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FOREWORD

L .

A laboratory otiudy on propertics off sediment, such ac this ouw, :

Y is a necessary step toward understanding the behavier ot the maleriag in .
. any ol the complex environments in slreums, estuaries, or occuns. The H

reason or conducting & study in the laberatory stems Yrom the teed Vor i
] . controlling the conditions under which the measurcements are made.  Beicre :
5 ¥ the resulls of a laboratory study can bte wiilized teo oblain knowiodie off
sediment behavier fn any particular lo
desceribing cediment behavior from kiowiedee of the envirenme st und ¢ the
cediment properties. In addition 1o regorvins meacurements on propertics
of cohecive sediments, therefore, an el'tort wes made 1 presont reuns oF
applying the resulting data. The meactrement s and uppropriate diceussions i
\ are presented in Chapters 11, 1I1, ard 1V, Methodo o applicatic are
5 e precented in Chepter V. PFurther application awalls mere d2tadi2d Ruowi-

edge of tne Lrausporting environment.

CiCh, meuns ave rvogeiored Ver
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Deccriptive symbols are used where possible, with appropriate
subscripts wherever similar units need to be distinguished. Only cgs
units are used in formulas.

Symbol Definition
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E d diameter — ==
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: q tangential velocity
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L r radius
% E R radius of capillary or floc
! E AR interpenetration ot colliding flocs
i t time
T torque
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; \Y volume
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I. INTRODUCTION

Studics ot estuarial sediment transport processes have been
limited to a few estuaries where expensive maintenance has mobivated
investigation. Such studies of sediment transporl in portion: of San
Francisco Bay, and laboratory studies using Bay sediments, were conducted -
by the University prior to 1901 for the San Francisco District, Corps of )
Engincers. During the cource of thesc gtiudicr neveral leboratory meacure-
ments ot physical proporties ot the cediments were f'ound uscful for char-
acterizing the sodimenl's transport properties, particularly the properties
that determine the ctability of deposits. These laboratory measurementis -
are used in the present study to extend the knowledge of estuarial sedi-
ment transport to other estuaries. This report presents laboratory
measurements made on sediments from tive cstuarics scelecled by the
Committece on Tidal Hydraulics, C. E., ac represenlative of' important
estuarivs ol thie United States.

Objective of Study

The objective of this study includes the determination of
rheoclogical properties of sodiments Prom 2 variely of cstuaries for the
purposes of obtaining informaticn on the stability of deposits and on
the character ol sediment during Lransport. Such intormation is nceded
for descriptions ol shoaling processes.

Acknowledgments :

Sediments studied during thie investiration were provided by
personncl in several branches o the Corps obf Engineers.  Thelr intereust
and services matoriully aided the study. The consiruaction and operation
of one of' the viscometers used duringe Lthe suady was supported by the
daticnal Science TFoundation tor an associaled cluay.  The simulilatizous
need for inteormation on sodiment propertics by the Corps ol Emrinecrs,
the desire of Lhe National Science Feourdation for basic knowledse ol the
behavior of fine sedimeni malerials, and the general necd tor advance in
rheolory enhanced the desirability ol conducting thic study. The intorest
and support of membors of branches ot the Corps o Engsinecrs and of the
Nat ional Science Foundatlion are gratefully acknowledged.

Students whe assisted with the measurements incIude Mesors.
S. Nola, K. Moaveni, A. Lubechits, and G. Terrides. Scerctarial and
report preparation services were provided by the stal'l' of Lhe Sanitary
Envineering Research laboratory. The enthusiastic and diligrent partici-
il 2 ™ I
pation in this study by members ot the statt is acknowledpced and o
sincerely appreciated.
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Special acknowledgment is due Professor H. A. Einstein. His
enthusiasm, frequent stimulating discussions, counsel, and review of
the manuscript are gratefully acknowledged and sincerely appreciated.
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II. SEDIMENTS USED FOR S1UDY

Samples of sediments causing shoaling problems were provided by
branches of the Corps of Engineers from various rivers ind estuaries as

Tollows: -

- Delaware River Estuary* Wilmington District
Brunswick Harbor Savannah District 'i’?%
Gulfport Channel Mobile District é
San Francisco Bay San Francisco District =

- Wnite River Omaha District

Potomac River’ Beach Erosion Board
Delaware River ' Beach Erosion Board

These sediments were maintained in a wet condition and transmitted in
sealed containers. At no time have the sediments been allowed to dry.
No attempt has been made to prevent consolidation during storage,
however.

4
i
i
%
4
4

The character of each of the sediment samples was determined by
particle sizc distribution analysis, X-ray diffraction measurements, and
determination of cation exchange capacities. These data are shown below.

|
i

Particle Size Distribution

|

Analysis ot the samples for particle size distributions was done
by the sedimentation method using a hydrometer. The samples were kept wet
during pretreatment.. Organic matter was oxidized by hydrogen peroxide and
dispersed with Calgon.

s 0L b il vihbod

Particle size distributions of the scdiment samples are presented
in Figure 1. The plots in Figure 1 show that except for the Brunswick
Harbor sediment each of the sediments has a wide, fairly uniform size
distribution. The distributions are similar but vary in predominant
particle size. The clay fraction (less than 2 microns) rangcs from
0.30 to 0.76 of the sediment materials; all of the sediments can be
described as clayey.

o
e il b

%
"

T

*The Delaware River Estuary sample is hereinafter called the
"Wilmington District” sample to distinguish 1t from thec Delaware River
sample.

**Samples provided for use in an earlier study.

-3 -
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Cation Exchange Capacities

] Measurements of catlion exchange capacities, by a method described
in a previous report [1], were made on whole samples. The measured values
arc presented in Table I.

TABIE 1

CATION EXCHANGE CAPACITIES OF SEDIMENTS STUDIED

Cation
. 4; Sediment g:;z:?fs B

me /100g
Wilmington District 25.5
Brunswick Harbor %0.5
Gulfport Channel 46.8
Mare Island Strait 24,5
Flume Sediment 28.9
Delaware River 15.6
Potomac River 9.1
White River 53.5

The wide range of cation exchange capacities shown in Table I can be due
to variations in the amounis of clay mineral kinds in the several sedi-
ments. The cation exchange capacities are discussed further in the

next section.

Mineral Compositions

Qualitative cnalyses ot the mineral compositlions of the sediment
samples were made by X-ray diffraction methods on whole samples. The
minerals found in the samples are lisled in order of abundance in
Table II. The order of abundance was taken {rom the relative amplitudes
of thc ditfraction peaks, and is not completely reliable. The peak
heipghts for montmorillonite and kaolinite were about the same Tor the
Gulfport Channel, Wilmington District, and Mare Island Strait samplos,
but had a ratio ot 1:2 for the Brunswick Harbor sample.

The mineral compositions presented in Table 11 show that sediments
from all of the estuarics campled are mixtures ol mincerals. All of the
samples contain montmcrillonite, and all except. the White River sediment
contain kaolinite, with other minerals occurring in smaller amounts.

ol

Al 1l
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TABLE 1I

MINERAL COMPOSITION OF SEDIMENT SAMPLES DETERMINED
FROM X-RAY DIFFRACTION ANALYSIS

o

Sanmple

Mineral Composition

Cation Exchange
Capacity, me/100g
of < 10u Fraction

Wilmington District

- Brunswick Harbdbor

Gulfport Channel

Mare Island Strait

Delawaie River

Potomac River

White River

kaolinite
montmorillonite
vermiculilte
quartz

kaolinite
montmorillonite
chlorite

illite
vermiculite (?2)
quartz

feldspar

montmorillonite
kaolinite
illite

chlorite

quartz

kaolinite
montmorillonite
illite

chlorite
feldspar

quartz

illite
montmorillonite
kaolinite
quartz

kaolinite
montmorillonite
illite

quartz

montmorillonite
illite

quartz

feldspar

32

k9

3L

23

15

In order further to describe the clay mineral fraction, an esti-
mate of the exchange capacity of the clay mineral fraction was made by
dividing the exchange capacities of the whole sediment samples by the

fraction having a size less than ten microns.

These values are tabulated

st mMLw-MWMMLﬂA ik

o il s




prenrpr:
o Sr i A O S

e TR A T T Y s AT AR W T

In column three, Table T1. Past experiencc [1] indicated that clay

minerals occur In sizes lacger than two microns, and the ten-micron upper
limit was selected te include such minerals. The values In column threec,
together with the compositions given in Table II, can be used further to
characterize the sediments by noting that the predominani clay minerals
have widely different exchange capacities. They are, commonly: mont-
morillonite, 80 1o 150 mc/lOOg; illite, 10 to kO me/lOOg; kaolinite,

45 to 1Y me/lOOg; and vermiculite, 100 to 150 me/lOOg. For cxample,
Gulfport Channcl, Potomac River, and Mare Island Strait have similar
mineral composition bul the relative abundances of kaolinite, montmoril-

lonite, and illite are shown by the exchange capacities to be very
different.

Figure 1 and Table II show that although the sediments all contain

mixtures of the common clay minerals the amount of clay and the relative
abundances of the minerals differ widely.
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III. RIEOLOGICAL MEASUREMENTS USING A CAPXTTTARY VISCOMETER

Measurementls of flow characteristics s sucpensions of San
Francisco Bay sediments have been found to prouvide both Insight into the
transport processes of these sediments and Quantitutive desceriptions of
the shear strength and viscous behavior of sediment suspensions [2].
Such measurements arce well suited to study of these properties of
sediments from different estuaries for comparative purposes, and for
examining the ranges of shear strengths that occur in problem estuarics.

Meacurement: ot rheological propertics of Lhe sediments provided

for this study, using an Ostwald capillary viscomeler, urc desceribed in
this chapter.

The Capillary Viscometer

The viscomeler used tor this study and the methed of operation
have been described in detail in carlicr reports and papors [0, 5] A
brief description is given hers, however, Lo tacilitate presentatjon ol
the measurement. recults. The viscometer consicls ol o sluss U tube, one
arm of which is a strairht capillary with o orall chambor al (Lo upper
end. The other arm has an inside diamcter of aboul ore centincter and
serves as a reservoir. Muarke are engraved in the (wbing above and below
the small chamber tc¢ define a volume. In operation, a measurcd volwne
ot sediment sugpension is placed in the reservoir arm ol the tube, and a
portion of this suspension is drawn from the recervelr arm througeh the
capillary to till the small chamber. The time reguired tor the chamber
tu empty is measured with a stop walch. Varialble driving pressurces were
provided fur these studies by means of a vmoevum pamp and vacuur reservolr
connected Lo the larper arm of' Lhe viscometer. A walor munometer wuo
also councectel to the larper arm Lo indicate the deivinge head.  The
temperature ol the visceometer was centrolled by a waler buth.

Theory of Capilluary Viscometer. Capillary vicecemetors have Loen
used for precise determination ot viseositics of liquids Por more than
half o century. Relat jons between the driving preocsure und flew threugh
a cap:llary were found by Poisenille [i0d ror Newton.an ligquids and by
Bingham [5] tor plastic suspensions. Thes: theorics enabile interpretation
of rheolegicul propertics of materials Prom measurenerd s made usinge:
capillary viccometer, and are summarized to facilitate procentation and
discussion of measurcments made on estuarial cediment.o,

Cluy—water systems at low clay concentration: have properiics of
liquids and at high concentrations have propertics ol plustic solids.
The distinction depends on the exislence ol @ shear strensth in Lthe plastic
solid that must be excecded by the applied shear before r'Low can e

" Preceding page blank




10

maintalned. Bingham described the shear stress—shearing rate relatlon
for plastic solids as

du
TS Ty =Ny g (1)

where 1 1s the applied shear, tg is the yleld value of shear, ng is a
constant herein called the differential viscosity, and du/dz is the
shearing rate. For materlals having no shear sirength, such as unasso-
ciated liquids, Equation 1 veduces to Newton's hypothesis.

Bingham derived his description of flow through a capillary on
the assumption of the applicability of Equation 1. Wlthin a central core,
bounded by the radius at which 1 = 1, material moves as a slug. Shecaring,
takes place in the material between the slug and the capillary wall, with
a shearing rate depending on the excess of shear above Lhe yield value.
Bingham's relation is

4 ] 4
%Wfri?(*’"%p“%’)' (2)

V is the volume of the small chamber in the viscometer; L is the
time to empty the small chamber; R and £ are the radius and length of the
capillary; D 1s the driving pressure; and p is the driving pressure
necessary to initiate flow in the capillary by shearing at the wall.

