AD 744785

' TECHNICAL BULLETIN NO. 19 |

A FIEL[: STUDY OF FLOCCULATION AS

A’ FACTOR IN 'ESTUARIAL SHOALING
PROCESSES N
by

R. D. Krone

June 1972

Rapradoi | by
NATIONAL TECHNICAL .
INFORMATION SERVICE ‘
U8 epartneat of Cinmeres
. Coanngheel b VA 2318

Prepared for the

" Commi&;o on Tidal -Hydraulics
.CORPS' OF ENGINEERS, U. S. ARMY’

APPROVED FOR PUBLIC RELEASE; DISTRIBUTION UNLIMITED

t




IR D

E
g?\ .
A
. &
3
A
A
fr> ‘
g i
- .
< H
g
3 H
% +
b
b *
o ’
i
A
4
i
3
4
g
B
3
b
74
Lt

'
w@ e s ot .-
.

Rep:on No.

' i

REPORTS OF COMMITTEE ON TIDAL HYDRAULICS

i Title Date
| Evaivation of Presest State of Knowledge of Factors Affecting Tidal Hydraulvcs i
; and Related Phenomenu ) Feb. 1550
2 i Bibliography on Tidal Hydrovlics ¢ ’ Feb. 1954
Svpplement No. 1, Material Compiled Through May 1955 ! June 1955
’ Supplement No. 2, Material Compiled from Moy 1955 to My 1957 ‘ May 1957
i, ! Supplement No. 3, Material Cfm«npiie‘d from May 1957 to Moy 1959 May 1959
Supplement No. 4, Moterial Compiled from May 1959 to May 1965 ! May 1965
' 1 {Supplement No. 5, Materia! Conipiled from May 1965 10 May 1968 Avg. 1968
Supplement No. 6, Material Compiled from May 1968 to May 1971 July 1971
. 3 Evaluation of Prbsent State of Knowledge of Factors Affecting Tidal Hydraulics
and Reluted Phenomena (revised edition of Raport No., 1) May 1965
:
Techr:iqol ' . ‘
Bulletin No, Title ' : Date
, |l Sediment Discharge Measurements ‘m Tida Wcterways May 1954
2 . Fresh Water-Salt Water Density Currents, a Major Couse of‘Sihotion in Es'uaries. April 1957
3 Tidol Flow in Entrances ' v Jan. 1960
| 4 Seil os a Factor in Shoaling Processes, o Literaturs Review June 1960
3 One-Dimensional Analysis of Salinity Intrusion in Estuaries ! June 1961
6 lepncal Major Tidal Hydvaulic Rroblems in United States end Reseovch Sponsored
| ' by the Corps of Enguneers Committes on Tide! Hydroulics June 1963
' 71 A Study of Rhealogic Propertios of Estuarial Sediments Sept. 1963
8 Chinnel Depth as a Foctor in Estuarine’ Sedimenta’"cn’ Mar. 1965
. 9 A Comparison of an Estyary Tide Calculoti?n by Hydrau'ic Model and Compu!ﬁr June 1965
10 Significance of Clay Minerals in Shoaling Problems ‘ Sept. 1966
n Extracts from The Manuol of Tides | Sept. 1965
12 Unpublished Consultaticn Repo;;s on Corps of Engineers Tidal Projects Dec, 1966
13 'Two-Dimensianal Aspects of Salinity lmrus:on in Estuaries: Andlysis of Sol:mty .
' ' and Velacity Distributions June 196/
14, ' Tidal Flow 1n Entrances, Woter-Level Fluctuations of Besins in Communication
with Seas ) ) July 18 7
: 15 Speaial Analytic Study of Muthods for Estuarine Water Roscurces Planmag Aar. 1569
' 16 The Computation of Tides ond Currents s Estuaries ond Cunals ' Sept. 1969
) 7 Estuarine Naviyation Prajects ' Jen. 1971
18 History of the Coros of Enginecrs | Commmee on T.dal Hydraviics June 1972
! 19 A Fneid Sludy of Floéculation as 3 Focto« in E4tuarial Shoaling Procesqes June 1972

ALCESSIGH for

UHANKOUuCED
JUSHFICAYIER

SHRetaenrtsecssttenriasn §

............................

bist, r AL, asd/er S2EEURY)

A

=21)] WANE SECTHS é/
0z¢ L 3
!

wmwmwmwm 35?53 '

}

Destroy this raport when no longer needed. Do not wtum
it 1o the cng.nm‘o:

)

'

i
The findings ia this report are not 1o be construed as an official

Dapanmen’f of the Army position unless so designated
by other & horized documants,

! o

§

ey




Unclassified
Security Classification

DOCUMENT CONTROL DATA-R&D
(Security classification ol titlv, body of ab ? and i ing jan must be
1. ORIGINATING ACTIVITY (Carporale nuther)

d whon the eversll repert is classitiod)
120. REPORT SECURITY CLASSE FICA NON
Unclassified

Committee on Tidal Hydraulics

Corps of Engineers, U, S, Army 3 enous

I. REFPORY TITLE

A FIELD STUDY OF FLOCCULATICH AS A FACTOR IN ESTUARIAL SHGALING PROCESSES

4. DEICRIPTIVE NOTKS (Type of repost and Inchnive dates)
Final report

8. AUTHORS) (FFirel name, middie initial, las! nome)

Ray B. Krone
§ RAPORT DATE 74. TOTAL NO. OF PAGRS 70, NO. OF REFS
June 1972 ns 16
98, CONTNACYT OR GRANT NO. 00, ORISINATOR'S NEPORT NUMBERIS)
5. PROJECTY NO. Technical Pulletin No. 19
€. oh. OTHER REPORT NOLS) (Any ¢'Ner munbore hat mey be sssigred
i repart)
d.

10. OISTRIBUTION STATEMENT

Approved for public release: dlatreidbutica unlimited,

1. SUPPLEMENTARY NnOTES 12. SPONSONING MILITAAY ACTIVITY

Committee orn _idal MHydraulics
Corps of Engineers, U. S, Army

13 ABSTRACY

‘\

-”5lmultaneous measurements of currcnts, salinities, snd oulpondod sediment concentrations were made at
locations upstream, ins!de, and downstream of an area ol rapid shoaling in Savannah ‘Harbor throughout a
tidal cycle during each of three tide ranges to learn the impertance of flocculation processes to the
formation of shoals. The sampling stations were located in the gcne of mixing of river and ocean waters.
As shown in the data, chemical and hydraulic conditions prevail that together with an abundant supply of
suspended particles provide the cohesion, frequency of collision, and time for formation neceasary to form

aggregations of large numbers of mineral purticles. Changes of concentration at slack and concentration

- profiles at the strength of flow showed that particles have settling velocities much greater than those of
the individual particles that comprise the shoal. Flocculation determines the settling velocisies of aus-
pended materinl at Savannah( e data also provide information on deposition and scour of sediment
materials. Net upstream movepint of sediment vas enhanced by the deposition of suspended material at slack
water followed by resuspensign of larger amounts of materlal during flood flows than during ebd that re=
sulted from larger bed she imposed by flood flows. Sediment accumulates vherever later bed shears are
insufficient to resuspend all of the material that deposits during periods near slack water. Material that
ir resuspended in the shualing areas is transported through the face and upstream through the toe of the
saline intrusion and is returned downstream in the less saline upper portion of the flows where hydraulic
conditions facilitate aggregation. Particles settle dowvngtream anld subsequently can return upstream with
flows near the bed. This recycling provides long times for flocculation and accounts for turbidity maxima
observed along the axis of cstuaries. Control of shoaling in such areas invludes application of any means
that reduces suspended sediment inflow, increases sediment outflow, or maintains sufficient bed shears to
keep the sediment i motion.

REPLACRS DO PORM 1470, 1 J/1 84, WIHICH 10
’ “V ..‘47 OBSOLETR POR ARMY USE.

b

Unclassified
decurity Claselfics




Unclassitied

Security Classification

KEY WORDS

W,
“, LINK A LINK B

LINK €

wY ROLE wT

not e

Estuaries ¢
“locculation
Savannah Harbor
Sediments

Shoaling

Tides

[P ST

Securlty Classification




3 TECHNICAL BULLETIN NO. 19

A FIELD STUDY OF FLOCCULATION AS
A FACTOR IN ESTUARIAL SHOALING
. PROCESSES
by
R. 8. Krone

e S

June 1972

oS

Prepared for the

Committee on Tidal Hydraulics
CORPS OF ENGINEERS, U. S. ARMY

ARMY-MRC VICKSBURG, MIBS

APPROVED FCR PUBLIC RELEASE; DISTRIBUTION UNLIMITED

id

R PRE LD

R P SRR
|



SEIie,

.
S

Sy ey Sy

S g

S asis

Sdaiattiy

'-.
R

PRESENT MEMBERSHIP OF
COMMITTEE ON TIDAL HYDRAULICS

Members

P. A. Becnel, Jr.
E. B. Conner

A. B. Davis, Jr.
J. W. Harris

F. A. Herrmann, Jr.

D. W. Hogon

J. B. McAleer
J. F. Phillips
T. Saville, Jr.
E. A. Schultz

H. B. Simmons
Ligison
J. H. Douma

Consultants

J. B. Tiffany
J.B. Lockett
Dr. Arthur T. Ippen
Dr. G. H. Keulegan
Dr. D. W. Pritchard
C. F. Wicker

New Orleons District

Office, Chief of Engineers

Galveston District

Savonnah District

Waterways Experiment Station
Seattle District

Office, Chief of Engineers
Philadelphia District

Coastal Engineering Research Center
San Francisco District

Waterways Experiment Station

Office, Chief of Engineers

Chairman

Recorde:

Massarchusetts Institute of Technology
Waterways Experiment Station

Johns Hopkins University

Consulting Engineer, Philadelphia




g

.;A;:.;_“:‘ AR AN T

FOREWORD

Laboratory and field studies of the transportation processes in
estuaries that lead to accumulation of cohesive sediments in deepened
channels and mooring areas have been conducted by a number of branches
of the Corps of Engineers., These studies have been part of a continuing
effort to develop methods of harbor design and maintenance procedures
that would reduce the continuing costs of dredging. It is now recog-
nized that suspended sediments have important roles in the maintenance
of water quality for recreation and wildlife, and these studies will
provide valuable information for estuarial water-quality mansgement,

This is the latest in a sequence of studies on flocculation of
suspended sediment particles and on the imvortance of flocculation nroc-
esses to the movement and accumulation of cohesive particulate materials
in estuaries., Earlier studies by this auther thav include portions con-
cerned with flocculation were the "Silt Transport Studies Utilizing
Radioisotoves,” 1956-60, and the "Flume Studies of the Transport of Sed-
iment in Estuarial Shoaling Processes," 1959-62, both for the San Fran-
cisco District; "Suspension of Cohesive Sediment by Wind-Generated
Waves," 1963-6kL, for the Coastal Engineering Research Center; and "A
Study of Rheologic Properties of Fstuarial Sediments," 1961-63, for the
Committee on Tidal Hydraulics. Only the first of these included field
studies with observations of sediment movement in parts of an estuary.
The subsequent laboratory studies have provided additional knowledge of
the cheaging character of cohesive materials in devosits and during
movement in suspension and of the processes of devosition and scour of

cohesive particles, The field study reported herein was designed to
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show the importance of these processes to the formation of shoals in an
estuary.

Portions of this stuly were carried out by the South Atlantic Di-
vision Laboratory, the Savannah District, and the Waterways Experiment
Station of the U, S. Army Corps of Engineers, The interest and splendid
cooperation of the peisonnel in all of these organizations are largely
responsible for the success of this study. Principals in each of these
agencies were Mr, F, M. B2ll of the South Atlantic Division, who was re-
sponsible for analyses of the water samples; Mr. .. W. Harris of the
Savannah District and member of the Committec on “i1dal Hydraulics, who
organized the field crews and equipment and arranged for sampling or
shoal material and fathometer surveys; Mr. H. J. Rhodes of the Waterways
Experiment Station, who supervised the field meascurements, collected and
organized the data, and supervised the construction and testing of the
bottom sensor; Mr. J. R. Compton of the WES Soils Division, who was re-
sponsible for analyses of shoal samples; Mr. H. B. Simmons cf the WES
Hydraulics Division and Member, CIH, who was responsible for organiza-
tion and administration of the project; and Mr. J. B, Tiffany, Chairman,
Committee on Tidal Hydraulics, who menitored the study during its plan-
ning and execution.

Me. C. F. Wicker, Consultant to the Comrattee, Mr. H. B, Simmons,
and the author planned the study; and Messres., Wicker and Simmons re-
viewed the report before final .eproduction.

The contributions made by all participants, and especially the
detailed planning and review contributed to the study by Messrs. Wicker

and Simmons, are gratefully acknowledged and sincerely appreciated.
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SUMMARY

Simultaneous measurements of currents, salinities, and suspended
sediment concentrations were made at locations upstream, inside, and
downstream of an area of rapid shoaling in Savannah Harbor throughout a
tidal cycle during each of three tide ranges to learn the importance of
flocculation prccesses to the formation of shoals. The sampling sta.-
tions were located in the zone of mixing of river and ocean waters. As
shown in the data, chemical and hydraulic conditions prevail that to-
gether with an abundant supply of suspended particles provide the cohe-
sion, freqiency of collision, and time for formation necessary to form
aggregations of large numbers of mineral particles. Changes of concen-
tration at slack and concentration profiles at the strength of flow
showed that particles have settling velocities much greater than those
of the individual particles that comprise the shoal. Flocculation de-
termines the settling velocities of suspended material at Savannah.

The data also provide information on deposition and scour of sed-
iment materials. Net upstream movement of sediment was enhanced by the
deposition of suspended material at slack water followed by resuspension
of larger amounts of material during flood flows than during ebb that
resulted from larger bed shears imposed by flood flows. Sediment accu-
mulates wherever later bed shears are insufficient to resuspend &ll of
the material that deposits during periods near slack water. Matericel
that is resuspended in the shoaling areas is transported through the
face and upstream through the toe of the saline intrusion and is re-
turned downstream in the less saline upper portion of the flows where
hydraulic conditions facilitate aggregation. Particles settle down-
stream and subsequently can return upstiream with flows near the bed.
This recycling provides long times for flocculation and accounts for
turbidity maxima observed along the axis of estuaries.

Control of shoaling in such areas includes application of any
means tha’, reduces suspended sediment inflow, increases sediment outflow,
or maintains sufficient bed r“ears to keer the sediment in motion.

Appendixes A, B, and C sarluded herein present data from field
studies, sketches of the bottcm ceusor, and data from shoal sample anal-
yses, respectively. Appendix D, which presents velocities, salinities,
and suspended solids from field measurcnonts and samples, is published
under separate cover in limited quentity. Copies are available upon re-
quest from the Recorder, Committee on Tidal Hydraulics, care of U. S.
Army Engineer Waterways Experiment Station, Corps of Engineers, P. O.
Box 637, Vicksburg, Mississippi 39180.

xi
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A FIELD STUDY OF FLOCCULATION AS A FACTOR IN ' )

YOO

R

% ESTUARTAL SHOALING PROCESSES : :

H ‘ '
: 1. INTRODUCTION

- )
.E "Salt" flocculation has been posﬁulated for years to‘account for
?: observed'depogition o® riverborne suspended seulments where river waters
l? mix with ocean waters in estuaries. Simmons, Schultz and S1mmons,2
;ﬁ Schultz and Tiffany;3 and Simmons Aave shown, however, that in estuarles
i such as the Savannah Ri;er estuary ‘accumulations of qedlment occur where
%‘ landward transport of sediments by intruding sea water diminis‘;hes,I i.e.
E: near the landward limit, of saline water intrusion where "river and ocean
E; waters mix." | '

; Harleman and Iﬁpens'havé further described the: relation between

é the nodal point of fresh and saline watef circulation near the bed and
;% the formation of shoals. Deposition in this region appears from these.

g studies to be primarily the consequence of net water movement resultlng
,? from density difference. between fresh and ocean waters, which' has led
.ET Meade6’7 and others toiquestion whethef flocgulatioq is a‘significant

é facror in estuarial éhoaling'procqsses. ' ] . | ;
- 3 There is little doubt that shoaling in this regiou is d more com-

Z; plex process than simple aggregation and settling resulting rrom the

2? mixture of river and ocean waters. Maximum concehtrations of suspended
i sediments are observed in the mixing regions with diminishing Eoncen-

% trations both landward énd seaward of the mixiﬁg zone (Meade,7 Postma,?
ég and Schubelg), which is not accounted for in the simple model. Shoaliﬁg
J? does not always occur in the miging region, ds iniSan Francisco:Bay

% vhere it occu;s in neighboring areﬁs, which indicates thau transport .

f% from the_mixing zo.ue is.possible even if flocculation occurs there.

