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ABSTRACT

Flume experiments simulating a 12.5 hour tidal cycle were
performed to test the hypothesis that flaser and wavy bedding
can be produced in shallow subtidal areas by tidal activity.
The effects of clay composition, sand size, total amount of
sediment deposited, compaction time, and peak current velocity
were investigated. It was found that the resistance of a re-
cently-deposited mud bed to subéequent_erosion is determined
‘primarily by the amount of oVerburden;t'The effect of a rippled
sand bed on the erosion of an overlying mucd bed is profound,
causing erosion to occur at mean flow velocities substantially
less than those required for erosion of a planar bed. The re-
sults indicate that successive deposition of thin mud layers
during several consecutive slack-water periods cannot occur
since the deposited mud will always be resuspended during the
intervening high-velocity episodes. Although thick mud layers
may accumulate during a single slack-water period, these beds

are unlikely to be preserved due to the high rate of subsequent
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reworking. It is concluded that the presence of flaser and
wavy beds in shallow subtidal regions is most 1likely due to

storm activity.

Thesis Supervisor: Dr. John B. Southard, Associate Professor,

Department of Earth and Planetary Sciences
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INTRODUCTION

THe research described herein is concerned with the con-
ditions of sediment supply and current velocity needed for the
formation and preservation of alternating sand and mud beds.
The investigation is experimental in hature because, in addi-
tion to the great difficulties involved in an observational
study, it was felt that more useful rgsults would be obtained
by systematic variation of several key parameters than by
making observations in a relatively uncontrolled environment.

Alternating sand and mud beds are a rather common feature
of both the stratigraphic record and of Holocene environments.
Reineck and Wunderlich (1968) have proposed a purely descrip-
tive classification system based on the relative amounts of
sand and mud (the latter defined as a material whose average
grain size is less than 60 um), and on the lateral continuity
of the minor constituent (Fig. 1). Thicknesses of the indi-
vidual\layers commonly are of the order of ﬁillimeters or
centimeters. These structures are thus rather small-scale
features, probably formed in .response to local conditions. An
important limitation on these conditions is that the sand
present is always rippled. Since ripples are formed only in
response to well-defined conditions of current velocity and
sand size, and since they are readily destroyed by current

velocities higher than those responsible for their formation,
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Figure 1l: Classification of alternating sand and mud beds
(after Reineck and Wunderlich,1968)
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the fange of current velocities that may exist during the
formation of these structures is rather narrow. Reineck and
Wunderlich stated that these structures form due to alternating
periods of (relatively) high and low current activity, the

sand being deposited during the high-velocity episodes and the
mud during the more quiescent periods. Accordingly, for the
formation of these deposits, there must exist not only abundant
supplies of both sand and mud, but there must also be alterna-
ting periods of high and low current veloicty. Reineck and
Wunderlich also noted that the sand could be rippled as a re-
sult of wave activity. Since the effects of waves were not
examined in this study, such structures will not be considered
further.

Based on their own and others' observations, Reineck and
Wunderlich stated that the most likely areas for the formation
of alternating sand and mud segquences are intertidal and shal-
low subtidal areas, where the alternating periods of high and
low current velocity are due to the daily tidal cycles. They
noted, however, that these deposits have also béen reported
from Holocene delta fronts, lakes, and lagoons.

The author has examined examples of these deposits from
rocks formed in lacustrine, fluvial, deltaic (Fig. 2), and
littoral (Fig. 3) environments, and has been shown photos of
their occurrence in turbidite sequenceé. It seems, therefore,

that these deposits can be preserved in a variety of
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Figure 2: Flaser beddlng in the Caseyv111e Sandstone,
Illinois. Sample is 10 cm hlgh

Figure 3: Wavy bedding in the Twin Creek Limestone,
Utah. Sample is 5 cm high.
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environmental settings. 1In addition to tidal activity, several
other common processes, such as crevasse splaying, channel
meandering, and storm activity could provide the necessary
periods of alternating high and low current velocities.

