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

INTRODUCTION 
Most papers presented in this 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 ratlier 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 resorted 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 flocculation, 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 importance 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 littor+l barriers, removal of 
sand for construction purposes, wind action, 
and abrasion by wave action. While all of these 
factors are not discussed in this morning’s 
session, 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. 641 

BY ROBERT E. BURNS, research oceanographer, O&e of Research and ~euebpment, U.S. Coest aad 
Geodetic Survey 1 

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

Consequently, it is not surprising that many 
investigations of estuarine sedimentation have 

‘Field work and analysis of sediment in Port San 
been made in these same estuaries. Under these 

Juan, British Columbia, was conducted at the University conditions, it is important to realize that most 
of Washington under Office of Naval Research Contract contemporary concepts of estuarine sedimenta- 
Nonr-411(10), Project NR 083 012. 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 deltaie 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 salinity 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 
load of the river decreases. 

In many nonmajor river estuaries, the prob- 
lem 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 
as a function of the mineralogy, diameter, 
shape, and lattice of the component grains, this 
interaction can be expressed in the form: 

so = (St + S,) - s, 
Where S = A function (mineralogy, shape, 

diameter, lattice) ; 
o = Observed at time of survey ; 
i = Initial condition (presurvey) ; 
J = 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 basic model is generally beyond the 
capabilities of the investigator, attempts to 
examine natural situations usually involve one 
of two basic approaches. 

(1) The more common approach assumes a 
steady state in which the observed sediment 
type is unchanged through time, i.e., S0 = Si and 
S, 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, # Si. 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 to evaluate S, and S,. 

However, in this simple form the model gives 
no insight into the various processes acting 
within the area of investigation nor is it useful 
in determining the particular processes respon- 
sible 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 erosion. 

(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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FIGUIIE 1. -Block model for evaluating sedimentation 
in an estuary. 

Each of these five behaviors may vary in im- 
portance through time, and all of them may be 
operating simultaneously 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 af. 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 

SHORELINE SOURCE 

SOURCE 

FIGURE 2. -Generalized s~urees of sediment entering 
an estuary. 

2 WANG, F. H. RECENT SEDIMENTS IN PUGET SOUND 
*ND POmKJNS OF W*SHINGToN SOUND AND LAKE WASH- 
INGTON. 160 pp. 1965. Ph.D. tiesis. On file at the li- 
brary, University of Washington. 

introduction of such material as volcanic ash, 
rafted sediment, windblown particles, etc. 
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 
sediment introduced into an estuary by proc- 
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 a 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-specifically when the river 
is a large one with an extensive drainage basin 
-the problem of flocculation of silt- and clay- 
sized particles is 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 various investigators (9). The 
effectiveness of this circulation in trapping 
river-introduced sediment was discussed by 
Schultz and Simmons (12). 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. l), 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 (3) and in the Puget 
Sound area.* 
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The final, and most frequently overlooked, 
sowee 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 observed that the sand 
content increases from the bead 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 3 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 transaort or lit- 

toral transport, 
(b) Bottom movement under shoaling 

waves, and 
(c) Suspended movement under shoaling 

waves ; 
(4) General circulation - 

(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 to bypass the estuary in any quantity. 
Bedload is characteristically deposited near the 
point of entry of the river into the estuary or 

1 IPPEN, A. T. SEDIMENTLTION 1~ ESTU~~~S. Mass. 
Inst. Technol. Class notes for CDUIS~ in estuarine en- 
vironment. 1960. (Mimeo.) 

4VINCENT, G. CDNTRIS”TION TO TIHE STUDY OF SEDI- 
MENT TRINSPORT ON a HORlZclNTAL BED DUE TO w*vE 
ACTION. Sixth Conf. an Coastal Engin., Miami, Proc., 
pp. 326-355. 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 much 
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 is 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 (1). 

Most other effects of tidal action are also in- 
direct. The rise and fall of the water has no 
direct effect except that due to the periodic COY- 
wing and uncovering of the nearshore bottom. 
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 oseilla- 
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 also contribute to the 
general circulation 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 (1). 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 to, 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 
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Council of Canada indicate that & swell having 
an Z- to lo-second period enters the mouth of 
the estuary throughout most of the year.’ 
Waves of this magnitude are capable of giving 
impulse to sedimentary particles over the whole 
of the estuary bottom because of its relatively 
shallow depth (18 meters and less). 

The estuary acts as an effective trap for much 
of the river-introduced sediment, but the ab- 
sence of the finer 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. 

movement, and wind-induced current appears 
to be the basic 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 
source 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 sowces of 
sediment has been conducted and indicated that 
the shoreline, bottom, and surface sources may 
be considered negligible.5 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 
longshoremovement 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. This 
sediment is mineralogically distinct from the 
river-related micaceous sediment mentioned 
above. 

In Port San Juan, it is impossible to separate 
the processes of initial transportation and dep- 
osition from ~)rocesses of reworkinx. The uni- 
modal, well-s&ted sediment and the lack of in- 
dications of permanent deposition 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 inadequate to give impulse 
to any sediment particles on the bottom, but 
should act as 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 Bums, R. E. A MODEL OF SEDIMENTATION II\’ SMALL, 
SILL-LESS, EMLUYED ESTUARIES OF THE PnCIFIC 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 fixs. 1961. Division of 
Mechanical Engineering. Unpublished manuscript on 
Part San Juan. 

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 
fmer 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 is 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 times 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 
sources of sediment. Further, there is good evi- 
dence that most sediment intrbduced into estu- 
aries, from whatever source, is subject to an 
initial deposition within the limiti of the area. 
An understanding of the processes capable of 
providing impulse to these bottomed 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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HOPPER DREDGE DISPOSAL TECHNIQUES AND RELATED 
DEVELOPMENTS IN DESIGN AND OPERATION 

[Paper No. 651 

By LOUIS J. MAURIELLO, chief, Marine Division, US. 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, U.S. 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 8,000 
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 rangmg 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 
self-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 intolerable; 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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Name 

Essayons. 
Goethals 

Biddle.... 
Comber.. 

Gel&T..... 
LangI%. 
Harding 
Markham, 

Mackenzie 
Hains..... 

Hoffman. 
Hyde.. 
Lyman.. 
Davison.. 
Pacific.. 

1950 
1938 

:;::: 
1939 
1960 

TAB 

352x60~30 3,060 
352x60~30 3,060 
308x56~30 2,682 
339x62x28 2,681 

lc-deetric; DE = D 
wd for operation, 

1.7 SPl - 

3,060 
3,422 

1,656 
885 

920 

2 
720 
500 

el-elee tric 
1,000 1 IP. 

8,000 
4,500 

24-3 % 6,000 
24-3x 6,000 

24-3x 
;gp 

20-O 

6,000 

2% 
5:300 

2,400 
1,400 

:z 
13-o 
13-o 
11-3 

1,400 
1,400 
1,400 

::z 

t; D=Di I direct 

-. 
-. ,UmbW 

2 
2 

2 
2 

2 

i 
2 

: 

: 
1 

: 

28 
28 

1,150 
1,150 

28 1,150 

ii 
1,;;; 

23 1650 

2 
900 
410 

ii 410 
410 

20 410 
20 410 
18 340 

Equipped for sump 
rehandling. 

Equipped for direct 
pump-out. 

Equipped for direct 
pump-out. 

Equipped for direct 
pump-aut and 
side-casting. 

FIGWE 1. -Hopper dredge Essayam. 

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

portant factors that affect the economics of hop- 

As in any dredging operation, the location of 
per dredging and dictate the methods and tech- 

the dredging site, the character of the bottom 
niques employed. The principal intent of this 

material, the regimen of the waterway, and the 
paper is to discuss the influence of such factors 

availability of suitable disposal areas are im- 
on hopper dredge disposal techniques and 
design. 
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FIGURE 2. -Hopper dredge Markham. 

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 voIume 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 ,affeets 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 slit, 
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 involved 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 disposa1 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 series of 
economic load tests conducted periodically dur- 
mg 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 cycle time (i.e. 
pumping, turning, running to and from dump, 
and dumping) equals the incremental retained 
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FIGURE 3. - Cutaway view of hopper dredge Essayons. 

cubic yards per pumping minute or expressed 
in mathematical form when : 

AY Y 
At T+t 

where 

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

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

t = Pumping time, in minutes; 
At = Pumping time to obtain increase in hop- 

per load (AY) between measurements, 
in minutes ; 

T = Nonpumping time (i.e., turning, running 
tno$;;esfrom dump, and dumping), m 

During initial stages of loading prior to 
reaching an economic load, s invariably ex- 

Y ceeds T+t and this is indicative of underpump- 

ing. As loading progresses & normally in- 

creases and 2 decreases and approach each 
other in value. If pumping continues after an 

AY economic load is obtained, then x becomes 

less than & , which indicates overpumping. 

In practice the point of economic loading gen- 
erally is not exactly 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 cases, 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 gmin- 
sized materials. 

Upon completion of loading, 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 
As 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 

maintaining the length of haul to a minimum. 
Application of these criteria 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 
Ocean, 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 such 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 $300 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 result this scheme was 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 carried 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 quantities of dredged material with the 
objective that a major part will be transported 
and deposited outside channel limits by tidal, 
river, or littoral cm-rents. 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 currents in 
the waterway and the composition and charac- 
teristics of the sediment to be dredged is essen- 

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 grains in the silt 
and clay categories with extremely slow settling 
rates, and dispersal of the dredging material over 
a large area is affected by prevailing currents. A 
chart developed and used by the Corps of Engi- 
neers to determine 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 effee- 
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, then 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 occasional trips to the 
dump to avoid 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 success 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 eeo- 
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 dredgmg 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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FIGURE 6. -Chart for determining largest grain size to reach deposit area. 
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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 limits within a l-week dredging 
assignment. The annual total volumes agitated 
by hopper dredges in the past 10 years has 
ranged from 1.3 to 11.3 million cubic 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 cubic yards of ma- 
terial were being dredged each year 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 conclusion, 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- 
sonable 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-eon- 
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 unload 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 
GO&L&, two 32-&h 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 suc- 
tion side 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 hoauers to shore disoosal 
areas in the same man&~ as a pipeline dredge 
(figs. 8 and 9). 

Since December 1954 the sump rehandling 
dredging system has been used with consider- 
able ~u&ess 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. 

GlrbiC &w&a 
Delaware River 77,390,700 
Norfolk Harbor _. 10,908,200 
Other area.8 2,782,OOO 

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 are+ 
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 
yards 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 
year, together with the full-time use of several 
pipeline dredges~ to rehandle material ashore. 
Presently, the lower Delaware River channel is 
being maintained by removing approximately 
7% million cubic 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 



FIGURE ‘7. -Hopper dredge Go&h&, showing 4%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) It 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 conditions are too 
extreme or severe ; or 

(c) 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 successfully 
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 Goethak - are used in con~unc- 
tion with the sump rehandler New Orlea~~. 
This results in large production where as much 
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FIGUEE 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 capacity 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 technique 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 its 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 design 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 
spoil is 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 consistent with the 
Corps of Engineers responsibilities 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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FIGURE 9. - Hopper dredge discharge being set into receiving hopper of sump rehandler New Orleans. 

nect directly to a pipeline and pump itself out. 
Obviously this procedure would slow down the 
disposal operation of the hopper dredge, but a 
compensating feature would be the eliniination 
of a high-cost rehandling plant requiied 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 San 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 Ha&s 
in 1959. The direct pumpout capability on the 
Hains was obtained by improvised modifica- 
tions to the piping system that is normally used 
to de-water the hoppers. This system normally 
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. This 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 yards of material have been directly 
pumped ashore by the Hains. The average haul 
to the diked area is 6 miles, whereas the nearest 
alternate location for open water disposal in 
Lake Erie would have involved a haul of 23 
miles. This success has prompted the Corps to 
make plans to procure and dike an area at Hol- 
‘land 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 capability. 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 operations. 

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 S-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,OOO 
cubic yards and it is estimated it will be ade- 
quate for about 20 years 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 years 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 vicinity 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 A’ew 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 G&hale 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 be 
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 able to afford the 
sump rehandler. 

Sump rehandling ceased in February 1963 
when the New Orleans was deactivated for 
eventual disposal. The hopper dredge Comber 
was converted for direct pumpout. This eonver- 
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,OOO 
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 Go&& 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 Mackenzie in the 
Southwestern Division. This proposed 3,100- 
cubic-yard dredge, to be named McFarland, 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 as 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 direct pumpout 
ashore through a pipeline is expected to be of 
considerable 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 

As 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 25inch 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 Boea Grande bar 
is a 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 Sealnne in December 1956 was ap- 
proximately 12 ft. By May, 1961, the Sealane 
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 Sealane’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 combination 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 Z&a 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-eubic- 
yard capacity hoppers and four 32-&h dredge 
pumps, each fitted with a suction dragarm as- 
semblage (2 outboard 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 spoil can be 
pumped directly overboard through a single 5% 
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 Zulia un- 
doubtedly is the largest and most productive 
earth-moving machine afloat. In its first year’s 
operation it pumped about 5’7,000,OOO cubic 
yards, mostly from the bar channel. 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 
cubic 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 Boea Grande bar and river sections of 
the channel. 

The Corps of Engineers has followed the de- 
velopment of the Sealane! Zulia, and Ieoa with 
considerable interest. It is recognized that un- 
der certain conditions that the side-casting 
method of agitation dredging provides a praeti- 
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 necessary to dredge the 
entrance channel to the small harbor of Ontona- 
gon, Mieh., on Lake Superior. A very uniform 
controlling depth of between 9 and 10 feet ex- 
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FIGURE 10. - Dredge Zulia: Elevations showing arrangement of boom discharge pipe. 

FIGURE 11. -Dredge Zulia during side-casting operations. 
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isted in the channel section between pier break- approximately 2,000 grams per liter. It settled 
waters, which owing to draft requirements, pre- rapidly despite prevailing current velocities of 
cluded conventional us* of the hopper dredge about 3 miles per hour, and after dredging sound- 
Hains. Therefore, this dredge was fitted with ings showed most of the side-boomed material 
a discharge pipe extending approximately 20 remained where deposited. After this first ex- 
feet from the ship’s side to permit the dredging perience with side-casting in the Great Lakes, 
of a pilot channel by discharging directly over- the Hains has been equipped with a discharge 
board. The outer lo-foot section of pipe was pipe of 70-foot outreach (with impact about 100 
elevated at a 20” angle, and at full pump power feet off the ship’s side) as shown in figure 12 
the point of discharge impact was approxi- and presently it is being used in selected proj- 
mately 45 feet from the dredge. By using this ects in the Detroit district, particularly where 
improvised setup, the critical part of the ehan- the material may be deposited behind break- 
nel was deepened to 14 feet-sufficient for water piers. Production in such eases is report- 
flotation required for normal loading and haul- edly from 60 to 160 percent greater than when 
ing operations. Thematerial dredged was mostly hopper dredging is done conventionally and the 
a uniform fine sand with an in-place density of spoil is hauled a mile or more to a bottom dump. 

FIGURE 12. -Hopper dredge l&ins 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 
McFw%xZ. 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 
feet, 2 inches long (measured from the center 
of rotation to the discharge end), which will 
extend 138 feet, 2 inches beyond the nearest 
side 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 eross- 
channel littoral currents occm- are expected to 
reduce dredging costs. These projects include 
the Sabine-Neches outer bar, Freeport Harbor, 
Galveston entrance channel, Port Aransas, 
Brazes Island 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 Carolina 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: 
(3) 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 basic 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, 
side-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 requifed 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 becoming one of giving 
greater emphasis to a truly considered discrimi- 
nation of the various dredging and disposal 
methods that are available to him. 

SOME ENGINEERING ASPECTS OF DISPOSAL OF SEDIMENTS 
DREDGED FROM BALTIMORE HARBOR 

[Paper No. 661 

By MICHAEL A. KOLESSAR, chief, Navigation Reports Section, U.S. Army Engineer District, Baltimore 

Synopsis 
Disposal of sediments dredged from channels 

and harbors becomes increasingly difficult as 
waterfront property is developed commercially 
and disposal areas become scarce. This paper 
presents a method for obtaining more effective 
use of a limited area. It describes laboratory 
tests made to determine the bulking eharaeter- 
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 dimensions can be increased and main- 
tained is closely related to the geomorpholorj 
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 processes have on 
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FIGURE 1. -Upper reaches of Baltimore Harbor and channels, Maryland 
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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 Phocene 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 
unconsolidated 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 difficult 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 
silt 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 be 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 belief 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 
expected in the dredge pipe and observe the rate 
of sedimentation 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 material 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 eharacter- 
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 

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 contractors 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 to 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 l.-Soils data for Curtis Bay channel obtained November 1960 

Fed 
30-35 
35-40 

g;g 
25-30 
30-35 
3540 
40-45 
23-28 
29-30 
26-30 
30-35 
35-40 
40-45 

- 

- 

Pd. 
193.3 
164.6 
150.5 
189.0 
199.9 
158.1 
161.9 
158.8 
111.0 
25.3 

144.4 
159.5 
169.2 
165.0 

1,258 78.4 
1,285 80.1 
1,319 82.2 
1,274 79.4 
1,260 13.6 
1,313 81.9 
1,311 81.7 
1,319 32.2 
1,397 81.1 

1,337 
1,317 
1,295 
1.309 

83.4 
82.1 
80.7 
81.6 

of solids ranged from 2.70 to 2.79 and void 
ratio ranged from 3.413 to 6.063. Mechanical 
analysis showed that the median diameter of 
grains 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 G-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. 

was 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. 

The 24-foot tube was charged with 6 feet of 2. Pumping would be in progress 22 hours 
brackish water and 6 feet of l-to-l mixture was per day for 25 days per month. 
added. After 4 days the supernatant liquid was 
drawn off and another B-foot lift of l-to-l mix- 

3. Discharge over spillways would not exceed 

ture was added. The process was repeated on 
3 inches in depth, and density of effluent over 

the 27th day. The elevation of the interfaces 
spillways would not exceed 1,020 grams per 
liter. 

2.728 5.856 
5.075 

2.696 4.413 
5.693 

2.194 6.063 
4.585 
4.622 

2.716 4.478 
3.413 

2.693 
2.683 4.019 

4.406 
..,....... 4.934 

4.705 

Grain aire 

Dro Dm 

0.0014 0.00015 

,............ 
.0041 .00040 

.0025 .00025 

.0020 .00010 

.28 .0090 

:E% .00025 
.00030 
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FIGURE Z.-Relationship between elevation of interface with elapsed time: Tests 1 through 4. 

I Ii I I / i7 
/!/I ! I I I 

FIGURE 3. -Relationship between elevation of interface with elapsed time: Test 5. 
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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 
pipe would be between 1,060 and 1,152 grams 
per liter. 

U.S. DEPARTMENT OF AGRICULTURE 

6. A maximum of 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 Z.-Computed volume of fill after 100 days of pumping 
(In thouSands Of eutiic yards, 

1 2 3 4 1 z 3 4 

30 
30 
20 
10 

i 

El I- 3,200 I I I I 
Ratio of volume in fill to volume in cut. 

1 Test No. 1 was &foot tube of 1 to 4 mix (1,062 g./l.), test No. 2 was B-foot tube of 1 to 1 mix (1,152 g./l.), test No. 3 
was 1%foot tube of 1 to 4 mix (1,062 g./l.), test No. 4 was lbfoot tube of 1 to 1 mix (1,152 g./l.). 

Table 2 presents a summary of the computa- 
tion of the volume required in the disposal area 
to accommodate 3.2 million cubic 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 
30 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- 
able effect on the volume of the fill at the end 
of the pumping time. Also, the volume of fill as 
determined by the 1Sfoot tests indicated a 
higher relationship of fill to initial volume than 
did the tests using B-foot tubes. 

The estimated volume of the fill computed on 
the basis of the test data is 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 
would be transported to the disposal area in the 
form of balls and would not go into suspension. 

CHANNEL SEDIMENTATION 

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 economical 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 exca- 
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 
is complete will be made to compare the actual 
prototype conditions with those predicted by 
the laboratory tests. From initial observations, 
close agreement is expected. 

AND DREDGING PROBLEMS, 
MISSISSIPPI RIVER AND LOUISIANA GULF COAST 

ACCESS CHANNELS 
[Paper 671 

By Assri~ B. S~KTX, Chief, Navigation anal Dredging Branch, U.S. Army Engineer Division, Lower Mississippi 
Valley and Mlississipp-i River CommLsim, Vicksburg, Miss. 

Synopsis de la Tour completed the plans for New Orleans. 
Sediment has been a major navigation prob- Channel shoaling in the Mississippi River be- 

lem at the Mississippi River Passes since Sieur tween Cairo, Ill., 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 eombina- 
tion of jetties, contraction works, and dredging. 
The annual channel shoaling on the 200 eross- 
ings between Cairo, Ill., and Baton Rouge, La., 
has been battled by the dustpan dredge since 
the development of this unique equipment by 
the Mississippi River Commission in 1895. 
Today this problem is 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 Calcasieu 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 siltation 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-Historic 
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 loss of 
project depth in Grand Lake Crossing (mile 
504) on the Mississippi River. Until dredged, 
the controlling depth in this river crossing was 
‘7 feet, 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 before the 
Corps of Engineers dredge plant could deepen 
a nmnber 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- 
:ineers, U.S. Army. 

River engineers have been concerned with 
Mississippi River sediment since Sieur de la 
l’our completed the plan of New Orleans and 
jieur de Pauger constructed the post called 
Balize (the buoy) at the mouth of Southeast 
Pass (Pass a !‘Outre), circa 1724, to serve as a 

guide to ships wishing to make passage over 
the lo-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 Co&hell in 18’75 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 Mississippi River silt. Cap- 
tain Henry M. Shreve removed the snags, but 
it remained for the Mississippi River Connnis- 
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 as 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 trans- 
portation. During years of extreme low water, 
overdraft steamboats were forced to lay by for 
1 to 3 months of the year 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 
Mississippi River navigation problems and to 
establish the Mississippi River Commission in 
1879. 

This Commission 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 the 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, Term., 
and Lake Providence, La. The dikes and closure 
dams, as then constructed, were inadequate to 
withstand the forces of the river. After exhaus- 
tive experiments, the Commission adopted 
dredging as the positive method 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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Commission 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. 

Bank caving has been a major source of the 
material that is deposited in river crossings and 
“shabby” reaches during high-river stage. In 
his 1892 study and analysis of the 18’77-83 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, 
Ill., 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 yards. 

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 
Mississippi 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. 

FIGURE 1. -Grain-size distribution at Mississippi River crossing below Cairo and at mouth of Mississippi River. 
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FIGURE 2. - Typical crossing. 

Figure 3 shows the 1931-41 caving bank his- 
;ory between Cairo and Old River, as described 
tbove. 

These two caving bank studies, some 50 years 
rpart, show that in its natural regimen annual 
lank caving on the Mississippi River between 
Cairo and Donaldsonville averaged over l,OOO,- 
JO0 cubic yards per mile. Both reports show 
;hat the heaviest bank caving occurred between 
ihe mouth of the Arkansas River and Natchez, 
Bliss. The influence of this source of channel 
ediment on the Mississippi River regimen is 
narked. 