?Z Fine sediment particles are carried in suspension fpf long dis-

i tances by even sluggish rivers and then are deposited in the river estu-
A ary. There must be an increase in the settling velocity of such river-
;&g borne material after it enters the estuary. Only aggregatlon of the fine
ii mineral and organic partic.es or of small aggregates suspended in the

4
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river waters can account for an increase in their settling velocity.

| : \ \ ! 1
Laborstory studiéslo’ll have shown that aggregation of estuarial sedi-

ments can occur' at ocean water salinities greater than abogt 1l g/%, and

‘conditions that promote_aggregapiqn enhance .ne rate of deposition of

suspended estuarial sediments from flowing water. These studies also
showed that such aggregates are isufficiently strong to withstand trans-

porting conditions. ,
Shoaling in the reglon in an estuary where river and ocean waters
m1x ! therefore, can result from bdth currents near the bed that trans—
port suspended sedlmenu 1nto the regioan from both downstream and up-
. stream, and whose transportlng capac1ty is diminisl % in the area, and
from enhanced settling veloc1t1es of the transporte particles resulting
frem their aggregation. Tpls study is an investis tion of the processes
of'aggregaﬁion in such a region and of the importance of aggregation to
the formation of ishoals. It was expected that such knowledge would lead
to channel and harbor design and malnmenance procedures that would re-,

" Quce shoaling rates. ! ' :
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II. STUDY APPROACH AND PROCEDURES

The laboratory studies at the University of Californialo’ll using
uniform steady flow in recirculating flumes and rheological measurements
indicated that flocculation could be a significant factor in estuarial
shoaling. Field measurements were necessarv to confirm the importance
of aggregation to actual shoaling and to wrovide descriptions of cohe-
sive suspended sediment behavior under variable density tidal flow con-
ditions. Savannah Harbor was selected for this study because of these
characteristics: It has simple geometry, a factor that is discussed
further below. It is a typical example of a partially mixed estuary,
which is the most common type found in the United States. Most of the
shoaling occurs in a well-defined reach. Further, a number of field
studies have been made in the Savannah estuary, and additional data will
complement the existing information and contribute toward an overall de-
scription of sediment transport patterns there.

Study Location and QObservations

A plan of Savannah Harbor, presented in fig. 1, shows the portion

LEGEND

M RAPID SHOALING AREA

LOCATION OF DETAILED WATER MEASUREMENT
t STATION 1094667

STATION 125¢ 500

STATION 130+5C0
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Fig. 1. Locations of water measurement and shoal sampling stations
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Fig. 2. Midtide cross sections at the
sampling stations

cf the channel subject
to rapid shoaling and
the locations of the
three current measur-
ing and water sampling
stations and the four
shoal sampling sta-
tions used for this
study. Sampling sta-
tions were desired in
uniform, straight
reaches upstream and
downstream from the
area of rapid shoal-
ing, and a third sta-
tion was planned
within the area of
rapid shoaling. As
shown in fig. 1, sta
109+667 and 125+500
achieved these condi-
tions. Location of
sta 130+500, however,
was compromised by the
junction of Back River
and was located within
the shoaling area at a
location downstream
from the area of maxi-

mum shoaling. Cross

sections of the channel at the water sampling stations are shown in

fig. 2.

Vertical distributions of suspended sediment, salinity, and cur-

rents in water entering, passing through, and leaving the shoaling area
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were determined. These profiles were obtained at half-hour intervals
simultaneously at each of the three stations during a complete tidal
cycle. Similar sets of observations were made during a spring tide on
24 September, a mean tide on 8 October, and a neap tide on 15 October
1968. It was anticipated that these data would show directly the nature
of sediment movement into the area; to what extent conditions that pro-
mote aggregation of suspended materials occur there; and during times
that the velocity profile was determined by bed friction, the data
should enable calculation of settling velocities of aggregates.
Freshwater inflows, winds, and tides occurring during the measure-
ments were also determined. Samples of bed material were taken .o pro-
vide descriptions of the particles, and bed surveys were made to confirm
the occurrence of shoaling in the region. The dates of the field meas-
urements and conditions that prevailed are summarized below. Environ-

mental conditions are presented in detail in Appendix A.

Tide Range Freshwater Winds
Date it Discharge Avg Dire. -

1968 Measurements Rise Fall cfs mph tion

20 Sep Shoal samples - - 6930 8.6 E

2h-25 Sep Currents, suspended 8.6 8.7 6650 6.0 E
sediment, salinity

1l Oct Shoal samples - - 7210 5.6 SE

8 Oct Currents, suspended 7.6 T.7 68L0 5.3 NW
sediment, salinity

11 Oct  Shoal samples - - T050 10.9 E

15 Oct  Currents, suspended 5.4 5.2 6960 11.7 NE
sediment, salinity

22 Oct  Shoal samples - - 7950 5.6 SE

Instrumentation and Field Procedure.

Deposition of suspended materials and resuspension of deposits oc-
cur at the bed surface. The water velocities near the bed increase rap-
idly with distsnce from the bed surface. Settling of suspended matter
to the bed is opposed by the combination of vertical components of tur-
bulent flow and a concentration gradient above the bed. The shear stress

on the bed, an important factor in the resuspension of deposits, is
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determined by the velocity profile close to the bed. It is evident that
the conditions in the water near the bed surface are important to the
study, and that the elevations of the sampling points need to be accu-
rately referenced to the bed surface.

The bed material in such regions is a soft mud. It will not sup-
port a sounding weight, and sometimes during periods of slow bottom cur-
rents it has a density so slightly greater than the water tnat only a
ghostlike image appears on a fathometer trace. Such material is called
"fluid mud" or "fluff." If such a deposit has sufficient strength to
resist the shear of the vater flow, however, it appears to the flow as

the bed surface. For tre purposes of this study the bed surface is de-

fined as the elevation below which the current is zero when there is

flow in the overlying water.

The ghost on the fathometer trace usually has a well-defined
smooth upper surface. There was no assurance, however, that the upper
surface was not the moving upper boundary of freshly eroded suspended
sediment. Another means was needcd to ascertain the elevation of the
bed during each set of measurements
in the profile, which led to the
design for this study of a shear-
strength sensitive bottom sensor.
The rationale for this sensor was
the observation that the shear
strength necessary to resist tidal
flows should be detectable and that
the bed surface should be smooth
and sharply defined.

The bottom sensor, shown in
fig. 3, consists of a S5-in.-diam
hoop, or a short cylinder, 1-1/2 in.
high, constructed of 0.005-in.-thick
brass sheet. Three radial 0.005-in.-
thick strips 1-1/2 in. high extend

Fig. 3. Bottom sensor from a small concentric cylinder to
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the noop. When such a hoop is lowered to a sediment bed with the axis
@ of the hoop vertical, it will settle until the total shear on the metal
: faces compensates the submerged weight of the hoop. The sides of three
3/b-in.-diam cylinders 2 in. long were soldered to the upper edges of
the radial vanes and were filled with gasoline and water to adjust the
submerged weight of the bottom sensor to 0,11 g. This sensor will re-
spond to a bed surfece that has a shear strength of 0.25 dynes/cmz.
This is well below the shear strength of aggregates of estuarial sedi-
ments measured in the 1aboratory.11

The small inner cylinder of the sensor slides freely over a short

brass tube containing a magnetic reed switch., Three tiny ceramic mag-
£ nets mounted at the roots of the radial vanes actuate the switch with-
5 out causing appreciable friction to the movement of the sensor., An
b 8-in.-diam shield is pro-
; vided around the sensor

to reduce the effects of

43 currents on it and to pro-

x. tect the sensor against N
k: : £9
physical damage. Con- 2 :
3 struction sketches of the X
% [V
g . 30
5 bottom sensor are included '8:
i av
P in Appendix B. e o
s 1 pp &.g
i

The sensor was
mounted on a stiff rod
¥ 1.C ft below a Gurley cur-

rent meter., Also mounted

on the rod were a 100-1b
weight, an 18-in.-diam

bl plate to reduce virtical
motions from the boat, and
A a current direction trans-

' mitter. The instrument

string is shown in fig, b,

Pig. b, TInstrument string for water sam-
The open end of a pling and current measurements




3/8-in.-diam plastic tube was fastened behind the current meter and the
other end was connected to an electric pump aboard the boat for sampling.
The magnetic switch was connected to the Gurley current meter through a
resistor and via the wire normally connected to the Gurley meter to a
tone generator and earphones. The battery-operated tone genesator pro-
vided a tone whenever the bottom sensor was lifted by sediment or when
the current meter contacts closed.

The bottom sensor was taken to sta 1254500 at a time near slack
water when a fluff surface was indicated on the fathoreter trace. The
bottom sensor was lowered a number of times, and the depth of the bed
determined by the bottom sensor was compared with that sho.m by the
Tathometer. The agreement was always better than +0.2 ft, which is
about as precise as the fathometer trace could be read. It can be con-
cluded that at slack water the fluff had significant shear strength.

The measuring and sampling procedure was as follows. The instru-
ment string was lowered to an elevation where the tone and then itis
absence were noted as the string was lowered and raised slightly, which
indicated that the sensor was at the bed surface. The depth indicator
on the instrument cable winch was then set to 1 ft, the velocity at that
depth was measured, and a water sanple was collected. The current meter
and sampling tube intake were then raised successively to 2-, -, 3-,
16-, and 25-ft elevations above the bed and to 1.5 ft below the water
surface, as indicated by the depth indicator; and velocities were meas-
ured and samples were collected at each depth. The sampling pump ran
continuously during measurements of each current profile, and time at
each elevation was allowed for the contents of the sampling tube to be
displaced before collecting the sample. These measurements were made
from moored skiffs.

Three to six samples of the shoal were taken at each station with
a modified Trask sampler on dates shown in the tabulation on page 5.
This sampler provided a 2.5-cm-diam core. The top centimeter was re-
moved from e-ch sample for moisture content determination. The remaining
material down to a depth of 1 ft from the top of the samples from each
station was composited, sealed in l-pt Jjars, and sent to the WES Soils

Division laboratory for analysis.
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III. RESULTS OF MEASUREMENTS AND WATER ANALYSES

The sediment transportation processes depend on the character of
the sediment materials, the currents, the water salinities,:and‘the con-
centration of suspended sediment. It is convenient to present the anal-
yses of shoal material first, then the results of the velocity measure-
ments and water sample analyses together for each tide condition. The
raw data from the measurements are included in Appendix C.

Shoal Samples

' |
A total of 16 samples of shoal material, each of which was a com:

posite of several samples, were submitted for analysis of physical prop-
erties. One composite was obtained at each of the four sampling stations
shown in fig., 1 on 20 September, and on 1, 11, and 22 October, which
bracketed the water sampling dates. Details of the physical analyses of
the shoal materials are described in the "Report on Physical, Chemical,
and Petrographic Data," from the WES Concrete and Soils Divisions in-
cluded in Appendix C. Analyses of the physical characteristics of the
samples showed no discernible patterns with respect to location or sam-
pling date and only small variations in composition.

The average clay size particle content (less than 2 microns diam-
eter) was 58% by weight (range 52 to 65%); most of the remainder was silt
size particles, and at most a few percent of the material was fine sand.
This large portion of clay size particles makes the bulk material prop-
erties largely those of the fine particles. ~

The mineral composition o the clays was reported 10 be dominantly

kaolin, with minor amounts of clay-mica, montmoril’ *, and vermicu-
lite. Minor amounts of quartz, halite, and py»i* ‘ported with '
smaller amounts of piagioclase, potassium felc 58ibly cristo-

balite. ‘The clay minerals were poorly crystall

he remaining physical data are summarized .n the tabulation below,
which was taken from the report on physical analyses, and show the small
variation in physical properties. The cation exchange capacities shown
are unusually h*yh f.r kaolin, which might be due partially to the large

amount of orgsnic ratter indicated in the .ast column. The presence of




i

relatively sgall amounts of montmorillonite can significantly increase

“the cation exchange capacity (CiC).

ggzsii;" Cation Exchenge Capacity % Weight Loss % Organic Con-
Field Identification Milliequivalents/100 g on Ignition tent (Weight
: } Station No. Sample No.' s Sample  Avg for Shoal _ at 800 C Loss at 375 C)
131 8 ' 1 2,60 35.2 ! 16.4 9.1
5 2.53 39.6 6.1 16.6
9 2.57  32.k 36 15.5
. 13 2,58 38.2 n.d.*
128 N 2 2.53 35.9 : 15.4 9.0
, 6 n.d. k3.3 6.2 n.d.
; , 10 2,58 33.5 30. 13.9
' 14 2.62 32.0, 16.4
125 8 3 2,54 38.3) 17.7 9.4
. 7 2.52, 30.4 6 15.6
1 2.60  10.0 0.9 15.7
i . 15 2.63 3%8.8 n.d.
1122 Nxx 4 n.d.  b2.3 n.d. 9.7
' ' I 8 2.53 35.0 8 15.1
12 2.5  37.6 38.9 16.3
16 2.53 37.6 14.8

* Hot deterumined. .
*% It is possible that sample 4 was taken on the south side of the river and samples 8,
12, and 16 mwere taken on the north side.

I ! INeiheis_gal12 reported th? clay mineral composition of four samples
taken from Savannsh Harbor (SA 3, SA 4, SA 5, and SA 6). The average
E mineral cqmpositions were kaolin 0.50, montmorillonite O.hk, and illite
0.06. Typical caﬁion exchange capacities' for these minerals are kaolin
3 to 15, montmorillonite 80 to lOd+, and illite arowd 40 milli-
equivalents/100 g. The compositions reported by HNeiheisel would have
CEC values near the 36 to 39 averages shown in the tabulation above. It

can be concluded that there is an appreciable amount of montmorillonite
in the sediment. 5 3 ,

The:moiéture contents of the top centimeter of the individual core
samples before composites were made were determined to enable the calcu-
lation of bulk density of recently deposited material. The densities

can be calculated pccording to the relation

m,-m, 1- pz/p

, s % (1)
Ps pp 's ) “salt
! where
p; = density of the suspension in grams per cubic centimeter
' pp = density ¢f the particles

10
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m, and md = masses of the sample wet and dry, respectively
Py = density of water with dissolved salts
Coalt - concentration of salt in the pore fluid in grams salt

per cubic centimeter of fluid

The fraction (mS - md)/ms is the fracticn of the sample thet is evap-
orable water by weight. The salinity of the pore fluid in this region
of changing water salinity is uncertain., Aggregates returning from the
areas of higher salinity probably have pore f1:id salinities like those
down the estuary, depending on whether they were dispersed and reaggre-
gated during transit. The fraction of evaporable water in the samples
ranged from 0.800 to 0.887. Since it is close to one, only a small error
will result by me¥ing the pore fluid the same for all, and a uniform sa-
linity facilitates comparisun., The pore fluid density was taken to be
1.025 g/cc, and the average particle density was 2.57 g/cc. The calcu-
lated densities of the average of three or more samples at each of' four

stations are plotted in fig. 5.

e September 20, 1968
1.20 }— © October 1, 1968 =
n 4 Qctober 11, 1968

110t —

BULK DENSITY OF TOP CENTIMETER

rool | l ! |

130 128 125 122
STATION

Fig. 5. Bulk densities of top centimeter of shoal
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The data in fig. 5 show a slight decrease in density in the region
¥ of most rapid shoaling. The lower densities ai sta 122 and 125 probably
- reflect shorter consolidation times on the average ~r scJirnts included

in the first centimeter. The low densities of all oi’ ihe sarpler refiect

Bk

oo

their recent deposition.

@ The cheracteristics of these sediments important to this study are
4 the fine particle size, the large surface areas ol sediment particles
b
3 indicated by the significant cation exchange capacity, and the uniforwity
ff of the sediment material over the study area.
E. Currents, Suspended
e Solids, and Salinities
ks
7 Measurements at Spring Tide. The data obtained from measurements
E: made during a spring tide at sta 130+500 are presented in fig. 6. 'This
o station is located downstream from the area of maximum shoaling. The
3 current data presented in fig. 6a show the predominantly ebb currents
i
; Y-
‘T
i @ 3t
k7 w
{9 -
,
E g
2 <
ta .-
3 oo

4

&

o 9/25/68

v o [ B3 -

© o

ANFT
1 o8t n
Q1657

o581
© SLRFACE

a. Currents

Fig. 6. Currents, suspended sediments, and salinities at
sta 130+500 during a spring tide (Continued)
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near the water surface caused by the freshwater outflow overriding the sea
rater at lower elevations. The currents at elevations nearer the bed have
4%, slightly longer durations of flood than ebb and the flood currents are

-3 slightly stronger than those during ebb. Sediment suspended in the waters
near the bed would travel a greater distance upstream than downstream.

B The suspended sediment concentrations shown in fig. 6b have these

~? striking features. The concentrations of suspended sediment in the lower
A; 2 to U ft are very high during the stronger flood and ebb currents near

e the bed and fal: to low values at times near slack water. These parti-
cles must have settling velocities much greater than those of 2-micron
particles to fall to the bed so rapidly when the current is reduced.

The oncentration of suspended material is higher during the period of

3 st~ ager flood currents than during ebb, with pronounced increases at

9 e.evations up to 8 ft. This results from the scouring of the bed to a

A}; slightly greater depth and the continued propagation upward by the turbu-
5 lence of the stronger flood currents. There is an increase in suspended
{g sediment concentration all the way to the water surface.

Comparison of figs. 6a and 6b shows also that even small variations
of current near the bed have marked effects on the rate of scouring. The
pronounced dip in the concentrations et times near 1930, for example,

b ceorresponds to a small dip in currents at that time. Changes in concen-
ft; traticns usually lag slightly behind chenges in velocities because of the
% time required for the scouring and deposition processes.

, i The unusually high concentration of suspended sediment shown in
fig. 6b at 0430, when the indicated current at 1-ft elevation was slack,
y probably resulted from disturbance of the bed or from an erroneous set-

g ting of the current meter and sampling tube intake elevation. Suspension
of similar material was found in the laboratory to have the characeris-
tics of fluid mud or fluff,lo suggesting that this sample was taken in

3 the bottom material. The concentration at the indicated 2-ft elevation
does not weakly follow the concentration at 1 ft as it dces at other
times, further supporting this latter interpretation.

The salinity data in fig. 6c¢ show that higher salinities persist

longer near the bed than do those near the surface. The salinities are

1k
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about 90 degrees out of phase with the currents and aré significant at
all deptns. The appreciablé salinities of the watérs 25 ft above the ved
and at the surface indicate that,sea water int;uding near the bed mixes
upward with the overriding frésh water. ,

The highe} concentrations of suspended sediméﬁts. oured from' the
bed during flood than those scoured during ebb and the greatef distancq
of travel of floodwaters hear the bed result in net upstréam transport
near the bed of sediment materials from sta l30+500

The data from the measurements made at sta 125+500 durlng the '
spring tide are presented in fig. 7. Sta. 1254500 is located in the area
of maximum shoaling. These data show that the surface flows have a much
stronger ebb prgdominance than thase at sta 130+500, and the bottom cur-
rents persisted longer, as well as being stronger, during flood than dﬁr—
ing ebb. The bottom currents are wgaker than tpose at sté 1304500 be-

cause of the widened channel at sta 125+500.