Reineck (1960, 1963, 1967) and Reineck and Wunderlich
(1969) have described the occurrence of these structures in
both intertidal flats and subtidal channels of the North Sea.
Reineck and Wunderlich (1967) have shown that these deposits
can be formed during a single tidal cycle. In their later
paper (Reineck and Wunderlich, 1969), however, they state that
structures formed as the result of such conditions are not
likely to be preserved since the areas in which they are formed
(intertidal channels) are subject to substantial reworking
during subsequent tidal cycles.

McCave (1970) concluded that, based on sediment budget
calculations, alternating sand and mud beds could not form in
either\the open sea or in nearshore areas as the result of
tidal activity. He stated that the results of Reineck and
Wunderlich were the result of abnormally long slack-water
periods and abnormally high sediment concentrations. McCave
suégested that storm activity was a more likely candidate for
the formation of these beds in both offshore and nearshore
waters,

Terwindt and Breusers (1971) published the results of the

only experimental investigation on the origin of alternating
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sand and mud beds. . They sought to explain the observed thick-
ness of the mud beds (up to several centimeters) found in the
Haringvliet Estuary in light of the fact that, according to
their calculations, the maximum mud thickness that could be
deposited in a single slack-water period was 0.3 cm. By
determining the erodibility of muds collected from the area,
they concluded that if the current velocity at a height of 50
cm above the bed did not exceed 60 cm/s a recently deposited
mud bed would not be eroded. This observation led them to
suggest that mud layers could be deposited during several
consecutive slack-water periods occurring during the neap
portion of the biweekly spring-neap tidal cycle. During- this
period the maximum current velocities would not be great enough
to erode the mud deposited, while during the spring part of
the cycle, when current velocities are higher, sand could be
deposited over the mud.

When reading the above report, the author was struck by
two points. First, in their flume experiments, Terwindt and
Breusers used a planar bed. If a rippled surface was used,
would this not lower the mean velocity needed to erode the mud?
‘Since even the values reported by Terwindt and Breusers are
almost always exceeded in natural'settings, a further reduction
in the minimum velocity needed for mud erosion would make their
explanation untenable.

The second point relates to the rigidity of the mud beds
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that they tested. 1In their experiments the mud bed was formed
by depositing mud from a highly concentrated suspension in still
water. Their experiments, as well as those of Migniot (1968),
showed that the rigidity of the bed formed decreased as the
concentration of the suspension from which it was deposited
increased, due to the increased rate of deposition. Mud beds
formed in natural tidal channels will accumulate more slowly
than those formed by Terwindt and Breusers, due both to the
smaller concentrations and to the higher current velocity that
exists. The effect of this decrease in accumulation rate might
lead to an increase in the resistance to erosion of the mud
bed. Both of these effects should be considered before applying
the results of Terwindt and Breusers.

An éxperimental program using a real-time tidal cycle of
12,5 hours was designed to investigate these effects. Initially
the experiments were desiqned to réprédﬁce the conditions re-
ported by Terwindt and Breusers. Later, the range of conditions
was expanded so that an investigation of the formation of flaser
and wavy bedding in a variety of conditions was performed.
Lenticular beds were not considered in this study.

Two previous investigations, those of Dillo (1960) and
Bayazit (1968), have dealt with the response of rippled sand
beds to tidal flow. Dillo, using a 12.5 hour tidal cycle, re-
ported that when the flow direction was reversed the shape of

the ripples quickly altered so that the bed was again in
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equilibrium with the flow. He also stated that although the
flow was unsteady, the ripples, because of the long time periods
involved, behaved as though they had been formed in steady-flow
conditions. Bayazit, using modeling techniques, came to a simi-
lar conclusion. He also reported that, as the number of tidal
cycles increased, the response time of the ripples to adjust

to the change in flow direction decreased.

BACKGROUND

Physical Properties of Water

The'physical properties of both the fluid and the sediment
are important in sediment transport studies. In addition,
‘changes in the properties ofbthe flﬁid as a result of suspended
sediment may be important. In the present study, the two most
important properties of water are its density (p) and its vis-
cosity (u). The value of these properties changes with both
temperature and salinity. The data used in this paper are
taken from Winegard (1970).