For Newtonian liquids p is zero, and Equation 2 reduces to
Poiseuille's Equation. Pressures were measured during these studies by
means of a manometer. For convenience, and tollowing custcem, the p.es-
sures are expressed as pressure heads. The driving head was the resultant
of the applied head, a velocity hecad lost at the downstream cr:d of the
capillary, and the average head difference between the arms ol the
viscometer. Rearranging Equation 2 and puttiig: the pressures in termo
of head gives

o n P
5 V= 8Ve d h s
(h Py 2g>"<nRzp£g> t * 3 hB ho ) (3)

The applied head, h; the velocity head, v2/28; the head required to over-
come the yield strength of the suspensions, hy; and the averape head ir
the viscometer, h,, are arranged to facilitate reduction of data. The
densities of the suipension, Py, and of the liquid in the manometer, Py,
are used to change all heads into heads of water. The bracketed term

*Symbols used in this report are defined on pure xiii.

%
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on the right side of Equatlon 3 contains constants of the system which
are lumped together for convenien.e.

! There are no terms in Equation 3 corresponding to p4/3P° in [
Equation 2. The values of P in this work were much larger than p, and
the term p4/3P® wvas always less than 0.018 of the applied pressure,

so that it was reasonable to neglect the term.

1 A plot of the left side of Equation 3 against l/t gives a straight
] line with an intercept at the 1/t = O ordinate of th/S -p hb/pz and a
slope of (8V4/nR%pyg)n. If the system constants h, and (BVi/nR‘ng) are
known, and if the material behaves according to Bingham's relation, both
hp and ; can be determined from measurements on sediment suspensions using
) a capillary viscometer.

Calibration of Capillary Viscometer. Water has virtually no
shear strength, at least not sufficient to be significant in a capillary
having the dimensions of the one used in this study. For water, therefore,
hp in Equation 3 is zero. Water has well-known viscosities and its use
in the manometer makes ps/pz = 1. Further, water is the lower limit of
the suspension concentration. For these reasons water was selected to
calibrate the viscometer.

L el A

The volume of the small chamber, V, and the length of the
capillary, £, was measured directly. The values of the radius of the
capillary, R, and of the average head difference between arms of the ;
viscometer, h,, was found from measurements using water in the viscometer. i
Measurements of the time, t, to empty the small chamber were made at
several driving pressures. A plot of the left side of Equation % vs. l/t
can be found by iteration of R or by trial values of R that give £ straight
line with a slope of 8V£/nR4pg, and an intercept of — h,. Such a plot is
shown in Figure 2. The measured and derived characteristics of the capil-
lary viscometer used for this study are listed in Table 11I. {

SV R © N ghorngrems et T

ST 2T

Lo Sed

TABLE IIT

DESCRIPTION OF CAPILLARY VISCOMETER Ej

oM T 3P T A R R gt

Volume of chamber, V 3.5 cu cm
Length of capillary, £ 8.5 cm ?
Radius of' capillary, R 0.0286 cm

R

Average internal head, h 11.9 cm of water

o
8VL/nxR%p g 1.08 cu cm/dyne

i
7
H
']
H
i
3
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Measurements on Suspensions of Cohesive Sediments

Samples of the sediments, except that from the White River, were
suspended in settled San Francisco Bay water and passed through a 170-mesh
sieve to remove bits of wood, shell, and other debris that might clog the
capillary. Approximate dilutions of the suspensions were made f'rom
measurement, and a portion of each dilution was taken for suspended colids
analysis. Five milliliters of a suspension was placed in the reservoir
arm of the capillary, and four measurements were made of time for the
volume of suspension in the small chamber to flow through the capillary.
Stirring between successive measurements was maintained by bubbling air
through the suspension. Each suspension was measured at four driving
heads. Apprepriate values of' h — v¥/2g and of 1/t were calculated from
the manometer readings and the measured times, and were plotted as shown
in Figure 3. Jntercepts and slopes cf the lines of best it were then
uscd to calculate the yield shear strengths aad the differential viscos-
ities of the suspensicns at the several suspension concentraticns,
according to Equation %, as described abcve.

Figure 2 ic typical of the pints in ils fit of plotted points to
straight lines. The slopes of the lines can be determined with precision.
The intercepts on some of the plintls were close together; therefore, the
relaticn vetweecn the concentratics and yield strength could not be
determined with precicion.

The range of shearing rates over which the measurements were made
are not easily described. The shearing rate is zero in the core and
maximum at the capillary wall. Values at the capillary wall, calculated
from Equation 1, ranged from 280 to 1hOO/sec. Average shearing rates
calculated as [(power discipated per cucm)/(differential viscosity)]/2,
ranged from 100 to LhC/sec. A wide range of shearing rates having high
average values existed in the viscometer. The fit of points to straight
lines, as shown in Figure 3, indicates that the suspensions had constant
sediment volume fractions over the range of shearing rates prevailing in
the capillary viscometer.

Differential viscosities obtained trom the slopes of the
h = v¥/2g vs. 1/t plots are presented in Figures & throuch 10, and the
Bingham shear strengths obtained r'rom the intercepts are presented in
Figures 11 through 17. Tor any sediment concentraticn in the measured
range, 7y and Ty €N b oblained from the tigures fer the apprepriate
sediment and inserted in Equation 1 to obtain the shear—shearing rate
relation. It is more useful, however, to consider the differential
viscosity plots and the Bingham sheavr strength plots themselves for
information they provide on cohesive sediment properties.

Relative Differential Viscosities. The plotc of relative differ-
ential viscosities, presented in Fipgures & through 10, show a logarithmic
increase with sediment, concentration for the values measured at the
maximum salinity. An ecxplanation of the logs rithmic relationship will
assist interpretation of these plots.

o b el
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A relation for the viscosity of a dilute suspension of rigid,
inert, wetted spheres in an incompressible liquid was derived by Einstein
[6]. His conditions are that the disturbance to the flow pattern around
one sphere does not affect the flow pattern around adjacent spheres, and
that inertia effects and turbulence are negligible. The relation is

'I]s
—~=1+2.5% , (&)
g

where ¢ is the fraction of the suspension volume occupied by spheres.
This elegant relation has the remarkable feature of being independent of
the sizes and numbers of spheres. The factor 2.5 depends on the shape
of the suspended particles, however, and is generally greater than 2.5
for shapes other than a sphere.

The sediment suspensions used for study had concentrations
ranging up to the maximum that the viscometer would accommodate. Particle
cchesion was the basis given for the existence of a static shear strength.
Interaction c¢f flow patterns around particles cor flocs must occur, and
the observed logarithmic relation, rather than a linear one, between
differential viscosity and sediment concentration is attributed to this
interaction. The observed rclation can te explained on the basis of
interactions of flow disturbances as follows:

Consider a suspension having only one small spherical floc per
unit of volume. The viscosity can be approximated by Equation 4,

mo=a, (lr2s50),

where T, is the viscosity of the suspension, ng is the viscosity of the
liquid, and @' is the volume fraction of the increment of suspended par-
ticles. If a second particle is added to the suspension the viscosity
can be put in terms of that of the first suspension,

nesm (1425 00)

A third increment, &', can be added and the new viscosity given in terms
of n,, s above, ny = 1 (1 + 2.5 ¢'), and so on. Substituting the value
for n, in the relation for n,; then that value of r, in the relation for
N5, &nd so on, leads to

ny = g (L+2.50)7,
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where n is the number of increments of ¢' added. For a suspension, n is
$/0', however, and the viscosity is

ry
-, (1+2.50)%
715 "1‘ *

vwhich by definition of e, the base of natural logarithms, approaches

ns = 1“‘ exp (2.5 0) (5)

for ¢' << ¢. This relation expands to

(I

. 2 3
ng = Ny [1+2.50+£%|1.L+£.2_'§'_0)_‘-._..:|,

which can be visualized as a weighted sum of interactions of 1, 2, 3,
particles at a time. The derivation assumes that the etfect of each
particle on the viscosity of the suspension can be described by Equation L.
Einstein's value of the constant, 2.5, was retained because photographs

of flocs have shown them to have the shape of rough spheres (2, pp. 10

and 64].

i M Gl L ol

The data for the most saline suspensions presented in Figures b
through 10 clearly show an exponential relation between qd/nz and ¢. The
effect of interparticle cohesion on shear is separated from the effect of
viscosity on shear by Bingham's hypothesis (Equation 1), and ng should be
equivalent to 1. Ia view of Equation 5 and the observed exponential
relation between nd/n and c, therefore, the floc shape and density must
have remained constant with 2.5 @¢ = klc, where k1 is obtained from slopes

of the lines plotted in Figures U4 through 10. 3
Assuming that the mineral particles and the water have uniform %
density throughout the suspension, %
é

¢ 1

Pe T Py T B (o, = 0g) (0) 4

where Pg 1s the floc density; Py> the liquii density; ®¢, the floc volume %
fraction; and Pp» the mineral particle density. 1
The value of c/@; = 2.5/k, can be found from the n4/n, vs. c plots. )

Taking mineral density as 2.65 g/cu cm, and the liquid denblty as 1.02% 3
g/cu cm, values of the floc density can be calculated from Equation G. E

Values calculated in this way are presented in Table 1V. f
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TABIE IV

DENSITIES OF FLOCS IN THE CAPILLARY VISCOMETER

S . . Pys g/cu cm

Sample k,, cuem/g L/Of, g/cu cm OP/Or for p, = 1.025
Wilmington
District 6.83% 0.366 0.138 1.250
Brunswick .
Harbor 11.1 0.229 0.08% 1.16h
Gulfport
Channel 8.56 0.292 0.110 1.209
San Fran-~
cisco Bay G031 0. 396 0.150 1.269
Delaware
River 5. Lo 0.Ly5 0.172 1.305
Potomac
River 3.7% 0.¢(0 Q.2Y%) 1%
White
River 8.24 J. 500 U.L1l% 1.21e2

&From “d/ﬂz vs. ¢ plots. Salinity 33.8 g/1.

The numbers in column 2 of Table IV are the values of k. obtained from
the slopes of the lines in Figures b through 10. The nwnbers in column 3
arc obtained from column 2, c¢/@¢ = 2.5/k,, and are the scdiment concen-
trations within the flocs. The numbers In column 4, ¢ /0. = ¢/p 0., arc
the f'ractions of the flocs that are composed of minera¥ particles. The
values in column 4 show that the r'locs are mostly water, with cnly a
skeleton of clay particles. The cnlculated floc densities are tabulated
in the last column, and have values commonly found for in-place densities

.of mids.

At salinities below 33.8 g/L the 3 /nt values are also logarithmic
functions of c, but have flatier slopes which indicate a greater tloc or
particle density. At least at very low salinities the particles were
largely dispersed, 5o that the constant in Equation 5 is larger than 2.5,
which would require the particles tc be much dencer. In Figures 9 and (,
the lower salinity values shift to the line for the highest salinity
values at sediment concentrations above 0.06 g/cu cm, suggesting a bunch-
ing of particles at concentrations sufficient to cause mutual interference
in particle rotations. "Bunches" of particles resulting from crowding
might have only transient existence, but would affect the viscosity as
long &s the bunched particles move as a group. If bunching is the cause,
it appears from Figure 6 that the bunches have about the same density as
do flocs.
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The differential viscosity data cbtained f'rom the capillary vis-
cometer provides descriptions of the flocs at high shearing rates. DBecause
the floc densities are comparable to those for sediment deposits, and
because of the range of high shearing rates at which the flocs exist, it
can te concluded that the flocec in the capillary are unitorm primary
perticle aggregates, and not aggregates of particle aggregates.

Bingham Yield Strengths. The lines of the plots of h — v3/2g
vs. 1/t were extrapolated to 1/t = O and the differences between the
intercepts for the distilled water plot and those for the sediment suspen-
sicns were used to calculate the Bingham shear strength as indicated ty
Equation 3. Corrections were applied 1o the average internal head in the
viscometer for the density of the suspension, and the Bingham shear strength
was calculated as hBozgr/El.

Values cof internal chear streuvpgths, plotted in Figures 1i, 12,
13, and 17, show considerable scatter butl appear te it aritametic
plots over most of the sediment concentration range observed. The linear
Plots indicate that the particle arrangement is the same cver the concen- ;
tration range examined. The remainiiy; plots have lower shear ctrengths 4
and appear to be linear over couly a short concentration range. Extrape-
laticn of these curves toward cither of the axes is inadvisable tecause
al some lower concentraticr limit a suspons should have almost no shear

~+

o
cl.
strength. A tendency fcr the shear :ﬂ'g‘L to fall of' T at low concentra-

'
s

tions is shown in Pigures 14 and 16.

i

Figures 11 through 17 show that the shear strengths of the
suspensions are appreciable.

