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Incipient motion of coheslve sediment and the role of fiow
parameters were investligated for separate and combined unidirect!onal
and osclilatory flows. Sed!ment from Sturgeon Lake, malniy s!it and
clay with organic matter, was used as bed mater!al In recirculating
and wave flumes.

Bench-type experiments Indlicated that when the submerged sediment
was under no active hydraullc dlsturbances, !t consolldated
substantlialiy. The removal of flne sediment and organic matter from
the sediment surface caused greater conso!ldatlion of the remalning
coarse sediment.

The mechanism for Inciplent motlon of cohesive sediment under the
actlon of flowing water was found to be complex. The top surface of

the flne-grained sediment exhibited a skin layer which governed the



the Inciplent motion process. Formation of thlis layer was evidently
caused by physlcochemical bonding of sediment particles by organic
matter and {ron In the sediment. When Induced shear stress exceeded
that required to Initiate erosion, the bonded particies started to
peel off, leaving plt marks and causlng the development of streak
| Ines. Suspension of sediment particles was a part of this process.
Inciplent motion for unidirectlonal flow could be expressed In
terms of the mean veloclty and shear stress necessary to Initlate
erosion of the coheslve sediment surface. Incliplent motion for
osclllatory flow could be expressed In terms of maximum orbital
velocity and maxImum shear stress. The results of the two sets of
exper ments could be used to speculate on the comblined effects of
osclllatory and unidirectional flows.

It was found for fline cohesive sediment that: (1) the princliples
governing Inciplent motion under unidlirectional flow are appllcable
for osclllatory flow; (2} the effects of combined unidirect!ional and
osclllatory flows can be estimated from separate effects of each
flow; (3) when Induced shear stress exceeds skin bonding strength,
peelIng off of the skin layer begins; (4) sed!ment consolidation has
i1ttle effect on inclplent motion; (5} Inciplent motlon of the
sedIiment bed occurs at lower shear stress and velocity under
oscl|latory flow than under unidirectional flow; (6} a bed with a
rough surface Is more susceptible than a smooth bed to Incipient
motlon; and (7) bloturbat!on affects Incipient motion of flne-gralned

sediment.
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shear stress due to granular materials

average bed shear stress

critical bed shear stress

maximum bed shear stress under oscillatory flow

shear stress in terms of stress coefficient

phase angle

angle of grain with bed

critical angular velocity,

Yal in parameter



INCIPIENT RESUSPENSION OF SILT=-CLAY DEPOSITS
{IN OSCILLATORY AND UNIDIRECTIONAL FLOWS

I. INTRODUCTION

Research Need

An understanding of the processes of Inclpient motion, erosion,
and depositlion of fine-slzed sediment In flowing water still Is In
1ts developing stage. Much progress has been achleved In recent
years In the Investigation of fundamental Jaws governing the
transport of fine coheslve sediments. However, there has not been a
comprehenslve study of Inciplent motion of flne-sized cohesive bed
sedlment caused by waves, unldlirectional flow, and the comblned
effect of waves and unidirectional fiow.

Inciplent motion Is the starting polint for erosion. The erosion
of fine coheslive sediment s very impor+$n+ from an engineering
standpoint. Major concerns Include: (1) control of erosion and
shoal Ing of such materlal In rivers, canals, harbors, estuarles, and
navigable waterways; (2) control of eroslon at |ake and reservoir
shorel Ines due to waves; (3) protection of the storage capacity and
useful life of lakes and reservoirs; and (4) protection of coastlines
agalnst erosion.

The existing llterature ldentifles major dlfferences In the

general features of sediment transport processes between



unldirectional flow and osclllatory flow. |In particular, the
conditlons governing Incliplent motion differ. Furthermore, the
cond!tlon of Inciplent motion Is itself subjectively determined,
rather than by absolute criteria, leading to addit!onal differences
among experImental findings for the two +ypes of flow. Beyond these
difflculties, the bulk of |iterature about sediment transport due to
osclllatory flow Is primarily based on sand particles, rather than
coheslve silt-clay sediment. There Is very [It+tle |lterature
avallable that deals with both flow regimes as part of the same
research on sands and apparently no |lterature that does so for
silt=clay sediment.

As a result of these clrcumstances, there !s a need for careful
systematic examination of the Incliplent motion of silt=clay deposits
under the separate and comblned condfflons of unldirect!onal and
oscl!latory flow to flll In gaps of past research. Such
Investigation is also needed so that the same consistent analysis Is
applled to both fiow regimes for a glven sediment, to better treat

the subjectivity Involved In defining Inciplent motion.

Burpose of Research

The research forming the basls of this dlssertation has the
purpose of enlarging our understanding of the processes of sedlment
erosion In flowing water. More specifically, the maln purpose of
this dlssertation Is to Investigate the Inciplent motion of fine
cohesive sediment due to wave action and unidirectional flow and the

possible combined effect of waves and unidlirectlional flow. Such
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Investigation brings together considerations of the dynamic behavlor
of the fluid and the physical/chemical behavlior of the sediment belng

dislodged from a nearly stable bed.

Research ObJectlves

There are three princlpal objectives of my dlssertation research,
In order to Investigate my starting hypotheses. These are:

1. To determine the effects of the Important flow parameters
of unldirectional flow on the inciplent motion of flne
sediment and to derive quantitative relationships describing
these effects. Some of the Important varlables Involved are
bed shear stress, Inltlal sediment concentration, flow
depth, and flow veloclty near the bed;

Z. To determine the effects of the Important flow parameters of
osclllatory fiow on the Inciplenf‘mofion of flne sediment and
to derive quantitative relationships describing these
effects. Some of the varlables Involved are wave helght
and wave period, bed shear stress, flow depth, and flow
velocity near the bed; and

3. To Investigate the combined effects of unidirectional flow
and osclllatory flow on inclpient motion of fine sediments
and thelr Interactlion fto bring the fine sediment into motion.

The three main obJectives are supported by four addltional
objectives. These are:

1. To Investigate the effect of suspended sediment concentration

on Inciplent motion of the bed under unidirectional flow;
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2. To !nvestigate the effect of bed consolidation on Incipient
motion of that bed under osclllatory flow;

3. To lInvestigate whether a bed consisting of fine-sized sedi-
ment Is more suspectible to Inclplent motion If It has a
smooth surface or [f [t has a rough or duned surface, both
for unldirectional and oscl|latory flow; and

4. To formulate a model describing the Incipient motion of
fine~sized sediment In unidirectional flow and In
oscl|latory flow.

In each case. results from this research are compared with

results obtalined by other Investigators who have studied Inciplent

motion of sediment.

Starting Hypotheses

Two malin hypotheses are invoived In this research. The flrst
hypothesls Is that the Inclplent motion of silt=-clay sediment under
oscl | latory flow can be determined and described In a manner simllar
to that used for unidirectional flow. |t has been demonstrated that
for non-cohesive sediment particles, such as sand, the principles
governing the Inclipient motion under unidirectional flow can be
appl led under osclllatory flow. However, because of sediment
coheslon and the unsteady nature of oscillatory flow, [t has not yet
been shown that such application Is also valld for sllt-clay sediment
beds.

My second hypothesls, as Initlally concelved, was that the

comblined effects of unidirectional flow and osclilatory flow on



Inciplent motlion were additive and could be treated by | inearly
summing the separate effects. As the review of |lterature
progressed, however, It became evident that a more fundamental
hypothesis was needed to better address |Imitations Identifled from
the |iterature. Furthermore, It became clear that the avallable
laboratory apparatus would Iimit certaln aspects of experimentation.
Therefore, the revised second hypothesls Is that from consistent
measurements of the separate effects of unidirectional flow and
osclilatory flow on the Incipient motion of a silt-clay sediment bed,
- It Is possible to reasonably estimate the effects of comblined
unidirectional and osclllatory filows on the Inclpien* motion of such
cohesive sediment.

The hypotheses are +és+ed by a detalied |literature review
fol lowed by a combination of fleld observations, l|aboratory
experiments, and analysis of published data. The fleld observations
tnvolve a silt-clay sediment that is later used for |aboratory work.
Separate |aboratory experIments are conducted for unlidirectional
flows and oscllliatory flows. From avallable theory and data for
non-cohesive sediment under separate and combined unidirectional and
oscillatory flows, an estimate of Inclipient motion behavior s made
for cohesive sediment. This Is compared with estimates from my own
exper imental results. Finally, an attempt Is made to exper imental ly
determine the comblned effects of the two flow regimes on Incipient

motion of silt=-clay sediment.



Research Scope and Approach

This research |s directed towards understanding the mechanism of
Inciplent motion of fine coheslve bed sediment In terms of flow
varlables. Because the behavior of fine sediment Is Influenced both
by flow variables and by physical/chemical parameters, a speciflic
fine sediment |s used In a water of known quality so that the
physical/chemical properties of the sediment suspension can be kept
constant and the Incipient motion of the sediment can be related
directly to ldentiflable flow varlables.- The lnclblenf motion of
flne cohesive sediment subject to unidirectional flow of the
overlylng water Is determined In terms of the water depth, veloclty,
shear stress. and the suspended sediment concentration. The
Inciplent motion of fine coheslve sediment subject to oscll!atory
wave flow condltions In the overlyling water Is determined In terms of
wave parameters, shear stress and maximum horizontal velécify at the
bed, orbital diameter of particies at the bed, and suspended sediment
concentration. The Inclplient motion of fine cohesive sediment due to
the comblined effect of oscltlatory and unidirectional flow is
determined by summing the conditions resulting from the separate
oscl|latory and unidirectional flows. For all three of these cases,
Inclplent motlon is also determined by visually observing the changes
In the bed surface.

The research s restricted to the Inciplent motion of flne=-sized
cohesive sediment that was previously deposited naturally from a

water-sediment suspension and !s subsequently subjected to shear
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stresses caused by Increased fluid motion. Because of the complexity
of natural environments, systematic investigation of a prototype
water body Is supplemented with Investigation made under simpler
controlled |aboratory conditions that generally match the essential
features of the prototype setting.

The prototype study of sediment and water characteristlics for a
natural waterbody, as well as {ts hydrodynamic characteristics, Is
conducted In Sturgeon Lake. This lake Is located within Sauvie
Island and Is subject to the flows and tides of the Willamette and
Columbla Rivers. This investigation gives Insights to ald In
understanding the relevant natural processes. Laboratory
exper imental work !s conducted In two flumes, one with a flap=type
wave board to cause osclllatory flow and the other with a
recircul ating pump to cause unidirectional flow. The bed matertal
tested In the flumes, s also typical of Sturgeon Lake bed materlal
and contalns approximately 78 percent siit and 20 percent clay, with
less than 2 percent fine sand. Water at several d!fferent depths Is
used w!th fixed sediment bed surfaces In each fiume. The wave
parameters and unidirectional flow rates are gradually varied through
a series of test runs. At each new condition, velocity, shear
stress, suspended sediment concentration, and Inciplent motion
features are observed and recorded.

As ratlonale for the above~described approach, It Is noted that
hydraul Ic engineering research to understand a physical process

general ly utillizes one or more of several techniques. These Include
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analytical techniques, mathematical models, computer models, physlical
models, and flume studies. |n the study of sediment resuspension
involving complex flow varlables, such as wave flow and
unidirectional flow, the complexity of the problem Is Increased due
to the behavior of fine cohesive sediment. The analytical tools are
not yet readily avallable to describe the phenomena and processes In
mathematical or computer-model format. Thls complexity also Inhiblts
true physlical modeling in the sense of scaling all of the relevant
variables. Therefore, for complex hydraulic probiems such as the
transport of fline coheslve sediment, quasi-scale~-model flume studles

are widely used as tools for understanding these phenomena.

Organization of Dissertation

The followling chapters of this dissertation each deal wlth a
speclfic aspect of the incipient motion of flne cohesive sediment.
Chapter || conslists of a review of the |lterature pertaining to the
Inciplent motlon of fline cohesive sediment due to unlidirectional flow
and osclllatory flow. The governing laws and the similarities and
differences of sed!ment transport between these types of fiow are
discussed. Propertles of fine cohesive sediment are discussed. The
exper imental materlals and methods used In past Investigations are
also discussed In detafl. Chapter ||l contalns relevant aspects of
my prototype study of flne-gralned sediment behavior at Sturgeon
Lake. [t encompasses |ake hydrodynamlcs, sediment sources and
transport, and sedlment characteristics. These are all Important to

the development of a process model for sediment transport that can be



tested under more controlled |aboratory condltions. Chapter 1V
presents experimental materials and methods that | used for
conducting the laboratory Investigation. The apparatus used,
equipment deslign, sediment and water characteristlcs, bed
preparation, and experimental procedures are al| descrlbed. Chapter
V presents the reults and Initlal analyses of my |aboratory
experiments. |t Includes the Incipient motion of fine sediment In
osclilatory flow and unldirectional flow uttltizing velocity, bed
shear stress. suspended sediment concentration, and subjective
determinations made by visual observation. A synopsis of
experimental runs Is also provided. Chapter VI presents a more
detalled analysls of my experimental results. The resuits are
discussed [n conjJunction with theory and the |[terature. Chapter VI
concludes the Investigation by summarlzing the results obtalned and
drawing conclusions on thelr relation to the inltial workling
hypotheses. Further research needs are also Identifled to achieve a
better theoretical understanding of inciplent motion of flne cohesive

sediment.
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I'l. LITERATURE REVIEW

Basic Aspects of Suspended Sediment Transport

Ierminology

Sediment movement occurs In vartous forms. Based on the
transport mechanlsms Involved, the total sediment transport load of a
stream can be dlvlded Into bed load and suspended load. Based on the
sources of sediment that |s being transported, the total sediment
transport load of a stream can be dlvidgd Into bed matertal load (bed
sediment |oad) and wash ioad. The wash |oad consists of small-sized
sedlment that i{s not found in appreclable amounts within the
streambed but which instead enters the channel with storm runoff and
I's washed on through the stream as part of the suspended load. The
bed materfal, when dlsturbed by sTropg flows, may be transported both
as bed load and as suspended |oad. |

To better define and differentiate suspended load from bed load,
ft Is convenient to describe the motlon of sediment particles caused
by flowing water over a2 flat bed. At very low velocities no sediment
particie will move; at somewhat higher veloclities, some individual
sediment particlies will roll and slide along the bed; at stil|| higher
velocities, some sediment particles will also make short bounces or
Jjumps away fom fhe.bed. elther staying within the body of water for a
short Instant of tlme, or returning to the bed agatn; if the flow
velocltles continue to Increase, the rolling, sltding, bouncing and
jumping by sediment particles w!l| become more Intense frequently and

some of the smaller particles will be swept up Into the body of water
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and kept In suspenslon for great |engths of time, due to the flow
turbulence. The sediment transport occurring In this Il |ustration Is
called bed material transport. Part of the bed materlial |oad is
carrled In suspension and Is called suspended load; part of +he bed
material load ts moved on or near the bed in almost cont!nuous
contact (contact load) or by bouncing (saltatton load) and Is called

bed |oad.

Processes Affecting Small Particles

The smal ler sediment particles are most | ikely to be moved by a
fluld while in suspension. Threé physical processes are recognized
as responsible for the transport of small particles: Brownian
diffuslon (thermal effects), fluld shear (flow effects), and
differential sett!ing (gravity effects). The particie slze
distribution of a suspension has an Important bearing on the rejative
significance of these three processes.

Brownlan or molecular dliffusfon ts a random motton of smal |
particles brought about by thermal effects. The driving force for
this transport Is a function of the absolute temperature. The
klnetic energy of water molecules is transferred to smail sediment
particles during the cont!nuous bombardment of these particles by the
surrounding water molecules. Transport by Brownian diffusion depends
on these thermal effects only and is Independent of such factors as
fluld flow and gravity forces (O'Mel la, 1980).

The second process affecting the transport of smal] parTIcleé Is
fluld shear, elther turbulent or laminar. Velocity differences or

gradients occur in all real flowing fluids. Hence, particles that
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follow the motion of the suspending fluid will travel at different
velocitles. The fluld and particle veioclty gradients can produce
Interparticie contacts among particles suspended §n the fluld.
Particle transport in thls case depends upon the mean velocity
gradlent.

The third process involved is gravity, which produces vertical
transport of particles and depends upon the buoyant weight of these
particles compared to gravitational attraction.

Smal| particles are also subject to coagulatlion and flocculation.
This occurs when particles come close enough that they can form some
type of f[nterparticle contact or bond. Al Threé processes npoted
above can bring particles close together or cause thelr colllsion.
The baslc developments describfng coagulation In aquatic systems were
presented long ago (e.g., Smoluchowski, 1917). Over time, such
analysis has shifted from single-size mixtures to heterodisperse

suspensions (Q'Mella, 1980).

Steady State Suspended Sediment Transport

According to Graf (1971), the suspension phenomencn was poor|y
understood until the 1930's. Later, It was realized that turbulence
and [fs associated consequences are Important to the suspension
process. Turbulence might be |oosely defined as an irregular or
random component of motion that, under certain conditions, becomes
superimposed on the mean or overal| motion of a fluld when that fluld
flows past a solid surface or past an adjacent stream of the same

fluld with a different velocity. One of the most significant
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feaTurés of turbulence is the transport of such things as momentum,
heat, solutes, or suspended matter across planes parallel to the mean
flow directton by the random motions of fluld masses back and forth
across these planes.

The distribution and quantitative determination of the vertical
suspended matter under steady-state and under non-steady-state
cond!tlons are of great importance. Here, the dlscussion Includes
only the steady-state vertical distribution of suspended matter. The
Interested reader can refer to sediment transport textbooks such as
Graf (1971) for more detalled Information about non-steady-state

cond{t!ons.

Many models have been presented to describe the suspension
phenomenon. For example, a dlffusfon-dispersion model has been
proposed which s based on the principle of conservation of mass,
whereby equlilbrium exlsts between the rate of change of a fluld
property (such as [ts mass of sediment) In a control vélume {region
In space) and the net rate at which the property leaves or enters the
control volume (l.e., the rate of change of a property due to
diffusion).

Theoretical Approach

Suspended grains are held up above the stream bed by the
turbulent motion of the fluld. The particle weight Is therefore
supported by the flutd. When the vertical component of turbulence ts
about equal to the settling veloclty of the graftn, the grain remains
suspended In the body of water.

For gralns of untform size, the settling veloclty or rate of

downward movement of grains ts given by V.. |If these gralns move
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downward from a reglon In the fluld having a concentration, C, the
rate of settling per unit volume [s equal to the product of settling
veloclty and concentration VSC. We can make the assumption that the
upward vertical dlffuslon of particles wil! follow a Fick!an

diffusfon law, |lke many other diffuslon processes:
rate of turbulent diffuslion (per unit volume) = gs(%§J

wheregsrs a diffuslon coefficlent, which should be constant In a
fleld of homogenous Isotroplc turbulence of any particular type and
strength, and %g-ls the rate of change of sediment concentration In
the vertical dlirectlon, y. Assuming a steady state and equating the
two rates glves a formula for the vertical dlstr!bution of the

concentration of suspended particles:

dC. _
vsc + es(ﬁ) =0 (1

The diffusion coefficlent Is assumed proportional to the kinematic
eddy viscosity.

Suspension {n a Shear Flow

In a2 shear fiow, turbulence s not Isotropic the strength of the
upward veloclty components [s the same as that of the downward
components except perhaps at |arge distances from the bed. It Is
expected that the diffuslon coefflclent will vary in the vertlcal
(y) dlrection. Therefore, an expression Is needed that teils how
the diffusion coefficlent varies with y, before equation (1) can be

used to predict how the sedIment concentration varles with ¥
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To find such an expression, we assume the sediment diffusion
coefficient to be proportional to the eddy viscosity, e, given by

- du _ du
TTPEdy " My

where = shear stress;

(2)

p = fluid denslty;

u

%$:= vertical variation of the horlzontal velocity component;

local velocity In the horizontal direct!on;

and
u = dynamic viscosity of the fluld, =pec.
Assuming that the diffuslon coefficient and eddy v!scosity can be

related by a coefficientB :

= Be

s
gives
T

- gsp du
8 dy

where the coefficlent B s expected to be close to one. In a
uniform open channel flow, T must vary linearly with y. This can be
expressed In terms of the boundary shear stress t, and the water

depth d as

=1 (1-y/d) (3)

Q
Therefore,

es = B =2 (1-y/d)/(du/dy) (4)
Introducing the shear veloclity, u, , where;

(5

U* = {TO/p
gives 2
es = By, (1-y/d)/{du/dy)

(6)

Using the law of the wall
du/dy = 1/K u*/y (7
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where K Is the Yon Karman universal constant, having a mean value of

0.4 for clear flulds, we have

e = Bu, (1-y/d}/{du/dy) (8)

Combining 1 and 8 glves
dC

‘ -Vsdy (9)
C

BKu,(T-y/d)y

which may be integrated to give the equation first described by Rouse

(1937):
_ Vs 2 d
EnC—-B-@-;Id n'ﬁy;?)? (1o
and
z
g—= d=x e (113
a Y -a
where z-= JIs_ ;
KU
C = sediment concentration at height y above the bed;
Ca = sediment concentration at reference helght a above the
bed; and
a8 = some reference helght (y=a) above the bed.

The above equation applies to sediment grains with a settlIng
velocity V. and glves thelr concentration C at any height y above the
bed relative to thelr concentration C, at some arbitrarily chosen

level y = a (generally chosen to be close to the ped).

Incipient Motion of Cohestonless Sediment

Inciplent motion is the beginning of movement of !ndividual
particles or flocs of particles from an erodible bed. Some
approaches to the analysis of particle stabi|lty for non-cohesive
sediment Include:

1. dimensional analysis;
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2. static equiiibrium of acting forces;

3. dynamlc equilibrium of acting forces;

4. statistical methods; or

3. combinations of the above.

Many investigators are pioneers in the study of inciplent motion
of sediment. These include Fortier and Scobey (1926), Shields
(1936), White (1940), Einstein (1942), Gessler (1963), Nelll (1967,
1968), Paintal (1971), and many others.

The best known treatise on initial bed gratn stabll ity is that by
Shields (1936). Physical arguments were used to comblne the
parameters of interest into several non-dimensional relatfonships.
These parameters include particle diameter D, sediment density p ,
fluid kinematlic viscosity v, fluid shear stress T, and gravitational
acceleration g. They are combined in terms of the following

functional relations:

i
= —To_ - ___PUx _ o Usp (12)
® (pg-p)9D = Tog-p)gD FIST and D/g)

where g= Shields entrainment function;

thickness of the viscous sublayer given by 5=l%% : and

2 o

Uy

‘|

=f%* » the dimensionless grain Reynolds number.

Figure 1 shows the Shlields threshold curve. Many fnvestigators have
used Shields empirical equation and have plotted their data on his
dlagram. |t shows considerable scatter. One of the main reasons for
this data scatter stems from the difficulty encountered in
consistently defining critical flow conditions (Task Comm!{ ttee,
1966). Difficulties arise because there s no single flow at which

bed particles of a2 given size are suddenly placed In motfon. The
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intttation of bed movement occurs gradually over a wide range of
average bed shear stress as the flow veloclity Increases. Another
source of data scatter !n the Shlelds dlagram results from the
tnfluence of flow turbulence. The turbulent structure close to the
bed s only similar in terms of such parameters as average bed shear
stress, provided that the flow boundary conditions remain similar.
However, as soon as the boundary conditions are changed, the
structure of the boundary reglon turbulence also changes and no
longer shows similarlty with respect to the average critical shear
stress values derived from the Shields curve.

Miller et al. (1977) presented a comprehensive review of
threshold of non-cohesive sediment motion under unidirectional
currents. Using data from open channel fiumes wlth parallei
sfdewalls where flows were uniform and steady over flat beds of
unigranular, rounded sediments, they app!led various ex!sting
empirtcal curves to predict the threshold. They presented a mod!fled
Shtelds-type threshold dlagram, reproduced here as Figure 2. Even
with carefully selected data, Miiler et al. found conslderable
scatter. They mentioned two Important sources for this scatter:

1. the manner In which the various Investlgators defined the

threshold condition; and

2. Flow turbulence producing natural varlability from causes

such as: experimental apparatus; vartation in grain size

distribution; and graln shape

The subjective nature of defining the threshold condftion is

apparent by studying the criterla of different Investigators.
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Figure 2. Shields Curve as Modified by Miller et al. (1977)
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Shields (1936} based his threshold criterfon on the measurement of a
"small degree" of sediment transport. He then extrapolated the
transport curve backward to zero transport and determined the flow
condition at that point. The inciplent motion has been defined by
others as a weak movement (i.e., Kramer, 1935), as general bed
movement (1.e., Chepll, 1959), as the conditlon for a single stone to

be first displaced (l.e., Nefli, 1967), and as scattered particle
movement (1l.e., Rathburn and Guy, 1967).

Some fnvestigators replaced the band shown in the Shields dlagram
by a single llne for quantitative convenience; it now s most often
shown In that way (Yanoni, 1964).

Yalin (1972) proposed the combination of & +-&ain a manner so as
to el iminate U, and retaln only properties of the fluid and grains In
the absclssa. fhe resulting Yalin parameter, =, 1s

2
m - Re* = LDS'D)QDS (13)
i 8 va

A log plot of the Shields entrainment function versus the Yalln
parameter Is shown In Figure 3. Thls curve has the same general
shape as the Shields curve but has the advantage that 4§“can be
calculated from known fluid and grain properties. Thus, the
threshold can be determined directly without any iterative processes.
The Yalfn scheme of Figure 3 is the most useful general plot
available for sediment threshold.

Another frequently used curve In threshold~of-motion studies Is
that of Hjulstrom (1935, 1939).  This Is presented as Figure 4 and
shows critical veloclty versus graln diameter. Graf (1971) gives an

excellent review of this type of curve. Other widely used curves
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Include those of of Bagnold (1963), Sundborg (1956), and Lane
(1955), which are presented {n Figures 5 through 7,

The classiclal work by Fortier and Scobey (1926) on permissible
canal velocity Is still the basis for canal destgn by many eng!neers.
Critlical velocities are given In tabular form for a variety of earth
materials subject to clear water scour and scour when a suspension [s
present,

The Task Committee (1966) states that according to Shlelds,
White, Elnsteln and Barbarossa, and Sundborg, the critical shear
stress for a glven sediment is larger when the bed Is dune-covered
than when It s flat, because form drag !s added to skin friction
resistance and increases the flow depth of a glven discharge (and
hence the calculated shear stress), Conversely, critical velocitles
for duned beds are smaller than for flat ones.

Yang (1973) stated that the unlt stream power ts the dominant
factor In the determination of total sediment concentration. He
criticized the use of the Shields diagram. HIs stream power equation
is dertved from basic concepts of fluld mechanics and boundary |ayer
theory and Is supported with 153 sets of data for inciplent mot!on.

As shown by the foregoing review, study of incipient motion of
cohesionless sediment has been pursued In great depth for several
decades. The remalining unknown theoretical aspects are continuing to
be explored. For more Information on +his matter, the Interested
reader may refer to many publ!shed textbooks and recent Jjournals on

the fleld of sediment transport.
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Grain Diameter (Source: Milier et ai. 1977)
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Properties of Fine-Gralned Cohesive Sediment

In general, the term clay Implies a natural, earthy, flne-gralned
matertal which develops plasticity when mixed with a |imited amount
of water. Clays are composed of sillca, alumina, and water,
trequently with appreclabie quantities of lron, alkalles, and
alkallne earths. A slze of 2 microns (W) |s frequently used to
separate clay~mineral from larger and non=clay-mineral components of
natural materlals.

Fine coheslve sediment particles have large speclflc surface
areas (surface area per unlit welght) In comparlson with bligger
cohesionless particles such as sand. As a consequence of |arge
specific surface areas, the physlicochemlical forces acting on the flne
particle surfaces are larger than the gravitational forces. This Is
In contrast with the behavior of coheslonless sediment particles,
where gravitational forces are more Important.

Factors controlling the properties of fine coheslve sediments
Include clay-mineral composition, non-c|ay-mlneral composition,
organlc matter, exchangeable Jons, soluble salts, texture, and forces
that bind the particles together In clay materials. These forces
are: attraction of masses of particles to each other, Intermolecular
forces, electrostatic forces, and the binding action of absorbed
polar molecules (Grim, 1968). As a result, any classification of a
fine sediment In terms of one of these factors alone Is not
sufficlent to describe all the propertlies of the sediment. The most
common method of classiflcation used by englneers and geologlsts Is

based on particle size. Although by no means completely descriptive,



29
It Is adequate for a preliminary or a general description. |In
general, particles In the sllt and clay slize range are expected to
exhibit coheslon, with the degree of cohesion depending upon other

factors, such as on the type of the sedImentary material.

Sfructure of Clay Material

The lattices of most clay minerals are based upon two structural
units. One unlt consists of two sheets of closely packed oxygen or
hydroxyl atoms In which aluminum, lron, or magnesfum atoms are
embedded In octahedrical coordination. These metai atoms are
equldistant from sIx oxygen or hydroxyl| atoms. The other common unit
consists of a sheet bullt of s!lica tetrahedra In which a sllicon
atom Is equldistant from four oxygen or hydroxy! lons arranged in the
form of fetrahedron. The above two unlts comblne to glve several
types of clay minerals, such as kaollnite, halloystte,
montmor{tlonite, tlllte, chlorlte and vermlcul [te. Of these, the
three most common types are described below.

Kaolinite

The kaolInite structural unit Is composed of a s!l|lca tetrahedral
sheet and 2 single alumina octahedrai sheet combined in a unit so
that the tips of the slllica tetrahedrons and one of the layers of the
octahedral sheet form a common layer. Because the Individual unlts
are nearly neutral electrically, It Is difflcult for water molecules
or catlions to penetrate between the unlts. Kaollnit particles have
plate-ilke forms with well-defined hexagonal boundartes. Kaollnite

has a low |Iquld timit and low activity.
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Montmorilionlte

The montmorillonite structural unit Is made up of two tetrahedral
layers with thelr tips polnting towards each other and with an
octahedral sheet [n between. The oxygen atoms of the tetrahedral
tips are shared with the oxygen atoms of the octahedral layer, so
that the three |layers form a slngle structural unt+. The unit
assumes a net negative charge, which resuits In the attraction of
exchangeable cations between the units. Water molecules can
penetrate between the unlits, iIn addition to exchangeable catlons,
leadlng to the well-known swelling characteristics of
montmori|ionite. It has high activity and a high Iiquid |Imit.

lilite

The I1l1te structure Is simllar to that of montmorillonite,
except that there s a signlficantly greater subst!tution for sllicon
by lower valence catlons, especlally aluminum. This substitution
leaves a net negatlve charge defliclency within the structural lattice
that Is considerably greater than montmorillonlte. The layers are
bonded together by potassium lons, which are Just the right slze to
t1t Into the hexagonal holes of the s!l|lca sheet. The potass!ium lons
appear to act as a brldge binding the units together so that they do
not expand In the presence of water. ||llte has properties
Intermediate between kaolinlte and montmori!lonite with respect to
activites.

Table 1 which Is extracted from Kandlah (1974) reveals basic

characteristics of some clay minerals.



Table 1. Basic Characteristics of Some Clay Minerals
{From Kohnke, Source Kandiah, 1974)
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Two layer clays,

T:1. 'dipmgrmic

Thres 1ayer clays,
2:1, 'tripmormc’

Sxpanding lattice

Nonexpanding JTattice

Group memoers

Equidimensianal
kanlinite, dickite,

Elongate
hallaysite

Equidimenstional
mnumrillanite,
berdelTite, vermiculite

Elongate nontranite,
hectorite, saponite

Equidimenstional
iilite, bigtite,
mystovite

Structure

Rigid lattice one
tetranadral layer
for each octanedral
Jayer

Lattice expanding ang
Contracting with watar
content, sheets made yp of
ane catahedral layer with
i tetranedral layer on
bath sides

Rigid latrice sheets
maoe uo af one octahedral
layer with a tetranedrai
layer on noth sides. K
bonds sneets together

Swelling and Very little Much il1Tite 1itte
shrinking : Micas none
siazfnzﬂs 1.9 - 2,1 4.0 - 6.0 2.1 - 3.2
Isomorphic None Al for 51; Mg, Fe, Mn, T Al for s{
substitution for Al; L1 for Mg R
Specific 25 - 50 n%/g Around 70 m%/g 75 - 125 /g
surface

Citian exchange
capacity

§ - 10 mea/100 ¢

80 - 120 meq/100 g

20 - 30 meq/100 q

Adsorotive
capacity far
ingrganic and
organic igms.
waATEer, gases

Small

Large

Intermediate

Stabflity of H
(A1} clay 1n
aguegus sallution

Low

Great

[ntermadiate

Heat of watting

1 -2 cal/g

10 - ¢ cal/g

Around 4 cal/g

C axis basal
spacing

7.2 %

178

109

Temoerature of
first endothermic
depression

600%2

100 - 200°

50 - io0°c
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Bhysicochemical Propertles of Clays

The followlng properties of the clay particles are Important in
englneering applications to predict the clay behavior.

Specific Surface Area

The clay particles In general experlence a tremendous !ncrease In
the amount of surface area and In speclific surface (area per unit
volume or welght) when dlivided Into smaller particles. The small
particle size and platy shape of a clay particle are the causes of
Its large speclfic surface area. The activity of clay and I+s many
colloldal properties are related to these large speciflic surface
areas.

Surface Charge Density

Substitution of one fon for another In the clay lattice and
Imperfections at the lattlice edges lead to negative electrlc charges
on clay particles. Surface charge density Is defined as the amount
of negative charge per unlt surface area. Surface charge density Is
Important because It determines the lon exchange capacity and the
magnitude of the electrical forces In the clay-water system.

Hydration

Clay particles are surrounded by layers of absorbed water
molecules. These water molecules are considered part of the clay
surface when the behavlior of clays Is considered. Plasticity,
compaction, Interpart!cle bonding, and water movement are all
Influenced by the water |ayers.

Blasticity
Plasticity is the ability of a materiai to change shape
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continuously under the Influence of an applled stress and to retaln
the new shape after removal of the stress. Flne sedlment exhibits
plastic behavior. The range of water content over which sediment
particles exhibit plastic behavior Is deflned as that between the
plastic IImit and Ilquid [Im!t. The differences between the Ilduld
[Imit and plastlc [imit Is deflned as the plasticity Index. The
activity of a soll Is deflned as the ratlio of the plasticity Index to
the percent of clay-sized particles.

Swelling

Swelllng Is deflned as expansion of clays [n polar |lqulds to a
volume many times that In a clay state. Montmorillonite clays have
the most swelllng of all types of clays. The forces that cause
swelling In montmorlilonite clay are due to the hydration of
exchangeable catlons. The amount of swelllng depends upon the clay
minerals and thelr arrangement or orlentation In the clay soll, as
well as upon physicochemical factors such as valance of exchangeable
catlons, pore water, salt concentration, and cementing bonds between
clay particles.

Ihixotropy

Thixotropy Is deflned as a process of softening caused by
remolding followed by a time—dependent return to the original harder
state. Thixotropic behavior depends on the balance of forces acting
between particles,

Cation Exchange Capaclty

Clay minerals have the Important property of absorbing certaln

cations and anlons and retalining these In an exchangeable state,
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l.e., these lons are exchangeable for other cations and anlons by
appllcation of such lons In water solution. The catlon exchange
capaclty (CEC) Is measured In terms of milllequlvalents per gram or
per 100 grams at neutral pH (pH=7). In a flne coheslive sediment the
CEC Is largely restricted to the clay slze fraction. It Is
Independent of the amblent medium. The CEC of a mineral strongly
depends on lts chemical pretreatment. Particle size and temperature
also affect the CEC. Matertals such as fron oxlde and sul fur
compounds tend to cover the slites to be occupled by exchangeable [ons
and thereby reduce the CEC.

lnterparticie Forces

Two types of Interparticle forces are Important In flocculation:
Van der Waals forces and electric surface forces.

Yap der Waals Forces: Van der Waal's forces between particles
are always attractive and are Independent of the electrolyte. The
total attractive force between the particles Is the sum of the forces
between all atom parts. The magnltude of this total force depends on
the slze and shape of the particles. These forces are strong at
short range, belng related Inversely wlth the seventh power of
separation for smal| spheres and with the square or cube of the
distance for parallel plates.