The effect of suspended particles on the viscosity of a

fluid was expressed by Einstein (1906) as:

u /uf =1 + kc (1)

susp
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where c is the concentration of -the suspended particles and k
is a coefficient equal to 2.5 for c less than or equal to three
per cent., Einstein's equation is accurate for stable suspensions
of spherical particles. For unstable suspensions and nonspheri-
cal particles, the value of k increases. In addition, for c
greater than three percent, higher order terms must be added to
equation 1. In the present study, c is one per cent or less,
so equation 1 may be used in the form presented. However, the
particles are nonspherical and the suspension unstable. Test
calculations with an increase of ten per cent in the viscosity
revealed that the resulting difference in shear velocity is
less than two per cent. Given the other inaccuracies in the
experiments, it was felt that this variation could be ignored.
Viscosity measurements taken during Run U-8 with a Synchro-
Lectric viscosimeter revealed no measurable difference in the
‘viscosity from that of pure water.

The effect of suspended particles on the density of a

AN

fluid is given by:

psusp = (pfvf + psvs) / Vsusp (2)

Solving equation 2 with the appropriate values gives a density
difference of less than one per cent. This effect has also

been ignored in the present study.
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Fluid Flow

When a viscous fluid with a non-zero velocity u (Fig. 4)
moves across a rigid boundary, the "no-slip" condition demands
that the velocity of the fluid at the boundary equal the velo-
city of the boundary. Since the bulk of the fluid is moving
with a different velocity, there must exist some region in which
there is a velocity gradient. This region is known as a bouna—
ary layer. Initially the boundary layer will be restrictea
to a zone close to the bounding surface. As the flow progresses,
the thickness of the boundary layer increases until it either
intersects another boundary layer or until it occupies the
entire volume of the flow. Schlichting (1968) presents an
extensive review of boundary layers.

In turbulent flow, the boundary layer may be considered
to consist of three zone:

1f The zone nearest the wall, where'viscous forces

are dominant, known as the wviscous éublayer. Turbu-
lent fluctuations are observed, but in this zone

momentum transfer occurs primarily by molecular dif-
fusion. The thickness of this zone is on the order

of millimeters.

2. A thin zone called the intermediate or transition

layer. Turbulent eddies appear to be produced more
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frequently in this zone than in the others and hence

diffuse out into the adjoining regions.

3. The thick layer known as the outer zone. 1In fully
developed turbulent flow this zone occupies most of
the flow depth. This zone can be considered to con-
sist of two sub-zones which differ in the shape of
the velocity gradient observed. In the inner part,
the velocity gradient can be described by a logarith-
mic function, the so-called "law of the wall." 1In
the outer part, the gradient is described by the

velocityv defect law.

In sediment transport studies, the shear stress at the
bed surféce Tor in conjunction with the properties of the
sediment, determines the mode of transport, if indeed trans-
.port occurs at all. The sheér veloéiﬁy is related to the

shear stress by:

1/2 (3)

x = (15/0f)
A variety of formulas to calculate u, exist, depending upon

the types and locations of the quantities measured; only those
formulas used in the present study will be reviewed here.

All are based upon the two laws describing the velocity profile

in the outer zone. Once u, is known, To May be calculated
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from equation 3,

The nature of the wall has a significant effect on the
velocity profile developed in the fluid. For a planar bed a
distinction between hydraulically smooth and hydraulically
rough beds can be made. For hydraulically smooth beds the
dimensions of roughness elements of the boundary are much
smaller than the thickness of the viscous sublayer. Accordingly,
any disturbance due to these elements will be dissipated be-
fore it can propagate into the outer zones of the flow. Equa-
tion 4, derived from Prandtl's mixing-length theory, is a
method for determining u, if u s the average velocity measured

at a height z above the bed, is known:

u, /u, = In(u,z/v) / « + 5.5 (4)
!
where « is von Karman's constant, an egperimentally determined
'quantity whose value in clear water.is 0.4. If.ﬁhere is a
significant amount of suspended material in the flow, «k may
vary to as low as 0.2 (Vanoni, 1975). 1In the present study,
Kk varied between 0.35 and 0.4.