Viscous Properiies ct Suspeusions at Low Salinities. In order tc
obtain information on the effect cof salinity on preperties of dimerit -
water mixtures the washed scdiments were cuspended in water 1a'i H
increasing salinities and subjected 1o measuroment. Dilutions with salt
water were made of a 0.C7C g/cu cm suspension io ottain the desired
salirities. This dilution resulted in a variation of suspendel sediment
concentrations tetween $.00% and $.0750 g/cu cm with the lowest at 2.270

Y o

i
[

ol -l o

3 of sediment per cu cm.
= Bingham shear strengths found tor these suspensions are pletted
= in Figure 18, together with values for suspensions having salinities of
Eﬁ 20.% and 33.5 g/£. Figure 18 shows that the shear stirengths observed at
& high salinities were equaled or exceeded, witihiin the precision ¢! measure-
? ment, at the salinity ¢f 1 g/2 or less. All except the Brunswick Harbor
§ samgle indicated a higher shecar strength av 2 g/ £ salinity than that at
I 33.08 g/i. This exceptional strens*', might Ye Jdue cither ts dispersal
1§ resulting tfrom the vashing procedure or 1o a Jdenser st.ucture of the
i* floc. In either casz, the cbservation should apply te sodiments in an
£ estuary .
%

"y

The shear strength at very low salinities suggests cohesion of the
particies. "Non-salt" flocculation, altributed to weak positive od
: negative face attraction, has been obscrved. Such attraction together

o
[



SINIW3YNSVIW YHILIWOIS!A
AMVYITIdVI WNOY¥4 3TdWVS  LOMulsId NOLONIWTIM 30 SHIONIYLS HV3IHS I 3¥NoMd

wi N30 ' 3 ‘NOILVHLNIINOD 1N3IWIA3S

i0 60’ 80 L0 S0 1) 4% £0 20 10 9]
— ™ T —y=

Lg L

L) Ll L

goe V
8€E o
170 'ALINITVS

wo bs/soukp ¢ %2 'HIONIYLS HVIHS PVHONIE




i

Bt .,:,, Ll Bl W:Q;f; :_? iy ”.n!:%.,]i{,g,;,a;ji, e

SININIYNASYIW HILIWOISIA

ANYITIdYD WOMS 3ITIJWVS HOBHVYH MNDIMSNNYE 40 SHIONIYLS YVIHS
wI nyb ‘O ‘NOILVELNIINOD LIN3WI03S

L

[

-]
wobs/s0uAp ' %1 ‘HIONINLS MVIHS WVHONIB

=]

'ALINITIVS

by

b4

R _ A

Ll g,



SLNIWIYNSVIWN HILIWOISIA AYVIIAVI

¥31vm ag3T1111S13
HLIM G3HSYM

1/ 802
1/6 8'tg

ALINITVS

]

WONYd 3ITdNVS TINNVHD LH0dITIN9 40 SHION3IYLS YHVIHS ‘el 3YNn9oid
wi n3/0 '3 “NOILVYHANIDINOD LN3WIQ3S
0 60 80 L0 90 S0 0 £0° 0 10 (o]
r— T T T T T T T T T T 0
!

=2 1¢
- ke ) 4
- 49
° e

14

%, ‘H1ION3INIS HVIHS WVHONIA

wo bs/seulkp




, ki T L L i AL

PO i b it iy L Gl

SINIW3IYNSYIN HILINWOISIA

29

| , 802
[ , 8¢

1
]

, , +

:, o , 802 V
v

o

° | 176 “ALINITVS

: : ANVINIAYD WOM4 INIWIG3IS AVB OJSIONVYIS NVS 40 SH1ON3Y¥LS YHVIHS 't 3YNOI4
,, wo no/0 * 3 ‘NOILVMANIONOD LN3IWI03S
o 01’0 60 80 0 90’ ) »0 £ 0 o )
" T T T T T T T Y T T 0
p +
| i 1
® i,
; < i
,_ @ ;
_ I )
i 1T E |
| . |
, X W
; ! m !
. N > [
h L , {o @ j
! ﬂ w0 ;
o : 3
% 7 3 7
I 7
' Iy Z W
””H 8 W, lo m 7
_, g 911'0> P 7
0.._ i
e
2
[ J
o
a
(]
3

v
1
o~




T | IR

T
i

SIN3IWNIYNSYIW Y3LINOISIA :
ASYITIVD WOY¥d 3TdWNVS Y3AIY 3YVYMVIIC JO SHION3YLS HVIHS ‘G1 3¥N9Id

wI N30 ‘o5 'NOILVYLNIOINOD LN3IWIQ3S ,,
) 10 60 €0 20 90 £0° 0’ €O 20 10 0 1

| — S ; _ : ; : : o ,,ﬁ
_ i ]
,,W,, X 7, ﬂ
| : : i
“ I 1 |
: ! @ ”
,,h ' N ﬁ
: W v ® W
: |
i i 42 z !
[4p ]
I
™M
q 2
m | -1€
I [o] .nba
1 o) , “
; — 802 v z
. 1 ,
L , , : o dp 3
m, ” , 8¢t cH
, § 176 *ALINITVS o'
- 4 <
=
[ ]
[ _J
~
a
(]
ﬁ Lo 3
L 1 [ 1 i 1 | 1 L [




ot TR
it

T R [

A ,ﬁgéggéiaégisés;;E_, TR I Y 01T YO T %
I

I
| B |
‘ i
: [
_ ,:

|

| = SLNIWIYNSVIN HILINOISIA i
: ANVITIdYD NOHd 3TdWVS H3AIN DVWOLOd JO SHLONIYLS HV3HS 91 I¥N9IJ Z
m wd n3/b '3 ‘NOILVSLNIINOD LNIWIO3S i

1o &« 8o 0 90 s0’ L) ) 20 1o % ,:

i 1 @ i

4 il

@ I

H ?

> |

z |

i T W:

' . T 7

I ' m ,

il ’ v ,77

3 , ) |

: 2 |

C 9 |

! -

,, x ;

, - - ,

, g A 7

;, , [} W

, : 802 © a

I . M ﬂ

, 8'¢ge o |

! TE

, > )

178 *ALINITVS s I

, [2] i
3

P
ek

LA e e e A A IR L RN A b ¢ LA Y L o b b whm ey P g W



w
!
SLIN3IWIBNSYIN YILINWOISIA
AHYIIIdVD WOHd 3TdNVS H3AWN JLIHM 40 SHLON3YLS HV3HS 21 38N9I13
i wl N6 9 '‘NOILYHLNIINOD IN3INIQ3S
W, 10 €0 80" 20 90 o' v0 €0 20 10 o,
Z W T T T L) T T T T T T T
: |
| : o 4z
. m
,W N N
, . o
: T
i - dv M
v :
° m
. >
) i -9 @
. wn
: -
) p ¢
: m
; Z
[~)
' | 48 =
"_ 0 E
: 2 37awvs  V ol
” i 37dNVS © -
: - So .w
! HILUM H3AIE FLIHA a
_” N1 03ON3dSNS INIWIQ3S >
F=]
| - —12! m
[
L) 9 L [ L | 1 L i

D R R T T T

, .
wrwetl by e i i Bl e it Mt P PO I S 4 i e Gl el 4 | W e e b



oo ; .

LA
LY

ALINITIVS H1IM

SIONVHI HLON3YIS HMVIHS WVHONIS '8l 3¥NOId

176 *ALINITVS

8¢ 902 ] 3 9 4 1 4 € 2 | 0
2 v 14 I_|_. Y T T T T | T 0
ewds6 0200 0L S900 <42
NOILVYLIN3INOD LN3WIQ3S
AVE O)SIONVYI NVS ©
o mxe— —X— WO L¥0d3N9 ¥ ’
| — e ‘H NIIMSNNNE 4+
‘1S10 NOLONINTIM X
9
dN3931
—_— — 8
+
+ + +
— q — | / l_O.
170 p'EE 176 802
1Y H19N3MLIS H¥V3IHS da
1 1 y | | ) [ 1

wibs;seukp * "1 ‘HION3YIS HVIHS WVHONIA

By A A




;
!
;
i
.
{
|
1
!
[
;
[}
.

34

crowding can account for the bunching of particles mentioned earlier, as
well as for the cbserved higher shear strength at very low salinity ([7].

Discussion

In the preceding secticns data on suspensions determined with the
capillary viscometer were treated by application of Bingham's hypothesis
and relation and Einstein's relation to obtain fundamental properties of
particle aggregates. It is useful to discuss these foundations for the
interpretation of date and the method of measurement before presenting a
discussion of the results.

Bingham's hypothesis 1ls a superposition of the shear required by
fluid friction, n4 du/dr (Newton's hypothesis), and the shear necessary
to overcome interparticle friction, tp. This powerful hypothesis tacili-
tates separate consideration of itterparticle friction and fluid friction
as well as provides a basis for mathematical descriptions of flow. The
cor ‘ant nyg characterizes the macroscopic viscosity cf a suspension which
Einst ‘in calculated for spherical particles to be a function only of the
fluid viscosity and the solids volume fraction. The chear 1y needed to
overcome friction must include any form of iuterparticle friction,
including cohesion and mutual interference of particle movements, that
would require driving pressure to overcome.

Bingham's derivation of Equation 3, using the assumption of a
solid core within the radius where 1 € 1g, Parallels that of Poiseuille's.
Telescoping corcentric tubes of fluid in the annular space between the
core and the capillary wall are assumed, with the shear between them
given by Bingham's hypothesis. This model appears to give the correct
macroscopic velocity distribution in the direction of the capillary axis
1or both UWewtonian fluids and suspensicns flowing through & capillary.
It should rot be inferred from the model, however, that a particle is
constrained to remain at a constant radius. Both rotation and radial
movement must occur in the presence of shearing and interparticle
collisicns so that any ore particle can experience the entire range of
shearing rates existing in the flow from the core to the wall. Equation
3 and the constarcy of ng and tp over the range of shearing rates
employed are substantiated by the measured values plntted in Figure 3.

The differentigl viscosities of the saline suspensions appear to
follew Einstein's relation, as applied, over the range of concentrations
studied. The value of the censtant used, 2.%, is based on the spherical
shape of agazregates of smaller spherical agerecates ohserved in photo-
graphs of San Francisco Bay sediments. If an open structure of the
aggrecates pravails, a spherical shape would result from random cecllisione
of mineral particles and the absence of strong orienting forces in the
flow. 1t the shapzs were markedly different {rom spherical the calculated
densities would be greater. The calculated values, shown in Table 1V,
are already close to those cf cconsolidated sediment, and it is unlikely
that aggresates would have a cleoser pack. It might te arpued that the
particles are moving ceparately, and that tecausc of their platy shapes
the constant is much higher and compensates for the relatively high
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density of the minerals. The slopes of the “d/“t va. ¢ curves (Figures &
through 10) for low salinities are lower than those for high salinities,
however, indicating at least a chang: in structure of aggregates, it not
dispersal, with reduction of salinity. The particles are therefore
believed to be aggregated at the higher salinities.

The uniformity of aggregate density over the range of sheariug
rates and concentrations studied indicates thal the aggregates are either
stable or form quickly. The high values of shearing rate included in the
conditions of measurement and the densities observed lead to the conclusion
that the aggregates are simple aggregations of primary mineral particles,
that the aggregations might change their size but not change thelr density

The shear strength vs. concentration plots shown in Figures 11,
12, and 13 for Wilmington District, Brunswick Harbor, and Gulfport Channel
samples are linear with an intercept on the concentration axis. A similar
plot was presented by Bingham [5] who suggested that the intercept con-
centration (or volume fraction) was a fundamental property of the
suspension. The lines that best it the next three sedime'ts do not pass
through the concentration axis, however, making a further explanation
necessary.