Electric Surface Forces: Many attractive and strongly repuisive
tforces are generated by electric charges on the particles. These
charges are caused by !mperfections withln the Interior of the
crystal lattice, which may give a net negative or net positive

lattice charge and preferential absorption of certaln speclfic lons
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on the particle surface. The magnitude of the total charge on a
particle depends upon the type of absorbing material as well as on

the avallablllty of certaln lons In the matter.

Ihe Electric Double layer

Any charged particie In an lon-containing water will attract lons

of opposite charges (counter-lons) to compensate its own electric

charge. The counter-lons tend to deffuse over the particle surface

because of their thermal activity. Such diffusion takes place from a

zone of high lonlc concentration to one of lower ionlc concentration.

Therefore, a clay particle w!ll be surrounded on elther side by a

diffused |layer of counter-lions, whose positions wll! be determ!ned by

the balance between thelr electrostatic attraction and thermal
activity. Thls layer [s called "electric double |ayer" and the
particles together are e[ecfricaiiy neutral. Thls [ayer

signiflcantly determines the properties of clays In suspension,

Eloccufation

Flocculation, or aggregation of fine sediment particles, Is a
wel I=known phenomenon In saline water. But flocculation can also
take place In fresh tap water. Flocculation of fine sediment
particles occurs as a resuit of coheslon between particles coming
together, l.e., particle collislon. Particle colllslons are caused
by Brownlan motion of suspended particles, by the dlfferentlal
settling velocities of suspended particles, and by the shear flow

{(Krone, 1962). Net coheslon results from the predom!nance of



36

Past Experiments [nvolving Unidirectional Flow

Critical Conditlion for Fine-grained Sediment

Water flowing over a bed of sediment exerts forces on the
gralns that tend to move or entralin them. When the hydrodynamic .
forces acting on a grain of sediment or on aggregate particles of a
cohesive sediment has reached 2 value that, !f Increased even
slightly, will put the graln or aggregate Into motion, critical or
threshold conditions are sald to have been reached. The
corresponding values of the bed shear stress, stage of a stream,
stream discharge, and mean velocity, are all said to be the critical
or threshold values.

Analysis of the Initiation of motion for coarse (non-cohesive)
sediment generally has been made by considering the forces involved
and equating the moments of gravity and drag forces. LIift forces
have often been ﬁeglecfed without proper justiflcation (Task
Committee, 1966},

Sediment composed of or containing sign!ficant fractions of
fine-grained material In the siit+ and clay sizes has greater
resistance to entrainment In the flow than does coarser sediment
conslsting only of sand. The high critical veloctty of flne-gralned
sediment s ascribed to coheslon that acts in conjunction with the
welght of the sediment to inhiblt entrainment.

The oldest Information on thls subject was obtalned by
engineers through experience In design and operation of canals. One

such exampie s Fortier and Scobey (1926)}. This type of information

!s useful, even though It does not clarify the mechanlsms of the



37
entrainment process for fine sediment.
Sundborg (1856} suggested that the coheslve force for a graln
reslsting entrainment {s proportional to the shearing strength of
the sed!ment. His formula for the critical shear stress at the

bed, applied to a cohesive sediment In a hortizontal bed, Is:

TOC = alaz(ys-y)ZDs-Ptan 81+a3sv (14)

where q% = critical shear stress;

= packing factor (dimensionless);

*1
Ggs0a = dimensfonless shape factors;
Yo = speclflc welght of sediment;

y = specific welght of water;

DS = average dlameter of eroded clay particle;
ei = angle of internal frictlon; and
S, = shear strength of sed!ment.

He argued that first term of equatlon 14 s negliglble in

comparison to the second term. |f this s true, then T, = aBS
o
i.e., critical shear stress is proportional to shear strength.

V’

The Task Committee (1966} did a comprehensive review of the
l'iterature up to 1966, A brief summary of that revlew follows.
The Task Comm!ttee stated that since 1956 +he critical shear stress
for cohesive sediment has been correlated with {1} shear stress,
(2) plasticity Index, and (3) percent of welght of clay or silt and
clay. In comparlson of four experiments in which critical shear
stress was measured, the results varled 200-fold in shear stresses.

Whether this Is a true variation or Is caused by errors due to
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differences in technique can not be evaluated. However, It does
suggest that the resistence to erosion of cohesive sediment varlies
greatiy. The committee conciuded that shear strength, plasticity
Index, and perhaps clay content, ail have an Important bearing on
cohesive erosion, and also that the chem!cal environmental factors
shouid be cons!dered.

Bunn (1959), Smerdon and Beasiey (1961), and Flaxman (1963)
studled the Initiation of fine-grained sediment and presented
rlationships for critical shear stress agalnst plasticity index,
percent clay and unconfined compressive strength, respectiveiy.
Flaxman suggested that tractive power was a better measure of
effective erosion forces.

Abde!-Rahman (1964) studied erosion resistance of a clay
sediment (median size = 0.009 mm, 22 to 25 percent by weight was
finer than 0.002 mm and 90 to 96 percent was finer +than Q.2 mm)
with a plasticity Index of 23. He presented the mean erosfon depth
as a function of time, as 's shown here in Figure 8. The author
indicated that as the bed eroded, hydrodynamic roughness tended to
Increase and that the eroston process was related to the swelliing
of clay; when erosion ceased, the bed surface was observed to be
covered by a thin layer of sticky materiai. The work of
Abdel-Rahman also indicates that erosfon will occur over a range of
fluld shear stresses and sediment properties, If given sufficlent

time. This result Indicates that there Is no eritlcai shear stress

for ciays In the sense that one exists for non-cohes!ve sediment.

Parthenaldes (1962) conducted flume experiments with San
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Francisco Bay mud using salt water with ocean sal fnity. Sixty
percent by welght of his sediment was finer than 2 wi @ trace of
very fine sand was also present. Pathenaldes found that the
critical shear stress was independent of the Vane shear strength.
He stated that the critical shear stress depends on the bond
strength of clay flocs but does not depend on the degree of
consol idat!on.

Kamphlus and Hall (1983) observed that In the majority of thelr
test runs, the appearance of small pit marks over the entire
surface of the soll Indicated Inttiation of erosfon. They stated
that these marks enlarge with time, creating deeper, itarge-dlameter
holes which cause additional turbulence. This turbulence is caused
by an Increase In the local shear stress at the bed, resulting In
an increased eroslon rate. Kamphlus and Hall also determined the

critical veloctty, U » at which matertal begins to move us ing

Ug ¥
EQ:TI('M(Q c ) (15)

where U, = critlcal shear veloclty; and
c
U*gy = critical shear Reynolds number.
Aiso, by plotting critical boundary shear stress, t, , versus the

c
critical velocity they found that

= 2.93 u3c]’75 (16)

o]
C
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where U, = critical velocity 3 cm above the bed; and

2
P,

Tog
In summary, to determine the Incipient motion of fline-gratned
sediment particles, it is necessary to determine the velocity

and/or shear stress. The suspended sediment concentration s also

of Interest to Indicate that Inciplent mot!ion has begun.

Analysis Methods

The following sections briefly describe the methods past
Invesfigéfors used to measure or calculate velocity, shear stress,
and suspended sediment concentrati{on,

Yelocity Determination

In the study of sediment particle suspended under
unidirectional flow, obtalning the velocity distribution near the
bed and above the sediment-water interface Is essential. Many
Investlgators In |aboratory studies of sediment suspension measured
the velocity ustng different types of avallable !nstruments.
Theoretical derivations of velocity were performed by most
Investigators to verify or validify the measured velocities or to
provide values In cases where It was practlically !mposslble to
obtain measurements In the very smali boundary layer. Velocity
measurement techniques are summarized |ater !n this chapter, both
for untdirectional flow and oscillatory flow. Velocity computation
techniques for unidirectional flow are briefly described below.
Both theoretical and empliriclal equations are used to describe the

veloctty.
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Most textbooks tn fluld mechanics and hydraul ics cover the
Prandti-Karman basic logarithmlic velocity equation. A brief
discussion of the velocity equation and {+s applfcability Is
Instructive here also. The original Prandt|-Karman logarithmic

equation for hydraulically smooth and rough flow s given as:

a) smooth flow ¥ -5.75 log Usy 5.5 (17
Uy 10 v
[T .

b) rough flow ™ 5.75 logy, K + 8.5 (18)

where [ average velocity; and

K roughness coeffictent.

S
Sternberg (1968) used the logarithmic veloclty proflile for

hydraul ically smooth flow to determine +he veloclty at any height
above the bed. He found out the same equation as 17, Smooth flow
means that the thickness of the |aminar sublayer existing adjacent
to bed Is large enough to cover all boundary roughness elements;
thus, the bed Irregularities do not influence the flow beyond that
of a perfectly smooth boundary.

Coleman (1981) discussed the accepted form of the |law of the
wall and of the velocity defect law, which contained soc~called wake
flow terms, In addition to remarks about the original
Prandti~Karman form. These wake flow terms account for the
deviation of the veloc!ty defect law from the logarithmic form in
the outer part of the boundary layer of an open channel flow.

Coleman also stated that the roughness coefficlent does not
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decrease with an Increase In suspended sediment concentration, as
others has assumed; the roughness coefficlent Is not dependent on
sediment concentration. Kamphlius and Hall (1983) found the
measured veloclty distribution to be logarithmic within 50 mm of
the bed and the flow was found to be hydraul ically smooth.

Shear Stress Determination

The fluld flow parameter most closely related to the degree of
bottom sediment motion is the boundary shear stress. Therefore,
determination of time-average boundary shear stress is an integral
part of the studles where the inltlation of motion or sediment
transport Is involved (Nece and Smith, 1970),

The Intensity of fluld shéar will vary as a |tnear function of
normal distance from the free (alr-water) surface. The

corresponding shear stress equation can be given as:
T = Y({d-y)$ (19

where S = slope of the energy grade |ine and all other terms are as

previously defined.

Hence, the bottom shear stress becomes:
T,=Y-R:S = v.4-5- (20)
combining these expressions:
T = r0(1~y/d) (3)
This shear stress can be obtalned directly or indirectly from

the known flow conditions.
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Direct Measurement: To dlrectly measure the boundary shear
drag, techniques used general ly conslst of isolating a certaln
length of channel from the remaining channel. The Isolated segment
Is independently supported on the same |ine and grade as the
remaining channel but with a small gap between the two. Ghosh and
Roy (1970) used thls techniques (which was originally employed by
Bagnold) and suspended the channel segment by a three-polnt
suspension. They found that for a smooth rectangular channel
ITntng, the max!mum shear Intens!ty occurs at the free surface and
at the bed centeriine; for an artlfically roughened |ining i+
occurs at some dlstance from the top and bed centeriine toward the
corner. They also mentioned that total boundary drag per unit
length of channel In dlrect and indirect measurement are In good
agreement but that the stress distribution vartes.

Nece and Smith (1970) stated that direct shear stress
measurement |s Impract!ical In large river and marine environments.

The advantage of the direct measurement is that It involves no
assumptions regarding the nature of the veloctty distribution.
Disadvantages are that 1) It is difficult to measure such a smail
torce, and 2) the measurement is restricted to a predetermined
fixed point or channel segment, thus preventing exploration of the
actual distribution of shear-stress over the whole walled
parameter,

Indirect Measurement of Shear Stress: Indirect measurements of
shear stress can be obtalned by means of several techniques. These

include use of momentum analysls, heat transfer similarity, the
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logartthmic velocity profile, and the apparent shear stress, A
vartety of Instruments have been used to make these determinations,
including miniature current meters, the Preston Tube, hot=fiim
anemometers, and others. The actual techniques are summarized |ater
tn this chapter, both for unidirectional and oscillatory flow. The
analysis techniques are briefly summarized here.

The momentum analysis technique can be applied to fully developed
flow In a straight paraliel channel, where a simple momentum balance

ylelds
T—O = Rh dp/dx (21)

where '?o = the mean of the bottom shear stress, T, around the

perimeter of the channel;

Ry, = hydraul ic radtus; and
g;- = streamwlise pressure gradient in the channel.

Ma jor diffiéulf!es are involved with the estimation of shear stress
from measurement of the pressure gradient. But, If adequate care Is
taken with the experiment, the methods provides satisfactory results.
In using the heat transfer simtlartty method for boundary-|ayer
flow along a surface, It is assumed that the veloclty field Is
Independent of the temperature fleld, provided that the temperature
difference between the surface and the free stream is small. The rate

of heat transfer by forced convection wil| depend on the wal
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variables. Use of a calibrated heated eiement device for a given
situation then allows shear stress to be deduced from measurement
of the heat transfer and temperature dlfferences between the
surface and the free stream. This technique Is appiicable only
with!in the viscous sublayer.

The logarithmic velocity proflle method can be used In a p!pe
or channel where wall shear stress Is already known. From
avallable data the shear velocity ug and the function (u/u*)[gf?ﬁ
can be determined. For any other related sltuation, from a
measurement of the fluid veloc!ty at a point the shear veloclity and
shear stress can then be found. The velocity measurement points
used for calcuiation should be within the zone where the
logarithmic profile Is applicable (i.e., the zone where the |aw of
the wall s valid).

If the apparent (Reynolds) shear stress could be measured at
two elevations near the bottom in a turbulent boundary layer, an
extrapolation based on an assumed |inear variation of the shear

stress would yleld the apparent shear stress.
T = -pu'v" (22}

where u' and v' are fluctuating turbulent velocity components in the
x and y directions, respectively, which can be measured and U'V
s the time~averaged product of fiuctuating values.

Empirical Derfvation lnvoiving Friction Factor: One approach

to determine the shear stress Indirect!y involves evaluation of the
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boundary friction factor and roughness coefficient. The Task
Committee (1963A), In its friction factor determination for open
channels, concluded that there is a great utiiity in expressing
resistance in terms of the Darcy-Welsback friction coefficient.

Bilnco and Parthenaldes (1971) calculated bed shear stress using

the Darcy-Weisbach friction factor:

f
T, T gPu (23)
where f = Darcy-Welsbach friction coefficient. The friction factor

can be evaluated from the Moody diagram by use of the Reynolds

number and relative roughness, which are expressed by

4Rpu
Reynoids number = Re = > (24)
Ks
Rel ative roughness = Eﬁ; {25)
where K = average particle roughness coefflicient.

For a rough boundary, an apparent origin for the elevation ¥, c€an

be obtained from the universal logarithmic velocity equation by

Introducing y = y ' =
g. } _3 ,Y_ (26)
u K K
*
where y' = zero depth of flow for rough boundary, Blinco and
Parthenaldes used y' = 0.27 K, where K fs the Von Karman universal

constant.
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They also mentioned that Einsteln and Ei-Samn} used y' = 0.2 K and
Goma and Gellon used y'= 0.23 K.

Statistical Study of Shear Stress; Many investigators have used
the Nikuradse sand grain roughness In shear stress and sediment
transport studles. Nlikuradse used sand to roughen the inside of
pipes having various dlameters, thus giving several relative
roughnesses, and assumed that the helght of roughness which
interferred with the plpe flow was equa! to the diameter of the sand
grains used. Currently, sediment transport investigators assume
that the roughness coefflcent used in the friction relation can be
replaced by the grain diameter. Thus, KS =D,

Dimensfonal analyslis of the relative roughness by Kamphius (1974)

gave:

%i =¢(% , Eﬁéﬁ) (27)
where all terms are as previously def!ned.

Kamphius also used the logarithmlc velocity distribution for
turbulent flow assuming K = 0.4 for clear water.

Yal tn and Russell (1977) concluded that for a natural channel
bottom the particle roughness coefficlent, Kg » could be replaced by
approximately twlce the magnitude of the D90 particle (that particle
size In a mixture of sizes such that 90 percent of all particles are
smal ler) under certain conditlons. These where d/DgO Is large
enough to warrant discussing the resistance of the total bed (grains

and bedforms) rather than only resistance of Individual particles.
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This conclusion by Yalln and Russel {s In contradiction to the
assumptlion that KS = D90 which has been used by the majority of
researchers.

Blinco and Simons (1973) reviewed the statlstical approaches to
the study of shear stress and summar!zed the avallable |lterature.
They stated that many Investlgators have reported both experimental
and analytical studies to determine the statistlcal characteristics
of the Instantaneous hydrodynamic forces. These studlies Indicate
that the hydrodynam!c forces at the boundary can be approximated by
a Gausstan distribution function. Bllnco and Simons used a hot=f!Im
anemometer to measure the local boundary shear stress In a smooth
open channel and concluded that the flush-mounted hot-flIm sensor Is
capable of measuring the turbulent boundary shear stress in a
hydrodynamical ly smooth flow and that the probab!l ity density
funct!on of the shear stress is positively skewed.

Suspended Sediment Concentration

In the study of sediment suspension, a turbulence-related
sedIiment transfer mechanism exists; e.g., turbulent veloclty
fluctuation Is responslible for keeping some particles In suspens!on.
Turbulence !s the commonly observed irregular motion of a flowlng
fluld., It results from eddles that are swirling In an Irregular
manner as they are carried along by the flow. New eddles are formed
by the shearing action of the fluld while eddies already In
exlstence are being dissipated Into heat by viscous frictlon. The
Task Comm!ttee (1963C) study of suspension of sediment recogn!zed

the importance of turbulence and the need for sultabie differential
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equations to describe suspended sediment and tts distribution In a
turbulent flow.

Some of the basic aspects of suspended sediment transport and
variations In the suspension concentration were discussed earlier in
this chapter. A few Investigators have looked more closely at the
suspension behavlor near the boundary |ayer.

Coleman (1969) studied sediment suspension and supported the
observations of Richardson (1937) and Vanont (1946) that near the
channel bed the suspended sediment concentration ts inversely
proportional to the distance from the boundary, whereas farther from
the boundary In the open stream the concentration varies In a
different exponent!al manner. Coleman stated that sediment
suspension took place in both an inner reglme near the bed and an
outer regime !{n the free stream but that the patterns for the two
regimes are different. A stralght |ine fitted the concentration
versus depth data on semi-log paper for the outer regime and
tndicated an exponentlial vartation of concentration with distance
from the bed; the portlon of the profile near the bed (in the fnner

regitme) showed a characteristic deviation from a straight Iine.
General Review of Erogsion Studies

In the past, erosfon and deposition of fine sediments were
studied by means of 1) laboratory flume research and 2) by
correlations of maximum channel velocity or competent bottom
velocity or bottom drag (t+ractive) force w!th soll characteristics
such as mean graln diameter, vold ratlo, Atterberg |imits, and shear

strength.
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The U.S. Bureau of Reclamation (1953) compared maximum tractive
force with plasticity index and mean grain size. The correlations
were poor, wlth wide scattering. This was particularily true for
the correlation with the mean grain size.

Kuttl and Yen (1976) stated that in the case of fine sediments,
two Important parameters beslide those describing the eroston and
depos!tion of coarse sediment should be studled. The first Involves
clay charactertistics and deals with the physlcochemical behavior of
the sediment. The percentage of clay minerals and type of clay
should be determined. These gfve the sediment Its cation exchange
capaclity and, as a result, cause various physicochemlcal effects.
The second parameter Involves the compositlon of the sediment
mixture. From this the relative Importance of the gravffaT!onal
forces In compartson to physicochemical forces of sediment mixtures
may be expressable by use of the mean diameter of the clay=s!|t+=sand
mixture.

Krone (1957) studied silt transport utiiizing radiolsotopes.

For investigating the scour and erosion of the silt bed subject to
unidirectional flow, he started with low velecity. Krone then
measured velocities and suspended sediment concentratlions while
progresslvely Increasing the velocity. The observed changes allowed
him to deflne the scour and erosion of silt+ particles. For
investigating the deposition, he progressively decreased velocity
while measuring velocity and suspended sed!ment concentration. He
also conducted experiments to evaluate alternate depos!tion and

scour. In all studles, veloclty was used as the criterion for
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defining eroslon or depositlon of fine sediment.

Partheniades (1962, 1972) has extensively studled the eros!on
and deposition of fine sediments and glves a comprehensive review of
ear| ler work on the subject. He states that the typlcal assumption
of macroscopic shear strength as a unique correlatlion parameter for
erodibiilty Is false and erroneous.

Parthenaides (1962) studled the eroslon and depos!tional
properties of coheslve sed!ments under unidirectional fiow in a
flume wlth recirculating water at ocean salinity. Hls results show
that the eroston rates were Independent of the bed shear strength
and of the suspended sediment concentratlon, but that they depend
strongly on the shear stress exerted by the fluld, Increasing very
rapldly after a critlical shear stress value had been reached. Also,
he found the minimum shear stress for Initiation of eroston to be
Independent of the shear strength of the bed. Cementing agents
dissolved In the water, as well as suspended sand, were found to
cause slgnificant changes In the properties of the bed surface.
Parthenaides concluded that the mechanism of faillure of a cohesive
soll under the erosive action of flowlng water Is drastically
different from the mechanism of mass shear fallure due to external
forces.

Parthenaldes showed that a knowledge of bed erosion rates,
settling velocities and structure of the turbulence controlling the
dl!ffuslon process in the Immed!ate neighborhood of the bed, is
required in order to solve flne sediment probiems for the simplest

cne-dimensional case.
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Examination of the |aboratory studies by Partheniades shows the
disadvantage of the arbitrary and subjective nature of the criterton
for establishing critlcal shear stress. The studies are also
| tm!ted by use of a single type of clay mineral and a single method
of exerting forces on the bed. Also, the water content at
compaction and the clay fabric were not treated as variables iIn his
studles.

The experiments by Abdel-Rhaman (1964) In an open flume revealed
that bed scourtng eventually terminates with time. The maximum
depth of scour and the roughness of the resulting eroded bed
Increased with Increasing applied bed shear stress. These also
Increased with decreas!ng shear strength of the bed.

Grissinger (1966) found that the sofl erodiblility, iIn terms of
measured eroslon rates, decreased with Increasling particle
orientation, with increasing clay content and w!lth Increasing catton
exchange capacity of the clay portion of the sediment. Here,
Grissinger's particle orientation refers the compaction condition
and his flndings !mply that solls compacted to a partlicular dry
density from an Inltlal drlier-than-optimum moisture content are
expected to be more susceptible to eroslon than soils compacted to
the same dry density from an Initial wetter-than-optimum molsture
content. Grlissinger also found that the resistance to erosion
Increases slightly with Increasing bulk density of the soll.

Slaking of the soll Is an important physical phenomenon
contributing to soll erosion. |t amounts to a gradual sot|

deterioratfon Into flakes which can easily be transported by the

flow.
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Another factor which has been Investigated i{s the effect of
antecedent moisture content on sofl erosfon rates. There seems to
be an optimum antecedent molsture at which the ercston rates are
minimum, whereas for antecedent conditfons above or below the
optimum, the resistence to erosion decreases and the rate of erosion
Increases.

Temperature !s another soll erosion parameter that has been
studfed. A significant Increase of erosfon rate with Increase of
temperature has been reported (Kandiah, 1974). A marked thixotropic
effect with time observed, with the erosion rates decreasing by as
much as ten percent from the Initlal rates after four hours of agling

of the sample (Partheniades, 1962).

Past Experiments Involving Oscillatory Fiow

Overview of Types of Research on Sediment Transport
Under Oscillatory Flow

The accelerated rate of erosion of the earth's beaches and
shoaling !n tidal estuarles, lakes and rivers has resulted tn a high
levei of Interest iIn the |last few decades by many fnvestigators in
Europe, the United States, Japan and Australia to study sediment
transport phenomena under wave action. The most quantitative
approach to such studies has been through |aboratory
experimentation. Depending on the investigator's preferences and
concerns, subjectivity in defining conditions, selected problem
topic, and avallabi| ity of technology and equipment, many different

approaches have been used to attempt to realistically simul ate
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prototype cond!tlons in the |aboratory. Also, many different types
of matertals, particle sizes and densitles have been studied.

Major advancement !n the study of sediment suspenslons under
wave action started by the work of Bagnold (1946) in England. He
simulated the osclllatory motion under |aboratory conditions by
osclilating a section of bed In pendulum form In still water. The
type of apparatus, materials and results of his research are
presented later In this chapter.

A few years later In Berkeley, Californla, suspension
experiments under osclllatory flow began under direction of H.A.
Einstein. Several researchers, such as L! (1954}, Manohar (1955),
Kalkanis (1957, 1964}, Abou-Selda (1964), Carstens and Neilson
(1967}, and Das (1971) experimented with sediment suspension and
waves by oscillating the bed in stil| water, rather than using the
pendulum approach of Bagnold. They were generally trying to
determine whether or not the principles of sediment transport
studies under unldirectional flow were also applicable under
oscillatory flow. Thelr studles and results are discussed in
following parts of this chapter.

Vincent (1958) and some others criticized the use of an
oscil|lating bed with stll| water in |aboratory studles of sediment
suspension under waves. Vincent used a wave flume with a fixed bed
section and osclllated water with a flap-type or piston wave maker.
Wave flumes have also been used In studles by Scott (1954}, Ippen
and Eagleson (1955), Allshah! and Krone (1964), Yalin and Russell

(1966), Bhattacharya (1971}, Mogridge and Kamphlus (1972), Kobune
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(1978), and Dingler (1979). Thelr studles and results are discussed
later In this chapter.

Other types of apparatus have been used. Water tunneis were
used by Carstens and Nellson (1967), Rance and Warren (1968), Riedel
(1972), Mogrldge and Kamphius (1972), Kamphuls (1975}, Nakato et al.
(1977), Jonsson and Carlson (1976), and Lofqulst (1978). Lofqulst
criticized the use of a wave flume used to oscillate a section of
bed with still water or to osclllate water with a fixed bed. An
oscillating block of water was used by S!lvester (1970) and Mogridge
(1970} In their research. Chan et al. (1972) conducted studies of
sediment suspension under waves by use of a horizontal tube
subjected to an osc!llatory liquid flow.

Other Investlgators, such as Davles and Wilkinson (1978) and
Dyer (1980}, have conducted fleld studles of the sediment motion at
the sediment bed under waves. Several others have summarized and
analyzed the published data. These Include Jonsson {(1963),
S1lvester and Mogridge (1970), Komar and Miller (1973), Wang and
Liang (1975), Nlelsen (1979) and Hallermeler (1980).

Several factors contribute to the complexity of sediment
suspensfon under waves and to the complexity of studies of this
phenomenon. Nakato et al (1977) ldentifled the followlng
difficulties:

1. The fluld motion is unsteady, non-uniform, and at least

two~dimensional;

2. the fluid has two surface Interfaces, one with air and

one with sediment;
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3. the interactions between the fluld and solid particles

are complex; and

4. +the presence of a soiid can alter the character!stlcs of

the flow fleld.

Table 2 identifies several of the above-mentioned investigators
who have studied sed!ment suspension under oscillatory flow,
together with the type of equipment used and the range of particle
sizes and particle densities studied. The studlies, equipment, and
results are discussed iater in this chapter.

Beyond the difficulties just mentloned, it 1s clear that many
types of waves can create oscillatory flow and affect sediment
transport. Therefore, the next section glves a brief review of the
motton of water due to waves, in order to provide a general

background for discussion to follow.

Motion of Water for Oscillatory Flow

Surface waves In water produce an osci|!atory motion throughout
the water depth. The oscillatory motion can be analyzed by solution
of the equatlons of fluld motion. These equations, together with
the boundary conditions that they are required to meet, are used to
address the problem of describlng wave motion.

Before solving the problem of wave motion characteristics, i+ Is
apppropriate to deflne the wave system and some of the terminology
which will be used. For this purpose, the general case of |inear
wave theory will be used. Thls !s also referred to as
smal | -amp| Itude wave theory, and Alry wave theory. Flgure 9 gives a

definition sketch for the general form of a |inear wave system.
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Summary of Types of Apparatus and Sediments Used by Varlous

Investigators In Sediment Study Under Osciilatory Flow

Investigator Type of Particle Particle Density
and Year Apparatus Slﬁe gram/cm3
U T
Bagnold (1946) osc!llating bed 90 - 2,500 1.5 =7.6
Scott (1954} wave flume — -—
LI (1954) oscillating bed 274 - 13,800 2.65
Manohar (1955} osclllating bed 147 - 3,170 1.05 - 2.65
Ippen and wave flume 2,000 - 6,000 2.65
Eagleson (1955)
Vincent (1958) wave flume 100 - 1,200 1.38 - 2.65
Eagleson and wave flume 2,000 - 6,000 2.65
ODean (1961)
Kalkan!s osclllating plate 580 - 2,620 2.65
(1957, 1964)
Abou-Seida oscllilating plate 145 - 300 -—
(1963)
Al lshahi and flume with more than half -—
Krone (1964) wind-wave clay rest in
sllt+ range
Carstens and osclllating 4,000 - 48,000 ——
Nielson (1967) water tunnel
Cartens and oscillating 190 - 585 2.6
Nielson (1969) water tunne]| :
Mogridge (1970) water blocks 239 2.65
Bhattacharya wave flume 210 2.65
(1971)
Das {1972) swing f|ume 589 - 701 1.13
Chan et al. oscllilating 100 - 1,100 1.05 - 5.1
(1972} hortzontal tube
Riedel (1972) osclllatory 369 - 50,000 -—
water tunnel
Mogridge and wave flume and 360 = 1,540 1.05 - 2.38
KamphTus (1973} osclllatory ‘
water tunne]
Kamphlus (1975) osclllatory 500 - 45,000 2.65
water tunnel
Jonsson and osclllatory ——— —-—
Carlson {1976) water tunnel
Nakato et al. oscillatory sand ——
(1977) water tunne|
Lofquist (1978) oscillatory 180 - 550 —-—
water tunnel
Davles and In-sltu at sea sand —
Wilkinson {1978}
Dingler (1979} wave f|ume 177 = 1,454 2.65
Oyer {1980) in-sltu at sea sand -—
Yongvisess= oscli|lating bed, medlum sand 2.65

emjal (1984)

wave f}ume and
wave tunne|
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The differential equation to be satisfied In the region from the

wave water surface to the bed Is the Continulty equation (Laplace

equation). This can be given as:

2 2

This equation s subject to the boundary conditions for the bottom
and for the water surface boundary. The boundary condition to be

satisflied on the fixed bottom is given as:
W=-3=0atz= -d (29)

where W = vertical component of velocity of water particle under
wave; and
Z = vertical coordinate measured from the stil|-water |evel
positively upwards (at the bed, Z = -d);
The boundary condition to be satisfied at the oscilliating water

surface is glven as:

an , 9% 3n _ 3¢ - = (30)
3t T ax ax a7 o datz =

39 4 (322 4 (302 - =n (3D
st V2 10"+ (5371 +gn = f(t) at z = n
Where n(x,t) is the free surface elevation relative to the still
water level and Is positive upward.

Linear waves are waves of small amplitude compared to wave
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length and water depth. For |inear waves, the free-surface boundary

conditions civen above can be reduced to

Ak .31 =g at z =0 (32)
3z a3t
{33)
-g-%+gn=0atz=0
These may be combined to give:
2
25+ g8 -0atz=0 (34)
at 32
or
3¢ (35)

The velocity has been predicted as a function of the wave
height, wave period, and water depth by many Investigators. Linear
wave theory, through the use of potential velocity, provides one
slﬁple and almost accurate approach to predict the velocity. The
velocity potential for a Iinear wave traveling in the positive X

direction In an Inviscid fluld can be expressed as:

; 2nt
R R
W cosh“T~

where w = angular velocffy,-g%;
L = wave length;
X = horizontal coordinate in directlon of wave propagation;
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1 +ime; and

T

wave perfod.

By virtue of the definltion of the veloclty potential, the
horfzontal and vertical components of |ocal fluid velocity may be
obtained by the appropriate differentlation of potential flow
veloctty. This differentiation of the potential veloclty equatlion
with respect to X and Z glves the horizontal and vertical components

of velocity under a wave, respectively. These equations can be

gfven as:
_ 3% _ mH cosh (2n(z + d)/L) 2mx _ 2nt
Ll-—f%; = T sink amg/L cos ( T T (37)
- . _tH sinh (2n(d + z)/L) . 2rx _ 2nt
w.._gg._ -~ snh Zrd/L sin ( i ) (38)
Where U = horizontal component of veloclty of water particle under
wave; and

H = wave helght.
These equatlions express the velocity components due to the waves at
the water surface or at any depth Z.

A fluld particle under oscillatory flow will occupy a certailn
position In space (X, Z) only Instantaneously. Furthermore, as !+t
moves away from (X, Z) its veloclty continuousty changes. The
horizontal and vertical displacements of the water particle from Its
mean pos!tion below the surface of the water are gfven,

respectively, by:
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£ = 1, cosh (2r({d + Z—)/L)COS 2r{x/L - t/T) (39)

2 sinh 2rd/L
and
_+ Vo sinh {2n(d + z}/L) .
g =+ 5 H sinh 2rd/T sin 2n{x/L - t/T) (40)
Where & = horizontal displacement of a water particle under a wave;
and

¢ = vertlcal dlsplacement of a water particle under a wave.
From these equations, It can be shown that the sem!- orbital
ampl {tudes in the horizontal and vertical direction for the motion

of the particle below the water surface are glven, respectively, by:

_ 1 4 cosh (2r{z + d)}/L)
a = o == 2rd/T (41)

1

1 sinh (2n(d + z)/L) (42)
2

b = sinh 2md/L

H

i

Where a = major ellipse semiaxis of particle movement; and

b = minor elllpse semiaxis of particle movement.

The particle paths, therefore, are generally elllptical in
shape. The spec!flc form of the particle paths can easlly be
determined by examining the values of a and b for the particular
shal low water, Intermedlate water, or deep water conditions that may
prevall,

For shal low water cases, T.e., d/L < 1/20, the max!imum

horlzontal displacement is constant from the water surface to the
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bottom. The maximum vertical dlsplacement, on the other hand,
varies from zero at the bottom to the wave ampitude at the surface.
The water particles have an elliptical motion which becomes flatter
and flatter with Increasing distance below the water surface. The
hortzontal velocity component !s nearly constant from water surface
to the bed. The vertical velocity component decreases from Its
maximum value at the water surface to zero at the bed. These
features are shown tn Figure 10(a).

For deep water cases, l.e., d/L > 1/2, the horizontal and
vertical displacements both vary In a similar manner. The water
particles have a clrcular motion at the water surface and the
diameter of the clrcular motton decreases with increasing distance
below the surface, until the horlizontal and vertical dlsplacements
become almost three percent of surface values at Z==L/2 below the
still-water level. The velocity components In the hor!zoﬁfal and
vertical directions are equal at each polint. They are maximum at
the water surface and decrease approximately to zero at one-half
wave length below the still-water level. These features are shown
'n Figure 10(c).

For intermedlate cases, l.e., 1/20 < d/L < 1/2, the horlzontal
and vertical displacement can be obtalned from equations 2.39 and
2.40. The forms of the particle orbits and variation of particle
velocity amplitude with depth are Intermediate between shallow and
deep-water cases and are summarized In diagrammatic form in Figure
10(b}.

The solution of the equations of motions for waves can be
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Improved over that based on |inear wave theory. Inclusion of
higher-order terms to fit various theories usually produces better
agreement between theoretical and observed wave behavior. The
higher-order theories can explain phenomena such as mass transport
which can not be explained by |inear wave theory. In a water wave,
the particles of fluid possess, apart from thelr orbital motion, a
steady second-order drift velocity. This drift velocity Is usual ly
called the mass transport velocity. With known wave helight and wave
period, the higher-order theorles can provide more-accurate
estimates of veloclty and pressure fields due to waves than can

| Tnear theory.

Higher-order theorles which are used to estimate the velocity
and pressure fields due to waves include: Stoke's Znd order, Stoke's
3rd order, Stoke's 4th order, Stoke's 5th order, stream function,
and cnoldal theory. Investigators must define reglons where various
wave theories are valid. The U.S. Army Corps of Englineers (1977)
presented a figure from LeMehaute to illustrate approximate |Imits
of valldlity for several wave theories. This is reproduced as Flgure
11. For given values of wave height, water depth and wave period,
Figure 11 may be used as a guide In selecting an appropriate theory.

Scolution of wave problems using Ifnear wave theory Involves the
assumption of potential flow {(no viscosity) and ignores the boundary
layer which develops along the bed. Potential flow concepts
(irrotational flow) can be applied fairly well to wave motion in the
entlre water body except to this very thin layer adjacent to solld

boundaries. Near any solid boundaries, the viscous effects can not
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be neglected. Flow wlthin the boundary layer is called boundary

layer flow.