If the roughness elements are of the same order as the
thickness of the viscous sublayer, then disturbances generated
by them will propagate into the flow. 1In this case, the
roughness of the surface must be taken into account when com-
puting u,. Most flows over sand beds fall into this category.

Equation 5 enables u, to be calculated for a rough surface if
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the particle diameter d is known:

uz/u* = 1n(30.2 *« z/4) /k (5)

The presence of sediment in the flow can also affect the
velocity profile. Einstein and Chien (1955) proposed a modi-

fication of equation 5 for sediment-laden flows:

uz/u* = 1ln(z/35.45 ¢« d) /k + 17.66 (6)

If the boundary is composed of discrete particles, and
a velocity sufficient to transport these particles is achieved,
the bed will not remain planar. Rather, it will start to de-
form and form undulations, known as bed forms. The resulting
surface £opography is known as a bed configuration. Reineck
and Singh (1975) and Harms et al. (1975) provide good reviews
‘of the experimental and obsefvational‘ﬁork done on the forma-
tion and occurrence of bed forms. Kennedy (1969) provides a
theoretical framework for their origin. In the present study
only the bed form known as ripples will be considered.

When sediment movement is initiated, if the particle
diameter is less than 0.6 mm, the first bed form to appear will
be ripples (Southard and Boguchwal, 1973). As noted by Southard
(1971), the three parameters which determine which of the
several bed forms will develop are sediment size, flow depth,

and fluid velocity. Except for very shallow depths (less than
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8 -~ 10 cm), the occurrence of ripples is independent of flow
depth. Thus the unidirectional flow conditions which produce
ripples may be shown in a two-dimensional diagram (Fig. 5).
Although many different types of ripples have been describked,
they all share certain characteristics. 1In profile they are
roughly triangular with a crest-to-crest distance about ten
times their height. Wavelengths are generally less than 30
cm, Ripples migrate downstream with a velocity far lower
than that of the fluid. Ripples are found only in noncohesive
sediments whose grain size is less than 0.6 mm, and are quickly
altered to other bed forms as the flow velocity is increased.
Due to the varying flow depth across a rippled surface, one
would expect the average velocity, and hence the average shear
stress, to vary also. Experiments by Raudkivi (1963) confirmed
this (Fig, 6)., In addition, Raudkivi also found that the in-
stantaneous shear stress varied across the ripple profile,
reachiyg a maximum in the ripple troughsy7.

| The presence of any bed configurafion génerates another
roughness, the form roughness, in addition to the bed rough-
ness caused by the individual particles. The presence of this
form roughness significantly affects the veiocity gradient in
the fluid and renders the use of equations 4-6 invalid.

The value of u, is also related to the hydraulic radius

(defined as the cross-sectional area of the channel divided

by the wetted perimeter) and the energy slope by:
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=]
*
n

(grs ) /2 o (7

Se is defined as

S =8 - Fr” (S -8

e w w ~ Sp) (8)

wherelsw is the water-surface slope and Sb is the bed-surface
slope.

In the presence of bed configurations, the value of R
changes from its defined value, making the application of
equation 7 more complex. Simons and §entﬁrk (1977) have re-
viewed a variety of methods for determining u, in the presence
of bed configurations. Most of these methods attempt to evaluate
the effects of the form roughness and bed roughness separately
and then combine them by adding the hydraulic radius computed

for each roughness:

. R = R' + R" (9)

where R' is the hydraulic radius associated with the bed rough-
ness and R" is the hydraulic'radius associated with the form
}roughness. Substitution of R into equation 7 then gives a
value for u,. These methods are cumbersome, and a knowledge

of the grain size is needed. 1In the present study, where the
bed is covered by mud, it is not at all clear what grain size

should be used.
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‘Another method, presented by Richardson and Simons (1967),
is considerably easier to use, yields results as accurate as
any of'the other methods (Simons and §entﬁrk, 1977), and does
not require knowledge of the appropriate bed roughness. Richard-
son and Simons state that the resistance to flow over a rippled
bed is due almost entirely to the form roughness, a statement
confirmed by Bayazit (1968). This fact, coupled with the narrow
size range of sediments which form ripples, allowed Richardson
and Simons to incorporate the effect of both roughnesses into

a single equation:

uz/u* = (3.33 - (0.13/u,)) 1n z + 14.3 (10)

where all quantities are measured in English units.