The Mississippi River Commission in its 
,tudy and review report on the Mississippi 
liver between Cairo and Baton Rouge, dated 14 
pebruary 1944, House Document No. 509 (78th 
Congress, 2d Session), noted that the source 
,f sediment from caving banks would be mark- 
dly reduced when the river is stabilized, and 
tated : 
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 g-foot 
hannel of the existing project. It is estimated that the 
xisting authorization for maintenance dredging till 
lerefore be ample to ~eeure a minimum low-water depth 
I 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 repro 
sent. The Commission is of the further opinion that such 
stabilization may materially increase 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 
g-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 annual 
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 1936 and 1960 is shown on table 
2. 
TABLE l.-Nun&r of crossings dredged between 

Cairo. Ill.. and Baton Rome. La.. 1953-62 

1953.... 
1954.... 
1955.... 
1956.. 
1957.... 
1968.. 
1959.... 
1960.... 
1961.... 
1962.. 

C.,.*. 
132,000 
136,000 
145,000 
128,000 
133,000 
230,000 
198,000 
162,000 
205,000 
246,000 

TABLE 2.-Number of crossings with less than 1% 
foot depth, Cairo, Ilk, to Baton Rouge, La., for 
s&&d years, 1936-60 

1936 ................... 
1938 ................... 
1939 ................... 
1942 ................... 
1943 ................... 
1956 ................... 
1960 ................... 

mm&n 
130 

Cf.% 
94,000 

71 
153 

157,000 
100,000 

t: 254,000 
161,000 

2 128,000 
137,000 



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

LOWER MISSISSIPPI RIVER 

BY IO MILE REACHES 
I931 - 1941 9 ‘9 

z 
AH~PPo (00 mc ol 0 9 -.I ? 

‘i: A.H.P. MILES 
a 
0 
_1 

-0 Id0 260 360 460 500 660 760 - \ 

MILES BELOW CAIRO (1913-16) 

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 out satis- 
factorily of their own accord, steps must be 
taken at the beginning of each low-water sea- 
son 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 cross- 
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,OOO to a high of about 45000,000 
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 aceom- 
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 
$41/ 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 193245, re- 
flecting a channel rectification program that in- 
cluded 16 cutoffs and other major channel re- 
alinements. While channel stabilization accom-E 
plished since 1945 has had a salutary influence 
on the annual dredging requirements, there are 
other factors that must be considered in e&i-’ 
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 
5, (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. 
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TABLE 3.-Maintenance dredging between Cairo, Ill., 
and Baton Rouge, La., 193W5’2 

- 
I Q”antitY excavated in- / 

Total 
-- 

1930. 
1931. 
1932. 
1933. 
1934. 
1935. 
1936. 
1937. 
1938. 
1939. 
1940. 
1941. 
1942. 
1943. 
1944. 
1945. 
1946. 
1947. 
1948. 
1949. 
1950. 
1951. 
1952. 
1953, 

cu. vi. 

i 
0 

184,363 

%% 
918:744 

~j33;f 
3:105:~20 
;,;;fJ;; 

6:ZOO:OOO 
6,150,OOO 
8,450,OOO 
7,686,000 
5,420,075 

.0,373,460 

:995545: 
1956, 
1957, 
1958 
19.59, 
1960 
1961, 
1962, 
- 

‘U zi 
than, 

cu. yd. 
5,044,507 
7,519,131 
8,916,679 

12,127,300 
29,673,173 
27,554,524 
17,596,668 
31,069,025 
26,108,704 
19,624,409 
31,168,225 
25,814,861 
19,713,591 
15,466,388 
27,037,OOO 
25,162,OOO 
20,218,277 
17,143,575 
30,407,310 
27,901,570 
29,242,773 
25,987,195 
14,271,0X6 
35,163,231 
39,X30,162 
29,x39,459 
33,286,998 
34,390,837 
22,204,396 
26,928,OOO 
25,335,247 
24,709,000 
28,213,OOO 

cu. vi 

0” 
34,000 

258,633 
208,215 

91,300 

i 
99,416 

0 
1,086,660 

I&116,124 
11,401,272 
13,930,393 
'5,478,OOO 
~9,174,000 
'6,924,800 

551,775 
1,138,141 
1,762,142 

432,294 

l,W~~ 

3731852 

: 

: 

50,30: 
218,000 
199,000 

cu. Vd. 
5,044,507 
7,579,131 
9,000,619 

12,5?0,316 
30,319,078 
27,835,134 
18,513,412 
33.694323 
27,691,620 
22,729,829 
36,517,564 
40,132,044 
37,320,863 
35,546,981 
40,965,OOO 
42,022,OOO 
32,632,152 
28,068,810 
42,501,686 
38,988,326 
38,898,641 
32,978,806 
18,611,935 
40,367,307 
46,403,493 
37,128,389 
41,993,674 
34,390,837 
28,981,527 
34,158,OOO 
30,328,044 
29,870,000 
35,914,ooo 

3 mapx rectification of 

1 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 six crossings that may require dredg- 
ing, depending upon the magnitude and dura- 
t,ion of the high water. Here, as the river falls 
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 Eye and Bayou 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 an- 
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- 

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 18’76 Centennial cutoff 
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 l,OOO,OOO tons daily. As 
shown in figure 6, this alluvian silt advances 
the 35-foot-deep contour at the mouth of the 

MISS. RIVER- OHIO RIVER TO BATON ROW 
II,, I, / I /, 

/Ill IllI II I 

ORAFTOFBOATS 4 BARGES IN FEET 

FIGURE 5. -Vessel draft increase. 
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and the subsequent relocation of the entrance 
range across the seabar largely eliminated the 
silt-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 model 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 increas- 
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 8,000,OOO 
cubic yards annually. 

Atchafelaya River Basin Shoaling 
Deposition of sediment in Atchafalaya Basin 

east and west floodways has become a serious 
threat to the flood-carrying capacity 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 silt into the floodways. Since 
1954 some 115,000,000 cubic yards has been 
dredged or placed under contract to he 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 requires 
annual maintenance dredging to provide the 12- 
by 125-foot navigation channel. 

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. 

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

Calcasieu River 

Annual siltation is important to the mainte- 
nance of the batture at the Mississippi River 
Passes. Where the batture becomes narrow 
from wave wash 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 

The 35-mile deep-water channel (30 by 250 
feet) between Lake Charles and the Gulf of 
Mexico was completed in 1941, and at that time 
maintenance 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 been 
heavy, particularly through Calcasieu Lake. 
Since 1953 some 29,900,OOO cubic yards of ma- 
terial has been remox&d in mai&ining 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 constructing parallel dikes through the lake 
sections to lessen the heavy siltation in these 
sectors of the waterway. 

CIXWHELL. E. L. 

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 acceler- 
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. 
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PHENOMENA AFFECTING IMPROVEMENT OF THE 
LOWER COLUMBIA ESTUARY AND ENTRANCE 

[Paper No. 681 
By Joan B. LOCXETT, chief, Special Projects Investigation Section, U.S. Arrn~l Engkeer Division, 

North Pacific, Portland, Oreg. 

Synopsis phasizes the relation of salinity intrusion and 
This paper describes work undertaken to im- littoral movement to the degree of shoaling ex- 

prove the lower Columbia estuary and entrance perienced in estuarine areas. The findings of 
for navigation and discusses past concepts of prototype measurements undertaken in 1959 
phenomena controlling the regimen of this area along the lower Columbia and other endeavors 
as related to these improvements. Recent ad- to expand the knowledge of controlling phe- 
vances in technology have given birth to a new nomena, including statistical wave studies, 
concept of tidal hydraulic phenomena that em- analyses of offshore changes, studies of attrition 
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and accretion of adjacent shorelines, and com- 
prehensive investigations of the distribution of 
Columbia River sediments are reviewed in the 
light of this new concept. Authorization, eon- 
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 economical 
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 

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. 
RUffOff 

The normal annual runoff of the Columbia 
River is 180,100,OOO acre-feet. and the dis- 
charge pattern of the lower river is quite regu- 
lar with lo w flows occurring from September 
through March and high flows from April 
through August. At The Da&s. Oreg.. 192 
miles above the entrance, the mea< anniai run- 
off is 133,700,OOO acre-feet and extremes in 
mean daily discharge at this point have ranged 
from 36,000 to 1,240,OOO e.f.s. 
Role in economic developntent 

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 located, 
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 Paseq, Wash., by a 
combination of open-river regulatmn and slack- 
water navigation provided by Bonneville, The 
D&es, 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 
:FbFltrends of major commodity groups in 

TABLE l.-Ocean-borne c~lzmrce on Columbia River 

Total. /5,23616,92419,214/10,929/12,49ii 

Tbe Lower Estuary 
Extent 

The Columbia Estuary, as affected by tidal 
variations, extends during periods of low river 
flows up to Bonneville Dam on the Columbia 
River, 140 miles above the entrance, and to 
Willamette Falls at Oregon City on the Wil- 
lam&e River. At higher river stages the sec- 
tions 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 between gen- 
erally widening bank lines, past many low 
islands and shoals, to eventually join the Pacific 
Ocean between the rugged headlands of Cape 
Disappointment on the north and the low-lying 
Point Adams on the south. 
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FIGURE 1. -Columbia River Basin. 

Tidal iqlwnce age daily tidal variation is about 8 feet. The 
Normally, reversals of current direction 

occur throughout the lower Columbia Estuary 
lowest tide observed at this point was estimated 
to be 3.0 feet below mean lower low water and 

as the result of tidal fluctuations of the Pacific 
Ocean. At Fort Stevens, river mile 8, the aver- 

the highest stage, which resulted from a com- 
bin&ion of storm activity and tidal action, 
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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 
GtVZWUl 

Perhaps the most consistent characteristic of 
the Columbia entrance, figure 3, is 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, as any modification of the river forces in 
the entrance area, no matter how minor, is ac- 
:ompanied by a corresponding change in ocean 
forces. As a consequence, throughout the period 
If man’s endeavor to improve conditions for 
navigation, the entrance has undergone many 
:hanges and has assumed many different com- 
llexions. 
rides 

Tides at the Columbia River entrance have 
:he diurnal inequality typical of the Pacific 
toast, 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 
ligher high water is 8.5 feet, and extreme tides 
‘ange from minus 2.6 feet to plus 11.6 feet, 
nean 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 
usually 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 eon- 
tinuous for several days and are accompanied 
by extremely heavy seas mostly from the soutb- 
west. During the summer season, the conditions 
of wind and sea are much less severe 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 easterly 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 41/s 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, 
as shown in figure 5. This shoal area, called the 
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FIGURE 3. - Columbia Entrance. 

Middle Sands, grew in size until its H-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 to 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-FootEntranceProject 
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, printed as part of Senate Enec. Doe. 13, 47th 
Chg., 2d Sess. 

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.l 

This project provided for the construction of 
a South Jetty, 41/s 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 
1886 and completed, with four groins along its 
northerly side, in October 1895. The crest of 
the completed jetty sloped from 12 feet above 
mean lower low water at its shore end to plus 
10 feet at a point 11/a 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. 

Although 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 conditions were 
fluence of the jetty, had migrated to the north only temporary, however, as the continued 

FIGURE 4. - Chart by Admiral Vancouver. 
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FIGURE G.-Columbia entrance. 1885. 

northward 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 channels, each only about 22 
feet deep. In the meantime Clatsop Spit had 
grown to form a hook-shaped island through 
the South Jetty 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 increased entrance depths to fur- 
nish a margin of safety to navigation, Congress, 
in the River and Harbor Act 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 
1903, printed as part of appendix 20 of Annual Report, 
Chief of Engineers, U.S. Army, 1903, Pt. 3, Y. 3. 

channel one-half mile wide and 40 feet deep. 
As 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 total length of 6.6 
miles in August 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, entrance depths had increased to 30 
feet. As constructed, the North Jetty had a 
top width of 25 feet, sideslopes of 1 on 11/, 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 aceom- 
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 4,42’7,000 tons of stone 
was placed in the extension of the South Jetty, 
at a total cost of $5,65’7,000. Nearly 3 million 
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FIGURE 7. -Columbia entrance, 1902. 

tons of stone were used in the construction of 
the North Jetty at a co& 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 6 years, further deep- 
ening occurred to make a minimum entrance 
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 1931 its westward 
and northward extension had reduced entrance 
depths to about 43 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 asphaltie mix in an attempt to 
prevent disintegration at this point 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 closer 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 
outer 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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FIGURE 8. -Columbia entrance, 1927. 

in extension of Cl&sop Spit had formed between 
the jetties. Reconstruction of the South Jetty 
involved the placement of 4,288,OOO 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; 

40-foot project 
Fiscal year 1 *mount dredged 1 Fired year / *mount dredged 

1939 ....... 
1940 ....... 
1941-44 .... 
1945 ....... 
1946 ....... 
1947 ....... 
1948 ....... 

393,d 
186,900 
483,000 

1,030,200 - 

c.oic I(ar* 
1,023,800 

923,200 
1,000,300 
1,267,400 
2,796,800 
2,141,lOO 
1,749,300 

48-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 season in October 
depths of 48 feet over the full channel width, in 
spite 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 195’7 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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FIGURE 9. - Columbia entrance, 1962. 

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 
;zblefr3quent condition surveys are given in 

Modification of spoil disposal meas 
Tests of pilot equipment designed to measure 

subsurface current directions and velocities, 
conducted early in 1958 in preparation for the 
general prototype measurement program 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 WW; 
48-foot project 

1956.. d% 
1957.. 31909 

Total, 1956-57. 18,345 

1958.. 2,603 
1959............ 2,289 
1960.. 2,286 
1961.. 2,054 

Total, 195X-61. 9,232 

Amount of- 
- 
-_ 

-~ 

-. 

- 

Net 

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 scouring 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. 



SYMPOSIUM %-SEDIMENTATION IN ESTUARIES, HARBORS, AND COASTAL AREAS 637 

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 
tons of stone, is scheduled for completion in 
1963. 

Past Concepts of Controlling Phenomena 
Approach to Past Concepts 

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 eur- 
rents to obstacles to guide their thinking, plan- 
ning, and design, of improvements, since estu- 
arine instrumentation as it is known today did 
not then exist. Hence it is small wonder that 
some works constructed under these cireum- 
stances failed to yield the desired results. The 
surprising thing is that many of these works 
did somehow accomplish their mission, perhaps 
not in the exact manner predicted, 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 m 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. 

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 Entrance 
structures that in order to provide a depend- 
able channel, the waters of the entrance 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. 
4Mouth of Columbia River Current Survey, 1932. 

On file in the Office of the District Engineer, U.S. Amy 
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.3 Accordingly, the South Jetty 
was extended and a North Jetty constructed. 
Although some improvement was effected by 
the extension of the South Jetty, this 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, these 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- 
quired. Although recognizing that there existed 
a number of observed phenomena such as for- 
mation of shoals 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 
accomphshments. As a consequence, the theory 
of confinement of flow was accepted by these 
engineers as a basic principle in the planning, 
design, and construction of estuarine improve- 
ments. 
1932 current msasurements 

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 above 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 instruments 
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 iloodtide 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 percentages of time. 
At intermediate river stages, bottom velocities 
were lower than at high stage, with ebb bottom 
velocities predominating for about half the 
measurements. 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 transporting 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 entrance 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, Cl&sop 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 a 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 channel 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, by engineers as 
late as the early 1950’s when planning for the 
48-foot entrance channel was 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 4%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. 

Modem Concepts of Controlling 
Phenomena 

Approach to Modem 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 
was 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 others 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 resort to 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 techniques will be 
developed that will further assist the engineer 
of the future to solve estuarine problems more 
completely than is now possible. 

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 3 point out that engineers con- 
cerned with the solutions 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 
source. The interface of (or line 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 
increasing 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 
region 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 Schultz and Simmons arrived at 
the following general conclusions: 

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

5 SIMMONS, H. B., and SCHULTZ. E. A. FRESH WATER- 
SALT WxmR DENSITY CURRENTS, A MLJOR CnUSE OF SILTA- 
TION IN ESTUIWES. Corps of Engineers Committee on 
Tidal Hydraulics, Tech. Bul. 2. Amil 193. 

c IPPEN, A. T.;and HARLEMAN, b. R. F. ONE-DIMEN- 
SIONAL ANALYSIS OF S*LINITY INTRUSION IN FST”ARIES. 
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 such 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 changes in upland discharge should be 
accomplished only after cbnsideration of all 
probable effects. 

Continuing Research on Salinity Intrusion 
An analytical investigation of salinity intru- 

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 cur- 
rent velocities as affected by salinity distribu- 
tion, a& (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 Ha&man6 indicate that it ispossible 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 quantitatively evaluated. Thus by means 
of intrusion equations, the effect of changes in 
the fresh water discharge, channel depth, etc., 
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 (Z), (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 est,uarine channels. In 1957 
the Committee on Tidal Hydraulics launched a 
broad program of studies considered necessary 
to develop essential knowledge of these process- 
es. The different phases of work contemplated 
under this program are summarized as follows. 
Basic laws for movement and deposition 
of muddy sediments 

Since most estuarine shoals in the United 
States are composed of muds rather than sands, 
a contract has been made with the University 
of California to study the rheologieal 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 scou+ and deposition 0% 
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 radioactive tnzcing 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 connection 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 constantly 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. Avail- 
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. 

Flocculatim 
Flocculation of suspended and dissolved solids 

plays an important role in shoaling processes, 
as sea water is an efficient flocculating 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 
orocesses. A literature survey of this subject 
has been completed and additional research is 
forthcoming. 
Analysis and correlation of prototype data 

Proper analysis and correlation of existing 
prototype hydraulic, 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. 
Data 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 
investigations of hydraulic and shoaling phe- 
nomena 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 bre& 
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 thee littoral movements of 
material passing a point on that shore move in 
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one predominant direction parallel to the coast. 
Just as waves also attack this shore from other 
directions over an extended period of time, 
though less predominately from those direc- 
tions, so too will there be littoral movements 
past the point that may be in a direction oppo- 
site that of the predominant littoral drift. 

Thus, from a point along a shoreline, such 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 shoaling in major 
estuarine entrances. They also affect the deli- 
cate balance between erosion and accretion of 
the shoreline. In instances where littoral drift 
is intercepted by coastal structures such as 
groins 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 
was 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-foot en- 
trance project. In making this new approach, 
the advice and guidance of the Committee on 
Tidal Hydraulics formed the basis 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- 
totype measurements of current velocity and 
direction, as well as salinity, be undertaken to 
define broadly the density current regime es- 
tablished 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 cycles 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 
relationship 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 trying 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 lnstrunrentatiol 
Velocity-azimuth-depth assembly 

Equipment being tested by the U.S. Geologi- 
cal Survey to measure tidal flow was used as a 
guide in the prototype 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 Fathom&~, mount- 
ed in the bottom of 140-pound streamhne brass 
weight with fins, 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 CUT- 
rent meter hanger bar and the seven-conductor, 
l/b 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 to the ad- 
visability of taking water samples at the five 
elevations 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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FIGUBE 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 connections 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. 

Pillar crane 
As the metering and salinity-tempei:‘ure :i 
semblies were to be used over the sides of sma!l 
boats, a special crane was designed and fat il 
cated to raise the bottom of the as:?xi :: 
weights 30 inches above the boat deck ssd 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. 
Other 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 m~~‘:re- 
ment periods. 

FIGURE 12. - Salinity-temperature assembly. 

Progrnm Administration 

Administrative tasks associated with the pro- 
gram included the procurement of necessa:y 
equipment, rental of vessels, training of equip- 
ment operators, and coordmation of program 
details with fishery and navigation interests. 
Procurement of equipment 

Assemblies and pillar cranes previously 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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FIGUBE 13. 

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 mdoctrinated 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 
desirable 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, arrangements 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 its notice to mariners 
well in advance of the placement of buoys. 
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Progra7n 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 wessels 

Four equipment operators were assigned to 
each of the six vessels providing two 2-man 
operator crews for alternate 12-hour shifts 
throughout each S-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, was 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 &day measure- 
ment cycle. The four other metering boats, the 
Morning Star, Rosie, Mary K, and My Boat, 
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 

25-tLqur Boat and stdtbn oeevpic3 .-__ 
“;y;’ CATANA “%~“” ROSE3 BET YY ~__ 

l,..... ~. 3-A 3-C 3-B 3-D 3-E 
2 ~. 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 
5 3-A 5-B 5-A 6-A 6-B 
6 
7..~ ,.... 1 

3-A 5-B 6-A 7-A 7-B 
3-A 4-D 2-C 5-B 7-B 

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 3 feet below the water 
surface, 2 feet above the bottom, and at the 
intervening ‘/A-, I,$-, and s/A-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 discharge 

’ DISTRICT ENGINEER, U.S. ARMY ENGINEER DISTRICT, 
PORTLAND. ETrERIM REPORT ON 1959 CURRENT hm*s.Jm- 
MENT PROGRAM, COL”MBIA RIVER AT MOUTH, OREGON AND 
WASHINGTON. 1960. 

ranged from 365,000 to 404,000 c.f.s. in the 
lower estuary. The second cycle of measure- 
ment was accomplished between 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 214,000 
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 manuscript report 7 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 Cl&sop Shoals encroach 
upon the entrance channel, all observations 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 predomimnce 

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 cycle 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 it was possible to obtain 
flow predominance profiles along the northerly 
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FIGURE 15. -Flow predominance, range 1. 

part of the lower estuary, as shown in figure 17, 
as well as along the adopted ship channel aline- 
merit shown in figure 18. 
Salinity intmsion 

Measurements of salinity, taken concurrently 
with those of velocity and direction revealed 
significant intrusion by salinity &thin the 
lower 20 miles of the estuary, shown in figure 
19. 
remperatm? 

Although a general trend 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. 

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 characteristic 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 bottom 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 difficult, if not impossible. 
Also, the effects of regulatory works that are 



completed, in progress, or planned for the 
Upper Columbia River and its tributaries will 
be very significant in the estuarine section of 
the r&r. - 

In the light of all these conditions, the com- 
mittee felt that more must be learned regarding 
the uhysical factors governing the behavior of 
the iv&way and that a cc&prehensive 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 retie&d by 
condition surveys made of the immediate off- 
shore area, the entrance area, and two shoal 

areas upstream 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 capable 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 hydrographic 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 occurring within this 
reach of the estuary, which did not include the 
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tremendous Clatsop Shoals, amounted to 7’7 mil- 
lion cubic yards of material over ,the go-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. 

Offsbore 

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 occurred 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 3%year 
period, 1926-58, in which the influence of the 
jetties was continued, the study revealed that 
the incremental net accretion to the north of 
the entrance amounted to about 134 million 
cubic yards, whereas incremental erosion to the 
south amounted to about 130 million cubic 
yards, as shown in figure 21. 

Entrance channel 

Studies of changes occurring within the en- 
trance channel since 1945 have revealed a trend 
for increased shoaling 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 shows, in 
graphical form accumulated dredge quantities 
material remaining in the authorized entrance 
channel above 42 feet of depth, accumulated 
SCOUT 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: 

A”Cnwe r& 0, shwling Period Cllbic “or* 1)e7 W”T 
1945-52.......................... 909,000 
195.555.......................... l,518,000 
1956~60.......................... 1,931,ooo 

Desdemono iboal 

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 194560 
are reflected on figure 24. The average rate of 
shoaling prior to the change in channel aline- 
merit, effected in January 1951, amounted to 
about 458,000 cubic yards a year. Since that 
time the shoaling rate has been reduced to an 
average of about 270,000 cubic yards a year. 