Figure 13 shows a plot of shear strength vs. concentration for
washed Gulfport Channel sediment. This plot has & shear strength
"plateau" between 3 and b dynes/sq cm ranging from a concentration of
0.03% to above 0.05 g/cu cm, followed by an apparently linear increase in
shear strength with concentration that has a slope parallel to that for
the most saline sucspension. Such a shear strength vs. concentration
relation can be explained in terms of particle behavior. Clays exhibit
a "non-salt" cohesion resulting from positive mineral edge sites and
negative mineral faces when the salt concentration in the suspension is
low. This cohesion accounts for the existence of shear strength begin-
ning at about 0.0l5 g of sediment per cu cm. As the sediment concentration
increases, crowding impairs freedom of orientation and a decreasing portion
of the particles experience edge-to-face cohesion; increasing numbers are
forced into a more parallel arrangement, resulting in the plateau shown
in Figure 15. When crowding is sufficient to cause several particles to

b3

%% cohere ut once "bunching” like that in a log Jam occurs, and as sediment

oe concentration increases, larger and larger fractions of the particles

§5 move as clusters. The material then has the characteristics of a strongly

£ flocculated material. In this concentration range weak cohesion is

& supplemented by crowding.

g The relative differential viscosity of the washed Gulfport Channcl

= sample, shown in Figure 6, supports this interpretaticn. Al the sediment

i concentration of about 0.06 g/cu cm, where "bunching" is indicated in

§ Figure 13, the relative differential viscosity deviates from thc curve

s for the lower concentrations toward the curve for the saline suspension.
Plots of the differential viscosity and of shear strength vs. concentra-
tion indicate a change in suspended particle character for the washed
sample .
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with shearing rate, and that they are not aggregates of particle aggregates.
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Figures 14, 15, and 16, and the lower plot in Figure 17 are
similar to the plot just described. In these plots, plateaus occurred
when additional particles no longer contributed to shear strength, because
there was not a sufficiently strong orienting force to maintain an open
structure with increasing particle numbers in the presence of high
shearing rates. The White River sample showed both kinds of behavior,
suggesting a metastable structure of the material entering the capillary.

The shear strengths of the particle aggregates themselves can be
calculated by extrapolating the shear strength plots to the concentrations
of the aggregates shown in conlumn three, Table 1IV. Floc shear strengths
calculated in that manner are shown in Table V.

TABLE V

PARTICLE AGGREGATE SHEAR STRENGTHS

Bingham Shear Strength

Sample dynezisq on Energy of Cohesion
Energy of Cohesion dyne cm/g

dynes/cu cm

Wilmington District 21.0 57
Brunswick Harbor 23,7 150
Gulfport Channel ks, 160
San Prancisco Bay 21.8 55
Delaware River 11 23
Potomac River 19 29
White River 48.6 160

These shear strengths are approximate, but are much greater than the
shears existing at the bottom of ordinary estuarial channels. The flocs
subject to destruction in such chaninels must be aggregates of particle
aggregutes with more open siructures and consequently lower strengths.

The calculated shear strengths of the particle aggregates are
plotted against the cation exchange capacities of the sediments in
Figure 19. The cation exchange capacity is proportional to the surface
area of the clay nineral fraction, so that Figure 19 shows the effect of
cohesion on shear strength. The scatter at the low exchange capacities
is due to the variety of clay minerals that can combine to result in
those exchange capacities. Cohesion depends on mineral shapes and sizes
as well as on total surface area. As the exchange capacity of a sediment
Increases, the possible number of mineral kinds is reduced, and a more
direct relation can be expected.
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Conclusions

Data from the measurements of the rheologicel properties of
suspensions of the sediment samples made using a caplllary viscometer
provided information on the character of the material. In addition to

the reduced data, presented as figures and tables, several characteristics

of sediment meterial from the sampled estuaries became evident:

1. Sediments from all of the estuaries are cohesive. Cohesion
was shown by the existence of Bingham shear strengths and by the low
densities of suspended flocs.

2. Cchesion is high at the salinity of one g/f and higher, as

shown in Figure 18.

3. At the shearing rates prevailing in the capillary viscometer,
100/sec or more, particles existed as separate mincral particles cr as
primary aggregations of mineral particles. Thic conclusion results from
the densities of the particles in the saline suspensions, calculated
using the slopes of the relative differential viscosity vs. concentration

curves, ard from-'the flatter slopes of the curves for suspensions cf
washed sediments.

L. Two general relations between shear strength and sediment
concenilrations exist under the conditions in the capillary: a simple
lingar relation, and a relation including a transition trom an initial
shear strength to & linear relation at higher sediment concentrations.

9. The shear strengths of the flocs themselves, as dztermined
by extrapolation of measured values shown in Table V, are higher than the
shears at the ted commonly observed in estuaries. Ercsion must therefore
involve rupture of inter- (primary) agsregate bonds.

Arplication of the data and conclusions presented in this chapter
are made in subsequent pages, where their significance to understanding
estuarial sediment behavior is also described.
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IV. RHEOLOGICAL MEASUREMENTS USING A ROTATING CYLINDER VISCOMETER

The capillary viscometer has Lhe virtues of simplicily, cuase of
operation, and & well-developed theoretical foundation--all of which have
recomended its usc for study of suspensions. It has the serious disad-
vantages, however, of small dimensions and wide rawrcs of shearing rates

the study of aggregations of primary particle aggregates, and the wide
range of shearing rates in the capillary inhibits the study of rioc
structure as a function of shearing rate. In order to facilitate the
study af larger flocs it was necessary Lo construct a viscometer having
a relatively large thickness of shearing suspension, a narrow range ol
shearing rates, and sufficient sensitivity to provide shear-shearing

rate data for sediment suspensions. A rotating cylinder viscometer dosipgn E
similar to the one described by Maliock (8] was selected. 4
The Rotating Cylinder Viscomotoer E

A diagram of the esscential purte o the viscomelor o shown i é
Figure 20. The outer cylinder wus a 1-liter pyrex grilass graduated cylinder K
held on a turntable by springs. The tummtable was equipped with leveling z
ccrewe arranged so.- that the cylinder could be aligned and nmade councenblric ?
with the turntable support shaft. The edje of the turntable was grooved 2

and the turntable driven by a belt from stepped pulleys mounted on the
shaft of a variable-spe=3d motor. A cam and switlch mounted on the turntable
shaft actuated a counter during a l-minute interval, controlled by an
electric timer, so that the rpm of the turntable was measurable tor any
speed of the drive motor. The range of turntable speed employed during
the study was 8 to 180 rpm.

The inner cylinder was made of pyrex glass riridly mounted on a
metal fitting that included a collett tfor fastening the ernd of a steel
torsion wire and a positioning tube for maintaining the alignment of the
inner cylinder with respect to the outer. The positioning tube was
restrained by two bearings. Thcese bearings were gyroscope-type bvall
bearings equipped with a "keep alive" vibrator during the carly part of
the study. Air bearings were iustalled later 1o reduce friction. A
mirror was mounted at the upper end of the positioning tube to facilitate
a light lever null-position indicator. An aluminum plate magnetic damper
was also mounted on the upper end of the pocitioning tube to rcduce =
torsional oscillations of the inner cylinder. The cntire assembly,
including the inner cylinder, positioning tube, mirror, and aluminum
plate of the magnetic damper, was rigidly connected. A rubber stopper
was instalied a few centimeters above the open lower ond of the inncr
cylinder so that air was trapped and an air-water interface tormed the
bottom of the inner cylinder. Lead weights (450 g totsl) were placed in
the inner cylinder to compensate its buoyancy .
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The steel torsion wire was 0.079 em in diameter and 133 c¢m long
during the early parts of the study. A 0.050-cm diameter wire of the

~same length was installed later to increase the sensitivity of the torque

measurement. The wire was fastened to the collett on the inner cylinder

at cne end and to a collett on a '"zero-backlash" worm drive reduction

gear assembly at the other end. ‘'The worm gear was rotated by & micrometer-
type dial so that the dial and gear assembly provided 1000 1/h-in. divisions
in one rotaetion of the wire end.

The bearings on the inner cylinder positioning tube, the worm gear
and dial assembly, and the magnets of the magnetic damper were mounted on
a telescoping frame arranged so that the entire inner cylinder with its
connected assemblies could be lifted to facilitate removal of the outer
cylinder.

The viscometer was located in a multistory concrete building with
common thermostatic temperature controls. The temperatures at the
beginning and end of each series of runs were measured with a mercury
thermometer.

The viscometer was simple, flexible, and all parts were easily

accessible. It had the additional feature that calibration and measure-
ments were made in fundamental units.

Theory of Rotating Cylinder Viscometer

The drag on the inner cylinder caused by a Bingham fluid was
derived for this study by H. A. Einstein as follows: Using cylindrical
coordinates with the coordinate axis located at the cylinder axis,
Bingham's hypothesis can be written

1=TB+nd<gﬂ—9 : (7

where q is the tangential velocity, r is the radius, and the other symbols
are as previously defined. The torque, T, is constant throughout the
fluid, and

T = 2n Hr?1

where H is the height of fluid in the annular space. Substituting for 1
in Equation 7, and rearranging gives

d
n. 42 _ L g .

d dr 2nHr2 * Tld r T

T (8)
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The solution of Equation 8 for inner and outer cylinders cf radii, r, and

T,, respectively, with zero angular velocity al the inner c¢ylinder and w. oo
at the ocuter cylinder is

TG SR B, I A

r“)
Lyl 1n FT .

. Ll .
T=mg T 1| Y% | T 1 B )
T3 73

The terms in brackets are constants thatl depend on the geometry of the
cylinders. Equation 9 is linear. Since T is proportional to the iwist
of the torsion wire tor small twists and w., ic propcrtional to the rpm of
the outer cylinder, Lhe measured values themselves were plotted and
appropriate factors applicd to the intercepts and slopes of the plots to
obtain 3 and Tp°

e
"

Calibration of Rotating Cylinder Viscomelor

Calibration of the viscometer was done in two ways: First, the
dimensions of the system and the torsional constant of the wirc were
measurcd; and scecondly, measurements were made using water to cctablich
the range of conditions over which laminar {'low with negligible end-effects
occurred.

The torsional constant of the wire was found by wrapping a light
linen cord around the inner cylinder with one end fastened Lo the cylinder
and the other extending horizontally a few centimeters to a weight and
then upward to an anchor. A horivontal scale was I'ixed just boelow the
anchor. Calibration proceeded bty moving the anchor in half-centimeter
steps. turning the dial to compensatle Lthe increment of tarngential force
X as shown by the light lever null-position indicator. The observed dial
5 readings were plotted agauincl the increment in anchor position in

Figure 21. The wire constant, K, was calculated from the slope of the
; lire through the points; as shown in IFigure 21, K = 2%.4 dyne cm/divicion. .

T TR, WAy

The diameter of the inner cylinder was determined by means of
vernier calipers. Readings for five diameters were averaged.  The
diameler of the praduated cylinder was calculated from the volume and
: length of the calibrated portion. Because of btreakapre sceveral eylinders
‘ were replaced during the study. Euach cylinder was measuraed, and Lhe
cmall variations were appropriately used. For the measurements immedi-
ately to be described the dimensionc are as shown in Table VI

Measurements were made on water placed in the annulus at various
depths. At the beginning of every cserics of measurcments at cach depth,
the outer cylinder was rotated al the maximum speed for five minutes tlo s
allow any secondary currents that mignt occur to develop. The speed of
rotation was Lthen lowercd in steps and the drapg measurcd after one
minute of constant speed. These measurementc are plotted at the bottom
of Fipure 22, and show thal at speeds less than LLO rpm, the drap on tae
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inner cylinder was linearly related to the speed of rotation of the
outer cylinder. It should be noted that the intercept varies between
zero and one-half of a dial division. Such variations were believed to
be the result of changes in flow patterns in the air bearings.

TABLE VI

DESCRIPTION OF ROTATING CYLINDER VISCOMETER WITH AIR BEARI!NGS

Radius of inner cylinder, r, 1.83 em
Radius of outer cylinder, r, 3.085 cnm
Annular thickness 1.20 ¢m
Distance between lower ends of cylinders 2.0 em
Wire constant 23,4 dyne emfdivision

The slopes of the rpm vs. Dial Reading curves, divided by the
values of viscosity of the water taken from tables for the measured
temperatures, are plotted against the height of water in the outer
cylinder at the top of Figure 22. A straipght lirne drawn from the origin
fits the points reasonably well. The slope of this line can also be used
tc obtain the calibration constant for the system. It was found that

e LD

T T (10)

From Equation ¢ and the values in Table VI it can be calculated that
ro 2D N
b= 0.1335K o - (1)

The valuce of K determined from measurements using water is
N I . o Jyseis =
207701395 = ¢0.7 Jdyne cmjdivision.