Hydraulic engineers have devised several formulas relating
the average velocity of the total flow, u, to the resistance
of the bed. Two of the most‘commonly used are the Darcy-Weisbach

formula and the Chézy formula defined by:

w? = 8RS /£ (11)

and

u = C(RSe)l/2 (12)

Combining equations 10 and 11 results in an expression relating
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the Darcy-Weisbach friction factor and the Chézy coefficient:
1/2
c/@t? = w/6)1? = c, (13)
If one knows the mean velocity and the bottom and surface slopes,

one can calculate u, for a rippled bed from the following rela-

tion, also presented by Richardson and Simons:

c, = (7.66 - (0.3/u,)) log D + 0.13/u, + 11.0  (14)

where D, the flow depth, is measured in feet.

Physical Properties of Sedimentary Particles

Sediments may be classified into two groups, cohesive

and noncohesive. Cohesive sediments generally consist of
materigls which have large surface charges, such as clay min-
erals. In saline solutions, this surface charge leads to the
formation of strong electrochemical bonds between the individual
particles. Due to this bonding, the density, size, and shape

of the individual particles is less important than the respec-
tive properties of the agglomerates into which they form.
Individual particles of cohesive materials are generally very
small (less than 2 um), but the resulting agglomerates can be

much larger (up to over 60 um).
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Noncohesive sediments are formed of minerals, such as quartz
and feldspar, without strong surface charges so interparticle
‘bonds ére negligible. 1In general, beds of noncohesive sediments
have grain sizes above 60 pum, although noncohesive beds with
grain sizes as small as 15 um have been reported (Rees, 1966).

The most important particle property in sediment transport

F
velocity has been the subject of extensive research. Good

studies is fall velocity v_,. Because of its importance, fall

reveiws may be found in Graf (1971) and Raudkivi (1976).

The fall velocity of any particular particle will depend
on the density, shape, and size of the particle. Due to the
irregular shape of most sedimentafy particles, it has become
common practice to define fall velocity in terms of the dia-
meter of a quartz sphere whose fall velocity is equivalent to
that of the particle. This practice has two advantages: it
combines the effects df particle shape, size, aﬁd density, and
it gives a measure of how the particle actually behaves. In
water, for particles whose diameter is less than 60 um, the
fall velocity can be calculated from Stokes' Law. For larger
particles, the velocity may be determined from the table of
AZeigler and Gill (1959). Figure 7 presents the fall velocity
as a function of particle diameter.

The data of Zeigler and Gill, and the use of Stokes' Law,
are, strictly speaking, wvalid only for single particles falling

through an infinitely broad, quiescent fluid. Such a case is
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far removed from most real situdtions, Many studies have been
done on the effects of the proximity of side walls, particle
concentration, and heterogeneous size distributions. Unfor-
tunately, it has not yet been possible to formulate a compre-
hensive theory to take these complications into account.
Rather, one must evaluate each factor separately and then
attempt to deduce how they interact with each other.

In the experiments described below, two deviations from
the ideal situation are important. Both have to do with the
settling velocities of clay materials. As noted above, clay
particles have strong surface charges. In saline solutions
the particles tend to form aggregates by a process known as
flocculation. The rate at which flocculation occurs is governed
by the ffequency of inter-particle collisions. These collisions
may result from Brownian motion, local: shearing, or differential
‘settling velocities. The eqﬁationé'déécribing the rates at
which these processes occur may be found in Einstein and Krone
(1962). Einstein and Krone compared flocculation rates for
these three mechanisms and concluded that for natural situations
" the most important cause of interparticle collisions is dif-
ferential settling velocities due to varying grain sizes. In
flume experiments, however, the sediment is commonly recirculated
both through the pump and through pipes whose cross-sectional
area is much less than that of the flume channel. This leads