Flmel 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 
yards 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. Perhaps 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 1896 with Point Adams. These dunes 
have been breached along several hundred feet 
of shore immediately south of the structure and 
are quite thin for sxns 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 
years 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 ebbs 
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 
this light enrockment in the event of s. 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 would quickly develop into the 
primary course of the river outlet. A program 
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FIGURE 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 

8 NATIONAL MARINE CONSULTANTS, INC. WAYE STATIS- 
TICS FOR TwmvE MOST SEVERE STORMS AFFECTING THFm? 
SELECTED STATIONS OFF THE CCIASTS OF W*SHINGTON *Pm 
OREGON, DURING THE PERIOD 1950.1960. January 1961; 
OcE*NOGRAPAIC STUDY FOR COL”MBIA RIVER ENTRANCE. 
March 1961; WAVE STATISTICS FOR THREE DEEP wmm 
m*mms ALONG THE OREGON-WASAINGTON GOAST. 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 and 
Washington. These particular studies had as 
their objectives: (1) the development of wave 
statistics for three deep-water stations off the 
Oregon and Washington coasts based 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 eondi- 
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, 19 56,lY 57, and I9 58 
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 
&hour U.S. Weather Bureau synoptic charts 

separate source of swell at an adjacent station, 
inasmuch as a wave in the form of “sea” at one 

covering extratropical cyclones and the Pacific 
high pressure cell, these studies routed the 

station would show up as “swell” at an adjacent 
station not under the influence of the same wind 

paths and decay of meteorological disturbances 
to develop the height, direction, and period of 

condition. It was frequently found during the 

the resulting wave conditions at the deep-water 
course of the studies that as many as six sepa- 

stations. The extratropical cyclones considered 
rate wave trains would sometimes occur simul- 

in these studies included storms moving into the 
taneously at the deep-water stations. As a 

Gulf of Alaska, storms moving directly into the 
consequence, in the annual sunnnary shown in 

study area, storms moving onto the California table 5, the time over which “swell” conditions 
coast, and western Pacific storms. occur is greater than the elapsed time over the 

In addition to development of the charac- period covered. This tabulation and table 6 
teristics of waves resulting from these meteoro- show the significant wave height and direction 
logical conditions termed “swell,” the studies frequency of waves caused by “swell” and 
also determined similar characteristics for “sea,” respectively, at the deep-water station 
waves caused by local wind conditions termed off the Columbia Entrance, located at latitude 
“sea.” This latter condition often constituted a 46” 12’ North and longitude 124” 30’ West: 

TABLE 5.-“Swell”: Average annual height and direction 1 frequency distribution2 

T Eeight&SWe" 
NNW 
Percent 

1 to 2.9. 0.68 
3to 4.9.... .04 
5 to 6.9. .04 
7 to 8.9. .04 
sto10.9.... .05 

:i~ 
1: 

:; 
21 
23 
25 

NW 

Peeen* 
8.20 
2.16 
1:;; 

.20 
to 12.9. ............. .os 

x014.9.. ............ .02 
1to16.9 ......... .... 
'to 18.9 ......... ... :E 
1 to 20.9. ............. .04 
to 22.9. ...... ................ 

:to24.9 ....... ................ 
sto26.9 ....... ................ 
27+ .......................... 

Pclmnl 
6.67 
4.67 
1.37 

.54 

.47 

.30 

.21 

.os 

.06 

.02 

SW 
Poreen, 

2.31 
1.83 

.9X 

.74 

.36 

.os 

.06 

.04 

.02 

6.43 I- 

ssw 

Percent 
2.85 
1.88 
1.07 

55 
.30 
.I1 
.12 
.13 
.02 

., 

7.03 i 

s 

PIrcmt 
1.90 

.X1 

.39 
23 
.I6 
.I3 
.04 
.lO 
.02 

3.78 

Total 
z 

..~.. 
.04 

119.76 

w 
Prrcenl 

12.67 
12.36 
6.14 
2.50 
1.11 
.66 
28 
.13 
.06 
.04 
.02 

PerCenl 
13.69 
13.61 

5.51 

23 
:E 
21 
20 

2: 
.04 

3.04 
_- 

.07 

Total r. ( 0.85 / 12.43 

’ Direction from which waves appro 
*Based on 3653 days. 
l30 feet (March 1956). 

35.97 14.47 38.80 

ad , the deep-water statlcm 

TABLE 6.- “Sea”: Average annual height and direction1 frequency distribution2 
- - 

NNW 

Percanl 
2.25 
1.76 

.62 

.28 

.04 

.07 

NW 

*ercrni 
1 to 2.9.. ~. 2.06 
3to 4.9....~. .84 
5 to 6.9.. .42 
7to 8.9...... .I6 
9 to 10.9. .02 

11 
iR 
ii .- 

to 12.9 ........ ..... 
to 14.9 ............. 
to16.9 ............... 

Yito18.9..~ ........... 
19t022.9.. ............ 
23to27.. ............. 

.02 

.- 

_~ 
Peicent 

7.32 
5.25 
1.71 
1.22 

.37 

.43 

.05 
,05 
.O? 

I- 
‘Total 2 ( 3.50 / 5.04 

WNW w 
Tzroi 

1.44 2.77 
1.45 1.51 

.54 .79 

.53 .60 

.21 .16 

.13 .09 

.os .os 
.09 

.02 ., 

.02 _. 

____ 
16.47 ( 4.43 ( 6.10 / 

’ Direction from which waves approach the deep-water station. 
*Based on 365% days. 
3 Frequency distribution of “sea” offshore of 6.03 percent and df calm of 28.67 percent; calm includes waves of 0 to 0.9 foot. 

Total 
ssw, s z 

Percent PDIceni Perc‘nl 
1.57 3.07 23.97 
1.40 2.43 17.46 
1.44 1.85 9.21 
1.04 1.06 6.49 

.63 .80 2.56 

.46 35 2.55 

.45 .45 

.I2 26 
1:;; 

.lS .35 .72 

.12 .06 .20 

.02 .04 so 
__- 

7.43 11.31 100.00 

wsw SW 
Percenl Percrnl 

1.00 2.49 
1.21 1.61 

.73 1.11 

.46 .14 ‘:Z 

.ll .35 

.lO 23 

.02 .05 

.04 

Ti- 7.25 
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Sam-e storm Wave Character*tics, 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 these 
disturbances affect conditions off the Columbia 
Entrance depends not only upon the intensity 
of the storm but also 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 occur several times each winter. Although 
prefrontal southerly winds often attain veloci- 
ties of over 100 miles per hour in gusts along 
the coast, the winds associated with these storms 
seldom reach hurricane force over much of the 
area. However, the extent of storms 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. Hindcast 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 wane characteristics 

2 J!‘tzb. lY51.. 
18~19Dec.1951.~..... 

6-7 Dec. 1952.. 
6 Dec. 1953.. 

12-13 Feb.1954....... 
19 Nov. 1954.. ~. 
15Jan.1956.......... 

3 Mar. 1956.. 
26Dee.1967.......... 
23 Jan 1958.. 
11 Dee. 1959.. 

Structurril Criteria of Columbia Entrance 
This study was composed of two parts-one 

part considered the characteristics of storm 

waves as applied to the design of structures at 
the Columbia Entrance and the other part re- 
lated to refraction patterns 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 as ex- 
posure, refraction, shoaling, bottom friction and 
percolation, bottom slope and still-water depth 
at the entrance site, as well as 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 
t4 feet (H,) . . . .30.0-2 

Significant wave period 

(T,) . .13.02 seconds 
+20 

Direction of approach (0) 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 an angle of approach of 234” as shown in 
table 8. 

TABLE 8.-D&m wake ch~aeteristics 

ate 

- 

I 
Modification 

e 
Refraction Shoal+g 

K, wr.1 
eoeficient ‘“‘gcs*,‘““” 

&& 

205” 0.94 0.996 28.0 
225” 1.11 ,996 21.5 
245” 1.20 .996 33.5 
270” .97 .996 29.0 
295” .I1 ,996 20.0 
315” 1.24 .996 27.5 i 

63 ws.1 e 
13 206” 
13 218” 
13 234” 
13, 254” 
13 263” 
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”j (245 day half-life) 
and Crj’ (26 day half-life) concentrations. A 
high Crs’ concentration relative to the Zn6j con- 
centration would represent a “new” material 
whereas a low Cr5’ concentration relative to Zn”j 
would represent much “older” material. The ob- 
served ZnGS and Crsi concentrations in the above 
samples and their calculated ratio and relative 
ages were determined as shown in table 9. The 

TABLE 9.-Analysis of samples 

Sample 

~- -- A.. ....... 17.1 
B ......... 3.9 
c ......... 5.8 
D ......... 3.2 
E ......... 6.3 
F ......... 7.6 

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 radioisotopes re- 
leased from the Hanford production 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 bottom 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 radioactive 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 solution 
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.S. 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 R,iver 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 Oceanography, 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 south during the summer and to the north 
during the winter. Offshore cruises have re- 
vealed large lensel 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 concurrence 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 Columbia 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 contour. 

Design Features 
The hydraulic model has been constructed to 

linear scale ratios, model to prototype, of 1:500 
horizontally and 1 :lOO 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 :l, in the model ocean, and with 
fresh water supplied by the Columbia River 
and its significant tributaries, so that density 
effects on hydraulic and shoaling phenomena 
will be reproduced. The model will be of a 

combination fixed-bed and movable-bed type, 
so that critical 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 2’7 shows the general 

FIGURE 27. - General lyc$ of Columbia hydraulic 

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

Model Verification 

Hydraulic and salinity verifications of the 
model were based on prototype measurements 
of tides, current velocities, current directions, 
and salmities observed during the 1959 proto- 
type measurement program. The observation 
stations manned during that program, as well 
a+ 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 simultaneously 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 time. 
These significant changes include the formation 
of shoals in the navigation channel, accretion 
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 bed 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 scale 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 eoncentra- 
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 qf any contaminants that might be 
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 critical phase of development, 
the model has been constructed to have a use- 
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 relocatioa 

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, 

satisfactory entrance channel for navigation. 
When the enormous 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 
this threat is quite imminent, particularly when 
the destructive effects of storms experienced at 
the Columbia Entrance are directed toward 
such an eventuality. 

Recognizing the possibility that such a re- 
located entrance, if developed in accordance 
with careful planning, could possess 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 such a new channel. In the 
model the factors now producing the large 
shoals 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 to explore the consequences of such 
relocation and to determine the courses of ac- 
tion to be taken. 
Jetty rehabilitation 

As previously mentioned, jetties at the Co- 
lumbia Entrance have been rehabilitated on 
several occasions to restore 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 struc- 
tures, particularly after their initial construc- 
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 rehabilitation, 
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 
other river entrances, have raised question 
among engineers as to the value of such limited 



SYMPOSIUM Q.-SEDIMENTATION INESTUARIES,HARBORS, AND COASTAL AREAS 665 

rehabilitation insofar as maintenance of project 
depths are concerned. 

Although completely rehabilitated jetties un- 
doubtedly provide some benefit to small craft 
against heavy seas as 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 jetty are 
such as to preclude safe operation of sma,ll 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 deteriorated 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 jetties 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. 

Aside 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 construction 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- 
merit is not now significant, heavy dredging is 
required to maintain the adopted channel 
through the inner bar within the jetties. Just 
west of the authorized chsnnel hydrographic 
surveys reveal a natural parallel 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 undesirable 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 entrance channel, might have definite merit 
at the Columbia Entrance and will be tested in 
the comprehensive model. 
Salinity intrusion and sbonling 

The model will accurately define the extent 
of salinity intrusion in the Columbia Estuary 
under the different conditions of tide and up- 
land discharge 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- 
sponsible 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 
forces are clearly understood 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 widtb 

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 to 
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 eon- 
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 4%foot entrance project. The 1959 pro- 
totype 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. Suzh a struc- 
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 waters through 
domestic and industrial waste disposal. It may 
be expected that the Columbia model, 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 to 
solution of this problem as well as other prob- 
lems not now envisioned by engineers of this 
day. 

Summary of Present Knowledge 
The vastness of the lower Columbia Estuary 

and Entrance area is only one characteristic 
that belies 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 characteristics, together 
with the extremely large and variable range 
of diurnal tidal action prevailing along the 
Oregon and Washington coasts, give to the 
Columbia Estuary 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 
occurring 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- 
sion 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 
assistance 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 Entrance, now under- 
going verification tests at the Waterways Ex- 
periment Station? offers the sole means of de- 
veloping an engmeering analysis and evalua- 
tion of the forces responsible for the pending 
cataclysm in this area 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,OOO 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 to 
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 
traffic 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 water. 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 to study, 
analysis! and evaluation in the comprehensive 
hydrauhc model of the lower Columbia Estuary 
and Entrance. There is 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 m the present entrance 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 
similar 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 be 
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. 691 
By J~RN W. HARRIS, supervimry hydraulic engineer, U.S. Amy Engineer District, Savannah, 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 
means of inducing sediment deposition in areas 
where more economical means of removal could 
be utilized. The hydraulic changes expected to 
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 harbor 
maintenance, was discussed. 

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 sue- 
cessive deepening has caused the shoaling to 
shift upstream. After the harbor was deepened 
to 34 ft. in 1947.48, shoaling concentrated in 
channels adjacent to the city of Savannah, 
where only limited areas are available that can 
be used for spoil disposal. To provide adequate 
maintenance of the channel without excessive 
increases fin 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 l,OOO-ft. stations with the upper limit of the 
harbor at station 81+499 and the lower limit at 
station 245+000, which is generally referred 
to as station 245. Similar reference is made to 

other l,OOO-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 entrance) ; 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 
basins are located in the vicinity of stations 83, 
90, 95, and 104. In the vicinity of the Atlantic 
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,OOO 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 
194’7-48. 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 194-81+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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FIGURE 1. -Existing project and annual shoaling. 

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 32 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 tgod‘nnah Harbor 

Approximately 413 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 vertically. It 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 
years 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 cycles. The gilsonite that settled 
within the channel limits was retrieved and 
measured and the resuits expressed by a per- 
centage distribution curve. An acceptable re- 
production of prototype shoaling was attained, 
since exact duplieati,n 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 could not be repro- 
duced in the model. However, it was not neces- 
sary to obtain 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 basins might 
offer a possible means for reducing mainte- 
nance costs if the location, entrance, and hy- 
draulic conditions of such basins 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 commercial traffic, 
it is located near the major shoal area, it has no 
industrial development on either side, and the 
sovernment has perpetual spoilage easements 
m extensive diked areas adjacent to the pro- 
?osed 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- 

FIGURE 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 occurred 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 located near the up- 
stream end of the major shoal area at Station 
116 and with a 200-ft. opening between the con- 
strietidn 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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Fmm~ 4. -Sediment basin with entrance channel at 
station 116. 

to some degree, substantial shoaling would still 
occur 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 

FIGURE 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. It 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- 

corporated deepening of the channels to 40 ft. 
These tests indicated that the ebb velocities in 
Front River were inadequate to prevent shoal- 
ing. The tide gate was then shifted 1.3 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 eor- 
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- 
sively 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, 

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 basin is 300 ft. wide and 34 ft. deep. 
During the shoaling tests, at the end of the 
prescribed number of tidal cycles, a stable con- 
dition had not been reached in the navigation 
channels 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 
station 205 from 23 to 9 percent. 

The Tide Gate Structure 
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 but 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. Durmg 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 
Front River that might be dangerous to naviga- 
tion. The shoaling tests were conducted with a 
Rxed side opening 100 ft. wide in the tide gate 
structure; however, the efficiency of the sedi- 
ment basm 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 shoaling rate 

md the model shoaling tests, it will be neces- 
sary to dredge about 6 million cu. yd. annually 
Yom the sediment basin. To retain the effec- 
,lveness of the sediment basin, it will be neees- 
iary to dredge it annually or probably continu- 
~usly, 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 is located adjacent to the 
asin, whereas long lines are now required to 
maintain navigation channels. 

(2) Fixed pipelines could be utilized to elim- 
late 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. 

(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 suf- 
ficiently for economical removal. 

The savings in labor and increased efficiency 
of dredging the material from the sediment 
basin 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 conventional pipeline dredge can be de- 
vised to maintain the sediment basin, such as a 
simple arrangement of pumps on barges with 
drags similar to the hopper dredge or dustpan- 
type intake, 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 
indicate 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 cu. 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 only periodically 
and channel conditions would be greatly im- 
proved. The project channel depths, which 
would be almost self-maintained, is a very im- 
portant benefit. 

Verification of Model 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 concentration of shoaling downstream and 
that discharges of this magnitude, if continued 
for an appreciable length of time, have a pro- 
nounced effect on shoaling in the harbor. 

Figure 7 shows Savannah River discharges 
for about a l-year period with center-line pro- 
files in the harbor during various 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 to station 
140. Moderately high discharges shifted the 
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FIOURE 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 
increasing ebb flows 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. 701 

By BERNARD J. SMITH, civiZ engineer,. U.S. A,rmy Engineer District, San Fran&co 

Abstract 
The San Francisco Bay system is a land- 

locked series of embayments of 430 square 
miles. The annual sediment load approximates 
8 million cubic 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 lb. per cu. ft. for San 
Pablo Bay, 49 lb. 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. It 
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 which en- 
vironmental change may have far-reaching con- 
sequences 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. It 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,OOO acrefeet (2). This flow ap- 
proximates 49 percent of the estimated total 
natural mean annual runoff of the State of Cal- 
.fornia. Concomitantly, the system is the nat- 
zal receiving basin for large sediment inflows. 
However, changes have been extensive. in the 

1 DAINES, N. H. STUDY OF SUSPENDED SEDIMENT IN 
!RE COLORADO RIVER. U.S. Dept. ht., Bur. Reclam. Mimeo. 
!6 pp. Sept. 1949. 

last 100 years particularly, so that the full nat- 
ural runoff is not discharged into the system, 
much being diverted, and the sedimentation 
pattern consequently has changed. In addition, 
cyclic 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 soil 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. 

Percent 
soi, type Area Of tow 

I I 
Sandyloams................ 39.5 
Loams...................... 
Clay loams.. 
Clays...................... 
Variable. 

11.0 

“2 
8.6 

Total.. 59,000 1 100.0 
1 Data obtained from reference (2). 

The effect of diversions for municipal, in- 
dustrial, and agricultural use, together with 
transfer of i-lows 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 occur. 

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. Dairies,’ 
in studying 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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FIGURE 1. -Source of sediment of San Francisco Bay system, 1963. 
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tions have been recorded for Central Valley 
streams of California. Hence! the source of 
sediment can be regarded as bemg over the en- 
tire watershed, above and below reservoirs, 
with the floodflows carrying through reservoirs 
into downstream channels much scour 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- 
stream deposits 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 
mining and erosion from lands draining to the 
San Francisco bay system for the period 1850-l 914 

,Estimated by 0. K. Oilbert (71, 
Iaeation Debris __- -~__ 

Deposits - 
Within the Sierra Nevada. 
In the piedmont. 
In the channels of valley rivers. 
On inundated lands, including tidal marshes 
Inthebays...................~........ 
Intheocean........................... 

Total............................... 2,375 

The last three items of table 2, totaling 1,490 
million cubic yards, represent mining debris 
and fluvial 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 191660, an additional 1,054 mil- 
lion cubic yards would have been moved past 
the Delta. This would be insufficient to move 

2 HEMBREE, C. H., MELIN, K. B., Born, M. C., and 
SWENSON, H. A. 1950 FRO~.FXS REPORT OF TAE BIGHORN 
RIVER DRAINAGE BASIN. U.S. Geol. Survey Water Re- 
sources Div. [19X.] 

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 
constitute 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 
sediment 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 (21). 

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.S. Geolog- 
ical Survey investigation (12) 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 lb. 
per cubic foot for the suspended load and 90 
lb. 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 
1957-59 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.2 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.-De&tyl of sediments b TII&T&Z and 
reservoir operation 2 

submerged or nearly 
submerged. 93 

Normally a moderate 
reservoir drawdown. 93 

Normally considerable 
reservoir drawdown. 93 0 79 1.0 60 

Reservoir normaUy empty 93 

Example: Sediment in a reservoir, useful life 100 years, 
with sednnent 20 percent sand,40 percent silt,40 percent clay. 

Composite density=20 percent (93+0) +40 percent (65+ 
5.1 log,, 100)+40 percent (30+16 
log,, 100) =93X20 percent + 76.4X 
40 percent + 62.0X40 percent = 
74 lb./w. ft. 

1 Density is indicated by symbol W. 
* Values for K obtained from reference (11). 

is increased by an amount equal to log time by a 
constant 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 unit 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 
48.84 lb. per cubic foot. Table 4 gives the deri- 
vation of this figure. Since the California Divi- 
sion of Water Resources arrived at 50 lb./co. ft. 
and the USGS, although arriving at a figure of 
49 lb. per cu. ft., also adopted 50 lb./cu. ft. as 
the average density in view of the limited num- 

mm. 

Feb. 1959. 
Pd. 

............. 
i....:: Feb.l960........................do 

San Joaquin at Vernalis. ........ 
................... 6”:: 

7. ..... Feb., Mar. 1959. ........ Sacramento at Sacramenta ....... 
3 ...... Feb.1960 ........................ ..do ................. :: 
2. ..... Feb. 1959. ............. ...... 80 
2 ...... Feb.1960 

Yolo Bypass at Woodland. 
....................... ..do .................. 

4. Feb. 1959. 
74 

..... ............. Alameda Creek near Niles. ...... 
4 ...... Feb.l960.........................do .................. 7”; 
5. ..... Feb. 1959. ............. ...... 
8 

Napa River near St. Helena 
...... Jan.-Mar.1960 ................... ..do ................. ii 

4. ..... Jan., Feb. 1959 .......... 
5 

Sonoma Creek, Bow Hot Springs 
...... Jan.-Mar.l960........................do .............. 2 

3. ..... Feb. 1959. ............. Walnut Creek at Walnut Creek ... 
2 ...... Feb.l960............................do ............... .!i 
1.. .... Feb. 1960 .............. 
3. 

Guadalupe at San Jose .......... 92 
..... Jan., Feb. 1960 .......... San Francisquito Creek at 

Stanford. ................... 71 

Totals. ........................................... 
Percentages 

.. 916 
................................................... 

Unit weight-lb. per cubic foot. 
57.2 

.... 
Weight;wr cubic ft. 48.34 ieall 501. 

...... ;. ..... ... ..... 
.............................. 17.?i 

\ ~~~1 -~~-- 

‘Data abstracted from “Suspended Sediment in California Streams,” U.S. Get 
(Unpublished records.) 

rco Bay system’ 

I I 

O., 

dog 

Pot. 
Fi 

:; 
16 
19 
27 

:; 
20 

Ei 
10 
19 

7 

8 

263 
16.4 

f 

Seal E 

:: . . . . . . . 