The thin boundary l|ayer plays a very Important role In studying
the flow problem. Flow energy is dissipated In this layer, and
especlally the skin frictlion Is the dlirect effect of the presence of
this layer. The wave motfon near the solld bottom has been found to
approximate very ciosely a simple harmonic motion (L}, 1954),
Therefore, application of |inear wave theory to this layer will not
introduce major errors.

Progressive waves can be defined as waves In which success]ve
crests pass a fixed point while moving In one direction, In contrast
to standing waves and short-crested waves. A standing wave can be
deflned as the superposition of two progressfve waves of the same
ampl ftude and perlod traveling In oﬁpos!fe dlrectlions.

Short-crested waves can be deflined as waves In whlch success!ve
crests pass a fixed point, but not at equal intervais. Llnear wave
theory, which Is strictly applicable to waves having a s!nusoldal
shape and a very low steepness (small| H/L ratlo) can be appiled to
progressive waves. In a progressive wave, by linear wave theory,
the particle orbl+s are as shown In Figure 12. Also shown are the
zones of potentlal flow and boundary layer fiow. According to
Jonsson (1966) the amplttude of the horizontai dlsplacement
component ls siightly larger with!n the boundary layer than In the
zone Immediately above, d!ffering sllghfly from the situat!on shown

!'n Flgure 10(h).
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For progressive (linear) waves, at the bottom boundary where d =

-Z, the horizontal and vertical veloctty components reduce to

- mH . _
U= Tstoh zear Sin 2nlx/L - t/T) | (43)

W=20 (29)

The horizontal veloclty component at the boundary (to-and-fro

velocity) has a maximum value glven by:

- nH
Un © T5T0R Zrd/T (44)

This maximum veloclty occurs twice during each wave period, once in
the direction of wave advance under the wave crest and a second time
in the opposite direction under the wave trough.

At the bottom boundary, the elliptical orbits flatten to a
-simple hortzontal to-and-fro motion with a pertfod equal to the
period of the surface expression of the waves. The orbital
diameter, d,, of this motion, often called the total horizontal
excursion distance of a water particle, is given by linear Airy wave

theory as:

= H =_UIIII
% * STnh Zed/T " 7 (45)

where do = orbital dlameter of a wave.
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Threshold of Sediment Movement Under Qscll|atory Water Flow

Many researchers in recent years have studied waves and the
Interaction of waves and the bed, by means of |aboratory f|umes,
physical models and field work. Most of these studles deal with
wave behav!or; some deal with the Interactlon of waves wlth the bed
largely based on sand beds. Unfortunately, very few If any studies
have been done with fine sediment (sil+ and clay) under wave action;
In the course of this extensive |{terature, no references to such
studles could be found. Fortunately, In recent years many
researchers have devoted their time to understanding the behavior of
cohesive (fine) sedIment under unidirectional flow, mostly with salt
water. Some of these results are helpful tn better understandlng
the behavior or flne sediment under waves in fresh water.

In steady open-channel flow over a plane sediment bed, as soon
as water starts flowing, hydrodynamic forces are exerted upon the
sol id particles of the bed. As flow intensities Increase, the
hydrodynamic forces increase. For a particular stationary bed, a
condition Is eventually reached at which particles In the bed are
unable to resist the hydrodynamic forces and, thus, are flrst
dislodged and eventual ly start to move.

The Initlal movement of the bed, frequently called the critical
condition or initial motion, can be explained In several ways,
according to Graf (1971). First, Inltial movement can be explalned
with critical velocity equatlons by considering the impact of the
I lquid on the particles. Second, the initial movement can be

expiained with critical shear stress equations by considering the
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frictional drag of the flow on the particles. Third, explanation
can be based on i1ft force criteria by considering the pressure
differences due to the velocity gradlent. Raudlkivi (1976) and
Yalin (1977), have extensively described the beginning of sediment
motion, both theoretically and experimentally.

A critlcal veloclty equation has been used to give a critertion
for Incipient motion by mahy Investigators, most notably by
Hjulstrom (1935), who developed a graph of critical average flow
velocity against particle slze.

Many Investigators have questioned the validity of critical
velocity equations as criterta for Incipient motion and have Instead
proposed use of the bottom shear stress to establish a criterion for
Inciplent motion. Lane (1953) presented his critical tractive force
as function of grain diameter. Shields (1936) defined the inciplent
motion in terms of a dimensionless shear stress as function of
Reynoid's number. This was shown as equation 12. For Inciplent
conditfons, the dimensionless shear stress is based on the critical
value of the boundary shear stress (i,e., T0+Toé'

Chien (1954) has compared many of the tractive force formul as.
Figure 13 shows th!s comparision. As can be seen, agreements
between the formulas s not good. As dlscussed by Graf (1971), such
disagreement Is due to: (1) the subjective nature of defining
critical conditlons; (2) the use of mean dfameter, which does not
correctly present the composition of a mixture; and (3) the effects

of smali particles hiding behind larger ones or acting as cementing

agents.
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To date no "critical IIft" criteria has been presented which
could be used as conveniently as, for example, the Shields diagram

or Hjulstrom's diagram.

Suspension Under Oscillatory Flow

The sediment transport phenomena due to wave action that are
consldered In my research involve shear stress characteristlcs,
veloclty distributions, suspended sediment concentrations,
Inttiation of motton, and eroslon of sediments.

The threshold problem !s the same as that {n unidlrectional
flow, except that the peak velocitles on grains will act only for a
short time and the boundary layer problem !s more Involved. In
unidirectional flow, the boundary layer Is well developed, whereas
under wave action In shoaling water, for example, the oscll|latory
boundary layer may be |aminar, transttional or turbulent, depending
on the relation between water depth and wave characteristics.

Less attention by other Investigators has been given to the
threshold of sediment movement under osclllatory water-wave mot!ion
than under unidirectional flow. This is In part due to the greater
difficulty In obtaining satisfactory measurements wi+h osclllatory
flow and in part due to the more complex situation under wave motion
where the currents are contlnuously varying and acceleration are
Important.

It Is worth noting that many Investigators, such as Manohar
(1955}, Eagleson and Dean (1959), Ippen and Eagleson (1955),
Raudlklivi (1976), have recognized that two types of gratn motfons

will precede the formation of bed Irregularites such as ripples.
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They may be termed (1) inittal movement and (2) general or
establ ished movement. This paper covers inltial or threshold or
tnciptent motion only.

The pioneering work In the area of sediment motion under wave
action ts that of Bagnold (1946), who used an osclllating section of
bed through still water. The objectives of his experiments were to
obtaln quantitative data on (1) the size and character of the sand
ripples made by waves, (2) the drag to whlch these ripples glve
rtse, and (3) the minimum osct|lating water motion required to
intttally disturb the sand.

At the Unlversity of California at Berkeley, LI (1954), Manohar
(1955), Kalkanis (1957, 1964), Abou-Selda (1964) and Das (1971) used
an oscillating bed through stil| water to study the sediment
suspension by wave actfon. One common alm of their researches was
to see If It Is possibie to use the same principles {approaches) of
description and prediction of sediment transport with unidirectional
flow for the description and prediction with wave flow. Einstein
(1972) concluded that it became apparent that such similarity of
approaches were quite feasible.

Many Investigators such as VYincent (1998) assumed that
turbulence has a considerable effect on solid particle transport,
particularly near the bed. Einsteln (1972) and others [n Berkel ey
found and described that in unidirectional flow the turbulence which
Is responsible for the suspension can be described by the shear
stress at the boundary, but In wave actton It was not possible to

find a useable expression for the shear stress because the boundary
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layer was very thin. They concluded that it Is Impossible to derive
the particie exchange In wave actlon from the momentum or vorticity
exchange of the veloc!ty distribution; instead they attacked the
suspension problem In a strictly empirical way. Also they measured
the suspended sed!ment concentration so as to be able to describe
the sed!ment suspension under oscillatory flow.

Many other Investigators such as Riedel (1972}, Jonnson (1978),
Dingler (1979}, Nielsen (1979}, Dyer (1980}, and Vongvisessomjal
(1984) tackled the problem of boundary layer flow and sediment
suspension under wave flow. The!r work will be discussed in detail

later tn this chapter.

Theoretical Model| For Sediment Motion

Forces Acting on a Grain
Raudfkivl (1976}, Madsen (1976) and others mentloned that the

analytical models of sediment motton under wave actlon are generally
the same as for particle entralnment i{n steady flow. The only
difference is that the equlltbrium of forces s more complicated In
a time~variable movement. It Is helpful to briefly describe the
forces that are Involved In sediment motion under waves. Raudlkliv}
(1976}, Nielsen (1979}, Eagelson and Dean (1959) and Manohar (1955},
glve detailed description of these forces.

The following forces are domlnant on a gralin of sediment in the
bed:

. gravlty force due to the mass of the grain, E

Fg = /6 - p° - prS- g (46)
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2. buoyant force due to fluid displacement, FB

Dp g (47)

3, drag force due to fluid motion

a. form drag force, FD,F

A (48)

= g I
Fo, e “Crz 70
b. surface drag force, FD S

- 2
Fy,s = Cgp DTIU (49}

¢c. the total (combined) drag force, FD

=c. 2 1
FD CD 5 7 D™ U (50}
4. |ift force due to vertical component of pressure
differences, ﬁ_
=¢c & mpg,2 '
FL CL 7 3 D~U (51)

5. volume force due to pressure gradient and hydrodynamic
mass of the particles, Fv

a. volume force due to the pressure gradients of the
flow, F

" TyLp

Fy p = o8 p3 3451. (52)
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b. volume force due to the added hydrodynamlc mass of

article, F
the p cle V. H

T p3 dig
g D at (53)

+ F (54)

6. pressure force due to instantaneocus pressure-gradienfs'under

the wave, proportional to inertial force of displaced fluid, Fp

dUg .y dlo (55)

%cl (56)

Thls force is equal and opposite to the resultant of all

external active forces on the particle.

8. Reslstance force due to rolling friction, Frr

= - - A Vg
Frp = el(Fg Fp) cesa Fp sing - F 1 42 (57)

this force [s proportional to +he normal components of
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gravity buoyance and fluld drag forces acting on the

particle.

Reaction forces exist at each polnt of contact with the bed.

The angle of these forces with respect to an axls normal to

the bed is given by:

3 (58)

tané = S 0/0.)2 + 207D, < 1731 D/D,)Z + 20/D; - 1731

speciflc gravity;

form drag coeffliclent;

= surface drag coefficient;

drag coeffictient;

Iift+ coefflicient;

U, = gb-51n wi, potential flow velocity of wave motion;
angular velocity, 2n/T;

volumé torce coerficient;

pressure coefficient;

dummy variable for other variables as shown In the
equation;

Inertial force coefficient;

grain velocity;

angle of reaction forces with respect to an axis normal

to the bed;

diameter of particle in plane bed;
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m
[}

coefficient of rolling friction;

Q
1

the beach slope; and

™
n

angle between resultant of viscous reslstance forces
and beach sliope In radlans.
and all| other fterms are as previously deflned.

Nielsen (1979) assumes that the Influence of |ift forces on the
InTtlation of motion is the same under waves as the steady flow and
that the only difference the two types of flows Is due to action of
the volume forces which affect wave flow. Nlelsen's work also shows
that the effect of volume forces on the initiation of sediment
motion under waves can be neglected, both for laminar and turbulent
flow, except for experiments with very heavy materials supported on
oscillating plates.

Eagleson and Dean (1959) and Raudikivl (1976) glve the conditlion
for Inciplent motion by taking moments about the points of contact
of the bed particles. Also, they summed all forces parallel to the
bottom to express the establlshed sediment motfon throughout the
entlire wave cycle.

Dimepslonal Analysis

Many Investigators have used dimens!onal analysls to express the
properties of Interest In sediment suspension under wave action.
Riedel (1972) expressed the shear stress at the bed using the
dimensional analysls approach. Bhattrachya (1971) used d!mens!onal
analysls to find the diffusion coefflclent In his study of sediment

suspension due to wave action. Mogr!dge and Kamphlus (1972) used
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dimensional anlysis to describe the threshold of sediment movement
under waves. Raudkiv! (1976) used dimensional analysis to denote the
velocity under the wave. Dingler (1979) used dimensional analysis to
define the Inciplent motion criteria.

Table 3 shows the parameters used by several investligators for
sediment transport studles under wave actlon. Many researchers used
dimensional analysis to derive the inciplent motion condition. Any
property, A, of fhe tlow produced due to wave action, assuming no

mass transport current, can be expressed as
A= f[p,u,ps, Ks, D, H, T, d, g] (59

and all other forms are as aiready defined.

Here, time and the carteslan coordinate system are not Included.
Dingler (1979) analyzed the fliow property In the form of A, +he
Immersed welght of sediment transported rate per half wave cycle and
obtalned a non-dimensional functlonal relat!on which can be given as

by 13/2 _

! p
Ao/t 0) 2 = 9o D28y TP/00, do/D, 22 ) (s0)

S
where 'YE = (os*o)g T YT
and s the submerged spec!flc welght of the sediment. He then
mentioned that at the threshold of graln motion, the dependent
variable Is equal to zero because grains are on the verge of moving.
The non-dimensional varlable %!p, which |s assoclated with the

inertial force of the gralns, is not applicable here because the



Table 3. Parameters Used for Dimensional Analysis of
Sediment Transport Due to Waves

Investigator
and Year

Parameters Used for Dimensional
Analysis of Sediment Transport
Due 1o Wave

Yal In & Russel |
{1966)

Rance & Warren
(1868)

Bhattarchya
(1971)

Riedel
(1972)

Mogridge & Kamphlus
(1972)

Dingler
(1979

p, d, k, Uml T, g

P, u'pS’ D, H, T, g

KS. y, H, T, g

o, u, Ks, b, H, T, x, z, t
b, H, psp 0, H, Um’ g

P, u, %. D, H, T,YS

82
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tnertial force is zero at incipient motlon. The non-dimensional

relatfon thus becomes

0 = o(ovy0°/ul,y' T4/0D, do/D) (61)

or, rearranging, can be expressed as

v' T/ = #q(ov' D°/2, do/D) (62)
S

Taylor (1946) as a supplement to Bagnold's experimental observatlons,
developed a non-dimensional relatlon for the threshold of grain

motion for the case when gralin diameter !s smaiier than the boundary

layer thickness. This Is shown in the following sectlon. He also

gives

T = 4 %3 (p

o (63)

Thls applies for the case of material of constant density In a fluld
of constant density and viscoslty. Taylor's theoretical analysis for

inciplent motlon agreed well with empirical formula of Bagnold.
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Empirical Approach

Bagnold (1946) developed an empirical formula for the critlical
water motion to first disturb a graln, based on the assumption that
the bottom water oscillation Is merely a simpl/e harmonic function.
The formula !s based on the critical angular velocity resulting from
oscll|latlon of the fluld and can be written as:

do -0+75 0.5 0.325
w= 21.5 (703 (s=1) D

(64)

Bagnold commented that an outstanding feature of the experiment
was the absence of any sign of turbulence In the water, even at
distances above the surface comparable with one graln diameter.
Bagnold also noted several possible sources of error common to
experiments of this type, Including difficulties of consistently
estimating "by eye" the point of Inciptent motfon and the
Impossibll!ity of using completely un!lform matertal. Taylor,
commenting on Bagnold's work, presented a theoretical derivatlon and
arrived at a similar equatfon, although with slightly different
exponents:

-2/

3 -
w = constant (%?J [9(5-1)15/9(3-1) .|/4D]/3

(65)

STlvester and Mogridge (1970) summarized the avaliable empirical
formulas dertved for Incipient motion of sand particles on a flat
bed. They put them Into a set of similar dimensionless forms. Tabie

4 shows these equations. Signiflcant varlatlons are evident in these
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Table 4. Similar Dimensionless Forms of Empirical Equations
for Incipient Motion of Sand Particles Under
Oscillatory Flow (Source: Silvester and
Mogridge, 1970)

Investigators Cons}g:ons Dimensionless Equation
Bagnold(15) laminar max = 3.18
(5_1J2/3g27301/3DO.IT1/3 .
1/6
gonnele1?19Td laminar Umax“ = 0.072
ernecker {5-1)5/6957EDI/ET17E .
19/30
gonnefll1?1;?d turbulent Vnax¥ 0.01
er = 0.
ernec {5_1]16/15916/?505/5T17?
. .5/18
Bommefi11¢, g0d mod i fied Unnax* 0.068
P = N
ernecker (5_1)8/9g8/902/3T17?
Carstens et 31(181{19)(20] turbulent Umax = 1.5
{5_1)1/291/201/2
1/2
Eagleson and Deant2l) laminar Unax” 0.131
PETE F7 AL
(s-1) g 0 T/
Goddet(zz) turbulent Umax = 3.0
(5_1}2/392/3u1/2401/4r3/8 :
Ishihara Sawaragi(23) turbulent Umax - 0.093
ILTPRT LA S
1/3
Manohar(24) laminar Umaxv = 0.159
(5_1]2/392/3d27§
Manohar(24) turbulent Umax
= 7.45

(5-170-%50-2,0-2.0-2

1/18
Umaxv

Silvester and Mogridge(%®)  fiat bed
PRTUERIERTER L

= 0.034

Rance and Warren(26) sand Umax = 0.9
{5_1)3/593/502/5T1/5
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formulas when put Into a comparable form, In some cases amountling to
several orders of magnltude..

Komar and Mi{l|ler (1973) found that as the veloclity of the
to-and-fro water mot!on near the bottom under osc!ilatory waves ls
Increased, there comes a stage when the water exerts a stress on the
partlicles suffliclent to cause them to move. They found that for
grain dlameters less than about 0.5 mm (medlum sands and flner) the
threshold Is reached while the flow In the boundary layer Is still|

faminar. This threshold s best related by the equation

2

Tp_s%r)ng_D = 0.30 (d,/D)* O (68)

where U, Is the near-bottom maximum orbital velocity of the wave
motfon.

For gralns larger than 0.5 mm, the threshold occurs after the
boundary layer has become turbulent. It Is best predicted with an
emp!rical curve relating d,/D to (pUm)/[(ps-p)gT)].

The above equations can be used for silts but not when any
cohesive effects are Involved.

Vincent (1958) provided a |iterature review of Inciplient mof!on
of sediment due to osclllatory flow. This Included the criterla used
by different Invest!gators for describing onset of motlon. |t also
tncluded the resultant Initlal velocitles obtained, as shown In Table
2. The comparison shows some variation among the Inltlal movement
velocities. Yincent also showed the onset of graln movement In a

graphical format, with graln slze plotted versus wave perlod, as



Table 5. Resultant Incipient Veloclities Summarized by
VYincent from investigations by Others

Grain Sediment Resul tant

Type of Diameter Densl+y3 Inciplent Velocity
Material Microns gram/cm cm/ sec

Sand 63 2.65 28.5

Sand 46 2.65 20.5

Sand 24 2.65 16.5

Pumice 160 1.38 11.0

Pumice 120 1.38 8.5

Poi lopas 110 1.46 10.5

(granulated

plastic)

FPol lopas 39 1.46 7.0

87
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shown in Figure 14,

Davies and Wilklinson (1978}, in their Inclpient motion study,
used wave analysls, to draw two main conclusions: (1) for the sand
ripples, there is an apparent doubling in the threshold value of the
potential velocity for sediment motion on a fiat bed, compared with
motion on the crest of the sand ripple; and (2) there is not Just a
single value of potentlal veloclity associated with the initlation of
graln motlon; rather, there is a wide range (trans!tion) of values
for which some but not all of the measured waves moved sediment
particles.

Dingler (1979) determined the threshold relatlion for sand-size
material under progressive gravity waves and found that fhe publ ished
results from osclllating bed experiments are applicable In
progressive wave systems. For a fixed wave perlod and varlable wave
helght he concluded that his experiment with progressive gravity wave
and Bagnold's osclllating=-bed experiments gave similar results, He
also found that the threshold of quartz sand in a wave channel can be

deflned In terms of the wave period as:
T =017 (do2/0)/3 (67)

Chan et al. (1972), In their study of beds of dense particles in
a horfzontaliy osclilating fiuid, observed that the threshold at
which general surface motion of the particles occurs could be

correl| ated as follows:
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Hml.S

= 0.37 (68)
2(yg)0'75d0'25

They also found that the transition from a dune-forming bed to a bed

In which the surface particles were In motion was found to occur when

1.5
Hw _
do.] 0.2 - 6.6 (69)
A%

(vg)2:>

Eagleson and Dean (1959) derlved an expression for Inclplent

motlon of sand In sea water. This can be gliven as:

D sin (ax0.92) = 8.0 x 10°° £ (70

. iV

B 1

where T' = coefflclent assoclated with the kinematic wave
propertles; and
B' = measure of vlscous effects under a wave.

They also presented a graphical form of the relatlon for Incliplent
motion.

Rance and Warren (1968) conducted experiments to determline the
threshold of movement of beach shingle stones under oscillatory wave
conditions. The results of thelr experiments make It possible to
determine the necessary wave conditions to Induce motlon In shingle
of a glven size. Also, they polnted out that the rate at which work
Is performed on a particle may be a more signiflcant consideration
for Incipient motion than Is the maximum Instantanecus acceleration
durlng an osciltatory cycie. Thils stems from consideration that,

regardless of the maximum acceleration, if sufficlent work Is done on



91
a particle In each cycle, the particle will simply rock up and fall
back into Its original position.
The Shore Protection Manual of the U.S. Army Coastal Engineering

Research Center (1977) addresses Incliplent motion as fol lows:
"Research has come to the agreement that the Initiation
of motion on a level bed of fine or medium sand requires
less shear (lower velocities) than the [nitiation of motion
on a level bed of silt or gravel. It is generally agreed
that the critical entraining velocity for sands are less
than one foot per second.™

The manual uses the Ilnear wave theory veloclty components into a

dimensionless expression for veloclty at the bed surface to determine

the point of incliplent motion:

UmT T
“m' -
H “sinhZnd/L (71

Several curves are presentd for use In determining Um for given wave
characteristics. Figure 15 shows the minimum velocity for Initiation
of motion In sands of different dliameters. From this figure, 1+
appears that velocities on the order of 0.4 to 1.0 feet per second
may result in inciplent motion. Inman (1957) studied the Incipient
motion of sediment particles under waves and conciuded that ripples
are always present whenever Uy Is greater than
0.33 ft/s.

Dyer (1980) presents the results of an Inciplent motion study
conducted on the Coast of England. Underwater television cameras
were used to monitor the movement of sediment (medium sand) over a

tidal cycle. Hlis findings are discussed later In this chapter.
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Appllication of Shields Dlagram in Incipient Motlion Study

Shields (1956) presented an emplrical relation for the threshold
of gralin motlon due to unldirectional flow, as already discussed.
Bagnold (1963) presented a simplified version of the Shields dlagram
for the threshold of quartz and other material of similar denslty.

He mentloned that there !s no theoretical or experimental
justificatlon for assuming that the effective threshold shear stress
bears a relation to the orbital veloclty near the bed for the case of
oscillatory water motion, similar to that which the threshold shear
stress bears to the veloclty gradient In the steady flow case. He
suggests that !t !s better to deflne the threshold of bed movement in

terms of critlcal angular veloclty in the dlmensionless form

1))
(0 -019D1p -p)907, 1% (72)

than In terms of the critical bed shear stress in the dimensionless
T

form © = TEE:§7§5

Komar and M!ller (1973) argue that the applicatfon of Shields
function to define the theshold of sediment motlon under oscll | atory
water waves can lead to a considerable error due to fundamental
dlfferences between the entralnment forces assoclated with an
unsteady osclllatory flow and those associated with a steady
undirectional flow. In support of their argument, they use that part
of Bagnoid's 1946 experimental data giving the inltiat!on of sediment

motton under osclllatory flows. These data exhib!t considerable

scatter when plotted In a dlagram of sediment graln diameter versus a
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modiled Shields parameter in the form:

2
- plm
8 m (733

Madsen and Grant (1975) demonstrate that the scatter exhiblted by
Bagnold's data In the Komar and Miller diagram {s caused primarily
because they used the maximum velocity on the shield criterion
Instead of maximum shear stress. Later, Madsen and Grant (1975) and
Komar and Miller (1973) mentioned that the data of Bagnold are in
good agreement with the Shields function when plotted in a Shields

diagram using the Shields parameter In the. form

Tom
(p-pJgD

based on the maximum bottom shear stress under oscillatory flow, Tog-
Figure 16, from Miller et al (1977}, presents a comparison of
Shtelds criterion under unidirectional flow and oscillatory flow.
Madsen and Grant (1975) applied the data of Manohar (1955) to the
Shields diagram and found that 1+ plotted somewhat above but not tco
far from the Shields function. They concluded that the Shlelds
function, with all Its shortcomings, may serve as a relatively
rel fable and qulte general criterion for the threshold of sediment
movement under water waves. Nlielsen (1979) also stated that Shields
criterion for Initlation of motion can be used.
Hal lermeier (1980) presented a new calculation procedure for
Inftiation of sand motion on a ievel bed iIn oscillatory flow, usfing a

simplified Shields criterion adopted from steady flow.
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Criteria for the Onset of Movement

Due to the subjectlve nature of the point of incipient motion, it
Is necessary to summarize the criterla of Incipient of motion used by
different investigators. Thls Is essentlal when comparing
exper!mental results obtalned by several different methods. Many
Investtgators just visually observed the criticai condition for
threshold of sediment particles; some used photographic techniques,
including recent use of high speed cine photography. Dye and other
chemicals have been used to ald In v!sual observation. Bagnold
(1946) and Manohar (1955) observed the oscl!liation characTérIschs of
the plate carry!ng the test material to determine when the grains
flrst started to move.

Eagleson et al. (1958) used the term "incipient sediment mot!on"
to denote the conditlon when a given particle size on a glven slope
Is on the point of movement due to the maximum Instantaneous local
velocity. |t was assumed that the incl!pient motion occurs for glven
flow characteristics at that wave phase angle at which the
hydrodynamic portion of moment 1s a maximum.

Eagleson and Dean (1959) experl!mentally defined incliplent motion
by gradually varlng the local wave character!stlcs unti| stat!onary
sediment partlcles tipped out of thelr individual bed depressions and
oscillated within the troughs of the ex!st!ng bed forms {(l.e., In the
trough of adjacent ripples}. They correlated measurement of
Inclplent motion with Reynold's number by means of a derived
reslstance coefficfent.

Ippen and Eagleson (1955) In their study of sed!ment sorting by

shoal ing waves, presented a theoretical analysis which yields a
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general functlonal equatlon for net particle velocity. They used
zero net motion as an Indlcation of threshold condition. They
expressed the threshold motlon In terms of the wave and particle
characteristlcs.

Madson and Grant (1975) defined the Inittatlon of motlon as
occurtng when the bottom shear stress reaches a critlical shear stress
value.

Lofqulst (1978) stated that Inclipient motlion occurs when as much
as 10 to 20 graIn/cm2 are In motton.

Dyer (1980) described the threshold of sediment movement based on
tn-sltu observation of the sea floor during a tidal cycle using a
televlision camera. Visual estimates of sediment movement were made
for 10-second Intervals; these were then summed over one-mlnute
Intervals, concurrently with velocity measurements, to obtaln a
percentage frequency of sediment movement. The fluld veloctty 100 cm
from the bed and the shear veloclty at the bed, both varying with
time, were correlated wlth percentage of sedIment moving. Dyer gave
the following sequence of events that occurred as flow veloclty
Increased above the threshold of mot!on, based on analys!s of the
video=taped television Informatlon.

1. In the lee of the ripples, organic debrls and shell fragments
begin intermlttent, slow, random movements. This phase may weil
Indicate the onset of flow separation In the ripple lee.

2. Occaslonally, small numbers of sand grains are pushed off the
ripple crests and cascade down the lee slope. These cascades often

occur at preferred locatlons. No movement of replacement gralns up
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the facing slope Is observed, the result being a change In the
locatfon of the crest.

3. Bursts of movement carry a stream of sand grains over several
ripple wave lengths as a falrly thin carpet 1-2 cm +thlck. These
patches of movement are on the order of 10 ¢m wide and the duration
of the bursfs‘!s about one second. The movements are Interm!ttent in
space and time, though they often seem to originate at bifurcat!on
points on the ripple crest.
4. Bursts of movement become longer in duratfon, more frequent and
wider.
5. Swirls occur, during which sanq gralns are plcked up In a
turbulent whirling fashion at least to the height of the camera ( 30
cm}. Thelr duration is several seconds.
6. Suspenslon carpet. The whole bed becomes obscured by a zone of
grains moving In suspension. The zone Is about 10 cm thick. The
upper surface of the carpet Is fairly distinct, although I+ has 2
gradual rather than abrupt change in concentration. The upper
surface has a blllowing form not unilfke clouds seen from above.

Kennedy and Falcon (1965} deflne the incliplent motion of a flat
bed as occurring when 10 percent of the sediment particies were in
motion. Carstens et ai (1969) also defined the Initiation of motion
as occurring when 10 percent of the grains are In motion.

Rance and Warren (1968} were not able to predict the threshold of
movement of sediment in thelr osclllatory water tunnel. Instead they
used a method analogous to the zero-transport approach to define

Inciplent motion. They observed three distinct phases in bed
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movement:

1. Inlttally, a broad band on flow conditions existed for which
particles rocked to and fro without actually moving In position:

2. then, one or two particles would be dislodged and move a few
gralns downstream; and

3. flnally, with a small Increase In velocity and acceleration, many
particles move. This observed conditlon was found to equate to the
upper |Imft of the threshold for motion.

Kennedy and Falcon also noted that It Is better, for visual
determination, to flx the wave helght and gradually decrease the wave
perfod untl| the threshold was reached, rather than to alter the wave
hefght.

Manohar (1955) aef!ned Initial movement at the situation "when
only a few grains move". His results are from experlence where the
sand was osclllated. He also mentioned that Initfal motion took
place In a laminar boundary layer and that general motion took pl ace
with turbulent boundary layer conditions.

Dingler (1979) defined the inciplent motion by assuming a
constant wave period of 2 to 10 seconds and measuring the wave helght
that caused Incliplent motion. His results correlate well with the
data from the osclllating bed experiments of Bagnold (1946),
suggesting that the oscillating bed technique satisfactorily
reproduces wave bottom motions, at least for thls set of conditions.

Sternberg (1971) Investigated the inciplent motion through
observation, time-lapse photography and velocity measurement in the

sea bed. From the data he estimated the mean bottom velocity at
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100 cm above the bed, shear velocity, and Shlelds coefflclent
assoc!ated with sedIment movement. For comparlson with velocitles
causing Incliplent motion, he observed that general sediment mot!on
occurred for a mean veloclty of 38.5 cm/sec measured 100 cm above the
bed and with gralns 0.40 mm in dlameter.

Yelocity Determinaticn: Supporting Evidence for Use of

Linear Wave Theory Approximation

The veloclty near the bed under oscillatory flow s a functlon of
the helght and perlod of the wave and of the water depth. |t Is well
known that potentlal flow theory can be applied falrly well to the
entire surface wave motion except to a very thin layer adjacent to
the sol!d boundaries. There, viscous effects can not be neglected
compared with the inertla forces, no matter how small the viscosity
of the fluld.

Thls important |ayer near the boundary can be treated according to
boundary layer theory. For low Reynolds numbers, the boundary |ayer
wili be lamlinar and the veloclty dlstribution w!ll be determined from
corresponding equations. For larger Reyncids numbers, a turbulent
boundary layer will occur together with a laminar sublayer
Immedlately adjacent to the bed. The velocity distribution is more
complex with a turbulent boundary layer.

It Is common to use |lnear wave theory to predict the velocity
distrlbution In deslgn waves even though it is known that actual
waves are qulte Irregular and thelr shape and kinematics may not

conform to the perlodic theory. Bagnold (1946) and LI (1954) stated

that for waves In deep water and also for those shallow water waves
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In which the wave helght Is small compared with the depth, the
horizontal oscillations of the water near the bottom closely
approximate simple harmonic motion. LI (1954) also stated that for
this type of motion the stabllity of the lamInar boundary |ayer and
transitlon boundary layer from |am!nar to smooth turbulent flow are
Important In many aspects. One Is the determinatlon of sedIment
transport along the bottom, for which the exIstence of turbulence Is
a governlng factor.

Collins (1963) Indlcated that he and others studying Inception
of motlon of sediment and formation of ripples have noted that the
turbulent boundary layer, after [ts formation, seems to remaln as a
local band near the bed, hardly spreading Into the. malin body of the
wave motion. He concluded that this observed phencmenon
substantlates that the potentlal wave theory works well In practice
for describing wave motion except close to the boundary layer.

MIiller (1978) stated that for simple waves, such as generated In
laboratory experiments, If the reflection coefficlent Is small, the
| Inear or flrst~order theory of progresslve surface waves developed
by Airy in 1845 provides a satlsfactory description of the wave
motion with a minimum of mathematical complexity and a sufficlient
degree of mathematical precislon.

Dingler (1979) calculated the near-bottom orbital diameter using
the | Inear wave theory and stated that this can be measured by
visually following suspended fine materfal durlng a wave perlod.

Raudkivl (1976) stated that the Airy theory yields results for

velocity near the bed which are In good agreement with observation.
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He also mentioned that these results neglect viscous effects and are,
therefore, applicablie only outslide the bottom boundary layer. He
further reported that [t has been found by exper Iment that these
calculated velocltles in the boundary vicinity are, for engineer!ng
purposes, In reasonable agreement with observation. The major
shortcoming of the theory Is that It does not predict mass transport
by waves. The Stokes wave theory predicts a mean mass transport
veloclty over a complete cycle,

Many Investigators measured the veiocity under the wave to obtaln
the veloclty distribution. Unfortunately, there are many problems
with measuring veloclty under waves, partly because of usual |ow
dynamlc response to high-frequency fluctuations and also because much
equipment is not very sensitive to |ow-speed steady flow. Goda
{(1964) measured the veloclty under waves with a minlature propel ler
current meter and proposed a veloclty equation under waves which
overcome; the above difflculties. Goda's equation modifles the
hortzontal velocity given by Airy theory in order to correctly
express the large velocity near the still water level. According to
Dean (1974), the Goda equation gives as good a fIt+ with measured
velocities as does the Dean's stream function theory.

Kobune {1978) measured the velocity under waves In a wave flume
with a propeller current meter and hot=film anemometer and obtalned
favorable results when compared with the predicted veloctty using
| Inear wave theory. He concluded that the Alry theory provides an
excellent prediction of the mean veloclity near the bed heneath the

wave crest. He also mentloned that for perlodic tests, where
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frequent recal lbration Is not a problem, the maximum horizontal! and
vertical veloclty can be measured accurately with a hot=fiim
anemometer. The correlatlon between the maximum veloclty measured
with the hot-fiim anemometer and that measured with the propeller
current meter was quite good.

Almost all of the Investigators utf{lfzed the |Inear wave theory
approach In the study of sediment suspension under oscl|latory flow.
The | inear wave theory provides an accurate measure of veloclty near
the bed under oscillatory flow.

Mass Transpori-Yelocity

in a water wave, the particles of fluld possess apart from thelr
orbltal motion, a steady second-order drift velocity. This drift
velocity Is usually called the mass transport velocity
(Longuet-Higgens, 1953). ‘ngure 17 shows the net drift as well as
the vertical varlation of the horizontal mass transport velocity due
To a wave.

Stivester (1970) stated that water particles in the osclllatory
flow usually do not follow an enclosed orbit predicted by !inear wave
theory; instead they advance a small amount during each cycle. This
net advance, divided by the wave pertod, gives a calculated veloclty
similar to the drift veloclty of Longuet-Higgens. This velocity can
be defined theoretically for [aminar boundary layer conditions and
empirically for turbulent boundary layer conditions. Silvester also
stated that velocity at the bed is in the direction of wave advance.
He presented an equation for the theoretical mass transport veloclty

for laminar boundary layer and smooth bed. Mogridge (1970) glves
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horlzontal and vertical components of velocity for the progressive
wave of finlte amplitude which was flrst studied by Stokes In 1880.