Factors that affect the accuracy of the viscometer are the
occurrence of slow secondary currents due to the lower end conf'ipguration,
variations in air-bearing induced terque, and errors iu rpm, torque,
dimension, and temperature mecasurements. Of all these prcbatle factors,
slow secondary currents are likely to be the mest sipniticant. The
linearity of the plets in the lower part of Figure 22 show, however,
that the flow geometry was unchanged at speeds lesis Lhan 100 rpm.

The onset of instability at speeds f'rom 120 to 110 rpm is shown
by the appropriate poinls in Figure 22. Instability at this speed is
predicted by Taylor's work with similar systems {9]. In measuroments
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on clay suspensions to be presented later instability was absent at even
higher speeds because of the increase in differential viscosity and the S
existence of shear strength.

-3

J

ol

Unless otherwise indicated, the mechanically determined constants
are used for determlnatlon of differential viscosities and Bingham shear
strength from D vs. I plots.
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Viscous Behavior of Suspensions of Cohesive Sediments

Measurement Procedure. Suspensions of cohesive sediments change
their properties with time, even in the absence of shearing. Both cettling
of flocs and larger particies, and alteration of flce preperties ceceur.
Refore undertaking extensive measurements, theref'ore, it was necessary tc
select and try measurement procedures that wculd yield infcormation on
properties of the suspension.

i

4
4
3

i

It was desived both to determine the character of flccs in the
suspension with a minimwrn amount cof shearin: and setiling, and to oloarys
the character of flccs stable in a given shear £iceld. The followiug
procedure was selected to yield optimum accuracy: Eechi selected rotation
rate was maintained one minute before Llhie drag on *the inneor cylinder wa
measured. After determining the drag bty means of the dial and tersion
wire, the speed was changed tc the ncxt selected rotaticon rate, and the
prccedure was repeated. Settling of particles during a sequence of
measurements was ccmpensated by mixing the corntents cf the cuter cylinder.
Mixing was done with a plunger that was lowered and raiced 10 times at
intervals of a 2w to perhaps 12 onv-minute measulcmenis, dependirng on
tae sottling velccity of ihe material.

g
=
=
j
E
E

il i

e

An erample ¢f such a sequence of measurement:s is precentad
Fizuire 22. The sample was Tirst suspended uniformly, ithen the Inner
cyiinder was lowered into the outer cyiinder and ine outer cylinder
rctaticn was started a*t its lowest speed. Aivter the orcup of measure-
ments al successively higher speeds, shown ac crasses in Figure 22, the
suspensicn was again mixed, and the measuremernts shown as X's were made.

v ol b ]

- . ks |

The procedure was continued at increasing, then at deareacing speeds, 3
with Stops for mixing ac indicated Yy a chanpge of zymiecls. i
=

Figure 22 is essentially a rate ¢f' siraln wo. chear streac piol.
It shows the several characteristics commonly obserwved tor sediments in
the rotating cylinder viscometer. Several lirear portions are apparent,
and the dial readings (proporiicnsl to shear siressos) tound during
increasing and decreasing rotation speeds are di:iferent, indicating aun

ffect of previous cxperience on the suspension. Trhe first mixing (at
LL rpm) caused a "jump" from the lower side cf the leep tc the upper.
The secend ard third mixing (172 end 82 rpm, rospectively) caused no
change. The fourth mixing, (43 rpm on the decreasing ¢ide) causcd a
"jump" again to the upper side ¢f the loop. Further decrease in rpm
produced a well-deflined lirear peortion with a steep slope. There :
Showh :

appeared to be at lzast two stable [loc forms in the v
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on the decreasing rpm portion of the plot. One form persists in the range
between 140 and 4O rpm; the other is stable below 40 rpm. The points
above 1hQ rpm suggest the beginning of another region. On plots tor some
of the samples steep linear portions also appeared at the beginning of the
increasing rpm portion. Both of the increasing rpm sections of the plot
approach the plots of peintz for the decreasing rpm data, indicating a
breakdown of bonds in the old sediment structurc to those ot a continuously
re-forming structure. During the decreasing rpm conditions, newly forming
flocs had the same bonds as those being broken. As the shearing rate
decreased, flocs tended to grow in such a way that all parts had similar
experience. For the subsequ=2nt presentations and interpretations only,
data obtained with decreasing rpm were used.

The continuity of the plots in Figure 22 after mixing at 178 and
82 rom indicated that settling was not a problem.

The evidence of hysteresis shown in Figure 22 raised questionsg
concerning the time of waiting at each speed and the cffect of the test
on the materiai. Repeated sequences of measurements were made on a San
Francisco Bay sample to obtain information on these questions. A plot of
three successive sequences on the same sample is presented in Fipure 23.
The first sequence was made using the procedurc outlined above, with
one-minute waits at each speed. The second scquence was made using,
five~minule waits at each speed; and the tbird, using one-minute waits
at cach cpeed. The plots show that at speeds above 40 rpm the one~minutce
and five-minute sequences were similar. Below 4O rpm, however, therc
seemed to be a change in both the increasing and decreasing rpm plots.
The rhears were generally higher, and the slopes of 1he decreasing rpm
curves steepened. These trends continued in the third scquence, which
followed the same procedure as the first, indicating that the change was
due to a change in the sediment rather than a dif'ferencce in proccedure.
The increase in shear strength is belicved to result f'rom the 1ncrecaced
numbers of loose particles and particle agprepales produced by shearing.
These particles acted as ccment by increacing the numbers of bonds at
interfloc contacts. This increased strength facilitaled larger 1'loc
volumes in a shear ficld, accounting f'or the steeper slopes below WO rpm.
Twe slope above 40 rpm did nol change, indicating that the apprrepate
volume had not changed for aggregates ctable in that range ot shearing.
The time at each speced is shown by Figure 23 to have less effecl than
does shearing of the sediment. The procedure utilizing a one-minute wait
at each speed was fcllowed in the remaining measurements Lo facilitate
acquisition of data for a larger number of speeds for a gilven ameunt of
shearing. Mixing of the suspension was done at about the O rpm measurc-
ment, and usually afler the 180 rpm measurcment.

No pretreatment was given the samples other than dilution with
water from San Francisco Bay or, in Lhe case of the White River sediment,
dilution with tap water.

Data Obtained from Sediment Suspensions. Dilutions ol suspencions
of each of the estuarial sediments werce placed in the viscometer. Sequences
of drag vs. rpm measurcments wcere then made and plotted. Straight lines
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were fitted to the decreasing rpm portions as shown in Figures 22 and 23.
The plots usually had two such well-defined linear portions--one above,
the other below 40 rpm. Occasionally, however, the one below was not
well-defined and no line was fitted. The slopes and the intercepts on
the zero rpm axis of the lines were tabulated, and the values of the
differential viscosities, n,, and of the Bingham shear strengths, tp,

were calculated using the bracketed terms in Equation 9. The differential
viscosities of the sediment suspensions, divided by published values for
water at the same temperature, are plotted against the suspended sediment
concentrations in Figures Zh through 29. The Bingham shear strengths are
plotted in Figures 30 through 36. In all of these plots, circles denote
relative differential viscosities determined from the higher rpm data,
and triangles denote values calculated f{rom the lower rpm data. Solld
symbols represent points from a second set of measurements. The best
straight lires were fitted to the plotted points by eye. Since the slopes
of the qd/q curves are of interest, the lines were not forced to inter-
cept the point O,1. Deviations from such an intercept can be due to
errors in measurement of the wire constant, the temperature, or the
sediment concentration.

As shown in Figure 23, several slopes sre possible for one
sediment suspension. The clopes are related to the volume fraction of
the sediment by Eguation 5, and the several slopes indicate that several
amounts of aggregation are possible in the same suspension. The three
distinct lines evident by the points in Figure 2k show that only certain
distinct volume fractions for a given amount of sediment occurred.

The distinctness of these volume fractions is not as clearly
defired in the remaining relative differential viscosity plots. This is
partly due Lo experimental imprecision, but is mostly due tc crowding.

In Figure 25 the lines terminate at the concentrations at which the space
would be er.irely filled with floc, as calculated by Equaticn 5. If the
flocs are spherical, they would first all touch each other at =/6 of that
concertration. In Figure 25 the sediment concentration at which the
slope of the middle line would give a volume fraction of one is 0.067 g/
cu cm. It can be seen that the circled peints ternd away from that line
at half of that sediment concentration; they ternd tcward the line for
the next lower vclume fraction. Crcwding tends to break up the less dense
floc forms leaving the less viscous btut more dense form. This factor,
crowding, and the consequent adjustmentl of the volume fraction, sare
believed to account for much of the scatter in both the relative differ-
ential viscosity plots and the shear stress plcts.

The vases for plotting the shear stress vs. concentration data
on log-log coordinates are empirical. It was found that plots c¢f sheear
strength data for each sediment produced a set of points that would fit
a line with a slope of /2. The fit of this same function *o all of the
data indicales a relationship, but its tueoretical bases are not apparent
at this time.
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Discussion

The occurrence of several curves in the relative differential
viscosity plots indicates that the same suspension can aggregate in
several ways, each of vhich has a difterent volume fraction. A descrip-
tion of aggregates is needed to interpret the data and to relate the
behavior of the sediment in the viscometer to its behavior in the field.
Such a description is presented next.

I
Al mmhmm,‘ L

Consider the concept of aggregation of cohesive particles shown
diagramatically in Figure 37. Mineral particles cohering in a cluster
with uniform porosity are called a primary particle aggregate, with the
symbol pa. Such an aggregate would form initially during f'locculation
of disperse parlicles, and might attain appreciable size it f'locculation
progressed slowly. An aggregation of' a nuwmber of similar particle
aggregates, with more or less unmiform inter-apggregate porosity, is called
a particle aggregate aggregate, designated symbolically as paa. When
similar particle eggregate aggregates are joined together the resulting
aggregation 1s called a particle aggrepate aggregate aggregate, designated
paaa. Increasing orders of aggregation are designatcd pna, with n indica-
ting the number of successive aggregations.

b o o e

Ve et D e ¢

ST —

The pore spaces 1n the aggregations can be descrited in the
conventional ways, with the porosity meaning the ratio cor pore volume to
total volume and the voids ratio, ¢, meaning the ratio of pore volume to
"solids" volume. Different kinds of peres can be identified in the floc
construction described above. There are the pores betweern the primary
particles in the primary particle asggregates, the pores between the
primary particle aggregates in the particle aggregate aggregates, and so
on. Each of these pores can be used to define a voids ratio, with the
"splids" volume some lower order cof agpregation. These are given the
symbols and are defined, for examplic, as follcws:

e L et

ekl

& — o ]

€ ) '..'—E.a—a———p— j

aa ¢ 3

(p P :

¢ -0 1

. _ _boa o .
(pa)a ¢pa

where ¢ is the volume traction ct the particle or aggregation indicated
by the subscript. The parenthesis in the subscript indicates the peres
included inr the void ratic.

If conservation of volune of solids and liquid is maintained, we
can write

e = O © (opa - op) + (a;paa - ¢>pa) o4 <opna - ¢>p(-n_”a) ,
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which is simply a statement that the total pore volume of & floc is the

|

: sun of the increments in pore volume gained at ecch stage of aggregatlon. 3
g Using the definition of voids ratio given above, then subtracting op from 3
i both sides gives

‘WMMMMM

¢ = ¢ +€(

pna = ‘pa pa)alpa ¥ €(raa)a®paa ¥ 7 * ° " €(p(n-1)a)adp(n-1)a. (12)

) o i i -5, SNl it e

If the successive terms on the right after the first term in Equation 12
are designated 1, 2, 3, . . . , we can write from the defiritions

i = (ei + 1) o, (13)
by which successive terms can be related.

In order to apply these descriptions to clay f{locs, assumptions
are neecded regarding the character of the material. It is assumed that:

1. The primary aggregates retain their density during aggre jation.
Primary particles 4o not themselves compress. It is assumed that no
siguilicant rearrangement of mineral particles within the primary aggre-
gates occurs on successive aggregations.

o -

2. Successive aggregations beyond primary particle aggregates
require some intermeshing of the lower order aggregates. Fcr a first
estimate of the amount of intermeshing it was further assumed that the
ratio of the increment in voids to the volume of the preceding aggregatiorn
is the same as the ratlo of volds created during the preceding aggregation
to the preceding aggregate volume. This assumption can be written

3
3
]
j‘
g
]
i
i
1
3
M
:
4
:
a

N, g NI 7 TR W O 9 I SO i e UL T, U i Y B
™

5 €.
: ___3 )
. S i (1) 3
H 1
; Combining Equations 13 and 14 yields :
]
€% = €5n b1

making all of the terms after the first in Equation 12 equai Lo one
another. With these assumptions we now have

Qpna = Qp& + (n-l)(€l®1)l n = 1’ 2) 5) . D | (15)




fan s

T

Py -

68

which includes

o =0 (1 + (n-1)e ) .
pna pa 1

The term (n-1) is named here t. .rder of aggregation of primary
aggregates.