CURRENT, ft/sec

© 9/25/60

L IR "4
aQ 25
A 4 f1
Q18 FI
¢ 96
o 2571
; o seface

[

a. Currents:

Fig. 7. Currents, suspended sediments, and salinities at
sta 1254500 during a spring tide (Continued)
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N The suspended sediment concentraltions (fig. Tb) show deposition

&3

E: near slack water and resuspension during the strenglh of bottom currents

3

f

R with a very marked difference between the concentrations and durations

;\

A during flood and ebb. The maximum concentrations are lower than those at

i sta 130+500. The sensitivity of the bed surface to resuspension by small

f. increases in current velocity is shown by the double peuk in the sus-

'5: pended sediment concentration during ebb that resulted from the slight

double maximum in 1-ft ebb currents. The reduced bottom currents caused

by the channel widening reduce the competence of the flood currents for

oy

-
P
9

transporting sediment through this area by reducing both the the amount re-

L '."'<
S5 v

suspended and the velocity of transport.

The salinities (fig. Tc) show that sta 125+500 is in the mixing

g

zone, and that the salinities are everywhere adequate to cause cohesion

o R LT Ty
TR

«
y

of suspended cloy porticles.
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Fig. 8 (Concluded)

Fig. 8 presents data from the measurements at sta 109+667, located
upstream from the shoaling area. The current data (fig. 8a) show less
e¢bb predominance at the surface but higher currents at the bed than those
observed at sta 125+500. These higher currents result from the reduced
channel width,

The suspended s~&iment concentrations (fig. 8b) show suspension
during ebb and flood as at the other stations, with a smaller difference
in the durations and concentrations. The maximum concentrations during
fiood at any level at sta 109+667 are lower than those observed at sta
125+500, however. Since the currents are greater, and would scour the
bed to greater depths if easily erodible sediment were there, the reduced
concentration must be due to the limited amount of material to be sus-
pended. The material entering the study repion at sta 130+500 was

either deposited in the widened area where the transporting capacity is

19
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reduced or has mixed with the overlying water and was carried seaward.
The absence of shoals at sta 109+667 supports this interpretsation.

The suspended material settled rapidly at sta 109+667 when the cur-
rents diminished, indicating that the material was aggregated.

The salinities presented in fig. 8c show that sta 109+667 was near
the average position of the upstream limit of the mixing zone during
spring tide at the freshwater flow of 6600 cfs.

Measurements at Mean Tide. The data from the measurements made

under mean tide conditions are presented in figs. 9, 10, and 11 for sta
130+500, 125+500, and 109+667, respectively. These figures show that the
currents, suspended solids concentrations, and salinities are similar to
those that prevailed during the spring tide measurements. Several impor-
tant differences are worth noting, however.

The bottom currents at sta 130+500, presented in fig. 9, show a

EBB
1

CURRENT, ft/sec

a. Currents

Fig. 9. Currents, suspended sediments, and salinities at
sta 130+500 during a mean tide (Continued)
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more marked flood predominance, that is, the durations of flood flows are
longer and the currents during flood are much greater than those during
ebb, and the ebb currents up to 4 f+ above the bed are 1 fps or less.

The suspended sediment concentration curves show that almost no
sediment was suspended during ebb flows, whereas significant amounts of
sediment were suspended and transported during flood flows near the bed.
Almost complete rectification of sediment transportation in the upstream
direction was facilitated by the bias in near-bed currents and by the
shear strength of the cohesive ted.

The salinities at sta 1304500, presented in fig. 9c, were slightly
greater near the bed and lower near the water surface during mean tide
than during spring tide.

The data from sta 125+500 in fig. 10 also show, in comparison with
those obtained at this station during spring tide and presented in
fig. T, stronger flood bias in near-bed currents, lower suspended sedi-
ment concentrations, greater differences between the suspended sediment
concentrations during flood and ebb, and generally higher salinities
near the bed.

The data from sta 109+667 show, when comva~ed with the data in
fig. 8, slower currents, lower suspended sediment concentrations, and
higher bottom salinities over a greater portion of the tidal cycle.

The lower suspended sediment concentrations at sta 130+500 and
125+500 observed during mean tide with slightly higher near-bed currents,
comr . with spring tide observations, indicate that the supply of sedi-
ment from downstream was limited. Possibly the lower currents associated
with the reduced tidal range or the occurrences of an east wind during
the spring tide and a northwest wind during mean tide conditions altered
the suspension of sediment in the shallow areas.

Measurements at Neap Tide. The data obtained from the field meas-

urements made during a neap tide are presented in figs. 12, 13, and 1k,
These figures show that flood currents were predominant near the bed un-
der this condition at all three s*ations. They also show that sediments
were suspended during the higher bottom currents and settled to remain

deposited for long periods near times of slack water, with marked
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rectification or het transport upétream at all three stations. The éus—
penéed sediment concentrations near the bed were generall& lower than
those observgd during the mean tide observations. Bottom §alinities
were much higher and showed less variation during the tidal cycle than
did the salinities observed during the tides of greater amplitude.
Overview ‘

. The data presented in figs. 6 to‘lh show that under the hydraulic
apd salinity conditioqs prevailing during tidal ranges from 8.6 to

5.4 £t, and with a nearly constant freshwater outflow around 7000 cfs,
flocculétion processes (aggregation'and cohesiop) determine the mode of
sédiment transport in the study area. 1In évery éase, the suspended sed-
iment concentration in the 8 ft or so of water immediately above the bed
fell rapidly to low values as the tidal curreﬁts near the bed approached

slack. The fine particles found to comprise the shoal (more than half

30

oo~y

LI - CH - e A e —

e




AT T
i S

Ny e s

XY

oy

R ESY

o

TR T oAt

less than 2 microns diameter) would not have settled in so short a time
if they were not aggregated to form clumps of appreciable size.

As the material at higher elevations above the bed settles, it con-
tributes to the concentration of the suspension measured at lower eleva-~
tions. When the suspended sediment figures are examined for evidence of
settling velocity, decreases of concentration with both time and depth
should be considered. For example, the concentration at U ft above the
bed at 1830 in fig. 1lbb was sharply reduced at 1900, It is more signif-
icant that the concentrations at 2 ft and at 1 ft are lower at 1900 than
that at 4 ft at 1830, Most of the material at 4 ft settled through the
2-ft level and much of it settled through the 1-ft level in half an hour;
and it settled against the turbulent fluctustions and concentration gra-
dient generated by the slow current shown in fig. lba. A 2-micron clay
particle settles in still water approximately 1 ft in 6 hours.

The suspended sediment concentration at 1 ft above the bed re-
mained close to zero after slack until the near-bed current, therefore
the shear on the bed, was sufficient to resuspend the deposit, indicat-
ing that the bed was cohesive. The bed surface may be regarded as an
aggregation of cohesive aggregates., The shear strength of the bed in-
creases rapidly with depth, however, because of consolidation from the
increasing weight of the skeleton of particles with depth.l1 The shear
stress on the bed increases approximately with the square of the near-
bed current, so that when the currents are sufficient to suspend depos-
ited sediment, even slightly faster currents during flood than during
ebb will result in suspension of more sediment during flood and will
cause the upstream transportation shown. The suspended material will
retain much of the aggregation it had on settling and will setile again
at the next opportunity.

The transportation process shown requires for its initiation sus-
pended aggregates of appreciable size. The relevant questions are:

&. How and where did the disperse streamborne particles form
aggregates?

b. Can knowledge of the flocculation processes be utilized to
control shoaling and enhance water use?

The following three chapters are directed toward these questions.
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IV. DISCUSSION

Flocculation Processes

Flocculation of suspended sediment particles requires two processes.
The suspended particles must collide with one another repeatedly, and the
colliding particles must cohere. Waterborne clay mineral particles are
mutually cohesive when either the suspending water is almost devoid of
salts or when the cation concentration in the water is sufficient to over-
ccme the mutual repulsion of the clouds of cations attracted by the nega-
tive mineral faces.

Typical estuarine sediments are significantly cohesive when the con-

1 Much of un estuary has salt con-

centration of sea salts exceeds 1 g/%.
centrations in excess of this value, and once the river waters have mixed
vith sea water to this extent the particles are cohesive. Aggregates of
significant size will not form at salinities above 1 g/%, however, unless
conditions exist thal cause repeated coullisions of suspended particles,
There are three mechanisms of interparticle collision. The most
commonly mentioned mechanism is collision due to the jostling of small
particles by the thermal motions of the suspending medium. This particle
motion, called Brownian motion after its first observer, is easily seen
with a microscope. The frequency of collision on one particle by others,

1 , was described by Whitlaw-Gray and others,lj as

Lk Tn
I = — 2
3u (@)
where
k = Boltzman's constant
T = absolute temperature
n = number of suspended particles per cubic centimeter

u = viscosity of the water
All particles are concidered to be the same size in equation 2 for sim-
plicity. The number of collisions on a particle per second at the pre-

vailing temperature is
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I=6x10 %, (2a)

which shows that the number of particles per cubic centimeter must be
large for this mechanism to prevail. If the average particle is 0.25 mi-
cron diameter, for example, the time between collisions for dispersed par-
ticles at a concentration of 200 mg/% is 16 sec.

The second mechanism of interparticle collision is that due to in-
ternal shearing, or local velocity gradients in the fluid. Particles
slightly displaced in the fluid along a velocity gradient will have rela-
tive motion such that the particle in the faster moving fluid will catch
up to the slower particle. Collision will occur if the paths of the par-
ticle centers are displaced less than the sum of their radii. This sum
is called the "collision radius," Rij , between i-size and j-size parti-
cles. The frequency of collisions on a j-size particle, J , by this

mechanism was derived by Smulschowskilh and is
J, = %-n.R?.G (3)

where G 1is the local velocity gradient. The significant feature of
this relation is the strong effect of the collision radius on the fre-
quency of collision. The collision radius for a large aggregate and an
individual clay particle is larger than that between two clay particles,
with the result that in a shearing suspension containing large numbers of
small particles so thal n is large, together with relatively few large
agegregates, the large aggregates will appear to galher the primery parti-
cles and grow even larger.

The third mechanism of interparticle collision is the collision re-
sulting from differential settling velocities of particles. Larger par-
ticles settling through a suspension of smaller particles collide with
the smaller particles if the size difference is not too great. The col-

lision on a settling particle per second, H , due Lo this mechanism is

>
= Nl )|
i nIRiJVn (W)
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where
E = capture coefficient
= relative velocity between particles
Fuchsl3 shows that the capture coefficient probably falls rapidly as the

ratio of the particle radii diminishes from one but is enhanced when the
Reynolds number, based on the radius of the smaller particle, exceeds

one because: of the wake produced by the leading particle. The important
features of this process are the dependencies on R and n . Here again
the large particles gather smaller ones. This mechanism contributes to
the observed rapid clarification of water at slack.

All three of these mechanisms operate in an estuary where the water
is seldom still, Differential settling is probably important only when
the aggregation is already far advanced, and during near slack flows when
the local shearing rate is low. The relative a2ffectiveness of internal
shearing and Brownian motion can be seen from the ratio

NR?.G

LI #
I kT
When G =1 sec“l , and the temperature is that at Savannah Harbor, this
ratio is one for Rij = 0,77 micron . Even at this very low shearing
rate and for clay-size particles, internal shearing is as important as
Brownian motion. As aggregates become larger, or as the shearing rate in-
creases, internal shearing rapidly becomes the dominant mechanism for
collision. Brownian motion can contribute during the initial stages of
aggregatior. of riverborne particles when the number concentration is
large, but the formaetion of large aggregates in an estuary is very pre-~
dominantly due to internal shearing.

Internal shearing also affects the structure of suspended aggre-
gates and thereby their density and shear strength. It was found during
a rheological studyll that sggregate structures could be described as
follows. Primary mineral particles added one at a time to form a uniform
aggregation are designated a "primary particle aggregate" or a zero-order

aggregate. When sufficient numbers of primary particle aggregates exist

to collide with one another, aggregations of primary aggregates form.

34




3

g s:
3
£
4
s
:

:

TRAT

. et s
4 % v
NS

L, .
S Ny R R rT

These are designated first-order aggregates. The first-order aggregates
will include interaggregate pores in addition to the intermineral parti-
cie pores of the primary particle aggregates and will therefore be less
dense. Shear stresses will be concentrated at the intersggregate con-
tacts so that the apparent shear strength of the first-order aggregates
will also be less than that of the zero-order aggregates.

If sufficient numbers of first-order aggregates exist to facilitate
their aggregation with each other, second-order aggregates are formed
that have lower densities and shear strengths than did the first-order
aggregates, and so on. First-, second-, and third-order aggregates were
easily observed in a concentric cylinder viscometer containing concen-
trated suspensions of estuarial sediments. Densities and shear strengths
for each order were calculated.

Aggregates suspended in a shearing fluid rotate; and if the forces
causing rotation exceed the shear strength of the contact area formed on
collision, a bond will not be formed. If the stresses on an aggregate
already formed exceed its apparent shear strength, the agiregate will be
rendered until a lower order having the necessary strength remains. An
aggregate of a given order can exist to some maximum shearing rate beyond
which only Tower orders are resistant. Third-order aggregates typically
withstood shearing rates up to 3 sec—l, second order up to 11 sec"l,
first order up to 40 sec-l, and zero order well over 100 sec-l. Higher
shearing rates favor both increased collision frequencies and denser
aggregates.

A freshly deposited cohesive bed surface is one order of aggrega-
tion greater than that of the depositing aggregates, so that it is weaker.
When such a bed is eroded, the weaker bonds (i.e. those formed when ag-
gregates contact ihe bed) would break first, resuspending aggregates
having the same order of aggregation as those deposited, provided they
could exist in the flows. .

Suspended aggregates are free to rotate, so the stress on their
surface is less than that on a fixed bed experiencing the same velocity
gradient.ll Because of their freedom to iotate and because the shearing

rate in a channel is greatest near the bed, aggregates can be transported
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long distances intact and even grow above beds experiencing shear
stresses that cause scour.

Aggregation by Brownian motion or by differential settling in the
absence of internal shearing requires only that the particles cohere un-
der the very small surface stresses impcsed by settling through the water.
Such aggregates would be expected to be weak, to be ragged in shape, and
to have very low density compared with aggregates foirmed in shear flow.
The shearing rate and the length of time the aggregates are exposed to
a particular shearing rate are major factors in the rate of formation and
the character of the resulting aggregates, including the shoal surface.

Internal Shearing at Savannah Harbor

Internal shearing in partially mixed flows is most evident in veloc-
ity profiles. While steady flow in a tidal estuary exists fleetingiy, if
at all, it is useful to examine the current profiles during the strengths

of flood and ebb and to seek

those whose profiles are deter-
rnired by bottom friction. Under

Aneage these conditions the steady-flow

Yeloaity

mnm-\ W

N descriplions can assist interpre-~
tation. The straight, uniform
channel locations for the current

measurements were sought to ob-

—r

tain such profiles,

ELEVATION ABOVE BED n

-
T
A ol
23y

In order to provide per-

A .

spective to the data, calculated
current profiles that would be
expected for uniform steady flow

of homogeneous clear water in a

. ; | . ]
0 1 H

CURRERT 1 sec Jated and plolted as shown in

40-tt~deep channel were calcu-

fig. 1. These curves were cal-

Fig. 15. Current profiles in a L0-ft
channel with uniformly dense
fluid and hard wall locitier from tlhe relation

culated for several averapge ve-
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R vhere

? u = horizontal temporal mean current at z elevation above the
bed

i u, = friction velocity

F k = Karman's constant, taken to be 0.4 for fig. 15

b ‘g —
o v kineratic viscosity, 0.930 x 10 >

The slopes of the curves, A = 2.30u*/k , are noted on each curve. '
Velocity profiles measured during ebb flows under mean tide condi-

tions are presented in fig. 16. Figs. 16a and 16b show two apparently

logarithmic profiles: a nearly normal low-velocity profile from the bed

to about 6 ft at sta 1304500 and from the bed to about b4 ft at ’ |

sta 125+500, and much flatter but approximately logarithmic profiles

B over the remaining water depth to the surface. Fig. 16c shows a similar

profile near the beginning of ebb, with the change in slope at about

2 ft. The slope steudily changed thereafter toward that for uniformly

dense fluid. These peculiar profiles result from variations in water

densities and the combined influences of tidal and freshwater flovs.,

i The salinities observed during these measurements are plotted in

4 fig. 17. Figs. 1Ta and 17b show that the lower portions of the salinity

|8 profile, corresponding to the low velocity, normal profile portions of

.'g figs. 16a and 16b, have almost uniform salinity. The salinity decreases

‘; to low values with increasing elevation throughout the remainder of the

water above this portion. The continuing decrease in salinity with in-

crease in elevation, and therefore continuing decrease in water density,

e S
TR g L A

e inhibitc vertical velocity fluctuations and thereby reduces vertical mo-

mentum transfer. The result is that instead of a concentration of most

RN T ol
N S

of the internal shearing near the bed, as it is in typical flows, it is

it

distributed throughout the upper 30 ft or so of the channel.