1 1 
.I 

mnento, Galif. 

ber of analyses concentrated in February 1959 
and February 1960,50 lb./eu. ft. was adopted in 
this study. Similarly, 90 lb./u. 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 eompac- 
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- 
lion cubic yards for the 195’7-59 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 sediment inj%w to San 
Francisco bay system’ 

%aFy’aneiseo~ .I 983 I 410 I 140 1 1,500 ~ 800 

ELa,./ 13,700.~ 1,400 1 2,200 / 17,000 I16,OOO 
’ From table 12 of reference (1Z). 

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 maxmum 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 deter- 
mined the total load for some &-earns at con- 
crete controls or where the channels were bed- 
rock with high turbulence. For other streams 
with alluvial beds, the unmeasured (bed) load 
was estimated on the basis of mesn velocities 
and particle size of the bed material. For the 
major contributors -the Sacramento and San 
Joaquin Rivers -total sediment discharge was 
computed (3). 

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

Suspended load 
GeoeraTltlie area cpereent Of tota, *or area, 

;- 
Delta.. 86.9 

! 1 

92.26 
Suisun Bay.. 91.4 95.02 
San Pablo Bay. 91.1 94.85 
San Francisco Bav 90.7 94.63 

Bedload 
tdt%%% 

Byweight 
13.1- 7.74 

8.6 4.98 
8.9 5.15 
9.3 5.37 

&‘ijiii) .I 87.0 I 92.35 

1 Conversion based on densities of 9( 
load and 50 lb./m. ft. for suspended 1~ 

11 
,a< 

13.0 1 7.65 
b./eu. ft. for bed- 
1. 

3 GRIMM, ti. 1. STUDY OF TIDAL C”RRENTS *ND SILT 
MOVEMENTS IN THE SAN FRANCISCO BAY AREA, WITH PAR- 
TICVLAR REFERENCE TO THE EFFECT OF A S,u.T WATER 
B*RRm? UPON THEM. U.S. Corps Engin. Spee. Rpt. (App. 
D, House Doe. 191, 71st Gong., 3d Sm.) 1931. [Not 
published.] 

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 loads 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 
sustem. 196cM?011 

T 

Delta. 
cu. !Jd. 

13,800 85.7 19,280 
Suisun Bay. 500 3.1 720 
San Pablo Bay 1,000 6.2 
San Fran&m 

1,420 

Bay. 800 5.0 1,140 

Total.. .I 16,100 1 100.0 / 22,560 

‘1909-69 figures adjusted to 1957-59 

I 

Avw; 
idOW 

-- 
czr. Vd. 

7,040,000 
260,000 
520,000 

415,000 

8,235,000-- 

onditions. 

100.0 

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 Joaquin system was determined 
from a rating curve (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,OOO cubic 
yards. For the water years 1957-59, the aver- 
age is 7,280,OOO cubic yards as compared to 
7,200,OOO given by the U.S. Geological Survey. 

Gilbert (7) estimated 2 million cubic yards 
average annual sediment inflow for the period 
prior to 1849, 18 million for the 1849-1914 
period, and 8 million’for the future after elear- 
ante of the mining debris. Grimm in 19313 
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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FIGURE 3. - Ratio of total delta inflow to flow of Sacramento River at Sacramento. 

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 S years. 

Factors A&Mug Future Sediment Inflow 
The estimate of 8,235,OOO cubic yards per 

tnnum given in table 7 is an average based on 
appraisals of the major factors affecting the 
volume of sediment. These are land use, stream- 
lows, and the conditions governing the forma- 
iion of river channels (river morphology). Rain 
erosion of the land surface and channel erosion 
)f the streambed effected by the river itself are 

4 CALIFORNIA DIVISION OF WATER RESO~CES. mm- 
IENTATION. 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 Francisco 
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 
urban use will approach 35 percent (6) (151, 
and agricultural use decline to 40 percent. 
Since the local 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 
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tELA1 ION 
EDIMENT DISCHARGE 

LND WATER DISCHARGE 
rICRA”ENTO RIVER AT SACRAYEWTO 

t 
DAILY MEAN WATER DISCHARGE 

IN CUBC FEET PER SECOND 
100 

FIGURE 4. -Relation between sediment discharge and water discharge of Sacramento River at Sacramento. 
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TABLE 8.-Estimated average monthly historical sediment in&o to the Sacramento-San Joaquin Delta, 
24-60 19. 

housani 

Year Oct. __- 
1924-25 60 
1925-26 5s 
1926-21 59 
1927-28 59 
1928-29 60 
1929-30 60 
1930-31 5s 
1331-32 62 
1932-33 63 
1933-34 61 
1934-35 62 
1935-36 59 
1936-37 60 
1937-38 59 
1938-39 58 
193940 61 
1940-41 68 
1941-42 68 
1942-43 57 
1943-44 59 
1944-45 60 
194546 59 
1946-47 58 
1947-48 59 
1943-4s 63 
1949-50 59 
1950-51 65 
1951-52 61 
1952-53 63 
1953-54 74 
1954-55 13 
195%56 59 
1956-57 95 
x357-58 235 
1958-59 96 
1959-60 58 

36.year 
total 2,450 

36.year 
average 63 
PeTCent 

by 
month 1.1 

1, 

5,: 

- 
NO”. 

65 

6:; 
260 

51 
41 
40 

2; 
41 

4”: 
6:: 

:; 
69 
58 

E 
93 

161 

i”, 

ii 
076 
105 
69 

105 
122 
63 

:;; 
96 
57 

112 

142 

2.3 

- 

l! 

Dec. Jan. 

.E 
697 
190 

6:: 

2;‘; 

ii 
47 

ii 
1,760 

‘E 
734 

1,135 
413 

1;: 
1,184 

196 

i'7 
59 

3,066 
1,031 

733 
120 
390 

1,221 
95 

361 
96 
59 

Feb. -- 
2,010 
1,384 
2,468 

720 
222 
473 

61 
668 

65 
234 
312 

2,001 
987 

2,514 
108 

2,103 
2,451 
2,135 
1,486 

470 
1,372 

365 
339 
106 

1,2E 
2,195 
2,664 

788 
1,575 

122 
1,731 

205 
3,907 
1,128 
1,040 

5,478 9,971 1,819 38 

430 833 1,161 I 

6.P 13.4 18.7 

Mar. 
707 
353 

1,554 
2,146 

131 
1,022 

193 
727 
352 
478 

1,113 
128 

1,396 
3,;g 

1,917 
1,933 
1,024 
2,184 

559 
536 
622 
776 
263 

1,408 
848 

1,224 
‘,Z,‘f 

1,428 
110 

1,406 
1,529 
u,“, 

954 

1,117 

LO59 

17.1 

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

ed 
Intensified agricultural usage and an expand- 
highway network will tend to increase the 

sediment volume, but these tendencies will be 
offset by improved practices in soil eonserva- 
tion, watershed management, and highway 
Iramage. In 1917 Gilbert (7) estimated pre- 
mining era average sediment inflow at 2 million 
:ubic yards when the region was largely virgin 
And and forecast 8 million yards for a fully 
developed highway system through a much 
:xpanded agricultural area. The broad conclu- 
riox, therefore is that land use changes between 
1960 and 2020 will not materially affect the 
iota1 sediment inflow. 

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 mountams 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 eompeteneies 
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 bv land 
usage practices, thus changing the chemistry 
and the flocculation tendencies. 

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

No such changes would occur to any appreci- 
able extent above the line of reservoirs. Below 

Api. -- 
1,293 
1,223 
1,721 
1,313 

107 
548 

6:: 
352 
196 

2,422 
1,362 
1,568 
2,631 

208 
1,855 
1,946 
1,370 
1,572 

211 
572 
844 
406 

1,590 

:%? 
‘592 

3,084 
737 

1.539 
107 
847 
235 

3,336 
107 
256 

.- 

3,428 3 

1,123 

18.1 - 

.lvne 
:z 

320 ii 6”: 
247 
152 

2;; 
233 
155 

L,713 kc? 
457 
866 

1,551 

12"; 

2 
1,006 

64 222 
L,2Z 

818 
77 4:; 

180 
1,014 

7": 

!,27s 

341 

5.5 

- 

-- 

1 

2,! 

- 

-- 

147 

65 

1.0 

- 

-_ 
5,518 
3,604 
9,726 
5,601 
1,172 
3,859 

851 
4,444 
1,599 
1,925 
6,868 
5,906 
5,643 

15,982 

i% 
12:029 
10,438 
9,598 
2,089 
3,812 
5,194 
2,272 
6,416 
3,890 
5,033 

10,780 
16,701 
7,517 
6,137 
1,846 

12;;; 

151068 
3,140 
2,933 

23,209 

6,200 

100 
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the reservoirs the principal agents of such petency is the ability of currents to transport, 
change would be industrial and agricultural in terms of dimensions of particles ; capacity is 
contaminants. These in their totality could, the ability to transport, in terms of quantity; 
with greatly expanded volume, present a dis- and load is the actual quantity transported. 
posal problem of large proportions requiring Competency depends upon velocity and turbu- 
treatment and disposal works. Their effect is lence, which in turn vary with the shape of the 
not here included, as present knowledge of this channel, bottom irregularities, slope, depth, 
phase is inadequate to form quantitative con- and discharge. There is a competent slope for 
elusions. each variation of channel and for each dimen- 

If the preceding feature is omitted, future sion of particles of a given specific gravity. 
sediment loads of streams will depend for the Competency varies as about the fifth power of 
most part on conditions below the line of dams. the velocity. Capacity is dependent on the same 

The physical effects of constructing a dam variables as competence, but additional factors 

across a stream are pronounced, tending to 
are the ratio of depth to width of stream and 

change the total activity of the river - reshap- 
the degree of mixing of the sediments. Thus, 

ing its course and affecting the competency, ca- 
capacity is generally less for material of um- 
form dimensions than for graded materials. 

pacity, and load of the current. The stream load as a maximum equals the 
As defined by Twenhofel (14, p. 191), com- capacity. Capacity ranges between the 3d and 

FIGURE 5. -Profiles of elevation and river miles of the Sacramento River and its tributaries. 



SYMPOSIUM 3.~SEDIMENTATION IN ESTUARIES, HARBORS, AND COASTAL AREAS 685 

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 
zmfines 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 
lere comes about a loss of cross sectional area, 
2 that scour results and the deposition process 
tkes place further down in the reservoir, the 
nxg-run result being complete siltation of the 
zservoir. With loss of competency and capac- 
,y, releases through the reservoir are greatly 
larified of suspended load. Virtually all the 
edload is usually trapped in the reservoir. 
Below a dam, the number and the intensity 

f the threads of maximum velocity are reduced, 
,ben not actually eliminated, by zero flow 
Irough the dam or spillway. With reduced 
n%ulence and velocity in the immediate reach 
elcw the dam, only the fine silt is picked up in 
1~ pension or rolled on the bed in traction. The 
hxGea1 effect on the streambed is loss of fine 
?diments in the shoal areas and filling of the 
seper parts with part of this fine silt load. 
Gth flood releases, however, the partly clarified 
ream under an artificially increased head is 
laracterized by turbulence and high velocity 
) that scour 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 total 
ver mileage lies below the line of lowest dams. 
urther. the dams and reservoirs are in general 
: the breaks in gradient between the steep 
dand and the flat sluggish lowland courses 
here, irrespective of the existence of reservoirs 
.oviding stilling basin effects, there would 
itorally occur heavy deposition of sediment. 
he corollary follows that the competencies, 
.pacities, and loadings below the dams do not 
rry greatly from those that prevailed on the 
!low-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 
fed of the reservoir systems of the Central 
alley and local Bay area streams (where the 
me situation holds) lies in the regulation of 
)w and thus the regulation of sediment inflow. 
le competencies and capacities of the various 
reams would be affected by the velocltles and 
mlumes 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 

TABLE 9.-Stream regimens, Sacramento-San 
Joaquin sy.stem 

Sacramento 
River.. 

Stony Creek. 
Putah Creek. 
Feather Rim 
Yuba River. 
Bear piver.. 
AYiC$Y 
Mokleumne 

River..... 
Calaveras 

River..... 
San Joaquin 

River..... 
Merd River 
TUKh~ 

Stanislaus 
River..... 

Totals.. 

n 

?i 

‘. 

8,500 

8,000 

6,200 

10,000 
11,000 

10,000 

9,000 

200 

230 

,6@0 

289 
405 

331 

537 

243 
24 
27 

it 
28 

24 

40 

260 

230 
48 

48 

48 

868 

tIpIan. 5% 

y&y x;$o”R 
3 

% 2.28 0.35 

:t:i 1.11 0.53 
21.4 1.21 
16.87 0.91 

19.4 1.58 

23.0 1.09 

1.9 0.21 

20.9 0.24 
39.0 1.35 

21.5 1.19 

30.4 2.42 

average (see table 8)) 50 percent of the annual 
total sediment is delivered in the flood months 
-January, February, and March. In flood 
years such as 1958, this figure rises 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./see. velocity, all but the heaviest stones would 
be moved by scour. At 3l/z ft./set. (14, p. 293), 
pebbles up to walnut size would be scoured. 
Hence, since a flood release velocity of 31/r, 
ft./set. 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 eon- 
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- 
clusion 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 C&nal.J The 
estimate of 7.04 million cubic yards of inflow to 
the Delta, based on the 1957-59 observations, 
covers withdrawal conditions above the Delta 
as 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 eon- 
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 lo.-Sediment inflows to Bay systemadjusted 
for varying water exports before deposition in Delta 

mea, sediment 1960 ini%m Of 8,235.000 CY. ml.) 
I I I 

TOWA 
4,500............... 

cu. yd. 
600 301,000 

10,000............... 1,000 511,000 
15,000............... 
20,000............... 

2,200 1,124,200 
4,500 2,299,500 

‘Suspended load. Does not include bedload. 

cu. Vd. 
7,928,OOO 
7,',24,000 
7,110,800 
$935,500 

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

Sedimentation Witbin the System 
The estimated average annual inflow of 8,- 

235,000 cubic yards will be delivered to the 
entme system and will be distributed to the com- 
ponent elements in the proportions given in 
table 7, the Delta receiving 7,040,OOO cubic 
yards, or 85.5 percent. At present, the transfer 
volumes exported from the Delta average 4,500 
c.f.s., representing 307,000 cubic yards of sus- 
pended sediment per annum. The sediment in- 
flow to Suisun Bay, therefore, is 7,133,OOO 
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 flocculation and tidal currents. Al- 
though research has been productive qualita- 
tively in the field of estuarine sedimentation, a 

s At Tracy, Calif., is located the pumping plant that 
supplies the Delta-Mend&a Canal, the supply being 
pumped from Old River. Since the Sacramento River 
furnishes the major part of the supply, there is B 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 necessary to estimate present rates of 
deposition. 

The lower reaches of the Delta are subject to 
cyclic flocculation 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 to cause resuspension of 
sediment and to scour. Similarly the advance 
and recedence of the saline interface brings 
flocculation of colloidal matter and later resus- 
pension in the colloidal state when fresh water 
conditions occur. In all instances, because of 
the predominance of the ebb flow, a residual 
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. Hence, as the 
best available alternate? the dredging records 
for the Sacramento River, the San Joaquin 
River, and Old River Slough, which are con- 
tinuous for the 30-year peribd, 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 
era are represented in the figures given in 
table 11. 

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

Li 

1930 ................. 
*.ooo~~5y~ 

1931-36 .............. 5:420 
1936-40 .............. 12,380 
1941-45 .............. 7,326 
1946-50 .............. 6,223 
1951-55 .............. 4,554 
195659 .............. 2,533 

Totals. 39,991 
30-year average... 1,333 

1 Data from files of U. S. Army 
mento. 

38,098 78,089 
1,270 2,603 

lgineer District, Sacra- 

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

1,000 mG$$ LOOO,,,~ 

24,174 29:594 
7,469 19,849 

7,826 
280 6,503 

5,269 9,823 
2,533 
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the Bay system. This estimate has been borne 
out by subsequent developments. At the pres- 
ent time (1962), observations 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 
possibility that the Delta could be the depository 
without far greater volumes of dredging than 
those given in table 11-375 million cubic 
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 floodflows lends strength to this viewpoint - 
that in effect all debris has been cleared through 
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 intervals 
and that the maintenance dredging average of 
1,333,OOO cubic yards represents dry low-flow 
years 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 

sediment intlow into the Bay system, excluding 
the Delta, i.e., deducting sediment exported with 
the transfer volume of 4,500 c.f.s. and 1.6 mil- 
lion cubic yards deposition within the Delta, is 
given in table 12. These sediment volumes- 

FABLE 12.-Direct sediment inflows (1960 condi- 
tions) to Bag system 

Suisun Bay (from delta). ............... 
hisun Bay (from local). ........... ... 
~anPabloBay ......................... 
San Francisco B&y. .................... 

T&d .I 6,328,OOO 

)art in the colloidal state, part in suspension, 
md part being moved by traction (bedload) - 
upon delivery into the tidal waters of the system 
mter an environment of higher salinity, cyclic 

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 
sediment 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 lb. per cu. ft. 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 occur 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 District, San Francisco. With- 
in each flood and ebb cycle 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 patterns. From the preceding data 
the principal changes in characteristics are the 
elimination of the sand conte$ increase in 
silt content, and decreased densities of bottom 
sediment regarded as equivalent to the bedload 
of the fluvial sedimentation conditions. It is 
significant that no change occurs in the clay 
content percentage of the suspended load char- 
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TABLE 13.- 

%?” Deptb -__ 
Feei 

8T.. 27.5 
16T.... 26.5 
24.......... 
40T.. 27.5 
48T. 

ST.. 25.5 
55T.. 25.6 
57T. _. 26.5 
58T.... 25.5 
69T.. 25.0 

70T.. 25.5 
80..... 28.5 
89..... 29.0 
103.... 31.5 
111.. 31.5 

123.... 29.0 
128.... 27.5 
135.... 27.0 
143.. 26.0 
169.... 30.0 

170. 30.5 
182.... 30.5 
189.... 30.5 
197.... 30.5 
204.... 30.5 

211.... 29.5 
224.... 26.5 
230.... 27.5 
TL..... 26.5 

to 30 
5'..... 27 

to31 

Aver- 

Unit 
weight 

Weight’..... 

’ 7 samples; 
* 5 samples; 
a Weight per 
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lay sediment analyses (suspended 
oad), September 1957 

silt 1 San.3 

TABLE 14.-Change in content of suspended loads, 
Delta sediment i&w and Bau sediment 

, 0. 
, 

22 

-____- 

3 ._.... 
-- 

65 /.....I 93 I 

27.95 I...... I...... I...... 

srcentages by 7. 
mentages by 5. 
is 41.05 lb., or 47. 

acteristics -remaining at 57 percent. The dep- 
osition patterns are changed from fluvial types 
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 hot- 
tom currents. 

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 

source clay silt sand 
Pel.Pd. Pd. 

Delta inflow. 
Bay system.. :; 

29 14 
43 0 

Change (to Bay system). -+14 0 -14 

under fluvial and Bay tidal conditions-would 
indicate that flocculation, which removes a high 
percentage of colloids and tends to increase the 
bedload, is balanced by the addition of eolloids 
resulting from attrition of the coarser particles 
by tidal action and turbulence, both tending to 
reduce in the bedload and to increase in the sus- 
pended load. In this connection, no material 
change occurs in the weight per cubic foot of 
suspended sediment for fluvial and bay condi- 
tions - 48.84 lb. per cu. ft. for fluvial sediment 
and 47.05 lb. per cu. ft.. for Bay suspended sedi- 
ment. Hence, it is concluded there is no great 

TABLE 15.--Bottom sediment densities1 San 

LL,CU. A 
Suisun Bay.. 
Central (North San Francisco) Bay.. E 
South San Francisco Bay.. 45 
San Pablo Bay.. 31 

*Analysis of 124 dredge spoil samples over period 1953-62 -‘Analysis of 124 dredge spoil samples over period 1953-62 
U.S. Army Engineers, San Francisco District Operations 
Division. 
U.S. Army Engineers, San Francisco District Operations 
Division. 

material change in proportions of total sedi- 
ment by weight per cubic foot between sus- 
pended load and bedload. 

material change in proportions of total sedi- 
ment by weight per cubic foot between sus- 
pe;pof load and bedload. 

From this reasoning increase in volume is 
proportional to the changes in densities of the 
suspended loads and bottom sediments as fol- 
lows : 

P”C*nt 
Suisun Bay . . . . . . . . . . . . . . . 6.0 
San Pablo Bay . . . . . 24.6 
San Francisco Bay . . . . . . . 12.6 

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. 21-22, 
1956 

P.P.l. 
Collinsville 0.7 
Carquinez Strait. 19.6 
San Pablo Strait. 24.3 
East of Treasure Island.. 29.9 
Dumb&an. 29.0 

1 In parts per thousand. 

iniry 1 
-- 

Ebb 
-__ 

P.P.L. 
0.7 

17.1 
.._ 

29.9 
29.0 
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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 cubic 
yard of bedload material, e.g., becomes 3% 
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.f.s., 
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 :I. The total 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 
zxicentrations under 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 (IO), states with regard to 
shoal material “most of the shoal material 
appeared to have originated from inland 
hainage by way of the San Joaquin-Sacra- 
nento River system, which carried principally 
nontmorillonite, and less from coast range 
lrainage, which carried principally illite. It 
vas concluded that sediment is mixed through- 
)ut the Bay system, and that the composition 
md particle-size distribution resulted from the 
:ombination of sediment loads from the 
zontiguous streams, as modified by local trans. 
)ort conditions.” This statement would favor the 
iewpoint of the supplemental supply originat- 
ng from bottom deposits, since an ocean supply 
vould necessarily be reflected in the analysis of 
)ottom sediment. This is supported by the gen- 
!ral 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- 
ment input is derived from the bay bottom sedi- 
nents and is a result of tidal and wind action. 

The pattern of deposition, consequently, 

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 cycli- 
cal swing modifying these basic fluctuations. 
Geologic action also affects 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 competeneies and capaei- 
ties of the flood and ebbtides through a complete 
daily cycle 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 tide 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 ‘7 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 ascertained 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 noted, but the changes do 

lying on firm clay or sand were established. 

not give the total net deposition that has taken 
The contours for the top of the Bay mud were 
then obtained from the most recent soundings ; 

place throughout geologic time. This total was by subtraction, the net volumes of Bay mud 
approximated through a series of borings from 
which contours of the bottom of the Bay mud 

were derived, the total being slightly under 16 
billion cubic yards. Table 17 details the deposi- 

TABLE 17.-Bau Mud volume: 3, : 

Suisun Bay: 
Army Point to Chipps Island. 

Carquinez Strait: 
NapaRivertoArmyPoint.................... 

San Pablo Bay: 
Point San Pablo to Napa River, 

Central San Francisco Bay: 
Golden Gate to south end, Yerba Buena Island 

to Point San Pueblo. 
San Francisco Narrows: 

South end of YerbaBuena IslandtoCandlestickPt. 
South Bay: 

Candlestick Point to Alviso.. 