The mass transport veloclity due to Stokes Is given by:

. 2 2 cosh drly+d)
U=52 H T (74)
T T sinhfég_él

where U = mass transport velocity; and other variables are as
described before. However, for a closed wave channel, the mass

transport veloclty Is given by:

2 cosh ——iﬁﬂEL- EL—'51ﬂh2Wd
nd

L

L 1t K

T L
Sinhz gt-

U = (75)

Longuet-Hlggins (1953) gives the maximum mass transport velocity in

the boundary layer as:

= ﬂz H2 1
Urax = 1376 7 T . 7 2nd (76)
sinh® ——
L

The above equatlon can be written as

0 _ 1.3767 2

Unax = T Un 7
where U = maximum value of the mass transport velocity

max
Mogridge (1970) stated that the equation of Longuet-Higgins has

been proven usable over the range of d/L up to 0.5 for calculations
tn respect to sediment movement at the bed. Vincent (1958) also

measured the entralnment current in the Immediate vicinity of the bed
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and conflrmed the Longuet-Higgins expresslion for mass transport
velocity.

Collins (1963} gives the laminar boundary layer thickness and
mass transport velocity under periodic gravity waves. From solution
of Navler-Stokes equation, he derived a velocity equation which could
be reduced to the form of Prandt|'s boundary layer equation. |
Raudikivl (1976) used a mass transport veloclty which was derived

from the Stokes wave theory.

Water waves Interact with the bottom of a sea or lake bed by drag
and other processes. Surface waves provide an osc!|latory flow above
the bed which produces and malntains bed forms by local movement of
sediment particles. The sediment particles are inf!luenced by ]ocal
tangential stresses caused by the flow. The local flow pattern Is
largely shaped by the pressure fleld around the bed form. This
pressure field produces a distribution of normal stresses over the
surface of the bed. The average bottom stress can be deflned by
dividing the horlzontal component of tangentlal and normal forces
acting on a large area of irregular shaped bed by the corresponding
area. Manohar (1955) and Taylor (1946) assumed that Initlal motion
of sediment In a laminar boundary layer is produced by the shear
stress ac+ln§ on the particle. Nece and Smlth (1970) stated that in
sedIment transport studles It Is the local boundary shear stress
(skin friction) which must be determined and not the total boundary
shear stress on the bed (skin frictlion plus the form drag of the

non-uniform boundary).
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Sediment motifon arises primarlly as a result of the near-bed
velocity fleld. However, the posslible role of pressure gradients at
the bed surface must also be consldered. Davies and Wllkinson (1978)
found that the pressure~induced forces on the surface grains are of
|1+tle or no Importance In the tfransport of coarse sands by waves.
However, outside the breaker zone |t appears that sed!ment movement
by waves can be explalned In terms of the near-bed velocity field
alone.

Dingler (1979) concluded that due to the major difference between
the flow flelds caused by progressive waves and the flow field
resulting from an osclllating bed, pressure gradients exist In the
former case and are absent In the latter. He also concluded that
similarities between the two methods suggest that the pressure field
does not play an Important role in the initlation of graln motion
under elther condlt!on. |

Sleath (1975) showed that when the roughness size Is small
compared wlth the thlickness of the viscous boundary layer, the |Ift
force Is neglliglible compared with the drag except at very hlgh value
of C£§%§ « He also mentioned that for small roughness size, the
shear stress Is much larger than the pressure~induced stress on the
bed. For particles whose size Is large compared with the thlckness
of the viscous boundary layer, neither of above concluslons Is true.
Monahar (1955) also stated that It is safe to account for drag only,

but mentloned that |1ft+ forces can not always be completely Ignored.
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Flow resistance In steady unidirectional or oscililatory flow Is
due to the granular roughness (sk!n roughness), lrregularities of the
bed surface (form roughness), and foreign matter dlffused Into the
body of the flow (from suspended matter). In general, the bed shear

stress Is defined as:

T =71 +T; + ' (78)

real shear stress acting on the plane bed surface;

3
=2
o
=
o©
'-’_
"

= shear stress due to irreguiar!{ties of the bed surface; and
T = shear stress due to forelgn matter.

The sum of shear stresses due to Irregularities and forelgn matter Is

cal led the apparent stress. In general, the bed friction factor can

be defined simllarly:

f=f'+f"+f"" (79)

where f! friction factor acting on the plane bed surface (skin

friction)

f'' = friction factor due to Irregularfties of the bed surface

(form friction); and

fl!l

friction factor due to foreign matter
For the case of a plane bed during the Initlation of sediment
transport, the apparent stresses are zero or neglibile; therefore,

the total shear stress [s equal fo—% » l.e., only skin friction Is
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involved. For the case of an {rregular bed, durlng and after the
Inltiation of sediment transport but before stabllization of bed
froms, the shear stress and frictlon factor are due to skin friction
and form friction.

In osclllatory flow the same friction principle as for
unidirectional flow can be applied. That heans that In the case of a
plane bed, the bed shear stress Is equal to skin frictlon. For the
case of an Irregular bed, the shear stress {s the sum of friction and
form drag.

The shear stress at the bed In which the viscosity plays a
predominant role has been found to be proportional to the rate of
relative straln, that !s, to the velocity gradient, du/dy, with a
constant of proportionally, u, defined as the coefficient of
viscoslty or dynamic viscosity. Thus, T, = u%%—.

The |Inearized equation of motion In the boundary layer for a

fIxed bed neglecting the non-linear Inertia terms, pressure gradients

and viscous effects In the x-dlrection can be given as

2

g-_u=\,u (80)
't 322
For the lamlnar case, the solutfon to the above equation ylelds
{(Lamb, 1932}
R T Zy Tz
U =Um[s1n wt - exp(‘ﬁ-gﬁ 3in (ut - 5 E)] (81)
with
. (82)

Lo
H
TR
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substituting Into = ugg-yie[ds the shear stress distributfons as

Um
fo L= Tz TZ_ T (83)
5% vz & explez 3) cos (ut - 52 7)
and at the bottom
Tom . 1 yUm (84)
0 V2 8
mh —~
substituting U, = "J?;a and 8=1 ¥\t Into the above equation ylelds
Tsinf— T

L qH

Tep = % mH 1 (85)
cm 1.41 U[W] T S-|nh—2_2__ﬂ_
L

Assumptions made In derlving the shear stress equations are: (1)
waves in generating area can be described as sinusoidal waves and (2)
laminar shear condi{tlons.

For boundary layer flow, It Is common to relate the bottom shear
stress to the near bottom velocity. This can be done through the

followling general relation:

T, = collUl = CDU2 (86)

Where C Is friction factor or drag coefflcient of the unidirectional
flow.
Bagnold (1946) evaluated the maximum bed shear stress from the

followlng equation:
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T, = pv’vam (87)

m

where‘ﬂ"= maximum bed shear stress under osci|iatory fiow.

For laminar flow, the friction factor, f, can be obtalned from

£, = v _ 2 (88)
U, VRE
UntUn/w)_ Upds _ Upd
where RE = wave Reynolds number = _™M MWw/- M6 - g‘o
v A" v

Um = 0 - lﬁdo : and

W 3

half of orbttal dlameter.

Thus, for the laminar case, the maximum bed shear stress of Bagnold's

equation can be wrltten as:

v =k pfull (89)
Yalin and Russell (1966) presented a theoretical analysis of the
shear stress acting on a horfzontal rough bed due to wave motion of a
real flufd. They express bed shear stress In terms of wave
charactristics In a form that could be used for any Instant during a

wave perlod. They find that bed shear stress can be given as:

T, C apU2'+Bysd (90)

H

where q 3 and

o nNI_,

8 = 0.04

They stated that for a large wave period, the second part of the
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equatlion can be Ignored and for a small wave perlod the first part of
the equatlon can be lgnored.

Jonsson (1966) defined the maxImum bed shear stress in the form
of equation 89. He developed a diagram simllar to the Stanton
dlagram for pipe flow relating friction factor to Reynolds number
with dIfferent values of %-5-

Neiflsen (1979) stated :;af the concentration of moving sed!ment
close to the bed Is most Ilkely to be a function of the

non-dimensional bed shear stress which was Introduced by Shields.

Neflsen's maximum shear stress can be given as:

2
T, <% pfw(ﬂaw) (91)

Outside the boundary layer the velocity can be related by:

. (92)
U0 = a6m51nwt
and the shear stress by:
t = 1t (sin{wt + ¢) ( sin(ut + ) (93)

m

where ¢ = phase angle,

Jonsson (1978) found that the phase angle ¢ by which the shear
stress leads the water veloclity outside the boundary tayer Is-% In
the laminar case and %-!n the fully developed turbulent case.

Riede! (1972) used the same approach as proposed by Jonsson and

modifled the friction factor diagram. Kamphius (1975) used the same
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type of equation to calculate the maximum shear stress at the bed.
Dingler (1979) used the same equatlon as Rledel to calculate the
shear stress under osclllatory flow. Lofquist (1978) measured
osclllatory drag on sand ripples and obtained bed surface profiles.

He called the frictlion factor a stress coefficient (f(6)) and gave the

shear stress as
_ 2
() = % of(s)U (94)

He measured the friction factor In |aboratory experiments with a
rippled bed and presented several curves of stress coeffliclent
(frictlon factor) as a function of phase angle water velocity, ripple
length and ratlo of ripple length to half orbfal diameter.
Theoretical derlvation of shear stress for a turbulent boundary
layer with oscillatory flow can be obtalned using the principles of
turbulent boundary layers In unidirectional flow. The major
IImitation Is the lack of knowledge concerning veiocl+ty profiles in
the osclllatory boundary layer. If the veloclty profile is known,
the shear stress can be obtalned by the mixing length approach, as

fol lows:

2

W2 (W

dy (95)

where L {s the mixing length; for unidirectional flow, % = ky.
Rledel (1972) proposed that In oscillatory flow the mixing fength [s

a function of orbital dlameter, roughness coefficlent and height



114
above the bed. Measurement of turbulent velocity fluctuations and
flow visual lzation of eddies formed around roughness elements could
be used to postulate a mathematical form of the shear stress
equation.

Yongvisessomjal (1984) used an oscllilating bed, a wave flume, and
a water tunnel to study osclilatory boundary layers and eddy
viscos!ty. He developed an approprliate oscll|latory veloclity profile
which was then used to determine the boundary layer thickness, the
shear stress profile, the frictlon factor, and the eddy viscos!ty
profile. He found that there are differences between an oscillatling
bed and oscillating fluld. This contradlicts the old bellef that

these two flow sltuations are the same.

Elow Reglme

Jonsson (1963, 1966) and Colllns (1963) stated that natural
osciltatory flow near the sea bed under a wave motion Is always rough
turbulent. According to Jonsson (1963) and Vincent (1957),
turbulence near the bed can also be generated under |aboratory
conditions. Jonsson (1966) stated that In the |aboratory, smooth
turbulent flow wlll often be found near the bed.

The flow reglme can be determined for smooth and rough beds by

UmdL
W

uslng the

UK
or ___3S parameters, respectively. Where GL = |amlnar boundary
AY

layer thickness = ~= .

L
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In addition to use of these parameters, the type of near-bed flow
regime can be determined by observation of dye streaks.
Interpretation of dye streaks results Is subjective.
Table 6 gives |imiting values for laminar and turbulent f|ow

regimes obtained by some investigators. Rledel (1972) mentioned that
UmKs '

for the case of a rough bed, the parameter Is not realy
suitable for deflining the transition between flow regimes but
probably has been used because shear velocity was not known. The
roughness coefficlent In this parameter Is a function of the size of
the bed particles as well as of the bed geometry (grain spacing,
shape, and slze distribution). Most Investlgators of sediment
transport replaced the roughness coefflclient with the graln size.
Kamphlus (1974) found that the roughness coefficient can be replaced
by twlce the graln size. Also, when the flow around +hé graln was
turbulent, the depth of flow was very much greater than the grain
size.

Madsen (1976) used the roughness coefflclent as the graln
diameter when the bed was smooth and flat. Rledel (1972) used the
roughness coefflclent as three times the graln size, In hls bed shear
measurements under waves and indicated that 1f different values of
roughness coefficlent are used, all of hls curves regarding friction
factor should be changed.

Based on dye streak observations, Bagnold reported that the
boundary layer was |laminar In all experiments even though quartz
gralns as large as 3 mm were used. Manohar (1955) also studied the

threshold of graln motion using an osclllatory bed. Contrary to
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Table 6. Limi+s of Flow Regimes for Smooth Beds
Glven by Some Investigators

Investligator Upper Limit for Lower Limit+ for
and Laminar Smooth Turbulent
Year Flow Reglme Flow Reglime

Um?s UmsL. Ums UL
v v v v

LT (1954) 1.t5><105 565 -— -

Vincent (1958)  6.2x10° 110 —- -—-

Colllns (1963)  1.3x10%° 160 — —

Kajlura (1968) 6.2»:102 35 4.2)(105 920

Riedel (1972) 10t 142 6x10° 1,100
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Bagnold, he reported that the boundary |ayer becomes turbulent for
grain stzes larger than 0.6 mm. His data show two trends; for a
laminar boundary layer, his data parallel Bagnold's data, but are
displaced toward larger criltical velocity values for a gliven graln
sfze; under turbulent boundary conditions, his data correifated wel!
with the relat!on developed by Rance and Warren {1968} In a pulsating
water tunnel. Also, he found that the initlal and general motion of
small slzes of sediment occur !n a laminar boundary layer. He also
stated that ripples were found when the boundry layer was turbulent.

According to the work carried out at Berkeley {Li, 1954;
Kamphius, 1957; Manohar, 1955), the bed would be smooth, In the
hydraul ic sense of the word, If;
. 6|

— > 30

£
and rough If:

S|

e <18.5
3
where 6 = boundary layer thickness = 6.5 65%2 = 2.61/~T

e = characteristics dimension of a grain equivalent to graln
size dlameter.

Lt {1954} studied the transition from laminar to turbulent
boundary layer in an oscll|latory flow for both smooth and rough
boundar!es. He found that over a smooth boundary, the critical
Reynotds number at which the transition takes place Is about equal to
800 and fs constant. For a rough boundary, he found that the
Reynolds number s constant for each roughness element. Wakes were
obserbed to develop behlnd each roughness element for oscillatory

flow over a rough bottom. The transition boundary |ayer that
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developed was due to Instablillity of the flow along these wakes.

Vincent (1958) used dye for studying the flow regime. He found
that the streak of dye quickly spread for a2 turbulent boundary Layer
sltuation and dlspersed In gentle undulations for a laminar boundary
tayer. Aiso, he found that the fiow was |{amlnar for !;L < 160. He
also mentioned that the values obtained at Berkeley appear to
exaggeraferfhe Importance of the |aminar condltions.

Collins (1963) found that in laboratory wave studles the boundary
layer fiow !s laminar. But he recognized that turbuience exists for
most prototype boundary Layer cases. He also found values of
critical Reynolds number for the start of turbulent when Q%L'= 160.
He further mentioned that the great difference between the Reynolds
number for waves and Reynolds number for an osclllatory plate In
stii| water Is to be expected as proposed by LI since the lnertla
effects of two cases are completely different. The Reynolds number
for waves Is less than the Reynolds number which L} found with an
oscillatory plate. VYincent obtalned lower Reynolds numbers than LI,
He defined turbulence by observing streaks of dye. He also stated
that It Is not easy to draw a sharp distinctlon between cases where
the streak of dye spreads out (turbulent boundary layer), and where
It disperses In gentle undulatlons (laminar boundary layer).

Jonsson (1966} used Reynolds number for identifying boundary
layer flow regimes and to find the friction factor for each case. He
presented a graph of ;i = versus Reynolds number to obtaln the flow
regime. This fs given In Figure 18.

Rledel (1972) and Kamphius (1975) also studied the boundary layer
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flow regime and presented graphs of aG/KS vs Reynolds Number.
Riedel's graph fs given In Figure 19. The reglons of lam!nar
transition (from laminar to smooth turbulent), and rough turbulent
boundary layer can be obtalned from Rledel's graph. Kamphlus found
the upper limit of the laminar range to be 104. Coltins (1963) found
this upper [imIt to occur at a Reynolds number of 1.3 x 104. This
discrepency wlth Kamphlus s due to observer Interpretation of the
trans!{tlon.

Chan et al. (1972) Identifled five different flow reglmes which
are essentially similar to those observed by Bagnold (1946), Manohar
(1955) and Carstens et al. (1969). These reglmes are: 1) statlonary
bed; 2) Incliplent motion; 3) general surface motlion; 4) mob!le bed;
and 5) suspended bed. For the stationary bed regime, the sediment
particles were undisturbed by the motion of the fluld; the bed stayed
stationary. The statlonary bed regime can be smooth or rough
depéndlng on the Reynolds number. [n the Incliplent motion regime,
sediment particles on the bed surface started to be moved to and fro.
Chan et al. stated that often a sediment particle would be dislodged
from one position and |ater anchor Itself In an apparently more
stable position. The observations made for these two reglmes suggest
that the boundary layers were lamlnar.

It Is usually hard to fdentify the liml+s of the Inciplent motion
regime, because Inciplent motion Is rather poorly defined. However,
Chan et al. reported that a gradual Increase !n amplitude or period
resulted in fransition from occas!onal motlon to the general surface

motion regime of the sediment particles. The surface particies were
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set In motfon at least durlng part of the oscillation cycle when the
ITquld velocity was high. At these conditions, ripples appeared In
the bed surface after several mlnutes of oscillation and dune
formation was observed. Bagnold (1946) defined two types of dune:
rolling graln dunes and vortex dunes. Rolling grains dunes were
observed at a relatively low velocity. The vortex dunes were formed
when the slopes of the dunes were steep and the oscillation velocity
was high. Bagnold (1946), Manohar (1955) and several other
Investigators have given the mode of particie motion and dune
mechanism. Chan et al. (1972) mentioned that although the liquld
flow In the boundary layer above the bed was turbulent, the moving
body of the osctilating 1iqulid remained laminar. Longuet-Higg!ins
(1981) In thelr study of oscillating flow over steep sand ripples,
assumed that the sand-water [nterface Is fixed and that the effect of
sand In suspension Is, to a first apprOXIhaTlon, neglligible. They
found that the calculated drag coefficients are {n remarkably good
agreement with the high values found experimentally. They also found
that the total momentum per ripple wave length and the horlzontal
force on the bottom can be expressed very simply in terms of the shed
vortices at any !nstant. The force consists of two parts: an
added-mass term which dlssipates no energy, and a vortex drag, which
extracts energy from the osﬁlllaflng flow.

According to Chan et al (1972), an increase of wave amplitude or
frequency resulted In a mob!le bed regime. This Inh!bited the
further formation of stationary dunes. Elther the bed surface broke

Into a series of ripples with suspended material moving to and fro
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above them or the bed surface appeared flat, though in hor!zontal
motion. |In elther case, the surface particlies did not appear to
settle completely at any polnt in the cycie.

At very high oscillation velocities, Chan et al. reported that
parf!ciés from the entire bed were suspended and conditions were
clearly turbulent throughout. This case was termed the suspended bed

regime.

The classlc procedure for obtalining wave friction factor is to
measure dlrectly the wave frictlon factor. Jonsson (1966) provides
methods for measuring the wave frictlon factor. |In general, the wave
frict!on factor can be measured by energy loss, force or veloclty.
These three measurements can be schematically subdivided as:
~ 1) energy loss

a) direct measurement
b) measurement of wave helght attenuation

measurement of ~ 2) force

wave friction a) dlrect measurement
factor b) measurement of the slope of mean water
level
= 3) veloclty

a) equation of motlon

b) the law of wall

c) veloclty measurement at fixed |level
The measurement of the slope of mean water level does not provide

good results. After knowing whether the flow regime Is laminar or
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turbulent, the friction factor can be obtalned by uslng the

appropriate equations or graphs.

Lamipar Fiow
In general, the friction factor Is a function of the Reynolds

number and the relative roughness of the boundary layer. Thls can be

expressed as:
ag
:T("g')

where all terms are as previously deflned.

fu = f(RE (96)
Jonsson (1966) glves a theoretical expression for friction factor

based on the maximum shear stress under osclllatory boundary layers:
fm=ﬁ%
He presented a graph of wave friction factor agalnst Beynolds number.
This ts glven In Figure 20. Thls also can be derived from solution
of linearized equations of motion. Excellent agreement of
exper Imental data with this calculation was observed by Rledel
(1972). Kamphlus stated that Jonsson's expression Is not valid for
Reynolds numbers greater than 104. However, Jonsson mentioned that
others had proposed that smooth turbulence starts at a Reynolds
number of 1.26 x 104 or larger. For example, Collins (1963) gave a
Reynolds number of 1.28 x 104, LT (1954) gave a Reynolds number of
1.60x105 , whereas Vincent (1958) reported a value of 5.2x103. I+
can be seen there was general agreement between dlfferent

Investgators. In contrast to Jonsson's expession, Nellsen (1979)

expressed the |amlnar case as:

fy = 2 ; (97}
aam
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In the case of a turbulent boundary layer the friction factor is
Independent of the wave Reynolds number and Is thus a function of the

relative roughness of the boundary layer only, l.e.

fo= f(z2) (98)

KaJlura (1968) developed a theoretical! basls for the turbulent
boundary layer. He assumed an average state of turbulence over the
wave period and used the constants evaluated from untdirectional flow
measurements. He divided the boundary layer Into inner, overlap, and
outer layers and obtalned the friction factors. For a smooth

boundary he gave

1 1
+ log 7— = -0.135 +log vRE
8.1/Fa o (99)
For a rough bed, he gave
] 1 ag
S

Jonsson (1963) presented a frictlon factor equation for rough
surfaces based on measurement of velocity profiles. Thls can be

given as:

&s

/e + 10 77 = -0.03 + Tog = (101)
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He assumed that a logarithmic velocity profiie existed near the wali
which could be extended Into the potential flow regime. Rledel
(1972) used the same form of equation as Kajlura and Jonsson and
applled hls data with the least squares method and to obtain separate
friction expressions, depending on the relative roughness of the

boundary layer.

a 1 1

For -5 — — . 3s (102)
R, 72 a.gsvFs * 108 gypp 7 0122 % Tog g
a ke 0.77
and for % <25 fu = 0_25(%) (103)
) 0.77
or L = 0.125(5}(3) (104)
Um 3

He presented a friction factor diagram In rough turbulent flow. This
Is glven In Figure 21. He stated that the assumption of a
logarithmic veloclty profile at the !nstant of maximum free stream
velocity Is reasonable.

Nielsen (1979) used the Swarts' 1974 formula of friction factor:

0.194
fu = exp[5.213(§—§ -5.977] (105)

to calculate the bed shear stress.

Bagnold (1946) estimated a wave friction factor value of 0.28 for

ag
an extremely rough bed, where ¥ <1.7,
s

The | Imit+ between the smooth turbulent and rough turbulent

transition regime was determined as §§.= 0.287 by Jonsson (1966).

L
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Riedel (1972) used the same approach as Jonsson {1966} and

developed modified curves of the wave friction factor In general and
the wave friction factor In a rough turbulent regime. He measured
and calculated the shear stress on both smooth and sand roughened
beds In an oscillating water tunnel. He found good agreement in the
|aminar range with the theoretical shear stress calculated from first
order wave theory. However, in the turbulent flow regime, Riedel's
exper imental measurements of shear stress gave values 20 to 50
percent smaller than that predicted by Jonsson's expressions. ODlrect
measurement of shear obtalined from wave attenuation tests by Inman
and Bowen (1962) gave results that were 20 percent higher than those

from the Riedel data.
Boundary Laver Thickness

The thickness of the boundary layer affected by friction may be
estimated. Einstein (1942) predicted th!s thickness as the distance,
y, from the smooth bed to that point at which the friction={nduced
motion is reduced to 10 percent of its value at the bed. LI (1954)
predicted the boundary layer thlckness above an osclllatory plate in
stili water as extending to that po!nt where the amplitude of the
oscillating velocity has only ] percent of that of the boundary. He

gave thls thickness as:

4.6 s
5 =m = 6.5(2) (106)
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Jonsson (1966) used dimenslonal analysis to determine the
boundary layer thickness In terms of the half-orbital diameter for

different flow regimes. HIis results can be glven as:

Elow Reglme Lsg

Laminar f{Um3s/v)
Smooth Turbulent  f(3/Kg)

Rough Turbulent f{Um3s/y)

He also mentioned that the boundary layer thickness for short waves
Is 1/100 of the water depth, or is the distance from the bed to the
point where the velocity has Increased sufficient|y to equal the
potentlal veloclty under the wave. Figure 22 shows the typical
velocity proflle In and above the boundary layer thlckness. Jonsson
concluded that the boundary layer thickness with osclllatory flow Is
sIimilar fo the boundary layer thickness employed in steady flow over
which the velocitles deviate significantly from the free-stream
velocity. He provided a graph which gives the wave boundary layer
thickness for different flow regimes and as a function of roughness
coefficient. This Is glven In Flgure 23,

Dingler (1979} also provided an equation for .the |aminar sublayer

thickness under oscilliatory fiow. HIs equation can be glven as:

5 = (uT/mr)% (107)
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Beglnning in the 1950's under the direction of Einsteln, several
Investigators In Berkeley conducted research in areas of sediment
transport by wave action. Thelr alm was to see {f It is possible to
establ Ish a general system approach for the descriptlon and
prediction of sediment transport by waves similar to that under
unidirectional flow., Elnsteln (1972) stated some of the principles
governing unidirectional flow as:

1) Sediment motion can be divided Into bed-load motion (or

surface creep) and suspension;

2) while moving as bed load, the particle welght Is to a
large part transmi{tted directly to the non-moving bed,
not to the flow;

3) the rate of bed-load motion is defined by the equi!lbrium
exchange of sediment between the bed-load and the non-=moving
bed;

4) this equllibrium glves a direct relationship between the
sediment rate and the flow cond!tlons near the bed,
including the turbulence;

5) the flow condltion near the bed can be predicted for a
unidirectional boundary layer as a function of only the
bed shear and the bed roughness;

6} the bed particles moving as bed {oad in the rather thin
bed layer define a sediment concentration for thls layer;

7) above the bed layer, bed particles move In suspenslion,

l.e., continuously transmitting their welght to the
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surrounding water; and

8) the distributlion of the concentration In a suspension is
defined by the equation of equilibrium exchange of particles
through the various horizontal planes, with the bed-load
concentration In the bed layer as a boundary condltion.

Elnstein concluded that all of these efght principles for
unidirectional flow, except principle 5, are assumed (and seem) to
apply equally for the problem of sediment transport by wave action.
He stated that the baslc varlable describing a undirectional flow Is
the rate of friction or of stress at the boundary. For wave motion
the basic condition Is mainly an exchange between potential and
kinetlic energy which may, In first approximation, be descrlibed as a
frictionless motion-~it does-not by Itself define a shear stress at
the boundary. Also, movement of sediment by waves takes place in a
boundary layer that Is developed at the bottom from the effects of
viscosity of the fluld.

Kalkanls (1957) showed that from the point view of the boundary
layer, the two cases of boundary layers In unidirectional and wave
action are exactly equivalent, even If there |s a minor difference
wlth respect to the abliity of the two cases to move sediment.

Chan et al. (1972) found that osclillatory fiow was generally more
effectlve than steady flow In bringing about the threshold of
particle motion. However, oscillatory flow was somewhat less
effectlve in bringlng about suspenslion. They also mentioned that
this is conslstent with the well-known tendency for purely
oscillatory flows to rematn |aminar at velocities which, in steady

flow, would correspond to turbulent cond!tlions.
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Many Investigators correlated physical characteristics of the
graln with sediment Inltlation In unidirectional flow. Vincent
(1958), In his study of sediment suspension under waves, I[ndlcated
that I+ would be misleading to try to derive a relationship between
the velocity at which the gralns begins to move and the physical
characteristics of the gralns from a set of Insufficiently complete
results. There are many reasons, chlefly that i+ Is very difficult
to characterize a graln of materl!al by Its shape using a simple
relatlonship and to characterize the Influence of |ocal turbulence on

graln behavior.

Past £xperiments involving €ombined Osctllatary and
Unidirectional Flow

Unfortunately, there is |Imited information In the !{terature
regarding suspension of fine sediment undér the combined effects .of
wave and unidirectional flows, the theoretical relationship between
flow varlables and sediment parameters are not developed. Hence, the
brief review of avallable [{terature must be based mostiy on coarse
(non-coheslve) sediment.

Nielsen (1979) observed that the majority of sand that Is moved
under waves alone and under waves with a current [s moved In
suspension. Primarily, the oscillatory motion Is responsible for
plcking up the sand, after which the current ls responsible for Its
transportation. This Is consistant with the remarks of Chan et al.
(1972) glven In the preceding section. Nlelsen also mentioned that

the relative Importance of the waves and the current to the
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diffuslvity of suspended sediment s at present unclear, as our
knowledge Is very |imlted regarding the boundary layer under a
combination of waves and current. VYery llkely, the current is quite
dominating in this respect as long as the waves are not breaking,
whereas the Influence Is more equal In the surf zone. Nielsen also
presented a model for the suspension of non-cohesive sediment under
waves and currents.

Efnsteln (1972) mentioned that those particles moving with the
water near the bed will follow the water in any dlrectlon In which It
fiows. |f the water has, In additfon to the wave motion, a small
additlonal one-directional veloclty (such as a |!ttoral current
caused by the angular Incldence of the waves or a secondary
circulation caused by the geometry of the beach), then one must
expect a systematic transport of the moving sand particles in that
dlrectton.

Manohar (1955) found that the superposition of unidirectional
flow did not markedly change the oscillatory condition necessary for
Inttiation of sand motfon. VYincent (1958) stated that the sand
particles set In motion by the waves may be eas!ly transported by
even a very sllght sea current. He also stated that the effect of
the waves, when superimposed on the current, Is elther to
consliderably reduce the critical entralmment tractive force for the
material or cause the gralns to begin to move. B! Jker and Yelllngu
{1976) also studled the sand transport by waves and currents. They
concluded that If a uniform flow in the direction of wave propagation

is superimposed on the wave movement, the dlrection of sand transport
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Is not necessarily equal to a drift current directifon. They also
found that the sand transport direction equals the direction of the
biggest orbltal velocity.

Iinman and Bowen (1962) conducted flume exper!ments on sand
transport by waves and currents. They used a wave channei with a
paddle-type wavemaker and superimosed the unidirectional flow. Thelr
results showed that superposition of waves on currents of 2 cm/sec
produced a two-fold !ncrease In the sand transport for wave perfods
of both 1.4 and 2.0 seconds, but that faster currents of 4 and 6
cm/sec caused the discharge of sediment to decrease somewhat.

Rance and Warren (1968), In thelr sediment-wave study, found that
the superimposing of a unidirectional flow (stream-type flow) dld not
markedly change the oscillatory current necessary for the inftlation
of movement.

It has been shown that when oscillatory flow superimposed on
unidirectional flow, the mean velocity near a smocth bed are
Increased and the mean veloclty near a rough bed reduced (Peregrine
and Jonsson, 1983}, Does the turbulent structure Inslde the boundary
layer remain constant, does the direction of wave propagation change,
how does the friction factor behave are many questions that further
theoretical work could shed |ight on.

The assumption of simple |inear summing of the results of the
individual effects for comblned effects look |ikes too simplistic
Inslde the boundary layer. But, It could be used at some cases, such
as; determination of whether oscillatory or unidirectional flow Is

responsible either for entralnment or transportation of sediment
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particles.

It Is evident that the Interactlion of osclllatory and
unldirectional flows Is a fundamental aspect of most coastal |{t+toral
and estuarine sediment transport. A physically-based prediction and
consistent experimental results with physical Insight are lacking.
More theoretical and experimental work are needed.

For sediment In suspension, the turbulence and the current are
two Important factors. Measurements of turbulence with good spatial
distribution under a combination of unidirectional and osc!llatory
tlows are reported by Kemp and Simons (1982). Thelr !nterpretation
of the measurements, as they apply to sed!ment transport, Is repeated
as foliows: |

"The entralnment of sed!ment under flat bed cond!tions can be
related to the predicted Instantaneous shear stress. However,
although the entrainment of materlal from the bed can be
considered to show a conslderable increase under the comblned
actlion of waves and currents, the dlistribution of turbulence
Intensities suggests that the zone of diffusion would not
Increase. |In fact, the results indicate a reduction in boundary
layer thlickness (when waves are added to a current.) One might
expect, therefore, that there would be an Increase In sed!ment
concentration In the near bed region. In the Ilght of Nlelsen's
(1979} observations, this distributfon would change dramatically
under spllilng breakers, the mater!al rapldly dispersing over
the whole depth of flow.

"The greater turbulent stresses found when waves are
superimposed on a current are |lkely to result In a conslderable
Increase In sediment pickup from a rippled bed. Whlle the
Increase In turbulence Is |Imited to a region within 6 or 7
roughness helghts of the bed wlth a tendency for thls zone to
decrease w!th wave helght for a constant wave perlod, It Is to
be expected tht sediment brought Into suspension by the nearbed
vortex action w!ll!| be diffused over the zone of the
current-induced turbuience. This could result In significantly
higher fransport rates as long as the !ncreased bed shear stress
s not such as to prevent the formation of high bed ripples.

"In the case of waves alone, the shear stresses at the bed are
of the same order as for comb!ned wave and current flow, but the
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vortex—-dominated |layer extends only approximately four roughness
helghts above the bed, and the only means of transporting
sediment Is by relatively weak wave-induced mean velocitles.

The | Imited thickness of the wave-Induced vortex |ayer over a
rippled bed has previously been noted by Tunstall and |nman
(1975). Thils suggests that sediment would be concentrated in
this near-bed |ayer."

Fredsoe (1984) studifed the turbulent boundary layer In a combined
wave-current flow fleld. He calculated the mean veloclty profile In
the combined wave-current motfon by use of the depth-intergrated
momentum equation. To do this, he assumed the vertical velocity
dlstributlon to be logarithmic Inside as well as outslde the wave
boundary layer, but with different slopes. He also found that for
the case of no mean current, the theoretical findings agreed well

with the measured friction factor for both the rough bed case and the

smooth bed case.
Experimental Materfals and Methods of Past Investigators
MMMLQ&UM

Many Investigators have tried fo reproduce prototype conditions
in laboratory experiments to study sediment transport by wave actlon.
The technlques used to reproduce prototype conditlions are reviewed
here and shortcomings and problems assocltated with each technlque and
apparatus are descrlbed.

The reproduction of Inclplent bed motion, ripple formation, dune
development, and a final smooth bed have all been achleved wlth both
oscilliating water over a flxed bed and an osciilating bed under still

water. |t Is preferable to conduct tests with full-scale amplitudes
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of water motlon, since It Is Impossible to scale down sed!ment sizes,
unless pebble-sized prototype particles are being represented
(Silvester, 1970). However, thls Is not always possible.

Sllvester (1970) summarlzed the model ing of sediment motlons
offshore In great detalil. Mogridge (1970) summarized the techniques
tfor sediment model Ing and the advantages and shortcomings of each
technlque. The variety of equlpment avallable for use Includes
flumes, water tunnels, water blocks, wave basins, and other devices.

Elumes

Many Investigators have used wave tanks or channels (flumes) with
a paddle-type or plston-type wavemaker to osclllate the water. This
Includes Ippen and Eagleson (1955), VYincent (1958), Eagleson and Dean
(1959), L'HermItte (1961), Inman and Bowen (1962), Hom-ma et al.
(1963), Allshah! and Krone (1964), Yalin and Russell (1966),
Bhattacharya (1971), Mogridge and Kamphlus (1972), and Dingler (1979).
Flgure 24A shows a typical wave fiume. Chan et al. (1972) used a
horizontal tube which was subjected to an oscillating Iiquld flow.
Many Investigators realized the difficul tles assoctated wlth
oscillating water In the flume so as to reproduce prototype condltions
on a small scale. Longuet-Higgins (1953) mentioned that the transport
of sediment In 2 flume occurs by mass-transport, which Is "swiftiy"
establ {shed throughout the whole depth of water. In prototype
sltuations, such as In oceans or lakes, It takes many days for this
net motfon to be converted or diffused from the bed or the surface to
the Interlor of the lliquid. Thls Introduces errors when the
distribution of sediment throughout the depth of the flume dlffers

from that In the prototype situation. The mass-transport distribution
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also varles wlth bed roughness (Bagnold, 1946).

