter-
rupt any littoral material movement from the
west. The shore immediately east of these
jetties receives essentially no littoral supply
from the west and as a result very serious ero-
sion oceurs. The erogion problem is progressing
from the Anaheim Bay east jetty to Newport
Beach, a shoreline distance of about 13 miles.

The Santa Ana Biver mouth is about 11 miles
southeast of Anaheim Bay and within the prob-
lem area. The drainage basin is shown on figure
4, The basin area is about 2,470 square miles.
The river headwaters are in the San Bernardino
Mountains. There are no known data on the
amount of sediments transported fo the coast,
but at the present time it is apparently negligible.
Upland development has restricted the flow of
the river in its lower reaches to the point that
very little beach material reaches the shore.
Except during the rainy season (November to
March) the discharge is insufficient to breach
the barrier formed by littoral processes at the
mouth of the river.

Discussion

Although certain structures built along the
shore between San Pedro and Newport have
had varying effects on the shore, the main cause
of the erosion problems is the reduction of sand
supply to the shore from upland river flow.
There is very little littoral drift transported
around Point Fermin to the Long Beach area as
far as it is known. The littoral drift moving
from Anaheim Bay to Newport Beach is even-
tually deposited in the Newport Submarine Can-
von located at the entrance to Newport Harbor.
Thusg, the general picture is one where no along-
shore supply enters the system from the west,
and the supply of material now existing within
the system will be eventually lost at the eastern
end. Since essentially all sand supply from up-
land river flow has been eliminated, shore ero-
sion will continue unless the deficiency of along-
shore material supply is made up by some other
means.

One of the very important factors in consid-
ering various plans for stabilizing the shore
between Anaheim Bay and Newport Beach was

the limited availability, within reasonable dis-
tances, of an inland source of supply of suitable
sand for initial beach restoration and periodic
nourishment. In this respect, seawall and revet-
ment along the 1214-mile reach of shore was
considered but estimates of cost for either of
these structures indicated them to be substan-
tially higher as compared to other plans. Stabi-
lizing the shoreline by a seawall or revetment
would also not provide adequate widths of beach
for recreational purposes. Evaluation was made
for a plan involving beach fill and periodic nour-
ishment, with and without a system of groins,
and it was found that the initial fill and periodic
nourishment requirements exceeded the avail-
ability of sand located in all nearby borrow
areas. Another plan was considered that in-
volved beach restoration and a series of offshore
breakwaters parallel to the shore, Such a sys-
tem would, in effect, compartment the shore.
Each breakwater would impound the southerly
moving littoral drift in its lee, and periodically
the impounded material would be mechanically
transferred back upcoast to a point just below
the influence of the next upcoast breakwater.
Although this plan would provide a long range
solution fo the problem, a more economical plan
wag developed and recommended that involved
only one offshore breakwater located at the up-
coast limits of Newport Beach and a feeder-type
beachfill placed just below Anaheim Bay Har-
bor. This plan of improvement iz shown on
figure 5.

The fill, after being transported downcoast
and impounded by the breakwater, would peri-
odically be mechanically transferred back up-
coast and deposited in the feeder bheach zone
just below Anaheim Bay Harbor.

Basically, this plan involves the periodic
rehandling of the same sand supply. It was
estimated that nearby borrow areas contained
sufficient quantities of suitable materials to
construct the initial feeder beach and to replace
normal losses to the offshore zone that would
occur between the feeder heach and the break-
water. The initial beach fill below Anaheim Bay
Harhor would be ahout 3 million cubic vards.
The downcoast littoral drift rate is about 300,-
000 cubic yards per year; thus, erosion of the
fill zone would be about equal to this rate as
well as the impoundment rate behind the off-
shore breakwater at Newport Beach. The off-
shore breakwater will provide a sheltered area
from which a conventional pipeline dredge may
operate. If 5-year increments are considered,
this floating plant, along with a series of booster
pumps located along the shore, would need to
transfer 1,500,000 cubic yards in cach opera-
tion. The sand-transfer operation could also be
accomplished with other types of floating plant
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such as a hopper dredge with pumpout capabil-
ity. Tt was estimated 50,000 cubic yards per
yvear would be lost to the offshore zone out of
the system between the feeder beach and the
breakwater. Therefore, on a basis of 5-year
intervals between pumping operations, 250,000
cubic yards would need to be obtained from
other borrow sources and supplemented to the
feeder beach zone to maintain complete shore
stability for the problem areas.

Construction of this plan of improvement has
not been initiated as of this date (January
1963). The plan is unique and, when imple-
mented, its functional operation will undoubt-
edly be carefully viewed by many engineers, as
the project will provide valuable guidance on
this approach to shore stabilization.

Concluding Remarks

The improvement and construction of works
in drainage basins tributary to a coast, by their
very nature, tend to reduce the quantity of
gediments reaching the coast. This is particu-
larly true of the sand-size class of sediments
which serve to nourish the beach zone. The
objective of full basin development is to achieve
optimum economic use of all upland resources.
The advantages from predicting effects to the
coastal zone during the planning stage of basin
development are apparent. If detrimental

6 1J.8. Army CorPS OF ENGINEERS, BEacH ER0SION
BOARD. SHORE PROTECTION PLANNING AND DESIGN., Tech.
Rpt. 4, 248 pp. Rev. ed. 1961,

effects will prevail, early corrective measures
can be implemented at the coastal zone. Such
early action will prevent the shore problem
from reaching a critical condition and, in gen-
eral, will have substantial effect on the economy
of the area.

If specific sedimentation data are not avail-
able relative to the upland basin development,
the engineer must deal with the factors perti-
nent to the coastal problem and develop his
solutions accordingly. He must explore and
study all information pertinent to sediment con-
tributed to the coast by upland rivers and
gtreams prior to, during, and after construction
of stabilizing works on the upland drainage
basin. Detailed criteria and up-to-date tech-
niques for the planning and design of coastal
works are presently available;® however, such
guidance leading to ultimate structural design
of coastal works has little value if realistic
evaluation is not made of the past, present, and
future supply of materials to the littoral zone
from not only upland supply but from all
sources. The economie justification for con-
strueting certain stabilizing works along a shore
are frequently based on a time increment of 50
years and in some cases on a 100-year basis.
Therefore, present and projected supply of
sediments from upland sources may, and gener-
ally will, be a significant factor in the functional
and structural design within the plan of im-
provement for the coasfal problem area in
question.

SAND MOVEMENT ON COASTAL DUNES
[Paper No. 75]
By J. W, JoUNSON, professor of hydraulic engineering, University of Califormia, Berkeley

Introduction

The problems of the supply and loss of sedi-
ment at a shoreline are of considerable impor-
tance at many localities along the coastlines of
the United States. One basic mechanism in-
volved in this overall problem is the transporta-
tion of sand by wind action (5). For example,
at many localities along the Washington, Ore-
gon, and California coasts considerable amounts
of sand apparently are moved inland each vear
by wind action (3, 8). A study at the major
dune areas of the California coast (8) shows
that three basic conditions are satisfied for the
existence of a dune system: (1) a large supply
of sand from a nearby major stream; (2) a
shoreline orientation approximately parallel to
the crests of the prevailing wave condition, thus
creating a favorable condition for a low littoral
current and consequently a location for sediment
accumulation; and (3) low topography back

from the beach where the prevailing onshore
winds can easily move the sand inland from the
region of accumulation at the beach. Figure 1
is a typical example of a major dune area on
the California coast.

To obtain reliable data on the approximate
magnitude of the annual supply or loss of sand
from a coastline by wind action, a program of
laboratory studies was undertaken in a special
wind tunnel with sands of wvarious sizes to
define the relation between the rate of sand
transport and the character of the wind and
the sand. This laboratory program was supple-
mented by a limited program of field studies
that was made to define the extent of the dune
areas, the character of the dune sand, and the
frequency of occurrence of coastal winds ca-
pable of moving sand. Thus, to provide informa-
tion on the character of the sands encountered
in actual dune systems and therefore to serve
as a basis for the sand sizes that should be
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studied in the laboratory, a sampling program
was conducted at most of the important dune
areas on the California coast. Surface samples
were taken at the midtide level on the beach face
and on a range extending inland in the direction
of the prevailing onshore winds. Typical of
such information is that shown in figure 2,
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FIGURE 2.— Variation of mechanical composition of
dune sand with distance from beach (near Santa
Maria River mouth).

which was obtained slong the range indicated
in figure 1. This plot shows the mean grain size,
sorting coefficient, and skewness as a function
of distance from the shoreline.

Considerable work has been done on the

MISCELLANEOUS PUBLICATION 970, U.S. DEPARTMENT OF AGRICULTURE

mechanics of sand movement by wind by nu-

merous investigators (7, 6, 9). Emphasig in -
these past studies was on the distribution of

windspeed above the sand surface (with and

without sand movement) and the rate of sand

movement as a function of the principal vari-

ables.

The shear stress, T, produced at the sand sur-
face by airflow, is one of the most important
factors in the basic mechanics of sand move-
ment by wind. When the shear stress exceeds
a critical value, the sand particles start to move.
The windspeed profile and shear velocity, Us,
are the primary factors involved in sustaining
sand movement — the shear velocity being de-

fined as \/T/p where p is the density of the air.
Bagnold {1), in his studies of the initiation of
sand movement, derived the following expres-
sion for the threshold value of the shear velocity,

Uw:A\/gl;igd 1)

where d ig the grain diameter, ¢ is the accelera-
tion of gravity, and ¢ and , are the densities of
sand and air, respectively. Bagnold found that
the eoefficient 4 had a nearly constant value of
0.1 for a sand diameter of 0.25 mm. and greater.

Several investigators have developed expres-
sions for the rate of sand movement as a func-
tion of certain variables. A few of these expres-
sions are as follows:

Bagnold formula (1). — The rate of sand
movement per unit width and unit time, ¢, is
given by

(2)

where D is the grain diameter of a standard
0.25-mm, sand, 4 is the grain diameter of the
sand in question, p is the density of the air (in

c.g.8. units, ﬁis equal to 1.25 x 10-), Us is

the shear velocity, and C has the following
values:

1.5 for a nearly uniform sand;

1.8 for a naturally graded sand;

2.8 for a sand with a very wide range of grain

sizes.

Kowamura formula (6).-— The rate of sand

movement, ¢, is given by,

qug(U*ﬂUw) (U. +Ua)z  (3)

where p is the density of air, Us is the shear
velocity, Ux is the threshold shear velocity, and
k is a constant that must be determined by
experiment. For a sand of average grain size,
0.25 mm., Kawamura chtained k—2.78 in wind
tunnel tests, with all terms being in c.g.s. units.

Experimental results obtained in wind tunnel
tests by Bagnold (1) and Kawamura (6), using
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a sand grain diameter of 0.25 mm., present
widely differing results as shown in figure 3.

Rote of sond transpord:
4qin groms/em-sec

- Kowamura
+ Bagnold

- Zingg

- Horikawa

L3

+ 0O

Uy in cm/sac

FIGURE 3. — Experimental data on sand transport de-
termined by previous investigators.

Also plotted in this figure are the results of
wind tunnel tests by Zingg (9) and Horikawa
and Shen (4) for a grain diameter of 0.25 mm.
From his results, Zingg (9) modified the Bag-
nold formula to

d 3/4
()

where C has the value (.83.

’,- 8.0’ -t oo’ e 8.0
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In addition to the above formulas, O'Brien
and Rindlaub (7) proposed the following for-
mula from data derived by field tests:

G =0.036 [7.* (for Us > 20 ft./sec.)

where G is the rate of transport in pounds per
day per foot width, and U, is the wind velocity
5 ft. above the sand surface in feet per second.