Acrea Feel 

22,967 29.8 

4,350 14.0 

58,361 57.3 

52,968 

21,256 

83,950 

92.0 

62.0 

46.0 

'59.06 Total: Bay system.. 243,851 

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 Francisco 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 configuration 
changes over a loo-year period is 6 million 
yards. 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 erosion 
and accretion occur that make unreliable any 
straight line projection for the pattern of depo- 
sition. 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 

4,373 

1,318 

3.862 

14,403 

f+g&,g 

671 

243 

4,319 

2,976 4,801 

726 1,170 

2,911 4,695 

9,892 15,959 4,511 

reliability by previous investigations. For this 
study, data and findings of previous studies 
were appraised in the light of recent observa- 
tions. 

The source data are the surveys conducted by 
the USC&GS from 1855 at intervals through 
1956. The investigations consulted were (1) 
those by Gilbert (7)) completed in 1914; (2) 
the comprehensive study by the U.S. 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 rebuttal countered 
that such vertical controls were relatively un- 
important, as 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 
station 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 
,f a subsequent survey determines the volume 
:hange in deposition. The accuracy of the grid 
method depends on the uniformity of spacing 
>f the depth measurements within the quadri- 
lateral, the shape of the bottom, and the area. 
The accuracy of the contour method depends on 
zhe horizontal accuracy of the contour location. 
Jilbert apparently used both methods, using 
zither where most adaptable. Grimm used one 
ninute (longitude and latitude) quadrangles, 
Jut used contours to some extent as subdivi- 
sions of the main tract. The State adopted l/4- 
ninute quadrangles together with cross sec- 
:zons, to develop better the fringe tracts, espe- 
:ially. The present Corps of Engineers study 
lsed j/s-minute quadrangles. 

If it is assumed that water volume change 
quals sediment volume change, the possibility 
If subsidence of the Bay floors is discounted. 
rhis possibility, for lack of data to evaluate 
broperly, was discounted in all prior investiga- 
ions. In this study the possibility of subsidence 
vas evaluated from data furnished by the U.S. 
Zeological Survey (8) covering subsidence in 
;anta Clara County. The effect is relatively 
ninor 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. 

Saisun 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 vo&w changes, 
Suisun Bag 1866-l 956 

hannel areas 
‘22 

and middle 
ground. 22.5 
‘est Bay and 
Suisun slough 
channel...... 10.0 
onkerbay..... 2.7 
rizzly Bay. 3.2 

Totals.. 38.4 

- 

A 

- 

5.5 
-11.8 

1.8 
____ 
-6.4 ., 

20 to 70 feet (including 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- 
sition 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 accretion recorded in 1930. 
The area covered by the West Bay area and 
Suisun slough channel experienced the same 
general depletion trend. 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 go-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, 1856-1950 

186686....................., ........ 
1922 ................................. 81.0 
1950 ................................. 98.3 

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 accretion of 98.3 million yards, the 
greater part during the years 1857-86, is shown, 
but this masks areas of scour and fill occurring 
within the same quadrangle. This particularly 
applies to two quadrilaterals south of Benicia 
bounded by 122” 8’ W. to 122” 10’ W. and 38” 2’ 
N. to 38” 3’ N. Detailed study of these areas 
showed very heavy sedimentation occurred 
along the north shore of the strait accompanied 
by compensating scour in the channel area. 
The mean lower low water line of Southampton 
Bay had advanced about 2,500 feet from deep 
inside the Bay to a part almed with the sweep 
of the strait. 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 Benieia Arsenal 
Pier a shore line advance of 500 to 700 feet oc- 
curred during 1857 to 1886, after 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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SAN PABLO 

INDEX CHART 
CUMULATIVE SEDIMENT VOLUME 

CHANGE CURVES 

. 

t:. :: .‘.’ .y.: 
h:.~ .‘I.‘. 
‘.‘...‘. ::::. ~I’.~. 

1.\. 

,‘.‘.‘.‘.‘;.‘. 
..‘.‘. ‘.‘, ,‘.‘. ‘.‘. ::. I.:.> ‘I.’ ;:: 

FIGURE G.-Index chart of cumulative sediment volume change eumes of San Francisco Bay. (See figs. 7 to 14.) 



SYMPOSIUM %-SEDIMENTATION IN ESTUARIES, HARBORS, AND COASTAL AREAS 693 

FIGURE 7. - Cumulative sediment volume change curves of Snisan 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 201/s 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 
3ver 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 Francisco Bay and Golden Gate 
North San Francisco Bay, regarded in this 

?aper as the central bay between the northern 

TABLE 20.-Cumulative sediment and mean &pth 
changes, San Pablo Bay, 185s1951 

Area 18853 

Marginal shoal 
(0 to 4 feet) 
areas, million 
cubic yards. 74.0 

Mean depth of 
deposits, feet.. 1.80 

Intermediate (4 to 
20 feet) shoal, 
million cubic 
yards. 162.0 

Mean areas depth 
of deposits, feet. 3.74 

Channel (20+ feet) 
areas, million 
cubic yards. 83.4 

Mean depth of 
deposits, feet.. 3:9a 

Total volume, 
million cubic 

yards. 324.0 
Total average 

depth, feet.. 3.00 

1899 
T 

__ 

75.8 

1.81 

- 
1922 -. 

101.2 

2.40 

214.8 

4.95 

74.4 

3.35 .~ 

390.4 

3.60 - 

lsm 1961 

76.3 105.3 

1.81 2.50 

177.1 251.6 

4.10 5.80 

47.4 56.3 

2.14 2.54 

300.8 113.2 

2.78 3.80 

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 lo-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 
fork North San Francisco 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 shoals, 10 to 30 feet deep, by contrast 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- 

TABLE 21.-Cumulative sediment volume dmnae, 
North San Francisco Bau and Golden Gate 

San Francisco Bay: 
cubic wrds cubziiryords Cdic I(wdA 

Marginal shoals (0 to 16 
feet) areas.. -14% -5.6 -3.4 

Intermediate shoals 
(loto30feet) 65.6 96.1 161.1 

Channel (deep water) areas. -53.5 -46.2 8.5 

Totals. -2.5 44.3- 166.2 

1855-73 -1956 1894 

Golden Gate............... -8.1 -43.4--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+nentation. 

South San E~ancisco Bay 
Three general surveys, those of 1857, 1896, 

FIGURE 8. - Cumulatim sediment volume cbmge cumes of Carquinez Strait, East San Pablo Bay. 
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SAN PABLO RAY 

FIGURE 9. - Cumulative sediment volume change eurxw of San Pablo Bay. 
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t 

FIGURE 10. -Cumulative sediment volume change eurve~ of San Francisw Bar and Golden Gate. 
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FIGURE 11. - Cumulative sediment volume change curves of South San Francisco Bay, 37” 49’ to 31’ 43’ N. 

and 1956, and a partial survey in 1931 are the 
basis for derivation of sediment volume changes 
in the South Bay, the largest bay in the system. 
The analysis is made over three zones: zone A 
covering 26 quadrilaterals from Treasure Is- 
land south to Hunters Point, lat. 37” 49’ to lat. 
47” 44’; zone B covering 58 quadrilaterals from 
Hunters Point south to Point San Bruno, lat. 
37” 44’ to lat. 3’7” 39’; and zone C covering 87 
quadrilaterals from Point San Bruno south 
from lat. 37’ 39’ to 37” 21’. Figures 11, 12, 13 
and table 22 summarize the sediment volume 
changes. 

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 
period 1855-96, a scour of 0.8 feet; continuing 
light to moderate, 0.9 foot, in the shorter period 
1896.1922; and experiencing a light accretion, 
0.15 foot, 1922-56. For zone C the general scour 
trend occurs after 1896, the period 1855-96 

being one of silting (0.25 foot). The overall 
change for the South Bay is a scour of 173.5 
million cubic yards, an erosion of 1 foot, over 
the period of 1855-1956. 

San Francisco Bar 
Between 1855 and 1956 the San Francisco 

Bar outside the Golden Gate has lost 85 million 
cubic yards (fig. 14). This figure is the result 
of careful recomputation of all available data. 
Comparative data for gains and losses in the 
outer and inner slopes and the crest are given 
in table 23. The general consensus of authori- 
ties studying the bar is that it is composed of 
sand eroded from the coast, swept into the 
Golden Gate by the floodtide and swept out on 
the ebbtide radially. Bay mud apparently forms 
no part of the bar. That part of fluvial sedi- 
ment and disturbed bottom sediment of the Bay 
system that is carried out to the ocean is pre- 
sumably swept past the bar. 

A complete analysis of the San Francisco Bar 
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is not attempted, discussion being limited to Discussion of Historic Sedimentatiore Pattern 
consideration of the bar relative to sedimenta- 
tion within the system. Between 1855 and 1873 

Summarizing, the greater part (85.5 percent 

there appears to be a general shrinkage of vol- 
by weight) of the fluvial sediment load is de- 
livered to the Delta. Direct inflows of sediment 

ume except in the deeper inner zone. This 
shrinkage, relatively slight - 30 million yards 

to the bays are 3.2 percent to Suisun Bay, 6.3 
percent to San Pablo Bay, and 5.0 percent to San 

out of a present total volume above the 60-ft. Francisco 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 ll-year period tends to flocculate as salinity increases. How- 
1873-84. From 1884 on, a reversal to accretion ever, no simple pattern of deposition such as 
occurred - ‘77 million between 1884 and 1900 prevails for river 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- and a long-term cyclic trend underlie the estu- 
tween 1855 and 195’7 also shows no marked aria1 sedimentation processes. 
movement, relatively, of the bulk of the bar, Tidal Effects 
although a certain amount on internal displace- 
ment between zones has occurred. It is possible 

The principal tidal effect is a net movement 

that the net shrinkage of 85 million yards is but 
of sediment downbay, the major part being dis- 

a translation of volume to depths below the 
turbed bottom sediment from the bay bottom, 

60-ft. contour on the outer slope. This aspect is 
the minor part being the fluvial bedload. This 
is deduced from the absence of any dilution ef- 

under study at the present time. feet in the sediment load analysis of fluvial flow 

FIGURE 12.-Cumulative sediment volume change mmes of Seth San Francisco Bay, 31’ 4% to 37” 35’ N. 
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sediment loadings and bay water sediment load- 
ings. The effect of flocculation and reduction 

flow. Progressively as the fetch increased, the 

in grain-size dimensions results in lighter den- 
turbulence and volume of sediment in suspen- 

sity bedload material. This is most marked in 
sion would increase, reducing the potential for 

San Pablo Bay where flocculation is heaviest. 
deposition. For Suisun Bay the prevailing 
winds are from the northwest with Honker Bay 

Movement downbay of both suspended load the farthest east, Grizzly Bay next, and Suisun 
and bedload is the net result of the dominance Slough farthest west. Hence, for the same 
of the ebb tidal competencies and capacities periods, siltation over the shallow areas should 
over those of the flood tide. This ,is illustrated 
in figure 15, which shows the high concentra- 

be greatest in the most westerly parts and light- 
est in the most easterly. 

tions of sediment at peak flood and ebb and the This assumes not too marked a variation in 
dominance of the ebb over the flood. salinity over the area. From table 18 the cumu- 

Wind E&&s 
lative sediment volume changes show deposi- 

The effect of wind action on sedimentation 
tion occurring in descending order of volume 

over the large expanses of the several bays can 
for the shallow areas from highs in the western 

be inferred from analysis of the deposition pat- 
to lows in the eastern parts of the Bay, the least 

terns by depth ranges. For shallow depths, 
deposition occurring in Honker Bay, the farth- 

wind wave turbulence would be pronounced. 
est east. For the period 1867-86 this effect is 

The stirring-up effect of the wave action would 
pronounced, the ratio of deposition per unit 

be augmented by the bottom .return flow, op- 
area of shallows being approximately 4:l from 

posite in direction to the wind-induced surface 
west (Suisun Slough and West Bay) to east 
(Honker Bay). The effect is masked in the 

FIGURE 13. -Cumulative sediment volume change curves of South San Francisco Bay, 37” 35’ to 31’ 27’ N. 
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FIGURE 14. -Cumulative sediment volume change curms of Central San Francisco Bay. 

drought period 192130 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) is 2.2 
times 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 30 feet deep. However, the Berke- 
ley flats that constitute most 0 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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ctiz TABLE 22.-Cum~l~ 
changes, South San 

.- 
A, Treasure 

Island to 
HUb;;t.: 

millidn 
cu. yds. 

Depth, ft.. 
B, Hunters Pt. 

to Pt. San 
Bruno: 

Volume, 
million 
cu. yds. 

Depth, ft.. 
c, Pt. San 

Bruno south: 
VOlUme, 

million 
cu. yds. 

Depth, ft.. 

1855.96 

-29.3 
- 1.10 

-51.5 
- 0.80 

+25.2 
+ 0.25 

Total: 
V0hllle, 

million 
cu. yds. 

Depth, ft.. 
-55.6 
- 0.30 

e volu7 
YlmiSC~ 

1922 

-106.5 
- 1.7, 

ne L 
OB 

I 

-47.7 
- 1.70 

::::::::I -“,“:k 

-14.5 -29.9 
- 0.15 - 0.30 

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

Further indications of interactioning within 
the system are the relations between sedimen- 
tation in Suisun and San Pablo Bays. In this 
instance the coincidence of survey dates with 
the dry period 1922-30 is advantageous. Be- 
tween 1886 and 1941 Suisun Bay was subject 
to scour except for the dry period 1922-30. San 
Pablo Bay between 1886 and 1951 experienced 
accretion except during 1922-30, when scour 
occurred the reverse to Suisun Bay. There is 
little doubt that normally the heavy sedimenta- 
tion in San Pablo Bay reflects heavy floccula- 
tion and that during 1922-30 the migration into 
Suisun Bay of the saline-fresh water interface 
resulted in the reversed pattern for both bays. 

-173.5 
- 1.00 

TABLE 24.--Historical bottom elevations (IMLLW) 
along north side of dike 12, certain years 

Distance SJong dike crest from east end 
Yea ________~ 200 ft. 200 ieat 2,000 ieet 1,500 *et 8,500 ,Y:eke 

TFeefTFeet Pest 
1856...... 
1878...... . . . ..?.....?. . ..?.. . ..?. 

-19 
-20 

1896...... 
1922...... . . ...4. . ..?5 . ..I27 

-26 -23 
-24 -20 

1961...... ('1 +2 +2 0 -8 

1 Shoreline. 

Island. Figures 16, 1’7,18, and 19, showing the 
shoal areas and typical cross section of the major 
bays and the wind roses at strategic points, in- 
dicate the extensive areas of the system subject 
to wind action. 

An interchange of water volumes, concen- 
trated at the turn of the tides, OCCUYS between 
the South Bay and the north bays with eonse- 
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 
lOl-year period, the South Bay has undergone 

TABLE 23.-&n Francisco Bar and o&,c ent offshore area sediment volume change 

-i- 
1873.84 Lw-1900 1884-1900 i 

+43.9 
+3x9 

+7.9 
+0.66 

f10.5 
+0.54 

f14.9 
+I.38 

+77.2 
fl.43 

Environmental Aspects 
From the biological 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 below 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 can be highly productive 

Inner slope above 60 ft.-l1 quads.: 
Volume. .million cubic yards. -4.4 
Depth...............................feet.. -0.36 

Crest inside Z-foot centaur-II quads.: 
Volume. .million eubie yards. -18.2 
Depth...............................feet.. -1.53 

Outer slope above 60 ft.-18 quads.: 
Volume., .million cubic yards. -20.4 
Depth...............................fe&. -1.04 

Miscellaneous-below 60 ft.-l0 quads.: 
Volume.. .million cubic yards, 
Depth...............................feet.. 

Entire 50 quads.: 
:?A 

Volume.. .million cubic yards. -29.9 
Depth.............................,.feet.. -0.54 

-61.5 -17.6 
-5.16 -1.47 

-18.2 
-1.53 

-10.3 
- 37 

-63.6 -53.1 
-3.26 -2.73 

-38.5 -23.6 
-3.55 -2.18 

-181.8 -104.6 
-3.36 -1.93 

f17.7 
+1.63 

h”metf 
:eg 
+7.0 

-17.4 

-81.8 

fl.2 

-85.0 
-1.5 
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TABLE 25.-Adjusted historical sedimentation, San Fmncisco Bau System, 185561956 

Area 

Suisun Bay, except 
Grizzly Bay, 

Do. 
Do. 
Do. 

GrizzlyBay...... 
Do. 

Subtotal.. 

Carquinez Strait. 
Do. 
Do. 

Subtotal 

San Pablo Bay.... 
Do. 
Do. 
Do. 
DO. 

Subtotal.. 

North San Francisa 
Bay. oo.‘: : : : : : : 

DO. 

Subtotal 

Golden Gate.. 
Do. 
Do. 

Subtotal 

South San Franeiscr 
BzwDo;: :::::: 

Subtotal 

Total, San 
Francisco 
Bay...... 

San Francisco Bar.. 
Do. 
Do. 
Do. 

Subtotal.. 

1 

, 
.I. 

.I. 
1855-1956 + 9.87 +997.2 f;;S”;; (18) I :;A; 1 -3”: / +6.06 1 +612.5 

.,........ 
-16.53 

1884-1900 (16) 
1873- 34 (11) 

1900- 56 (56) : “ii 

. . . ..I 

+ 49.5 

I +126.7 .._........ .._.. 

I I 
I I -211.7 I - .84 I - 85.0 

- I I I I 
I I I I I I 

Total, Bay plus 
San Francisa 1 
Bar.. 1855-1956 ( 11.13 1 flJ23.9 / 1855-1956 ( - 5.91 1 -596.4 / f5.22 ( f527.5 

‘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. 

,_-” 
Accretion scour 

Yearn aate Rate volume Years aate volume 2E!e 
Peei IDmLyd. Fed l@cIl.pd. 

185% 86 (31) + 1.85 f 57.4 ._....... .,........ 
- 0.95 -34.2 

1922- 30 (8) 
1886-1922 (36) 

+ 1.24 + 9.9 ..,...... ,.._.._.. .._.. 
193% 56 (26) - 1.57 -40.1 

185& 86 (31) + 1.68 + 52.1 .‘-.:~i. 
1886-1956 (‘70) - 1.4 

+119.4 . -75.7 f0.43 + 43.7 

1855- 86 (31) + 2.41 + 74.7 
1886-1922 (36) $ .3; + 11.0 ._...........,...._ 
1922- 56 (34) 21.1 .._ 

+106.8 ................................. +1.06 +106.8 

1855- 87 (32) +10.45 +334.4 .................................................... 
1887- 99 (12) + 41 + 4.9 .................................................... 
X399-1922 (23) + 2.66 + 61.1 .... .:. ... ..... ..... 
................................. 1922- 30 (8) 

.-ii..i 
-89.6 ............................................ 

1930- 56 (26) + 5.35 +139.1 .................................................... 

....................... +539.5 ........................ -89.6 +4.45 t449.9 

.......................... 185% 95 (40) - ,063 - 2.5 ................... 
189&1916 (21) 
1916- 56 (40) : ix3 

+ 46.9 .................................................... 
+152.0 .................................................... 

+193.9 - ........................ 2.5 +1.94 +196.4 

... 185% 73 (18) - 0.45 - 8.1 ................... 
.......................... 1x75- 94 (21) - 1.68 - 35.3 ................... 

1X94&1956 (62) + 0.53 + 32.6 .................................................... 
/ , I , I 1 

....................... + 32.6 ........................ - 43.4 -0.11 - 10.8 

................................. 1855- 96 (41) - 1.39 - 55.6 ................... 

.................. .............. 18961956 (SO) - 1.965 -117.9 ................ 

./.........(......../.............../.........I -173.5 ( -1.72 / -173.5 

) 
( :1% /:::::::::I:::::::::: 

+ 77.2 ) . . . . . . . . . . . . ...) 

for aquatic life, emergent and nonemergent 
vegetation, and shore life. Normally estuarine 

oyster bed area for the system has been esti- 

conditions inhibit great population concentra- 
mated at 170,000 acres of bay floor with a 

tions of marine life, but for the Bay system 
potential yield up to 400 million pounds a year 

large areas of relative quiescence are conducive 
(6). Also the mud flats and shallows, in addi- 

to bottom life such as oysters. The productive 
tion to oysters and clams, support shore bird 
life. 
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FIGURE 15. -Tidal velocities, phases, and sediment concentrations near Chipp Island, September 21 and 22, 1966. 

Sedimentation by affecting turbidity and 
being the chief carrier of nutrient material for 
the estuarine biota is an important basic factor 
in the biotic environment. Parallel factors of 
equal rank are the saline and temperature gra- 
dients throughout the system (I, 5). 

Hence, any major displacement of sediment 
volumes between bays resulting from cyclic 
changes such as the wet-drought cycle or arti- 
ficial redeployment of basic area1 characteris- 
tics 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 
flocculation pattern, altered tidal current 
strengths, direction and phasing affecting depo- 
sition and turbidity, altered bottom configura- 
tions affecting depths, and corresponding 
habitats. 
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FIGURE Ii’- Shoal 8reas, wind roses, and typical cross section of South San Francisco Bay. 
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FIGURE 18. - Shoal areas, wind roses, and typical crew section of Suisan Bay. 
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FIGURE 19. - Shoal areas, wind roses, and typical cross section of San Pablo Bay. 
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FIGURE 20. - History of sedimentation in San Francisco Bay system, 18661956. 

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

[Paper No. 711 
By W. J. HOMAN, m.‘loemisq civil engineer (general), and E. A. SCHULTZ, superuisoq, hydraulic engi,ma 

(research), U.S. Amy Engineer Distn’ct, San Franeiseo 

Abstract 
San Francisco Bay has an area of 486 square 

miles. The tributary area 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,OOO 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. 

Model 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 df 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 to far exceed the 
cost of such studies. 
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FIGURE 1. -San Francisco Bay 
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Introduction 
The Buy 

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 cycles, 
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 l.-Area tributary to San Francisco Bay 
Area 

Sacramento River Basin, 
San Joaquin River Basin.. 
Small streams discharging directly into Bay 

Total................................. 

Tulare Lake Basin (south of San Joaquin 
Basin). . . . . 

Goose Lake Basin (north of Sacramento 
Basin).................................. 

Grand total . 

Drainage size 

Squarf? miles 
26,322 
19,096 
3,465 

48,883 

13,625 

412 

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,OOO tons (l,- 
600,000 cu. yd. at 90 lb. per cu. ft.) is deposited 
in the Sacramento-San Joaquin delta, leaving a 
balance of 3,900,OOO tons entering the Bay 
proper. This is made up chiefly of fine particles 
in a collodial or semicolloidal suspension. Much 

TABLE 2.-Area at various elevations in San 
Francisco Bay, 1962 

Area at 
Elevation Area AIW mean sea 

level 
______ 

ACW 
“2;; 

Percent 
Mean sea level, 278,600 435 100 
Mean higher high water. 460 106 
Mean lower low water. 

294,400 
396 

- 5 feet mean sea level.. 
253,400 

311 ;: 
-10 feet mean sea level. 