Relative Differential Viscosity Data. This description of clay
fiocs was tested by means of the relaticn ke = 2.5¢, and the values of k
cuserved in toth the capillary viscometer data and in Figures 2% through

~

Z4%. Substituting for by in Equation 15 gives

k o=k + (n-l)(ciki) s (16)

which is indep nd1ent of Einst~in's constaut and of c. Values of k were
plotted apgainst n-1 (integers) with the value of k deteirmined by the
capiliar, viscometer taken to be that for primary particle aggregates.
These plots, presented ia Figure 33, demonstrate the accuracy of the
description of aggregations existing in the viscometer.

The slopes of the lines in Figure 38 are, for example, €k, .
Dividing the siores of the lines by their intercepts gives ¢,. Values or
€, thus obtained, are tabulated in Fipgure 38, and show that the first
order aggrecaticns of the clay sediments in sea water, except one from
San Francisco, have initial vecids raticc near 1.2. The remaining samnles
shov an initial voids ratio neer that 'or a close pack. Evidently the
inter-aggrepate cchesicn for these remaining cediment cuspensions was
insTficient to maintain the opern aggregate structure of the others.

The woids ratic 1.2 1s eguivalent to a peresity of 0.5%, which is a more
spen otructhure than commonly Ze¢ours in noneohesive materialc.

The Lctal estra-primary aggregate voids increasc with each addi-
Lichal vrder of agregr-tica, v.en thoup

g Lhe increment of porocity
decreases. The succecsive voids ratios are, in general,

€

‘m T T+ (m-1)<,

As the total voids increase, both the density and shear strength decreasc.

An importent feature of Equation:s 12 and 1 is their indepondence:
ol flue size. The t'loc size depends botu on the history o1 the suspoen-
51 n and on the prevailing shearing rate. i, for c¢xample, dispersed
parLic les are slowiy fed into a cuspersion containing only low nuster:s of
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primary aggregates, these primary aggregates might become large even at
low shearing rates before firs. order aggregation becomes significant.

Bingham Shear Strength Data. Measurements of the shewr strengths
of primary particle aggregates, using the capillary viscometer, yielded
shear strength—suspended sediment concentration relations that were linear
after a sediment concentration sufficient to transmit shear was reached.
Neglecting the conditions at low concentrations, the chear strengths of
the primary particle aggregates can be written as

1, £Ec or
B m

Ty ¥ Ev ¢pa . a7

Ep has the unitc of dyne cm/g, and is interpreted as the energy required

tc disperse one gram of sediment material. E, ic the energy required to
disperse a cubic centimeter of particle aggregate, and is numerically

equal to the shear strength &t dps = i. Since &y = ¢/pp, Ey = Ey ®p Pp/Opa-
Values of E, and E were presented in Table V.

The Bingham shear strength—suspended sediment concentration rela-
tions observed using the rotating cylinder viscometer have the form

15 = K 52 : (18)

Bquation 18 can be put into the same units as BEquation 17:

= E' 5/2

'R o pa s ' . (19)

whoere E; ic the ecnergy to dicperce a unit volume of aggregate.

The value of Ej depends on the strength of the interparticle bonds
in the primary aggregates, characterized by E,, and by the floc structure
in the repion of tailure. If the suspended particles exist as a number
ot tlocs that collide, bond, then rupture during shearing, the region of
bonding and failuve s that of mutual interpenetration of the colliding
flocs. Failure in such a region requires the simultaneous failure of
the number of particle apggregate to particle aggregate bonds formed in
the region. At the same time the volume of particle aggregates in the
region is ¢pa/®p(n-l)a' Letting N be the number of simultaneous particle
agererate bonde ruptured, then

A
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E' = N\, —£2 By

r = - b4
\ v °p(n-l)a 1+(n 2)€l

n=2, 3%k .

N should increase as the order of aggregation increases, but not
necessarily uniformly.

Replacing Ey in Equation 19 by the expression above, and putting
Equation 19 in terms of sediment concentration gives

N o 5/2
= P -
B T:TE:ETE: E, (‘¢ppp c) , n=2,3% 4 . ... (20)

By comparison with Equation 18 it can be seen that

. o 5 5/2
K= 1+Zn-25€1 EV ( > ' (21)

)
PpP

N/(1+(n-2)«,) can be evaluated with the available data. Values of ¢pa/¢p
and of E_ are presen’2d in Tables IV and V, respectively. Taking

Pp = 2-6% g/cu cm, finding €, from Figure 38, and using values of K from
Figures 30 through 36 enables calculation of N/(1+(n-2)e,). These calcu-
lated values, together with the values for N equal to an integer, are
presented in Table VII. Integral values of N and (n-2) were sought to
give the observed constant. Agreement between observed and calculated
values in columns five and nine, and values in columns eleven and fourteen
can be seen to be within seven per cent--well within the precision of the
data. It can be cor.:l -'ded that this interpretation is consistent with
the data from both v ruometers, and that N is an integer.

Relations between integers N and n-2 of Equation 20 to order of
aggregation are presented in Table VIII. The values of N in Table VIII
show that N doubled for each of the sediments, and that all of the N
valuec are equal tc twe raised to an integer. The missing values of N
were insérted in Table VIII, shown in parentheses, as 2™, and with the
assumption that an incresse in N would make itcelfi apparent at as low an
order as it occurred. Extension of the values of N, n-2 in Table VIII
to those for orders higher than the observed ones will require additional
knowledge of the intermeshing of flocs.

The observed values of the coefficients of Equation 20, together
with the interpolated values of N, n-2 shown in Table VIII, enable the
calenlation of shear strengths of the aggregates. The aggregate densities
can be calculated from the k values shown in Figure 38. Both of these
aggregate properties are precented in Table IX.
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TABIE VIII

INTEGERS N AND (r-2), SHOWN AS N, (n-2)

- ———— <
Order of Aggregation®

Sediment Sample
1 2 3 4 5 6

Wilmington District L,0 8,1
Brunswick Harbor 1,0 1,0
Gulfport Charnel (1,0)® 2,0
F San Francisco Bay {(1,9) (1,0)
' White River (salt) (1,0) 2,0

o~ o
-

ro
-

(2,9) 2,1 2,1

- O O O v

&
[

®petermined from Figure 38.

o]
{ ) Not observed.

DL i
R IR 14 AT

The aggregate densitiec ~an be seen tc diminish rapidly toward
the density of the liquid, and the shear strengths to decrease rapidly
as the order of aggregation iucreases. Even one order of aggregation
reduces the shear strength to as little as one-eighth of that of the
particle aggregates themselves. Such a change agrees with soils
experience, and is the reason an earth fill is compacted when strength
is desired.

o R

) g

The shear strengths of the second and third order aggregates of
San Francisco Bay sediment shown in Table IX have the same value. The
second was calculated with N=1 and the third with the observed N = 2.06.
The high sediment concentrations and the shearing in the viscometer
caused rapid growth, while failure of interaggregate bonds reduced the
ageregate growth. If failure of the third order aggregates is no more
probable than failure of second order aggregates, the higher order
aggregations would be favored. This censideration accounts for the lack
cf observed values for second order aggregations.

T

AL R PLLISER

The sediment properties shown in Table IX summarize the results
of measurements on aggregate prcperties made during this study. Appli-
cations of floc densities and shear strengths are made in the next
chapter.

- Conclusions

The measurements of sediment properties made with the large
annular gap rotating cylinder viscometer prcvided information on properties
of TLues that complemented the information obtained using the capillary
viscometer. In periicular it was found that:




P o LD

T
TABIE IX
PROPERTIES OF SEDIMENT AGGRECATES
e e
Sediment Sample Order o?’ kn,a Densityb Shear Strength
Aggregation cu cm/g g/cu cm dynes/sq cm

Wilmington
District 0 6.0 1.250 21

1 1h.h 1.132 9.4

2 22.7 1.09% 2.6

3 31.1 1.07h 1.2
Brunswick Harbor 0 10.2 1.164 3L

1 23.5 1.090 , L.

2 36.7 1.067 ' 1.2

3 49.8 1..056 0.62
Gulfport Channel 0 8.8 1.205 L6

1 18.9 1.106 6.9¢

2 29.0 1.078 L.T

3 39.0 1.065 1.8
San Francisco Bay 0 6.3 1.269 22

1 10.0 1.179 3.9°

2 13.7 1.137 1.4¢

3 17.5 1.113 1.4

L 21.1 1.098 0.82°

5 24.8 1.087 0.36

6 28.5 1.079 0.20
White River (salt) 0 8.2 1.212 Lo

1 18.2 1.109 6.8°

2 28.2 1.079 h.7

p) 38.2 1.065 1.9

8Mhe value kn taken from curves in Figure 38.
bDensity in sea water, Py = 1.025 g/cu cm.

®Based on N, (n-2) values shown in parentheses in Table VIII.
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1. Aggregations of distinct character occurred in the viscometer
at different ranges of shearing rates for ary one sediment sample. Each
kind of aggregation prcduced a linear shear—shearing rate plot character-
istic of a Bingham fluid.

2. The distinct aggregations can be described as aggregations of
primary particle aggregates, aggregations of primary particle aggregate
aggregates, and so on. Primary particle aggregates are designated as
zero order aggregates, aggregations of primary particle aggregates are
designated as first order aggregates, aggregation of these are called
second order aggregates, and so on. Tne volume fraction of any aggregation,
Ppna = @ all*(n-1)e;), n=1, 2, 3, . . ., where 0,y is the volume frac-
tion of ghe particle aggregates, (n-1) is the order of aggregation, and €,
is the ratio of interparticle aggregatc pore voiume to the volume of the
particle aggregates in a first order aggregation.

3. The ratios of voids tetween particle aggregates to volume of
particle aggregates, in first order aggregation, range from 1.0 to 1.4
for all of the sediments suspended in sea water except the samples from
San Francisco Bay.

4. Tne shear strengths of the sedimenls suspended iu sea waler,
T,, &re
B)

= ' s/2
TR EV ®pa

J

where EJ is the energy per volume of particle aggregate required to
disperse the mineral particles. E| depends on the order of aggregation
and the character of the aggregate:.
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V. APPLICATICNS OF RHEOLOGICAL DATA

The formaticn of cohesive sediment shoals in an estuary depends
on the rate of subsidence of suspended sediment material ito the shoal
surface, the adhesion of subsiding particles to the shoal surface and the
stability of the shoal surface under subsequent flows. The rheological
data presented in the preceding chapters bear directly on these processes
of shoaling through their characterization of flce density and sheer
strength. Application of these data to descriptions of shoaling processes
is the subject of this chapter.

The most general conditions of cohesive sediment shoaling appear
to be those wherein floecs settle independently from a flowing suspencion
to the bed. Independent settling cccurs at cuspension cencentrations
less than atout 0.01 g/cu cm. Suspended sediment concertrations above
0.01 g/cu cm are unlikely ¢xcept in the vicinity of & workinug dredge, or
in a turning basin or protected area where ships churn up cediment.
Under these conditions "hindered" settling cccurs. The consolidation of
sediment by haindered settling has been described [2,10]. Tne shoaling
processes described in this chapter are those in which the settiling
velccity cf individual flocs, the {low near the ved, and the properties
of the bed surface determine shoaling.

The Shoal Surface

It i{s evident that the shoal surface plays a central role i tne
interchange of sediment tetween a shoal and the suspension above. The
rroperties of even a very thin layer on the shoal surface determine the
properties of the shoal so far as a suspended particle 1s concerned,
viiereas the thicxness c¢f s weak surface layer cen determine the amount
cf material that will be resuspended when the bed shear is increased by
increasing flow.