¥ The salinity profiles for sta 109+667, presented in fig. 17c, show
) # similar profile at 0100, wnd diminishing salinity at later times until
0300, when the salinity was uniformly that of Lhe freshwater inflow. The
chunge in current profiles shown in fig. 10c is consistent with the in-

creaciry uniformity of the uwencity throughout the deptn.,
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The salinities near the bed are shown in fig. 17 to diminish with
distance upstream, indicating that the intruding salt water is steadily
diluted by the overriding fresh water. At the same time, the salinities
in the upper region increase with distance downstream, which indicates
vertical mixing of the two layers. The nearly uniform densities near
the bed indicate that flow in that region is well mixed, whereas the de-
creasing salinities above that region indicate slow vertical propagation
of saline water and dilution by the greater flows near the csurface.

The stabilization of flow by the density gradient is =naracterized
by the ratio of inertial forces to gravity stabilizing forces resulting
from the salinity gradient. This ratio is the Richardson number

(&)
p dz
When Ri is less than 1, the flow is laminar. Ri was calculated from
the data in figs. 16a and 17a for the flow 10 ft above the bed to be 2,
indicating *hat momentum transfer upward is small.

Current profiles measured during the strength of flood flows are
presented in fig. 18. This figure also shows the effects of freshwater
outflow near the surface, which opposes flood tidal flow. The slopes of
the curves are more than twice those for comparable flows of uniformly
dense water, as shown by comparison with the curves in fig. 15.

The salinity profiles during the strength of flood are presented
in fig. 19, and show that the salinity gradients persist through the
water above U ft and that the salinities increase almost uniformly as
more saline wuaters move back upstream. Figs. 19a and 18b show that sa-
line water intrusion is most rapid 2 to 4 ft above the bed during flood.

An estimate of the internal shearing in the flows where bed fric-

tion determines the profile can be obtained from the observation that

the average internal sheairing in a fluid, G , is

1du
p dz .

G = —_— = ——
y y (1)
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o where

% P = energy dissipated per unit volume of fluid

& p = viscosity

E; T = shear at any elevation 2z

3% T may be estimated as .
o

A?f

K _ 2 Z .
T = pu*.(l - E) (87
4 2

- where pu; 1is the shear on thre bed, and d 1is the water depth.

3

; . (9)
i dz k2 '

} as conventionally described, Combininé equations T, 8, and 9 leads to

E ! ,
4 u*>l’2 ) l>1/2 |

6=ulk) \z7a (20)

The slcpes of the logarithmic curves are A

1

2.30u,/k . Substitution

in equation 10 leads to

I I i 1 |
0 .

¢ =SA (_A_ )] 2 |
_;% 2.30 \2.30v ®
o
L1 o
X (z d) ‘ (11)

which is more useful for evaluating

the velocity profiles.

ELEVATION ABOVE BED f
3

A plot of the internal shear-
ing in flows with logarithmic pro-
files calculated from equation 11, 10
using k = 0.2 , is presented in

fig. 20. The shearing rates in

uniformly dense clear water {lowing 0

at 3 fps with k = 0.4 would be

AVERAGE INTERNAL SHEARIG RATE sec!

close to tpose shown for A =1 in Fig. 20. Average local shearing

fig. 20. 1t is evident from the ' rates in a 40-f{ channel

P T



| values of A shown on the current profiles that unusual‘internal shear-
ing prevails in the study area and’that it is most pronounced dur&ng cbdb
flows in the }arge upper po}tion of the profile with a dalinity gradient.
The calculation above is only an estimate even when the profile is
logarithmic because there is no way t» determine Karman's constant, k .
Measurements of velocity brofiles in a f{lume by Einstein and Ning Chien,
using various sizes of sand, showed that at high concentrations of sand
conditions near ‘the bed were altered so that X ranged downward to below
0.2. Ippenl6 iﬁdic;ted that increases in the effective viscosity near
the bed resulting from suspended partiéles would reduce k . In addition
to the effects of aggregate volumes in the viscous layer and the density
gradient due to both salinity and sﬁspended sediment concentration gra-
dients, the cohesive bed undpubtedly deforms in response to pressure
fluctuations, giving rise to the probability that the bed itself damps
| the formation of eddies. The lower value, of k appears more éppropriate
than the 0.k for the conditions that prevail in the study region.
Bed Sheur Stress

Coniparison of the lowey port%ons of the current profi]gs at sta
1304500 and 125+500 during ebb (figs. 16a and 16b) with those during
flood (figs. 18a’and 18b) clearly shows the difference in near-bed cur-
renﬁs respousible for the increased scour of the bed during flood. Lines
‘drawn on' figs. 16a and 18a, taken as representative near-bed profiles,
have slopes of A = 0.16 for ebb and A = 0.43 for flood, which compare
witﬂ the uniform density profiles in fig. iS. K can be taken as 0.4,
A= 2.30u*/k , and T, = bui ’ wherg 15 1s the shear on the béd, and
p 1is the water density. These slopes yield bed shear stresses of
0.7 dynes/cm2 on ebb and 5 dynes/cm2 on flood. Thc‘aggregate shear
strengths of Brunswick Harbor sediment, which has cation exchange capac-
ity of 30 milliequivalents/100 g compared with 36 milliequivalénts/loo g
for Savannah Harbor shoal ﬁaterialf and is probably slightly wcaker,ll

are as f{ollows:

15
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Brunswick Harbor Aggregate Properties

Order of Shear Strength Densityt
Aggregation dynes /cm@ _glce
0 34 1.16k
1 b1 1.090
2 1.2 1.067
3 0.62 1.056

t+ Density of interstitisl water, 1.025 g/cc.

Beds composed of first-, second-, and third-order aggregates would be
scoured by the flood currents, whereas only beds composed of third-order
aggregates would be resuspended by the ebb near-bed currents. The magni-
tude of bed shear stress and its time of occurrence, as well as relative
distance of water travel shown by predominance calculations, are impor-
tant factors determining net transportation of estuarial sediments.

Predominance Curves

Ebb current predominances were determined by planimeter from the

plots in figs. 6-14 as

f udt

Ebb

f udt + f udt
Ebb Flood

where t is time. These ebb predominances are plotted for cach tide

condition in fig. 21. The curves from measurements made during spring
tide, presented in fig. 2la, show that sta 109+607 was close to the aver~
age position of the upstream linit of saline water intrusion, and that
bottom currents at the two downstream statiuns were predominantly in the
direction of flood.

The plot of the meun tide data presented in fig. 21lb is similar to
that in fig. 21a, except that sta 109+667 is farther downstiream from the
null point and the intercepts on the 0.5 predomiuarce line are closer
together, suggesting that with a reduced tidal amplitude the mixing zone
is more nearly horizontal,

Fig. 2lc presents the predominance curves from the measurements

hs
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made during the least tidal range. The curves from sta 130+500 and
125+500 are similar to the curves for those stations during mean tide
conditions. The curve for sta 109+667, however, shows greater bottom
predominance than either downstream station. Fig. 1b shows that there
was a very prolonged veriod of flood near the bed at sta 109+667. No
explanation for this peculiar bottom current predominance during neap
tide is evident from the data.

The predominance curves show that there is a net upstream movement
of water near the bed in the study area which, when combined with the
greater scour of deposited material during flood then during ebb, pro-
vides net upsiream movement of sediment in the lower portions of the
flow. The spring tide curves showed also that sta 109+667 was close to
the pr<dominance null point under that tide condition.

Floc Settling Velocities

It is already evident from the suspended sediment concentration
curves presented in figs. 6-14 that the suspended particles have much
greater settling velocities than the individual clay particles which
comprise the shoal. An application of steady-state suspended sediment
distribution relations to flows showing logarithmic velocity profiles
yields further information on floc settling velocities.

The concentration, Cz , of uniform suspended particles in an open
channel at elevation 2z above the bed, relative to the concentration at,

say, 1 ft, C_ , can be found from diffusion theory to be
8

¢ g g
__Z.=( 2 ) (d‘z) (12)
C d - a Z
a
where
a = reference elevation
d = water depth
g = w/kuy
v = settling velocity of the suspended particles

Flocs suspended in open chunnel flow under steady conditions would settle
to the zone of highest shearing close to the bed where they would be

rendered if their structure were too high an order, and diffused upward,
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would grow and settle again. Repeated experience would tend to make the

aggregates similar, and equation 12 would apply.
Suspended sediment concentrations measured during periods when the
velocity profiles were logarithmic were plotted so that distributions de-

scribed by equation 12 would fit a straight line, as s..own in fig. 22.

10 —T
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Fig. 22. Plot Lo find settling velocities of flocs

The slopes of the best stralght-line fit were then used to find the set-
tling from the slope of the velocity profile, A , and values of k of
0.4 by means of the relations u, = kA/2.30 , and w = ku,z , so that
w = cAk2/2.3O . Some of the plots had better fits to straight lines
than that in fig. 22, but there were fewer profiles than anticipated
that would meet both the criteria of logarithmic velocity profiles and
log-log plots that fit equation 12,

The settling velocities calculated from the best fits undger each
tide condition are summarized below. These few setlling velocities ap-

pear to fall in groups. Five fall between 0.012 and 0.017, averuging
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0.015 ©ps; seven fall between 0.028 and 0.047, averaging 0.036 fps; and
four fall between 0.08% and 0.151, averaging 0.11 fps. Brunswick Harbor
first-order aggregates have a density of 1.090 g/cc when suspended in
water having a density of 1.025 g/ce. The Stokes settling diameters cal-
culated from these densities are 1.0, 0.6, and 0.4 mm for settling veloc-
ities of 0.11, 0.037, and 0.015 fps, respectively. These aggregates
should be visible to the naked eye. The diameti~rs would have been half
those calculated above if k = 0.2 had been used to calculate the set-

tling velocities.

Ageregate Setiling Velocities, fps

Station Spring Tide Mean Tide Neap Tide
109+667
Ebb 0.028 0.038 0.030
Flood 0.033 - 0.012
125+500
Ebb 0.01k4, 0.013 0.091 0.084
Flood 0.033 0.017 0.0k7
130+500
Fbb 0.151 - 0.01(
Flood 0.098 - 0.0ko

Note: Aggregate settling velocities were calculated
from equation 12 vsing k = 0.4 .

An 0.6-mm first-order aggregate contains about half a million clay
particles. Even though there is 2 large amount of scatier in these data,
il can be concluded that large aggregates have formed.

Suspended Sediment Concentratinn

All three processes that cause collision of sucpended mineral par-
ticles have rates of collision directly provortional to the :uspended
sediment concentration by number. ‘The concenilration of suspended par-
ticles by weight in the study area ranged from tens of milligrams per

liter to grams per liter levels. A clay mineral particle weighs about

12

=11 - . . . .
10 to 10 &, and particles dispersed in river water at a concen-

tration of 100 mg/2, for example, would have o number concentration

8 . . -
from 10T Lo 10" particles per cubic centi~meter. Collisions by

. . s -5 -4
Brownian motion would orcur initially v 1T =06 x 10 ? Lo 6 x 10

);9
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¥ per second, or one collision every 4.5 to 0.45 hr for this range in num-

bers. An aggregate containing half a million clay particles would not

K,
f;‘ form very rapidly.
A If the shearing rate averaged 10 per second, then for R.,
E: = 2 microns, J = 1073 to 1072 per second, or say at most, onelevery
:hé 100 sec. Such aggregation would still not account for the formation of
QE large aggregates directly from material suspended in river water unless
ﬂ% the aggregation took place over a long period of time. Higher concentra-

} tions by number, and at least a few large "seed" floes that would provide
:g large values of Rij , are required to form aggregates at rates that

; would account for shoaling where river and ocean waters mix. The feed-
back mechanism demonstrated by the data presented in figs. 6-1k provides
both high concentrations and large collision radii, and the high shearing
2 rates distributed over a large volume in the channel provide extended
: periods during which the disperse riverborne perticles can be gathered by
the aggregates returning from downstream. If the returning aggregates

: were 20 microns in diameter, for example, the collision radius with a

E dispersed clay particle would be approximately 11 microns, and two

;? collisions per second would occur on each aggregate. Larger aggre-

% gates, greater numbers of aggregates, or increased shearing rates would
g increase the collision frequency.

'g This chapter presented the factors that determine the rate of

g aggregation of suspended particles and showed that conditions in the
‘35 waters of the study region are such that cohesion, frequency of colli~
7?’ sion, and times for collisions to occur are sufficient for the formation

of large aggregates. The settling velocities calculated from the sus-
pended sediment concentration profiles are much greater than those of

individugl particles that comprise the shoals and show that aggregates

are formed from a large number of collisions. These calculated settling
Zx velocities are consistent with the rapid clarification of the waters
during times near slack that were shown in Chapter III.

The aggregates sctile to form the bed surface. The shear strength
of the bed surface depends on the shear strength of the cohesive aggre-

gates and their susceptibility to crushing or particle rearrangement

50
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.; vith depth c¢f overburden. The properties of the suspended aggregates,
3 therefore, determine the shears necessary to resuspend thin deposits

‘f? formed when they settle to the bed.

i It can be concluded that at Savannah the settling velocities of
ﬁ the suspended material and the ease of resuspending deposited material,
»i and therefore particulate material transport and accumulation, are de-
;1‘ termined by flocculation processes.
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V. TRANSPORTATION.AND SHOALING PROCESSES IN THE STUDY AREA

The fielid data are combined in this chaplter with the concepts pro-
vided in the discudsion to form a qualitative description of the sediment
transportation processes in Savannah Harbor. A schematic diagram summa-

rizing these processes is presented in fig. 23, which represents the

' freshwater-saltvater mixing zone with dispersed suspended sediment enter-

ing in fresh water from the left and loss ot su-pended sediment to the

ocean .on the right. Neither the sediment input nor sediment loss is im-

plied to occur at steady rates. ’

UPSTREAM . OCEAN
A ret————— —————
v |
i = '/ - LOSS ~—=
———— ! —_—
DISPERSED r -~
—_— — -
RIVERBORNE _ —  MIXTURE OF NEW RIVERBORNE SETTLING
—_— == PARTICLES & RETURNING
SEDIMENT ' - -7 ' AGGREGATES, AGGREGATES
— = A PORTION OF COLLECT FINE PARTICLES,
- AGG'S DIFFUSE
- UPWARD, & CIRCULATE

-

gy

m“lHU,é:

_ AGGREGATES
7m//?//////////7//////////717//////

—— HIGHER CONC., LOW BED— . !
SHEAR, & CONSOLIDATION

DURING SLACK PRODUCE REGION OF FRESH & SALT
SHOALS - WATER MIXING, & ENHANCED
) SHEARING

Fig. 23. Transport und shoaling processes in the study area

It is cenvenient to consider first the aggregated suspended sedi-
ment returning upstream with tidal currents shown at the lower right in
fig. 23. These sediments oriéinate from shallow areas disturbed by wind-
generated waves, from dredge spoil disposal, or from other tributary
streams. The erodible deposits in shallow areas accumulate during
periods of storm runoff when river turbidity can be observed to extend
over these area., that is‘when the mixing zone oxtends over the shallow

areas, as well as depositing from more usual flows as will be described

" subsequently. When suspended aggregater reach pertions of the estuary

2
ro

o BB e RS R




2
5
7

SV, o i

3

2 obesy

T I Ry AP

having a salinity gradient, the upstream predominance of near-bed cur-

P

rents assures their upstream movement as long as bed shear stress is
sufficient to keep them suspended.

The aggregates rapidly accumulate on the bed during each time near

s

‘? deposition, The burden of the particles derosited last on the aggregates
? near Lhe bottom of a new deposit will cause the collapse of the lower

g% aggregates' structure when the deposit is more than a few centimeters

.g thick,ll(p'77) and the shear strength of the deposit will increase with

E depth. The depth to which the new deposit scours when the currents in-
:? crease after slack will then depend on the bed shcvar stress imposed by

fj the flow. If the currents during both flood and ebb are sufficient to

g, scour all of the new deposit, the net movement will be determined approx-
g imately by current predominance, However, if the shear stress during ebb
% is less than sufficient to suspend all of the newly devosited material,
ﬁ there will be a portion of the material resting on the bed during ebb,

%f which will be resuspended and transported during the predominant flood

e
ch

slack water that the near-bed currents fall to magnitudes that permit

flows. The net rate of upstream movement will be greatly enhanced. The
occurrence of this process in Savannah Harbor is shown in figs. 6-1k. It

is important to recosnize the effect of the amount of material deposited

during slack periods on this process.
b Continuing deposition will occur when the bed shear during flood,
as well as during ebb, is insufficient to resusvend all of the material

deposited during preceding slack periods. The actual shear necessary

depends on the amount of material deposited. This situation would occur

Al R 0N

- immediately downstream from the toe of averapge salinity intrusion in a
I’J.v

Pis 3 . 3

k-~ uniform channel, where bed shear is lowest, unless the material had al-
=9

R

ready been rermoved from the flow downchannel., The maximum rate of shoal-
ing in Oovannah Harbor, however, occurs near sta 125+500, which is well
downstream from the toe, Shoaling there re sults from the markedly re-
duce¢ bed shear strescen, relative to those upstrear or downstream, re-
sulting from the widened channel topether with the large amount of mate-

rial deposited during cach neqar-slack water reriod,

A large portion of the sediment roving uvstream intermitiently in
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suspensicn moves right on through the toe of the salinity intrusion,
mixes with the fresh water and its suspended sediment load, and is car-
ried seaward up over the saline intrusion in the large portion of the

channel volume having a vertical salinity gradient and higher than normal

rates of internal shearing.

The salinity profiles show a lower zone with nearly uniform salin-
ity and a vertical gradient toward lower salinities in the zone above.
The boundary between these zones is fuzzy but discernible. This bound-
ary moves upstream and downstream with the tides and has a downward slope
in the upstream direction. There is a net upward movement of salin-
water at this upper boundary because, as the fresher and saline waters
mix, the salinity and density decrease. There is continuing displacement
of the less saline water by more saline water.