to the generation of very high local shear stresses which are
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great énough to break the interparticle bonds, thus at least
partially negating any flocculation that takes place in the
flume. Thus, the particle size in flume experiments may be
considerably less than that in natural situations. This of
course leads to a reduction in the fall velocity of the parti-
cles. More importantly, though, it may lead to an increase
in the shear strength of the deposited bed over that found in
natural settings. Xrone (1963) has described flocculated
ﬁarticles in terms of the order of the agglomerates. In his
terminology, a first-order agglomerate is composed of several
primary particles, a second-order agglomerate is composed of
several first-order particles, and so on. rone (1972), rea-
soned that the agglomerates which settle to the bed form, in
effect, an agglomerate of order n + 1 where n is the order
of the individual agglomerates. Since-the strength of the inter-
‘particle bonds decreases with incréasiﬂg agglomérate order,
a bed consisting of particles whose order is low will be able
to resist a higher shear stress than a bed consisting of higher-~
order agglomerates. If the order of the agglomerates found
in flume studies is lower than that found in natural settings,
it follows that the resulting beds will exhibit greater resis-
tance to erosion than the natural beds.

The second consideration is the effect of concentration
of the fall velocity of the particles. 1In general the fall

velocity will decrease with increasing particle concentration.
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McNown and Lin (1952) reported that a sediment concentration

of one per cent leads to a reduction in the fall velocity of
twenty per cent for particles with a diameter of 0.1 mm. The
results of Steinour, summarized by Maude and Whitmore (1958),
exhibit a similar trend for particles in the silt size range

for concentrations of less than one per cent. If the particle
concentration exceeds one ner cent, a phenomenon known as
hindered settling occurs. Hindered settling is characterized

by the fact that the particles tend to settle as a group, pro-
ducing a distinct interface in the fluid with clear liguid

above it and the suspended material below. This interface
gradually settles to the bed surface as the sediment is deposited.
Einstein and Krone (1962) noted the occurrence of this phenome-
non, as did Migniot (1968), who showed that the shear strength
of the deposited mud bed decreased with increasing rates of
"deposition.

All of the above observations were made in still water;
extensive research on the behavior of falling bodies in flowing
water has not as yet, been done. Owen (1971) reported that
the observed fall velocity of silt-sized particles measured
in the River Thames exceeded the values measured in the labo-
ratory by as much as thirty per cent., Experiments by Murray
(1971), on the other hand, show that because of the turbulence
associated with moving water, the fall velocity of the particles

can be reduced by as much as thirty per cent. It seems likely
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that the results of Owen are the result of an increase in
particle size due to flocculation caused by local shearing in
the flow. Thus, even though the fall velocity of a particle
of any given size would be reduced, the increased particle
size would more than compensate for it, resulting in a net in-
crease in fall velocity. Krone (1972) has stated that floccu-
lation due to local shearing is more important in natural set-
tings than that due to either Brownian motion or differential

4

settling, except at the lowest flow velocities.,

" Previous Experimental Studies of Noncohesive Sediment

The flow conditions under which sediment will be eroded,
transported, and deposited, and the various modes of transport,
have been the subject 'of many studies (see Graf, 1971, and Raud-
kivi, 1976). Only a brief review is given here.

Commonly, three modes of transport are considered: traction,
in which the sediment moves by rolling across the bed; saltation,
in which the particles move in a series of jumps; and suspension,
‘in which the particles are continuously supported by the fluid,
Obviously, the dividing line between these modes is somewhat
indistinct, For a given grain size, the order of the modes
experienced as the fluid velocity increases is traction, salta-

tion, and suspension, Grains transported by traction and
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saltation are frequently grouped together as the bed load.

In 1936, Shields published experimental data relating his
sediment entrainment parameter to the Reynolds number of the
flow. Hjulstrom (1935) published a graph which related sedi-
ment movement to the average flow veIocity (Fig. 8). Two
points are of interest in Hjulstrom's figure. The first is
that fhe velocity needed to initiate erosion reaches a mini-
mum for grain sizes of about 0.2 mm. ‘The second is that the
velocity required for subsequent transportation of a given
grain size is less than that required for its initial entrain-
ment.