199,000 
216 

-15 feet mean sea level.. 
138,500 
101,700 159 i!: 

- 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 lOl-year period from 1855-1956 indi- 
cate an average annual deposition of 6,060,OOO 
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 lOl-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 northerr section and up the Sacra- 
mento and San Joaquin River channels. Water 
surface elevations in the Lacramento River are 
affected by tides 2s far upstream as the vicinity 
of Knights Landing, some 20 miles above Sacra- 
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TABLE 3.-Adjusted historical sedimentation, San Francisco Bay s&em, 1855-1956 

I- 
Suisun Bay, except 

Grizzly Bay. .... 
Do. .... 
Do. ....... 
Do. ....... 

Grizzly Bay. ...... 
Da. ......... 
Subtotal ....... 

Carquinez Strait. .. 
Do. ........ 
Do. ........ 

Subtotal ....... 

San Pablo Bay ..... 
Do. ......... 
Do. ........ 
Do. ......... 
Do. ......... 

Subtotal ...... 

North San Fran&a 
Bay. ... ... 

Do. ....... 
Do. ....... 

Subtotal ..... 

Golden Gate .... 
Do. .......... 
Do. .......... 

Subtotal ..... 

South San Fran&x 
Bay ............ 

Do. ....... 

Subtotal ..... 

Total, entire San 
Francisco Bay. .. 

San Francisco Bar. 
Do. 
Do. 
Do. 

Subtotal., 

Total, Bay 
plus Bar. 

1 Adjustment to 1’ 
at the rates of the n 

it 
ear 

1855- 86 (31) + 1.85 f 57.4 ....................... 
... 1886- 22 (36) - 0.95 

192% 30 (8) + 1.24 + 9.9 ....................... 
.............. ................... 1930- 56 (26) - 1.57 

1855- 86 (31) + 1.68 + 52.1 ....................... 
- ................................. 1886- 56 (70) .02 

.,,,..... t119.4 .._.._. 
- 

1855% 86 (31) 
: “4 

+ 74.7 
1886- 22 (36) + 11.0 
1922% 56 (34) + .62 21.1 

1855m 
1887- 
1899- 

f106.8 ....................... 

7”:2 
f334.4 ....................... 
+ 4.9 ....................... 

+ 2.66 + 61.1 ....................... 
... 1922% 30 (8) -11.2 

+ 5.35 f139.1 ....................... 

f539.5 ....................... 

i,xs~. .. m/. .=i~. .I ......... -0.063 
+ 46.9 
f152.0 

./ 1855- 95 (40) 1 
....................... 
....................... 

+198.9 ....................... 

....................... .......... 1855- 73 (18) -0.45 
... 1873% 94 (21) -1.68 

1894- 56 (62) + 53 + 32.6 ....................... 

....................... + 32.6 ....................... 

/ ..,_...,,_ 
! 

1855m 56 I + 9.87 +997.2 1855- 56 - 3.81 

I. ..I y5sI ;; yj -16.53 -1.66 

1884m 00 (16) 
1900- 56 f56) : “4: 

Mj;2 

,....,.. 
- 

-- 

.~ 

.I. 
-- 

4. 

.I. 

1855-1956 ) 11.13 1 +1,123.9 11855-1956 / -5.91 

years made by extending back to 1855 or forward to 1956 for area 
est cycle in time. 

-34.2 
.._ 

-40.1 

- 1.4 

-75.7 0.43 + 43.7 

+1.06 1106.8 

.._ 

-89.6 

-89.6 f4.45 f449.9 

- 2.5 .._ 

- 2.5 t1.94 f196.4 

- 8.1 
- 35.2 ._....... 

- 43.4 - .ll - 10.8. 

zi::::::::: :::::::::: 

-173.5 -1.72 -173.5 

-384.7 +6.06 +612.5 

- 29.9 ~. 
-181.8 ..,...... 

-211.7 ~ .84 - 85.0 

-596.4 1 +5.22 1 +527.5 

:king data from 1855 or to 1956 

mento; and on the San Joaquin River to a few 
miles upstream from the Mossdale Bridge 

are shown on the tidal reference plane chart 
figures 2 and 3. Tidal elevations referred to 

where Highway 50 crosses the river. Tides in 
the South Bay are predominantly of the stand- 

mean sea level at the Golden Gate and ranges 

ing wave type, which results in very poor eir- 
at various key points are shown in table 4. 

eulation in the southern section of the South Maintenance Dredging 

Bay. Those in the central and northern section The Federal Government spends about $2,- 
are of the progressive wave type. Tidal heights 270,000 annually for maintenance dredging in 
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FIGURE 2. -Tidal reference plane chart, San Francisco Bay. 
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Francisco Bay 

Golden Gate. 2.6 
Point,San Pablo. 2.9 
Selby.. 3.2 
Benieia.. *. 3.3 
confluence of 

Sacramento and 
San Joaquin 
River. 3.3 

Hunters Point.. 3.3 
San Matw Bridge. 3.5 
Dumbarton Bridge. 4.1 
Alvfso (South end 

of Bay). 4.4 

-1.1 4.4 
-3.3 6.6 
-3.8 7.3 
-4.3 8.4 

-4.6 9.0 

n 
1 I 
? I 

-- 

- 

i? -5.6 Fcel 
5.6 -5.4 
5.9 -5.1 
6.0 -4.5 

6.0 -2.5 
5.7 -5.6 
6.2 -6.3 
6.8 -6.7 

6.9 -7.1 

A?+ 
11.0 
11.0 
10.5 

3.5 
11.6 
12.5 
13.5 

14.0 

the San Francisco Bay system downstream from 
Carquinez Strait for the removal of almost 
8 million cubic 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 shoaling rates and authorized 
depths of these projects is shown in table 5. 

TABLE 5.-Authorized navigation projects, project 
depths, and annual shoaling rates, San Francisco 
BWJ 

Mare Is 
Pinole 8 

land Strait. 
C”lJG wds 

30 to 26. 
lboal Channel.. 

1,856,OOO 
35.. 

Oakland Outer Harbor. 
325,000 

35.. 550. 
Oakland Inner Harbor.. 

,000 
30 to 25. 

Oakland Naval Supply Depot’. 
400,000 

35.. 
Oakland Inner Harbor Approach 

300,000 

Channel........;............... 30....... 
$lameda Naval Au Station’. 

80,000 
42, 1.000.000 

1ais creek. ~. 
- ,no Shoal.. _. . -.. __ . 

.vrp”~‘-...................... ,uto15. 

.are Island Naval Ship YardI. I .. 30 to 26. 

Total.. I I 7,842,OOO 

LU.S. Naval facility; all others are authorized Corps of 
Engineers’ navigation projects. 

*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 (fig. I), 
includes the Bay proper and the lower reaches 
of tributary streams that are affected by tides 

to the confluence of the Sacramento-San Joaquin 
River near Collinsville, and 1’7 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 
reinforced 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 
screwjack resting on a concrete footing under 
each corner, to provide means of adjusting for 
any differential settlement. The linear scale is 
1 :l,OOO horizontally and 1 :lOO vertically. Sa- 
linity in the model is maintained at the same 
concentration as the prototype. Other scale re- 
lationships are shown in table 6. 

TABLE 6.-Scale relationships in model of San 
Francisco Bay 

Itern MadeI Prototype 
Velocity. 
Time. 

1 fQ3ec. 10 ft./set. 
0.6 min.. 1 hr. 

Do lmin _. lhr.40min. 
Do 14.4mfn... lsolarday(24hr.j 
Do 14.9 min.. 
Do 

1 lunar day (24 hr. 50 min.) 
14.9 min.. 1 tidal eyele. 

Do 7.2 hr.. 30 days (1 month) 
DischFge. 1 e.f.s.. l,OOO,OOO c.f.s. 

1 g.p.m.. 1,000,000 g.p.m. 
Volume.. 1 cu. ft.. 

Do 
100,000,000 cu. ft. 

1 cu. ft.. 2,296 acre-feet (approx.) 
AreaD$h). 1 sq. ft.. l,OOO,OOO sq. ft. 

1 sq. ft. 
Do 

23 acres (approx.) 

Area (cross 
1 sq. ft. 0.03 sq. mi. (approx.) 

section). 1 sq. ft.. 100,000 sq. ft. 

Tides and currents are reproduced by the 
movement of adjustable valves to vary the in 
flow (delivered by pumps) and the outflow (bz 
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 b! 
which the fresh water discharge of all signifi 
cant tributaries can be reproduced to scale. 

Shoaling Tests Techniques 
MLZtS3%Zl 

Shoaling 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 
jetted into the model as a slurry containin; 
from 50 percent to as much as 95 percent water 
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 excess 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 Francisco 
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 
distributron 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 inability 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 :lOO,OOO,- 
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 that 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 method 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- 
sult 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 Fran&co District, 
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 eon- 
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 material 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 occurs 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 
silt 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 require close reproduction of the in- 
jection schedule. 

Dredge Spoils Disj~nal 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 
Inner and Outer Harbor; (2) Alameda Naval 
Air Station; (3) Mare Island Strait. Dumping 
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FIGURE 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. 
“Base” 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 westerly 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 injee- 
tion amounting to a total of approximately 150,- 
000 cc. 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 amounts of gilsonite in 
these locations. The results are shown in table 
7. 

Very little difference occurred in the distribu- 
tion of dredge spoils dumped at the three areas 
considered (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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TABLE 7.-Comparison of ;“base” and ~“plan” tests 
of dredoe sooil disvosal areas for the Oakland- 

Richmond Harbor Channels.. 
Oakland-Alameda Grow 

projects. :. 
Hunters Point and I&is Creek 
San Bnmo Shoal, South Bay. 
San Fran&co Pier Slips. 
Pinole Shoal, San Pablo Bay. 
Richardson Bay Channel. 
Main Ship Channel over Bar. 

ill Subtotal. navieation 
facilitiks.. Y. 

(2) Richardson Bay, outside 
of Channel (measured) 

San Francisco Bar. south. 
San Franeiseo Bar; north. 

(3) Subtotal outside of 
Golden Gate minus 
bar channel.......... 

(4) Subtotal interior Bay, 
outside of navigation 
facilities (estimated) 
Minus (2) Richardson 
Bay)................ 

Totals (11, (21, (31, 
and (4). 

Pd. 
0.65 

.37 

.11 

.30 

.I0 
20 
.16 
.60 

total 
ted 

i&y 
Pd. 
0.60 

1.02 
.18 
.44 
.I6 
.12 
.16 
.60 

3.65 2.99 3.88 

.45 .64 .62 
7.18 7.89 5.84 
3.18 2.45 2.53 

34.72 23.18 29.36 

61.18 

100.00 

73.19 

100.00 

66.14 

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 
tests are that alternate or “plan” areas can be 
used for disposal 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 Outer 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 
tests 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 (table 8). In fact, the tests indi- 
cate that the plan area (area 2A) has a slight 
advantage. The distribution pattern is very 
similar to that for the Oakland Inner and Outer 
Harbor. About 4 percent of the material is 
deposited in navigation channels and 25 per- 
cent to 30 percent is carried 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 szx%l disposal areas for Alameda Naval 
-Air St&& 

Richmond Harbor char 
Oakland-Alameda group P?< 
Hunters 1 

,nels ............ 
ejects. ...... 

.......... ?oi”t and Islais Creek ......... 
San Bruno Shoal, South Bay ........... 
San Francisco Pier slips. .............. 
Pinole Shoal, San Pablo Bay. .......... 
Richardson Bay channel. .............. 
Main Ship channel over bar ............ 

- (1) Subtotal in navigation facilities. .. 
(2) Richardson Bay, outside of 

channel (measured) ............ 
San Francisco Bar, south ......... 
San Francisco Bar, north. ........ 

(3) Subtotal outside of Golden Gate, 
minus Bar channel ............. 

(4) Subtotal interior, outside of 
navigation facilities (estimated) 
minus (2) Richardson Bay ...... 

Pd. 
0.45 
.26 
.15 

1.63 
1.09 

:E 
23 

4.02 

0.37 
5.10 
1.72 

31.09 

64.52 74.22 

Mare Island Strait 

I 

;Poyi 
lted 

gliz* 
Pd. 
0.64 
.40 
.15 

1.02 
38 
.22 
.ll 
.13 

3.55 

0.45 
3.63 
1.65 

21.73 

LOO.00 

Areas 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. In the “base” tests approximately 50,000 
cc. of gilsonite were released in each area. For 
the plan test at area 4A, 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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TABLE Il.-SpoildisposaZarea4A (plan), deposition 
within and without navigation channels and slim 

c - 
Project 

_- 
Pi”& Shoal, San Pablo Bay. .......... 
Mare Island Strait .................... 
Suisun Bay Channel. ................. 

5.015 
4,655 
'300 

Total 

Outside of Golden Gate, no evidence of 
deposit............................ 

Central Bay, very little evidence of 
deposit............................ 

Interior Bay, outside of projects. 

.a,030 
zzz==zz 

14,720 

)4,750 
zzzzzzz 

,caita 

EE.i 
j%d 

5.4 
4.9 

.3 

10.6 
= 

89.4 

“plan” test and a comparison of results is given 
in tables 9, 10, 11, and 12. 

TABLE 9.-Spoil disposal wea 4 (base), deposition 
within and without naviaation channels and slips 

e de 
1 

F’inole Shoal, San Pablo Bay. ......... 
Mare Island Strait ................... 
Suisun Bay Channel. ................ 

Total 8,215 

Outside of Golden Gate, no evidence of 
deposit........................... 

Central Bay, very little evidence of 
deposit........................... 

Interior Bay, outside of projects.. 

Totals 

Measurements made of gilsonite. de- 
posits in limited are’eas for comparison 
with results of subsequent tests, as 
fOllOWS: 

- 

- 

(1) 2.square-mile area in Suisun 
Bay immediately east of 
Benicia, north of channel be- 
tween shore and 18-ft. depth 
contour..................... 

(2) %-square-mile area in 
Chrquinez Strait from Benicia 
shore to 18.ft. depth contour.. 

41,785 

50,000 I 
- 

980 

500 

.pesita 

Fts 
cc. 

OjE&d 

11.5 
4.8 

.l 

16.4 
m 

83.6 

LOO.0 

2.0 

1.0 

Totals........................... 

110 
230 

LOO.0 
- 

:i 

7,415 7.8 

3,880 4.1 

DaA;EaPF;t (Union Oil Co. pier) : 

Area 2 ( 
Measurer” 

'530,000 sq. ft.). .1. .~. 
230,000 sq. ft.).............. 
ents made of gilsonite deposits 

in limited areas for comparison with 
results of other base and plan tests, 
as follows: 

(1) 2+.quare-mile area in Suisu” Bay 
immediately east of Benicia, 
north of channel between shore 
and Wft. depth contour.. 

(2) $+square-mile area in Carqoinez 
Strait. from Benicia shore to 
IS-ft.‘depth contour. 

’ Estimated. 

TABLE 12.-Comparison of test results for base 
and plan tests of dredge spoil disposal areas for 
the Mare Island Strait vroiect 

TABLE lo.-Spoil disposal awa 5 (base), deposition 
within and without navigation channels and slips 

( 0h.i”“; 

Project 2;: 0, 
In&am in 

Pinole Shoal, San Pablo Bay. 
Mare Island Strait.. 

1,140 

hisun Bay Channel. 
2,870 

230 

Total........................... 4,240 
- 

3utside of Golden Gate, no evidence of 
deposit............................. ,_....., 

%ntral Bay, very little evidence of 
deposit.................................... 

[n&for Bay, outside of projects. 41,760 

Totals.......................... 46,000 

SO.8 

~00.0 1 

7 

11.3 

5.3 

Mare Island Strait. 
Pinole Shoal. 
Suisun Bay Channell.. 

Measurements made of gilsonite deposits 
inlimited areas for eompariso” with 
results of other game and plan tests, 
as follows: 

(1) Z-square-mile are= in Suis”” Bay 
immediately east of Benicia, 
north of channel between shore 
and 18-ft. depth contour.. 

(2) %squar*mile area in Carquinez 
5,200 

Strait from Benicia shore to 
18-ft. depth contour. 2,415 

Totals 

Outside of Golden Gate.. 
Central Bay.. 
Interior Bay, outside of 

projects. 

Totals 

Northwest shore of Suisun 
Bay (limited area of 
2sq.S.) 

Benieia Shore (limited 
area of % sq. mi.) 

Davis Point (Union Oil 
Co. pier) : 

Area 1 (530,000 sq. ft 
Area 2 (230,000 sq. ft 

83.6 90.8 87.0 89.4 -__ 
100.0 100.0 100.0 100.0 ~-____ ______~ 

L 

.) 

.I - 

6.4 

3.0 

7.8 
4.1 

2.0 11.3 

1.0 5.3 

::::::l:::::::l:::::::/ :; 
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,OOO cubic yards, this indi- 
cates that use of the “plan” area might result 
in a decrease of about 16,000 cubic yards a 
year in the shoaling rate in Mare Island Strait 
and a slight reduction in Pinole Shoal. 

Tentative conclusions are that the “plan” 
area (area 4A) can be used without detrimental 
results and that its use might result in some 

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 
typical of results that might be anticipated from 
similar plans elsewhere. The results of tests 
of 11 plans are shown in table 13. Plans and 
channel sections are shown on figure 6. 

Pncent 
I.............. 0.6 
z.............. 0.9 
3.............. 0.7 
4.............. 10.1 
5.............. 30.9 
6.............. 
7.............. E 
a.............. 22.8 

Total. 100 

al - 

-- 

.~ 

- 

ing test results after various improvaents, Alameda Naval Air Station 

1 

-11 

-- 

-- 

- 

-- 
+150 

-24 
-36 
-44 
-53 
-66 

--__ 
‘“““0’ ‘yg 

f80 +a0 

2 +lz5 -14 ‘if 
-31 -23 
-39 -26 
-58 -47 

‘YG 
+63O 

‘“$93; 

-69 
-65 
-67 
-79 

Model 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 seawzrd 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 increase in shoaling in these sections. 

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

8 
‘“7 
+;;; 
‘:; 
-76 
-83 
-93 

-69 

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 the 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- 
sitions in that section of the channel not pro- 
tected by the breakwater. 

Plans 7 and 9 were tested to determine the 
possibility of accomplishing a worthwhile reduc- 
tion without closing the 750-foot gap in the 
breakwater southerly from the docking area, 
since this opening is desired in order to provide 
a passage for seaplanes. The results of these 
plans, one of which resulted in a net increase 
of 2 percent in total depositions, proved conclu- 
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 shoaling 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 se&ions 2, 3, and 4. 
This increase is accounted for by tine 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 traveled 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 east 
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 channe!s, 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 
spoil 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 he recommended. 
Also several other problem areas appear to be 
susceptible of analysis and possible solution 
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. 121 

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 technical and economic solu- 
tions to certain of the problems thus created. 

When the early settlers of this country 
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 
sheltered anchorages for their ships. Cities 
such as Charleston, Savannah, Mobile, and many 
others were founded on the first terrain 
encountered which was 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 captains 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 essential 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 
sediments and carry them to sea. The environ- 
ment in which these natural estuaries existed 
was a comparatively simple one, since there 
were essentially no agricultural developments 
to accelerate erosion and no attempts had been 
made to 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 fresh&, it appears likely that 
the controlling long-term conditions were 
restored fairly quickly after such events. 



SYMPOSIUM 3.--SEDIMENTATION IN ESTUARIES, HARBORS, AND COASTAL AREAS 723 

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 construc- 
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 to 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 surprising 
that principles of improvement that at first 
yielded 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 DISCH~GE 
ON ESTUARINE HYDRAULICS. Amer. Sm. Civil Engin. 
Proc. Paper 792. 195,5. 

2 SIMMONS, H. B., and SCHULTZ, E. A. FRESH WATER- 
SALT WLTm DENSITY ClnRENTS, A MAJOB CAUSE OF swL4- 
TION IN ESTUARIES. U.S. Amy 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 fra- 
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 wde 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 w~ide 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 back into the channels being 
maintained or from flowing onto and damaging 
adjacent properties. 

The effects of channel depth on the shoaling 
regimen of an estuary can probably be best 
illustrated by an actual ease 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 hzs 
selected Savannah Harbor for this purpose for 
three principal reasons. First, Savannah Har- 
bor is characteristic of the partly mixed estu- 
ary+, which is the most common type in the 
Umted 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 painstaking 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 (fig. 1) comprises the 
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FIGURE 1. - Location map, Savannah Harbor. 

lower 23.3 miles of the Savannah River, which 
is 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 ehan- 
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 statibn 82. The 
present navigation project for the harbor calls 
for a channel 500 ft. wide and 36 ft. deep at 
mean low water (m.1.w.) 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 
jetties 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 to 
Savannah Harbor is about 6.8 ft., that at Bull 
Street Gage (station 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 a 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. 

As 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 t<e net flow over a complete 
tidal cycle 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 gf about 7,000 c.f.s. is 
shown in figure 2. The numerical values on this 
figure represent the percentage of total flow 
over a complete tidal cycle that was down- 
stream or ebb at each point of measurement. A 
value of 50 indicates that upstream and down- 
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l,OOO- FT. CHANNEL STATIONS 

;/%GURE 2. -Distribution of Row in Savannah Harbor. 

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 floodflow 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, about 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 intrusion, the direction of 
net flow is downstream at all depths, and the 
zlegree of downstream predominance at any lo- 
:ation in this reach is an indication of the re- 
lation between the tidal discharge and the 
fresh-water discharge. 

The sediments that deposit in Savannah Har- 

bor to form shoals consist almost entirely of 
silts and flocculated 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 direction 
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 salifiities 
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 



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

LOOO-FT. STATIONS IN SAVANNAH HARBOR 
100 130 140 If.0 IA0 

FIGURE 3. -Relation of shoaling and predominance of bottom flow. 

average annual distribution of shoaling in the 
harbor. The solid line in figure 3 is a replot of 
the bottom flow predominance values from 
figure ?, again plotted against 1,000.ft. ehan- 
nel statmns. A value of 50 percent again indi- 
cates that upstream and downstream flow is 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 location 
where upstream and downstream flow at the 
bottom is in balance, is at about station 125 as 
previously described in the preceding para- 
graph. The dashed line in figure 3 shows the 
average annual distribution of shoaling in Sa- 
vannah Harbor for the years 1953 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 2.mile-long 
downstream reach, and 14 percent of the 
total occurred 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 B-mile-long 
reach that brackets the nodal point for bottom 
flow predominance. Thus,, mere than two-thirds 
of the total annual shoalmg 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 U.S. Army Engineer District, Savannah, 
and especially by Ralph F. Rhodes,, special as- 
sistant 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 ft. 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 ft. 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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FIGURE 4.- Past and present channel depths. 

For purposes of the analysis described below, 
data obtained for the period 1923-25 were used 
to represent the channel conditions described 
in (1) above, those for the period 1931-32 were 
used to represent the conditions described in 
(2)) those for the period 193944 were used to 
represent the conditions described in (3)) and 
those for the period 1953-54 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 oi- 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 ha:bor; stations 134 to 166, representing 
approxnnately the central one-third; and sta- 
tions 166 to 205, representing approximately 
the downstream one-third. The annual average 
shoaling rate for each one-third of the harbor 
was determined for each of the four periods, as 
well as 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 eondi- 
tions are plotted in figure 5. The points con- 

netted 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, 0.9 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 annual average harborwide shoaling rate 
in millions of cubic yards was 2.8 for the first 
channel condition, 4.3 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 characteristics 
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 
cm-rent regimen effected a further upstream 
shift in the location of the major shoal area, 
but the harborwide shoaling rate increased 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 as 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 times 
as great for the third, but only about one-half as 
great for the fourth. 