A nearly horizontal lens of high concentrations of suspended sedi-
ment on tie salinity boundary near the mouth of the Mississippi River,
which sufrers very little disturbance from tides, is evidence of this
phenomenon. Those aggregates moving upstream near the bed or formed at
the interface whose settling velocities are comparable to the upward cur-
rents are held in this zone of upward moving water as are flocs suspended
in a sludge-blanket upflow clarifier. Smaller particles moving through
this region are often "caught" by the suspended particles, the suspended
particles themselves combine, until the settling velocity exceeds the up-
flow velocity component and the particles fall through the saline sone
to deposit.

The observation of flood predominance near the bed is further evi-
dence of net upflow through chie upper fuzzy boundary of saline water.
This upward current transports preferentially aggre.ates having low set-
tling velocities and carries them into the zone where ippropriate shear-
ing rates, disperse riverborne particles, and considerable time are
available for their growth. They are transported seaward in the upper
regions.

When these particles are transported into the broader areas of the
estuary where bed shears are often low, or if their settling velocity

has increased to exceed the upward component of mixing water, these

5k




aggregates settle into the saline region where they are again transported
upstream and continue through the cycle.

The processes described herein are rate-dependent proce-ses. The
rates of aggregation are importan* relative to the tim~ for aggregation
to occur. Since material can go through the cycle again and again, prob-
ably forming and partislly breaking aggregates several times, the avail-
able time can be long. The rates that determine whether an estuary with
appropriate hydraulic conditions experiences the processes described
herein are ilhe relative rates of suspended sediment supply and of sedi-
ment loss from the system. When the rate of supply exceeds the rate of
loss downstream, say, to the ccean, the concentration in the recycling
system will increase until the deposits formed during slack water are
thick enough to leave shoal material at the rate sediment is supplied.
Sediment brought in by storm flows can deposit in shallow arees when the
mixing zone moves down to those areas or when aggregates are transported
from the mixing 2one to those areas, then can be continually resupplied
to the process when resuspended by wind-generated waves. The rate of
sediment loss from the system, and hence alleviation of shoaling, can be
augmented by disposing of dredge spoil outside the recycling system.

Seaward transport from the system will be enhanced if hih concen-
trations of suspended sediment can be prevented from moving upstream to
the extent that the low concentration inhibits aggregation. Every fea-
sible means to minimize the suspended sediment concentration in shoaling
areas should be considered.

The recycling processes described herein account for the turbidity

maxima cbserved in estuaries.
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VI. METHODS FOR ALLEVIATING SHOALING A1 SAVANNAH HARBOR

Extensive field and model studies of Savannah Harbor have already
resulted in plans for reducing the cosl of maintenance. The melhods of-
fered herein are presented to illustrate briefly the application of in-
formation obtained during this study.

Keep the Sediment Moving

The importance of bed shear stress to the upstream movement cf
sediment is evident from the data obtained during this study. If the
shear stresses can be made to equal or exceed those that suspend the
sediment material during its transport into the shoaling area, the sedi-
ment can be kept in motion and increased loss from the recycling system
can be obtained by tidal diffusion. Carquinez Strait in the San Fran-
cisco Bay system is an example where shoaling does not occur in the cnan-
nel wherein mixing occurs. The aggregates formed there deposit at un-
usually high rates in contiguous areas where the bed is protected from
shear and where enhanced aggregulion rates are provided by flow through
piles. Increased bea shear along the entire channel usually cannot be
achieved without major works that increase tidal flows, but locally re-
duced bed shear stresses, such as those in the turning basin in Savannah
Harbor, can be increased by making the channel width uniform and by modi-
fying the channel to reduce cnergy dissipation. The turning basin could
be moved up beyond the mixing zone. Channel banks could be made stecrer
and side-channel shallow areas eliminated. The effects of such channel
modi fications on bed shear stress can be evaluated with hydraulic models,

Minimize Suspended
sediment Concentrations

The certer role of suspended sediment concentration in deter-
mining rates of aggregation and shoaling is amply denonstrated. Means
for minimizing suspended sediment concentrations include the adherence
to "cleun" dredging methods and spoiling outside of the area from which
sediment can reenter tue process. Tributaries that carry large amounts
of suspended sediment mipght be diverted to join the oceun elsewhere if

their tlowe throush the harbor are not needed to carry wasteu,




Reduce Internal
Shearing Above the Bed

Areas immediately downsiream from pile-supported structures shoal
rapidly becauée internal shearing is enhanced in:floQ around piles and
because bed shears are reduéed in the i~gion. Large aggregates are
formed quickly from small ones at mgderate concentrations of suspended
sediments. Flow through such pile otrucuures can often be mmnlmlzed by
orienting the structure approprlately ard by designing the structure
with minimum supporting piles. Internallshearing that results from sa-
linity gradients does not appear amenable to reduction. ' ‘

The benefits of these methods in individual cases must be compared

with their total cost to determine tpeir desirabilityl
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VII. CONCLUSIONS AND RECOMMENDATIONS FOR FURTHER STUDY

This field study in Savannah Harbor, a partially mixed estuary,
yielded information leading to the description of sediment transporta-
tion and shoaling processes presented in Chapter V., The following con-
clusioﬁs cag be drawn from the field data, the discussion of relevant
processes, and tﬁe description presented in this report;

a. Aggregation processes enhance the settliné velocities of sus-
pepded particles and determine the physical properties of the sediment

bed surface. Aggregation processes are céntral to the transportation

' processes leading to the formation of shoals in Savannah Har® -

b. Repeated collision of suspended cohesive particles resulting
from internal shearing in tﬁe flow, particularly in the large 'volume of
enhanced internal shearipg caused by the saiinity gradient in the mixing
zone, is‘the dominant mechanism thal produces aggregation.

c. Tﬁe rate of aggregation depends on the concentration of sus-
pended sediment,, very strongly on tpe heterogeneity of the su;pended
particle sizes, and on local shearing rate.

d. The sediment moves into the region of high shoaling rates with
tidal currents from downstream with the more saline waters near the bed.
The material deposits during the p .' . of low currents near the times

of slack water, then is parfstlly or entirely resuspended as the cur-

rents increase. Bottom “loud predominance is one factor causing net up-

stream movement of ¢ J4. 1t.

e. When the - w#posit formed during slack periods is‘more than
a few centimeters thick, the weight of the overburden‘crushes the lower
aggregates in the new deposit und thereby cnhanges their shear strengtih.
The shear strength of such a deposit increases with depth. Under this
circumstance; stronger flood currents, whiéh apply greater shear stress
to the'fed surface, erode the new deposit to a greater depth than do the
weaker ebb currents., OCome or all of the sediments are suspended and
transported by flood currents and rest on the bed during ebb. This
process greatly enhances the rate of sediment movement into the shouling

area.

|




f. Sediment accumulates to form shoals wherever the bed shear
stresses during both flood and ebb are insufficient to resuspend all of
the material deposited during the preceding slacks. PBoth the thickness
of each deposit, which determines the shear strength profile of the de-
posit, and the shear stresses applied by the flow determine the shoaling
rate in these areas.

g. Some of the aggregated sediment moving upstream near the bed
with the more saline wacer moves through the landward limit of saline
water, mixes with the disperse riverborne particles, and is carried sea-
ward over the saline intrusion through the large volume having a verti-
cal salinity gradient and enhanced internal shearing. These returning
aggregates greatly increase the rate of aggregation of riverborne sus-
pended particles. Suspended sediment also moves vertically upward from
the saline water zone as the saline waters mix with less saline water.

h. Aggregated suspended particles settl=> downstream and in shallow
areas where they reenter ithe upstream movement, or they rest until resus-
pended by wind-generated waves and then reenter the upstream movement.

i. Most of the new information obtained during this stiudy was that
from the measurements made within 8 ft of the sediment bed surface, and
was obtained by accurately positioning the sampling intake and current
meter above the sediment bed. It can be concluded that accurate posi-

tioning of such equipment relative %o the sediment bed surface is very

desirable for measurement and sampling of flows in estuaries.

Many interesting features in a natural sysiem as complex as the
Savannah Harbor estuary could be studied further. Those areas of further
study needed to improve knowledge that would lead Lo reduced maintenance
costs are presented here.

a. The shear stress applied by the flow to the bed is an important
facltor in the formation of shoals. Our presenl ability to calculate the
shear stress from a velocity profile is limited Lo those cases where the
fluid density is uniform. A means for calculating shear stresses when
the velocity profile is affected by u vertical density gradient would be
useful for design to achieve the necessary ved scour. In terms of the

logarithmic desecription of velocity profiles we need to know the




relations between density gradients and Karman's constant k at the
strength of flow.

b. Quantitative descriptions of the sediment transportation proc-
esses are needed to evaluate the benefits of proposed remedial measures
on channel and harbor maintenance and to predict changes in suspended
sediment concentrations resulting from water inflow modifications and
the effects of such changes on water quality and on aquatic biota., The
velocity and salinity profiles, together with the transportation mecha-
nisms described, suggest that a two-layer numerical model might repre-
sent the hydraulic portion with sufficient accuracy, and that the shear

strength profile of the bed might be simply represented. Empirical de-

scriptions Jf aggregation and deposition obtained from flume studies

should be useful, and an accounting procedure might be devised to de-

scribe the shoal surface.

c. An estuary is a transition between unidirectional freslhwater

A

flow and a tidal ocean. All that transpires in this transition is af-

% fected to some extent by conditions at both ends. During the last few
"? years suspended sediment inflows to estuaries have been measured, but
ig; almost no information is available on rates of loss of sediment from

é estuaries. Direct measirements would be very desirable. Indirect cal-

e

culations using a numerical model together with measurements of sediment

AR

concentrations inside the estuary are less desirable but perhaps wculd

AP A e

be achieved more easily.

AR et e
AR

P d. This study involved only ore estuary. Savannah Harbor is a
partially mixed estuary and is typical of many; but differences in mor-
b phometry, in mineral and organic concent of the sediment, in tidal

w ranges, and in temporal changes in freshwater and sediment inflow pro-
vide different conditions. Additional studies of this kind are needed

to enlarge our knowledge of estuarial sediment transportation.

60
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4 SAVANNAH MARBUR GAUGE - CHANNEL STATION 121+000
- PULASKI DATUN  SEPTEMRER 1966
Y, TIME  OF HETGHT of TIME  OF HEIGHT GF
g DATE  HIuH LOW  HIGH LOW PATE  HIGH LON  KIGh LCw
3 DAY ~ HOUR  HOUR  FEET  FEET  _ DAY HOUR  HOUR  FEET FEET
: Lo 4400 10,20 8.50 1,79 16. 4.n0 10,00 6.8¢ 2,30
16,90 23,30 9.30 1,36 16,40 23,10 8,00 3,00
2, 4,80 11,60 s.10 0,5 7. 5.2¢ 11,20 7,3, 2,20
) 17.00  0.00  9.00 0,00 17.30 6,00 8,20 £&,00
3 80 6,00 0,60 8,20 0,79 8, 6,20 0,20 7,50 2,40
£ 18.70 12,40 ° 9,10 0,30 18.30 12,20 8,70 1,70
k. _ 4 6,90 1,70  8.40 0,36 10, 6,70 1,20 8,10 2,00
- 19.80 13,70  9.20 0,00 19.20 13,10 8,80 1,20
¥ Se B0 2,60  B.60 0,00 20+ 7450 1,90 8,720 1,50
g 20080 14,70  9.30  =q,1 20,30 14,20 9,20 0,90
p: .60 8480 3,40 8,80 ~f,10 ~ 21, B,60 .80 R,B0  1,3¢
g 21,80 15,60  9.10 =0,2) 21.10 15,00 9,50 (.90
3 70 9.60 4,30 8,79 ~p,4¢ 22, 9470 3,50 9,30 1,60
8, 10420 4,80 B,70 ~n,2¢ 23+ 10,506 4,20 9,5 1,00
& 22,60 17,00 8,70 0.1 22460 16,90 9,40  ,&0
3 94 11.00 5,20 8.5¢ 0,16 24y 13,00 5,10 9,6, 0,50
23,20 17,70 ©8.60 0,6 23.00 17,70 9.0t  G.é0
10, 11.50 5.90 8,50  ¢,50 25, 11,7  5.70 9,30  ¢,30
23090 1800” 1090 1-00 230(’() Jbo40 8070 Ve b
5 11' 12010 6.4U 709“ 0,10 26- 12050 6339‘_ 9.0(’ . '(:.20 —_—
b T 7T 0400 713460 S,un 0,50 T Thue0 Ta9.10 7 6,00 T g, 30
e 12, 0.50 6,76  7.00  a,5p 27. 0,60 7,00  R,29 0,20
) 13400 19.10  8.50 1,50 13.30 19,90 8,80 4,70
/f: 130 1040 702" 7.00 1.20 28. 1050 7.80 7.80 {4070
¥ 13.80 19,66  7.70 1,79 14,30 20,70 8,70 1,30
-8 140 1,70 8.20 6460 1,79 29, 2,60 8,80 7.8y, 1,20
14,50 20,70 7.80 2,49 15,40 21,80 8,80 1,7¢
A5, 3200 9000 6,60 1,70 = S0 3.7C 10,10 7,70 0,70
15,20 21.49 7,70 2.7 16,30 23,20 8,40 1,10
2 ] 728,1 673,00 489,21 53,21
%f MAW  MLW H L T HW L
- .. 8443 0492 -159.9 217.0 9,9 .89 2,97 i
E
&y LOW  WATER HISH  WATER
MEAN LOn HIGH Mgan LOw HIGH NOTES:
FT FT FT 47 FT FY
0.92 ~=0.,40 3,00 8,43 6,60 9460 1. Local mean low water
is 0.3 {t. below Pulaski
Datum,
TIDAL RANGE LUNITIUAL INTFRYAL ’ 2. Time is Eastern Daylight
MEAN MIN MAX LoW,  H,W, L Time,
FT FT FT HUURS HNURS
7452 4,1 __ 9,5 2,97 . Be89_




SAVANNAH GAUGE

TIME  OF HETGHT OF )
TDATE T HIGH LOW  HIGH LOW DATE
__DAY  HOUR  HOUR  FEET _ FEET DAY

1. 5.00__11.60 _7.40 0,40 17,
TTUITT17,407 0,00 T 84400 0400 T ,
2. 5490 0,50 7,70 0,49 18,
TTT7T48650 712,60 8,40 T 0,40 ,
3, 7,00 1,40 8.10 0,00 19,
TTTTT 719,507 43440 8.55 0,00 ,
____4_0__ 7.70 ___2030-__7’90_‘_'0.30 . 20,
R 20,50 14,20 8,70 0,20 .
5. B46D 2,70 8,90 .30 21,
. 21,30 15,20 8.90 1,20 .
64 9,49 _ 3,60 __9,00__ 0,80 22,
21,60 16,00 8,90 0.80 .
_ Ty, 9.80__ 4,10___8.,50___ 0,30 _____ 23,
22,10 16,60 8.40 0,30
o 80_ 10030 4060 8.50 _'0,10 240
. 22,80 17,10 8,20 0,560 _
9. 11,40 __4,90 . 9,10 0,90 25,
23,40 17,60 8,20  1.90 )
10,_ 12470 5,60___ 8,90 _ 1,890 26.
23.90 18,00 8,10 2,10
_.11("_120667_ 6.30, ,8960 1190 270
0,00 18,60 0,00 2,40 ,
12, 0.50 8.60 7.60 2,20 28,
T TT13.007747.30 778420 7T 2,20 T
13, 41,40 7,30 7.00 2,10 29,
TTUTTTL3.80 720,00 T B.10 T T2.90 -
14, 2.70 8,20 7.00 2450 30,
7T T745.20 720,90 8,40 3,40 _
150 3.40 9070 7020 30n0 310
T 164007 22,70 8,40 3,20
16,  4.90 11,00 7.60 2.60
TTTT T 160707723,80 78,50 2,8¢
MHW  "MLW M L T MY
_ Bu38B 0496 =107,3 =465.,2 63.5 8.97
LOW ~ WATER HIGH  JATER
_MEAN LOW HIGH MEAN Low HIGH
{ FT FT FY FT FT FT
. 0,96 «0,30 3,40 8,38 7,00 9.70

_PULASKI DATUM

TINE  OF HEIGHT OF
H1GH LON  HIGH LoY
HOUR  HOUR  FEET  FR&T
5.00 1.,%0 8,10 2,20
17,80 0,00 8,80 0,00
6,20 0,60 8,50 1,99
19,10 13,40 8,80 1,49
7.50 1,60 8,70 0,90
19,80 14,20 9,0 1,00
8,10 2,20 8,80 0,20
20,30 14,70 9,10 0,20
8,90 2,90 9,10 =0,30
21.10 15,70 9,00 0,10
10,10 3,50 9,60 9,25
21,80 16,60 9,20 0,00
10,60 4,57 9,60 =0,19
22,40 17,40 8,90 0,00
11,60 5,20 9,70 =0,20
23,70 18,30 8,60 0,3
12|30 5,8“ 9'20 '0010
0,90 19,10 0,00 =0,20
. 0,40 6,60 7,10 0,20
, 13,40 19,80 8,80 0,59
1.60 7,50 7,80 0,6
14,20 20,60 8,60 0,80
2,50 8,70 7,70 0,60
3,90 10,00 7,00 0,40
15,80 22,90 3,20 0,70
4,70 11,20 7,80 0,40
17,00 23,90 8,10 1,50
5,70 12,20 8,00 0,70
18,20 0,06 8,20  0.00
756.7 710.80 502,71 56,51
LW
3en1 .
Notes:

__OCTORER 1968 ~ Channel Station 121+000

1. Local mean low water

TIDAL RANGE LUNITIOAL INTERQVAL

MEAN  MIN MAX Low, Mok
FT Fr FT HO'JRS HOURS
_7.42 3.8 9.9 3,01 8,97

0.3 ft. below Pulaski Datum.
2. Time is kastern Daylight

Time,




UNITED STATES DEPARTMENT OF THE INTERIOR
GEOLOGICAL SURVEY

WAT.-.R RESOURCES DIVISION
2-1985.00 SAVANNAH RIVER NEAR CLYO, GA.
USE RT 05

S DATE TMAX MAX MIN MEAN EQ-GH DATUM SHIFT MEAN Q

9-04 2400 6.03 5.99 5.98 5.99 7390
9-05 1600 6.12 6.03 6.09 6.09 7510
9-06 0100 6.12 6.00 6.08 6.08 7490
9-07 0100 5.99 5.86 5.92 5.92 7310
9-08 2400 5.98 5.80 5.90 5.90 7280
9-09 1500 6.10 5.99 6.07 6.07 7480
9-10 0100 6.08 £.00 6.05 6.05 7460
9.-11 0500 6.01 5.90 5.95 5.95 7350
9-12 0100 5.90 5.78 5.84 5.84 7220
9-13 0100 5.78 5.73 5.75 5.75 7120
9-14 0163 5.73 5.72 5.73 5.73 7100
9-15 2400 5.86 5.7¢4 5.79 5.79 7160
9-16 1200 5.90 5.83 5.88 5.88 7260
9-17 0100 5.82 5.63 5.73 5.73 7110
9-18 0100 5.63 5.51 5.57 5.57 69.9
9-19 2300 5.52 5.49 5.50 5.50 6850
9-20 1500 5.59 5.53 5.57 5.57 6930
9-21 2300 5.66 5.58 5.61 5.61 6970
9-22 1500 5.77 5.68 5.74 5.74 110
9-23 0100 5.73 5.44 5.60 5.60 6960
9-24 0100 5.43 5.25 5.32 5.32 6650
9-25 0100 5,25 5.22 5.23 5.23 6560
9-26 2200 5.24 5.21 5.22 5.22 6540
9-27 2400 5.33 5.24 5.28 5.28 6610
9-28 2400 5.45 5.33 5.37 5.37 6710
9-29 2400 5.82 5.47 5.63 5.63 699G
9-30 1200 5.94 5.83 5.91 5.91 7300
PERIOD €.12 5.21

Water data for September 1968.