Confirmation of the above formulas by field
results is not particularly good, but gince there
is considerable scatter in the experimental data,
these formulas are still useful in the description
of a particular condition when a suitable con-
stant is selected,

Experimental Program

In order to reconcile gome of the apparent
differences in the various existing relationships
for the rate of sand movement and to congider
those conditions usually found in the field, a
program of laboratory studies was made at the
University of California under sponsorship of
the Beach Erosion Board. The first tests in this
program were made to develop a suitable sand
trap for measuring the rate of sand transport
in the field. These studies have been reported
elsewhere (4) and are not summarized in this
paper. Subsequent to these earlier tests, which
were conducted in 2 wind tunnel 12 in. by 15 in.
in eross section, a larger and more suitable tun-
nel 4 ft, wide by 2.5 ft. high and 101.5 ft. long
(fig. 4) was eonstructed and used in the labora-
tory tests discussed below (2).

Wind in the funnel was generated by a vari-
able speed fan at the exit end. Windspeeds up
to a maximum of about 40 ft./sec. could be
attained. Vertical and horizontal velocity dis-
tributions during tests were made with a
standard Prandtl-type pitot tube connected to
a previously calibrated Magnehelic gage having
a range of one-half inch of water and graduated
into 0.02-inch divisions. During all tests, sand
was spread over a length of about 62 ft. of the

; T&A 675 } 8.0 —w
. ! _J
| [
L | — | |
l l [ Pitot tube l Hopper
i Blower Exhoust | ! i E a
I o~
: -— Sand \
L A . o
£ Horizontal trap Vertical trop

F1GURE 4. — Wind tunnel used in sand transport studies.
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flume with a depth of 2 inches. A hopper to feed
sand into the flume at a uniform rate was placed
near the entrance to the tunnel (fig. 4). The
rate of sand feed was adjusted to be equal to
the rate of sand transport as measured by the
sand traps, which consisted of the vertical trap
developed by Horikawa and Shen (4) and a
horizontal trap. This latter trap consisted of
18 compartments permanently fixed at the end
of the sand bed (fig. 4).

In order to eliminate side-wall effects with
the horizontal trap, the rate of sand transport
was measured only over a width of 2 ft. in the
central part of the flume. Sand was removed
from the compartments in the horizontal trap
at the conclusion of each run with a vacuum
cleaner. Comparison of the rate of transport
as measured by the vertical trap with that
measured with the horizontal trap showed that
the vertical trap is close to 100 percent efficient
at windspeeds higher than about 27 ft./sec., but
it becomes much less efficient at lower speeds
{2). For high windspeeds, the grain-gize distri-
bution of the sand caught in the vertical trap
was very close to the grain-size distribution of
the bed except for the very largest grains (2).
The relative absence of these larger grains prob-
ably is caused by the platform of the trap, which
sometimes can be an obstacle to surface creep.

For windspeeds near the threshold value, the
grain-gsize distribution of sand in the vertical
trap shows a distinet lack of the larger grains.

MISCELLANEOUS PUBLICATION 970, U.S. DEPARTMENT OF AGRICULTURE

This eondition cannot be attributed entirely to
the inefficiency of this trap but probably indi-
cates the manner in which sand is moving near
the threshold; i.e., the larger grains are not
in general movement.

The mechanical composition of the three
sands used in the tests is shown in figare 5. The
principal characteristics of these sands are as
follows:

Mean grain
Sand diameter Sorting coefficient Skewness
(mmm.)
Ao 0.44 1.23 1.01
B.o............ 30 1.15 1.00
C.o..... 145 1.24 .98

Experimental Results
Rate of Sand Transport

The amount of sand caught by the horizontal
trap was measured for velocities varying from
the threshold value to about 37 ft./sec. The
feeding of sand into the wind tunnel at the up-
stream end of the sand bed was an important
factor in sand movement for the lower wind
velocities. Feeding sand into the tunnel during
tests appreciably lowers the threshold velocity
and, at the same time, changes the amount of
sand transported for lower velocities. This
effect is evident in figure 6, which shows the
rate of transport as a function of wind velocity
(and shear veloeity) with and without sand
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FIGURE 5. — Mechanieal composition of sands tested.
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Rate of sand tronsport
q in gram/em-sec

O Without sand feed

A With sond feed

PEY o

YUs in cm/sec

Ie] A 1 1 i —p

Q Q 20 30 40 50 €0 70 80
Wind Velocity

iU in ft/sec¢
T

T T y _
20 25 30 35 40

Fi1GURE 6. — Experimental data on the rate of transport
of zand A (d = 0.44 mm,) with and without a sand
Teed.

feed for sand A (d=0.44 mm.). The apparent
reversal of the curve oblained without a sand
feed is perhaps due to the fact that the sand
used in this study had a relatively wide range
of grain sizes (fig. 5). At or near the threshold
condition, it is possible that the action of the
smaller grains was impeded by the larger
grains, thus modifying the overall values for
the threshold velocity and the rate of transport.
More precisely, near the thresheld the sand
grains move mainly by saltation. Since the sur-
face layer remains practically immobile (no
surface creep), the smaller grains are hidden
by the larger ones and as a result the sand
hehaves as though it had a much larger mean
diameter.

The experimental values for the maximum
rate of transport (i.e., with a sand feed), g, are
compared to the values predicted from the
Bagnold (1) and Kawamura (6) formulas as
follows.

Send A (d=0.44 mm.) — The experimental
valne of the threshold shear velocity {with sand
feed) was 30 em./see., which compares favor-
ably with a value of 34 cm./sec. as calculated
by the Bagnold formula (equation 1). For the
rate of transport, Bagnold (equation 2) pro-
poses a value of C=1.8 for normally graded
sand and C-=2.8 for a sand with a very wide

Rate of sand transport
| 4 n Qré cm-sec

Kawamuro formuio
with k=3, | :

Bagnold Formulo
with c=2.5

U, in em/isec
. L L

o Lol 20 30 Ly 50 L] wn 80

FiGURE 7. — Comparison of experimental data with the
Bagnold and Kawamura formulas for sand A (d =
0.44 mm,).

range of grain size. If a value of C=2.5 is used
for sand A, the experimental and ealculated
values are as shown in figure 7. From this fig-
ure, except for wind velocities near the thresh-
old, where the Bagmnold formula is not appli-
cable, the agreement is good. In the Kawamura
formula (equation 8) with a value of Us«—
30 cm./sec. ecombined with a value of 2=3.1,
excellent agreement between experimental and
caleulated values was obtained over the entire
range of shear velocity, as shown in figure 7.
Sand B (d—=0.322 mm.).— The experimental
value of the threshold shear velocity (with sand
feed) was 16 cm./sec., which agrees fairly well
with a value of 18 cm./sec. as calculated with
Bagnold formula. With respect to rate of trans-
port, figure 8 was prepared to show a compari-
son of experimental values with the Bagnold
and Kawamura data on a sand of 0.25 mm. in
diameter. It is evident that the curves differ
considerably, although the sand in each case had
almost the same mean grain diameter. The
sorting coefficient of the various sands possibly
wag quite different. In the study with sand A
(d=0.44 mm.) the Bagnold and Kawamura for-
mulas eould be used to describe the experimental
data; however, with sand B no values for the
constants ¢ and % could be found to describe the
rate of transport over the entire range of shear
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FIGURE 8.-— Comparison of experimental data on sand
B (d = 0.30 mm.) with the experiments of Bagnold
and Kawamura on a sand 0.25 mm. in diameter.

velocities. Those values that most closely de-
scribed the experimental data are shown in
figure 9.
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FIGURE 9. — Comparison of experimental data with Bag-
nold)and Kawamura formulas for sand B {d = 0.30
mm,}.

Sand C (d==0.145 mm.).— The experimental
value of the threshold shear velocity (with sand
feed) was 22.0 em./sec. and that calculated by
the Bagnold formula was 17.8 cm./see. This
relatively large difference between the observed
and calculated values of the threshold velocity
is expected from the work of Bagnold (1),
wherein it was shown that for such small grain
sizes as sand C the coefficient A is not a constant
and the shear velocity reaches a minimum. For
the rate of transport, figure 10 shows the ex-
perimental values compared with the Bagnold
and Kawamura formulas. In this comparison,
a value of C=1.5 was used in the Bagnold for-

1.0

wn 2] ~ @ W0
T T T T T

q in gramsfem-sec
-y
T

1 L b }
20 40 60 a0 100 120
U, in em/aec

Figure 10, — Comparison of experimental data wi
Bagnold and Kawamura formulas for sand C (d =
0.145 mm.).

mula. This is the lower limit of the value of C
recommended by Bagnold and applies to a
nearly uniform grain size. For the Kawamura
formula, a value of k=1.0 had to be selected in
order that the calculated curve would pass near
the experimental points.
Response Time of Sand Bed to Change in
Windspeed

In order to investigate the response time of
the bed to a change of windspeed, some tests
were made in which the wind was first allowed
to blow over the sand surface (using sand A)
at a velocity of 31.5 ft./sec. for a relatively long
time (sufliciently long fo observe a duplication
of the results on the amount of sand trans-
ported, both in the vertical and horizontal
traps). The windspeed then was suddenly
changed to a value of 35 ft./sec. and the sand
collected in the vertical trap was weighed every
2 minutes, until a new constant rate of trans-
port was observed. The windspeed then was
again adjusted to the first value, while the same
measurements were made with the vertical sand
trap. After a sufficiently long time, the wind-
speed was again adjusted to the higher value,
and the same process repeated.

There was some scatter in the data, especially
for the higher velocity. This dispersion prob-
ably was due to some extent fo the inaccuracy
of the windspeed readings, these speeds being
glightly different in corresponding runs. But
as the important fact is the rate of transport
with respect to time, the part of the dispersion
due to differences in the mean windspeed can be
eliminated by considering the discrepancy be-
tween the measurements made within the first
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few minutes of each run and the average of the
last measurements, when the equilibrium is
reached. Figure 11 shows the rate of sand trans-
port as a function of time with this correction.

Amount of sond
A collecied every
2 minutes, in grams

Sand A

| E——

Averoge
tor t»4

BO ¢

30 N B. The average of gll the values obtoined on the amount of sand collected
for o particutar velocity, hos been taken as ¢ reference in plotting
201 the discrepencies. This has been done in order to compare the
magnitude of the discrepencies to the absolute velues of the amount
16} of sand collected, Dbut hos no quantitative volue,

o 2 4 L3 8 i 14 4
Time in minutes

FIGURE 11.— Change in rate of transport with time
following a change in wind velocity.

The dispersion was greater at the beginning
than at the end of a run, but except for a slight
increase during the first 4 minutes in most of
the runs, no trend could be observed. In general
it appears that the rate of tramsport adjusts
itgelf rather quickly to a new windspeed. Con-
sequently, under field conditions a knowledge of
the actual duration of windspeeds of various
magnitudes apparently should permit the caleu-
lation of the probable volume of sand moved on
a given dune gystem in a given period of time.

Effect of Moisture on Sand Transport

Generally moist sand found along coasts can
be classified into two categories, depending upon
the origin of the moisture:

(1) Moist sand that haos collected moisture
from the atmosphere. — Unlike very fine par-
ticles such as dust or loess, the sand does not
appear to absorb moisture readily. As indicated
below, however, there exists a correlation be-
tween the water content of the sand and air
humidity. Since there is such a correlation and
since in the field it is easier to measure the air
humidity than the sand water content, the air
humidity instead of the water content of the
sand was taken as the variable in the studies
discussed below.

(2) Moist sand whose water comes from
sources other tham air humidity. — Such sources
are rain, rising of underground water, and sea
water remaining in the sand by wave or tide
action. When a wind not saturated with water
vapor blows over such a sand, it gradually dries
out the surface layer of the sand bed until an
equilibrinm is reached between humidity of the

wind and the water content of the surface layer
of the ground. The study of sand movement is
relatively complex in this case, where water con-
tents of air and sand, as well as wind duration,
are factors.