Mogridge (1970) also mentioned two particular problems with wave
flumes. Flrst, the velocity for Incipient motion In a wave flume
cannot be compared directly with the same veloclty under prototype
conditions, because the flume !s assoclated wlith a boundary layer of
different thlckness. As the roughness cannot be reproduced,
turbulence cannot be scaled down. Second, there is difficulty of
et Iminating reflection from both the wave-mak!ng machine and the
artifficial beach at the opposlite end of the flume. Mogridge
proposed elther to osclllate the bed In stlll water or to oscillate
the water In a condult so as to overcomé the above-ment!oned
difflcultles.

Several Investigators have employed osclllatory beds. Bagnold
(1946) was the flrst to use an oscillating bed In still water to
study sed!ment under wave actlon. Hls wés a pendulating bed. At
Berkeley, L1 (1954), Manohar (1955), Abou Selda (1964), and Kalkanls
(1957, 1964) employed a horlzontal plaln bed which was oscillated
harmonlcally In stil| water with amplitudes and perlods appropriate
to prototype water waves. Flgure 24B shows a typlcal oscillat!ing
bed. Das (1971) used a swinging flume osclllated by a driving
mechanism. In thls case, near-bottom condi{tions very similar to the
prototype can be obtalned {n the laboratory and the scale effects of
sedIment size, boundary layer, bed roughness, and so on can be
overcome.

Mogridge (1970) stated that It Is unilkely that the |aboratory

turbulence structure is simllar to that In the prototype. He stated
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that the relative velocitles of the fiuld acting on a2 sediment
particle are, In theory, identical for the cases of an osclllating
bed and an oscillating fluid; this means that the drag and |1ft
forces due to the Magnus effect are the same. The Magnus effect due
to rotation of a sediment particle in a uniform flow causes an
increase of veloclty above the particle and a decrease of veloclty
below {+. Therefore, a pressure difference exists and a |!1ft Is
applied to the particle.

Vincent (1958) questioned the valldity of the oscillating bed
tests. He mentioned several differences In characteristics between
the laboratory oscliliating bed or wave flume and the prototype
situation, These Include entralnment currents (mass transport
currents), acceleration of fluld particles, pressure fluctuations In
the Immedlate vicinity of the sea bed, development of turbulence,
and so on. He also stated that the greatest dlfference between the
critical Reynolds number for waves and for an oscliliating plate in
stiil water Is that the Inertial effects In the two cases are
d!fferenf; for example, the critical Reynolds number for a
progressive wave Is lower.

L'HermItte (1961) also criticized the oscilliating bed tests
because of the acceieration effects on the sand particles, but
mentioned that the accelerations Involved are small compared with
those due to gravity, and are 90 degrees out of phase with the major
entralnment forces. He also has questioned the fnertla effects of
sand particle on the bed. These could be small at the stage of

Inciplent motion but could become significant as accelerations
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Increased. However, the simllarity of dimensionless parameters used
by Carstens and Nellson (1967) and Manohar (1955) indlcates that the
motions are not dissimilar, unless some compensatory Influences have
operated (Siivester, 1970).

Silvester (1970) pointed out that at the threshold of sand
movement and rolling-grain rlpple formation, the forces on the
particles are similar to those In wave flumes. However, as the
velocltles Increase so do the rotati{onal speeds of the eddles. He
suggested that the Magnus effect be examined for sand particles and
water masses for the two dlfferent modes of generaTion.- Figure 25,
which is taken from Sllvester (1970), shows the forces on rotating
masses from osclllatory flows produced by osclllating the bed and by
osclllating the water. Silvester concluded that for the osclllating
bed, vortices tend to move away from the bed and sand gralns remaln
suspended longer; for the osclliiating water, the reverse {s the
case. ﬂ

Water Tunnels

Water tunnels are a recent development In sediment transport
studles with wave action. The water periodically flows to and fro
through a small rectangular condult, as shown In Figure 24C.
Silvester (1970) describes several dlfferent types of water tunnels
used Tn Denmark, England, the United States, and Australla. Jonsson
(1963), Dedow (1966), Carstens and Nellson (1967), Rance and Warren
{1968), Carstens et al. (1969), Riedel (1972), Mogridge and Kamphius
(1972), Kamphlus (1975), Jonsson and Carlson {1976), MNakato et al.

(1977), Lofqulst (1978), and Vongv!isessomjal (1984) all used
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osclilating water tunnels to overcome the difficultles assocliated
with osclliating beds and oscliiating water. Mogridge (1970) states
some problems and {imltations assoclated with use of water tunnels
to represent prototype condlitions. Thls Includes eddy formation In
the bends that are difficult to eliminate completely and which could
be carried Into the test section of the condult. The occurrence of
any such eddles would Inltiate unnaturai turbulence of the bed.
Also, there Is a problem due to boundary layer effects from the
wails and celiing of the tunnef. These, In turn, affect the
macro~-turbuience In the vicinity of the bed. Such distortion
Increases as veloclity Is Increased, but should not greatly alter
conditions for inclplent motion, or even for the flrst stage of dune
formation (S!ivester, 1970).

Chan et al. (1972) carrled out an experiment using a variation
of the water tunnel Involving a smal! plpe 5.08 em In Internal
dlameter which contalned a bed of dense partlicles and was subjected
to an oscillatory liqulid flow. They studied the effect of varying
the |iquld density, particie slze, and amplitude, and frequency of
osciilation.

Hater Blocks

To permit reasonable development of macro—turbulence, a more
economical approach may be to create a block of water which can be
oscillated over a flxed bed. Sllvester (1970) suggested a simpie
method of osciilating a biock of water over a tidal bed fo
accurately reproduce the conditions of the osclllatory fluld motlion

at the bed beneath a wave traln. Mogridge (1970) described this
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technique In detall. It Involves an Inverted box that Is driven
back and forth over the stationary fiume floor. This technique has
the advantage of reproducing prototype condltions In fuil scaie In
the laboratory with a relatively iarge working volume of fluld and
sediment to eliminate boundary effects and to be completely
versatile. Some problems couid arise due to edge effects from
having a short sedIment bed. The system can only be used for
orbital amplitudes of 2.5 ft+ or less, according to Riedel (1972).
Unfortunately, to the best of my knowledge no studies have been
reported which make use of water blocks.

Have Basins

Wave baslins are often used to study [lttoral processes.
According to Sllvester (1970), a major benef!t to studying sediment
transport due to waves In a basin Is that the combined act!on of
waves and currents can be ascertalned. UnforfunaTely, no reports of
such experiments could be found. Wave basins do not represent the
actual wave behavlior of the prototype.

- nts

Several Investlgators have studied sediment transport phenomena
In the sea. Dyer (1980) used underwater television to study
Inciplent motion, ripple formation and related processes. Others
have used SCUBA and other diving equipment, often recording thelr

observations using stiil or moving-plcture cameras.
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Materials Used

Several types of materlals have been used for the l|aboratory
study of sediment transport under osclllatory flow. These Include:
quartz, coal, steel, glass, plastic pellets, |Imestone chlps,
concrete tubes, polystyrene, granulated pumice, pollopas, bakelite,
perspex cubes, cane sugar, glass beads, and hematite ({ron ore).

These materfals have a varlety of different sizes and densitles.
Table 2.2 (presented earltfer}) Includes the range of particle sizes
and the!r densitles. Particle sizes ranged from 0.09 mm to 48 mm,
which Includes very flne sand to coarse gravel. Densities rénged

3 fo 7.6 gram/cms. Most Investigators used quartz

from 1.05 gram/cm
particles {n the sand sizes. Unfortunately, no Investigators (to
the best of my knowledge) used very fine matertais In siit and clay

sizes.

in order to understand the mechanics of the {nteraction between
the wave-Induced veiocity and the bed, a thorough knowledge of both
veloclty profiles within the boundary layer and shear stress at the
bed Is needed. Accurate measurements of the water particle
veloclities In wave motion are difflcult to make. Also, standard
methods of measuring velocity In unlidirectional flow are often not
suitable for use with osclilatory flow where small veloclties occur
and the flow direction reverses. Kalkanls (1957) gave a brlef
summary of velocity measurement technlques and the problems
assocliated with each technique. The maln technlques are dicussed

here.
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Bitot Tubes

Pttot tubes normally give a useful output for unidlirec!onal
flows above one ft/sec but are not sultable for osclllatory flows
due to thelr slow response to rap!d fluctuations. Severai
Invest!igators, such as Kalkanls (1957, 1964}, Parathenlades (1962),
Ippen and Drinker (1962), Hwang and Laursen (1963), and Ghosh and
Roy (1970), used a speclally deslgned palr of pitot tubes to measure
the veloclty and shear stress. However, only maximum veloclty could
be rellably determined wlth the pltot tubes.

Mintature Propeiier Current Meter

Minlature propeller current meters are useful to measure
veloclitles In steady or slowly varying flows due to wind, open
channe| flow, flow In ducts, or tldal flow. However, Kobune (1978)
mentlioned that there Is a dlifficulty in using them In waves,
especlfaliy In laboratory wave tanks, because of thelr slow dynamic
response to high frequency fluctuations. In addition, they are
usual ly not very sensitlive to |ow speed.

Jonsson (1963}, Goda (1964), Nece and Smith (1970) and Kobune
(1978) measured the veloc!ty under osclllatory flow ut!lllizing
minlature propeller current meters. To overcome measurement
difflculties with a propeller current meter, Goda proposed an
empirical formula to use for estimating the horlzontal veloc!ty
beneath the wave crests.

Dyer {1980) used four Braystoke rotor flow meters spaced at
logarithmically Increasing heights up to 2m above the sea bed on a

bottom-mounted frame. The frame also held two electromagnetic flow
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meters, each measuring the instantaneous vertical and horlizontal
components of the flow. The analyzed data allowed him to obtaln
turbulence characteristics near the sea bed.

Propel ler current meters usually are provided with cal Ibration
curves by the manufacturers. But In most cases, It Is advisable to
cal ibrate the current meter for conditlons matchlng the experimental
tests. Problems sometimes arise, depending on |inear or non-linear
behavior. Some other problems, such as Insulation fallure and
severe abrasion of the meter, are assoclated with use of this
equlipment.

Photographic Methods with Hydrogen Bubbles

The water particie motion can be visualized and measured with
tracers, such as naturally buoyant particies or hydrogen bubbles.
The particle velocltles In the wave can be measured with the ald of
a high speed movie camera. Grass (1970) reported that he obtalned
accurate results using hydrogen bubbles. However, Rledel (1972)
exper Imented with and rejected the use of the hydrogen bubble flow
visual Ization technique. He used electrolysls to generate a sheet
of hydrogen bubbles at a platinum wire suspended in the flow; from
anaiysls of the motion of bubbie sheets he mentloned i+ was possible
to obtaln a time history of veloclty profiles within the boundary
layer. However, Riedel discussed three main drawbacks for his
rejection of this method: (1) water Impurlty resulting from forelgn
organic material; (2) bubble rise velocitlies; and (3) practical

maximum measureable velocity of about one ft/sec.
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Hot-Flim and Hot-Wire Anemometers

Hot=flIm and hot-wire anemometry s based on the cooling of the
sensor by the moving fluld. The total amount of heat transferred
depends on the flow velocity, the difference In temperature between
the wire and the fiuld, the physical properties of the fluld, and
the dimensions and physical propertles of the wire. The wire Is
cocled by heat conduction, free and forced convection, and heat
radiation. in general, the effects of radlation and free convection
are neglected. The conversion of the anemometer output into
velocities requlres an equation relating fluid velocities to
electric current or potential and to the resistance characteristics
of the sensor. Such relationships have been derived on the basis of
theoretical and experimental studies of the convective heat transfer
from a heated cylinder In a moving fluid. The values of some
parameters In equations can be determined by callbrating the
hot=flIm anemometer against some known velocity. Accurate results
could be obtained [f the tedlous cailbration procedures are followed
successfully.

Hot=flIm and hot~-wire anemometers are common Instruments for the
measurement of turbulence In alr and water flows. Many
Investigators used thls technique to measure the velocities. Blinco
and Parthenaides (1970) descrlbed the hot=flIm and hot=wlire
veleoclty measurement and calibration procedures. Ralichlen (1967},
Yucel and Graf (1973), and Blinco and Simons (1973) measred
turbulence with hot=film anemometers !n an open fiume to obtaln the -

wal | shear stress.
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When using hot fiIm probes, It !s essential that the water be
kept deaerated and perfectly clear. Another problem with the
instrumentation Is cost. Kobune (1978) mentioned several other
problems with using these probes for velocity measurement In
osclllatory flow. They are the Inability of the flIm sensor to
detect the flow direction when the velocity vector Is In the plane
perpendicular to the hot film axis, the strong non=linearity In the
correlation between the flow speed and the output voltage when the
flow speed varles over a wide range, and film sensitivity to fiows

that are parallel fo the film axls.

Ul'trasonic Doppler current meters have been used to measure the
velocities In random waves. They can be operated in laboratory wave
tanks and In the ocean. The |aser Doppler anemometer [s the only
sultable veloclity measuring device that éan be used without belng
Immersed In the flows. Rledel (1972) described the Greated's |aser
velocimeter and reported that I+ was a highly sultable Instrument
for |laboratory study of waves.

Float Techniques

The float technique provides easy measurement of the surface
veloclity, but [s unsultable for mesurements near the bed or of the
turbuiance structure.

Brandti Tube

The Prandt| tube 1s a modiflcation of the pitot-static tube for
velocity measurement. Some Investigators such as Blinco and

Parthenlades (1971) have used the Prandt! tube to measure the local
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time averagé flow velocity and have reported quite good resuits.

Heated Thermister

The heated thermister operates on the basis of supplyling
sufficlent current to heat the probe tip to approximately 20%¢ above
ambient temperature In typical flows.

Heated thermisters have used by Caldwell and Chriss (1979) at
the ocean fioor to obtaln the thickness of the vlscous sublayer by
measuring the veioclity. They reported successful results from using
this equipment. The sensory area of the themlster used was about
0.02 centlimeter, which did not disturb the flow pattern. The power
dissipated In the thermister per unit change in temperature Is
retated to the flow velocity. Current speed can be determined to

within 0.1 cm/sec.

Shear Stress Measuring Techngiques

Brown and Joubert {1969) outlined all the exlsting methods of
wal | shear stress measurement for unidirectional flow. Thelr
outline is still valid today. Fligure 26, shows a schematic diagram
of the wall shear stress measurements taken from thelr publication.

Riedel (1972) stated that only direct shear stress measurements
and wall simlilarity technliques, In particular the "veioclty proflie"
and "Preston tube" methods have been used for boundary layers wlth
oscillatory flows. However, Inman and Bowen (1962) and Trelear
(Riedel, 1972) measured bed shear stress under waves by measurement
of wave attenuation. Ellasson et al. (1964) determined bed shear
stress by measurement of wave thrust, with results restricted to

smal l-ampl [ tude waves produced in a wave flume.
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Riedel (1972) reviewed the methods of direct measurement of
shear stress In detal!l and stated that these methods are Independent
of the flow phenomenon and, therefore, well sulted to the study of
wave boundary layers for which the turbulence structure Is not yet
understood.

Bagnold (1946) used an artificlally rippled pliate to obtaln mean
drag. Jonsson (1966) reanalyzed Bagnold's data In terms of maximum
shear and equivalent sand roughness and found falr agreement.

Other Investigators have used flat shear plates. Two types of
such shear meters have bed used: +he moment type and floating
element device.

Eagleson (1962) and Iwagaki et al. (1965) used moment type shear
meters. Thelr shear plates were suspended from above |lke a
pendulum and the surfaces of the plates were flush with the bed of
the wave flume. Forces on the plates caused them to deflect; the
resulting movement were sensed at the upper ends of the support rods
by shear-sensitive force balances or moment meters. Clyde and Chang
{1969) used a dynomometer with strain gauges to measure the forces
in the three coordinate directions to find the shear stress.
Problems assoclated with these devices Include secondary forces
resulting from pressure gradients, possible flow under the plate,
and Tnertial effects.

Floating-element shear meter devices have been used more
commonly In unidirectional flow. Instruments of this type are

supported from below by a leaf spring or simllar system and thelr
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movement under applled shear !s recorded by a displacement
transducer. Yallin and Russell (1966) used a plate with three thin
legs to study long-period waves (2-20 minutes). The deflection of
the plate under load was monitored by a displacement transducer.
Bursall (1967) employed a four-legged plate, !ts deflection was
measured by a full straln gauge bridge. Some of the problems
encountered Include secondary forces and vertical loading.

Mail Similarity Fechnigues

It Is possible to calculate shear stress from the boundary layer
velocity proflles if It can be shown that a "law of the wall"
concept exists similar to that for unidirectional flow. The methods
used can be categorized as velocity profile and Preston tube
methods.

Jonsson (1963}, Kajlura (1968) and others used the velocity
profile method to measure the bed shear stress. Blinco and Simons
(1973) and Yucel and Graf (1973) used hot-fl|m anemometers to get
veloclty profiles and calculate the Instantaneous bed shear stress.
The typlcal calculation method, following the example of Bagnold
(1963), Is to use data from two polnts of the vertical profile with
the logarithmic velocity profile equation to solve for the shear
veloclty, from which the shear stress can be obtalned using the
definitlon equation for shear velocity.

A more dlirect measure of boundary shear stress can be made wlth
a Preston tube. Thls device measures the pressure d!fference In the
flow fleld adjacent to the boundary. Thls pressure difference gives

a means of estimating local boundary shear stress. The technigue !s
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based on the |aw-of-wall velocity for a turbulent boundary |layer and
has recelved extensive use In hydraullc laboratory studies as a
means of measuring local boundary shear stress. Nece and Smith
(1970) presented a detalled description of the use of a Preston tube
In measuring boundary shear stress. They measured shear stress In
conjunction with use of & minfature current meter to provide

compar {son between two technlques as {ndependent indlirect
measurements.

Telek! and Anderson (1970) also used a Preston tube to measure
the shear stress at the bed. They found that the use of a Presfon
tube !s |imited under oscillatory flow conditions although 1ts
simpliclty of construction and applicabliity to both lamlnar and
turbulent flows {s appealing. Riedel {1972) mentlioned that strong
pressure gradients and rough boundarlies under osclllatory flow

restrict the use of the Preston tube.

Concentration tinder Waves

A varlety of equipment has been used In measuring the suspended
sedIment concentration under wave flow In laboratory experiments.
Scme of the earller Investigators used a siphon or plston=type
suspended sediment sampler. Over time, Improvements In samplling
techniques and procedures have been made and more-sophisticated
equlpment has been developed. Included are an optical meter
electrical reslstor Instrument, an electro-optical instrument, and

use of the computer for data acquislition.
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Parthentades (1962) obtained suspended sediment samples using a
50 cc plpette with a broken tip to allow the entrance of coarse
sediments. The reported sampling time was 40 seconds. The sample
was transferred to an Immersed 100 cc bottle. Then 10 to 50 cc of
water filtered through an HA (0.45 micron) millipore membrane under
vaccum, the residue was washed with 30 cc of distilled water and
lef+ overnight to dry !n room temprature In dessicator containing
siilca gel. This was following by weighing of the sample.

Hom-ma and HorlKawa (1962) and Hom-ma et al. (1963) used the
photc—analyzer to measure the time variation of concentration and
the mean concentration of suspended sediment over a wave per!od.
Hattor! (1969) used an electrical reslistance Instrument fo count the
number of sediment particles passing through a glven cross section
and from this calculated the suspended sediment concentration under
a standing wave. Bhaffacharya (1971) used an electro-optical
Instrument for In-situ measurement of sediment In suspension. Das
(1971) developed an electro-optical meter for the In-s!tu
measurement of the suspended particle concentration. Mehta and
Parthenlades (1975) used a vacuum-filiration technique to determine
the concentration. Instrumentation used by Nakato et al. (1977)
included an optical type sediment concentration analyzer, a hot-wire
anemometer, and {MB data acquisition and control system. Nleisen
(1979) used a siphon type sediment sampler to measure the
concentration. A bamboo sampler has been used In the open sea for

measuring suspended sediment.
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[vpes of Experimental Apparatus for Unidirectional Fiow

A varlety of experimental apparatus and techniques has been used
to study sed!ment transport under unidirectional flow. Extensive
reviews of the apparatus and techniques are reported elsewhere.
Here, only an extremely brlef summary Is given.

Many different types of experimental apparatus have been used In
the study of sediment suspension under unidlirectional flow. These
Include:

Flumes
Straight, Clrcular
Model s
Pipes
Pinhole erosion devices
Submerged et apparatus
Water tunnels
Rotating cyl!inders, disks, an impellers.

For fine-=gralined sediments, the test material Is usually placed
In the test sect!on In one of three ways. These are: (1) placed
undisturbed sediment; (2) sediment deposited onto the test surface
from suspenslion; and (3) remolded sediment.

Beyond the velocity measurement techniques already described
under oscillatory flow, water velocity by ultrasonic flow meter was
measured by Schuster (1975), This meter uses two ultfrasonic
transceivers strapped to the outside of a pipe wall or submerged In
an open channel. He described thls technique and how to measure the

veloclty and discharge. He found the principlie of ultfrasonic
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velocity measurement and equipment to be generally satisfactory.
Dracos (198C) made Instantaneous veloclty measurements by means of a
probe based on the principle of the Prandit tube. Griffith and
Grimwood (1981) used an electomagnetic flow meter as a basic sensing
Instrument to measure the turbul ence.

Beyond the techniques mentioned for sampling suspended
concentration under waves, for unidirectional flows pump systems
have been used to obtain time-Integrated samples and In-situ
collecting ftraps have been used to obtaln Instantaneous bulk water
samples. |Indirect measurements have also been made that relate
turbidity to |ight attenuation. Ward and Chikwanha (1980) dlscussed
these fechnlqugs and mentioned that reduction In the Intensity of a
| ight beam has the advantage of working satisfactorily over the
range of sllt and coarse clay sizes, glving reasonable accuracy for
large and small concentrations. Convenffonally, suspended sediment
sampl Ing has required laboratory analysis Involving evaporation and
welghing or fiitration and weighing. These methods are
time-consuming and subject to errors. All methods must be

Indiviually callbrated.
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{11, FIELD STUDY OF TRANSPORT-SEDIMENTATION-RESUSPENSION CYCLE

FOR FINE-GRAINED SEDIMENT
Selection of Field Site and Study Approach

The first experimental phase of this dissertation research,
after |Iterature review, Involved gaining Insights to suspension and
transport processes under natural clrcumstances. A complex natural
hydraul [c environment was studied: a tidally influenced |ake fed by
and draining into two large rivers and subject to wind=-generated
waves. The fleld study site selected was Sturgeon Lake, Oregon.
This setting provided opportunity to observe sediment deposition and
resuspension due to both unidirecfi;hal and osclillatory flow. The
sediment Involved was predominately silt-size material wlth some
clay and a small amount of sand and organic matter.

A program to Investigate sediment transport processes was
developed for this dissertation concurrently with a broader shoalling
Investigation of Sturgeon Lake. For purposes of the dissertation,
the deposition, resuspension and transportation of flne-size
sediment was analyzed using a variety of computational and sampling
techniques. Extensive work was conducted at the lake and in the
surrounding rivers over an efght-month period.

This chapter summarizes those aspects of the fleld study
relevant to sediment resuspension. The experimental techniques were
generally of a conventlonal nature and thus are described only
rather brilefly. For full detalls of the study, the reader is

referred to two co-authored technical reports that resulted from the

shoal ing study and that contain extensive Information of Interest
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but not essential to the further development of this dissertation,
These reports are (1) Physical, Chemical and Blological Description
of Sturgeon Lake (Kl|Ingeman et al., 1982a) and (2) Sturgeon Lake
Problem Diagnosis, Options for Restoration, and Recommendations

(Kl ingeman et al., 1982b).

The Shoaling Problem at Sturgeon take

The Sturgeon Lake study was Inltiated to Investigate the
probable cause of shoaling and massive siltation In the |ake and to
determine how to solve the sil+ation problem. During the past four
decades, Sturgeon Lake has become an off-channe| sedimentation basin
for the Willamette and Columbia Rivers. Diking, dredge spoli
disposal, blocking of creeks, and upriver reservolr flood contro|
operations have contributed to this change. Sediment-|aden river
water fills the |ake due to each big storm or snowmelt runoff.
Water depths In the lake |ncrease by more than 3 meters (10 feet)
feet at such times. SIl|+ation and shoaling results. As river and
lake levels drop, wind-waves keep the system stirred up and cause
currents that, together with tidal action, distribute sediment and
organic matter throughout the lake. When the |ake becomes quite
shallow In |ate summer, with an average depth of 0.5 m (1.5 f+),
wind-generated waves are the maln cause of sediment resuspension.
Tidal currents permit sediment redistribution in the lake at such

times.
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Characteristics of Sturgeon Lake
Bhysical and Hydrological Setting

Sturgeon Lake !s a large, shallow, mud=-bottomed |ake within
Sauvie Island. The Island Is located at the confluence of the
Willamette and Columbia Rivers. The mouth of the Willamette River
divides Into two channels around the Istand, with the |longer one
known as Multnomah Channel.

Over the years, dlking projects on Sauvie Island and dredging
along the Columbla River have almost completely enclosed and
Isolated Sturgeon Lake from the surrounding rivers. Today, the only
significant water entry to and discharge from the take Is through
the Gilbert River, which connects the lake with Muitnomah Channel.

There are two seasons for major streamflow: winter and |ate
spring. These result from winter ralins and spring snowmelt.
Reservoir flood control modifles the natural pattern. Lowest
discharges in the Columbia Rlver near Sturgeon Lake under natural
conditions occur In late autumn. Reservolr flow augmentation
releases have altered thls pattern somewhat.

Sturgeon Lake and the adjacent Columbla and Wil lamette Rivers
are tidally Influenced by the Paclfic Ocean at most times of the
year. The tidal range in the rivers near Sturgeon Lake Is typlically
on the order of 0.6~1.0 m (2-3 ft.) when river dlscharges are low or

moderate. |t becomes Imperceptible when river dlscharges are large.
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Hydrodvnamics of Sturgeon |ake

Water motion in Sturgeon Lake Is of great importance to describe
the sediment processes In the lake. Three baslc phenomena
affect the water motion: 1) runoff Inflow, 2) tides, and 3)
wind-waves. The effects on water motion differ, as noted in the
fol lowing paragraphs. Two other potential phenomena, Coriolls
accelerations and water stratification, were determined to be

Insignlificant.
Runoff |nf|ow

The only significant water eﬁfry to and discharge from the |ake
Is through the Gllbert River. Because the Gllbert River connects
the lake to Multnomah channel and thus to the Willamette and
Columbla Rivers, the flow varlatlon In the Gilbert River Is governed
by the seasonal flow patterns In the Willamette and Columbia Rivers.
Therefore, Sturgeon Lake Is strongly influenced by runoff Inflow
through the Glibert River durlng two seasons: winter and |ate
spring. The winter peak discharges are usual ly less severe than
those in late spring.

The flow Into and out of Sturgeon Lake through G!lbert River
occurs at two locations, due to a breach of the river bank. Figure
27 shows the general nature of thls flow durfng ebb and flood tides.
The same pattern applles for the rising and falling stages of the
Willamette and Columbia Rivers, except that considerable overtopping
also occurs at low banks of the Gilbert River and facllitates the

fti1ing and draining of the lake at hlighest stages.
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Iides

Sturgeon Lake ls subject to twice~dally high and |ow tides that
vary In vertical range. This tidal action diminishes as 1+ moves
through the Gilbert River after passing through the Mul+tnomah
Channel, Willamette and Columbla Rivers from the Pacliflc Ocean. The
tidal range of the lake Is typlcally on the order of 0.1 = 0.2 m
(0.3 = 0.6 ft) when river discharges are low or moderate and the
corresponding mean lake level is on the order of 5 feet, msl. For
brief perlods of the year when river discharges are large, the tidal
Influences are markedly diminished and may become !mperceptible at

stages above 15 feet, msl.

Wind-Waves

Two dominant patterns were observed for wind direction at
Sturgeon Lake. Strong winds blew from the south to the north in
winter and from the north to the south In the summer. These wlnds
readtly generated waves In the |lake because of the appreciable |ake
length (fetch) In the directlion of the prevalling wind. The waves
were frequently 0.5 feet In height and occasionally were almost
one-foot high with some partial breaking of crests.

Wind on a shallow body of water not only produces waves, but
also Induces a drag which moves the surface water in the direction
of the wind. The effects of such motlon are transmitted downward
through the water column to the |ake bed.

Durtng summer months, when Sturgeon Lake s very shallow,

wind-waves have the greatest effect on mixing the water. Wave
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action in shallow areas of the lake was found to be an Tmportant
agent In the resuspension of bottom sediments. Tldal currents,
which by themselves may not have the strength to suspend the
sediments, are then able to transport the wave-suspended sediment to
deeper parts of *he | ake.

Winds are also capable of producing a superelevatlon of water
level In the downwind end of a fetch, which in turn produces a
counter circulation of water. Such circulation and the waves
Induced by the wind Increase the Intensity of the mixing. These
events may have cccurred in Sturgeon Lake, although ver!fylng data

are lacking.

Lake Water Residence Time

A "resjdence" or "turnover" time for water In Sturgeon Lake can
be estlimated. One method for defining and estimating this term is
to compare the volume of water contalined In a lake with the volume
of Inflow or outflow over socme time period. For Sturgeon Lake, the
time of year selected has an extreme effect on water volume of the
|ake. Hence, residence time Is a highly variable quantity In the
|l ake.

The calculated [ate-summer res!dence time for water in Sturgeon
Lake s about two days. Thls !s based on typical conditions: a |ake
level of 5 feet, msl, a corresponding water volume of about 2,900
acre/feet and average tidal fluctuat!ons of about 0.4 feet iIn the
|ake. Such conditions cause a twice-dally exchange of 760 acre-feet
of water through the Gilbert River,

A typical winter between-storm residence time for water In
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Sturgeon Lake is about four days. This {s based on a lake level of
10 feet, msl, a corresponding volume of about 19,000 acre-feet, and
a tidal fluctuation of about 0.5 feet in the |lake which fTwice-daily
exchanges about 2,400 acre-feet of water through the Gilbert River.

If the lake level rises to 14 feet, msl, due to winter storm
runoff, the lake voiume will be doubled (l.e., the Inflow will match
the Inltlal contents). Since tidal effects are minimal at such
times, |ake resldence time depends on duration of storm runoff and
typfcally ts about one week. Larger storm runcff or snowmelt runoff
will lead to longer residence times for water in Sturgeon Lake.

The calculated restdence times——two to four days for |ake water
at most times of year--are qulte short. But i{n splite of this, [t Is
doubtful If all of the water In the |ake actually exchanges within-
this Interval. More |ikeiy, the tides have a plunger=-|ike effécf on
the water on Sturgeon Lake, rather than causing compiete mixIng (see
Figure 27). Rising tides probably push the existing |ake water away
.from Gllbert River. The added water results In a rise of |ake
level . Falling tides cause the lake level to drop and allow similar
voiumes of water to drain back out through G!lbert River. The
outgoling water probably Is a !limited mixture of the recently added
river water with lake water from North Sturgeon Lake. The mixing is
uni Tkely to be very complete. Subsequent tides wili bring back Into
the lake some of the same water that just left the lake but did not
get beyond the Gllbert River mouth before the tidal reversal
occurred. Meanwhlle, mix!ng of North Sturgecn Lake and Scuth

Surgeon Lake water occurs due to flows through the |ake neck. The
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combined result Is that water In North Sturgeon Lake probably does
have a short residence time of a few tidal cycles but water In South
Sturgeon Lake probably Includes particles that remaln In the |ake
for several weeks or even for a full season.

This varlable residence time for water In dlfferent parts of the
lake ts quite signlflcant to suspended sediment transport. Some
suspended sollds are |lkely to have long actual residence +imes.
This Is largely due to the single fnput=output polnt for |ake water
exchange. In a through-flow system, water exchange would be more

effective.

Yater Circulation

Water clrculation In Sturgeon Lake Is due to several factors:
tidal currents, fillIng and draining of storm runoff and snowmelt
runocff, and wind=-stress currents. The points of river Inflow and
outflow to the lake also affect water clrculation.

The clrculation patterns in Sturgeon Lake were observed by
releasing floats at many locations and mapping thelr movement. This
was done at varlous phases of tldal cycles. The floats were
welghted at the bottom of vertical submerged dowels, so that water
current rather than wind would determine the direction of float
movement,

At The Wash (see Flgure 27) during flood tide, river Inflow to
the lake tends to move south, due to Its momentum upon |eaving the
river channel. On ebb, water moves to The Wash from all directions

but a stronger current frequentiy moves counterclockwise along the

north edge of North Sturgeon Lake (evident on aer!al photographs
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when wind stirs up sediment). At the |ake neck, flood tide from the
Gilbert River often turns Into North Sturgeon Lake rather than South
Sturgeon Lake. Water often seems to move through the neck between

the north and south parts of the |ake without regard to the presence

of the river there.

Sources of Sediment |ppyt

The major external sources of sediment Input to Sturgeon Lake
under present conditions of river regulation are identifled as:
1. Columbia and Willamette Rivers during high runoff and
storms;
2. Bank and bed erosion of the Gllbert River;
3. Local soll erosion from land areas surrounding
Sturgeon Lake;
In addition, there are sources within the |ake boundaries. These
Include:
1. Shoreline eroslon of Sturgeon Lake;
2. Sediment Input to the main compartments of Sturgeon Lake
from small Isolated and semi-isolated |ake areas; and

3. Redistribution of sediment within Sturgeon Lake.
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Lake Water Quallty

The water quallty of Sturgeon Lake general ly reflects cond{tlons
tn the Columbia and Wil|amette Rivers. MNumerical values for
conserved properties (such as total dissolved sollids) vary according
to the mixing of these river flows tn Multnomah Channel and Glibert
River. Numerlical values for other parameters, especlally
non—conservaflverparamefers such as dlssolved oxygen, water
temperature, and pH, may be greatly affected by the Internal
"sources" and "sinks" withln the lake, and thus may differ from
basel Ine values observed In the adjacent rivers.

Sturgeon Lake turbidity and suspended sollds concentrat!ions are
general ly high, due to resuspenslion of bottom sediment (an Internal
sourcel. Secchi depths (depths of vIsibff!fy In water) are
generaliy less than 0.5 m (1.5 feet), agaln indicative of high
turbldlty from resuspended sediment. A[fﬁough about 20-25 percent
of fotal suspended solids are volatlle, Indlcating suspended organic
matter from internal sources, most of the suspended sollds are
Inorganic sol ids (e.g., small silt+ and clay) that originate from
riverine sources, prior to |ake depos!tion and resuspension.

During most of the year, the levels of |ake organic matter are
more than twice the levels In the nearby rivers. Probable Internal
sources of organic matter fnclude algal growth and die-out,
shorel fne vegetative matter, and wastes from water birds, fish and
cattle,

Dissolved oxygen levels remain near saturation throughout the

water column. The pH of the water isg generally in the near-normal
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range of 7-8. The observed conductivity and dissolved=-ion values
are low and are typical of dllute fresh waters. Alkal infty and
hardness are also in the range typical of relatively soft,
low-alkal inity waters of the region.

The observed blological oxygen demand of |ake water is low but
Indicative of some Input of organic matter. The observed chemical
oxygen demand of |ake water Is sufficient to suggest that much of
the organic matter in the water column is a refractory form (e.g.,
humic substances}.

Concentrations of total phosphorus and orthophosphorus are
Indicative of a moderate level of enrichment of |lake water. Total
phosphorus concentrations are generally below the |imit indicative
of highly eutrophic conditions. Observed nitrogen levels also

appear fo Indicate a moderate enrlchment of | ake water.

Sediment Charactertstics

dsland Morphoiogy and Soil Characteristics

Sauvie Island originated from alluvial deposits from the
Coiumbia and Willamette Rivers. Natura| ground elevations
(excluding dikes) near Sturgeon Lake generally vary between 5 and 15
feet, msl. Solls in the Sauvie Island area are similar to those in
the Willamette vai|ey floodplain. They are predominantiy deep,
sflty, moderately dark, somewhat acld solls, commoniy found in

poorly dralned areas. The solls are typically several feet deep.
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Physical Characteristics of Suspended Sediment

Suspended sediment In river and |ake water was routinely
monftored on the basls of Secch! disk reading, turbidity meter
reading, and (occasionally) photometer reading. Water sampies of
1-liter size were also routinely collected and analyzed to determine
the concentration of suspended sediment, as given by the
non-volatile part of total suspended solids present. Larger
suspended sediment samples were perlodically collected in 20~|{ter
contalners to provide enough material for determining the particle
sIzeé present and thelr relative proportions.