A




UNITED STATES DEPARTMENT OF THE INTERIOR
GEOLOGICAL SURVEY

WATER RESOURCES DIVISION

2-1985.00 SAVANNAH RIVER NEAR CLYO, GA,
USE RT 05

S DATE TMAX MAX MIN MEAN EQ-GH DATUM SHIFT MEAN Q

10-01 0100 5.91 5.72 5.82 5.82 7210
10-02 0100 5.71 5.49 5.61 5.61 6970
10-03 0100 5.48 5.40 5.43 5.43 6770
10-04 0100 5.40 5.37 5.39 5.39 6730
10-05 0100 5.37 5.34 5.35 5.35 6690
10-06 2200 5.41 5.34 5.38 5.38 6710
10-07 2400 5.47 5.41 5.43 5.43 6780
10-08 17C0 5.54 5.46 5.49 5.49 6840
10-09 2200 5.64 5.54 5.60 5.60 6960
10-10 1900 5.67 5.64 5.65 5.65 7020
10-11 1700 5,72 5.65 5.68 5.68 7050
10-12 0100 5.70 5.62 5.67 5.67 7040
10-13 0100 5.62 5.56 5.58 5.58 6940
10-14 2100 5.62 5.57 5.60 5.60 6960
10-15 0200 5.62 5.58 5.60 5.60 6960
10-16 2400 5.67 5.58 5.60 5.61 6970
10-17 2300 5.84 5.68 5.77 5.77 7150
10-18 1600 5.91 5.84 5.89 5.89 7280
10-19 2300 5.95 5.86 5.91 5.91 7300
10-20 2400 6.11 5.96 6.02 6.02 7420
10-21 2400 6.41 6.13 6.26 6.26 7726
10-22 1500 6.48 6.41 6.45 6.45 7950
10-23 0100 6.46 6.39 6.43 6.43 7910
PERIOD 6.48 5.34

Water data for October 1968,




LOCAL CLIMATOLOGICAL DATA

U S DEPARTMENT OF COMMERCE - C. R, SMITH, Secretay
ENVIRONMENTAL SCIENCE SERVICES ADMINISTRATION ~- ENVIROXMENTAL DATA SERVICE

SAVANNAM, GEORGIA
TRAVIS FIELOD
OCTOBER 1964

l..\lnudc g Ty Llevanon (ground) ft, Standard time used
. J2¢ce/n.  Longtude gyt g7 g b onground) _4p b Standard un EASTERN -
Temperature (°) Weather 1ypes ignow,| Precipitation Wind . Sunshine Sk) cover!
e e e 1 shown by code | Steet, bmmmen p - - NJ“""L b e e ey - (Tenths}
i : . 149 on dates | or otal 1Snow| PIE Fastest TN S
' , of oceurrence |iceon| 'wam foer | Sur ‘ -3 b mile _| . [
) | 5| | e 13V ate e barsund 3 (ln“ : 512 ¢
SRR TR N - L S S T
. g 1 S5!43 < N H - len Hev (B¢ E - - L 12 |z.
| E | B | % |3E/3E] g o g2 ) ‘,,.325‘%’:5; £ SEIEZ ¥, 5G|
213 E | 8 oigEEs za o . e nil fect aaﬂ:r—@r— g E5 |SEIEY|ELe

& F | Z | <« 12&' 45 a2 X i g | am)! i mol RS2 ZEISE 5! 2R 8s 35)3E &

| | (

LI S N I O Y S B I 61 = IS TN S 1 O (O - 15 0 S TN 0 O 0 A 0 O3 P T P
1 88 59 T4 11 61 o 1 8 0! [ 0130.06 {20 4ol 5.6'112 SE 9.2 8 2 1 1
2 88 59 74 2! 62 o 1 8 0! [ 01{30.04 20, 2.8 5.0 14 $ 11.8; 100 3 2 2
3 908 60 7% 3 60, [ ) 0 . 0| 030,04 22, 5.9[ 0.6, 14 5 10.8) 92 5| 4| 3
& 4 36 10 -1, %6, o 0 0 030,00 (33| o1 | 846} 14| N 10.41 85" 7 5| 4
3 7 52 63 -5 ! 43 I 0 0 ] 0]30,10./06{10+310.81 17 E ! 10.3 a8 5 5 5
6 81 57 89 -2 60 0 8 0 [+ 0129.98 (12| 6.5 9.2 A8 SE b4 37| 10 9 6
7 87 n 79 8 69! o |1 8 0 T 0(29.90;23| 5.0 6.3:15 W 9.7 83 9 917
] 89 68 79 91 69, 0 23 8 0 +%0 029,98 (03 7! 5.3 21| N 6.1 52| 10 9 0
9 171 e8i 1l 3. 65, 0 "1 8 0 T 0130,031041 9.7110.2] 171 NE | 2.1] 18| 18 10 9
10 84 66 75 3 64 [ 8 0 T 0130,02 (05| 8.1! 94! 14 E|' 7.6 861 9 7 '10
1L 85 es{ 75i & ' 65 | 0 |1 ¢ 0 ‘ T 030,09 (07/10.410.9| 17| E| 10,0 86| 7] 6|11
12 85 06 76 7 j o4 ‘ ) ‘ 8 [ T 0(30,15(08] 6.4 7.3 19 € 10.5 9 8 712
13 82 65 T4 s, 62 0 e 0 I 1 030,11 {07 ] 4eb6] 5.5 12 € 71 611 10 8|13
14 85 62 14 6l 61 [ 0 ‘ 4] 0130.,081!06! 8,71 9.5} 1% 3 11.5]| 100 1 114
13 83 65 T4 6, 64! o, 8 0 0 0130,05{05/11+3|11.7| 17| NE 7.8 o3 8 715
16 75 69 72 % 68 [} i 13 8 0 W06 | 0129.98 (05| 848 9.1] 17 E 0.9 8 10|10 116

i l 2 0 i 8 0 63 1 025,90 (09 8.7 | 9.5 26| SE 3,6 31 10 10 |17
! S ® o{ 1| 0129.84110| 6.9 83|17 861 0.6 5] 1010 18
I ! ! 0 8 | 0., ,09 0129,72101; 4«6 8.5 17 NW \ 043 3{ 10 |10 |19
0 0 ol 029,083 7.1] 7.3l 12] N1 9,20 sl 2174 |20
g - ool o 0130,01 06| 27| 5.2| 11! NE | 9,97 9] 8] 621
0 P00, 0]29.95010, 2.6) 5.6/ 11! SE 8.3 76, 3| 3122
! 0 2 [ [} +0[29.86 N‘ 3.0 4.51 1), SE | 8,2, 46 9 [ ‘23
: o 23 s | o .ee ! ‘0l20.79014| i6) 4iz2i27] w| 2.8| 28| 9| o |24
' [ ' o ] 0129.8029 9.8 10-2; 22, W 10.3 95 2 1 ‘25
12 E 0 [+] 0136,0431 . 7,7' 8,61 151 N¥ , 11,1'100] o) 0 126
12 ol o 0{30.09019| 3i6) 4.2] 12] S| 1141, 100 o ol27
P8 ‘ 0} 0 0[29.81]26] 9.5[1L.1| 261 W | 11.0| 100| 1! 1t |28
! 15 i 0 ’ [} 0129.92 129 6.0} 7.2 14! 11,0 100 o] 0 .29
.o c 0 o] o Jo.oafaz. 3.6, 32| 9] 10,9 100 o 030
. ol 0y 04 ol zoLov 3.6] 1 1049, 100, © LRED
Tnl.\l : [s«.p Temperature  Toral | Total lL vt h otal_ | ¢ Sum_tum;
I 28'Number of days ;| 3.537] 246467 for [175.580 ;
Sc.nun m d.m-m.. “May 1_\|m7\|m L Dy R wwbe smonth AVR JAVE
. me.. ch jeu ”Ol‘ﬂ‘ 1“‘ 'o.gs ;‘ T el - | 15 D [ D) I 393
o Tt for the oo™ i e the & ol v} ot 0l . t 0 34 hours dnd dat , Greatest depth on ground of
Last of meee thap onc (wautreme ‘} T snow,Sleet. | _smow, sleet or ice and date
= Betow zeto temperatures o negatine departute from nonnal ! [\ N
T {ncalumns 9 10 and 11 and in the Howtly Preopitaion 5 0 a1 ,\I;«hn stations + Alw on an earlice date or d-uh
tae imdiates an ameeunt o wmadl to meavure
hY vy fog = Vo mufe o |
Heam fog = bty mie ot fen HOURLY PRECIPITATION (Liquid in Inches)
A M Hour ending at . N . o7 P M Hour ending at .. . Ty
< 7 8 9 2 2 ] [} 73 9 [ | &
6 . L2 Ty | r 3.4 . T ‘r-l . ! 2., X

2 ! [ ! ‘ | . 2
3 ’ ' o i . 3
4 ! L \ ‘ ’ p
[ i l I ! . ’ 5
6 b ] 1 ‘ ! ¢
7 . T . | . I 7
[] ' T 127 .03 .18 70408 T ! [
9 i A S | T | ! l 9

10 ) I ’ T | ‘ H I 10

11 : ‘ : | T ! | ‘11

12 . 1 | i 12

13 » ‘ ‘ Pr 1 T [ 13

14 | ' | ' | 14

15 . , ' ' [ i ! 15

16 .011 T T 057 0l W02 T 02 {23 0% .04 .06 .01 130,03 ,04 .08 .031 1 T 01 16

17 04 403 .05 .04 02 .00 .13 .08 .H T , I 1 | T 7 17

135 ! .06 .21’ T T T W11 ,03 N T T T | 18

19 ! T .05 04T : 19

20 i ! l 20

21 | ! | 2

22 ! ‘ ‘ ] ‘ | |22

2 ’ | ‘ ‘ ‘ ENFTY

24 ‘ | .85 .01 LA SRS S SN B Y4

25 : ‘ ' ) ! 25

26 | ' ' } | 26

27 ! ! : k 27

20 | ' L28

29 ! 29

30 30

N, . . .3t

Dara 10 columes & 12 18 14 209 18 510 haved 0 8 obsets ativns pet das a1 4 hout intenats Wind diectins aie thase AVERAGES BY HOUURS T Resaltant

fro m which the wind dlows Resuitan, wind iy the ven by vum of wind Juections and apeeds Jisided by th, number of . wing

observanons Figures for Bireations are teay of Segrees from ttue Notth ve 09 bave 18 Sowh ) Wew R [ ‘ . € < ©

¥ Netth s 00 Calm When Sietionn ote in tens  f Jegrees 0wl BT @t e in Caon A are (astent obaened 3 ¢ ; 2. ia LY es 2‘,2 oe

U miaute speeds I the  appears in Cod 10 apeeds 1€ gain Any e/rors deteaied will e corten1ed and (havgev m z? pae . . . s § . ¥

Cummars 1362 wil BE 30 1 1IHEd 1 The ganual Samman . pubinbed * < < & P A v

+ ‘ . . . . + + .

Subsnpton Prce Lovat Chimatc'ogee s’ Data 10 ger ear nutuwhivg annaat Summan f voblidhie § Single ops g: ; :g:z: gg :3 g: ;Z ;'i g; 2'2
10 cents foe moathty Summary 14 centy fr aonual Summary Checks of mones orders shaeld be made pavahie M M
303 1EMIIA € 4nd Loteesiy mleane should he M6t 1 the Supentrendent of D uments LS Covernment Prnt 07 6 30.00 59 ST 85 355 5.4 03 3.8
Umg ffae Waskiagron D C M0t 10 530,03 72 66 o664 38 8,8 04 13,9

13 6 29.98 7T 65 SO 56 li.1l 06 1.8

1o ety hat tha s an offical pultcatin od the bioin unenta? Soeme Ses s Vdannnas nosad i compied from 16 6 29.95 76 & 52 56 10.9 11 3.3

reeoedn on fite a0 the Nari A3t Mearker Re W Ceniet A Sevlte ™ (WG asohing Saant 19 5 29.97 &8 62 71 38 6.9 10 2.5