To obtain information on some of the above
problems, Belly (2) performed a series of
experiinents on sand A (d=0.44 mm.) in a
closed-circuit wind tunnel where humidity could
be controlled. The first series of tests were con-
cerned with the determination of the effect on
the threshold velocity where the moisture con-
tent of the sand was relatively low. In these
tests, U« was determined from a series of verti-
cal velocity distribution curves for different
mean velocities and different air humidities, k.
Figure 12 shows the relation between the shear
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FIGURE 12. — Relation between mean velocity and shear
velocity for various air humidities.

velocity, U+, and the mean velocity, /. This
relation is quite consistent and can be expressed
by a straight line. Thus, it can be stated fthat
the wind drag is practically uninfluenced by
air humidity. In the later tests, only the value
of the mean velocity was recorded and the value
of U. was calculated from this graph.

The water content of sand obtained during
the various runs is plotted against the corre-
gponding air humidity in fizure 13. The scatter
of data is important, but there is a general tend-
ency for the points to follow along a straight
line (which obviously should pass through the
origin).

The threshold velocity was found by investi-
gating the lower part of the curves for the rate
of sand transport. The three sample curves in
figure 14 clearly indicate the change in the rate
of sand transport with humidity. From such
curves, the data on the variation of the thresh-
old shear velocity distinctly show an increase
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with air humidity, and the relationship is nearly
linear (fig. 15).

The second series of tests by Belly (2) on
threshold velocity were concerned with sand of
high water content; that is, greater than 0.25
percent. The relation between U and U+ under
such conditions is shown in figure 16 and
appears to be linear and merely an extension of
the data shown in figure 12. During the tests
in which these data were obtained, the air was
maintained saturated, and the water content,
w, of the sand was varied.

The tests showed that with a relatively high
water content of the sand (in excess of 1 per-
cent), the windspeed necessary to initiate sand
movement becomes increasingly important. One
explanation for this increase is that the sand
surfaece becomes very smooth under wind action,
The water contained in the sand fills the inter-
stices between the grains and makes the extrac-
tion of the grains by the wind much more
difficult than when dry. The experiment could
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F1GURE 16.— Relation between shear velocity and mean
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not be made for a water content higher than 4
percent because the wind strength necessary to
initiate the movement could not be obtained
with the available equipment ; however, it might
be expected that the wind strength would in-
crease very rapidly with an increase of water
content. It is even probable that for a very
high water content (flooded gand) the problem
changes aspect and becomes closer to the prob-
lem of an interface between two fluids.

Using the relationship between water confent
and air humidity in figure 13, it is possible to
complete the results of the study of low water
content and thus find a relationship (fig. 17)
between U and w for the total range of water
content (0 to 4 percent). As to be expected,
since the air humidity in itself does not play an
important role in the sand movement, there is
no break at the point that joins the two sets of
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FIGURE 17, — Variation of the threshold shear velocity
with moisture content (from figs. 12 and 16).

data; that ig, at a threshold shear velocity of
40 cm./sec. The data follow a straight line, thus
indicating that the relation between U« and w
can be put into the form,
Ui =alog,w -+ b
where a and b are two constants obtained from
the graph. It was found that
Ue=17 (log,, w+5.1) em./sec.
or U«w=28 (0.6 log,, w+1.8) cm./sec.
where 28 is the value of Us: in centimeters per
second given by the Bagnold formula.

If it is assumed that moisture affects the
movement of sand of different grain sizes in
the same manner, the Bagnold formula for the
E‘h]xieshold shear velocity may be modified as

ollows:

Utt"——A\/ gd (18+06 logm 'HJ)

where A approximates 0.1 and w is expressed
in percent.

g—p

Conclusions

1. The Bagnold formula for the threshold
shear velocity appears adequate in giving a
value for this term for use in ealculating the
rate of transport of sands normally existing on
the coastal dunes of California.

2, The Bagnold formula for calculating the
rate of transport appears superior to the Ka-
wamura formula in that the value of the coeffi-

cient C in the Bagnold formula is better defined
and more limited in range than the coefficient %
in the Kawamura formula. That is, a value of
C between 2.5 and 2.8 was adequate to define
the transport of sand with a wide range of
grain sizes (sands A and B) and a value of 1.5
wag adequate for a sand that is nearly uniform
in size (sand C). The Kawamura formula in-
cludes the threshold shear velocity, which in-
troduces a further uncertainty in the calcula-
tions of transport rates, especially since this
factor is influenced by the moisture content of
the sand.

3. With a relatively high water content of
the sand the windspeed necessary to initiate
sand movement becomes increasingly impor-
tant. This is especially true for the coastal dunes
of California where the higher windspeeds,
which usually occur during storms, are also
accompanied by considerable rain.
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QUANTITATIVE TRACING OF LITTORAL DRIFT
[Paper Ne. 761
By PEr BRUUN, engineer, Coastal Engineer?ng Laboratory, University of Florida, Gainesville

Abstraet

The longshore littoral drift is caused by a
combination of shear stresses by wave action
that break loose the material from the bottom,
usually pushing it in the direction of wave
propagation, and by longshore currents, which
help tear loose the material and transport it
longshore.

In order to gain an understanding of all the
littoral drift phases, it must be split up in
several parts to be investigated separately.
Some of these represent a combination of ele-
ments, which have to be locked into independ-
ently. Other parts may present an integration
of single elements, making possible investiga-
tions in integrated form.

The Coastal Engineering Laboratory of the
University of Florida is at present earrying out
a combined field and laboratory research pro-
gram on friction factors for longshore currents
and quantity of longshore drift. The labora-
tory utilizes tracing technique by luminophores
in the field, Wave tank experiments are car-
ried out simultaneously. Longshore currents
are passed through waters agitated by waves
propagating parallel to or perpendicular to the
current action.

Field Research

General

Sediment transportation is caused by a com-
bination of shear stresses by wave action and
by current action. The wave-induced shear
stresses ‘“break loose” the material from the
bottom while the longshore currents transport
it longshore.

Figure 1 demonstrates a typical situation

LONGSHORE
CURRENT

< 7S
EBB GURRENY —— e
FLOOD CURRENT -~ -

/,//,

BARRIER

F1GuRE 1. — Typical currel?t action of barrier and inlet
shore.

from a seashore like the 11.S. east and gulf bar-
rier-lined coasts. Wave action canses a long-
shore current that will be strongest in the
breaker and uprush zones. This current will be

interrupted on the unbroken barrier shore by
rip currents and on the inlet broken shore by
tidal inlet currents (fig. 1). This means that
we are normally dealing with wave and cur-
rent action perpendicular to each other. Occa-
sionally, at inlet entrances, they run parallel
to each other, either in the same or in opposite
directions.

A research program on littoral drift must
include the above-mentioned overall problems.
The procedures described below are based on
the philosophy that, although it is not possible
to understand the complex problems in full
unless research penetrates down in the very
details (7), it is still possible to obtain results
of scientific and practical value by considering
an integrated part of the problem, including a
variety of details to be looked into when the
integrated problem has been investigated or
analyzed to the extent this is possible.

Modes of Transport

As in rivers littoral material transport occurs
partly as bedload and partly as suspended load
transport. It is ¥nown that bedload transport
takes place in two basically different ways—
partly in a fast moving sheet layer on the sur-
face of the bottom and partly in bulk move-
ments as slowly migrating waves on the bot-
tom, perhaps in a multiwave system as obhserved
in the Mississippi River where whole systems
of waves advance by an overhauling procedure
(13). Most likely the situation on the seashore
is similar to the situation in rivers as mentioned
in a later paragraph.

Sheet-Layer Movement

The thickness of the sheet layer depends upon
the shear stresses and lift forces exerted upon
the bottom and their variation with time. Under
the influence of these stresses, the sand par-
ticles travel parallel to the wave crests (long-
shore) when the oscillating water particles are
mainly in vertical movement and they migrate
perpendicular to the wave crests (and to the
shore) below wave crests and troughs. The
thickness of the sheet layer as observed by some
regearchers may correspond to the height of the
ripples as long as they occur on the bottom.
Meanwhile, with higher water velocities the
ripples are wiped out and replaced by a flat,
glightly undulated surface, which carries a
considerably higher bedload movement and
probably increasing thickness of the “live” sur-
face layer. Certain field and laboratory tests on
sheet-layer movement are now in progress at
the Coastal Engineering Laboratory of the Uni-
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versity of Florida. In the field quantitative
tracing is undertaken with luminescent tracers.
A brief review of the manufacturing process
and the proposed scanning of samples by
Teleki is given in paper No. T6A. Experiments
in which fluorescent tracers are used are men-
tioned in references (9, 10, 17, 28, 24, and 25).
Examples of radicactive tracing are given in
references (18 and 20) and in papers by L. L.
MecDowell and by Cummins and Ingram in this
Proceedings. Kamel and Johngon (72) mention
natural tracers.

With respect to sheet-layer movement, the
Tollowing procedure iz used at experiments in
progress at the Fernandina Beach, northeast-
ern Florida.

Tracer material is dumped by diver or from
helicopter on the bottom on the updrift side of
an 800-ft. long pier extending in the ocean to a
depth of 15 to 20 ft. at mean sea level (fiz. 2).
Suspended Ioad samplers as well as bedload
samplers are operated from the pier at various
depths. The suspended load sampler is a pump
with a suction pipe having four vertieal intake
pipes and settling basins on the pier. The bed-
load sampler is also supposed to function as a

~

WAVE )
CREST PIER
INJECTION
WkQ)NGSHLﬁEﬁ_ I sampLing
AREA " curmenT 14| POINTS
T ' SHORELINE

FiguRE 2, — Location of tracer material in relation to
Fernandina Beach pier, northwestern Florida.

trap. Itis a turtle-shaped steel and plastic dome
about 3 ft. long, 2 ft. wide, 8 in. high, with re-
mote-controlled doors at each end (fig. 3). To
avoid excessive scour around the trap and its
openings a heavy steel apron is attached to
the bottom of the trap. The proper function of
the {rap is checked by the diver. Placed parallel
to shore, the trap is operated for a few minutes,
after which doors are closed and water jets cir-
culate the water in the trap af the same {ime as
a vertically slitted pipe in the middle sucks up
the material accumulated in the middle for
deposit in bagin on the pier,

FiGurg 3. — Bedload trap.



758 MISCELLANEOUS PUBLICATION 970, U.S. DEPARTMENT OF AGRICULTURE

By continuous sampling of material, the num-
ber of grains/time relationship is obtained, If »
tracer grains are trapped per unit time, one has
yr=travel velocity of grains, b=thickness of
sheet layer, w=width of trap opening, and %, a
material constant

w b hd 'Uz=n hd .k1

b= nk, =k, 2 ; where k.— Lot (§8)
W Vs w

“b” indicates the thickness of the imaginary
layer of coated grains and is very small. The
corresponding number of noncoated grains com-
ing from the same bottom area as the coated
grains is unknown. Most grains trapped in
the period immediately after the dumping of
tr:acer grains come from the area close to the
pier.

If relatively heavy concentrations are as-
gumed, coated grains will arrive at the pier
in a stream that most likely will increase rather
rapidly to a maximum value and then fade out
slowly (fig. 4). When point A of figure 4, indi-

A

1 F 71T mE o

FIGURE 4. — Theoretical relationship of concentration of
tracer material versus time.

cating maximum concentration, has reached
the pier, discharge of material from the in-
jection area has its maximum value. The cor-
responding maximum thickness of material ar-
riving from the injection area is
N Pmax

Bnlax_ nmax Vnmax kz (2)
when N is the total number of grains trapped
per unit time.

Next the assumption is made that the ratio

can be considered as a characferistic all-

time valid figure for the release of material
from the injection area and is true for all the
various sheet layers sliding on top of each other
with different velocities.

The use of as “standard ratio” assumes

that coated and noncoated grains leaving the
injection area have the same fate. This means
that full natural mixing has taken place, elimi-
nating all irregularities that would tend to
create fluctuations in concentrations at the
sampling point. Tracer material, therefore,
should be released in a certain area of the bot-

tom parallel to shore, thereby eliminating the
influence of smaller migrating sand waves. It
may not be possible to eliminate the influence
of the very large waves.