The principal results of fhese analyses are presented fn Table 7
and complete results are given In Appendix N, Part 1 In Kl Tngeman et
al. (1982a). It can be seen that the suspended sediment carried In
Multnomah Channel during winter runoff Includes a |ittle fine sand
and about 25 percent clay, in addition to the predominating sii+
fraction. (Mosf of the silt Is fine-slzed. Sturgeon Lake suspended
sediment, In contrast, Is about 50 percent clay, with fine sil+
comprising most of the remalnder. Gllbert River suspended sediment
has varying combinations of the |ake and channel suspension

characteristics.

Physica| Characterfstics of |ake Bed Sediment

Lake bed sediment samples were collected throughout the north
and south portions of Sturgeon Lake for the analysls of particle

slze distributions. Bed material samples were also collected from
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Table 7. Particle Size Distributions for Suspended Sediment
in Sturgeon Lake and Nearby Rivers

Particle size Distribution, Percent]

Ssamp1ing Location and Date Concentration silt
ma/ 1 Sand Clay
Coarse Medium Fine

South Sturgeon Lake @ Staff Gage
# water surface 8/19/81 -- 0 1 0 33 16
" " " 10/16/81 - 0 1 2 37 60
" " " 12/8/81 21.0 3 2 8 17 70
" " . 1/19/52 -- 2 3 1 4] 53
@ 2 m depth 2/23/82 18.8 1 0 3 36 50
@ 1 ft. above bed " -20.6 2 0 3 32 63
@ water surface 3/1/82 28.6 hh} 0 3 81 16
North Sturgeon Lake @ Staff Gage ]
2 water surface 1/21/81 - ] 1 12 43 43
"oon " 12/4/81 - ) 4 3 44 47
" " " 12/8/81 56.4 1 0 2 36 61
@ 2 m depth 2/23/81 62.8 0 1 1 37 61
@1 ft. above bed " ) 65.1 0 1 2 39 38
o " . 3/2/81 65.1 1 2 1 an L}:]
? water surface 3/ns/ge 18.6 0 1 5 66 28
Gilbert Aiver
Amouth @ 1 m above bed 2/19/81 46.0 9 3 16 63 9
@ Wash """ ooIns - 10 4 n 69 6
@ h‘ash @ wal:er surface 12/4/81 - 2 1 7 43 47
" 12/8/81 73.2 0 3 10 7 50
" " @ water Surface 2/23/82 55.6 1 1 2 64 33
" " @ mid-depth " 61.4 1] 2 Q 47 51
"o" @1 ft. above bed " 654.0 0 1 1] u 65
"o @#0.5ft. " " 69.1 1 3 1 43 42
" * @ water surface - 12.2 0 1 3 59 37
Multnomah Channel Upstream of Gilbert River
2 water surface 12/8/81 93.6 2 3 17 38 40
@ 2 m above bed 2/19/81 43.6 7 4 12 61 16
@ water surface 2/15/82 .- 2 11 13 50 24
o " 3/1/82 13.6 2 1 18 60 18

! Sand: larger than 0.062 rm
Silt: coarse (0.062-0.031 mm), medium (0.031-0.016 mm), fine {0.016-0.002 mm)
Clay: smaller than 0,002 mm
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the Gllbert River, Multnomah Channel, WI|lamette River, and Columbia
River for comparatlve Information on particle size dlstributions.

Table 8 summarizes the partlcle size distribution data for
sediment found In the bed of Sturgeon Lake and nearby river beds.
Figure 28 shows the particle slze distributions for the bed sediment
of Sturgeon Lake. Detafled results are presented In Appendix N,
part 2 tn Kl Ingeman, et al. (1982a). Additlonal data on volatlie
sol ids and moisture content are fncluded in Appendix O In Kl Ingeman
et al. (1982a) for a few lake bed samples.

The data show that the bed ls predomlantiy sil+. In some areas,
the clay content may each 25 to 35 percent. Where the currents are
strong, the sand content may reach 25 to 30 percent. The bed of
Gllbert River cons!sts aimost excluslvely of fine sand, except near
the mouth where some medium and coarse sand also occur. The
Muitnomah Channel bed consists of medlum and fine sand. The
W!liamette River bed upstream of Multnomah Channel consists of fine
sand and s!l|t In roughly equal proportions. This dlfference from
Multnomah Channel may be due to greater water depths where tldal
currents may inhibft the net downstream transport of bed material.
The bed of the Columbla River upstream of the Willamette Is variable
due to the flow vartablllty caused by two channels and an fsl|and.
Fine sand and s!l+ predominate, based on local sampling. The bed of
the Columbl!a River opposite Sturgeon Lake near Diary Creek and
Reeder Beach !s much coarser, conslsting of gravel and ail sizes of
sand.

Sturgeon Lake bed sed!ment samples have molsture contents
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Table 8. Particle Size Distributions for Lake and
River Bed Sediments

S Particle Size Distribution, Pgrcentl Yolatile Solids
Sampling Locatian Present,
Sand Sitt Clay %
Sturgeon Lake
South, @ staff gage 0 75 25 .7
", between floats 3 and 5 26 52 22 3.3
", @ float 11 0 66 34 5.5/4.8
“ ., @ float 3 3 61 36 5.0
At lake neck (Float 18) kli} 47 21 3.5
North, @ staff gage 10 60 30 4.0/3.4
", B northeast corner 1 68 n 3.3
Gllbert River
? lake neck staff gage (mid channel) 55 27 18 4.2/6.1
0.5 mi. vpstream of The Wash (mid channel) 95 * -
Downstream of The Wash (near right bank) 64 * .
" .o " (mid channel) 96 * *
0.7 mi, upstream of mouth (mid channel) 92 * *
@ mouth (near left bank) 92/66 . *
"o mid channel) 52/18 . ’
"o near right bank) 53 b *
Multnomah Channel
Upstream of Gilbert River (mid channel) 100 0 0
@ Bybee House (mid channel ) 29 * +
Willamette River
Upstream of Multnomah Channel (mid channel) 51 47 2
Columbia River
Upstream of Willamette R{ver !nid channel 99 1 0
" " “ . near Hayden [sland) 39 60 1
- “ " " (edge of main channel) 36 4 0
9 Dairy Creek zon beach) 99 - +
. " 150 ft. from beach) 93 * *
" " . 400 ft, * " 94 . -
" " b 600 ft. ™ ") 100 0 D
.o b 900 ft. * ") 100 0 0
# Reeder Beach (ofF navigation ptle 28) 100 0 0

! S5and: Larger than 0.062 mm
S{l1t: between 0.062 and 0.002 mm
Clay: smaller than 0.002 mm

' Insufficient fines for hydrometer test
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ranging from 35 to 59 percent by weight. These large values are
Indicatlive of poor consolldation. This observation is consistent
with the premise that wave action In the lake greatly disturbs the
bottom sed!iment.

Sturgeon Lake bed sediment samples contaln 3 to 6 percent
volatile sollds. These moderate values are indicative of
accumulative debris from algae and other organtsms that grow In and
settle out from the enriched |ake water. No pleces of roots,
plants, other macro-scale organic matter were noted in these

samples.

Observed Winter Sedimentation Rates

Experiments were conducted In Sturgeon Lake to determine the
upper |!miting rate of sed!mentation during winter storm runoff and
the size characteristics of depositing material. Buckets were
placed In different parts of the lake for vartous periods of +ime.
Sediment could readily settle into the buckets. However, the bucket
walls protected the settled materlal so that It was not likely to be
scoured and resuspended by the lake currents or by fish.

Table 9 summarizes the data on particle size distrlibutions and
volatile sollds. The complete data are given in Appendix N, Part 3
In Klingeman et al. (1982a). [t can be seen from Table 9 that fine
and medium s{It predominated in the fresh deposits, Some sand and
clay was also present.

Of particular interest Is the compar{son of these results with

the composition of suspended sediment (see Table 7) and of the |ake

bed sediment (see Table 8), The overlying water may contaln about
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Table 9. Particle Size Distributions for Freshly Deposited
Suspended Sediment in Sturgeon Lake

Particle Size Distribution, Percent

Bucket Residence Vo ]Part;:ein tsoi]ni ds
Location Period Sand Silt Clay Silt and Clay
Coarse  Medium Fine %
Horth Sturgeon Lake
@ staff gage 12/4/81-1719/82 15 19 K} 20 15 4.3
@ staff gage 1/19/82-3/24/82 3 4 47 35 10 4.8
@ staff gage 2/13/82-3/24/82 5 4 21 57 13 7.3
Setween floats 12 & 13 2/9/82-3/24/82 1 6 k| 53 9 7.7
south Sturgeon Lake
@ watar level recorder 12/4/81-2/9/82 1 1 20 61 17 6.2
? float 4 2/9/82-3/24/82 5 0 33 23 9 7.0
@ float 11 2/9/82-3/24/82 1 1 17 71 10 7.8
@ water level recorder 2/13/82-3/24/82
high-well bucket 2 2 32 58 6 8.8
Tow-wall bucket 4 1 is 53 7 3.4

! Sand: larger than Q.062 mm

Silt: coarse (0.062-0.031 mm), medium (0.031-0.016 mm}, fine (0.016-0.002 mm )
Clay: smaller than 0.002 mm



180

50 percent clay and the lake bed may contain 25 percent clay, but
the fresh winter deposits at these same locations only contaln about
10 percent clay. The Implication Is that the clay carried in
suspenslion with winter runoff tends to remain In suspension (rather
than settle out) because of turbulence causgd by the high velocities
and large volumes of water exchanged into and out of the |ake. Yet,
clay must settle out In some parts of the |ake at some seasons,
followed by [ts redistribution and mixing with other bed sediment

due to wind-wave agitation and tidal currents.

Chemical Characteristics of Lake Bed Sediment

Chemical analyses were made of |ake bed sediment from several
sampl ing locations In North and South Sturgeon Lake and from the
|ake end of Gilbert Rlver. These analyses [ncluded sulfide and
seven metal lons: fron (Fe), manganese (Mn), |ead {(Pb), zlnc (Zm),
copper (Cul), cadmlum (Cd), and mercury (Hg). These can be toxic to
aquatic organisms or have other adverse effects tf present In high
concentrations. The data obtalned are summarized in Appendix O in
Kilngeman, et al. (1982a).

Measurable levels of sulflides averaged 60 micrograms per gram
(Hg/g) of sediment, dry welght. This Is a clear indlcatlion of
angerobic conditfons In the bottom sediment and of subsequent
sul fate reduction. (The measured concentrations may be typlical! of
anaerobic lake sediments but are much |ower than for estuar|ne
sediments where sulfate s much more avaliable.)

The average numerical values obtalned for the seven metal lons,

expressed as concentrations in ug/g, were: Fe, 20,000; Mn, 370; Pb,
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263 Zn, 130; Cu, 30; Cd, 1; and Hg, 170 ng/g. None of these
concentrations ls large enough to cause concern regarding toxiclity
to aquatic organisms. The concentratlons of heavy metals {(cadmium,
copper, lead, zinc, mercury) are higher than would be expected for
clean sediment but are much below those |evels to be expected for

highly contamlnated sediment.

Bottom Sediment Turnover and Consciidation

The relatively flat iake bottom and the falrly un!form
slze=distribution of |ake sediment are indicative of a wel |-mixed
sedimentation environment. Bottom sediment is consistent|y
dominated by the silt size range throughout the |ake, except for
locally coarser sediment near the Gilbert Rlver. There are no lake
zones dominated by clay~sl;e bottom sediment. Hence, no "guletn
zones of the lake are Indicated where enhanced sedimentation occurs.

Wind-wave agltation of bottom sediment, coupled wlth
wind~generated and tide~-generated currents, fs a major process in
keeping the |ake bed unconsoljdated. Fish, benthic (bottom)
organisms, and boat traffic also contribute to the turnover of
bottom sediment and inhibit Its consolidation. The flne particle
size of this sediment Is another factor contributing to siow
consol {dation.

The tnput of a retatively large amount of organfc matter to the
lake from aquatic and terrestrial plants and animals results in a
high percentage of organic matter accumulating fn bottom sediment.

This organic matter inhiblts consolidation of bottom sediment.

The consol tdation and denstty of lake bed sediment are not
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unfform through the lake. Sediment which !s seasonally exposed to
alr along the lake margin tends to be denser than sediment in
continual ly=submerged portions of the lake. {Gravitatlional drainage
of water from the exposed sediment and subsequent shrinkage of the
sedIment upon drying lead to i{ts consol Idation). Exceptlons occur
In deeper dralnage features of the |ake near present or histor!cal
rivers and creeks, where bed sediment may be coarser (e.g., off Coon
Point, a long finger of land !n the southeast part of South Sturgeon
Lake, where there once was a creek channel before diking occurred).
As sedIment accumulates on the |ake bed over the years, the
added welight of new mater!al should help consol date the under!lyling
materlal. However, for the continually submerged finer-s!zed
sediment contalning organtc matter that s found In Sturgeon ake,
consol Idation occurs very slowly over many years. Only limi+ted
vertical consolidation was evidenced in the top four feet of the

lake bed sediment, which was sampied at several l|ocat!lons.

Insights Galned From Sturgeon Lake Study

The Sturgeon Lake fleld study Involved a setting with a varfety
of flow conditions that influenced the transport of f Ine~-grained
sediment. The general features of pertinent natural sediment
transport processes could be distIngulshed or speculated upon. Even
though highly complex, these processes appeared to be explorable by
means of simplifled experliments conducted under controlled
laboratory conditlons, so that elements of the processes might be
quantified.

The processes of si|t=clay transport, sedimentation and
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resuspension In Sturgeon Lake were observed to be subject to several
conditlons. These include tidal |y=induced currents, wlnd-wave
agitation and flow, runoff Inflow, benthic organisms, scour from
fish, and physical and chemical effects of the water and sediment,

Reduced flushing of the lake In recent decades has allowed much
of the Incoming suspended sediment to be retained. The relatively
flat lake bottom and the flne-sized particles comprising the lake
sediment demonstrate the effects of having a well-mixed
sedimentation environment. Bottom sediment was consistent|y
dominated by the silt -clay sizes. Thls suggests that consliderable
resuspens!on and redeﬁosiflon occurred throughout the system due to
wind-wave and tidally Induced flows. Both oscl!latory and
unidirectional flow were clearly Involved. The Inorganic sediment
particles were well-mixed with organic matter and were not well
consol idated. Thls too Is Indicative of a state of frequent
disturbance of the bottom sediment.

Tidal fluctuations in the lake, especlially during times of the
year when lake and river levels were low, caused considerable
tldaliy=Induced water Inflow and outflow. Thils caused much mixing
and exchange of river and |ake water. Because rlver sediment
concentrations were low, this offered opportunities for seasonal
export of sedlment from the lake because of the slgniflcant
disturbance of the lake bed by wind and tides.

During high flow perlods, the tidal effects diminished, and
river runoff contributed major water and sediment Inputs to Sturgeon

Lake. Most of this sediment depos!ited within the |ake system,
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resulting in a seasonal net Import of sediment to the |ake. When
the river levels later dropped, the tidal effect and wind agitation
were agalin enhanced and particles were susceptible to resuspens{on
and transport out of the |ake system,

Wind blowing across Sturgeon Lake created waves which agitated
shal low sediment deposits. The disturbed material was resuspended
and transported about the |ake by tidal and wind-Induced currents.
Some of the material was carrled out of +he lake In this manner.

Wind-wave aglitation of bottom sediment, coupled with
wInd-generated and tide-generated currents, was observed to be a
major process In keeping the |ake bed unconsol idated. Fish, benthic
organisms, and boat traffic also contributed to the turnover of
bottom sediment and inhibited i+s conso| idation.

The degree of conso|idation and the density of lake bed sediment
were not found to be uniform throughout the |ake. Sediment which
was seasonal ly exposed to alr along the |ake shoreline tended to be
denser than sediment In continual ly-submerged portions of the |ake.

The Input of a relatively large amount of organic matter to t+he
lake from aquatic and terrestrial plants and anlmals resulted in
high percentage of organic matter accumulating In bottom sediment.
This organic matter inhiblted consol idatlon of bottom sediment.

Sturgeon Lake turbidity and suspended sol ids concentrations were
generally quite high for a lake and were more Indicative of river
levels. However, these high sediment levels in the |ake were
primarily Influenced by resuspenslion of bottom sediment rather than

riverine sediment Input.
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Regarding the physlcochemical Influences that might affect
siit-clay transport. several features were noted. Dlissolved oxygen
levels remalned near saturation through the water column. The pH of
the water was generally In the near-normal range of 7-8.
Conductivity and dissolved-ion values were typical of dllute fresh
waters. Alkallnlty and hardness of the |ake waters were also In the
range typlcal of the relatively soft, low-alkalinity waters of the
Paciflc Northwest. Measurable levels of sulfldes In bottom sediment
was a clear Indicatlon of anaeroblic conditions and subsequent
sulfate reduction.

The year-around high turbldity of the lake water has greatly
iImited |lght penetration of the lake and has thus !nhlbited the
growth of rooted aguatic plants In water more than several Inches
deep. Because rooted plants heip to stabillize the sediment bed, the
limited aquat!c plant |ife at Sturgeon Léke Indicate a lack of such
bed stabilizatlion.

The high amount of fline organic matter In Sturgeon Lake, both In
suspension and in solution, was due to algal growth and die-out,
shorel Ine vegetative matter, and wastes from water birds, fish and
cattle. The organic matter Incorported In the bed material tended
1o make 1t be less dense and less consol Idated.

Entrainment of flne-gralned sediments In Sturgeon Lake appeared
to occur due to flow-induced shear stress at the sediment-water
Interface In excess of the Inter-particle cohesive force of the
surficlal sediment. Suspended sediment particles In the water

column appeared to ex!st as Individual or bonded particles of
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various sizes, depending on the hydrodynamic, chemlcat, and
blological conditions during the entralnment process. Entralnment
occurred primarily as a surface phenomenon, except when boat
propel lors or flsh movement caused locallzed erosion and scour of
the bed. Hydrodynamic forces were assumed to act within the
relatively thin bottom boundary iayer and to play a predominant role
In causing entrainment of sediment. The entralnment process was
assumed to also depend on properties of sediment and properties of
interstitial and overlying water.

Thus, a general understanding was galned of the tfransport,
deposition, and resuspenslion processes for sllt-clay sediment In a
shal low-water environment where osclllatory and unidirectional flows
occurred, both separately and together. From these Inslghts, .
simplified oscillatory and unidirectional flow cond!tions could be
ldentifled for followup detalled laboratory Investigation to
simulate the wind-wave, tidally=-Induced, and storm—runoff conditions
of a natural environment. Aiso, a glven sediment was availabie to
use having known properties and for which prototype observations
were avallable for Inciplient motion, resuspension, transport, and

deposition,
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Y. LABORATORY EXPERIMENTATIO“ METHODS

A series of experiments were conducted on inclplient motlon of
naturally deposited fine-slzed sediment from Sturgeon Lake. Tests
were performed during 1983 using two flumes In the Oregon State
University Hydraulics Laboratory: one with a fiap-type wave board
and one with a throughflow or recirculating system. The physical
and chemlcal characteristics of fine-sized sediment were previously
determined. Dens!ty and consolldation characteristics of the

fine-sized sediment were determined with a bench type |aboratory

exper iment.
Apparatys and Technlques
Eilume

Tests were conducted In a horizontal 40 ft long, 2 ft wide, 2.2
ft+ deep wave flume constructed with clear plexiglass sidewalls and
supported by an aluminum framework. The waves were generated by a
hinged flap~type wave maker driven by a 1/3 horsepower electric
motor with a speed controi. The stroke and speed of the wave board
were adjustable to produce the desired Incident wave helght and wave
perlod,

By means of a false floor elsewhere, drop section 9 ft long was
created In the flume bed a distance of 9 feet downstream from the
wave board. Thls was used for placement of sediment and served as

the test sectlon. Plexiglass on both sides of the flume perm!tted
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visual observat!ions, and the recording and photographing of changes
in the waves and sediment at the test section. Two polnt gages of
0.001 ft accuracy were mounted on a carrlage travelling on the edges
of the flume and were used for bed profile measurements. A
simulated shorelfne with flexible mats and other wave-disslpating
materlial was placed at the end of the flume to minimlize the
reflected wave and to reduce the time required for the wave tank to
come to rest between tests. The experimental apparatus !s shown In
Figure 29.

sSonic Wave Profiler

A sonlc wave profller was used In conjunction with a
Hewlett-Packard strlp chart recorder to measure and record wave
helghts. The profiler was placed in the center of the test sectlion
to measure the wave height and wave perlod.

Yelocity-Measurement Device

A Nover Nixon Streamflow Probe 403 Propelier Current Meter was
used to obtain a cont!nuous measurement of the fluctuating velocity.
Propel ler current meters are commonly used for the measurement of
quasi-steady flows such as open channel fiow. The propeller
dlameter was 0.47 Inches (1=2 cm). it Is composed of fine blades
mounted on & hard stainless steel spindie. Both ends of the spindle
are fine burnlshed conical pivots which turn In framed jewels. The
propel ler was mounted on a thin tube attached to a support frame.
An Insuited gold wire In the head of the s|im tube, term!nates 0.]
mm from the blade tips. When the propeller revolves, the passage of

a blade past the tip of the gold wire silightly varies the measurable
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Figure 29. Wave Flume System Used For Oscillatory Flow
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Impedance between the tip and the blade. The variatlon of the
Impedance is amplifled and generates an electrlic pulse.

Suspended- Sediment Sampiing

Individual suspended sediment samplers were Installed at 200,
300, 360, 520, 580, and 625 ¢m from the wave board. In additlion, a
multliple vertical suspended sediment sampler was Installed 470 cm
from the wave board with elght taps posltion from near the bed to

near the water surface, respectively.

Elume

The unidlirectlonal flume was rectangular, with a cross sectlon
1.5 f+ wide and 2 ft deep and 26 ft long. |t was constructed of
plexIglass and aluminum and could be t!lted. The hydraulic system
control conslsted of a water storage tank, pumps, head tank, head
gate, flume, tallgate and tall tank. The flume could be used with a
recirculating pump or as a throughflow system. The reclrcujating
pump was more convenlent but the throughflow system gave larger
discharges. ODepth of water In the flume was controlled by the tall
gate and the pump discharge valve for the reclrculating setup and by
the tall gate and pump speed for the throughflow setup. Dlscharge
was determined by use of a differential pressure menometer and
oriflce plate, after first using a volumetric tank to obtaln the
cal fbration curve.

The flume floor contalned a drop section 7.6 ft long that was
located at a distance of € feet downstream from the head gate. Thls

was used for placement of sediment and served as the test sect!ion.
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Plexiglass on both sides of the fiume permitted visual observations
and the recording and photographing of changes In the test section.
A point gage of 0.00! ft accuracy was mounted on a carriage
travelling on the edges of the flume and were used for bed and water
profi{le measurements.

The entire flume system was mounted on a horizontal pivot,
allowlng the slope to be adjusted by means of jacks. A Ventur]
meter was {nstalied In the plpe at the exit to measure dlscharge.
The experimental apparatus i{s shown in Figure 30.

Yelocity Measurement Devices

The Nover Nixon Streamflow Probe 403 propeller current meter was
used to measure water veloclty.

Shear-Plate

A shear plate was Installed In the middle of the test section,

with sediment on top of the shear plate. Complete discussion of the
design and construction of the shear plate Is glven In the equipment
deslign sectlon,

indlvidual suspended sediment sampiers were Installed at 130,
180, 260, 300, 380, 520, and 630 cm from the head gate. |In
addition, a multiple vertical suspended sediment sampler was
Instalied 332 ¢m from the head gate with elght taps position from

near the bed to near the water surface.

A serles of bench-type experiments was conducted to study the

density and consol !dation characteristics of the sediment from
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Figure 30. Flume System Used For Unidirectional
Flow Experiments
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Sturgeon Lake that was used In the flume experiments. These
characteristics were determined under water and for sediment exposed
to alr. Contalners of several slzes were used: one-|{ter and
two-|Iter graduated cylinders and long columns. Long-column
settling was done using clear plastic tubes 4 f+ long and 0.46 ft

d!ameter.

Shear Plate

A shear plate was desligned and constructed to measure the shear
stress at the bed. This shear plate was only used In the
recirculating flume for unidirectional flow.

The shear plate cons!sted of a 6 In. x 6 In. squate plate
1/8-1n. thick supported at its corners by four aluminum legs which
are 1/16-1n. thick, and 1/2 In. wide and 3 In. high. These legs
were fastened to a 1/4~In. aluminum base plate and hinged to the
shear plate. Thls plate and Its support system were mounted Inside
an outer box so that In the equfilibrium position there Is a gap of
approximately 1 mm at each side through which the plate can deflect.
The shear plate Is shown {n Figure 31,

Straln gauges (type SR-4) mounted In palrs on the upstream
support legs sensed any deflection of the shear plate. One gauge of
each palr measured tenslle stresses and the other measured
compressive stresses when a shear force was applied to the plate.

An Insulating rubber coat protected the straln gauge wiring. A

portable digital straln Indlicator Daytronic Model 870 was used to
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measure the straln directly; output also went to a Hewlett-Packard
strip chart recorder.

Statlc calibrations were performed using the pully system shown
In Figure 32, The calibration was done wlth and without a welght
sltting on the shear plate. Oupllicate pans allowed for alternate
posltive and negative loading. The straln-gauges were sensitive to
a 0.5 gm Increment of load. A typlical callbration curve i{s glven In
Flgure 33.

The shear plate was Installed In the floor of the reclrculating
flume. It was position In the middle of the test sectlon, both
laterally and |ongitudinally.

Limitation of Shear Plate

Deslign and constructlon of the shear plate was accqmplléhed with
no major difficultlies or problems. The callbration of the shear
plate with and without an added welght on the sensitive shear plate
was then accomplished. Unfortunately, the problems arose during
experimental tests. These Included:

1. The end pressure force correction tended to be large, In
many Instances larger than the shear [tself; therefore, the errors
In the shear measurement also became large (as also observed by
Riedel, 1972),

2. The gap between the shear plate and the outer box tended to
become clogged with a white deposit, presumed to be aluminum oxlde
resulting from corrosion of the aluminum components.

3. The adjustment mechanism for al Ignment and clearance between
the shear plate and the surrounding box was not very satlsfactory

for fine adjusiments.
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4. Flow under the plate, possibly secondary currents under the
shear piate, occasional ly caused major problems.

5. Vibrations from the flume pump affected the sens!tive shear
plate and were difficult to minimize.

6. To reach a given test water depth without dlsturbing the
sediment bed surface at the start of a test, the water leve! In the
flume was slowly ralsed to above the desired depth at near-zero
velocity and then was lowered to the desired depth by lowering the
tallgate. Thls procedure caused sporadic variations In shear plate
output.

7. Vertical loading and movement of thls load on the shear
plate was another source of errors.

Unfortunately, the many sources of possible errors caused the
shear piate to operate erratically. During a typical run, the shear
stress fluctuated from positive to negative or vice versa. Due to
the lack of special equipment, no attempt was made to rebulld the
shear plate fto correct all of the problems. For future research it
Is recommended that : (1) a brass base plate be used instead of
aluminum, (2) end pressure and other possible secondary forces be
minimized; (3) good alignment and fine adjustments be made between
shear piate and surrounding plate, (4) flow under the plate be
el Iminated, (5) pump vibration and water depth varlation be
minimized, and (6) vertical load!ing and possibie movement of

sedIment be taken Into account.
Suspended- Sediment Sampler

For suspended sed!ment sampling, a simple siphon~type sampler
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was designed and constructed. The single suspended sediment
samplers were constructed of L-shaped brass tublng connected to
plastic tubing with a clamp valve at the discharge end of the
plastic tubing. The multiple vertical suspended sampler was
assembled using several L shape glass tubes, each connected to
plastic tubing which had a clamp valve. The samplers w!thdrew water
by a siphoning action which was started by use of a suctlion bulb.
The suspended sediment samplers, mounted to the top of the flume,
could be lowered or ralsed. For each sampler, the Intake elevation
over the bed surface and also the horizontal position relative to

the head gate or wave board were measured.
The Bed Material

The bed material consisted of a brownlish Inorganic stlt and
clays with some fine sand. The sediment also Inciuded 5.4 percent
organic matter. Thls sediment was collected from the central part
of South Sturgeon Lake. This was very representative of the
hydraul ically-active sediment bed over wldespread parts of the |ake.
Using the Unifled soll classification system, the sediment Is
designated as MH and OH. The princlpal clay mineral present is
Il11te {(¢chloritlc Integradel.

The gralin size distribution of the sediment was determined by
sfeving and hydrometer tests. The following results were obtalned:

Fine sand: about 1.5 percent by welght
silt: (between 2 and 75 microns} about 80 percent by welght

clay: (less than 2 mlicrons} about 18.5 percent by welight

uniformity coefficient (Dso/q(f =15
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When the uniformity coefficlent Is greater than 10, the material is
considered to be well graded. Fligure 34 shows the graln slize
distribution curve for the sediment used In the experiments.

The Atterberg |Imits were determined for the sediment, using
standard soll mechanics methods. The following results were
obtalned:

| lquid 1iml+ - 55%
plastic |imit - 40%
plasticity tndex - 15%
water content - 65%

Chemlcal characteristics of the sediment were determined In the
| aboratory by use of standard environmental engineering methods.
The following results were obtalned:

cation exchange capaclty = 34 meq/100 gram
total lron (Fe) = 22,8 mg/gram of dry welght
magnesium (Mn) = .425 mg/gram of dry welght
sul fide (s) = 0.057 mg/gram of dry welght

Clay mineralogy was determined In the Oregon State Unlversity
Soll Sciences Laboratory. The following Information about the
methods and results was provided. Ail sed!ment samples were
dispersed in a dllute (1 g/9 |!ters) solution of cold sod!um
carbonate. The less=than=2 micron (yu) clay fraction was separated
from the sample by a combination of wet selving and grav!ity
sedImentation. Samples of the clay suspensions were Mg~ or K-
saturated by three washings with normal chloride solutions followed

by three washings with dist!lled water. Sllides for X-ray
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diffraction were prepared by the paste method and ldent!fied

according to establlshed criterla. X-ray diffraction was performed
on a Philllps Norelco X-ray Diffractometer. CuKa radiation was used
with the generator operating at 35 kilowatts and 25 mil|famps. The
detector was a scint!llation tube fitted with a focusing
monochrometer.

X-ray diffraction showed that the clay minerails consisted of
chloritic Integrade and dehydrated halloysite with some Indication
of smectite. Figure 35 shows the x-ray diffraction pattern for

Sturgeon Lake sediment.

Flltered rlver water was used iIn the flume experiments. Water
temperature and pH were kept as constant as practical during
experimental runs. Some of the common chemlcal characteristics of
water, according to the staff at the City of Corvalllis Water
Treatment Plant, are:

pH = 7.2

Hardness = 30.0 mg/|

AlkalIntty = 24.0 mg/ |1

Average turbitity = 0.07 NTU
Total solids = 79 mg/|

Iron = 0.05 mg/|

Manganese = <0.0} mg/|

Speclific conductors = 85 umho/cm
Calctum = || mg/|

Sod{um = 6.9 mg/|
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Speclal attention was given to placement of sediment In the two
laboratory flumes, to represent as closely as possible the prototype
conditions. The steps In preparation for the experiments Included
the following:

1. The recirculating flume was filled with filtered river water
to an average depth of 6 Inches. The wave flume was fllled to a
depth of 12 Inches.

2. Two temporary partitions were installed near both ends of
the sediment test section. These were spaced 7.6 feet apart for the
recircul ating flume and 9 feet apart for the wave flume.

3. The Sturgeon Lake sediment was well mixed with water. A
quantity of the resultant wet slurry sufficient to glve at least a
4=cm deposit between the particles was added to the flumes. The
sediment was allowed to settle naturally to simulate natural
deposition In the lake. The end partitions were water-tight to
prevent any loss of sediment out of the test section.

4. The partitions were carefully removed when the water between
them was clear of fine particles, after approximately one week. The
bed was kept submerged at all times.

5. The bed surfce was surveyed to determine lts elevation and
the presence of any bed forms, using two point gages In the wave

flume and one point gage in the unidirectional flume.
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¥ave £ ume

Test Procedures

Procedures for the experimental runs Included the followling:

1. The current meter, sonic wave profiler, and supended
sediment samplers were Installed at designated locations (see Flgure
4.1).

2. Filtered rlver water was added to increase the depth to the
final test depth above the bed surface. The water depth was then
kept constant for each run.

3. The bed surface was photographed from above before the start
of and at the end of each experlimental run.

4, The wave-maklng stroke and speed were set at the desired
test posltion.

5. The wave profller was started and wave records were
col lected continuously for at least 3 minutes.

6. Depending on the duration of the run (approximately 1/2 to
| hour) wave records were obtalned periodically for at least 2
minutes to monltor the wave characteristics.

7. The water and air temperature and the water pH were
recorded.

8. VYertlcal profliles of the horizontal water velocity were
recorded periodically at several lateral positions along a cross
sectlion Including the flume center!ine.

9. Photographs were taken through the slide of the flume at the

test sectlion for recording the wave profile and any possible changes



206
In the bed surface or water column above i+t.

10. Observations were made and recorded of any visual
perceptible changes in the bed surface and of the time when the
changes occurred; this was done durlng the entire exper!mental run.

1. Water sampies were taken before the start of the experiment
and at intervals of several minutes during early parts of the run
and then every 1/2 hour for the rest of the run. At sampling polints
1 through 7 (as shown in Figure 4.1). These samples were subjected
to turbldity and suspended sediment concentration measurements and
organ{c content determination.

12. The wave helght and wave per!od were measured to compare to
the recorded wave determined by the sonic wave profiler. Also, the
particle back-and-forth movement on the bed was observed and
measured.

13. The tIme of Incipient motion and possible erosfon and
deposition patterns were recorded.

14. When fhere'were no visually perceptible changes In water
turbidity and In the shape of the test bed, the run was termlnated
and a new run started with Increasing wave-board speed. If still no
changes took place, a new wave-board stroke was set with a |ower
speed and the speed was progressively Increased until changes took
place.

13. To determine the effect on Inciplent motion due to a
naturally compacting sediment bed, the test section was left to
naturally settle under 1 foot of water depth for 91 days. Steps 2

through 13 were then repeated.
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Measurements and Calculations

The following measurements and calculations were made for
preliminary analysis of the data:

1. For each run, the average values of wave helght and wave
period were obtained from wave profile records.

2. Water samples were subjected to turbidity measurement on the
same day as sampling, by use of a model 2100 A Hach turblidity meter.
Also, water samples were Inltlally subjected to suspended sediment
concentratlon measurement by the fill+ration technique and organic
content was determined by combustion. After a few samples had been
col lected, the turbldity data were related to suspension
concentration by regression analysis. Once this was avallable, for
the rest of the runs only turbldity were measured, the suspension
concentration belng obtalned from the graph of turbidity versus
concentration. Nevertheless, during experimental runs, occasional
samples were subjJected to concentration measurement to prevent any
possible errors.

3. The veloclty measured by the minlature current meter was
analyzed. An average maximum veloclty for each experimental run was
obtalned by summing the maximum velocity at each wave perlod divided
by the number of wave periods.

4. The horlzontal component of the local fluld veloclty was
calculated by using | lnear wave theory for various values of z and
during the passage of wave. Thls was done by using equations 37 and
44,

5. Wave length was also calculated by using [inear wave theory
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methods. The calculated wave length was compared w!th measured ones
for agreement.

6. The shear stress at the bed was calculated for each run from
the shear stress equation 85 and from Jonsson's empriclal equation
89,

7. The orbital dlameter, was calculated from |lnear wave theory
approximation, using equation 45. The orblital dlameter was also

measured by visually observing the particlie movement along the bed.
Reclrculating f4ume

JTest Procedures

Procedures for the experlmental runs lnéluded the fol lowing:

1. The current meter and suspended sedliment samplers were
Instal led at the designated locatlons (see Figure 3Q0).

2. The bed surface was pho+ographedlfram above before the start
of and at the end of each experimental run.

3. The pump was set at flixed speed and discharge valve opening.
Water depth and water veloclty were then controlled by means of the
| tallgate opening.