Just as there have been inveétigations of the conditions
necessary for initiation of sediment movement, there also have
been studies on the conditions necessary for suspension of
sediment. Hjulstrom's plot is an early attempt at defining
an appropriate criterion. A more fecent approach is that of
Bagnold (1966). Bagnold reasoned that in order for a particle
to be suspended, the vertical turbulent velocity fluctuations
must exceed the particle fall velocity. By examining experi-
mental data of various workefs, he concluded that an appropriate
value of w' to maintain particles in suspension would be

w' = 0.8 u, (15)
C

Using this value, he defined an entrainment parameter, similar
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in form to that of Shields, for the suspension of sediment:

6 = 0.4 w2/gd (16)

A plot showing both 6 and the Shields parameter is given as -
Figure 9. Since w' must equal zero when averaged over time,
in theory the particle should eventually settle to the bottom,
regardless of the value of w'. To circumvent this difficulty,
Bagnold suggested that the vertical turbulence is anisotropic,
with the upward fluctuations imparting a greater momentum flux
than the downward fluctuations. This would imply that the up-
ward fluctuations must occur as limited, violent bursts, with
the downward fluctuations occurring over larger areas with
smaller velocities. The phenomenon of turbulent bursting, re-

viewed by Jackson (1976), seems to fit‘this pattern.

AN

Previous Experimental Studies of Cohesive Sediments

The criteria for erosion and deposition of noncohesive
sediments have been more or less agreed on, as discussed above.
For cohesive sediments far less experimental work has been con-
ducted, so that the state of knowledge is far less complete.

In particular, it has been far more difficult to establish

uniform criteria for the entrainment of cohesive sediments
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because of both the variation iﬁ electrical properties with
mineralogic composition and the continuously changing grain
sizes caused by flocculation. In almost all cases, cohesive
sediment moves only as suspended load. Only when large chunks
of cohesive sediment are rolled aloné the bed can bed load
movement be considered to occur for cohesive sediments. Since
this éhenomenon is of very minor importance, it will not be
considered further.

Recent experimental results on the erosion of cohesive
sediments are summarized in Table 1. Einstein and Krone (1962)
reported the results of a series of experiments using a mud
consisting primarily of illite ané montmorillonite. They
reported that for conce trations greater than 10 g/1 (1 %)
there was hindered settling, while for smaller concentrationé
it was not observed. The hindered setﬁling consisted of two
'phases, the first lasting approxima£ely two houfs, during which
the interface between clear water and the suspension settled
to the bottom. The bulk concentration of the resulting sediment
"~ was 170 g/1l. Einstein and Krone concluded that, based on vis-
cosity measurements of lower concentrations, such a sediment
should be able to withstand a shear stress of 10 dynes/cmz.
During the second phase of the deposition, the sediment com-
pacted as interstitial water was squeezed out of the lower
layers as a result of the pressure exerted by the upper layers

of sediment.



Investigators

Einstein and
Krone

Partheniades

Terwindt and
Breusers

Gust

Table 1

Previous Experimental Investigations

on the Erosion of. Cohesive Sediments

Mineral Composition

Illite
Montmorillionite
Minor Kaolinite

Montmorillionite
Illite

70 ¢ Illite
15 % Montmorillionite
15%¢ Kaolinite

50% Illite )
45% Kaolinite
5 ¢ Chlorite

u, (cm/s)

ro(dynes/cmzj

0.49

0.57, 4.80

0.64-1.96
4.0
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In flume studies using concentrations of 300 ppm or less,
and low flow velocities, Einstein and Krone found that the de-
crease in sediment concentration was logarithmic with time.
The rates of deposition were low, on the order of a few per
cent per hour. By plotting deposition rates versus associated
shear stress, they concluded that for particles 1.9 pum in dia-
meter no deposition occurred if the shear stress exceeded 0.6
dynes/cmz. They also reported that during deposition, material
was exchanged between the suspended load and the bed.

Partheniades (1965) reported the results of a series of
experiments using the same sediment as Einstein and Krone.
Partheniades used two different mud beds, one collected and
used at field moisture, and the other deposited directly fro