It still cannot be expected that maximum con-
centration will oecur in one distinet peak of
concentration. Therefore, as an example the

ratio should be determined as the average

max

of 5 maximum concentration samples:
5 max 7 values

(i) ave. l E N/nmax
'nmax 5 - o 1.. -
1 max 7 value
The total thickness of the fast moving sheet
layer up to maximum concentration may then be
found by an integration:
N=Nmax=—=";

Biowi=3 b= N/tmaz k- V (3)
n_

The total quantity of materlal (Qtotar) in all
sheet layers may be found by direct observation
of the quantity trapped. The integral below in-
cludes fast- as well as slow-moving material.

Qtotal'—Qtast"‘ (Qslow) =
N=Nmax=—"1j
Vj + (Qslow) (4)

2 N/Rmax ko n’ .
n=mn,

The thickness and mlgration velocity of the
slower and very slow moving bottom material
may be determined by continued long-range ob-
servations beyond maximum concentration and
may in the extreme include the migrating humps
of material that has erosion slopes updrift and
deposit slopes downdrift.

Figure 5 shows one of the results of introduc-

. T PUMP
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F1GURE 5. — Results of a test of concentration of tracer
material versus time.

tory tests at Fernandina Beach pier, where a
trap was used as shown in figure 8. When
figures 4 and 5 are compared, this result is en-
ecouraging., To obtain reliable results, it is
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necessary to inject various color schemes in
strips parallel to shore.

The N/n ratio is independent of the direction
of travel of material, but the trap used to pick
up material and measure quantity of longshore
drift must assure that the material actually is
derived from the longshore movement of sheet
layer corresponding to the width of the door of
the trap. Placement of a steel apron around
the trap prevents erosion of material that
would take place at corners, which could inter-
fere with deposits in the trap.

The results of these experiments with bed
and suspended load are only valid for the con-
ditions under which the experiments were ac-
tually run. In order to gain information useful
in practice, a great many results under a
variety of conditions are needed. These results
must link wave and current characteristics to
sediment transportation character. Concerning
the hydranlic character, efforts should be in-
tensified to determine more detailed data, such
as bottom velocities, their directions, and flue-
tuations and turbulence in the grand as well as
the small scale. The program is therefore not
in the least an attempt to determine the de-
tailed flow patierns and velocify characteristics
and its relation to the sediment transport.
Velocities parallel ag well as perpendieular to
shore therefore are measured in front of the
Epdrift door by instruments attached to the

rap.

Bulk Movement of Sand in Migrating Sand Waves

The ccean floor does not have an even surface
when considered on the grand scale. In addi-
tion to the longshore bars it is provided with
undulations perpendicular to the shoreline.
These undulations migrate “downstream” in
the way that part of the material creeping up
along (or eroded from) the updrift slope comes
to rest on the downdrift slope thereby causing
a downdrift movement of material. This in
turn means that thickness of the surface sheet
layer on the updrift side of the undulations is
greater than on the downdrift side.

Such undulations have been observed in
rivers. Lane and Eden (12) state that 350 mil-
lion tons of sediment is transported annually
in the lower Migsissippi, mostly in suspension.
Meanwhile surveys demonstrated that consider-
ahle quantities of bed material migrated along
the bottom in large bars with varying heights of
5 to 10 fi. and lengths of 1,000 to 4,000 ft. and
a travel velocity of 15 to 25 ft. per day, causing
a material movement of 2,000 to 8,000 cu. yd.
per day. This is further explained by Carey
and Keller (6), with special reference to the
friction elements involved. Similar phenomena
are well known from flume experiments. On the
seashore migrating sand waves moving toward

the shore are mentioned by Thierry and van der
Burgt (21) with reference to observations in
the English Channel by Hook van Holland and
Den Helder.

Bruun (I) mentions results of research on
this phenomenon on the Danish North Sea coast
where large undulations migrate along the
shore in the direction of the littoral drift in
the area of the beach profile near the shoreline.
The “wave-length” seems to be 0.5 to 2 kilo-
meter, the “wave height” (horizontal) 60 to 80
meters. Moreover, detailed depth soundings on
the Danish North Sea coast proved the exist-
ence of deep-water, large, wave-shaped sand
humps that migrated aleng the shore. The
wavelength seemed to be 1.5 to 3 kilometers, the
vertical height is 1 to 2 meters.

Similar experiments were carried out and are
still in progress on the Atlantic shore at Fer-
nandina Beach and at St. Augustine, Fla. At
Fernandina Beach profiles were surveyed up to
about 20 ft. depth at regular intervals. Figure
6 shows the results of such a survey made. It

APRIL 13,1962
—— — NAY 22,1962

FIGURE 6. — Profiles of migrating sand waves,
Fernandina Beach,

appears that the wavelength of undulations in
depth contours vary from about 500 to about
1,500 ft. and that the horizontal wave height
may be 1,000 ft. or more.

Laboratory Research
Transport by Tidal Flow; No Wave Action

The material transportation must follow the
same physical laws as valid for unidirectional
flow even if the velocity varies during the tidal
half cycle. Bruun and Gerritsen (4) mention
rational approaches in relation to tidal hy-
draulics. A review of “Engineering Aspects of
Sediment Transport,” (2) reports the results of
research with unidirectional flow.

Transport by Wave Action

Several flume experiments have heen made
on transportation of bed material by wave ac-
tion and on the distribution of velocities, includ-
ing mass transport velocitics. Russell and
Osorio (17) found by tests in a wave flume that
near the sand bottom drift veloeities are as
predicted by Longuet-Higgins theory (15) for
all waves investigated in their tests. Whether the
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bottom drift was on a horizontal or a sloping
bottom within certain limits of steepness, it was
always in the direction of propagation of wave
action. So was the direction of the drift in the
surface. However, in the middle of the wave
flume the drift was seaward, or against the di-
rection of propagation of wave action.

Lhermitte (14), in similar experiments con-
sidered the formation of ripples and the influ-
ence of viscosity in the bottom boundary layers.

It is generally known that the friction param-
eter depends partly upon the bottom config-
uration (ripples, dunes, smooth, etc.) and
partly upon the movability of the undulating
boundary layer. Whether the flow is unidirec-
tional or oscillating, it is difficult to measure
water velocity and particle velocity separately,
unless the material is very fine (wash load), in
which case the sediment and water particle
velocities are identical. If the friction factor as
related to the bottom configuration and the
damping influence on turbulence caused by the
fine sediment particles are known, it is possible
to use the Prandtl-von Karman velocity distri-
bution law, with corrected constants for uni-
directional flow (8). But for a coarse sand
bottom it is difficult or impossible to arrive at
any definite “velocity profile,” becauge of the
great irregularities in wvelocities. Results of
model experiments on scours at sluices in Hol-
land proved that the velocity fluctuations is the
important parameter, because it gives a meas-
ure for the turbulence that is all-important for
the combined shear and lift forces which are
responsible for material movement.

Transport by Tidal Flow and Wave Action
Ruuning With or Against Current Action

Research is in progress in a 4 ft. deep, 6 ft.
wide, wave tank (fig. 7), which also functions
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FIGURE 7. — Wave tank for littoral drift experiments.

as a flume. Before wave action and current ac-
tion are introduced simultaneously in the tank,
friction factors as well as sediment transporta-
tion are measured for the two independent
movements of flow. For larger scale conditions
of oscillating water movement an oscillation
tank, as described by Bruun and Gerritsen
(4, p. 107), may be needed.

Transport by Currents Perpendicular
to Inlet Flow: No Wave Action

Inman and Bowen (11) found, in flume ex-
periments on combined wave and current action

propagating in the same direction, that the
transport rate of bed material was related to
loss of wave energy for all low values of current
velocity. Increases of the current velocity be-
yond a certain value created a complex sediment
movement above the ripples, which were peri-
odic but agymmetric; the phase-dependent phe-
nomena then had a greater effect on the system
than that of the drift velocity.

Transport by Currents Perpendicular
to Inlet Flow: Wave Action

Wave action may be operating under various
angles with the current activity. Inasmuch as
a current running parallel to shore has to turn
about 90° in order to enter the inlet, angles he-
tween 0° and 90° occur. The abhout 90° angle is
the situation that we find with normal longshore
current activity. :

The relative importance of the two sediment-
agitating water movements is considered. As
long as the longshore current movement is pre-
dominant, it may be expected that “wave frie-
tion factors” have considerable similarity to
friction factors for unidirectional flow.

The longshore current theory by Bruun (8),
using the principle of continuity, has two ap-
proaches. One, “the rip current approach,”
particularly refers to moderate to lower ve-
locity longshore currents resulting from smaller
angles of incidence of wave crests. Examples
based on statistical wave distribution give us
reason to believe that the actual friction factor
may be a combination of normal bottom friction
and the hydrodynamic friction factor, depend-
ing upon the wave motion,

The other approach is called “the slope ap-
proach” and is based on inflow of water from
wave breaking under a certain angle, with the
shoreline giving rise to longshore “hydraulic
slope” of the water table.

Examples for one and multibar profiles (8)
give reasons to helieve that this approach,
using corrected experience values of the Chezy
factor C, may be valid for the higher velocities
resulting from larger waves that break under a
rather hig angle with the shoreline.

With respect to the littoral drift as bedload,
wave motion will tend to increase net transport
by increasing the bottom shear stresses. Fur-
thermore, wave motion will tend to creafe seep-
age forces into and out of the bed. This causes
an added boundary shear. In shallow water,
the seepage force is of sufficient magnitude to
decrease the effective weight and, hence, the
stability of the bed material as much as 20
percent,

Figure 8 shows a cross section of the wave
tank depicted in figure 7. As explained above,
waves are passed down the tank through the 6-
ft. wide section. At the same time a longshore
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Figurg 8, — Cross section of wave tank for littoral drift
experiments.

current is run through the T-shaped end of the
tank along the bottom perpendicular to the
direction of wave propagation. To avoid eddy
formation and dispersion of sand material from
the bottom, a plastic sheet is put in about 20
centimeters above the bottom in the upper
water layers of the tank. This sheet does not
disturb the general motion of water particles
in almost closed paths, but it hinders the free
development of turbulence where it is located.

Wave and current characteristics are com-
bined in the way that only one factor is varied
while the others are kept constant. The head
difference needed to keep the longshore bottom
current constant varies with changes in the
combined hydrodynamic and bottom roughness.

It is thereby possible to obtain data on fric-
tion ag well as bedload transport parameters
that range over an area from predominant
tunidirectional flow to predominant wave mo-
tion. In case of predominant unidirectional
flow, the orbital velocities near the bottom are
small compared to the longshore current veloci-
ties. For predominant wave motion, the shear
stresses exerted on the bottom by the oscillating
water determine the friction and transport
parameters. Bedload transport is determined
by bed traps ingtalled as shown in figure 8. Its
relation to wave and current conditions is
recorded.

Most likely the results may indicate the fol-
lowing dependencies in friction as well as sedi-
ment transport parameters:

Predominant Wave and
wave motion current action
ko1 naz ﬂz

Tw <f(Tw) (Tw-+ Tlong) X F(Ty) Ee f(Tlong)
Predominant long-
shore current

Tlong . f ( Tlong)

in which T,— the wave shear stresses and Tionz
==the longshore current shear stresses.

Littoral Drift at Tidal Inlets

General

One of the main results of research on tidal
inlets mentioned in reference (4) is expressed

in the relation
T
1s (5)
C\/ pg

in which A—cross sectional area
Qn—=maximum discharge
Ts —determining shear stress for bottom
stability
C —Chezy’s friction factor
p ==density of water
—the acceleration of gravity.

The “stability shear stress” (T.) proved te be
an important factor for gorge stability. Bruun
and Gerritson (4) gave the data for the “large
scale tendency” as follows:

T, with heavy sediment load—0.50 kg./m?
T. with medium sediment load=0.45 kg./m*
T, with light sediment load==0.35 kg./m?2.