4, Several minutes were allowed for water fo reach equi|ibrium
at the desired depth; then the water depth was recorded.

5. VYertical proflles of the horlizontal water veloclty were
recorded periodically at several lateral positions along a cross
section.

6. The shear stress at the bed was recorded continuously on the
chart recorder.

7. The water and air temperature and the water pH were
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recorded.

B. Water samples were taken at regular Intervals at points 1
through 7 (shown in Figure 30).

9. Observations were made and recorded of any vlsual
perceptible changes In the bed surface and of the +!me when the
changes occurred; this was done durlng the entlre experiment.

10. Surface water veloclty was measured by floating materlals as
a quick check of flow condltions.

11. Photographs were taken during the run to record any possible
changes that tock place.

12. The tIme of Inciplent motion and possible eroslon and
deposition patterns were recorded.

13. When there were no visually perceptible changes In water
turbidity and In the shape of the test bed, the water veloclty was
Increased and steps 3 through 12 were then repeated.

14. The downstream half of the test sectlon was formed Into dune
shapes and steps 3 through 13 were repeated.

15. The slope of the fiume was Increased and steps 3 through 14

were repeated.

The following measurements and calculations were made for
preliminary analysls of the data.

1. Discharge was determined by use of the calibrated oriflice
meter, through measurement of the dlfferential pressure manometer in
Inches of mercury.

2, VYeloclty at a point was measured by use of the minlature



210
current meter and the mean veloclty was obtalned by dividing the
discharge by the cross=-sectional area of the flow.

3; Shear stress was measured by use of the shear plate.

4., Shear stress at the bed was calculated by using equations 2,
10, and 23.

5. Water samples were handled !n the same manner as done for

those col lected In the wave flume.

Bench-Type-Experiments

Elght 1-11ter cylinders were used to study sed!ment
consol Idation under water and the corresponding density changes.

One 3-ft long cylInder was used to study sediment consollidation and
corresponding denslty changes for a deeper deposit. Two 2-|[ter
cylinders were used to study the effects on consolidation of washing
away the fline-sized suspended matter froﬁ the d!sturbed upper zone
of a settled slurry. A bucket was used to study consolldation of
alr-exposed sediment.

Procedures for the exper!ments Included the followling steps for
the elght 1-IIter graduated cylInders:

1. The mixed slurry sediment and |ake water was poured into
graduated cylinders, which were then shaken a few times before belng
allowed to settle.

2. The volume of sediment and the sediment depth In each column
was measured every minute for the first hour and then every hour for
the next five hours. Thereafter, It was measured at convenient
times for up to 5 months.

3. The sediment In each graduated cylinder was subjected to



211
dens!ty measurement. Thls was done by subjecting the cylinders to
different test periods, at the end of which the density of the
entire sample was obtalned by measuring the sample volume, disposing
of the supernatant water, and oven-drylng and welghing the sample.

For the 3-foot long cylinder:

1. The mixed slurry of sediment and |ake water was poured into
the iong settiling column and addltlonal lake water was added and
stirred Into the slurry.

2. The volume of sediment and the sediment depth !n each column
was measured every minute for the first hour and then every hour for
the next five hours. Thereafter, !t was measured at convenient
times for up to 5 months.

3. The sediment was extracted from the long settling column at
several different helghts and subjected to density measurement.

For the two 2-|1iter graduated cyl!ndérs:

1. The mixed slurry of sediment and |ake water was poured Into
two 2-liter graduated cylinders. The cyllinders were shaken a few
times before belng allowed to settle.

2. 500 mi of the lake water were added to each cyilnder, with
moderate agitation from the pouring act!on to disturb the top
sediment particles in the graduated cylinders.

3. 10 minutes were éllowed for settl!ing after +hIs.dlsfurbance
for the first two tests and 2 1/2 minutes allowed for the remaining
tests with each cylinder for a total of seven tests.

4. After each settling Interval, the top 500 ml of the

suspended materials were collected by suction.
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5. The removed suspension was subjected to concentration and
volatile solld measurements.

6. The volume of the sediment and height of the sediment
remafnlng In the cyl!nder were recorded perlodicaily for several
days to observe consol idation.

For the bucket:

1. A known amount of weli-mixed sediment from the |ake was
placed directly In the bucket and Initially submerged by a few
centimeters of Sturgeon Lake water.

2. The bucket was allowed to sit In the alir for several weeks
to dry out.

3. The sediment helght and volume were measured after the

sediment had dried.
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- V. PRESENTATION AND ANALYSIS OF EXPERIMENTAL RESULTS

Experiments With Osciliatory fiow
Qutilne of Experimental Runs

A total of 67 expérimenfai runs were made. These can be divlded
Into three separate categories of experiments. Table 10 shows the
detalled data for each of the experimental runs.

The flrst set of runs (runs 1 through 34) Invoived study of the
Inclplent motlon of the freshly deposited sediment bed at fixed
water depth for different wave parameters, {.e., wave helght and
wave period. Wave helght and wave period and resultant maximum
water velocity at the bed and maximum shear stress yere'regulafed by
changing the stroke and speed of the wave board. This category of
runs covered the full range of wave heights and wave periods
practlical in the flume. Water concentratlons were measured at fixed
locatlons at frequent Intervals. The test section consisted of 3
feet of Irregular rough bed foliowed by 6 feet of smooth bed
surface. This condition also attempted to determine the inciplent
motion of the bed sediments on a rough bed In comparison to a smooth
bed surface.

The second category contained runs 35 through 62. Thls serles
of experiments started 71 days after the last experiment of category
1 (run 34). It was Intended to determine: (1} the effects of
consol fdatton {(natura! densificiation due to expulsion of water with

time) of the same bed as previously tested on Inciplent motlon under
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oscillatory flow; (2) whether the eroslion patterns developéd In the
same way as happened In category 1 tests; and (3) the effect of
varlable water depth on Inciplent motion of bed sediment under
oscillatory flow.

The thlrd category contained runs 63 through 67. The same bed
was used as for category 2 runs, except that 800 grams of granul ated
sod!um hexametaphosphate dispersive agent was added to the water
column to determine the inciplent motion of bed sediment with a

dispersive agent under oscillatory flow conditions.
Cate S e

As already mentioned, this category of runs attempted to
determine the Inciplent moflon.of bed sediment {n terms of shear
stress, veloclty, orbital diameter, and suspended sediment

concentration under osclllatory flow.

1. Emergence of Bugs and worms =— Runs i and 2

Run 1 conslsted of two phases. In phase la, the shear stress
was too small to disturb any of the bed surface; no changes were
noticeable to the naked eye. A 2-mm paper wad was placed on the
smooth bed surface and !ts movements observed. It was noticed that
the spltball moved in a plvoting manner rather than by sliding.

In phase 1b the water velocity at the bed was Increased by
changing the wave board speed. During thls phase, bugs and worms
which |1lved In the sediment emerged. The max!mum velocity and
maxlmum-shear stress at the bed at which bugs and worms first
emerged were 5.9 cm/sec and 1.02 dyne/cmz, respectively. The

measured orbltal diameter was recorded almost 0.5 e¢m. The suspended
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sediment concentration did not change from the Init{al background
condl tion.

Run 2 started after a short stop of the wave machine. When wave
motion stopped the worms and bugs retracted {nto the sediment. At
the restart of the wave machine at a higher speed, the benthlc worms
again reemerged. Agaln, the bed surface dld not change its pattern
In any way. No suspended sediment concentration changes took place.

At the start of run 3, shortly after conclusion of run 2, the
benthic worms reemerged. Few, If any, flne particles went {nto
mot{on at the worm holes. The spltball at the mlddle of the smooth
test sectlon caused some minor resuspension of sediment. The
significance of thls run lies In the Initlation of motlon at the
rough bed. Small clouds of sediment went into motion there as a
result of the local peeling off of the sediment "skin"™ and formation
of narrow grooves or pit marks and streaks on the bed surface. This
condition was considered to represent Inclplent motion. The Initlal
maximum values of veloclty and shear stress at which incipient
motlion developed at the rough bed during the run were 8.3 cm/sec and .
2.05 dyne/CmE, respectively. The orbital diameter recorded aimost
0.5 cm. The suspended sedlment concentration changed from 5.1 mg/|
to 7.4 mg/| at the bed as incipient motlon developed. The organic
content of suspended sediment was almost 34 percent.

In run 4, Immediately following run 3, loose particles from the

previous run reinitiated a motion similar to that of the previous
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run. Loose particles from the rough bed and the spitball, over
time, formed some sort of ripples.

Figure 36 shows the suspended sediment concentrations agalnst
time for runs 1 through 4. The results show that over time the
suspended sed!ment concentration remalned ¢lose +o the background
condition. At the end of run 4 no vislible cloud of sediment was
observed anywhere, thus confirming the results of the suspended
sediment concentration plot.

After overnight settling, the water column was clear and the bed
smooth-loocking due to settlement of the small amount of suspended
sediment from the day before. No ripple pattern was evident.

Run 5, with an Increase In wave maker speed over run 4 showed
only some sediment activitles in the rough bed areas. PIt marks
were evident at the rough bed area. No sligns of pronounced ripple
-formatlion were observed anywhere. |

In run 6, scour streaks were evident In the rough bed. Scour
streaks looked |lke knife scratches approximately T cm to 5 ¢m long
{most of them are less than 2 cm). Loose sediment particles In thls
run grouped Into a ripple formation In the rough bed.

During runs 5 through 8, few plt marks on the smooth bed surface
were apparently due to the benthic worm activitles. During these
runs, some |loose sediment from both ends of the test sectlon went
Into motlon. The maximum velocity and shear stress assoclated with
these sets of runs ranged from 6.6 to 8.5 cm/sec and 1.95 to 2.23
dyne/cmz, respectively. Figures 37 and 38 show the suspended

sedIment concentrations agalnst time for runs 5 and 6, and 7,
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respect!vely. The suspended sediment concentration data show a
steady decrease In concenfration due to a decrease In maximum water
veloclty at the bed. The suspended sediment organic matter
Increased from 45 percent fto 63 percent for runs 5 through 8.

-The fol lowing phenomena were observed during visual observation

of the bed for runs 1 through 8:

a) The rough bed surface with flne Irregularities and slight
duned formation, seemed to scour faster than the smooth
bed surface;

b) some particles were moved back and forth In a plvoting
manner at the bed surface with some net fransport in the
downstream direction; and

c) loose particles were also plcked up and put Into suspension

higher in the body of water.

2. Transition to Incipient Motion at Smooth Surface=-
Runs 9 and 10

For runs 9 and 10, the wave board stroke and wave machine speed
changed to Increase the shear stress at the bed. Suspension
occurred at the downstream edge of the bed and at the rough bed.
Scour streaks continued to grow In the rough bed and at the two ends
of the ftest sectlion. Scouring of 1 to 2 mm of the top surface of
the rough bed started by peelling off the top layer which hereafter
will be called the skin layer. The eroded skin layer material were
subjected to organic content determination and found to contain 13

percent organic matters. By comparison, the bed material had



223

approximately 53 percent organlc matter. The extra organic matter In
the skin |ayer was thought to be added to the surface of the
sediment bed from other sources, such as microblal activlty, benthic
organlsms, and deposition of flne dust particles from the amblent
alr of the laboratory. The organic matter ts beileved to bond with
clay and sll|t particies to form the skin layer. The skin layer Is
thus formed of flne dust, mlcrobes, clay and fine siit particles.
These particles were flrmly bonded together; the shearing force of
the water broke the weakest bond and started to peel off the pleces
of bonded sediment.

Figure 39 shows the suspended sedIment concentrations versus
time for runs 8 through 10. It shows a sudden Increase of
concentration to 13 mg/| at the beginning of run 10 and a gradual
decrease to 6 mg/i by the end of run 10. The maxImum velocity and
shear stress at the bed for run 10 were 12.4 cm/s and 3.22 dyne/cmz,
respectively. The orbital dlameter at this run increased to 4 c¢m
from about 2 cm for previous runs. The maximum recorded of organlic
content of the suspended sediment for these runs was 47 percent.

4, inclpient Motion at Smooth Bed Surface——Runs 11=21, 26. 29

Resuspension of the skin layer occurred rapldly at the start of
run 11. Large bonded particies peeled off. Some of the particles
were observed approximately 20 cm above the bed surface at 2 minutes
after the start of the run, especlally at the rough bed. At the
smooth surface, especlaliy at the places where some sort of
Irregular!ities due to worm activities or bed form exIsted, the skin

started to peel off. It took a short amount of time (2 to 3
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seconds) for the skin to be peeled off and start fo be transported
downstream by a pivoting motion at the bed. It took a long time for
the bonded particles from the skin layer in the rough bed to
transport downstream by a plvoting motion. Therefore, deeper scour
streaks were observed In the rough bed. At the smooth bed, a short
perlod of tIme was required for bonded particles to move downstream
of the test section, except when they encountered any Irreguiarities
on the bed surface. This caused resuspension of sediment Into the
over|lylng water.

Three distinct types of sediment behavior were observed in the
deep scour streaks of the rough bed:

a) the top=skin layer bonded particles moved back and forth

almost 2 cm;

b) fine slit+ particles moved back and forth about 5 mm; and

c) fine sand or coarse s!lt moved back and forth only

| mm or |ess.

Shear stress decreased for runs 13 and 14, and was not great
enough to Initliate Inciplent motion of the smooth bed surface.

Runs 11, 12, 15 through 21, 26, and 29 are regarded as having
had Inciplent motion conditlions for the smooth bed surface, even
though the maximum veloc!ty at bed ranged from 13.7 cm/s to 21.5
cm/s and maximum shear stress at the bed ranged from 3.67 dyne/cm2
to 5.53 dyne/cm2 . The orblital dlameters ranged from 4.2 cm to 7.2
cm. These varlations In veloclty and shear stress for Inciplent
motion of fine sediment are mainly due to fine sediment

characteristics. Also, the following factors are responslble, to a
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lesser degree:

a) The bed not belng completely smooth;

b} Irregularities at the two ends of the test sectlon;

c) ben+hl¢ worms and bug activities;

d) wave board behavior; and

e) slgnal nolses in recording wave parameters, caused by
many factors such as cross wave formatlon, c¢lrcuiation,
osclllatlion, refiected waves, and leekage around the wave
board.

The following phenomena were observed durlng visual observation

of runs 11 through 21, 26 and 29:

_a) The skin layer started to peel off from the surface of the
smooth hed;

b) some of the bonded particies (sediment, mlcrobes aﬁd dust)
suddenly went Into motlon upward as far as the water
surface, traveled In a circular motion, and finally
settled back to the bed surface;

¢) the majorlty of the eroded bonded particles moved
downstream by a pivoting motion;

d) +the eroded bonded particles moving close to the bed, In
route downstream, abraded any irregular or |oose
sediment particles on the hed and sent them into motlon;

e) evlidence of pit marks all over the bed surface Indicated
the start of Inciplent motion;

f) the peelling off of the skin layer and development of

streaks was accelerated In the pit marks;
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g) with time, the streaks In the smooth bed surface grew
longer and wlder, but not deeper;

h) exlsting streaks deepened in the rough bed;

1) Indivlidual particles traveled back and forth and some-
times formed a ripple-Iiike formation;

J) after removai of the skin layer, Individual particles
from the layer below the skin layer went Into motlon
but, with time, a new skin layer formed and contlnued
to peel off the same way as the top skin layer (but
the bonded particles were ﬁo+ as big as for the original
skin layer);

k) particles shreded from the surface layer when enoﬁgh
of the skin layer was In motlon to tear away from the
remalning surface layer;

|} deep scour streaks were observed;af the end of the test
section due to irregularitlies and roughness;

m) the Individual siit and clay particles from the exposed
layer which went Into motion followed a clrcular motion.
Particles near the water surface traveled upstream to the
wave board and particles near the bed traveled downstream;
and

n) the surface pattern of the bed consisted of pit+ marks, at
both the smooth and rough surfaces and scour streaks at the
rough surface and streaks at the smooth surface.

Figures 40, 41, and 42 show the suspended sediment

concentrations agalnst time for runs 11 through 17, 18, and 19
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through 24 respectlvely. There are several peaks, especlally at
runs 15, 16, and 17. Run 18, the longest run, started with a
concentration of about 5 mg/| and showed a sudden Increase to 17.5
mg/| and then decreased and reached an equllibrium concentration of
around 5 mg/1. Runs 20 and 21 also showed sudden Increases In
suspended sediment concentration. Organic content of the suspended
sediment for these runs ranged from 14 fto 50 percent.

For runs 22 through 25 and 27 through 28 the maximum ve|oclty
and shear stress at the bed ranged from 22.3 cm/sec to 27.3 cm/sec
and from 5.97 dyne/cm to 7.04 dyne/cm , respectively. The orbl+tal
dlameters ranged from 6.4 cm to 9.6 cm. The remaining old skin
peeled off and streaks In the smooth surface grow |longer and deeper.
Large amounts of particles went Into suspension. Large and deep
scour streaks provided a source of sediment for further suspension.
Peel Ing off of the new skin was observed at the rough bed and smooth
bed surface, but the eroded new skin particles were not bonded as
strongly as the orliglnal fop skin layer. At the start of run 25, no
old skin was evident anywhere. Indlvidual particles grouped
together to form ripple-Ilike formations.

Flgure 43 shows the concentrations of suspended sediment against
time for runs 25 through 34. The suspended sediment concentration
Increased to 36 mg/l and then decreased with decreasing shear stress
to about 9 mg/l. Suspended sediment concentration !ncreased
suddenly at the beginning of each run and then gradually decreased

to an equlllibrium concentration. The organic content varied from 7
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to 38 percent of suspended sediment concentration.

For runs 30 through 34 (run 34 containing four phases), the
maximum veloclity and shear stress at the bed were systematically
changed to cover all possible conditlons avallable on the wave
machine. The lowest values were 0.07 cm/sec and 0.03 dyne/cm2 ,
respectively. The orbltal diameters varied from 0.01 cm to 1.5 cm.
¥isual observation showed that runs 30 through 33 were too weak to
effect the particles at the bed. The suspended sediment
concentrations versus time for runs 30 through 34 show a sudden
decrease in concentration to an equliibrium value. The organic
content of the suspended sedimet concentration varled from 23 to 30
percent.

At the end of the flrst category of runs, it was observed that
the rough bed pattern consisted of many iong deep scour streaks (45
cn long, 3 mm wide, and 5 mm deep), with evidence of coarse material
In most of the deep scour streaks. Also, !t was observed that the
smooth bed surface pattern consisted of some long streaks (90-100 cm
long, 2-3 mm wide, and 2-3 mm deep). The whole top skin |ayer was
gone and 30 percent of the newly formed skin layer had been peeled
off over the course of these runs. Many pit marks were evident,

7, Pattern of Eroded Bed Surface

The pattern of the bed surface was Inspected and surveyed at the
beginning of the experimental runs and several times during the
first category of runs. The results showed that no signiflicant

changes occurred !n the bed surface In terms of scour holes and
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deposition areas. Many pit marks and scour streaks developed all
along the bed surface. The following features were evldent at both
the smooth and rough bed: surface erosion, plt marks and streak

| fnes, suspension of particles Into the body of water, and a
distinct color difference between the exposed layer and the original
surface layer (effect of Iron oxide). In add!tion, deep scour holes
were evident at the rough bed.

The bed surface was photographed whenever significant changes
were taking place, to ald In understanding and determining the
Inclplent motlon characteristics of the fine sediment under
osclllatory flow. Figure 44 shows the bed surface before
experimental runs. It shows the rough bed at the front of the fest
section and the smooth flat bed for the remalning test sectlon,
During experimental runs for Initlation of sediment In the rough
bed, the bed surface developed many pit marks and streak |Ines.
Flgures 45 shows such effects at the rough and smooth beds at the
end of run 6 and during run 10. Flgure 46 shows the suspension of
sediment bed Into the body of water durlng run 10,

Inclplent motion of sediment particles at the smooth bed surface
was characterized by the peeling off of the top skin layer. Flgure
47 shows thls bed pattern on the smooth bed and In the rough bed.
Frequent suspension of sediment particles Into the body of water was
another facet of Inciplent motlion characterizing the fine sediment
bed. Flgure 48 shows such suspension of sedlmgnf Into the body of
water durling run 18,

The significance of Irreguiarities in the Inciplent motion study
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Figure 44. Bed Surface Before Experimental Runs
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Figure 45. Bed Surface for Smcoth and Rough Beds
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Figure 46. Suspension of Bed Sediment Into Body of Water
During Run 10
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Figure 47. Bed Patterns for the Smooth and Rough Beds
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Figure 48. Suspension of Sediment Into a.Body of Water
During Run 18
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fine sediment on sediment bed pattern Is shown In Figure 49. The
benthic worms and their effect on bed pattern are shown in Flgure
50.

Runs 22 through 28 were characterized by shear stresses and
velocities higher than requlired to Initlate the sed!ment motion.
Figure 51 shows the suspension of sediment Into the body of water
and Figure 52 shows the p!t marks, streak |ines and scour streaks

developed during these exper!imental runs.

The purpose of runs 35 to 46 was to determine the
characteristics of Inciplent motion of compacted sediment bed for
comparion with the Incipient motlon of freshly deposited sediment.
The purpose of runs 47 to 62 was to determine the character!stics of
Inciplent motion of a compacted sed!ment bed at two different water
depth bed with varylng wave height and wave period.

The maximum velocities at the bed for runs 35 through 38, 47
through 51 and 58 varied from 5.5 cm/sec to 17.9 cm/sec. The
maxImum shear stresses at the bed ranged from 0.97 dyne/cm2 to 4.82
dyne/em2 The orbital dieameter ranged from 2.0 cm fo 4.9 cm. |In
the rough bed and at the two Irregular ends of the test section.
These shear stresses were able to put particles Into pivotal motion
wlth downstream net transport.

After 71 days of settlling, the bed surface |ooked very smooth.

Upon Inlitiation of wave movement, the same phenomena took place on
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Figure 49. Streak Lines Due to Bed Irregularities
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Figure 50. Benthic Worms and Their Effect on Bed Pattern

Figure 51. Typical Suspension of Sediment into Body of Water
During Runs 22 Through 28
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Figure 52. Pit Marks, Streak Lines and Scour Streaks on Bed
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the bed as [n the first category of experimental runs. Bonded
particles started to peel off, with some Immediately going into
motion In the rough bed. In the scour streaks, [ndlvidual particles
moving In a back and forth motion formed a ripple~like formation.
Bonded parT!cIes In the rough bed moved back and forth and caused
more surface erosion of particies by abrasion.

Figures 53 and 54 show the suspended sediment concentrations
agalnst tIme for runs 35 through 39 and for runs 47 through 51,
respectively. The concentration data show a steady Increase In
concentration, but with a very sudden Increase in run 47 and,
thereafter an abrupt decrease to the same level as In runs 35
through 38. Thls sudden increase was due to abrasfon of the large
bonded particies on the surface of the bed at surface
Irregularities, such as holes that had developed unintentionally
from current meter contact with the bed surface. The éverage
suspended sediment concentration values at the rough bed were higher
for thls set of runs than for the corresponding set of runs for
Inciplent motion on a freshly deposited bed. This is due to the
higher velocitles and shear stresses assoclated with these runs.

The maximum velocity and shear stress associated with these runs
were also higher than the runs for freshly deposited bed. This
brings two Interesting results:

a) At the rough bed, as the sediment compacted or the

shear strength of sediment Increased, a higher shear
stress was required for incipient motion; and

b) Even though a higher shear stress was required for
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Inciplent motion In the compacted bed than in the

freshly deposited bed, the resultant suspended sediment
concentration was higher for the compacted sediment

bed than for the freshly deposited bed. |f suspended
sediment concentration is used as a gulde, this Indlcates
that shear stress Is not a function of shear strength

for Inclplent motion.

2. incipient Motion in Smooth Bed Surface--Runs 39-43, 52. 53

The Incipient motion of smooth bed surface started with the
conditions of run 39. The maximum velocity at the bed was 22.0 cm/s
and the corresponding maximum shear stress at the bed was 5.39
dyne/cmz. The orbital diameter was about 7.1 em. The overall
maximum velocities at the bed for Incipient motion in experimental
runs 39 through 43, 52, and 53 ranged from 20.0 cm/s to 25.0 cm/s.
The maximum shear stresses ranged from 5.39 dyne/cm2 to 6.00 dyne/cm?
and the orbital diameters ranged from 4.8 cm to 7.2 cm.

Compar!son of the maximum velocity, max!mum shear stress, and
the orbital diameter at the freshly deposited bed and the compacted
sediment bed revealed that at the lower [Imit+ range, velocities and
shear stresses for the freshly deposited bed were 32 percent |ower
than for the compacted bed and orbltal dliameter were 13 percent
lower than for compacted beds. At the upper |Imlt range, velocitles
were 14 percent [ower, shear stresses were 8 percent |ower, and
orbital dlameters were 13 percent shorter than for the compacted
bed. That means for the Inciplent motion of fine sediment, shear

stress Is somewhat affected by compaction of sediment.
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To determine whether the varlations In veloclty, shear stress
and orbftal dliameter at condltlons of Inclplent motion were due to
the subjective determination of Inciplent motion or due to the
ef fect of compaction, the analysis and comparison of suspended
sedIment concentration data Is essential.

Figure 55 shows the suspension concentrations versus time for
runs 40 through 46. The concentration data show an Increase of
concentration at the start of each run to a maximum of 16.5 mg/|.
Comparison with freshly deposited concentration curves shows hlgher
concentrations occurred for the compacted sediment bed. This
reveals that due to higher shear stresses, more sediment [s In
suspension. Therefore, the shear stress for inciplent motion Is
probably not a functlon of the compaction of the sediment. This
conclusion requires more experiments for veriflcation, with sediment
beds of different shear strengths.

The erosion of particles took place In the same manner as
already dlscussed in the first category of experimental runs. The
data show a sudden Increase In suspended sediment concentration at
the beginning of the run and then the concentration decreased to a
steady state around 5 mg/l. Most of the suspended particles
deposlted on the mats at the downsteam end of the wave flume; some
depositlion also occured near the ends of the test section.

The erosion pattern of the bed surface at the rough bed
consisted of deep scour streaks. At the smooth bed surface, the

erosion pattern consisted of pit marks and streak I|Ines.
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s e P -

Runs 44 through 46, 54, and 59 through 62 were character!zed by
many particles belng In motion, continued peelling off of the
sediment over the entlre bed, hlgher concentrations of suspended
sediment, and many streak |!nes and deep scour streaks. The same
phenomena took place as for prlior runs, except that the water was
more turbid and full of Indlvidual and bonded particles In clrcuiar
motion In the water body. There was a net downstream fransport for
particles close to the bed and a net upstream tfransport for
particles near the water surface.

The suspended sediment concentration data for runs 52 through 62
are plotted In Figure 56. The suspended sediment concentrations
reached a maximum of 34 mg/l. The concentration shows an Increase
- at the start of each run and a gradual decrease with time, but with
definltely hlgher concentrations than for all other runs. |In
comparison to the freshly deposited sed!ment bed, the concentrations
for the compacted bed reached almost the same upper [imift.

The maxImum veloclties at the bed ranged from 24.6 cm/sec to
42.0 cm/sec, the maxImum shear stresses at the bed ranged from 6.7

2

dyne/cm© to 10 dyne/cmz, and the orbltal dlameters ranged from 6.5

cm to 14.9 cm.
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Results of Third Category of Runs (Runs 63-67)

The third set of runs started with the addition of 800 grams of
granulated sod!um hexametaphosphate dlispersing agent to the water In
the flume. The effectlveness of dispersive agents on sediment
depends upon the amount of dlspersive agents, method of mixing, time
of contact, type of sediment, and chemlcal characteristics of the
water and sediment. In this case, time of contact was two days and
d!spersive agent was added to the middle of the water column at the
smooth bed surface.

Severai dlfferent wave helghts and wave periods were used with a
water depth of 12 Inches. VYisual observation was used to record the
fol lowing phenomena:

a) With a bottom shear stress of 2.1 dyne/sz, a ¢cloud of

sediment was observed where the dlspersive agent had
been In contact with the bed surface;

b) wlth the shear stress lIncreased to about 5.0 dyne/cmz,
a large amount of sediment went Into suspenslion, starting
at the lrregular shaped end of the test sectlon, then at
the previousiy eroded middle of the smooth surface, and
later In the rough bed zone;

¢) over time, no additional particles went Into suspension but
the water remained turbid due to the breakdown of bonded
particles of the top skin layer into clay and collidal
particles by the dispersant. Clay and coll!dal particles
contribute to turbldity and stay In suspenslon a long

+ime; and
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d} there was no evidence of peeling off of the sediment at
places where the dlspersing agent was added dlrectly over
the bed surface.

Figure 57 shows the suspension concentrations versus t+ime for
runs 63 through 67. The concentration data show that In run 67
concentration !ncreased to 64 mg/|, about twice greater than for any
runs !n the two previous exper!mental serles. Over time, the
concentration decreased to around 32 mg/| and stayed constant. This
final concentration was almost the same as the maxImum concentration
that took place In the two previous experlimental serles. Thls
Implles that the erosion of fine cohesive sediment took place layer
by layer, or as surface erosion.

The concluding remarks from thls set of runs are:

a) The surface bed of sediment under water contalning a
dispersant [s more susceptible to erosion than the bed
without the dlspersive agents at comparable flow conditions;
and

b) dlspersive agents break down the skin layer.
Iype of Boundary Laver Flow In Experimental Runs

Analys!s of the exper!mental data shows that the flow regime or
boundary layer condition In all of the runs was elther |laminar or in
transition from laminar to smooth turbulent, based on evaluation
approaches dlscussed In the |lterature revliew (e.g., L! (1954),

Jonsson (1966) and Rledel (1972)). Thls also supports the
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dye~streak observation of Bagnold (1946) which concluded that the
boundary layer was laminar In all of hls exper!ments, even though
quartz gralins as large as 0.33 cm were used.

Three different approaches were used to ldentify the flow
regime.

a) Whether d&£1s less than 18.5 or greater than 30 (LI, 1954 and

others at Berkeley);

b) RE =£h§5Landi%§—ln a graphlcal form {(Jonsson, 1966); and

¢) RE =E¥?ﬂland§§- In a graphlical form (Rliedel, 1972).
Jonsson's upper |Imit for the laminar flow regime Is RE = 11,900;
Riedel's upper |imit Is RE = 10,700. The results of these
calculations are shown In Table 11. According to LI's concept, the
flow regime was l{aminar for all experimental runs. But based on
Jonsson's approach, there was a transition boundary layer (from
laminar to smooth turbulent) for runs 27, 34c, 34d, 46, 56, and 60
through 62, all other runs having a laminar boundary layer.
Reldel's approach gave simlilar results to Jonsson's approach: all
of the runs were In laminar regime except runs 24, 27, 33, 34, 44,

46, 53, 56, and 59 thrugh 62, which were In transition of laminar to

smooth turbulent regime.

Kave Height and Period Measurement and Calculatlion

The wave helght under osclllatory flow was obtalned for the

majority of the flirst set of runs by measurement of the difference
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Tabie 11, Flow Regime Determination For Osclllatory Flow

Berkeley's Riedel's Jonsson's

Run Equation  Equation  Equatlon
1954 1972 1966
1a 326 500 611 Lam]nar Lam!nar Lamlnar
1b 227 481 1,168 " " "
2 259 334 877 " " "
3 158 326 1,111 " " "
4a 149 297 1,030 " n "
4b 144 270 913 " " f
5 139 246 803 " " "
6 132 184 506 " " w
7 131 192 556 " " "
8 131 180 494 " " "
9 137 314 1,358 " " "
10 153 454 2,270 " " "
11 148 472 - 2,638 " " "
12 141 472 2,891 " " "
13 136 360 1,806 " " "
14 130 283 1,220 " n "
15 155 559 3,354 " " "
16 147 672 5,402 " " "
17 138 486 3,240 " " "
18 136 452 2,964 n " "
19 155 816 7,212 u " "
20 146 754 6,907 " " "
21 138 618 3,247 " " "
22 150 875 8,866 " " "
23 141 726 6,890 " " "
24 153 980 10,687 " Transitlon to n
Turbulent
25 147 758 6,910 " Lam!nar "
26 140 454 2,704 " -o. "
27 161 1,088 11,888 " Transition to Transition to
Turbulent Turbulent
28 135 Q924 9,686 " Laminar Lam!nar
29 136 401 2,253 " " "
30 128 165 426 " " "
31 124 110 204 " " "
32 121 75 100 " " "
33 10 17 6 " Trans!tlon to "
Turbulent
34a 131 4 25 " Laminar "
34b 124 28 12 " " tt
34c 107 2.3 0.15 " " "
344 102 1.2 0.03 n " Transitlion to
Turbulent
35 169 826 6,187 " " Lam!nar
n

36 132 532 4,196 " "
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Table 11, Flow Reglme Determinatlion for Osclliatory Flow (cont.)
Berkeley's Riedel's Jonsson's
Run Equation Equation Equation
1954 1972 1966
37 125 317 1,666 " " "
38 120 223 896 " " "
39 145 802 7,983 n " "
40 140 774 7,901 " " "
41 129 577 5,168 " v "
42 137 814 9,129 " " "
43 132 653 6,381 " " "
44 141 984 12,705 " Transition "
to Turbulent
45 132 737 8,089 " | am I nar "
46 146 1,281 19,831 " Transitlion Trans!tion
10 Turbulent +t0 Tubulent
47 205 399 983 " | ami nar lam!nar
48 162 362 1,292 " " "
49 130 318 1,559 " " "
50 124 289 1,406 " " "
51 128 461 3,360 " " "
52 130 619 5,902 " " "
53 125 541 4,861 " " "
54 136 880 10,812 " Translition "
to Turbulent
55 170 590 3,101 " iamfnar "
56 142 1,783 12,961 " Transition Transltlon
to Turbulent to Turbulent
57 128 268 1,135 " | am| nar | am | nar
58 135 557 4,39 " " "
59 141 988 12,660 " Transftion "
to Turbulent
60 156 1,359 19,601 " n Transl|tlon
to Turbulent
61 153 1,336 19,751 " " "
62 154 1,688 31,301 u " "
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between crest and trough of successive waves. The wave period was
obtalned by measurement of the time requlred for successive wave
crests to pass a flxed point. These measurements for wave helght
and perfod were repeated several times to obtaln a representative
average value. The wave envelope method was not used because the
reflection coefflclent was small.

The wave helght and period were also obtained by analyzing the
recorded waves by sonic wave profiler. The twenty wave cycles at
the beginning and at the end of the runs were first elIminated; then
an average value for wave helght and wave period was obtalned from
the remainder of the record. Table 12 shows the wave helght and
period for these two different ways of making measurements.

The results show very good agreement between wave perlod
measurements by two techniques. There was some dlscrepancy between
two types of measurement of wave he!ghf,'wh!ch was due to errors
Involved In visually measuring the wave helght.

As a result of the good comparison of techniques the sonlc wave
profller alone was used to determine wave height and period for all

remaining runs.

Shear Stress Calculation

The maximum shear stress at the bed was calculated utilizing two

relationships. These were:

2

a) To =1/2pfw U
m

, where fw was obtalned from the
Jonsson frictlion factor and Um was measured and calculated

by |Inear wave theory approximation; and
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Table 12. Wave Helght and Perlod for First Set
of Runs by Two Different Techniques

Wave Helght Wave Period
Run [nch Second

S.W.P¥  Meas. S.W.P¥ Meas.

5 2.38 2.25 0.86 0.82
6 2.60 2.48 0.77 0.78
7 2.88 2,9 0.76 0.71
8 3.20 3.15 0.73 0.69

9 3.76 - 0.81 -
10 2.88 2.91 1.01 1.01
11 3.48 2.95 0.95 0.95
12 4.48 3.54 0.87 0.87
15 3.20 2,95 1.06 1.06
17 5.28 4.92 0.83 0.83
18 5.28 4.65 0.82 0.82
19 4,40 3.94 1.09 1.10
21 6.00 4.72 0.86 0.86
22 5.44 4,72 1.02 1.09
23 6.24 4,72 0.90 0.91
24 5.60 4,57 1.06 1.07
26 4,80 4,72 0.84 0.84
27 5.76 4,53 1.10 1.09
28 6.48 5.31 0.97 0.96
5.20 4,33 0.79 0.79

31 3.28 3.15 0.66 0.66
32 3.04 2.76 0.62 0.61
33 2.56 2,36 0.52 0.54
34a 1.04 1.18 0.44 0.44

*¥S5.W.P. = Sonlc Wave Profiier
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b) To = u%g- where '%g-was calculated by differentiating

velocity from |Inear wave theory approximation.