The naximum thickness of a surface layer weeker than lcwer layers,
such as those previously illustrated [2, Figure 28], can be calculated
from the shear strengths prescented in Tatle IX. The maximuwn thickness
i5 determined by the depth at which the weight of the overlying particle

skeleton can Just crush the flocs. The downward stress, g,, at this
depth is
o
o, ==~ (p_—0,) gh, (22)
1 ¢ p L
pna

where h is the thickness of the layer. Recalling that c1>p/<:>p,,,:1 = 2.5/ppkn
for spherical f'locs, Equation 22 can be replaced by

-t -

Preceding page blank




PP,

o, = P - . (22a)

For a cohesive material o, is close to T,,, + 21, vhere 71,,, is the
lateral compressive stress. From consideration of Poisson's ratio,
Ty1, = Kg7, [11], where Kg is called the "hydrostatic pressure ratio.”
Combining these relations lead to

T, = 2t/(1 = K;) . (23)
Combining Equations 22a and 23, and rearranging, gives

20k 7
- p o B . 4
"= BT K (e, ~ 508 (24)

A depth of 2.5 cm was observed for a surface layer on a bed of
San Francisco Bay sediment [2, p. 72]. As indicated by penetrometer
measurements, the shear strength increases to that of the next lower
order at the bottom of the layer while the density changes only slightly.
Assuming a 2.5 ¢m layer of first order aggregates on a zero order bed,
and usirg the appropriate shear ctrength and density values shown in
Table IX, Equation 24 yields a value for KS of 0.93. 1If the surface
layer is composed of successive higher orders, each having the same
value for Ky, the calculated value would be slightly lower. Equation 2k,
together with the shear strength and density values given in Table IX,
chow that the thickness of flocculent layers having orders higher than
zero should be no more than a few centimeterc.

Since tp decreases rapidly and kp increases linearly, the maximum
thicknesses of layers having orders higher than the first should diminish
with increasing order. After an accumulation of aggregates to the depth
at wnich the deepest aggregates fail is reached, further accumlation
will simply cause further failure at the bottom of the layer. The more
consolidated material at the bottom of the layer is stronger and is
better able to withstand erosion by later increased f{lows.

If a flocculent layer is left for a long period partial con-
solidation of the layer will cccur, because of thermnl activity of the
particles, by a process of creep. The weight of overlying particles
will aid the thermal energy, and consolidation at the bottom will proceed
at a faster rate than that near the surface. This process is slow at
normal temperatures, and probably is insignificant within normal tidal
periods. For infrequent occurrences of high-bed shear, however, deposits
formed between these occurrences can consolidate by this process. An
excellent paper describing creep of clays has been presented by
Mitchell [12]. :
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Both of these mechanioms, crushing snd siow rearranpement of
deposited aggregates, account for continued accumuletlior of flocculent
material under conditions of variable f'lows. During periods of low ted
shears, some ol' the deposited material is crushed and farme a bed that
is resistant to Lhe subsequent. higher bed shears. Evan winen the bed
shear—-time relation is symmetrical these mechanmisms can facilinave
deposition if' the deposited layer is thick encugn -

The shoal surface mater:al, under conditicas of deposition, will
depend on the state of aggregation of the deresiting particlcs, aad on
the applied shear. 1If ihe particles Jjoin the bed withcut breasking up,
the bed surface is an aggregation one order higher ihan that of the
settling agpgregate. The highest order of agpregation a bed surface can
have is determined by the bed shear existing duriag the period ¢f depo-
sition, so that, as snown in Table TX and demonstrated by tne lume
studies, the deposition of high order apgrzgates requires low-bed chears

The Suspended Aggrepate

Understanding of the transporr of cohesive sedaments in estuaries
is made difficult by the alterations of the traasportcd material resulting
from local changes of hydraulic and sucpended sediment conditisns. These
alterations consist of the growth or detericration of aggregations, £r
flocs, of mineral particles. As snown in tne “ast chagrer, s floc of a
given size can have several densities and shear strengrnc. Tis resistsnce
to erosion, 1ts settling ~elccity, and 1ts adherence to the bed aopend
on its size and order of aggrecgarior. This scctinn ccnoists 2f a
discussion of the effecls of local hydraulic conditions oun the suspended
sediment aggregate.

Aggregation. 1In the portion of au estuarial r=gron where the
salinity is greater than one part per thoucand, approximately, any
collision of suspended mineral particles car resul! in a bond. Succzssive
collisions of suspended particlec resulr i, & suspended particle com-
posed of cohering mineral particlzs. The frequeniy of coilisions <n a
suspended particle depends on ‘be atsolute temperaiure, the namsber of
particles per unii volume, the sizes wi the colliding particics, ihe
local shearing rate, and on the differcace 5¢ cettling ¢ locisies of
the colliding particles [13]. The absclute temperature changes only
slightly in an estuary, and its effect can be considered constunt. Tne
frequency of collisinns on a suspendea flaz is direclly proportional tc
the number of flocs per unit volume. When ceollisicn resulis fron the
difference in velocity of two part.icles ir a skearing {luid, the t'requeacy
of collision is also proportional to the sum »f the two collialqg particle
radii cubed and to the local shearing ra%e. Because cof tte greet effect
of particle radii, larger particles tend to gather up smalier ocres. As
they continue to enlarge by this process they becsme tncceasingly
effective. For this reason flocculation bty i1ateraal shearing of lhe
suspending water and the resuspension of flocculatcd pacticles arc
especially effective in prcmoting flocculation. Waern collision of

particles results from their differcnces in sethling velocities, the
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differences in radii and densities are important. It is difficult to
separate the effects of this mechanism from the effecte f the others.

These processcs and their importance in estuaries have been
discussed in detail in an earlier report [2]. For this discussion it
is sufficient to point out the importance to the rate of aggregation of
suspended particles of particle concentration ty number, the particle
size, and the local shearing rate.

The concept of aggregation presented in the last chapter of this
report leads to further descriptions of aggregates. These descriptions
can be sumarized i1 a few short statements:

1. When particles of the same order combine a homogeneous
aggregate having the next higher order is formed.

2. When particles of adjacent orders combine a homogeneous
aggregate having the higher order is formed.

3. When particles having more than one order difference combine
the order at the surface can be lower than the order on the interior of
the aggregate.

4. When any combination of cohesive particles occurs the
resulting aggregate has a volume grester than the sum of the particle
volumes, and the size is greater than the size of the largest particle.

5{ When particles of different orders combine, the shear strength
of the bond will probably be as great as that of the bond between particles
of the lower order.

Statements one through four are direct consequences of the concept of
aggregate construction presented in the last chapter. Statement five
results from consideration of the exposure of the lower order aggregates
in the surface of the higher order partici-.

Particle Size. While the local internal shearing promotes
aggregation, it also has a limiting effect when the shearing rate is
high. An aggregate suspended in a shearing fluid rotates because of
the velocity gradient. When the shear at the contact of two colliding
particles, due to the force of the rotation, is greater than the shear
strength of the material, the bond fails [2, p. 15]. A relation has been
derived [2, p. 105] for estimating the particle radius at which the bond
fails. Its derivation, with a correction, is outlined here for later use.

Consider a sphere radius R suspended in a f£iuid having a linear
velocity gradient, du/dz. If the free stream velocivy u at any distance
from the center of the sphere normal ¢t~ the direction of flow is z{du/dz),
and the unit drag on any infinitesimal strip around the sphere is 3 u/2R
(calculated by Stokes for a particle moving through a still fluid), then
the torque available to rotate the sphere is
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R
/ 1, du
T o i ——— .
T = 2\ 5R % i 2nRdz V7
o
from which
T = 2nqR°%du/dz . (25)

The shear force at the particle surface is T/R. For small
interpenetrations, 2AR, of colliding spherical flocs the area of contact
is 2nRAR. The shear, t_.., for the maximum sized floc that will stick
to another is the shear Torce divided by the contact area. Neglecting
the loss of T due to mutual shielding, this calculation leads to

Tnax AR
R = 3 auja (26)
Values of Tnax 8re presented in Table IX.

When a Tloc attains the radius given by Equation 26 it should no
longer be able to attach itself to larger flocs but should continue to
gather much smaller ones. As more of the flocs approach this size the
number of collisions resulting in bonds should fall, and the flocs should
become more uniform in size.

The derivation above is based on the assumption that Stokes'
traction is valid in a shearing region and that the bond failure follows
the idealized mechanism for a spherical floc. Such an application of
Stokes' relation has not teen demonstrated directly. It does lead to a
dimensionally correct relation, Equation 26, that has been found to
describe observed sizes [2, p. 18] with reasonable values of AR.

Particle Shear Strength. The shear strength of a suspended floc
is at least great enough to resist the drag of water on its surface.
The surface drag on a suspended floc can be illuminated by the following
argument : '

A sphere suspended in water undergoing shear will rotate about
an axis in the plane of shearing and normal to the direction of flow.
The rotation results from the differences in velocity above and below
the axis of rotation. The rotation will be resisted by drag of the water
on the upstream and downstream faces of the sphere because of the
difference betwcen its surface movement and that of the liquid. This
drag will produce a disturbance in the velocity distribution over the
entire surface of the sphere so that the drag causing the rotation just
equals the drag resisting it. The disturbance in flow pattern due to
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the resistance to rotation can be taken to be the fiow pattern around a
slowly rotating sphere in an infinite still fluid. lanl [14] gives the

torque necessary to maintain rotation of a sphere in an infinite still
fluid as |

T = 81y R “(27)

where w is the angular velocity of rotation of the sphere.

Equating 25 and 27 yields

’ (28)

€

|
L
e

showing that the rotation rate depends only on the shearing rate. This
result can be approximated by inspection. If only the shears at the top
and bottom and front and back extremities of the sphere are considered,
w would be half of the shearing rate. Since the drag of the shear on
the remainder of the sphere is less than this, the coefficient should be
less than one half. :

The maximum shear on a floc surface due to the drag from rotation

can be calculated by considering the drag on the edge of a thin disc at.
the equatcr. Following the procedure for deriving Equation 9, the shear
around the disc is

T = T'/2nr2dy . (29)

The shear in the fluid is

with

Qat r ==

o]
i

g=wRat r=R . (30)
Comt ining Equations 29 and 30 and solving yields

T' = nndy w R® . (31)

PR—



Substituting the right hs' ? side of Equation 31 for T' in Equation
leads to

T =nuwe

Using the w shown in Equation 28 gives

1 du
84z

(32)

[}

for the maximum shear stress on a suspended floe. Equation 32 is
dimensionally correct. The coefficient is reasonable in view of the
freedom a suspended floc has to move so that the drag forces cir adjust
to the minimum over it:s surface. The linear superpositions used in
cbtaining Equation 32 are less crude tnan the assumption of soherical
shape.

The argument!, above emphasizes tihe lfact that a sucpended r'loc can
have a Jower chear strength than does a fixed bed exposed to water having
the same shearing rate. It also shows that the floc size is independent
ui’ the shearing rate provided tnat Jls shear slrenglh s suflfliclient Lo
allow its growth. A floc grown in water having a low shearing rate then
moved intc a region having a significantly higher one, however, could be
broken up if a higher order, weaker floc had grown at the lower shearing
rate.

Particle Density. The density of a floc is shown in the last
chapter to depend on the particle aggrepgate density, the porosity increase
on the first aggregation of particle aggregates, ard on the order of
aggregation. The difference in density tetween a spherical suspended
f'locculent particic and the suspending liquid can bte fcound, ty combining
Equations € and 1€, to be

\N
AN
~—

Pp =Py =2.5(py —py)fo Ky (1 + (n-1)e;) (

Both k. and ¢ can e found in Figure 356. The order of aggregation,
however, will be limited by the prevailing shearing rate, as described
above.

Particle Settling Velocily. Because of the small size and low
density the settling velocity, v,, of a spherical flec in still water is
usually given by Stokes' Law:

v, = 2(pp - pz)u R2/9n . (3h)

I3
o
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The difference between particle and water densities, and the particle
radius are given in termc of particle properties and the hydraulic
conditionc in the paragraphs above. Following custom and the procedure
used in this report, R is the radius ot an equivalent sphere. Examples
of application of Stokes' law are given below.

Shoaling

The understanding of shoaling processes provided by know'z=dge of
f'loc properties can be presented best with the aid of an example. Con-
sider a uniform channel 30 feet deep with uniform spen-channel flow.
Typical characteristicec of flow in such a channel at average velocities
in areas of shoaling (2] are given in Table X.