This refers to inlets with sand bottom 0.2 to
0.4 mm. diameter.

Furthermore it was found that the 0/M ratio
(2=tidal prism in cubic yards per half tidal
cycle, M— net (predominant) littoral drift in
cubic yards per year) seems to be useful for
description of the actual “degree of stability”
of the inlet.

It was concluded that ratios of Q/M<100
should be avoided and that ratios o/M >200 are
desirable for “stable inlets.” The correspond-
ing Qn/M value (Qn—peak dizcharge per sec-
ond) should be >0.01 to obtain “stability.” If
the M/Qn—r ratio was considered, it was found
that this ratio is useful for the inlet’s ability
to bypass sand (5) :

If »>200 to 300, bypassing takes place on
a bar.

If r<10 to 20, bypassing by tidal flow takes
place.

As a result of this finding, initiation of a
research program, as described above, compris-
ing investigations of friction and shear stress
parameters under combined wave and current
action, was suggested.

urthermore, model studies were suggested
to look into a number of pertinent tidal hy-
draulics and littoral drift factors and ratios
between factors.

Research Based on Existing Field Data

Although the relative magnitude of tidal cur-
rents and rate of littoral transport expregsed
by the ratios Q~/M or /M plays an important
role for inlet cross sectional stability, the abil-
ity of the inlet to transport solid matter by
flow-induced shear stresses (rather than by the
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“tidal prism” or by the “maximum digcharge™)
must be important.

If neither scour nor accretion oceurs in the
inlet, the following must be valid:

(1) The littoral drift material is transferred
by combined action of inlet currents, waves,
and longshore currents. The total amount of
sand that is handled in a certain time period
is not the net littoral transport but equals the
total amount of littoral transport carried to the
inlet in that time, written 3| M|, if the transport
from both sides of the inlet is considered.

{2) The amount of littoral drift entering the
inlet from both sides in a certain time equals
the amount of net littoral drift (V.) that is
flushed out of the inlet channel by tidal cur-
rents during the same time period. One has:

Ve—=n3M| (6)
where 100p is the percentage of 3/M| that is
handled by tidal currents and 3!M} is the total
1onigshore littoral transport during one tidal
cycle,

With respect to equation 6, it should be horne
in mind that part of the bedload in the inlet
moves back and forth as a “rolling carpet” (4)
without being delivered to the downdrift side
of the inlet during the ebbtides. From this it
follows that the maximum value of p, occurring
in case of highly predominant tidal flow by-
passing, may easily exceed one. Further, with
very low values of p, the inlet cannot survive
since it is ehoked.

The more predominant the tidal flow bypass-
ing is (high p-value), the more stable is the
inlet in location and cross section.

The ratio p=—2%4"7 has been calculated for

various inlets in order to check the above-men-
tioned considerations.

In most cases Mne and not 3)M| is known, al-
though only in approximation. The assumption
therefore was made that the littoral transport
in one direction was 1.5 times the littoral trans-
port in the opposite direction, which means
that 3| M| =5 M.

V. was calculated, using Kalinske's formula
for bedload transport and is indicated in table
1. Other bedload formulas valid for the same

TABLE 1.—Some Vs, Mnet and p values

Vg per half ]
Inlet tidal cycle M, et per year {ratio}
Cubiec yards 108 cu. yd.
Oregon, N.C... ... . ... 3,200 1.0 0.4
Calcasieu, La.......... 1,800 1 1.3
Port Aransas, Tex.. ... 2,100 .1 14
Mission Bay, Calif.. ... 750 .1 1.0
8%, Johns, Fla.. . ... ... 1,610 .3 3
St. Augustine, Fla.. . . . 1,000 3 .5
Big Pass, Fla.......... 540 1 i
Ponce de Leon, Fla. . . . 1,040 5 .3
Gasparilla, Fla.. .. .. .. 1,200 i 15

range as Kalinske’s expression will give a
gimilar result. The velocity range in question is
confined to 3 fo 4 ft./sec., for which reason the
“proper choice” of bedload formula is not very
essential,

The p values obtained vary between 0.3 and
1.5; and seem to describe the actual inlet stabil-
ity fairly well.

A considerable number of field data (4) are
available that furnish information of impor-
tance for the understanding of *“cross-sectional
stability” characterized by the o/M and Qn./M
ratios as well as the “material transfer sta-
bility” described by the M/Q. ratic. The n—

Vs .
M ratio is a further development of the

above mentioned ratios. The interest is now
particularly concentrated in gaining wmore
knowledge about this factor and its variations,
because with this knowledge many other prob-
lems may be understood. Research in progress
include:

1. Tnvestigations on the importance of the p
value in general and in comparison with
field data.

2. Investigations of the importance of the
actual value of p for inlet stability as a
whole.

3. Investigations on the importance of flue-
tuations of p. V, as well as 3/M| varies in
the field. Such variations and their re-
flections in “degree of inlet stability’ are
of utmost importance for the description
of actual inlet stability as it presents it-
self during seasons with varying flow and
sediment load. For this reason a check on
the sensitivity of the model, with refer-
ence to slight changes of the relative
magnitude of sediment transport by inlet
and longshore currents, is important and
will be handled by repeating each test for

a certain value of p_)-g—[%with compara-

tively small changes in p. The conclusion
may be drawn after a few such tests that
the observed phenomena are significant
for a particular value of p if, in tests run
with essentially different values of p,
significant differences are observed and
if the tests with about the same value of p
did not show significant differences.

For such experiments reliable model scales

are essential.

Model Laws

The following section is an abstract of a
paper by Bruun and Battjes presented at the
International Association of Hydraulic Research
in London, September 1963.
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Similarity in Bedload Transport in Uniform Flow:

Tidal Current By-Passing ( —;—} >200)

Similarity in bedload transport requires simi-
larity in initiation as well as in rate of trans-
port (10). Shields’ (19) investigations indi-
cated that

Tc Pn D
v

Gi—pD

) (7)

and
Pe D

k
T=fa (25 ()

v
As to the rate of transport, most of the pub-
lished formulas can be written in the dimen-
sionless form

s = D T
AL S A ) (9)
vV v Te
where
r==p Vs*=pghl (10)

From this it follows that similarity in bedload
trangport can be obtained if

2. D

x( . ) =1 {11)
and if
Ar=Arc=A(ys—7) * A (12)
The scale A is defined by
‘\ﬂ=71fprototype ( 13 )
Tmodel
We assume that
Av=)\p=)\g=1 {14)
From equations 9, 11, 12, and 14 it follows that
I\Qs—_‘*l (15)

If the Froude number of the flow

P v ~ C
Fr=——==— iVI=_i- 1— 16
ok veir ¥ vg VI 49
should be identical in mode! and prototype, we
have

. ME he=1 {17
where C is the Chezy coefficient that in fully
developed turbulent flow depends on the rela-
tive roughness:

C—5.75 V7 log 127 —18 log 122 m#fsec. (18)

From equations 8 and 11 it follows that
Ax=AD (19)
Substitution of equation 10 into equation 11
and of 18 and 19 into equation 17 yields

Aot A Ap—1 (20)
An Ar==A (ys—y) Ap (21
18 Ap

Equations 20, 21, and 22 give three relation-
ships between the four seales s, A1, Ap, A (ye—y),

of which one can be chosen freely and the others
solved. The scale Ap cannot equal i, since in

that case all the scales equal unity. Therefore,
r=Ap=2A; and then as follows from equatfions
17 and 18

Ae=Artz£1 (23)

so that a distorted model is necessary.

The above theory can be extended to the case
that artificial roughness elements (pegs) are
needed. Obviously, equation 10 then is no more
valid if = represents the shear stress on the bed.
In order to find the actual -, the characteristics
of the artificial roughness elements have to be
considered,

The condition of zero acceleration of a column
of water of unit length and width and height k
in which » pegs are placed with drag coefficient
¢p and projected area F is

pghI— 592 v 4 meoF « Yoo (24)

where C, is the Chezy coefficient for the channel
without pegs.

Inserting .
v—=Cum \/hI (25)
into equation 24 gives
29' - Co
Cmm Co m = T{ (26)
go that equation 22 ig replaced by
18 AD
% i AR
o A1 1+Cp log . (27)

Rewriting equation 24 and substituting equa-
tion 26 gives

7, ghl 1
(ﬂj’a_? vimr=71 T 1/2502 neoF/g o PORI(28)
from which it follows that '
z\v=/\%2=a2 An Al (29)

Substitution of equation 29 into equations 11
and 12 gives

xhn* A% Ap=—=1 (30} -
@ A M= () AD (31)

The pegs should be placed in such a way that
they interfere ag little as possible with the veloc-
ities near the bottom. The Karman vortices
should not influence the movement of the bottom
material. This may be done by putting the pegs
on a thin rigid wire; the best shape and digposi-
tion of the pegs as well as their drag coefficient
can be investigated in a separate flume study.

Similarity in Bedload Transport by Waves:

Bar Transfer (% < 100}

The same criteria as above apply, viz., equa-
tions 11 and 12 are valid. For + the expression
derived from the theory of the laminar boundary
layer due to wave action is used (22) :
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Tmax=—p"? P Vmax T ¥ (32)
where
«H . . 2zh
Vinax—=—75 gink- T (33)

Similarity in wave pattern is a demand also and
may be obtained by making
AL=An (34)
Substitution of equations 32, 33, and 34 into
equationg 11 and 12 yields
Alys=y) Ap3=1 (35)
and
AH4=(\’(%—7)) T (36)
Equation 35 follows from equations 11, 12, and
14 regardless of the value of - and is therefore
equally valid for current- or wave-indueced bed-
load transport similarity.

If similarity in the position of the breaker-
line is required, we get:

8/3
w—in—(3(,-)) (87)
since the point of breaking in shallow water is
mainly determined by the ratio i;‘;

Stmilarity in Suspended Load Transport
Perpendicular on the Shoreline by Waves

A necessary although not sufficient condition
is
terminal fall veloeity -
mass trangportation veloeity —
vertical distance
horizontal distance —M (38)
From equation 38 the following relationship

is obtained by the use of Longuet—-Higging
theory on mass transport and equations 35 and

36
A=A (yey) (39)
Symbols for Model Laws
C, Co Ca..... Chezy coefficients (L% T-1)
Ch oviviannnns Drag coefficient
D ... Grain diameter (L)
F ..... PP Area of a peg perpendicular to direction
of flow (L2}
fiofofooen... Funetions
[ S Acceleration of gravity (LT-2)
A oooiiiiiia. Depth of flow (L)
H . . ..., Wave height {crest to trough) (L)
I i, Stope
E ool Apparent roughness (L)
E oo, Wave length (L)
T oveeinrnannn Subscript “model”
M....... +.».Average net littoral {ransport per year
(L3 T1)
T overnarennas Number of pegs per unit area {L-2)
- J Subseript “prototype”
Tr vevanann .. .Rate of bedload transport per unit width

by volume (L2 T-1)
T ivvveeev.Wave peried (T)
Vo siiiranennn Shear velpeity (L7T-1)
L Average velocity (L7-1)

Vmas csenve .. .Maximum orbital velocity near the
bottom (LT-1)

@ reveeneoans Coefficient

b 2 Specific weight of fluid (ML-2T-2)

b2 I .. Specific weight of sediment (ML-2T-2)

) A Scale ratio, prototype over mode! value

Vo teeenenneas Kinematic viscosity of fluid (L27-1)

D cerrresaans Specific density of fluid (ML-3)

T eeeeeeennan Shear stress on the bottom (ML-17-2)

To et Critical shear stress for the initiation of
bedload movement {(ML-17-2)

[ 9 2 Tidal prism (L3)
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A SUMMARY OF THE PRODUCTION AND SCANNING OF
FLUORESCENT TRACERS

[Paper No, 76A1]
By P. G. TELEKI, assistant in research, College of Engineering, University of Florida, Gainesville

Tracer Materials

Because of the large areas involved in tests in
the field and rapid and continuous spreading of
materials observed in Russian and British ex-
periments (1, 4, 71, 16, 20), large quantities of
tracer materials are needed and it is anticipated
that the measuring unit for this material may
be in terms of tons. This does not necessarily
mean that several tons of tracer sand will have
to be coated. Aecording to British experience, it
should be possible to dilute the coated sand 50
fo 100 times with noncoated grains before re-
lease (4).