These trends also demonstrate quite clearly 
the upstream migration of the major shoal area 
as the project channel was progressively deep- 
ened or extended, or both. 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 
shoaling rate increased only about 16 percent 
when the 30- and 26.ft. channels 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. occurred 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 
spoil 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 to 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 
was 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, 

FIGURE 6. -Elements of sediment trap plan for 
Savannah Harbor. 

or sediment 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 intlowing CUP- 
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 increasing 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 
now deposit in the upstream one-third of the 
harbor. 

The above-described plan would not reduce 

the harborwide shoaling rate; in fact? model 
tests indicate that the harborwide shoahng rate 
would be increased slightly. However, because 
of the proximity of extensive spoil-disposal 
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. Furthermore, 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 maintenance 
would no longer be required except perhaps in 
isolated areas. Also! there is a strong probabil- 
ity that any remaming 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 recurring shoaling 
occurred downstream from major port areas, 
adjacent to loads 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 because of changed 
density 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 shoal- 
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 disper- 
sion and flushing of industrial and municipal 
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 m 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- 
draulic 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 E?zgimer 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 aecom- 
plished. These problems can be generalized and 
illustrated by typical examples of the Lower 
Mississippi River. This paper discusses each 
type, and gives some of the engineering eon- 
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 ae- 

tivities have been devoted to the understanding 
of the theoretical aspects 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 
Dern’ieres 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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FIGURE 1. - Lower Mississippi River. 

FIGURE 2. - Longitudina;i;x;fiIe of lower Mississippi 

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 because of mixing due to dif- 
fusion currents: but may be defined for study 
purposes as a hne 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 littoral currents to move it away. 

The problem of heavy shoals in a bar ehan- 
ml 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 wedge will be minimized. This 
method is shown in figure 3,A. 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,B). 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 

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 Soutb- 
west Pass jetty channel and has shown 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 cause damage 
to the structure. In addition to slope slides, ro- 
tational failures have occurred due to the in- 
creased overburden as shown in figure ~4. This 

FIGURE 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 decrease 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,OOO square miles. 
Flows at New Orleans: Low, 5,0,000-100,000 e.f.s.; maxi- 

mum, at project conditions, 1,250,OOO e.f.s. 
Stages at New Orleans (Carrollton): Flood stage, 17 

ft. m.s.1.; maximum at project conditions, 20 ft. m.s.1. 
Sediment sizes: General maximum-l mm. (0 phi 

units) in bed; 0.1 mm. (3.33 phi units) in suspension. 
Median - 0.025 mol. (5.22 phi units). 
Dredging required in Southwest Pass (for previous 
35-ft. project depth) : Approximately 2% million cu. yd. 

mean annual; 6 million annual maximum. 
Salinity of river: 30 p.p.m. chloride ion. 
Salinity of Gulf of Mexico: 18,000 p.p.m. chloride ion 
Project depth of Southwest Pass: 40 ft. with 2.ft. over- 

depth allowed. 
Amounts of sediment for each operation of the 
spillw?y are shown in table 1. There are prob- 
lems m the spillway forebay and floodway. 
There is no problem in Lake Pontchartrain: but 
the potential of such a problem can be dlus- 
trated by the outlet conditions. 

In the forebay, the buildup of sediment be- 
tween operations has caused a reduction in flow 

TABLE l.-Discharge and sediment jiZZ deposited 
.fw Bonnet Cam spizzwa~ for Ihe ymrs operated 

(Design capacity, 250,000 c.f.s.) 

Maximum discharge, 
c.f.s.. 

Average discharge, 
211,000 

e.f.s.. ~. 
Total discharge, 

131,000 

acre-feet. 
Fill deposited, weir 

12,400,000 

to Airline Hieh- 
way: _ 

Volume, cu. yd. 
Percent of total 

7,200,OOO 
70 

Fill deposited, Air- 
line Highway to 
Illinois Central 
Railroad: 

Volume, cu. yd. 3,000,OOO 
Percent of tota, 30 

Fill deposited in 
Lake Pontchar- 
train (approx.): 

Cu. yd.. 
Acre-feet.. 

2,230,OOO 
2,000 

- 

.~ 

- 

318,000 

223,887 

24,500,000 

5,000,000 2,800,OOO 
40 56 

7,500,000 2,200,000 
60 44 

-- 

‘y,F&b;,~ 

1950 

223,000 

156,217 

10,900,000 

‘,“‘ds 

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 
silting it up more than a normal operation 
would have. Several years after the 1937 op- 
eration, a small levee was built to close 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. In addition 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 deposition decreased some- 
what. Once the floodway capacity has been 
reduced by filling, the only solution is to dredge 
a channel. There are many possibilities in this 
restoration process, but 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 minimum 
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 deposited 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 capacity, 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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not to scale 

Fmum 5. - Bonnet Came 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 
Pontchartrain by each operation of Bonnet 
Can-e 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. At 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 this 

spillway, the outfall problem is negligible, al- 
though m others it may be important. 

Delta Growth 
Deltaie 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 
sea 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 
Mississippi 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. 



SYMPOSIUM 3.-SEDIMENTATION IN ESTUARIES, HARBORS, AND COASTAL AREAS 735 

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 
Once 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 interests such as fur trapping, 
and wildlife conservation. If the distal fringes 

FIGURE 6. - Cubits Gap delta. 
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. 

FIGURE 7. - Southwest Pass delta. 

These fringes are subject to two types of at- 
tack. The first type of attack 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. 

Any river work that tends to 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 building. Flood 
improvements may require the closing of a dis- 
tributary which will then rob an area of its 
source of supply. Power of 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 imbalance in 
the equilibrium. 

The second type of attack is 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 relatively 
stable beach will be formed on the delta front. 
However, this beach will generally be attacked 
by higher waves during storms and the stability 
upset, thus beginning the process again. 

Timbalier Islands 

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 

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 
quantities 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 source of sediment was 
cut off, the process 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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FIGURE 8. - Timbalier Islands and Isles Demieres. 

The littoral currents in this area are westerly 
and wave action from the southeast and south 
has a westerly longshore component, so that ma- 
terial which is eroded from this headland drifts 
westerly along the island 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 year, 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 being 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 0.1’75 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. 

Isles Dernieres 

The Isles 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 islands 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 islands 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 to 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 is 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 
hrge 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- 
sible 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 Mississippi 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 cycles 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 to 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 deltaic 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 this 
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. 141 

By GEORGE M. WATTS, hydraulic engineer, Beach Erosion Board, U.S. 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 
is 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 to 
solve the resulting shore erosion problem. 

Introduction 
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- 
pends, 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 
sediments 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 

1 Data from “Special Interim Report on Ventura 
Area,” Beach Erosion Control Report, U.S. Army En- 
gineer District, Los An.wles, Calif., August 1961; House 
yyi;,“i2 87 Gong., 2d Sess.; House Dot. 29, 83d Cow., 

F 

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 is responsible for making studies 
and carrying out beach erosion and navigation 
projects, in accordance with appropriate Fed- 
eral Laws and Acts pertaining to the Federal 
role in such functions. 

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 city 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 transport, 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 act as a 
barrier to littoral drift moving downcoast 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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FIGURE 1. - Ventura area, camnmia, general plan of improvement. 

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 
seasonal runoff for the river over a 40-year 
period (1893-1932) was 152:lOO acre-feet. The 
estimated annual sedimentation rate (sediments 
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 . .sq, mi.. 1,6OS 
Sand-producing part of drainage 

area . . . . . . . . . . . . . . . . . . . . . . . . ..sq.mi... 960 

Rate of sedimentation per square 
mile __ _. ._ _. . . . . . .cu.yd.. 2,900 

Average annual sedimentation of 
sand .eu. vd.. .2.80%100 

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,OOO cubic 
yards. Construction of the Santa Felicia Reser- 
voir in the Piru tributary drainage area reduced 
the annual sand contribution by an estimated 
340,000 cubic yards. The effect of other reser- 
voirs constructed since 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 
yards per year. Thus, where there was 1.4 mil- 
lion cubic yards per year reaching the coast 
southeast of Ventura prior to 1948, there is now 
only about 50 percent of that amount. Though 
the Santa Clara River sediments maiizly provide 
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nourishment for the shores downcoast of the 
river mouth, some nourishment to the upcoast 
shores in the Ventura area occurs by reason of 
periodic reversal in direction of littoral trans- 
port, i.e., 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 Santa 
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 .sq. mi.. 228 
Sand-producing part of drainage 

area . . . . . . . . . . . . . . . . . . . . . . . . . ..sq.mi... 149 
Rate of sedimentation per 

square mile .cu. yd.. 4,260 
Average annual sedimentation 

of sand . .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, it 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. 

Ventura River...... “7% 
Matilijia Creek. 
Coyote Creek.. 2; 

Santa Clara River... 845 
PimCreek~...... 440 
Sespe Creek. 210 
Santa Paula Creek 50 

I: 
Total.. 1,333 I 

y$ P&tc .4tter 
1948 

““i% 
cu. Vd. CVL. ltd. 
180,000 105,000 
82,000 
50,000 

345 680,000 395,000 
335,000 .,......_ 

270 330,000 190,000 
50 45,000 26,000 

1,296 1,702,000 116,000 

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 eon- 
tributing river (Ventura), located northwest of 
Ventura, amounted to about 206,000 cubic yards 
per year. Since the dominant httoral 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 a,verage of 200 feet over the period 
1948-61. 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- 
pose of minimizing the annual losses 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 groins and placement of 
1,534,200 cubic yards of restoration fill along 
the Pierpont Beach sector. Required periodic 
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 
size 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 construc- 
tion of three groins in the central and southerly 
sectors of the problem area and provides sand 
fill between the groins. 

Northern Orange County, Calij. 
Ge?ZtZZ 

The northwesterly limit of the Orange County 
shoreline is at the mouth of the San Gabriel 
River. The mouth of the Los Angeles River and 
the Los Angeles-Long Beach Harbor complex is 
about 4 miles upcoast from the San Gabriel 
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. Since 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 erosion 
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 2 3 

The Los Angeles River outlet 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 d as does the ocean outlet 
of the Los Angeles River.s 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 varv 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. It tlows 
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 Plam 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 m 1923 in the Long 
Reach area, which served to divert the lower 

2 Data from “Beach erosion control report on coapera- 
tive study of Orange County, California,” Appendix V, 
Phase 2. U.S. Army Engineer District, Los Angeles, 
Calif., March 1962; House Doe. 602, 87 Gong., 2d Sess. 

3 HERRON, W. J., JR., and HARRIS, R. L. NEW METHODS 
OF CONSERVING BEACH SAND. Shore and Beach 30 (1) : 
34-37. 1962. 

4 MCOUAT, H. W. IXISTORY OF LOS ANGELES HARBOR. 
Coastal Engin. Canf. Proc. 1, Council on Wave Res. 
Univ. of Calif. 1950. 

J KENYON, EDGAR C., JR. HISTORY OF OCE~ZN OUTLETS, 
MS ANGELES COUNTY FLOOD CONTROL DISTEK!T. Coastal 
Enain. Canf. Proc. 1, Council on Wave Res., Univ. of 
Calif. 1950. 

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 outlet 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 192338 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 channel through the delta, some being 
placed on a 4-mile length of beach to the east 
of the river outlet (about 6,000,OOO cu. yd.) 
and some placed in the harbor area to create 
land for improvement of harbor facilities 
(about 8,200,OOO cu. yd.) Since 1938 this river 
basin has been highly developed, including ex- 
tensive urban and industrial development, check 
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 littoral transport of 
the river sediments to the shores east thereof; 
however, these factors are of little importance 
to alongshore material 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 about 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 indicated 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 occurs. The erosion problem is progressing 
from the Anaheim Bay east jetty to Newport 
Beach, a shoreline distance of about 13 miles. 

The Santa Ana River 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 to 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- 
yon located at the entrance to Newport Harbor. 
Thus, 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 121/s-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 nom-- 
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 to the problem, a more economical plan 
was 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 is 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 beach 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 beach and the break- 
water. The initial beach fill below Anaheim Bay 
Harbor would be about 3 million cubic yards. 
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,OOO cubic yards in each 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. It was estimated 50,000 cubic yards per 
year 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 area. 

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 nndonbt- 
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 
sediments 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 

5 U.S. ARMY CORPS OF ENGINEERS, BEACH EROSION 
BOARD. SHORE PROTECTION PLANNING AND DESIGN. Tech. 
Rpt. 4, 243 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 
streams 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;B 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 economic justification for con- 
structing certain stabilizing works along a shore 
are frequently based on a time increment oft 50 
years and in some cases on a loo-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 coastal problem area in 
question. 

SAND MOVEMENT ON COASTAL DUNES 
[Paper No. 751 

By J. W. JOHNSON, professor of hydraulic engineering, University of California, 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 year 
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 various 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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SAMPLING RANGE - 

FIGURE l.-Example of usual shoreline eonfiguration 
for majm dunes on the California coast 

studied in the laboratory, a sampling program 
was conducted at most of the important dune 
amas on the California co&t. 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, 

FIWJRE 2.-Variation of mechanical composition of 
dune sand with distance from beach (near Santa 
Maria River mouth). 

which was obtained along 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 

mechanics of sand movement by wind by nu- 
merous investigators (I, 6, 9). Emphasis 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 SUI- 
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, U*, 
are the primary factors involved in sustaining 
sand movement-the shear velocity being de- 
fined as d/T/p where p is the density of the air. 
Bagnold (I), in his studies of the initiation of 
sand movement, derived the following expres- 
sion for the threshold value of the shear velocity, 

where d is the grain diameter, 9 is the accelera- 
tion of gravity, and v and p are the densities of 
sand and air, respectively. Bagnold found that 
the coefficient A 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, 4, is 
given by 

q=c J” e U3” 
Dg 

(2) 

where D is the grain diameter of a standard 
0.25.mm. sand, d is the grain diameter of the 
sand in question, P is the density of the air (in 
c.g.s. units, $ is equal to 1.25 X lO-G), U* 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. 
Kawamura formula (6). - The rate of sand 

movement, q, is given by, 

q = k ;( U. - U=t) (U. + Us,) 2 (3) 

where p is the density of air, U* is the shear 
velocity, Ust 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 obtained 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. 

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 nun. 
From his results, Zingg (9) modified the Bag- 
nold formula to 

d q=c B 0 3’4 p 3 
+J. 

where C has the value 0.83. 

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 Us3 (for 77, > 20 ft./see.) 
where G is the rate of transport in pounds per 
day per foot width, and Us 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 since 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 some of the apparent 

differences in the various existing relationships 
for the rate of sand movement and to consider 
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 a wind tunnel 12 in. by 15 in. 
in cross section, a larger and more suitable tun- 
nel 4 ft. wide by 2.5 ft. high and 101.5 ft. long 
(fig. 4) was constructed and used in the labora- 
tory tests discussed below (2). 

Wind in the tunnel was generated by a vari- 
able speed fan at the exit end. Windspeeds up 
to a maximum of about 40 ft./set. 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 

FIGURE 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 commartments oermanentlv 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 2’7 ft./set., but 
it becomes much less efficient at lower speeds 
(2). For high windspeeds, the grain-size 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-size distribution of sand in the vertical 
trap shows a distinct lack of the larger grains. 

This condition 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 figure 5. The 
principal characteristics of these sands are as 
follows : 

Ssnd Mean grain dig&y sorting eoeliicient Skwnem 

A 0.44 1.23 1.01 
B 30 1.15 1.00 
c .145 1.24 .9x 

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./set. 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 velocity) with and without sand 

I 

(bl 
09 

Cumulative Distribution Curves Frequency Distributions 

FIGURE 5. -Mechanical composition of sands tested. 
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feed for sand A (d=0.44 mm.). The apparent 
reversal of the curve obtained 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 threshold 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 
behaves as though it had a much larger mean 
diameter. 

The experimental values for the maximum 
rate of transport (i.e., with a sand feed), 4, are 
compared to the values predicted from the 
Bagnold (1) and Kawamura (6) formulas as 
follows. 

Sand A (d=O& mm.) -The experimental 
value of the threshold shear velocity (with sand 
feed) was 30 em./sec., 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) pi-o- 
poses a value of C=1.8 for normally graded 
sand and C=2.8 for a sand with a very wide 

“,i” rmhcr 

a 

FIGURE 1. -Comparison of experimental data with the 
l33m~ )and Kawamura formulas for sand A (d = 

. . 

range of grain size. If a value of C=2.5 is used 
for sand A, the experimental and calculated 
values are as shown in figure 7. From this fig- 
ure, except for wind velocities near the thresh- 
old, where the Bagnold formula is not appli- 
cable, the agreement is good. In the Kawamura 
formula (equation 3) with a value of U*t= 
30 cm/see. combined with a value of k=3.1, 
excellent agreement between experimental and 
calculated values was obtained over the entire 
range of shear velocity, as shown in figure ‘7. 

Sand B (o&C.33 mm.). - The experimental 
value of the threshold shear velocity (with sand 
feed) was 16 cm/see., 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 Bagnoid 
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 
was quite different. In the study with sand A 
(d=0.44 mm.) the Bagnold and Kawamura for- 
mulas could be used to describe the experimental 
data; however, with sand B no values for the 
constants C and k 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. 

FIGURE 9.- Comparison of experimental data with Bag- 
nold and Kawamura formulas for sand B (d = 0.30 
Dl.). 

Sand C (d=0.145 mm.). -The experimental 
value of the threshold shear velocity (with sand 
feed) was 22.0 cm./sec. and that calculated by 
the Bagnold formula was 1’7.8 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- 

FIGURE lo.- Comparison of experimental data with 
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=l.O 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./set. for a relatively long 
time (sufficiently long to 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./set. 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 to the inaccuracy 
of the windspeed readings, these speeds being 
slightly 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 meant windspeed can be 
eliminated by considering the discrepancy be- 
tween the measurements made within the first 



SYMPOSIUM S.-SEDIMENTATION IN ESTUARIES, HARBORS, AND COASTAL AREAS 

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. 
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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 
experiments 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, h. 
Figure 12 shows the relation between the shear 

FIGURE ll.-Change in rate of transport with 
following a change in wind velocity. 

time 

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 transport adjusts 
itself 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 calcu- 
lation of the probable volume of sand moved on 
a given dune system 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 has cozzected 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 
murces other than 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 
equilibrium is reached between humidity of the 

FIGURE 12. -Relation between mean velocity and shear 
velocity far various air humidities. 

velocity, U., and the mean velocity, U. This 
relation is quite consistent and can be expressed 
by a straight line. Thus, it can be stated that 
the wind drag is practxally uninfluenced by 
air humidity. In the later tests, only the value 
of the mean velocity was recorded and the value 
of Ue was calculated from this graph. 

The water content of sand obtained during 
the various runs is plotted against the corre- 
sponding air humidity in figure 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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FIGURE 13. -Relation between water content of sand 
and air humidity. FIGURE 15. - Relation between threshold shear veloeits 

and air humiditJT (sand A). 

FIGURE 14. -Variation of rate of sand transport with 
air humidity. 

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 
surf ace 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 

FIGURE l&-Relation between shear velocity and mean 
velocity for high water contents. 

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 sand) the problem 
changes aspect and becomes closer to the prob- 
lem of an interface between two fluids. 

Using the relationship between water content 
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. 1’7) 
between i7.t 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 



SYMPOSIUM Q.-SEDIMENTATION IN ESTUARIES, HARBORS, AND COASTAL AREAS 755 

4. . 

FIGURE 17. -Variation of the threshold shear velocity 
with moisture content (from figs. 12 and 16). 

data: that is, at a threshold shear velocity of 
40 cm/see. The data follow a straight line, thus 
indicating that the relation between U*t and w 
can be put into the form, 

U.t=alog,,w+ b 
where a and b are two constants obtained from 
the graph. It was found that 

U-t=17 (log,, w+5.1) cm/see. 
or U.t=28 (0.6 log,, w+1.8) cm./sec. 

where 28 is the value of U-t 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 
threshold shear velocity may be modified as 
follows : 

U*t=A 
4 o-pg cl (X+0.6 log,, w) 

where A approxiiates 0.1 and w is expressed 
in percent. 

Conclusions 
1. The Bagnold formula for the threshold 

shear velocity appears adequate in giving a 
value for this term for use in calculating 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 k 
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 
was 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 No. 761 

By PER BRUUN, engineer, Coastal Engineering Labomtoly, University of Florkla, Gainesville 

Abstract 
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 looked 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 carrying 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 ear- 
ried out simultaneously. Longshore currents 
are passed through waters agitated by waves 
propagating parallel to or perpendicular to the 
current action. 

Field Research 
G-al 

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 

FIGURE 1. -Typical current action of barrier and inlet 
shore. 

from a seashore like the U.S. east and gulf bar- 
rier-lined coasts. Wave action causes 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. Oeca- 
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 (71, 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 Tramfaort 
As in rivers littoral material transport occurs 

partly as bedload and partly as suspended load 
transport. It is known 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 observed 
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-Laym 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 
researchers 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, 
slightly 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. 76A. Experiments 
in which fluorescent tracers are used are men- 
tioned in references (9, IO, 17, 23,24, and 25). 
Examples of radioactive tracing are given in 
references (18 and 20) and in papers by L. L. 
McDowell and by Cummins and Ingram in this 
Proceedings. Kamel and Johnson (1.2) mention 
natural tracers. 

With respect to sheet-layer movement, the 
following procedure is 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 (fig. 2). 
Suspended load 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 vertical intake 
pipes and settling basins on the pier. The bed- 
load sampler is also supposed to function as a 

Femandina Beach pier, northwestern Florida. 

trap. It is 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 trap 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 at the same time as 
a vertically slitted pipe in the middle sucks up 
the material accumulated in the middle for 
deposit in basin on the pier. 

FIGURE 3. - Bedbad trap. 
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By continuous sampling of material, the num- 
ber of grains/time relationship is obtained. If n 
tracer grains are trapped per unit time, one has 
v,=travel velocity of grains, b=thickness of 
sheet layer, w=width of trap opening, and k, a 
material constant 

web-u,=n-k, 

b=z =k, z ; where k,= 2 (1) T 
“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 
tracer grains come from the area close to the 
pier. 

If relatively heavy concentrations are as- 
sumed, 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- 

FIGURE 4. -Theoretical relationship of concentration of 
tracer material vemus time. 

eating maximum concentration, has reached 
the pier, discharge of material from the in- 
jection area has its maximum value. The car- 
responding maximum thickness of material ar- 
riving from the injection area is 

when N is the total number of grains trapped 
per unit time. 

Next the assumption is made that the ratio 
N n,, can be considered as a characteristic 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. 

N Theuseof G 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 occur in one distinct peak of 
concentration. Therefore, as an example the 

N - ratio should be determined as the average 
nln., 
of 5 maximum concentration samples: 

7. 

alue 
st moving sheet The total thickness of the fa: 

layer up to maximum concentration may then be 
found by an integration : 

The total quantity of’material (Qtot81) 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. 