: ' 22 4 30.00 64 60 80 38 3.8 08 1.1
USCOMM  ESSA ASHENMEEL T ke

Bure 0 Nat ra Wes ren Rew o Cenier

AP

&




OBSERVATIONS AT 3-HOUR INTERVALS

x - z =z . % = x . & 8
JxEl 75 e c oz -,-.; ARUIE S .z Tz wo T 3% a0 -z LA SEEYNY
,_,‘i‘ :'; WhathER ToE T e g4 VI, L WhATIK ;.’;.'—'.,- . R E-P L €. Ea T, 4
EPt a1 2273 R AR A S R TR AR
VR 2.3 5 3R g3 F 1l fTHG i3 & H
! oav o oAy o2 o4y 03
. , 110 % 4 7070936904 7 8 7010 70 6% 97 49 27 3 O UNL & CF 70 69 97 0% 00 0
0410 3 & 7069 9106808 7 10 310 MY ITEN 28 & OUNL & G 67 46 97 46 00 O
o110 3 L0°¢ 770977008 &6 16 9 > 6 069934831 5 TUn s G 6065 93 ¢4 00 ©
10 9 39 4« TATI 68700 ¢ 10 20 & M 7671 7969 20 & 6 UM 10 I8 76 61 49 38 8
13 8 &8 SSTTARNTEIE 3 6 2010 02 76 69 73,29 5 3 UM 12 9972 48 &6 09 & KEEERENCL NOTLS
1610 1410 R« 173991 7630 7 S UM 12 00 7630 67 30 3 0 UNL 32 90 70 26 58 07 8
1910 3313 ;a 143 :s ;x TR e 12 :I,; :I" g; 7') 17 ¢ lg gx: 7 g’e ;) s r i1 e
) L]
) 22 0 WL 12 270937020 & UM 10 2 H nmo 13717019 ) CHILING COLUMS
o4 04 0rv 03 0AY 04 UNL indnates on unhimited
1 o1 sun, 1 7270906900 0 OUNM 1 Gk 49 63 97T 48 00 © O UM 5 G MW N T S seliog 1
04 4 WAL ) 6766 936503 0 BUNL O K 67 4TI00 47 0 £ b UNL 0 & f 4% 49100 ¢ 30 3 GIR jadidier 4 rniform
01 8§ 70 3 K 89 67 90 8500 0 UM O 1 KX 68 48300 60 00 . 7128 2 GF UEIRIRIEEE! g S T unatn
10 Juw o §3 71 33 85 29 ) 7T 8 3 K 78 73 89 76 03 3 120 12 07T 72 7427 e AR
! 13 ¢ o 1g 89 13 47 4629 3 3 UNL 10 0775877018 ¢, 3042 00 78 59 73 30 & WEATHER COLUMN
18 7 UnL g 89 75 55 701516 & 33 10 777063713 5 10 13 7 Taw 7073 83 74 03 6 = Tomnada
1% 1 UMW 1 $a 7L 6567126 7 8130 10 107 7%7113 3 30 28 4 T Te 13877233 7 1 Ihundersorm
* 21 qum 9 T4 7L 87 7000 0 1uw 12 : 73 76 9¢ 73 14 ) 9 CIr 12 7673 9773 23 ) Q wal
mn
! 24y 07 ' . oAy 01 DAY 0F KW Ko stawers
01 10 100 1 7769 7300 0 0Jv 0 72721007206 0 10 20 3 TAwW 767 97 1) ¢ ) /R Ereenng tan
04 4 LN 10 737297 72 00 ¢ US04 F 7171100 71 00 0 10 .70 7 7Y 97T Y000 O L Duele
3710 3 L18°¢ 271197701 6 10 1 02°F 73 73100 73 06 5 10 20 4 RwFx 71 70 97 70 27 3 /1 Vicenng duzile
| 10 910014 M 8573020 8 9 3 28K M 88086 9 1310 0076 82 74 04 5 S Snow
) 13 410012 108707510 5 9 2312 0676637216 6 7 2018 7 88 72 €8 & SE Snow pellets
16 8100 10 §3 787227511 & 9l 12 8476 70 73 09 12 5 UNL 1S §9 77 70" 13 14 1C foe anstaly
19 e uvL 7 79 7% 85 6 13 6 W 910 T8 76 91 13 07 o 2 UnL 12 77 76 03 72:1) 8 SW Snow showers
.22 aus A oF T3 9T TR 0T 3 100 8 TH T3 9T NI L2 4 T 0310 T4 Ty 90 72 00 0 5G \Inuw srains
f 1 Sleet
OAY 10 oAy 11 0AY 12 A Hai
o1 wuM 9 7271977000 0 10 80 T & ! 779 7620 6 & CIR1Q Mooy 3 AP Small bait
oe I N 1 GF 13 69 97 &9 00 o' T 00 7 74 73 94 72 22 S [HSLET 84 62 8¢ 99 )0 1 [T
, 27 QUS4 GfkD 6948 97T 6800 0 1 UM & GF 170977028 ¢ 9L 4 o3 61 87 30 51 3 I hetoy
' 10 10 ¢1a 2 83 76 727331 T 0 UNL 10 0273 6 60 32 6 10CIE 5 K T2 43 66 60 63 6 Gl Ground fug
13 10 ¢ir (2 87 75 87 7000 0 6 Ui 12 88 72 49 04 26 12 lOKIM 3 x 7% 68 34 81 00 0 BD Blowing dust
1610 ¢ 9« $4 78 7% 7913 10 10 CIt 10 87 71 49 43 2612 9 CIN 4 0167 47 59 28 o BN Blowirg wnd
1910 72 28 Te 72 827012 5 10 €A 12 7070 63 66 28 ) 10 CIt 73 67 71 63 08 3 By Blowing snow
2210 8 7 974887518 8 loCmmaz ' T2 o8 82 66 22 4 10 CIC 4 o7 44 07 83 00 © By Blow nxsptas
. . !
oAy 13 oaY 14 oAy 13 1+ Haze
o) 1o CIR 1 6262930100 0 O uw 7 99 90939700 0 O UM 7 63 62 Y3 81 00 © D Dow
' 04 10 CIN 7 6261 936038 3  ouN ? ' 5633 93 96 3¢ 3 O UM 7 ] 60 99 93 30 00 ©
07 10 CIN 4 626090 %901 ) D UM 7 8755 90 % 3¢ 3 O UNL 3 OB 61 60 93 39 36 ¢
10 19 ¢in g by Te 65 62 60 06 § o uUNL 7 78 856 52 3% 06 4 [-ECLISRS 80 70 80 85 08 7
13 9 Cin 8 79 87 50 99 06 T 2 UNL 12 €3 67 «3 S0 13 & 9 uNL 10 08 88 44 80 09 12 WINDCOLUAMNS
I 103 UL 1 8L 66 42 36 06 7 2 U\ 12 0268 403 16 6 9 UNL B 0309 48 61 10 12
! 193 w10 7165 64 8005 « O UNL 1D 7568 89 6012 5 TN 7 Te 86 86 62 10 & Duestoain dic thne trom
22 0w 8 6k 62 878000 0 O v 7 68 65 87 5400 0 3 UM 7 68 02 76 80 09 ¢ Cated 1n tem of degrees
B f true North v e 0
v e v 17 oAy 18 e ot ot
o1 3Ny 3 60 58 87 36 00 0 72797 71 0 ¢ 10 130 10 7971 95 70 06 ¢ for West Bt of (010
06 0wl 7 60 39 93 35 30 ) 2T 97 71 Q06 0 10 130 10 s T 9Y 1L 0) & the ditevtion columa vt
' 01 1.\ 7 83 63 90 62 0¢ 3 X 7372971 06 3 10 130 10 7 70 9770 02 cates vatm
10 9 A2 T T2 08 9 70 75 83 74 07 & 10 100 10 773 7991 08
13 ) ez ) 03 76 59 69 07 & 92 T4 07 70 1012 9 3013 97 76 89 71 08 10 Speed 1s eaprened 10 knots
16 12 Tin 1 4372 39 47 10 10 01 %) 69 70 30 1) 9 2513 3 75 78 72 11 1) multph o 118 1o convent
LRERTLEY 77 72 76 £9 09 3 Y71 Te 48 08 8 Y EIR 1) 77 7% 83 72 0% 7 o mi'es puthour
AR RELEY Y372 93 1L 06 & L 7972837008 8 6 UNL 12 79 % 96 73 08 8
oA 19 oav 20 oAy 21 '
0117 i3 3 T 73971303 3 T 3212 7372937108 5 O UNL 10 81 47 93 88 6
o4 & 23 A T« 39T IOF & O uN, 5 OF 70 70100 70 02 5 O WAL 7 o0 49 93087 G4 7
! 01 9 =0 3 T4 73977338 3 % 2 ie7 79T TL 06 9 O UM 8 89 48 93 67 04 9
f 17 9 2012 06 77 72 764 0710 10 & & X 81 73 77 713 0% 9 168 18 02 70 33 64 Qs 12
1% 12 057706870012 A N2 05 76 59 6% 1012 3 WAL 19 06 89 42 80 03 10 ADDHIONAL DATA
BUAE RRBREY dmi nuseRt a e
1 LI . Whe 10 3 L1e 06 0% 82 10
2 ¢z TS0 2OT T 0w 10 6h 83 874606 5 Cun b 66 63 87 62 3 3 (Irelubwnatinaldata v
. ! ! be turninhed at con via nucn
g ELAED 0y 23 ! Sy 2 ! Bim o M rehiche copies of
. 01 0. A 83 63 9C 8203 & 0 W 10 67 66 93 6301 5 0N 8 5663 87 82 36 3 hciintlreends foguities
L VLT | 61 80 97 40 3 S 6. 9 68 67 63 88 02 8 10 1 0 6¢F 83 64 93 8% 33 3 Ll ;:,.u-nlh and
' el s L 8Ye2 9reloe 8 10 2 18¢ 68 67 97 87 A3 Y jo 1 32 ¢ 87 46 93 63 33 & Liiuh bt b addiesed t
101 W19 T 63 36 390212 & 1012 80 Te T T OA T 1N 12 HRIRIRSE IR
13} w1s 43 70 51 83 07 1o L1 86 Te 33 08 08 10 T 31 89 72 51 63 00 ¢ Ditecten
16 9 L 38 43 71 %S 8% 07 12 & UNL 1S 83 72 57 88 10 10 2 UMY 08 70 <5 82 31 7 Natongl Weather Revords € enter
19 8912 509 7L 8685 5 0 LN 12 Th 89 69 63 0% 5 1 WML 12 7T N T 88 12 6 ederd Bundioy
R I Y T, oh 8« 65 05 8 0 v 10 £9.65 84 84 33 ) 3o 1 T2 70 S0 4% 10 Ahenitle N O vy
"av 2y 0AY 26 fay 27
-2 T T I 0 53 90 0« 33 0, S un 8 O 66 6 90 6) 02 ) [ X4 ST '] T2 %0 90 60 02~
CUTC N MO IO 65 a» 93 #3 33 ) [ A TONRN 11 [T 1] 3 T 2 (143 6% 48 93 o7 36 8
o118 2 3¢ 87 86 93 65 36 4 10 190 ) Ok 88 &8 PR I I B 1 00 46 93 63 36 3
10 1M & o MY TN s 9100 5« " 6 ewM 8« 0273 63 69 04 2
f 13 0 41 $1. 71 33 65 03 10 9 1% 8 LIRS 4 o )9 10 03 70 «8 82 0% 12
182 2 83 70 <9 64 1010 7 100 10 9 1ot TNy o« 0173 83 84 02 &
191160 g2 90 e 6713 & 3 190 10 ”on [ 7671 %6 88 10 3
20 Wt "9 45 87 83 26 3 9 130 A o I SV 108 87 8% 03 )
cAv 28 24y 20 'ooAv )¢
L 3 e 3 GEn 68 46 50 85 01 3 O un 2 GF o¥ 57 93 46 3¢ ) 17 160 10 60 62 21 a) 0t 3
L ) LL3 08 4% 93 46 38 oo 2 G T 9) 89 0 8 S Y 0 52 93 91 3% 8
AL I ) 2 22 %= 07 58 5 67 )6 & | IEVLTONY [449 1 8% 90 88 04 & SN 20 €) 41 40 se 0t
13 Y2 < 23’322 M™GE & uv, 8 < A2 71 %6 A3 Ny 1 AL T ) 4199 3% 8) 0% ¢
1302 2 8 0592 51 63 0% ¢ 16 W 12 0008 33 83 0% 13 e une 8 Yoes 3e 87 09 12
16 5 83 3 e ¥ 33 65 12 1) A TSN Y A6 be 32 9 O 1O IR TS | .60 3T 8 3012
5 B BRSO J 8 ) Y9 4R} L] w12 5 53 48 %9 39 8 Ll T ) 'Y b0 52 96 15 8
2 v T A9 93 68 58 8 [ LT o 4% 64 Bl 83 3% AL ) 56 81 78 9 4o
SAVANNAN CESRGIA L1 )




LOCAL CLIMATOLOGICAL DATA
U. S. DEPARTMENT OF COMMERCE . C. R. SMITN, Secretary
ENVIRONMENTAL SCIENCE SERVICES ADMINISTRATION -~ ENVIROMMENTAL DATA SERVICK

SAVANNAM, GEOAGIA
TRAVIS FLELD
SEPTEHBER 1988

umude 312 0a'N Longitide  g4* 3o “ Elevation (ground) PYSL . Standard time used: A TEAN o,
Temperature (°F) 'eather 1ypes ISnow. ipitats Ve Wind Suishi ‘\k
per R mhown by code | Sieer, Precipitation station ! u“‘_,f“c B (T\u‘\:‘l::l' !
I 19 0n dates | or ' pr [snowd TV L] Faest I SSUNS U
of occurrence [iceon| (water | steet ] *V€ | = po-ile i b
3 - 129 148 “ue : dn) i ﬁl : . ! ! |
§ | ¢ HHE? MR R R SR F R I P
" ent) ‘lev. € EE . E 2% L2 jz=4
H $E| 35 | 2 (ta) B 8E5Elu- = 20 2% |23y 185
v g v oY P $:7 PTAN n 35 2218 3! = “f—_ TR IEE!
i ; 123 22 |-l ' 28 3F 5 IFE ¢ 35 [ERIEEISS
b b < &« 2 | 232 23 &fd | ama m.l. F”x <E FE. & i ¥ ii‘é 12321588
. ! i \ 1 i
| 2 3 ST S XU R SRS SN NSOV WU JON0 SO O ) O A 4 *”’l‘““ 18 060 12 jv 202
1 (2] 10 7 3 12 0 .1 [ ] 7 0{29.05/0)! 3.3 6.8 12 ¥ Sk 40, 9 [ 7 1
2 " (1] k) -] 10 s 1 ] 0 0 0{29.,94127: 3.3 S.RI 9, ¥ 8.6 &7 8 &2
3] so| es| | 2| 6o o 1 i o ° 0[30.00[11] 143! 33| 8. S 1046 82, 6] & 3
. %0 [ 1) 1 -1 o? o 1 0[ 1 0i30,00(16, 1.8 3.0 11 S 10,01 83 9 . -
1] [ [ 34 M <1l N o : 2 [] 0 [ [ 9 10 SE, 9.0 T & 5! S
6l % ea| 81| 2| 72 0o e .08 ° 3117 swi a7 el ml 70 e
T e8| M| s0| 1| M o 0! T 0 8| 11° E! 8.3 63 A & 7
] (1) 10 Te [} 73 i [ I § | [ 0! 01 t ] o] 16 SE I 6.7, %) q L I ]
0] (1] T "0 2 12 0 113 [ 0! ols [} 3 17 SE I 10.0 "w 7 7 L4
10 " [} 19 1 71 o 11 s LB v 0 3 17 NE (13 ] 10 10 e 10
1t a9 ' 7 0] o8 6 1 [ vl e $i 160 W 10,70 sl 8| &1
12 (3] 2 M| eS| 81 0 | [] [4 [ [ Y10 NE 8.6/ 89 10| 9 12
13 9 (33 17 -8 59 o L} 0 0 ] 2 8 NE H-Ol A 0 [ ‘ 13
14 [ 1] 539 10 -7 59! [] HE 0 [ 11 €. 1. 1000 1 0| 1s
15 88 %9l 72| -3} el o 1 s ¢ o0 o, o HEHE Rt I R R IR R
16 08| 38| TV o 65! o s o o o 15 €! 1,20 s el 7|1a
S T I 3 I T B A o | ¢, of a0, o 1,100 €1 3,8 &7 10(10 17
1 o8 7 0 o 7 0 ! ol o' o o 17 E .7 83 9| & 1n
19 7| 7e 1 TR o' ool TEoe 1. 20 SE s.6! &% 9| 719
200 071 eel 7T 1] ey 0 1 s 0 T, o ! ol 17 € ey 18l sl w20
21 [ 2] (3] 75 -] 63 ] - L 0:30,10i08 XS | 3 12,27 1000 1 0 ‘ 21
22 83| e M| o3 e 0 0 o, ol¥.08i08 1] 16 NE| 10,00 87 3| 222
3] [} (1) " 2 & o .1 , N 0 ] !o.M'oo o3 18 NE | 9,0 T8 6 42N
246 L3 o3, 76 [ 1) [} 2 ;oo [N a 19,907 W0 12 €, %3 Y 8 426
1 (1] 1) 7" 1 o6 ) ' (] [ o' o 29,9) 0% W8, 16 £, T0 &) 5! 3ips
26 [ M4 bde ™ 1 | (1] [} 2 [ ] 0. 0 1!’..0'[0« +30 1) L I Y ] TeL A g e
27 (13 (1} 144 v, e e i1 L 0: T 0:29,0%10%] «9 18 € 6,9 Y sl 627
20 s ) Te 1, o [] H 0! L a;u.n:oo‘, 213 € 9.9 820 81 5
29| oaf eel 7y 27 &2 o .1 ] 0! ol o6 .00 217 NE 10,6 8T 8! 678
30, o8 e3] 1 zl 3" o 1 N ° 0 ol)o 1307, 63 66 13 € 119 100 1l 200
H l i
1 &um 1 Sem [—= - ? Total _'f)cp Tempeiature: "t Toial ] Ta ! 7T ForTihe menth T Towl Ton (S sum’
c?r*%‘. aE o] j Number of .u,\' Lﬁ L 0]2v.98707! 343 €20 ¢ SE 20,7 e L1099 fxn
Avg | Ay ‘A‘;t Dcop s \uwn 160 date uos Mo M s . - Date’ 18 ] R man (Arg A\x-
Dowmin 1% =0, 0 67 I Twal | Dep levhm : : : 1970.9°7 Yo e.6l 3,7
o Eatiome for 1he mnih Mas b the o! o of ’ . Gvnleu in 24 houts and doter T Greatent depth o fround of ‘
Wt of mawt then one Rvwreme R np«mm Snow, Sleet L wos, AEE O e and date
- Belva soro & '] W Regating Jey Hoon mend . ‘ 5 M- °. . 6 .
T in cobummne 9, 10 aned 1 and in the Howty Proogetane 139 a \Mu TTEN & Alwr o a0 gastas date o1 Lty
1ahle ImBcaten an Mmount fovt small b Ieavae
X Hinavy fog — vraabeluty 1y mmule o be
20y B okl T fem HOURLY PRECIPITATION (Liquad in Inches) o
!r T M llnw mJ'n. ai o 1’ e D P M Hourendingat T . !
- 1 4.._) S R 2000 (' U LIDUN  SUDOUR N P R JNDORE N TR T SR B ) Vi A2,
T " o R . YT oy ser o f M Ty
: . L 2
] ! i - ! Bl
[ ! \ i ! Loy : .
) i : ' Cod ! [}
. ‘ , : 06,02 T 1 | s
7 t : T : £
[ : i i T .01 7 i 8
s .14 .01 i 02 .01 i oo ‘ i s
10 { H f [ B A\ A ! 10
v ! | ! : C! : : : 3!
12 i ' ‘ ‘ ‘- : ‘ : 12
13 X i : : ! ' : ‘ 13
1 1 ; . i i . 16
: | I T L
{‘.’ . 1410 ' " T ' K 17
. ! : ! ‘ 10
19 \ \ L § i T v . 19
20 ' vt | 20
2 | , A . Lo
. ' : Lo ; ; . 22
1) ' : o I | 23
26 ' : ! ' ' 26
2 f i i i ‘ 2
S | . P w TS
'S | i I B R i 27
" \ i : | 1 . 2
2 ; | i 1 . . P ' 9
3 l[ l B | | - ! i 30
H 3
Drota w colomms & 12, 13, 14, and 11 are Rasn 00 I.Muc-mmdn Vo menah l;ul.'-m««m&'d . AVLRACS ‘.\.”\’ HOl 'f(\ s ,‘Rc\ulu‘n(
'n-n what the wind N«-\ Rewliant wind 18 the vevuv sum of nind Jerrutans snd speeds douded m the numier of P - : w ik
Frgures for arg tens of Jegrees Brem trwe North (6. 09 < Fau IR = Sowh 2 = Wew. v, 5= [ 5 £ F R
nlNnnh.u\lﬂ!(m‘mmumatmm‘nlaumn(ml’ entioes (n Col 18 are fastew otnenad A A iz 2- e E: i o
1-mmowte Goedh I INE 7 8ppean i Uik 17, \oenih are gty Ay erroes Setented wall he Crected and (hanges Z30E 2 P hge T
Wmmary date will he anmualed 10 the snnual Sumemans i puliahed firs i ¢ s x " ik
_ o ) NI e e
[Subac Frice Lowal Chmatntogn al Dhata 81 Rty onusl Smmary o NP ‘01! sj2v.97i 9’ 8’ 927 47! 3.1003" 2.0
0 \'l::\“l::nm;h ;:‘unﬂn-‘l'\ .‘:;:lm ::mul \..::n:‘:' :‘Mh - -\-w:c\ wrders :L’:ﬁ:\:nm Y : i 04 : 4 h“" "71 .’: 93, .6; 3.9 !nl 2.9
B PPt es 00 COrrevRIalem e D] Be i b e Supatsneemtent of TR uments, 108 Canerneemt Pried ! (071 V20,08 nd; 47 ®4: 46 4.7(02° 3.8
g Offe, Wethmgron, D G 20003 ! 1101 6(30,02. 80 Y2 0] %] 7,4l04; 4,0
19 P129,99 35, 73, 8n oe# a.0/00: 8.0
£ cernfy 1ha1 thee 18 2 cfficial pubin aten o INe F s nonmental Soence Moty Admeasiratuh. amd o0 cmpeed fom 1e’ 7]10,95! A4 | 71} 1o 0510‘ 1.2
recond on file at the Natumal Weather Hevondh Cemer. Atherdie. South ¢ scding 2ena) , e ’13'0’05 IRt ] ") 6.3110. 6.7
;‘/ PEN ~,3o.oo= 720 649, u of «.3l08. 1.9
'\(()\1\1 l:hsl\ Ah"l»\‘ll.l_l 200

Dt Natnwal Weanher Revanhs ¢ emer

Al0



OBSERVATIONS AT 3-HOUR INTERVALS
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CONSTRUCTION SKETCHES OF BOTTOM SENSOR
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APPENDIX C
DATA FROM SHOAL SAMPLE ANALYSES
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FLOCCULATION TESTS

| 5 Bottom samples taken with modified Trask sampler at 4 locations in the :¢ al srea. The
) ’ top centimeter of material was removed from each sample and percent mois.ure wontent

7 determined. A composite sample of about one pint was made up from bott: n material ob-
£ tained no deeper than oae foot below the top of the shoal.