When manufacturing fluorescent tracers, one
must take info account that the material ob-
tained cannot differ in its physical properties
from the original beach sand which it repre-
sents (10). Hence, it is imperative for the
finished product to have the same density, hard-
ness, and actual dimensions as the original.
Shape, roundness, and sphericity values should
not be altered. Requirements include that no
chemical reactions would take place between
tracer and seawater, that it would withstand
considerable abrasion, be distinguishable and
detectable in minute quantities, and its intensity
of color would be subject to no change within a
required period of time (5).

Fluorescent organic dyes, those that are
water-soluble, oxidize on exposure, However,
these dyes are readily available, and properly
used they provide a simple means of detection.
Easily disselving in resins and set by solution-
type hardeners, they increase the radius of a
grain by only 300 millimicrons.

The following is a description of a procedure
used by the Coastal Engineering Lahoratory of
the University of Florida. Quantities are ap-
proximate,

(1) 1to4g. of dye is diszolved in 2.5 liters of

catalyst (20 percent solution).

(2) The solution is added to 25 Ib. of resin.

(8) The mixing of ingredients ig carried out
until color uniformity appears.

(4) The mixture is added to 200 Ib. of dried
sieved sand in a concrete mixer, wherein
coating of the grains takes place.

(5) The wet tracer is placed in the sun on 6-
mil-gize polyethylene sheeting and spread
thin for drying (2 to 3 hr.) or in an oven
at up to 250° F. (1hr.).

(6) Upon setting, the material congolidates
into an aggregate that is quite friable.
This is fed into a granulator which “de-
lumps™ it. The procedure takes about 15
min. for 200 Ib. of tracer.
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(7) The material is sieved back to its original
grain-size digtribution by using a sieving
machine with large (22-in. diameter)
sieves (34 hr. for 200 1b. of sand).

Resins of both solution and suspension types

may be used, depending on the dye to be in-
corporated. In turn, pigments, water-soluble,
oil-soluble, or alcohol-soluble dyes can be used
with proper matching of the incorporating plas-
tic. Sueh combination of dyes, resins, and hard-
eners will give an almost unlimited range of
colors, and with some experimentation one may
achieve different values for tracer durability
(e.z., 2 weeks, 3 months, 1 year). Visualiy, it
is not possible to distinguish more than a few
basic colors within a sample; however, with the
utilization of sensitive electronic equipment,
subtle shades of color may well be detected and
recognized when based on spectrophotometric
analyses.

With respect to dyes, resins, and nardeners,

the following experience has been developed.

Dyes

Organic dyes that fluoresce in liquid selution
(No. 1) (such as H,0, ethanol, MEK, Xylene,
Toluene, efe.) are best in producing good effects.
Those not fluorescing in solution (No. 2) and/or
those not fluorescing at all (No. 3) can be uti-
lized in conjunction with number 1.

For example:

No. 1. Rhodamine B — fluoresces in aqueous
solution (red).

No. 2. Auramine 00 — nonfluoreseent in solu-
tion, but fluoresces in plastic (yellow).

No. 3. Victoria Blue B —nonfluorescent dye
(blue).

No. 1 + No. 2. Rhodamine B and Auramine
00 — intense fluorescence (orange).

No. 1 - No. 3, Rhodamine B and Victoria
Blue B — intense fluorescence (purple).

Pigment-type coloring often causes the prob-
lem of nonuniform coating of the grains. This
depends on the amount of original resin con-
taining the pigments in pulverized form. The
use of pigments most often only accentuates the
problem involved in attempting to retain the
original characteristic of sand grains.

Reséns

_ One of the most readily available and rela-
tively inexpensive resin for coating is ureafor-
maldehyde. Melamine and epoxy resins can also

* Also by personal communication with P. Slomianko,
Gdansk, Poland.

2 BRUUN, P. TRACING BY LUMINOPHORES. Ila, Univ.
Coastal Engin. Lab. 1962, (Mimeo.)

3Yass0, W. E. FLUORESCENT COATING ON COARSE SEDI-
MENTS, AND INTEGRATED SYSTEM. Columbia Univ. Geol
Dept. New York. Master’s thesis (also, Office of Naval
Research Rpt.).

be used, and methylmethacrylate will also pro-
vide good results. Whereag clearness, viscosity,
and solid content factors make urea-type resins
desirable for use, these plastics may rapidly de-
compose if not set with catalysts within a short
time; therefore, they are hard to store. Deteri-
oration can be delayed with controlled storing
temperatures and humidity. The resistance to
wear and to chemical decomposition of urea-
formaldehydes is excellent in catalyzed form, as
established by simulated abrasion tests.

Hardeners

An inexpensive catalyst iz available on the
commercial market in the form of ammonium
chloride (NaH,Cl) for use with urea-type
resins. However, common acids will often suf-
fiee, such as hydrochloric (HC1) or formic acid
(HCOOH).

For excitation of fluorescenece, both long- and
short-wave ultraviolet lamps are used at the
Coastal Engineering Laboratory, Gainesville.
The Hanovia-type fluorescent lamps develop
short-wave ultraviolet rays in the region of 2537
A. and long-wave rays of 3650 A. Long-wave
lamps see far more use, since fluoresecent tracers
have proved less expengive than phosphorescent
tracers, the latter requiring detection by short-
wave excitation.

Scanning of Tracers

Scanning (6, 12) is a method used for detec-
tion, the differentiation of size and color, and
counting of particles, and it is an important
procedure associated with any tracing technique
of a quantitative or statistical scale.

Ag long as concentrations are normal (e.g.,
value of 10-¢), a simple visual counting proce-
dure can be used as already applied in the USSR
and in England (2, 3, 7, 10, 15, 16, 19). The
visual method does not necessarily mean that
each single grain has to be counted, but rather
that the intensity of a sample is compared with
another “calibrated” sample of known content
of graing (11, 15, 16). By taking subsamples
out of the sample and handling the result by
gtatistical methods, much larger actual full
samples may be analyzed visually. Thiz method
will, needless to say, become inadequate as soon
as bulk quantities with very high or very low
concentrations are involved, making these sta-
tistical methods uncertain or impossible.

The counting method first used and still in
use is visual counting by use of a luminoscope
(1, 2, 8, 8, 19)12* to which samples of sand are
subjected under ultraviolet rays, converted °
from sunlight or supplied by ultraviolet lamps
(13). This method can only handle very modest-
size quantities, even if the sample in gquestion,
as mentioned, is to be interpreted as a subsample
out of the actual sample taken.
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Other methods able to handle the bulk quanti-
ties needed for tracing in the open ocean are
under development. Russian scientists, at this
time, favor a method by which the luminophore
is dissolved and the actual concentration deter-
mined by chemical analysis using a fluorometer.*
Other methods based on photocells have been
suggested and are under development (27).
Some are based on measuring the intensity of
visible light reflected from the fluorescent
tracers, where correlation of intensities is made
with the actual number of grains in the sample
(18).% Inasmuch as 1 gram of average beach
sand may include 10,000 to 80,000 single grains,
it is not an easy problem to count heavy concen-
trations. In most practical cases one is faced
with the possibility of a very low concentration,
which may necessitate scanning of bulk quanti-
tieg of hundreds of pounds or a number of 10
grains.

This requires an arrangement that is capable
of handling such quantities mechanically, as
well as electronically, in a fast but still fully re-
liable way, whether a single eolor or a whole
geries of colors are to be dealt with.

After the basic ideas had been developed at
the Coastal Engineering Laboratory for the re-
quirements and general plan of an automatic
scanner for dealing with fluorescent tracers, a
proposal was submitted by an electronic com-
pany for building such an instrument. In es-
sence, the scanner as designed would complete a
size analysis of the sample of beach sand and
would differentiate several colors at the same
time. The rate of scanning would occur at
20,000 particles per second.

fThe instrument when constructed will consist
0 —_—

(1) A mechanical assembly consisting of two
parts: a hopper to which the sample is
subiected and a Vycor glass itube in
which the sand falls from the hopper at
% ‘\lrflriably controllable rate utilizing free

all,

(2) An assembly of electronic circuitry. The
sample falling in the tube passes in front
of several optical channels enclosing pho-
tomultiplier cells (each cell in operation
aecounting for one of the many given
colors in the sample), whereupon the
photocell responds whenever a grain with
the proper color crosses the light path of
the optical channel. By using a method of
fixed duration pulse-signal transmitting,
a counter registers the signal (hence the
colored grain) digitally or graphically
after the signal passed through an ampli-

* Personal communication from V. P. Zenkovitch, Mos-
cow, U.8.8.R.

5 See footnote 3.

fier, a pulse shaper, and a relay driver.
Each photocell excludes all but one color
as set by a combination of primary and
secondary interference filters incorpo-
rated into the optical channels. The di-
mension of the output signal transmitted
by the cell to the counter mechanism
registers the size of the coated sand par-
ticles simultanecusly with the fixation of
color. Within the counter the tabulation
of color, size, and quantity occurs at the
rapid rate of 1.8 kg./hr.

The theory of the scanner is basgically set in
the following equation. The power entering the
photocell is

1
P—=Igah Q_—_4WR2A cd Hy
where
I=Intensity of incident beam in photons
o=—Area of sand grain
a—Fraction of grain covered by fluorescent
molecules
b=—Fraction of irradiated fluorescent mole-
cules which absorb incident photons
@ =Quantum efficiency of fluorescent process
R—Distance from sand grain to lens of opti-
cal system
A—Area of lens
e=Filter factor
d=Transmission factor for optical system

Hy—=Energy of an emitted photon.

Ag this is known in terms of fluorescence,
excitation of this phenomenon occurg in the
ultraviolet region of the spectrum and light
fransmission occurs in the visible region (14).
Since the latter is a relatively short segment
of the spectral scale, all available fluorescent
colorg eannot be utilized for fear of misinter-
pretation of the overlapping curves, For the
same Yeason, the eye cannot distinguish but a
few colors when many are mixed together. In
terms of differentiation the electronic scanner,
using combinations of interference filters and
relying upon peak outputs of the tracer colors,
is able to increase the number of employable
colors for any one experiment by a factor of ap-
proximately 2.5 (10 to 12 for a scanner as com-
pared to 4 to 5 for visual means). This alone is
an important reason for using such an instru-
ment, aside from its automatic bulk quantity
counting feature.
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DESIGN AND CONSTRUCTION OF RUBBLE-MOUND SEAWALLS
AT SANTA CRUZ, CALIF.

[Paper No. 771

By OrviLLE T. MAGOON, coustal engineer, Navigation and Shoreline Planning Section, Engineering Division, U.S.
Army Engineer District, San Francisco

Abstract

This paper presents information on the de-
gign and construction of rubble-mound seawalls
along West Cliff Drive at Santa Cruz, Calif., to
illustrate a means of arresting major erosion by
the ocean of a soft rock cliff formation, Off-
shore of this location, relatively high deep-water
waves produce breakers along the bluffs. Based
on the existing depth of water and the antici-
pated scour, a 9.5-foot design wave was calcu-
lated, which required an armor stone size of
approximately 5 tons and a slope of 1 vertical
on 1146 horizontal. As of November 1962, 19
units of seawall ranging from 30 to 700 feet
in length have been constructed. Observation of
the seawalls since construction indicates that
stone size is adequate but that undesirable set-
tlement has occurred. This settlement could

probably be eliminated by placing armor stone
on bedrock or below the limit of beach scour in
a previously excavated trench during initial
construction. Based on a recent field inspection,
the seawalls appear to be serving their intended
purposes.