Qtota=Qi..t+ (&am) = 

n=n, ‘1 

The thickness and migration 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- 

c 

I 
T I M E 

FIGURE 5. - Results of a test of concentration of tracer 

tory tests at Fernandina Beach pier, where a 
trap was used as shown in figure 3. When 
figures 4 and 5 are compared, this result is en- 
couraging. To obtain ~reliable results, it is 
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necessarv to inject various color schemes in 
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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. 

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 ae- 
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 hydraulic character, efforts should be in- 
tensified to determine more detailed data, such 
as bottom velocities, their directions, and fluc- 
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 patterns and velocity characteristics 
and its relation to the sediment transport. 
Velocities parallel as well as perpendicular to 
shore therefore are measured in front of the 
updrift door by instruments attached to the 
trap. 

The ocean 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 (13) state that 350 mil- 
lion tons of sediment is transported annually 
in the lower Mississippi, mostly in suspension. 
Meanwhile surveys demonstrated that consider- 
able quantities of bed material migrated along 
the bottom in large bars with varying heights of 
5 to 10 ft. 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 

Bruun (1) 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 along 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 

FICUBE 6. -Profiles of migrating sand waves, 
Femandina 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 been made 

on transportation of bed material by wave ac- 
tion and on the distribution of velocities, includ- 
ing mass transport velocities. Russell and 
Osorio (27) found by tests in a wave flume that 
near the sand bottom drift velocities are as 
predicted by Longuet-Higgins’ theory (15) for 
all waves investigated in their tests. Whether the 



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

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-van 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,” because of the 
great irregularities in velocities. 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 
Running With or Against Current Action 

Research is in progress in a 4 ft. deep, 6 ft. 
wide, wave tank (fig. 7)) which also functions 

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 asymmetric ; 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 be- 
tween 0” and 90” occur. The about 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 fric- 
tion factors” have considerable similarity to 
friction factors for unidirectional flow. 

The longshore current theory by Bruun (3)) 
using the principle of continuity, has two ap- 
proaches. One, “the rip cm-rent 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 (3) 
give reasons to believe 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 big 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 create 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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FIGURE 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 a,nd current characteristics are eom- 
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 as well as bedload transport parameters 
that range over an area from predominant 
unidirectional 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 installed 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 
WQZIe motion current action 

in which T,= the wave shear stresses and TI,,, 
=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 

&"I A= __ 

in which A=eross sectional area 
Q,=maximum discharge 
T, -determining shear stress for bottom 

stability 
C =Chezy’s friction factor 
P =density of water 
g -the acceleration of gravity. 

The “stability shear stress” (T,) proved to 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-O.50 kg./m*. 
T, with medium sediment load-O.45 kg./m’. 
T, with light sediment load=0.35 kg./m*. 

This refers to inlets with sand bottom 0.2 to 
0.4 mm. diameter. 

Furthermore it was found that the n/M ratio 
(n=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 n/M<100 
should be avoided and that ratios n/M>200 are 
desirable for “stable inlets.” The correspond- 
ing Q,,JM vaiue (Q,=peak discharge per sec- 
ond) should be >O.Ol to obtain “stability.” If 
the M/Q,=? ratio was considered! it was found 
that this ratio is useful for the Inlet’s ability 
to bypass sand (5) : 

If r>200 to 300, bypassing takes place on 
a bar. 

If r<lO 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. 

Furthermore, 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 expressed 
by the ratios Qm/M or n/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 discharge”) 
must be important. 

If neither scour nor accretion occurs 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 XlMI, 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: 

vs=71rJMl (6) 
where 100~ is the percentage of X,1MI that is 
handled by tidal currents and XI?\ is the tptal 
ty;yi,hore httoral transport durmg one tidal 

With respect to equation 6, it should be borne 
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 choked. 

The more predominant the tidal flow bypass- 
ing is (high p-value), the more stable is the 
inlet in location and cross section. 

V, The ratio p=-- 
W 

has been calculated for 
various inlets in order to check the above-men- 
tioned considerations. 

In most cases Mnet and not XjMJ 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 S/MI=5 M,,t. 

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.-&m Vs, Mat and p values 

Inlet Va Per half tidal cde .%I,, P” Year era%., 

0regmN.C.. 
CUbid Yard.3 IO” m‘. yd. 

3,200 1.0 0.4 
Calcasieu, La.. 1,800 

:: 
1.3 

Port Aransas, Tex.. 2,100 1.4 
Mission Bay, Calif.. 750 1.0 
St. Johns, Fla.. 1,610 :; 
St. Augustine, Fla.. 1,000 

:; 
:i 

Big Pass, Fla.. 540 
Ponce de Leon, Fla.. 1,040 .5 13’ 
Gasparilla, Fla. 1,200 .I 1.5 

range as Kalinske’s expression will give a 
similar result. The velocity range in question is 
confined to 3 to 4 ft./set., for which reason the 
“m-oaer choice” of bedload formula is not very 
e&Gtial. 

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 n/M and Q,/M 
ratios as well as the “material transfer sta- 
biliy” described by the M/Q, ratio. The p- 

__ ratio is a further development of the 
Wfl 
above mentioned ratios. The interest is now 
particularly concentrated in gaining more 
knowledge about this factor and its variations, 
because with this knowledge many other prob- 
lems may be understood. Research in progress 
include : 

1. 

2. 

3. 

Investigations on the importance of the p 
value in general and in comparison with 
field data. 
Investigations of the importance of the 
actual value of p for inlet stability as a 
whole. 
Investigations on the importance of fluc- 
tuations of p. V, as well as BIMI 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 

vs a certain value of p=-- 
WMl 

with eompara- 

tively small changes in p. The conclusion 
may be drawn after a few such tests that ,. . . . . .^ tne observed pnenomena are slgmneanr. 
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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Stntilarity in Bedload Transport irr VntfOm Flow: 

Tidal Current By-Passing ($>200) 

Similarity in bedload transport requires simi- 
larity in initiation as well as in rate of trans- 
port (20). Shields’ (19) investigations indi- 
cated that 

TC 
(Y.-YY)D =fx (+G (7) 

and 
$=f* (2$) (8) 

As to the rate of transport, most of the pub- 
lished formulas can be written in the dimen- 
sionless form 

Q. -=+. fa (C) (9) Y 
where 

T-,, v?=,,ghI (10) 
From this it follows that similarity in bedload 

transport can be obtained if 

and if 
A(- “*“D) -1 (11) 

hr=hic =A(y.-Y) * Au (12) 
The scale A is defined by 

A”-lzprototme 
%n&l (13) 

We assume that 
Av=Ap=AD=l (14) 

From equations 9, 11, 12, and 14 it follows that 
AGE=1 

If the Froude number of the flow 
(15) 

Fr= ” ~-+~=$7. vi (16) 

should be identical in model and prototype, we 
have 

AI* Ac=l (17) 
where C is the Chezy coefficient that in fully 
developed turbulent flow depends on the rela- 
tive roughness : 

c=5.75 &log 12;=18 log lZ+Vsec. (18) 

From equations 8 and 11 it follows that 
hk=AD 

Substitution of equation 10 into equatior??! 
and of 18 and 19 into equation 17 yields 

Ah* AI” X0=1 (20) 
Ah &=A (ys--y) AD (21) 

X1*=1+18 log $ 
GJ WV 

Equations 20, 21, and 22 give three relation- 
ships between the four scales A&, h,, A=, A (ysy), 
of which one can be chosen freely and the others 
solved. The scale ,XD cannot equal Ah, since in 

that case all the scales equal unity. Therefore, 
A~=A~#A,, and then as follows from equations 
17 and 18 

Ac=A\i”#l (2% 
so that a distorted model is necessary. 

The above theory can be extended to the ease 
that artificial roughness elements (pegs) are 
needed. Obviously, equation 10 then is no more 
valid if 7 represents the shear stress on the bed. 
In order to find the actual T, 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 h 
in which n pegs are placed with drag coefficient 
CD and projected area F is 

pghI=+’ + neDF * l/&,v’ G-W 

where C. is the Chezy coefficient for the channel 
without pegs. 
Inserting 

v=cm g2- (25) 
into equation 24 gives 

C,=C, 
J 

29 
2g ‘+ Co’ ne~F = $ (2% 

so that equation 22 is replaced by 

a AI*=~ +g log 2 (27) 

Rewriting equation 24 and substituting equa- 
tion 26 gives 

& .pzr= p&Z 
c‘l* 

l hI(28) 
I+ l/Co2 ncDF/g = 2” 

from which it follows that 
Av=A,*, -a2 At, A, (29) 

Substitution of equation 29 into equations 11 
and 12 gives 

?A,,% AI* AD--~ (30) 
a2 Ah Ar=A (ys-y) AD (31) 

The pegs should be placed in such a way that 
they interfere as little as possible with the veloe- 
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 disposi- 
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 r the expression 
derived from the theory of the laminar boundary 
layer due to wave action is used (22) : 
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where 
v,.,=“Hsinh-1 2uh - 

T L (33) 
Similarity in wave pattern is a demand also and 
may be obtained by making 

AL=& (34) 
Substitution of equations 32, 33, and 34 into 
equations 11 and 12 yields 

and 
x(ys-y)AD~=l (35) 

““‘=(Y(ys-y)) 8’3 . Ah3 (36) 
Equation 35 follows from equations 11, 12, and 
14 regardless of the value of r and is therefore 
equally valid for current- or wave-induced bed- 
load transport similarity. 

If similarity in the position of the breaker- 
line is required, we get: 

AF=““=(A(ys~r)) g’3 (37) 
since the point of breaking in shallow water is 
mainly determined by the ratio g 

h. 
Similarity in Suspended Load Transport 

Perpendicular on the Shoreline by Waves 

A necessary although not sufficient condition 
is 

terminal fall velocity 
mass transportation velocity = 

vertical distance 
horizontal distance =A1 (38) 

From equation 38 the following relationship 
is obtained by the use of Longuet-Higgins’ 
theory on mass transport and equations 35 and 
36: 

Xr=h (ys-y) -1 (39) 

Symbols for Model Laws 
3” Co. Cm.. .Chezy coefficients (L* T-1) 

. .Drag coefficient 
D . . .Grain diameter (L) 
F . . . . Area of a peg perpendicular to direction 

of flow (U) 
fl, fz, fa.. . . .Functions 
g 
h 

. . . . .Acceleration of gravity (LT-2) 
. . . . . Depth of flow (L) 

H . . . . .Wave height (crest to trough) (L) 
I 
k 

. . . . . . . .Slope 

. . . .Apparent roughness (L) 
L . . . .Wave length (L) 
m . . . . .Suhscript “model” 
M . . . .Average net littoral transport per year 

(L3 T-1) 
?I . . . . . .Number of pegs per unit area (L-2) 
P . . . . .Subscript “prototype” 
q, . . . . . . . . . . .Rate of bedload transport per unit width 

by volume (Lz T-1) 
T . . . . . . . . . . . Waveperiod (T) 
ZI. . . . . . . . .Shear velpcity (LT.‘) 
1) . . . . .Average velocity (LT-1) 

v- . . . . . . .Maximum orbital velocity near the 
bottom (LT.1 1 

.coe%cient‘-- . a .......... 
Y .......... .Specifie weight of fluid (ML-ZT-2) 
7s .......... .Specifie weight of sediment (ML-*T-z) 
A .......... .Scale ratio, prototype “ver model value 
Y .......... .Kinematie viscosity of fluid (LST-1) 
n .......... SDecifie densitv of fluid (ML-a-3) 
7 .......... .&ear stress “n the bottom (ML-IT?) 
v .......... .Critieal shear stress for the initiation of 

bedload movement (ML-‘T-2) 
Q . . . .Tidal prism (La) 
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A SUMMARY OF THE PRODUCTION AND SCANNING OF 
FLUORESCENT TRACERS 

[Paper No. 76Al 
By P. G. TELEXI, assistant in resewch, College of Engineering, University of Florida, Gainesville 

Tracer Materials 
Beca,use of the large areas involved in tests in 

the field and rapid and continuous spreading of 
materials observed in Russian and British ex- 
periments (I., 4, 11, 16, ZO), large quantities of 
tracer materrals 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. According to British experience, it 
should be possible to dilute the coated sand 50 
to 100 times with noncoated grains before re- 
lease (A). 

When manufacturing fluorescent tracers, one 
must take into account that the material ob- 
tained cannot differ in its physical properties 
from the original beach sand which it repre- 
sents (IO). 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 dissolving 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 Laboratory of 
the University of Florida. Quantities are ap- 
proximate. 

(1) 1 to 4 g. of dye is dissolved in 2.5 liters of 
catalyst (20 percent solution). 

(2) The solution is added to 25 lb. of resin. 
(3) The mixing of ingredients is carried out 

until color uniformity appears. 
(4) The mixture is added to 200 lb. 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-size polyethylene sheeting and spread 
thin for drying (2 to 3 hr.) or in an oven 
atupto250”F. (lhr.). 

(6) Upon setting, the material consolidates 
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 lb. of tracer. 
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(7) The material is sieved back to its original 
grain-size distribution by using a sieving 
machine with large (22-in. diameter) 
sieves (3/* hr. for 200 lb. 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. Such 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.g., 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 ,mrdeners, 
the following experience has been developed. 

Dyes 
Organic dyes that fluoresce in liquid solution 

(No. 1) (such as H,O? ethanol, MEK, Xylene, 
Toluene, etc.) are best m 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 - nonfluorescent 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. 

Resins 
One of the most readily available and rela- 

tively inexpensive resin for coating is ureafor- 
maldehyde. Melamine and epoxy resins can also 

1 Also by personal communication with P. Slomianko, 
Gdansk, Poland. 

2 BRUUN, P. TRACING BY LUMINOPHORES. Fla. Univ. 
Coastal Engin. Lab. 1962. (Mimeo.) 

3 YASSO, TV. E. FLUORESGENT 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. Whereas 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. 

An inexpensive catalyst is 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- 
fice, such as hydrochloric (HCl) or formic acid 
(HCOOH) 

For excitation of fluorescence, 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 ii. Long-wave 
lamps see far more use, since fluorescent tracers 
have proved less expensive 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. 

As long as concentrations are normal (e.g., 
value of 10-4), a simple visual counting proce- 
dure can be used as already applied in the USSR 
and in England (2, 3, 7, 20, 15, 26, 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 grains (11, 15, 26). By taking subsamples 
out of the sample Andy handling the result by 
statistical methods, much larger actual full 
samples may be analyzed visually. This 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, 3, 8,19)* * s 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 question, 
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 lummophore 
is dissolved and the actual concentration deter- 
mined by chemical analysis using a Auorometer.” 
Other methods based on photocells have been 
suggested and are under development (1’7). 
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 
(Z8).5 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- 
ties of hundreds of pounds or a number of lOlo 
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 color or a whole 
series 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. 

The instrument when constructed will consist 
of- 

(1) 

(2) 

A mechanical assembly consisting of two 
parts: a hopper to which the sample is 
subiected and a Vycor glass tube in 
which the sand falls from the hopper at 
a variably controllable rate utilizing free 
fall. 
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 
accounting 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- 

4 Personal communication from V. P. Zenkovitch, Mas- 
cow, U.S.S.R. 

6 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 simultaneously 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 basically set in 
the following equation. The power entering the 
photocell is 

P==IcabQ4rR2 LAcdHu 

where 
I=Intensity of incident beam in photons 
v=Area of sand grain 
a=Fraction of grain covered by fluorescent 

molecules 
b=Fraction of irradiated fluorescent mole- 

cules which absorb incident photons 
Q=Quantum efficiency of fluorescent process 
R=Distance from sand grain to lens of opti- 

cal system 
A=Area of lens 
c=Filter factor 
d=Transmission factor for optical system 

Hv=Energy of an emitted photon. 
As this is known in terms of fluorescence, 

excitation of this phenomenon occurs in the 
ultraviolet region of the spectrum and light 
transmission occurs in the visible region (14). 
Since the latter is a relatively short segment 
of the spectral scale, all available fluorescent 
colors cannot be utilized for fear of misinter- 
pretation of the overlapping curves. For the 
same reason, 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, coastal engineer, Navigation and Shw-eline Planning Se&m, Engineering Division, U.S. 
Amy Engineer District, San Francisco 

Abstract 
This paper presents information on the de- 

sign 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 ealcu- 
lated, which required an armor stone size of 
approximately 5 tons and a slope of 1 vertical 
on 1% 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 construction of rubble-mound seawalls ta 
illustrate a means of arresting major erosion of 
a soft rock cliff formation by ocean waves and 
currents. Prior to construction of the seawalls: 
considerable 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 era. 
sion of critical areas has been prevented b> 
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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 Cliff Drive, which 
extends westerly from the main beach recrea- 
tional area about 21/ 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 beaches 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 
has occurred at three separate sections of the 
drive. In 1961, erosion caused the closure of 
one Z-block 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 caverns 
exist under the road. 

Along West Cliff 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 obtain 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 
groins in conjunction with beach fi$, or alone, 
would not correct the problem condltlon. 

The tides at Santa Cruz are typical of those 
along the central California coast, and have a 
diurnal inequality; the mean diurnal range be- 
ing 5.3 feet. The maximum tide is about 8 feet 
above mean lower low water (m.l.l.w.), 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 be 25 feet for a g-second wave from 
the southwest. Data computed subsequent to 
the studies indicate that deepwater waves with 
a significant wave height of 33 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 Technical Report 4 entitled “Shore 
Protection Planning and Design,” published in 
June 1954 by the Beach Erosion 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 db (in feet) 11.3, 
where Hb is the breaker height and & is the 
water depth at the point of breaking. For de- 
sign purposes, stiilwater level was estimated to 
be 8 feet abovem.l.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 11/s horizontal. As 
the depth of scour at the toe of the walls would 
be limited by bedrock to about -4.5 feet m.l.l.w., 
the maximum depth of water at the seawall toe 
would be about 8.0 + 4.5, or 12.5 feet. The de- 
sign wave height would be 12.5 f&/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 I$$ 
are used, 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- 
sion 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 crest elevation of 
9.5 + 8.0 or + 17.5 feet m.l.1.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 is shown in figure 1. 

As of November 1962, 19 units of seawall, 
ranging from 30 feet to 700 feet in length, have 
been constructed. One of the units completed in 
1961 is 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 structure, 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 plae- again open to traffic. It is concluded that the 
ing armor stone on bedrock in a previously ex- design and construction described is a satisfac- 
cavated trench during initial construction. This tory method of protection for the shore at West 
construction Drocedure was used at one location Cliff Drive. 
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 top of the cliffs. 

Based on a recent field inspection, 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 
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FWJRE 2. - Typical seawall unit completed in 1961. 

DISCUSSION-SYMPOSIUM 3 

Sedimentation in Estuaries, Harbors, and Coastal Areas 
Moderator: J. W. Johnson, University of H. B. Simmons, CE 

California J. M. Caldwell, Beach Erosion Board 
Panel: H. A. Einstein, University of California P. Bruun, University of Florlda 

MR. JOHNSON : DR. EINSTEIN : 

There are a few questions that have been sub- 
mitted by those in attendance. Before proeeed- 

I will not give any introduction, because we 

ing with the submission of these questions to 
have very little time left. The work I want to 
refer to is connected with the information 

our panel, however, I am asking each panel 
member to describe briefly certain research that 

needed in making any kind of calculation or 

they now have in progress. Such descriptions 
model experiments pertaining to tidal flows. As 

will provide those assembled here this morning 
you krow, we’re not only interested in the mo- 

with information that may not be available in 
tion of the sediment when we do such a thing 

published form for a year or more in the future. 
but we also have to duplicate properly the fric- 

I am therefore asking each panel member to 
tion conditions. In choosing the proper friction 

present his discussion in turn. 
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 as 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 
quite long enough. So we came to the conclusion 
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 using is a thousand feet 
long, and we’re using this flume, as I said, just 
for the purpose of determining these frxtion 
factors. At the moment we’re learning how to 
handle this monster. It takes a long time to 
achieve equilibrium; one must be very careful 
not to induce any wave action as that would 
make the measurements difficult. 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 
help 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 cast?, you need a booster 
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 is 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 your lines. In a l-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,, I 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- 
scribed 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 r&urn6 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 
responsibility 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 barges and hauled many 
miles to licensed disposal areas. As a conse- 
quence, the unit cost of dredging is much greater 
than has been quoted 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 Atlantic 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 
be there for qmte 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. Lockett. 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 to 
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. I won’t take the 
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time to mention any of the others, since those 
discussed represent a good cross 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 continued 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 accommodate, and this especially 
applies to the modern tankers. It is quite obvi- 
ous that the unit price of transporting oil is 
lowest for the largest tankers: and that this 
factor is given major consider&Ion in the design 
and construction of the modern supertankers. 
If navigation channels are maintained at 40 feet 
where the project says 40 feet rather than being 
allowed to shoal to lesser depth and then re- 
dredged to 40 feet, there is little doubt that 
vessels of greater draft will be developed to 
utilize these channels. Whether this is a good 
practice or not, I am not 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 I 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 Fish 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 this sand finds 
its way offshore or into the inlets where it’s not 

wanted. NOW we’d like to have this material 
back 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 ewes- 
sive. 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 surf 
zone or just beyond the surf zone and pump this 
sand 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 
wili 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 reconstitute a demolished 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 I 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 tlnree 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 one-fence height, the dune is usually very 
vulnerable 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 can preserve and enlarge the dune. There 
will be periodic reports coming out, probably 
as technical memorandums of the Beach Erosion 
130yhc!, on this last subject. Thank you very 

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 to 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 
situation that field studies are applying labora- 
tory results. We are, apparently! on the right 
track-as long as we are dealmg with uni- 
directional river flow. 

How is the situation on our seashores? Not 
nearly as good! Here we are faced with huge 
problems represented, e.g., by several million 
cubic yards of materml 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 Outer Banks in North Carolina 
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 fieIds of dredging 
and filling and in the erosion and protection 
technology. What we were not able to do a few 
years ago is now possible. “Zulia” dredged in 
1 year 5’7 million cubic yards 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 1’7 most important in- 
lets and passes had been carried out until 1956. 

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 Battjes 
and myself at this meeting, are expected to make 
model calibration and tests easier and more reli- 
able. Meanwhile, we do not yet share the benefit 
of the tremendous achievements in adequate 
instrumentation for sediment transport tech- 
nology by the river engineers, although progress 
has been made in wave and current recording 
methods. The efforts made by the U.S. 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 U.S.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. It seems, therefore,, to 
be proper to mention briefly the new scanmng 
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 lo-* and lo-?. 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 
signal (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 a combination of primary and 
secondary interference filters ineorpo- 
rated into the optical channels. The 
dimension of the output signal trans- 
mitted by the cell to the pulse shaper 
designates the size 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 entering the 
photocell is 

P = IoabQ &Ad. Hv 

where 
I = Intensity of incident beam in photons 
r = Area of sand grain 
a = 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 lens of 
optical system 

A = Area of lens 
e = Filter factor 
d = Transmission factor for optical sys- 

tem 
Hv = 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 respective 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 filter, the question of how many 
colors could be employed remains an optico- 
mechanical task. 

This instrument is one of the small 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 submitted by 
Professor Vanoni. It is, “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 between 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 between 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 limited number of 
field tests on dunes near Dillon Beach, Calif., 
we used 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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