£

Bz Composite

S Location Date Moisture Content 3sttom Sample No,
% (1968) Percent

f— A B cC D E F  Avg.

A 131 South 20 Sep 84.6 84,8 84.0 80,9 85.2 84.9 84,1 1

. 128 North 20 Sep 80.6 79.8 80.9 83.1 76.8 78.6 80.0 2

125 South 20 Sep 92,8 88.1 88.0 88.4 88.0 86.9 88.7 3

3 122 South 19 Sep 82.7 84.2 84.0 84.7 83.9 4

131 South 1 Oct 83.3 - 82,7 84.2 83.4 5

4 128 North 1 Oct 80.6 78.9 82.3 - 80.6 6

b 125 South 1 Oct 86.3 86.0 86.1 86.3 86.2 7

122 North 1 Oct 84,7 84.9 85.5 84.6 84.9 8

v

i 131 South 11 Oct  84.9 82.3 83.9 83.7 83.7 9

2 128 North 11 Oct 90.0 86.5 83.5 8l.7 85.4 10

p 125 South 11 Oct 86.5 84.6 87.6 86.7 8.4 11

o 122 North 11 "=t 82.6 82.8 84.5 83.9 83,5 12

k. 131 S¢ h 220ct  81.7 82,5 83.2 80.9 82.1 13

128 North 22 Oct 83.6 87.4 81.2 84.7 84.2 14.

i 125 South 22 Oct 85.8 91.9 90.8 87.0 88.9 15

¥ 122 North 22 Oct 82.5 83.7 82.2 8l.1 82.4 16

Note: One extra sample No, 3 at Sta 125 South - 20 Oct.
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Corps of Engineers, USAE
Waterways Experiment
Station

Report on
Physical, Chemical, and

Petrographic Data

Concrete Division
P. 0. Drawer 2131
Jackson, Mississippi

Job No.

5L6-H377.19SE31

Project Examination of 16 Samples from Shoals
in Savannah, Georgias Harbor

Date

20 February 1969

Initials:

BA

CD Serial No.

Samples

Concrete Division (CD) on 15 November 1968.

at 800 C for 12 of the samples.

WES-40 Ss-1 (A through D)
WES-4O Ss-2 (A through D)
WES-40 Ss-3 (A through D)

WES-40 Ss-4 (A through D)

identified below by CD serial number and field number:

Field No.

1. Sixteen samples frum shoals in Savannah Harbor, Georgia,
were received for testing by the Soils Division of the U. S. Army
Engineer Waterways Experiment Station (WES) in the fall of 1968.

sample was a combination of' sediment and water in a one-pint jar.

their tests and forwarding the balance of each (about 25 g) to the

The 16 samples are

Each

The Soils Test Section divided the samples, keeping part of each for

Sta 131 S - Samples 1, 5,
Sta 128 N - Samples 2, 6,
Sta 125 S - Samples 3, 7,

Sta 122 N - Samples 4, 8,

Test Procedure

these tests for the other samples.

9, 13

10,
11,

12,

2. The Soils Tes® Section determined particle-~size distribu-

3. The CD determined total cation-exchange capacity (CEC) of

14
15
16

tion and specific gravity for 1l samples, and weight loss on ignition

There was insufficient material to do

each sample, made a petrographic examination of all samples, and measured

the weight loss of four samples at 375 C as a measure of organic content.

WES Form No.
Rev. March 1964 1112
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Physical, Chemical, and
Petrographic Report (Continued) Date: 20 February 1969
Project: Examination of 16 Samples from Shoals in Savannsh, Georgia, Harbor
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4. The different tests are described in the following subparagraphs:

a. Particle-size distribution and ignition loss. The Soils Test

Section determined the gradation and specific gravity of the
samples in the as-received condition in accordance with pro-
visions of Appendices IV and V of EM 1110-2-1906, dated 10 May
1965. The Soils Test Section also determinced the loss on

ignition as outlined in Methods of Analisis of the Association

of Official Agricultural Chemists, 6th edition, 1945. That

procedure consisted of processing the sample (wet) through a
No. 10 U. S. standard sieve, heating approximately 2 grams
(dry weight) of the material at 105 C for five hours, and then
igniting the specimen at 800 C for one hour and calcuwlating

the weight loss.

jor

Cation-exchange capacity. Each sample was air dried and passed

through a No. 10 sieve. Cation-exchange capacity was then
determined on each of the samples by replacing the native
exchangeable cations with 1 N sodium acetate, removal of the
excess sodium acetate with alcohol, replacement of the adsorbed
sodium acetate with 1 N ammonium acetate, and determination

of the replaced sodium.

c. Petrographic examination. The remainder of each air-dried sample

was ground to pass a No. 325 sieve (hlp). The samples were

then examined on an XRD-5 diffractometer using nickel-filtered

c3




Physical, Chemical, and
Petrographic Report (Continued) Date: 20 February 1969
Project: Exemination of 16 Samples from Shoals in Savannsh, Georgia, Harbor
copper radiation at 27 kvep and 41 ma or 50 kvep and 21 ma
at scanning speeds of 2 deg 20 per minute or 0.2 deg 26 per
minuse under the following conditions:
(1) Tightly packed powders.
(2) As a slurried slide of the material finer than No. 325
sieve, both air-dried and after glycerolation.
(3) S=:lected samples were examined as air-dried sedimented

clay slides of minus 2u material, and as sedimented

slides heat-treated at 15C ¢, 300 C and 450 C.

e

Differential thermal analysis. Selected samples passing a

No. 325 sieve were examined by differential thermal analysis
(DTA) in a nitrogen atmosphere, using a heating rate of
10 C per minute.

e. Organic content. Keeling* has shown that ignition of clay

samples at 375 C for 16 hours removes the carbonaceous
materials in clays, without removing water contained in the
structure of the clay, and without destroying either iron
sulfides or carbonates which may be present. One sample
from each station was ignited at 375 C for 16 hours and

the lcss in weight was determined.

*Keeling, P. S., "Some Experiments on the Low-Temperature Removal of
Carbonaceous Material from Clays," Clay Minerals Bulletin, Vol 5,
No. 28, December 1962, pp 155-158.

ch




Physical, Chemical, and
Petrographic Report (Continued) Date: 20 February 1969
Project: Examination of 16 Samples from Shoals in Savannsh, Georgia, Harbor

f. Other examinations. Dilute hydrochloric acid and a magnetized

needle were used to check for the presence of carbonate : inerals

and megnetic iron-bearing minerals respectively. Powder immer-

sion mounts were examined with a petrographic microscope.

Results
5. Particle-size distribution curves for all samples except 4 and 6 are

shown in figs. 1-14. All of the physical and chemical data obtained are
reported on table 1. Samples 4 and 6 were too small to permit particle-size
distribution, specific gravity, and loss on ignition at 800 C to be determined.
Samples 13 and 15 were too small to permit loss on ignition at 800 C to be
determined. The samples ceontain much more material finer than 2y than most
soils or sediments. The material finer tban 2y makes up 52 to 65 percent

of eacn sawple.

Station No. Sample No. Sampling Date Cumulative % == 24

131s 1 20 Sep 68 60
5 1 Oct 68 65
9 11 Oct 6f 62
13 22 Oct 68 60

Range for Station 131S 60 - 65
1258 3 20 Sep 68 58
7 1 Oct 68 59
11 11 Oct 68 59
15 22 Oct 68 61

Range for Station 1258 58 - 61
122N 4 20 Sep 68 nd
8 1 Oct 68 52
12 11 Oct 68 57
16 22 Oct 68 56

Range for Station 122N 52 - 87

(Continued)
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Physical, Chemizal, and
Petrographic Report (Continued) Date: 20, February 1969
Project: Examination of 16 Samples from Shoals in Savannah, Georgia, Harbor

Station No. Sample No. Sampling Date Cumulative % -- 24

128N 2 20 Sep 68 60
6 1 Oct 68 nd
10 11 Oct 68 . 55
14 22 Oct 68 ST

Range for Station 128N 55 - 60
6. The compositions and relative proportions of minerals in all

16 samples are very similar. The representative composition and proportioné

are shown below:

Constituents Relative Abundance

Clay Minerals
Kaolin Abundant
Clay-mica Minor
Montmorillonite Minor
Vermiculite Minor .

Nonclay Minerals !
Quartz Minor
Plagioclase Very Minor - Minor
Potassium feldspar Very Minor - Minor
Halite Minor
Pyrite Minor '
Cristobalite Trace ? !

Halite was found in the samples examined as air-dried powders and slurries,
but not in sedimented slides prepared from dilute suspensions. Two minerals
were identified which are characterized by basal spacings at about 14#-A in
the air-dry condition--montmorillonite and vermiculite. When sedimented
slides were examined after glycerolation, basal spacings at about 14 A

and 17 A were found, indicating the presence of a nonexpanding mineral with
a l4-A spacing and the presence of an expanding montmorilloﬂitic clay form-

ing a complex with glycerol. The two minerals contributing to the 14-A

cé
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% ' Project: Examination of 16 Samples from Shoals in Savannah, Georgia, Harbor

spaging in sir-dried sedimented slides collapsed partially after heat treat-
4 . ment at 150 C, leaving a barely perceptible hump in the 6 to 7 29 region

i

(14%.7 o 12.6 A) which was not present in slides heat treated at 300 C or
i

e | ' 450 C.

Yok

1% Yoy

7. Several workers have reported poorly crystallized vaguely charac-

, terized clay minerals from es%uaries on the Atlan”ic Coast of the south-

I

eastern United States;* they may differ from river to river deperding

SAIES

on local differences in material eroded. They have been referred to

TR

4 as chlorite-vermiculite and as vermiculite. The preponderant evidence
! obtainedlon this group of samples indicates that vermiculite is present.
It cannot be unequivocally demonstrated that interlayered chlorite-vermiculite,

7 or chlorite, is absent. Neiheisel and Weaver did not report vermiculite from

" Savannah Harbor.
I . i

'f 8. Diatom fragments were observed by microscope in most samples and
¥ '
X . are undoubtedly present in all. They are probably the source of the cristo-
3 .
;?, . : balite that is believed to be present.
E
9 * Powers, M. C., ' AdJuotment of Clays to Chemical Change and the Concept of
B¢ EqulvaTPnge Level,” Clays and Clay Minerals, Proc., 3ixth National Confer-
3 ‘ ' ence on Clays and Clay Minerals, 1957 9] 309, Afa Swineford, Edltor,

H

?< ' Pergamon Press, 1959.

Nelson, B. W., "Clay Mineralogy of the Bottom Sediments, Rappahanrock ..vor,
Virginia," Clays and Clay Minerals, Proceedings, Seventh Nat.onal Conferaine
on Clays end Clay Minerals, 1958, A. Swineford, Editor, Pergamon Press, 1960,

' p 135.

Neiheiselj J., and Weaver, C. E., ' Transport and Deposition of Clay Minerals,
Southeastern United States," Journal of Sedimentary Petrclogy, Vol 37, No. h

pp 1084-1116, December 1967.
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Physical, Chemical, and
Petrographic Report {(Continued) Date: 20 February 1969
Project: Examination of 16 Samples from Shoals in Savannah, Georgia, Harbor
9. The loss on ignition of samples fired at 800 C for one hour

ranged from 13.9 to L7.7 percent, while the loss on ignition ol samples
fired at 375 C for 16 hours ranged from 9.0 to 9.7 percent. Presumably
the losses at 800 C include the hydroxyl in the atructures of the clays
and may include results of breakdown of very minor quantities of sulfides
and carbonates in -~ samples. Kaolin, the major clay mineral in all
the samples, is u * stable above 550 - €00 C and loses four (OH). The
loss in weignt of the samples ignited &t 375 C it believed %o be a good
measure of the organic content in the samples,

10. The clay minersls present in all samples were poorly crystalline,
The nonclay minerals were present as very fine particles with over
90 percent passing a No. 200 sieve. Under the microscope the sample
appears to be sver 80 percent clay while “he X-ray pattern appears to
show that clay is present in an amount less than 20 percent. This in-
consistency is somewhat explained by a high background level on the
N~ray patterns and the obviously poor crystallinity of the clay minerals

present. Clay minerals are believed to amount to more than half of each

sample.

c8




4
E
¥
§

TE s

e

AR ey

%

SRSy

Jerz i
T
2SR

-,

;
5
Fr.
3
5
J
3
¥
i}
b
b
2
s
48

AP ShE

Sgwion
3

et

Nt Ar mperne g
)

Physical, Chemical, and
Petrographic Report (Continued) Date: 20 February 1969
Project: Examination of 16 Samples from Shoals in Savannah, Georgia, Harbor
11. The sixteen samples from shocis in Savannal Harbor are of similar
mineral composition, consisting of the »lay minerals kaolin, clay mica,
montmorillonite, and vermiculite, and of the nonclay minerals quartz, plagio-
clase and potassium feldspar, pyrite, halite (trom the estuarine water),
and possibly cristobalite. All of the samples were very fine grained with
over 50 percent finer than 2p. Cation-exchang~ capacity ranged in single
determinations from 30.4 to 43.3 meq per 100 g; the highest average value
was that for station 122N, 38.9, but the highest individual value was deter-
mined in sample 6 from station 128N.

12. We did not find a relavion between any pair or group cf properties

determined for this group of samples when the samples were sorted either by

stations or by sampling days.* It is possible that trends would become apparent

if either samples from more stations or samples taken on more days, or both,
were available.

13. The mineral composition is reesonable considering the geology of
the source area and previous published resvlts on samples from the Savannah

River (ref 3, p 6).

* Samples 1, 2, 3, 4(7) were taken 20 Sep 68; samples 5, 62, 7, 8, 1 Oct 68;
samples 9, 10, 11, 12, 11 Oct &8; samples 13, 14, 15, 16, 22 Oct 68.

15 Incl
Table 1
Figs. 1-1h




Table 1

Physical Data on 16 Shoal Se ,les
from Savannah Harbo:

%
Field % Wt Organic
Identification Specific  Cation-Exchange Capacity Loss on Content
Station Sample Gravity Milliequivalents/100 g Ignition (wt lcss
No. No. Gg Sample Avg for Shoal at 8CO C at 375 C)
131 S 1 2.60 35.2) 6.4 9.1
5 2.53 39.6) 36.4 16.6
9 2.57 32.4) ’ 15 5( )
13 2.58 38.2) &
Range 2.53 - 2,60 32.4 - 39.6 15.5 - 16.6
128 N 2 2.53 35.9) 15.4 9.0
6 n.d. 43.3) 36.2 n.d.
10 2.58 33.5) ' 13.9
1h 2.62 32.0) 16.4
Range 2.53 - 2.62 32.0 - 43.3 13.9 - 16.4
125 § 3 2.54 38.3) 17.7 9.h
7 2.52 30.4) 36.9 16.6
11 2.60 40.0) ) 15.7
15 2.63 38.8) n.d.
Range 2.52 - 2.63 30.% - 40.0 15.7 - 17.7
122 N(b) h n.d. 42.3) n.d. 9.7
8 2.53 38.0) 38 15.1
12 2.56 27.6) 9 16.3
16 2.53 37.6) 14.8
Range 2.53 - 2.56 37.6 - k2.3 14.8 - 16.3

(a) Not determined.
(b) It is possible that sample L4 was taken on the south side of the river
and samples 8, 12, and 16 on the north.

€10
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