Synopsis

This paper presents information on the design
and construetion of rubble-mound seawalls to
illustrate a means of arresting major erosion of
a soft rock cliff formation by ocean waves and
currents. Prior to eonstruetion of the seawalls,
congiderable public and private property and
about two blocks of one of the major scenic
drives in the City of Santa Cruz had been pro-
gressively undermined and eroded. Further ero-
sion of critical areas has been prevented by
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construction of the seawalls, and several areas
previously completely eroded have been re-
claimed,

The City of Santa Cruz is located in Santa
Cruz County, in the central portion of the coast
of California about 65 miles south of San Fran-
cisco. Although the 1960 population of Santa
Cruz was only about 26,000, Santa Cruz serves
as one of the major recreational areas for the
San Francisco Bay area, which had a 1960 pop-
ulation of about 3.5 million. During the summer
months the population of the city increases four-
fold or more. _

One of the major visitor attractions of the
city of Santa Cruz is West Clff Drive, which
extends westerly from the main beach recrea-
tional area about 214 miles to the city limits at
Natural Bridges State Park. This drive paral-
lels the shore and provides numerous parking
areas and vantage points overlooking Monterey
Bay. The shore along West Cliff Drive consists
of irregular eroding cliffs of soft shale, locally
known as Monterey shale, averaging about 35
feet in height. No protective heachesg are found
in this reach. Wave erosion has caused exten-
sive recession of the sea cliffs facing the ocean
at a rate of about 1 foot annually. Severe erosion
hag occurred at three separate sections of the
drive. In 1961, erosion caused the closure of
oneg 2-hlock section of the drive and required
rerouting of traffic. In addition to these three
sections, a number of separate segments of
shore have been undercut and large eaverns
exist under the road.

Along West Clff Drive, the only method of
protection considered feasible is the construc-
tion of rubble-mound seawalls. The irregular
alinement and rocky nature of this reach of coast
would make placement of beach fill to cbtain a
stabilized protective beach economically infeas-
ible. This section of coast contains a number of
projecting points and minor headlands that
serve as groins. However, their projections do
not impound sufficient sand to protect the bluffs
from erosion. This indicates that the use of
groing in conjunction with beach fill, or alone,
would not correct the problem condition.

The tides at Santa Cruz are typical of those
along the central California coast, and have a
diurnal inequality; the mean dinrnal range be-
ing 5.8 feef. The maximum tide is about & feet
above mean lower low water (m.llw.), the
datum for the Pacific Coast of the United States.
Characteristic deepwater waves have signifi-
cant heights ranging from 2 to more than 20
feet and periods ranging from 4 to 20 seconds.
The mean height and period are 4 feet and 13
seconds, respectively. The prevailing direction
of wave approach is from the northwest. Win-

ter storms with wave heights of 10 feet or more
usually approach the coast from the southwest
quadrant. From the data available during the
design studies, the maximum deepwater sig-
nificant wave height (crest to trough) was esti-
mated to he 25 feet for a 9-second wave from
the southwest. Data computed subsequent to
the studies indicate that deepwater waves with
a significant wave height of 38 feet and a 13-
second period from the west occurred during a
storm in February 1960.

In the planning and the structural design of
the seawalls, use was made of the criteria con-
tained in Technieal Report 4 entitled “Shore
Protection Planning and Design,” published in
June 1954 by the Beach Erosiocn Board, Corps of
Engineers, and later revised and reissued in
1961. In the design of the seawalls considered,
the height of the maximum wave that would
break on the structure was determined from
the relation, H, (in feet) equals dy (in feet) /1.3,
where H, is the breaker height and d» is the
water depth at the point of breaking. For de-
sign purposes, stillwater level was estimated to
be 8 feet above m.1.1.w.

In determining the size of face or capstone
required, it was estimated that after settlement
at the toe, the slope of the seaward face of the
wall would be 1 vertical on 114 horizontal. As
the depth of scour at the toe of the walls would
be limited by bedrock to about —4.5 feet m.1.lw,,
the maximum depth of water at the seawall toe
would be about 8.0 4 4.5, or 12.5 feet. The de-
sign wave height would be 125 feef/1.3, or
about 9.5 feet. If this design wave and a specific
gravity of stone of 2.65 and slopes of 1 on 114
are uged, the required weight of face stone was
found to be about 5 tons. (The required stone
weight would be about 4 tons, if the 1961 revi-
gion of Technical Report No, 4 is used.) As
occasional wave overtopping would produce no
adverse effect, the height of the crest of the
structure was adopted as one wave height above
stillwater level, resulting in a erest elevation of
9.5 + 8.0 or 2~ 17.5 feet m.l.L.w, To reduce set-
tlement at the toe of the seawalls, a bedding
layer of stone was specified when the depth of
sand on the shore exceeded 1 foot. The design
section ig shown in figure 1.

As of November 1962, 19 units of seawall,
ranging from 30 feet to T00 feet in length, have
been constructed. One of the units completed in
1961 iz shown on figure 2. Observation of the
seawalls since construction indicates that the
stone size is adequate. However, it has been
noted that settlement has occurred only near the
toe of the gtructure, thus exposing a strip of
core material that has required the placement
of a relatively small amount of additional stone.
If found to be economical, this additional stone
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placement could probably be eliminated by plac-
ing armor stone on bedrock in a previously ex-
cavated trench during initial construction. This
construction procedure was used at one loeation
in the same project where working conditions
permitted construction equipment to work di-
rectly on a narrow beach or bench. In most in-
stances, construction equipment was found to
work at the fop of the cliffs,

Based on a recent field ingpeetion, the sea-
walls appear to be serving their intended pur-
poses. The 2-block section of West Cliff Drive
that had been eroded has been reclaimed and is

again open to traffic, It is concluded that the
design and construction described is a satisfac-
tory method of protection for the shore at West
Cliff Drive.
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FIGURE 2. — Typical seawall unit completed in 1961.

DISCUSSION — SYMPOSIUM 3
Sedimentation in Estuaries, Harbors, and Coastal Areas

Moderator: J. W. Johnson, University of
California
Panel: H. A, Einstein, University of California

MR, JOHNSON:

There are a few questions that have been sub-
mitted by those in attendance. Before proceed-
ing with the submission of these questions to
our panel, however, I am asking each panel
member to deseribe briefly certain research that
they now have in progress. Such descriptions
will provide those assembled here this morning
with information that may not he available in
published form for a year or more in the future.
I am therefore asking each panel member to
present his discussion in turn.

H. B, Simmons, CE
J. M. Caldwell, Beach Erosion Board
P. Bruun, University of Florida

Dr. EINSTEIN:

1 will not give any introduction, because we
have very little time left. The work I want to
refer to is connected with the information
needed in making any kind of ealculation or
model experiments pertaining to tidal flows. As
vou krow, we're not only interested in the mo-
tion of the sediment when we do such a thing
but we algo bave to duplicate properly the frie-
tion conditions. In choosing the proper friction
factors on mud deposits you look in vain through
the entire literature to find them. Nobody has
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ever been able to measure decently these values
as far ags we could find out, and we definitely
were not able to do it in our flume experiments,
because the slopes are on the order of a foot to
the mile and for that a standard flume is not
¢uite long enough. So we came to the conelusion
the only way to do that is to build a very long
flume and make experiments in that.

The reason why the slopes are so small is that
these deposits will not stand any high flow veloc-
ities. For that reason one has to operate with
velocities on the order of one foot per second.
The flume that we're uging is a thousand feet
long, and we're using this flume, as 1 said, just
for the purpose of determining these friction
factors. At the moment we're learning how to
handle this monster. It takes a Iong time to
achieve equilibrium; one must be very careful
not to induce any wave action as that would
make the measurements diffieult. We hope to
get some results in about a year. The work is
supported by the National Science Foundation.

One more remark to those who are interested
in dredging. Lately, we have been called in to
heip with the design of some dredges that were
supposed to handle very large amounts of sands
and to pump these up from rather large depths
up to 200 feet. In that case, you need a hooster
pump at the end of the ladder. A jet pump was
selected for the booster. You know that a jet
pump has the advantage that there are no mov-
able parts in connection with the flow. For that
reason minimum wear was expected. We found,
and this is the reason why I mention it, that
there ig an unexpected benefit due to the use of
these pumps. Since a jet pump adds a consid-
erable amount of fresh water, that means water
without sediment, to the flow right at the begin-
ning, you're absolutely sure to always have that
much water available in the mixture. With
proper choice of this drive discharge, the ladder
can be let down into the sand, completely sub-
merge itself, and you still do not run the risk of
clogging vour lines. In a 1-year operation of the
prototype, it was found that as an average at
least a 50 percent increase of the average eon-
centration was possible compared to other
dredges. Thank you.

MR. SIMMONS :

I think I can make mine very brief for two
reasons. First, the majority of you will be in
Vicksburg tomorrow, 1 understand, to see some
of the work we have in progress, and the specific
estuary model which will be on display will be
the Savannah Harbor model, which was de-
seribed by Mr. Harris this morning in his dis-
cussion. In addition to Savannah Harbor, we
have a comprehensive model of New York Har-
bor, which was mentioned in the résumé of Mr.
Panuzio’s paper, and which has been used ex-

tensively to study plans designed to reduce sedi-
mentation of the Hudson River navigation chan-
nels and. the pier slips which abut this channel.
I might emphasize the great importance of that
pier slip shoaling problem, not only in New
York Harbor, but in many other harbors. The
maintenance of these facilities are not the
respongibility of the Federal Government but
the responsibility of the owners and operators
of the facilities themselves. Dredging is quite
an expensive proposition in these areas, because
in most cases it has to be accomplished by clam-
shell type equipment or similar devices, with
the spoil loaded on bharges and haunled many
miles to licensed disposal areas. As a conse-
quence, the unit cost of dredging is much greater
than has been guoted in connection with the
Corps navigation projects, and in some cases
runs as high as $1.50 per cubic yard.

Another semipermanent model at our instal-
lation is the Delaware River model, which repro-
duces that estuary from the Capes, where Dela-
ware Bay joins the Atlantie Ocean, to Trenton,
N. J., which is the head of tide in the Delaware.
This model has been in existence for a great
number of years, and from all indications it will
bhe there for quite a long time to come, Inci-
dentally, this model contributed its small bit to
the decision that the sump rehandling method
for disposal of dredge spoil was in fact the prop-
er technique to be employed in the Delaware.

We have recently completed construction and
adjustment of a model that reproduces the lower
52 miles of the Columbia River and pertinent
offshore areas, which were discussed to a cer-
tain extent in the paper by Mr. Locketf. We are
just getting into the study phase of this model,
and apparently the problems involved are
equally serious between the entrance, which
deals primarily with rehabilitation of existing
structures designed to improve flow conditions
and minimize shoaling, and the upriver area,
for which there has recently been authorized an
increase in depth of the navigation channel. So
I can foresee, in the course of this study, chasing
back and forth from the entrance to the up-
river areas every couple of weeks, trying fo
satisfy the design engineers with the informa-
tion they need to carry on their work in the field.

We have recently completed construction of a
deep draft navigation channel through Mata-
gora Bay, Tex., extending from the gulf to
Point Comfort, Tex. This study was rather
unique in that this channel did not go through
the process of evolution of most of our estuary
channels, in which it was gradually deepened a
few feet at a time from a natural depth to
a present great depth. The channel will be
dredged from a natural depth of about 12 feet
to full project depth of 36 feet. T won't take the
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time to mention any of the others, since those
discussed represent a good crosg section of the
work we have in progress.