TABIE X

AVERAGE SHEARING RATES IN A CHANNEL 50 FEET DEEP

Average . a
~red s e (T B E Q;
Ave;a%e Shearing Shearing Rate Shear on Bed®
Velocity at Bed
Rate
fps sec ™t sec”t dymes/sq cm
0.1 0.56 0.93 0.0093
0.2 0.16 3.7 0.037
0.5 0.62 23 0.23
1.0 1.8 93 0.93
2.0 5.0 370 3.7
3'0 808 "’80 .(.\‘
4.0 14 1500 15
a

LV du/dzs.

The second colwm in Table X shows that the averare shearing rate in the
flow is low: even at the flow rate of & ft/sec the average shearing rate
is only lh/sec. Most ol ithe shearing occurs close to the bed, so that
the shearing in a large portion of the tlow is much less than the average
siven in column two. Since the flocculation of sediment at the concen-
trations normully existing in ecctuariec is directly proportional to the
shearing rate, sediment suspended in such flow is reasonably stable.

When the shearing rate in the flow is increased. such as by passing the
flow throuch pilings or by mixing due to density changes in the profile
or by sudden enlargements in a channel, flocculation is accelerated and
settling velocities of the sediment are increased. Once floes have grown
they will not be ruptured so long as they stay sufficiently high above




the bed, even at high flows. The shearing rate at the bed, shown in
column three, increases much faster with increasing {low. High order

agpregates settling into this shearing would be broken up, at least at
the higher f'lows.

Congider a channel in San Francisco Bay, with the flow character-
istics shown in Table X, that carries tidal flows with a maximim velocity
of 3.0 ft/sec. At this maximum flow the shearing rate in most of the
tlow will be less than 8.8/sec. By Equation 32 the shear on the suspended
floc will be less than 0.011 dynes/sq cm.  According to Table IX this floc
can have an order of six or perhaps seven. If it settled to the viscous
layer at the bed surface, where the shear stress on a suspended floc 1is
one dyne/sq cm, it would be broxken into third-order pieces.

The third-order aggregates that find their way back up into
regions having lower shearing rates can recombine if they are sufficiently
small. By Equation 26, with a shearing rate of 8.8/sec, and a &R of 2y,
the largest particle that could combine with a larger particle has a
radius of 32u. Growth to more than twice this size scems unlikely at
low suspended sediment concentrations. The 32u third-order particle
would have a settling velocity, by Equation 74, of 0.0196 cm/scc. A
fourth-order aggregation of the third-order flocs having twice the radius
would settle at 0.065 cm/sec. When such a floc settled to the boundary
layer it would break to third-order fragments again. It is evident that
the viscous boundary layer cstablishes a basc order for subsequent floc
formation above it, and that recombination above the boundary layer
increases the rate an aggregation would return te be disrupted.

Base order aggrerates can grow from lower order aggregates. 1In
the example above, the third-order aggregates can become larger by
accumulating seccnd or lower order aggregates. Such growth would occur
only on the addition of sediment material to the {low.

The two effects of shearing rate on suspended cohesive particles
should be recalled when considering transporl of such particles. While
low shearing rates permit the existence of large, high order aggregales,
they provide little opportunit: for flocs to combine. Unless the time
for recombination is long or unless the suspended sediment concentration
is high, large aggregates will not form. A region having a transition
from high to low shearing rates, such as that in a channcl as a particle
moves upward from the bed, however, provides both shearing to promote
flocculation and a diminishing shearing rate as the floc grows. 1t the
concentration of suspended sediment is sufficiently large, flocs can
form. Shearing due to the bed promotes the regrowth of flocs thal settle
back into the region of high shearing and most of the transition in
shearing occurs in only a small portion of the flow near the bed. In a
uniform open channel flow ¢ a dilute sediment suspension both the
disruption and formation of flocs takes plac> near the bed, with rela-
tively inactive flocs suspended-higher in the {iuw.

The discussion above emphasizes ihe importance of shearing near
the bed in limiting the aggregation of particles. Shearing at the bed
similarly determines the character of a bed surface. As shown in
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column rour, Table X, typical bed shears in a navigable estuarial channel
can exceed the strensth of all but wero order beds. (A bed ic an aggre-
ration of particles. The concept o crder was extended to the bed surface
in deriving Equation 24, and is supported by photomicrographs [2].) The
order ot a bed is one higher than the order of the particles making it

up. It {locculent particlec cimply cettle in still water the order of
the bed surface would be one higher than that of the particlec.

When the bed is undergoling chear, however, the order of the bed
surface during deposition is at leact low enough to withstand the shear.
The order of the bed surface will be even lower if the suspended flocs
have orders two or more lower than that of the highest order bed that
will resict the shear. It the sucpended particles have an order higher
than that of the bed, contact with the bed can leave a portion of the
particle on it or take some of the bed back into suspension. Interchange
of' suspended and deposited material was demonstrated nusing radioactive
tracers [2, p. 45]. s postulated by Statement 5 in the paragraph on
agorecation, above. a bond between a bed and a higher order floc can
have the strength of the bed. nterchange would selectively leave the
more strongly bonded material on the bed.

This description of bed tormation ic supported by data obtained
during scour of beds that had been depocited under a variety of flow
conditions in a recirculating flume [2., p. T9]. These data were obtained
long before the concept ot vrders of agrremation was found. and they show
the concentrations of suspended sediment at various bed shearc. The
concentration ic rouchly proportional o the total depth of bed scour.
Plotc of these data can be titted by soveral ctrairht lines that intersect
the zero concentration liune, the abscisca, at the shear strengths of first,
second or third, fourth, and the fifth order asggrercates. The lines show
increasing sirength with depth, which would result from {loc deformation
due to skeletal overburden prescure.

It appears from these data that the rate or scour reflects the
properties of *he bed. Interchanre of suspended material and material in
the bed surface was oObcerved during ccour, ac well as during deposition.
Evidence of armoring, or development of al incrcasingly resictant surface,
during scour was also cbeorved. Theoe cboervationsz, together with the
observations of !loc properiies, lead tc the conclusion that scour of a
bed ic resisted by t'illine peorec in the surface of the bed with suspended
material. This procesz can be viewed as a teondency toward the formation
of' a lower order bed as required Ly the higher bed chear, and it accounts
for the slow rates ol scouring obcerved at molderate chearvs.

Conc iusions

Application of the Intormation on {'ice properties to any particu-
lar system will require inrormation on the hydraulic regime and the
suspended sediment concentration and properties. The foregoing discussion
leadc, however, to several concluslons that apply generalily to transpors
and shoaling procecses. They 2an be summarized ac follows:
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; 1. A suspended t'ioc can have any one of several orders.  The
order is determined by the growth history or the sherarin, whichever is
limiting.

alt

2. The size of a suspended floc is independent ot ils order,
except that an increase in order requires an increase in sise, and
conversely.

3. An increasc in order produces an increasc in settling
velocity, and converscly. i

Y. During depositioti the bed surface strength is determined by
the bed shear or by the order of apggregation of the depesiting floc.

s e 1 e+ ot

i

j 5 The stirength ot the bed btelow the surtace is determined by E
the order formed during depositic:. and by the subsequent def'ormation or
collapse resulting f{rom overburden pressure.

: (. The shearing rates in normal flows, except those near inter-
i taces, are low compared to thal shearing rate necevsary to disrupt flocs
: of high order.

. The rclatively hirh shearing rates near the bed limit the
order of sgigrepation of {loco, suspeunded in flowing water.

8. At low bed shears high order f'locs can deposit. Tt the
deposit is sufficiently thick the increase in strength due to overburden
pressure can prevent subscquent resuspension by increased flows.




VI. SUMMARY AND CONCIUSIONS

Conciusions appropriate 1o the material In cach chapter are
presented at ‘he cnds of the chapters. 1n this chapter a cwgmary of the
methods of study and the reculis are presented, together with recormenda-
tions for subscquent investigations.

Sediments trom deposits in scoveral representative estuaries were
examined for mineral conteut and particle size distribution, and were
found to contain large amocunts of c¢lay minerals. The clay mireral
composition varied among the sediments in relative abundancs ol the
principal minerals montmorillonite, kaolinite, and illite. The clay
minerals account for Lhe cohesive character ot Lhe sediments studied,
and their relative abundances determine Lhwe perosities and strengths ol
apgrepations of the mineral particles.

The porositics and shear strengths of sediment aggrepgations were
obtained rrom measurements ot rheological properties ol suspensions over
a range of sediment concentrations, and at varying shearing rates. An
Ostwald-type capillary viscometer, equipped with variable driving pressures,
was used l'or measurements al high shearing rates, and a conceniric cylinder
viscometer with a wide annular gap was constructed for measurements at low
shearing rates.

Interpretation of tne data from the rheological neasurements was
facilitated Ly Bingham's hypothesis and Einstein's viscosity relation.
A relation was derived by H. A. Einstein based on Birngham's hypothesis,
tfor relating the drag and rotation speeds in a wide-pap ceoncenirice
cylinder viscometer to the chear strengih and ditterentiul viccosity of
a suspension. Separation of {luid from colid friction by Bingham's
hypothesis allewed separate interpretations ol shear strengihs or the
suspended agrrepgaltes and ol Lthe viscosilies of the suspensions. Einstein's
relation, derived tor an intinitely dilute suspension, was extended to a
Joparithmic toerm to accommodate Lhe ceucontrations of suspended particles
of interest to this study. The dala support the extension, and with it
was oblained information on densities and porositiecs of sediment apgprepgates.
Both the shear strengths and the dencitics of' the suspended apggregatos of
estuarial scdiments were Lhercby obtained.

Measurements with the wide amtilar gap concentric cylinder
viscometer showed that each of the suspended sediments can agrregate in
several ways, depending on the shearing rate and the history ol the
susprnsict:. A deceription off wiyntepe s wan devirzd that i based on
the concept of combivetions of simple aggrogations of primary minceral
purticles. When such clusters ot mineral particles, designated zoro
order appgrepgates, comtine with one another they torm t'irst order agere-
gates that have larper voiume aor low:er density because ol the pore space:
between the zero order aggregates.  Seceond ovder appregates, Permed by
conbination of the first order ugsrepgates, have an even lower density.

-8 - Preceding page blank
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Successive orders have succeecsively lower densities and, because the
: shear strength depends on the interaggregate bends within a higher order
i aggregate, the shear strenglli aiso decreases with increasing order of
3 : aggregation. A gquantitative relation, based on this ccncept and with 3
' assumptions regarding intermeshing of Joining eggregates, was derived 3
: : and was found to describe the gorosity or density for any order of aggre- gé
3 j gation in terms of the zero order aggregats density and the void ratic ,é
: : for first order aggregates. B
f 3
; The shecar strengihs for primary aggregates, measured using the 4
capillary viscometer, were ifound to relate to the shear strengthis of E
4

: higher order fices measured using the concentric cyiinder viscometer

i when the character of the interaggregate contact was taken into ccenvider-

i ation. Tnis rciation Zacilitated constiruction ot a ilable of shear strengths . -
fer s=veral orders of agpregation of' each of the estuarial sediments

(Tatle IX, p. 74).

E Finally, a short chapter descrites moethols end examples of appli-

' cationg cf rloc shear sirength and density data to sus exded flces and
to cohesive sediment bteds. Tie information cn ficceulent sediment
properties obtained in this study was fcund to explain prcperties of
sediment beds cltserved during an cariicr study.

%!
i
4
b

i The concliusions and other material presented in each chapter can =
4 be summarized by the following: =

i. COF851V€ sedi mevt aggrepatcs car occur in distinet orders.
r e

sl o 4

Z. Rheclogical measurements on gediment suspensicus can provide
agrregate shear strengths and densities provided that a viscemeter with
£
P

3 & sufficient thickness of shearing fluid, sufTicient scensitivity, and an
adequate range cf shearing rates is used 3
3
2. Tne shear sirengths cf csediment aspregates are very weak, but é
are adeguate to make azgregates the sipnificant form of sediment in %
estuarial transport prccesses. 5
Measurements of rheclegical prepertios of conwsive maleriais 3
should cantirue am*i] ~xperience with a wider raneg: ol materials and a 4
thorough undersianding of the prcecess of {low ol such materials are S
cttained. A prograr cof meacurements of properties of suspended and 1
4 depctitad codimints ir estuaries is reeded also to ectablish the local i
1 kydraulic and sedimenrt conditions arcuna snos.s and Lo relate scdimernt i
rroperties to shoaling. Knowiedge of such rolations will eonable the :
bﬂst designs of harboers and channels, and wiil prcvide pguides ror ;
cnomical meirtenance of waterways. :
{ -
] :
3 E
i ;
:
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