Professor Johnson handed me one question
which reads as follows: Does good harbor main-
tenance encourage building of ships with even
greater drafts, thus causing a confinued com-
pounding of the dredging problem in harbors?
I think the answer to that is quite obvious, in
that our experience with the commercial ship-
ping interests indicate that they will build their
ships to the maximum draft that navigation
channels can aceommodate, and this especially
applies to the modern tankers. If is quite obvi-
ous that the unit price of transporting oil is
lowest for the largest tankers, and that this
factor is given major consideration in the design
and construction of the modern supertankers.
If navigation channels are maintained at 40 feet
where the project says 40 feet rather {han being
allowed to shoal to lesser depth and then re-
dredged to 40 feet, there is little doubt that
vessels of greater draft will he developed to
utilize these channels. Whether this is a good
practice or not, I am nof competent to say, but
the economic benefits of that channel are thus
improved if it can accommodate vessels of
greater draft.

MR. CALDWELL:

I thought T would mention three things very
briefly that are being done now or will be start-
ed in a short while. One is the study of inlet
flow characteristics. This is part of the work
of the tidal hydraulics committee of the Corps
of Engineers which is sponsoring this work.
We will try to define what might be called the
discharge coefficient of inlet. Now we find that
for navigation purposes and pollution control,
the tendency is to want to open up the inlet.
For the hurricane control, the tendency is to
want to narrow or shut down on the inlet. Thus,
we find that Figh and Wildlife Service usually
would rather the inlets were not disturbed at
all. So we find that we've got people working
and pulling in all different directions, and we’re
not able to answer with definity many of the
questions that arise about flow through inlets.

We're trying to do some work now to enable
us to make more precise calculations of the effect
of what you might call “monkeying around”
with these inlets and what will happen back in
the lagoons and bays fed by these inlets. Now
the second piece of work I might mention ties
in somewhat with Mr. Mauriello’s very inform-
ative paper on dredges. We find that along the
coast of the United States most of our impor-
tant beaches are in an eroding condition, This
is largely due to the tendency of waves to
denude the beaches and much of thig sand finds
its way offshore or into the inlets where it’s not

wanted. Now we'd like to have this material
hack on the eroded beach, but we find that the
pumping distances from the inlets where there
may be a giant shoal are in many cases exces-
give. Right offshore in sight of these beaches
there are, in some cases, tremendous quantities
of sand, but so far there has not been a dredge
developed that could operate out in the sux_‘f
zone or just beyond the surf zone and pump this
gand through the surf zone on to the beach.

One of our big projects right now is to try to
develop a method of locating this sand, bringing
in a suitable dredge, and pumping this sand
through a pipe line through this surf zone on
to the beach. Once we can perfect this method,
a lot of our troubles will be over, because we
will be able to find sand then {we hope at an
economical price) and put it on the beach where
it's most needed. The third thing I might men-
tion is our present studies of dune rebuilding.
Now this is a kind of a counterpart of what
Professor Johnson was speaking of on sand
movement, and here we are attempting to find
the best ways to reconstifute a demelighed dune
line, particularly on our low barrier islands,
such as the Carolina coast. There we are install-
ing various types of sand fences, studying the
resulting rate of growth of the dunes and what
is the best arrangement.

Now 1 might mention that we have found
from our recent experiments that an ordinary
snow fence will fill with sand in as short a time
as three or four weeks but that you gain noth-
ing beyond that unless you install a second fence
to cause this dune to build higher. Now at this
low gne-fence height, the dune is usually very
vitlnerable to any big storm that comes along.
Thus, if we build it to one sand fence level, we
know we should immediately go in and start
building up fences to a greater height so that
we cah preserve and enlarge the dune. There
will be periodie reports coming out, probably
as technical memorandums of the Beach Erosion
Boaid, on this lagt subject. Thank you very
much.

MR. BRUUN:

Gentlemen, we have listened to a great num-
ber of papers informing us about the results of
the latest research on sediment transport,
Almost all of them dealt with river technology
and represented the engineering approach
emphasizing the solution of the most pressing
practical problems. Progress has been made
in the development of methods and in general
understanding of river mechanism. Laboratory
and field studies have brought to light the effect
of sediment on the hydraulic characteristics of
a stream and revealed the pertinent factors
involved in stream geometry, the different
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modes of transportation, and the great impor-
tance of bottom configuration and friction for
the magnitude of sediment transport.

It is generally agreed that there is a strong
need for research on bed forms and wash load
transport. Special attention must be paid to
the sediment problem at reservoirs and fo the
development of riverbeds, up- and down-stream
of reservoirs and dams. The fact that good
apparatus and techniques are readily available
for sedimentation measurements makes it likely
that results from various regions are generally
comparable, and the laboratory engineer and
researcher can point with a certain pride to the
gituation that field studies are applying labora-
tory results. We are, apparently, on the right
track — as long as we are dealing with uni-
directional river flow.

How is the situation on our seashores? Not
nearly as good! Here we are faced with huge
preblems represented, e.g., by several million
cubic yards of material to be dredged annually
in order to maintain navigation entrances as
the New York Harbor basins, the Columbia
River, and the San Francisco Bay. On the beach
erosion side of the problem: Florida is losing
approximately 20 million cubic yards of sand
per year, the Quter Banks in North Caroclina
are wearing out, and the dunes of Long Island
and Cape Cod suffered severe damage during
1961-63 storms and earlier.

Progress in littoral drift technology has been
hampered for several reasons. The two most
important have been:

(1) Overwhelming problems.

(2) Unfortunately, the “experienced man.”
Meanwhile development of coastal engineering
is still progressing, also in the fields of dredging
and filling and in the erosion and protection
technology. What we were not able to do a few
vears ago is now posgible. “Zulia” dredged in
1 year 57 million cubiec yvards of fill by boom-
operations from the Maracaibo Bar. Equipment
for offshore dredging for beach nourishment is
on the testing stage, and we may see it in actual
operation before the end of 1963,

The “experienced man,” who proceeded on a
trial and error basis only, making one sand trap
after the other, is now retiring slowly. It has
been unlikely that any inlet or harbor would be
established on the Continent without adequate
model experiments. For years, very few studies
with models have been accomplished in this
country, but the San Francisco Bay studies and
the Columbia River study are now proceeding.
The Savannah River and Port problems have
already been subjected to intensive studies. In
Florida, no model study of navigation and beach
erosion problems at our 17 most important in-
lets and passes had been carried out unti! 1956.
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In the spring of 1963 five studies had been
completed, and three are in progress. So we are
making headway there, too. New physical model
laws for sediment transport, as proposed by
Valembois, Yarlin, and as presented by Batijes
and myself at this meeting, are expected to make
model ealibration and tests easier and more reli-
able. Meanwhile, we do not yet share the benefit
of the tremendous achievements in adequate
ingtrumentation for sediment transgport tech-
nology by the river engineers, although progress
hag been made in wave and current recording
methods, The efforts made by the U.8. Council
on Wave Research in coordination and informa-
tion services must be highly commended, but
still, progress in littoral drift science and tech-
nology has been slow. In recent years, it seems
that the tracing technique developed in Eng-
land, Holland, and Portugal (radioactive trac-
ing) and in the US.S.R. (fluorescent tracing)
is going to mean a breakthrough in this impor-
tant field. So far, tracing research has been of
mainly qualitative nature, but quantitative
results may be incoming in the near future.

This panel discussion is supposed to air devel-
opments and new ideas. Tt seems, therefore, to
be proper to mention briefly the new scanning
instrument for fluorescent tracing, which is
being built at present for the Coastal Engineer-
ing Laboratory of Florida, financed by a grant
from the Department of Health, Education, and
Welfare.

The main problem associated with quantita-
tive fluorescent sand tracing is the large number
of samples that have to be analyzed and recorded
in an extremely short period of time. Field and
statistical experiments furthermore confirm
that concentration of tracers within the samples
will range between 102 and 10, At either
extreme, grave difficulties would be encountered
if one would have to rely on manual and visual
detecting, counting, and recording techniques
alone, leaving too much room for repeatedly
variable errors of some magnitude,

To comply with the test conditions producing
samples at the approximate rate of 500 grams/
minute, certain basic ideas have been developed
at the Coastal Engineering Laboratory for the
requirements and general plan of an automatic
scanner for dealing with fluorescent tracers. On
the basis of these ideas, a proposal was sub-
mitted by an electronic company for building
such an instrument. In essence, the scanner as
designed will complete a size analysis of samples
of beach sand and differentiate within each
sample several colors at the same time. The
rate of scanning will occur at 20,000 particles
per second,

The instrument essentially will consist of :

(1) A mechanical assembly of two parts —
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a hopper for sand samples, and a Vycor
glass tube in which the sand falls from
the hopper at a variable controllable
rate utilizing free-fall.

(2) An assembly of electronic circuitry.
The sample falling in the tube passes
in front of several optical channels
enclosing photomultiplier cells (each
cell in operation accounting for one of
the many given colors in the sample),
whereupon the photocell responds
whenever a grain with the proper
mercury-light-excited color crosses the
light path of the optical channel. With
a method of fixed-duration pulse-signal
transmitting, a counter registers the
gignal (hence the colored grain) digit-
ally or graphically after the signal
passed through an emplifier, a pulse
shaper, and a relay driver. Each
photocell excludes all but one color as
set by 2 combination of primary and
secondary interference filters incorpo-
rated into the optieal channels. The
dimension of the output signal trans-
mitted by the cell fo the pulse shaper
degignates the gize of each coated sand
particle simultaneously with the fixa-
tion of its color. Within the counter,
the tabulation of color, size, and quan-
tity occurs at the rapid rate of 1.8
kg./hr.

The theory of the scanner is basically set in
the following equation. The power enfering the
photocell is

1
P IUC{;bQ *—41;}?2 Aed - Hv
where
I = Intensity of incident beam in photons
o == Area of sand grain
¢t = Fraction of grain covered by fluores-
cent molecules
b —Fraction of irradiated fluorescent
molecules which absorb incident
photons
Q@ = Quantum efficiency of fluorescent
process
R = Distance from sand grain to leng of
optical system
A — Area of lens
¢ = Filter factor
d= E‘ransmission factor for optical sys-
em
Hy — Energy of an emitted photon.

Some limitations are inherent in this system.
One is that the number of colors to be scanned
simultaneously is dependent upon the spacing

of their respeective transmission curves within
the visible spectrum with a minimum of over-
lap. At present four colors are contemplated for
use while provisions will be made that the in-
strument could handle an additional four colors
at a future date. .

Since detection is proposed at peak outputs
of each fluorescent curve through the use of
narrow range filtter, the question of how many
colors could be employed remains an optico-
mechaniecal task.

Thig instrument is one of the gmall steps for-
ward, which will, we hope, help us to wind up
with the excellent progress that has been made
by our friend, the river engineer.

MR. JOHNSON:

Before turning the chair back to the chairman
I will attempt to answer two questions which
relate to my paper on sand transport by wind
action. The first question was submitfed by
Professor Vanoni. It ig, “Was there a windrow-
ing affect on the sand; that is, was the mean
size of the transported material less than that
or those of the materials fed into the upstream
and some among the bed?” The answer in gen-
eral is, “yes.” When the vertical trap which was
one-half inch wide and extended a foot above
the bed was exposed to low wind velocities and
before the duration of the run was long enough
for a scouring effect to occur around the trap,
a comparison hetween the sand that was col-
lected in the trap and that which was fed into
the upper end of the channel were identical. At
the higher windspeeds, some finer material not
only went over the vertical trap but also passed
over the horizontal trap and on through the
fan. In general the agreement hetween the
material trapped and that in the bed was good,
and I would refer you to the work by Belly for
the comparison. Professor Brooks asked the
question: “Did any ripples or dunes appear in
the wind tunnel and how did they affect trans-
port?” The bed was always rippled during the
tests. Runs were always long enough that an
equilibrium condition occurred. The bed had
very regular ripples, and we would not have had
sand transport unless we had the ripples. A
second question by Professor Brooks is: “In the
field, how would one determine the shear veloc-
ity for a dune field which can be used in the
transport equation?”’ In a limjted number of
field tests on dunes near Dillon Beach, Calif.,
we usged a multiple pitot tube arrangement and
measured the pressure difference on each tube
by means of a Magnehelic gage. This instrument
permits pressure differences of down to 0.01
inch of water to be measured.
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