Table 13 shows the maxImum shear stress at the bed from the two
approaches for all experimental runs. The results show falrly close
agreement of values for both technlques. The differences are due to
the assumptions made In approach b that (a) waves [n the generating
area are only sinusiodal waves and (b) laminar shear conditions
prevall. Therefore, technique a was used for analysis and dlscussion

In this study.

Yeiocity Measurement and Calculation

The continuous veloclty at the boundary layer was measured wlth
the minlature current meter and recorded. The record was analyzed to
obtaln the maximum horlzontal velocity durlng the wave cycle for each
run during the first set of runs. The maximum horlizontal veloclty at
the bed was also calculated using the |inear wave theory approach
with equation 22,

Table 14 shows the results for the measured and calculated
maximum velocity at the bed. The results show a very good agreement
between the measured and caiculated veloclity values. A few observed
differences are due to malfunction of the current meter or I+ts

fnabll Ity to functlion at very low velocities.



Table 13. Shear Stress Calculations for Osclllatory Flow
Run %prq3 u%% Run %pwa% %%
1a 0.36 0.25 33 0.32 0.23°
1b 1.02 0.72 34a 0.47 0.34
2 1.37 0.96 34b 0.37 0.26
3 2.05 1.48 34¢ 0.066 0.04
4a 2.22 1.56 34d 0.028 0.02
4b 2,25 1.57 35 3.53 2.50
5 2.19 1.57 36 4,73 3.33
6 1.95 1.40 37 3.33 2.35
7 1.06 1.47 38 2.66 1.87
8 2.10 1.50 39 3.39 3.80
9 3.4 2.18 40 5.70 4,03
10 3.22 2.28 41 5.52 3.89
11 3.67 2.61 42 6.32 4,62
12 4,18 2,92 43 5.91 4,18
13 3.56 2.49 44 7.41 5.25
14 3.20 2.22 45 6.71 4,74
15 3.67 2,58 46 8.53 6.04
16 5.20 3.70 47 0.97 0.69
17 4.60 3.30 48 1.78 1.24
18 4.49 3.14 49 3.06 2.16
19 5.03 3.54 50 3.19 2.25
20 5.53 3.89 51 - 4,61 3.26
21 5.44 3.89 52 5.96 4,20
22 5.97 4,28 53 5.84 4.13
23 5.99 4,18 54 7.33 5.17
24 6.30 4,43 55 2.50 1.77
25 6.24 4,43 56 2.34 2,935
26 4.27 2.98 57 2.68 1.88
27 6.84 4.85 58 4.82 3.62
28 7.04 4,94 59 7.49 5.29
29 4,15 2.94 60 7.61 5.38
30 2.04 1.46 61 8.01 5.66
31 1.49 1.05 62 9.97 7.05
32 1.11 0.80

261



262

Table 14, Comparison of Calculated and Measured
Velocities for Oscl|latory Flow

Calculated Yeloclty Measured Velocity

Run cm/s cm/s
la 2.97 0.00
1b 5,91 5.43
2 6.38 6.58
3 8.28 7.15
4a B.45 8.02
4b B.21 8.02
5 7.88 7.73
6 6.62 6.00
7 6.98 5.00
8 6.84 6.00
9 10.72 12.00

10 12,40 12.50

11 13.73 15.00

12 15.01 16 .00

13 12,31 15.00

14 10.58 13.50

15 14.59 18.00

16 19.56 21.00

17 16.20 17.00

18 15.64 16,50

19 20.69 15.00

20 21,46 20.00

21 19.87 18.50

22 23,72 20.00

23 22.32 14.00

24 25.54 18.00

25 22.79 20.00

26 14,91 13.50

27 27 .33 28.00

28 26,33 30.00

29 14.04 14.00

30 6.49 5.00

31 4.61 3.50

32 3.33 2.50

33 0.88 0.0

3423 1.54 0.0
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Effect of Mass Transport Veloclty

As already dlscussed, Indlvidual particles In a progressive,
Irrotational wave do not describe exactly closed paths but Instead
advance In the direction of wave propagation at a rate correépondlng
to the mass=transport veloclity.

The flows for the experimental runs were lamlnar and the mass
transport veloclty was calculated with the Longuet-Higgins (1953)
theory. The results are shown in Table 15. The results Indicate
that as max!mum veloclty at the bed Increased the mass transport
veloclty also increased. The maximum mass transport veloclty
recorded was 15,8 cm/sec for run 62, which is 38 percent of the
maximum velocity at the bed. The minimum mass transport veloclty
recorded was 0.0001 cm/sec for run 34d, which ls less than 1 percent

of the maximum velocity at the bed.

Orpital Diameter Calcuiation

The orbital dlameter at the boundary layer was measured by
visually observing the sediment particle movements along the bed.
The orbital dlameter also was calculated using the |inear wave
theory approach, with equation 45. Table 16 shows the results of
orbital dlameter measurements and calculations. The results show
that there s some agreement for the measured and calculated values,
However, there are extreme discrepancies in some cases due to
several factors, particularly due to errors Involved In visually

measuring the |loose sediment particles on the bed surface.
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Table 15. MaxImum Velocity and Mass Transport Velocity
Under Osciliatory Flow

Max imum Mass- ' Max i mum Mass=
Velocity Transport Velocity Transport
Run em/s em/s Run cm/s cm/s
la 2.97 0.07 34b 1.13 0.02
1b 5.91 0.29 J4c 0.16 0.004
2 6.38 0.36 344 0.07 0.0001
3 8.28 0.68 35 16.68 2.48
4a 8.45 0.72 36 17.52 3.39
4b 8.21 0.70 37 11.67 1.63
5 7.88 0.68 38 8.93 1.03
6 6.62 0.53 39 21.96 4,79
7 6.98 0.58 40 22.53 5.19
8 6.84 0.58 41 19.94 4.55
9 10.72 1.29 42 24,99 6.63
10 12.40 1.53 43 21.75 5.26
11 13.73 1.94 44 28.93 8.62
12 15.01 2.39 45 24.58 6.71
13 12.31 1.70 46 34.70 11.88
14 10.58 1.33 47 5.52 0.29
15 14,59 2.05 48 8.01 0.63
16 19.56 3.95 43 11,01 1.45
17 16.20 2.96 50 10.95 1.52
18 15.06 2.75 51 16.37 3.32
19 20.69 4,07 52 21.42 5.50
20 21.46 4.62 53 20.20 5.14
21 19.87 4,33 54 27.63 8.72
22 23.72 5.64 55 11.82 1.15
23 22,32 5.16 56 16.34 2.60
24 25.54 6.28 57 9.51 1.02
25 22.79 4.33 58 17.89 3.36
26 14,91 2.42 59 29.05 8.33
27 27.33 7.18 60 32.68 5.40
28 26.33 6.95 61 33.59 10.13
29 14.04 2.29 62 42.03 15.82
30 6.49 0.54
31 4.61 0.28
32 3.33 0.16
33 0.88 0.01
34a 1.54 0.03




Table 16.

Comparison of Calculated and Measured
Orbital Dlameters

Calculated Measured Calculated Measured

Run do do Run do do
cm cm cm cm

la 4.40 0.50 34b 0.24 <1.0
1b 4,23 0.50 34c 0.02 0.0
2 2,94 - 34d 0.01 0.0
3 2.87 0.50 35 7.27 2.0
4a 2.61 - 36 4.68 1.5
4b 2.38 - 37 2.79 1.0
5 2.16 2.0 38 1.96 1.0
6 1.62 1.5 39 7.06 2.0
7 1.69 1.5 40 6.81 1.5
8 1.59 1.5 41 5.08 2.0
9 2,76 2.5 42 7.16 2.5
10 3.99 3.0 43 5.75 3.0
11 4.15 4,0 44 8.66 2.5
12 4.16 - 45 6.49 3.0
13 3.17 - 46 11.27 -
14 2.49 - 47 3.51 0.5
15 4,92 3.0 48 3.19 1.0
16 5.91 -— 49 .2.80 0.5
17 4,28 3.0 50 2.54 1.0
18 3.98 2.0 51 4,06 2.0
19 7.18 3.0 52 5.45 3.0
20 6.63 - 53 4.76 -
21 5.44 — 54 7.24 3.0
22 7.70 4.0 55 5.19 -
23 6.39 - 56 4.99 1.0
24 B.62 - 57 2.36 0.5
25 6.67 —_ 58 4.90 2.0
26 3.99 - 59 8.67 2.5
27 9.57 - 60 11.96 3.0
28 8.13 - 61 11.76 6.0
29 3,53 - 62 14,85 6.0
30 1.45 -— 63 4.23 -—
31 0.97 - 64 7.18 -
32 0.66 <1.,0 65 5.44 -
33 0.15 <1.0 66 6.32 -
34a 0.36 <1.0 67 9.57 -
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Therefore, the calculated values are used {n analysis and discussion
of the experlimental results. In the future, using dye or some other
buoyant particles on the bed surface or uslng some sophlsticated
electronic measuring devices could elimlnate the possibilities of

such errors.

Shear Strength of Fine=Grained Cohesive Sediment

Yarlous methods for determining shear strength In the past
Included: (1) wunconflned shear strength; (2) direct shear
measurement; (3) vane shear measurement; (4) press-celil
(compression); (5) penetrometer; (6) empirical approach; and (7)
extrapolating or Interpolating from fleld vane shear tests.

Unfortunately, most of these techniques are not sultable for
measuring the shear strength of fine loosely deposlted sediment only
a few centimeters deep. Several aTTemst'were made to use the vane
shear and Torvane to measure the shear strength of the sediment In
the flume, but i+ was not possibie to obtaln accurate data because
the sediment was too |oose, the depth of sediment was too smail, and
the Instruments were not very sensitive. Application of empirical
approaches was tried but falled due to the gross generalization
Involved In the avallable empirical technigues. Extrapolation of
fleld shear strength measurements are not reallstically close to the
actual measurements because of scale effects, primarlly due to

thickness differences.
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In general, the most vlable approach to quantify the shear
strength of the fline sediment In a flume Is to use a penetration
device similar to that used by Krone (1962} and Partheniades (1962).
Because of dlfferences In bed preparation between thelr studies and
thls study, It did not seem posslble to accurately measure the
actual shear strength with a device |lke thelrs; hence, thls
approach was not pursued. Instead, only the sed!ment compaction

with time was measured and quant!fied.

Boundary Layer Thickness

The laminar boundary layer thickness was calculated using the
following equations:

a) 8 =/n_% which was used by Rledel (1972) and Dingler (1979);

b) & = 6.54L  whlch LI (1955) used; and

c) § =1L;§vwhich Jonsson (1966) used.

Table 17 shows the boundary layer thickness values calculated using
the three dlfferent approaches for two of the set of runs. The
results show that the calculated lamlinar boundary layer thicknesses
based on techniques a and b are reasonably close. Li's approach
glves laminar boundary thickness at least 2.5 times higher than

gliven by the two other technlgues.

Shear Stress and Maximum Yelocity

The veloclity and shear stress data for the first and second
series of experimental runs under oscillatory flow are plotted In
Flgures 58 and 59. The results show that there are |Inear

relatlonships between shear stress and maximum velocity at the bed.
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Boundary Layer Thickness for Osclliatory Fiow

Table 17.
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Effect of Time on Suspended Sediment Concentration

Results of the suspended sediment concentration measurements for
runs 6, 7 and 8 showed that when the shear stress or veloclty at the
bed was too weak to Inltlate eroslion of the bed surface and cause
suspension, time had no role In eroding and‘suspendlng material Into
the body of water. Thls means that with shear stress and velocity
below the Inciplent motion condition the particles would not go Into
motion regardless of the duration of the experiment. |f events did
not happen near the start of an experimental run they did not happen
at all. Experimental results for runs 18, 39 and 46 showed that at
shear stress and veloclty above the Inciplent motion cond!{tion many
particles went Into suspension and Increased the suspended sediment
concentration at the start of the run. As time progressed the
suspended sediment concentration decreasgd and reached an

equllibrium state.

Experiments With Unidirectional Flow

Qutlipe of Experimental Runs

Twenty-one experimental runs were conducted to study the
Inciplent motion of flne-grained sediment under unidirectional flow.
These experimental runs were pursued to determine: (1) the effect of
flow variables (water velocity and water depth) on Inciplent motion
of flne=grained sediment; (2) the effect of suspended sediment

concentration on Inciplent motlon of flne-grained sediment; and
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(3) the comparison of Incipient motion at the rough bed with
inciplent motion at the smooth bed surface. Table 18 shows the

detall data of each experimental run under unidirectional flow.

Technique used for Inciplent Motion Determination

Measurements of Inciplent motion were accomplIshed by visual
observation and veloclty measurement. Suspended sediment samples
were col lected and analyzed. |t was possible to observe, in reai
time, the Initiation of sediment movement resuiting from tractive
forces exerted on the bed. Concurrently, photographs of the bed
Qere taken.

Several procedures were used to estimate the threshold of
sediment motion. The flrst was visual observation. A cloudy
appearance within several .miliimeters of the bed and the changing
configuration of the bed marked the time when slgniflicant movement
occurred. Analysis of the photographs of the bed provided an
alternative technigue for estimating incipient motion.

Concurrently with photographic and visual observations, the
veloclty distribution was continually measured. From these data,
estimates of mean velocity at the bed, shear stress, shear veloclty
and the Shield entrainment functlion were calculated for the observed

conditions of Incipient motion.



Table 18. Synopsis of Experimental Runs With Unidireétiona] Flows

State of Suspended
Time of Sediment Bed Fluid ' Bed Water Type of Mean Shear Sediment
Run run Depth Flow valacity Stress , Concentration Water
hr min. sec. Fresh Compacted TP Jurbld o, 0, cm cmfsec  dyne/cm :-;?EE Temperatare
1 ol 08 4] H x ] 15.0 Turbulent 8.9 0.2 5.6-5.1 18.4
2 00 4 k1 x 2 x 9.5 " 13.56 0.53 5.1 16.3
1 a0 45 (] Y % % 6.5 * 26.01 n 9.5.5.0 16.3
4 00 1 30 ® x x 11.0 - 25.57 -- 5-17 17.8
b @2 16 00 x A 3 10.5 " 6.9 1.79 17-90-7§ 21.9
5 06 M 10 Y A A 17.5 “ 9.22 0.22 21.3-54.6 22.8
6 12 ¥ 00 % x % 9.5 ‘ 23.03 1.21 54.6-20.6 30.5
L < | 00 H 1] 1] 5.0 - 23.00 1.22 10.8-54 .6 19.4
8 o1 22 o X x A 6.2 " 19.01 1.08 6.0-6.0 17.1
9 01 15 A A A 1.5 * 4o L} 7.4-5.6 17.0
10 o3 lg 45 x % x 1.0 - 29.58 2N - 17.2
1T o1 2 [0 x X X 6.5 " 45.78 5.08 12.8-7 .4 17.0
12 oo 45 0 X ) ) 6.2 " 49.10 5.87 7.9 171
12 00 W0 ] A x ] 12.0 - 17 .46 506 8.6 17.2
14 01 € 30 " X X 1a.0 " 50.29 5.69 15.0-8.2 17.5
15 o0 n k1) ] x 1] 8.7 * s2.12 6.10 12.9 7.7
16 02 13 o El El El 8.7 . 52.12 6.10 9.0-30.4 z-uAs
17 47 37 1] A X A .8 “ §3.64 6.4 2300-216 21.1-33.8
la 01 » 00 H X H i 7.8 - 46.49 6.42 230.0 22.8
19 a1 % 00 1! 1! ] A 9.2 " 51.64 6.05 49-211 0.2
20 n2 14 k] A A x A 8.9 " 54.79 6.62 217-216 25.2
21 05 5 45 A n n x 8.3 " §7.24 7.19 236-979-620 24.9

pH

6.80
7.15
7.8
6.80
6.52
7.00
6.9
1.05
6.90
6.95
6.95
6.85
7.25

.10
7.05
6.90
1.3
6.60
7.1

r.30

7.0

€12
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Runs 1 through 3 were started with low pump speed, with a small
tailgate opening and deep water to determine the shear stress at
which motion of sediment particles Just begins. Flgure 60 shows the
suspension concentrations versus time for runs 1 through 4.

These experiments started with a very low mean velocity of 8.38
cm/sec and depth of 15 cm (run 1). No suspended sediment
concentration changes or evidence of any movement was observed
during these cond!tions. The velocity was then Increased to 13.56
cm/sec by Increasing the tallgate opening, with a resulting decrease
In water depth to 9.5 cm (run 2)}. Some small floating debris and
particles from the upstream end of the test section were moved and
transported downstream. The shear stress which was able to move the
particles at the Irregular places of the sediment bed was 0.53
dyne/crn2 . The suspended sediment concentration did not change.

The tallgate opening was then Increased to glve mean water
velocity of 20.01 cm/sec and a water depth of 6.5 cm. These
conditions were able to scour more pieces of bonded particles from
the upstream end of the irregular zones of the test sectlon. Some
of these particles then went Into suspenslon and were trasported
downstream. Other pleces of sediment were dragged along the bed
surface whlle moving downstream and abraded addlitional particles
from the bed surface.

Small individual particles moved downstream In a group, w!th
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resultant abrasion of the bed surface, leaving small streaks on the
surface of the bed. Flgure 61 shows the pleces of bonded material
eroded from the upstream end of the lrregular zone. Figure 62 shows
the pit marks left on the bed surface which were made by abrasion
from moving pieces of bonded materfal. The shear stress for thls
run was calculated as 1.11 dyne/cm2 . The suspended sediment
concentration data show an Increase of concentration from 5 to 9.5
mg/l.

Runs 4 through 8 started from a low veloclty, which was
Increased slowly by openlng the tallgate. Figures 63 and 64 show
the suspension concentrations versus time for runs 5 and 6, and 7
through 12, respectively.

In run 4, with an average velocity of 26.79 cm/sec and a water
depth of 10.5 cm, particles again began to move from the Irreqular
sectlon at the upstream end of the test section. The pattern of
particle movement downstream with contlinued abrasion of the bed
surface, previously seen !n run 3, was repeated. The concentration
Increased to more than 70 mg/|. Therefore, It was hard to visually
observe the changes In the bed when the water was running. Worm
| Ines and evidence of plt marks and streaks from large bonded pleces
were observed.

In run 5, the tallgate was closed siightly to determine the
effect of decreasing velocity on Incipient motion. This condition
produced a very low shear stress and particles started to deposi+t at

lrregular places.
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Figure 61. Big Bonded Particles
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Figure 62. Pit Marks and Streak Lines
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For run 6, the veloclity was agaln Increased to produce a higher
shear stress, but the sediment concentration cont!nued to decrease
and finally reached an aimost steady state at the end of the run.
The decrease In sediment concentration wlth the Increase In water
veloc!ty and shear stress In thls run was due to:

a) The Increased shear stress still Is lower than run 4 to

maintain the same suspended sediment concentration as run 4.
b) Most of the loose sediment or bonded particles from the
irregqular places were already In suspension, therefore
leaving no sediment supply to contribute to an Increase
In concentration.
¢} The eroded sediment particles were deposited elsewhere In
the hydraul [c system, whlich contributed to the decrease
In the concentration.

d) When all of the particles that were able to deposit had done

so, the concentrat!on reached a steady state. -

Runs 7 and 8 started at a |lower water depth, but with the same
shear stress as for run 6. Matertal which had deposited at the sump
and In the plpellnes during the runs 5 and 6 was now reclirculated.
The sudden Increase in concentration was due to suspenslion of such
particles In the system, and not from erosion of the bed material In
the test section.

n L -

Runs 9 and 10 were run at condltions close to but below

Inclplent motion. The average water veloclty varled from 19.58 to

33.40 cm/sec and the shear stress varled from 2.11 to 3.34 dyne/cm2
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It was observed that the skin started to peel off In the same way as
In the osclllatory flow. |t was peeled off very slowly at |ow shear
stresses and faster wlth Increasing velocities and shear stresses.
The bonded particles were removed from the bed by a peeling-off
action and then fransported downstream. In doing so, they dragged
on the bed surface and, thus, caused more particie eroslon.

The suspended sediment concentration versus time for runs 9 and
10 show a steady state condition.

I+ was found that at a shear stress of 2.11 dyne/crn2 , particles
started to peel off very slowly and left plt marks on the bed
surface. With an Increase of shear stress to 3.34 dyne/sz, bonded
particles peeled off at a |Ittle faster rate, but with no
signiflicant suspension of sediment. Therefore, It was concluded
that the 2.11 to 3.34 dyne/cmzshear stress range at the bed and the
29.58 to 33.40 cm/sec average velocity range ldentify the minimum
requirement to start the peeling of the sediment bed and formation
of some minor pit marks; these occur wilthout any streak formation or
change in suspended sediment concentration. Therefore, higher
velocity and shear stress are required to cause an Inciplent motion
condition.

Runs 11 through 16 were assoclated with higher average
velocitles and higher shear stresses at the bed than for all

previous runs. The average veloc!ty ranged from 45.8 to 57.2 cm/sec
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2

and the shear stress ranged from 5.08 to 6.10 dyne/cm © .

The following observations were made during runs 11 fo 16.

a)

b)

c)

d)

e)

f)

gl

Bonded particles stil! continued to peel off and eroded
particles were fransported downstream beyond the test
section before they deposited.

Smal! Individual particles formed Into a group and

moved downstream w!th no slgniflcant ripple formation.
Sediment particles went into suspens!ion, with some particles
belng transported downstream while in suspension and some
particles sett!ing back onto the bed.

The bed surface lookedrsm00+h after the end of a tfest

run and overnight sedimentation or settl!ng.

Benthic worms and bugs extracted sed!ment from within the
bed and deposited it on the surface during the experimental
runs. Figure 65 shows materlal extracted by benthic worms.
Most of the skin |ayer was eroded and started to move and
dlslodge the sediment particles from the layer below the
skin layer. Over time, the skin was reformed In the
exposed areas.

Just upstream of the test sect!ion, water penetrated through
a tape seal In the floor of the approach channel and caused
strong eddies to erode the bed matertais and leaving a
large scour hole at the upstream end of the bed.

Figure 66 shows the resultant scour hole.
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Figure 65. Material Extracted by Benthic Worms
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Figure 66. Scour Hole at Front of Test Section
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The suspension of concentration versus t+ime is shown In Figure
67 for runs 13 through 16. The data show falrly uniform suspended
sediment concentrations for runs 11 through 15. At run 16, the
concentration Increased from 10 mg/| to 30 mg/| due to water
penetration underneath the tape and resultant eroslon as noted

above.

2. Effect of Addition of Suspended Sediment on
Incipient Motion—-Run 17

Run 17 started with an additlon of a slurry of the same sed!ment

as present In the bed. The slurry was added In the sump of the
recirculating pump system, where I+ mixed to glve a concentration of
almost 2,300 mg/| In the flume. The average water velocity and the
shear stress at the bed during this run were 53.6 cm/sec and 6.3
dyne/cm2 , respectlively.

The following phenomena were observed during this run:

a) Water turbidity was too high for observation of the bed
during the experimental run. Therefore, all of the
observations were made at the end of the run.

b) The finai sediment bed surface appeared coarser than
the Inltial surface, presumably due to abraslon of the
bed by moving sediment particles.

¢} The bed was not eroded, even at places of expected scour.

d) Survey of the bed surface before and after the run showed
no changes in the bed surface profile.

Figure 68 shows the suspended sediment concentrations versus

time for run 17. The results of the concentration and turbidity
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data Indicate that:

a) Suspended sediment concentration rapidly decreased and
reached a steady condition of 260 mg/|.

b) The sand and silt particles added to the fiume were
deposited at places such as the sump, pipellne, or beyond
irregularities in the flume floor beyond the ends of the
test sectlon.

¢} The colloidal matter stayed in suspension and the equllibrium
concentration Is composed mostly of these collodlal

materials.

Figure 69 shows the bed surface at the end of thls run.

6. Comparison of Incipient Motion of Rough Bed Yersus
Smooth Bed=-Runs 18 and 19

Before run 18, the downstream half of the test sectlion (290 em to

410 cm) was remolded and made Into a rough dune bed (20 cm length, 2
e¢m high), with a total of 5 dunes. The upstream half of the bed was
left smooth. Fligure 70 shows the bed surface with the dune fleld.

The average veloclty and shear stress at the bed for runs 18 and

19 ranged from 46.49 to 51.64 cm/sec and 6.05 to 6.42 dyne/cm2,
respectively. These were almost the same flow veloc!ty and shear
stress as the previous run. The followlng phenomena was observed
during these runs:

a) Due to the hlgh turbidlty, dlrect observation of the bed was

not possible durlng the runs.
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Figure 69. Bed Surface After End of Run 17
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Figure 70. Bed Surface at Dune Field
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b) No notliceable changes were observed In the smooth part of
the bed. There was probably some peellng off of the
particles, as In previous runs.
c) Ih the dune fleld, the most-downstream dune was leveled off
to that of the surrounding bed surface and caused a scour
hole to the full depth of the sediment bed near the edge
of the test sectlion.
d) The second dune from the end of the test sectlon was reduced
In helght almost 60 percent.
e) The smooth surface near the beginning of the dune fleld did
not change sligniflcantly, but streak |lnes developed there.
Figure 71 shows the suspended sediment concentrations versus
t+ime for runs 18 and 19. The concentration data Indlcate a sudden
increase at the beginning of the run, followed by an abrupt sudden
decrease over time for run 18. Thls was followed by an Increase In
concentration for run 19.

1. Scour Hojes=~Runs 20 and 21

The purpose of runs 20 and 21 was to determline the velocity and
shear stress required to erode the entire sediment bed. Following
the end of run 20, the siope of the channel was ralsed to Increase
the shear stress at the bed surface. Observations during run 21
showed that even at a high Induced shear stress, the sediment bed
eroded layer by layer, l.e., by surface erosion. The Increase in
the siope caused a weak hydraullc Jump at the upstream end of the

test section, whlch caused massive eroslon there and development of
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a large scour hole for the full depth of the sed/ment bed. A
veloclty of 65.0 cm/sec was recorded at the downstream side of the
hydraul lc jump.

Flgure 72 shows the suspension concentratlons versus time for
runs 20 and 21. The concentration data show an Increase of
concentration to almost 1,000 mg/| due to the masslve erosion of
particles at the upstream end of the test section. This Indicates
that the type of eroding force !s Important In the erosion of

coheslve bed sediment.

8. Bed Patterns

Flgure 73 shows the bed surface between runs éhronologlcally
during the course of the tests. The erosion bed pattern was very
uniform, with p!* marks and streak |ines developed on the bed.

After overnight sedimentation, between runs, extracted sediment due
to benthic worms and worm |ines were evident on the smooth bed
surface. Deep scour holes were observed at both ends of the test
section, w!th depths corresponding to the depth of the sediment bed.
The rest of the bed surface was very smooth wlth some flne sand and
coarse s!it forming ripple~like formations. The ripples were a few
centimeters long In the directlon of flow and had average helghts of

less than one-half mi||imeter.

Elow Conditions in the Flume

The average water veloclty in the flume varied between about 8

and 57 cm/sec. The depth of flow varled bewtween 3 and 15 cm.
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B. AFTER RUN 8

Figure 73. Bed Surface Chronologically After the Start
of the Runs



297

C. AFTER RUN 15

Figure 73 Cont. Bed Surface Chronologically After The Start
of the Runs
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D. AFTER RUN 16

E. AFTER RUN 21

Figure 73 Cont. Bed Surface Chronologically After the Start
of the Runs
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For these flow conditlions the Reynolds numbers were In the range of
9,000 to 60,000. Hence, the flow was fully turbulent for all of the

runs Involving unlidirectional flow.

Measured Yeloclty vs. Yelocity Calculated From Logarithmic
Yelocity Equations

Because the flow was turbulent, the logrithmic velocity equation
for turbulent flow conditions was used to calculate the average
veloclty at the test sectlon for each run. Table 19 shows the
veloclty calculated with the logarithmic velocity equation for a
smooth boundary condition. Also shown Is the average veloclty for
each run based on volumetric discharge measurements. The results
show good agreement between the measured and calculated values, with

the calculated values being conslistently larger.

Shear Stress and Mean Yelocity

The velocity and shear stress data for the experimental runs
under unidirectional flow are plotted In Figure 74. The results
show that there Is |inear relationship between shear stress and mean

velocity at the bed.

Effect of Bed Roughness on Flow Resistance

The energy gradient across the test section for run 16 was

determined at an average velocity of 52.12 cm/sec and average depth



300

Table 19. Calculated and Measured Unidirectional Velocities

Run Veloclty, cm/sec
No. Logarithmic Measured
1 10.56 8.38
2 15.69 13.56
3 22.64 20.01
4 31.43 26.79
5 10.51 9.22
6 26.02 23.03
7 23,57 25,00
8 22,30 19.01
9 39,24 33.40
10 29,69 29,58
11 52.89 45.78
12 56.99 49.10
13 56.34 47 .46
14 67.34 57.20
15 77.48 65.10
16 60.97 52.12
17 63.36 53.64
18 62.24 49,49
19 60,98 51.64
20 64.51 54.79
21 67.18 57.24
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of 8.7 cm. It was found equal to 0.00011. During the l|atter part
of the run, the suspended sediment concentration decreasd at a rate
of 0.30 mg/!/min. Run 19, with an average velocity of 51.64 cm/sec
and average depth of 9.2 cm had an energy gradient of 0.00015. The
suspended sediment concentration {ncreased at a rate of 1.82
mg/1/min. Comparing runs 16 and 19, the gradient were nearly the
same, even though there were significant dlfferences In the
suspended sediment concentrations and rates of change of
concentrations. Therefore, the eroding surface of run 19 dld not
cause any measureable Increése of the fricttonal resi{stance of the
bed compared to the depositing surface of run 16.

Run 17, with the additlon of 2,300 mg/| of suspended sediment
concentration at water depth of 8.8 cm and with an average velocity
of 53.64 cm/sec after 32 minutes of experimental run, had an energy
gradient of 0.0001 and a rate of suspended sediment concentration
decrease of 71.88 mg/I/min. At 99 minutes after the state of run
17, the energy gradlent was determined to be (.000055. with the same
water depth and veiocity as before, but with the rate of suspended
sediment concentration decrease of 12.02 mg/|/min. This means that
with the decrease in suspended sediment concentration over time
during the run, the energy gradient dropped to half its previous
value. Hence, the additlon of suspended sediment appeared to cause
a change in the frictional resistance of the bed, such that It was
greater at 32 minutes Into the run than at 99 minutes. However, the
coarse look of the bed surface at the end of the tests (almost 48

hours) Indicated stil]| further change !n the frictional resistence

of the bed.
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Experiments With Sediment Consolidation and Density

Qutline of Experiments

Three different sets of bench-type exper!ments were done to
determ!ne the consolldéflon and density charactersitics of the
sediment. The flrst set of experiments allowed study of the
consol !dation behavior and density of the sediment In a long
settling column. A well-mixed slurry of sediment was placed In the
column, mixed, and allowed to settle, as described In the previous
chapter. The height of the sediment was recorded pertodically and
samples of the sediment at several helghts were. extracted for
density measurements. The second set of experiments Involved study
of the sediment consolldation behavior and dens!ty In elght
one-|iter graduated cylinders. The well-mixed slurry of sediment
was placed In the cylinders, mixed, and allowed to settle, as
already noted. The sed!ment depth and volume were recorded
periodically. Density measurements were obtained by sujbecting the
whoie sample for oven-dry!ng and weighing. The third set of
experiments Involved the consol [dation behavlor of the sediment In
two 2-1iter graduated cylinders. The weli-mixed slurry of sediment
was placed Into columns, mixed and al lowed to settle. Periodically,
add!tional water was added which stirred up the upper part of the
sedIment column. Removal of equal volumes of water after several
minutes of settling allowed extraction of the flne mater!al

suspended In the columns. Beyond these three experiments a simpler
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experiment was carried out with a bucket of sediment. Thls was

subjected to alr-drying and 1ts compaction behavior was analyzed.
Results of Bench-Type Experiments

As already mentioned, these sets of tests attempted to determine
the consolidation and denslty characteristics of the sediment.

Sediment Behavior When Exposed to Alr

The known amount of sediment from south Sturgeon Lake (the same
as used In the flumes) was left In the laboratory exposed to air to
dry out. As a result, there was a 56 percent reduction In volume
{from 4909 crn3 to 2165 um3 ), a 38 percent reduction In depth (from
10 cm to 6.25 cm), and a 16 percent reduction {n dlameter (from 25
cm to 21 cm). Cracks were observed In the dried sediment,
Indicative of the natural behavior of fine-gralned cohesive
sediment.

Gravitational Settiing Under Water

The Sturgeon Lake sediment that was poured into a long settling
column had an Initlal length of 36 inches. The Inside diameter of
the column was 5.5 Inches and water depth on top of the sediment was
5.0 Inches. Measurement was obtalned periodically fo see the
settl Ing characteristics of the mud. Table 20 shows the settling
data for the sediment.

The three feet column of sediment settled half a foot within the
first day. As time passed, the settllng rate decreased untll a

near-equl | tbrium state was reached. After 30 days, the helght and



305

Table 20. Settling of Sturgeon Lake Sediment !n a Long Column

Distance Mud

Lag Time Lowered Depth
Time Day day hr min inch Inch
1515 5/11//82 0 0 36
1700 5/12/82 1 11 45¢ 5.66 30.34
1306 5/13/82 1 21t 33v 6.91 29.09
2200 5/15/82 4 6 27 8.60 27.40
2000 5/17/82 6 4 45 8.9 27.09
2000 5/19/82 8 4 45 9.16 26.84
1400 5/24/82 12 20 45 9.66 26.34
1500 5/27/82 15 21 45 = 9.75 26.25

1500 6/11/82 29 23 45 10.88 25.12
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volume reductions were 30 percent. Flgure 75 shows the settiing
.characferlsflcs of thls Sturgeon Lake sediment.

Consol Idation and density characteristics were studlied for
short-column settling at two different times. Preliminary data was
collected using two T-l{ter graduated cyilnders during initial field
studles. The mixed-siurry sediment was poured into the graduated
cylinders and left to settie down. More-detallied data was collected
almost one year later when known amounts of mixed-slurry sediment
were poured Into eight 1-)iter graduated cyilinders with
approximately 200 m! of distiiled water. After thorough mixing,
settiing was allowed to occur and the changes In sediment volume
were recorded. Also, the wet and dry densities were measured.

Tabies 21 and 22 show the short column sediment settling
characteristics for prelIminary and detalled experiments. Table 23
shows the density characteristics of the sediment, based on the
detalled study. Flgﬁres 76 and 77 show the gravitational settling
versus time for the two studles. Flgure 78 shows the dry denslty
characterlstics of the sediment over time.

The results indicate that almost a 12 percent reduction [n
volume of sediment occurred In the flirst day and that a 20 percent
reduction In volume was experlenced by the end of approximately 30
days. Also, the results Indicate that sediment approached
near-equllibrium settiing conditions after 3 or 4 days. A 48
percent Increase in bulk denslty was observed after approximately 30

days.
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Table 21. Prelimlinary S$Study of Short=Column Settling of Sediment

Cylinder | Cy!Inder 2
Time Date Lag Time Sed. Depth Yol. Sed. Depth Vol.
Day Hr. Min. cm ml cm m)
11:00 5/11/82 0 0 0 32.90 940 35.82 975
15:15 5/11/82 0 4 05 32.38 925 35.53 9%7
17:00 5/12/82 1 6 - 29.75 850 33,62 910
13:00 5/13/82 2 2 - 28.70 820 32.70 890
22:00 5/15/82 4 11 = 28.00 800 31.60 860
20:00 5/17/82 6 9 - 27.83 795 31.41 855
20:00 5/19/82 8 9 - 27.65 790 31.23 850
15:00 5/24/82 13 4 - 27.65 790 31.28 850
14:00 5/17/82 16 3 - 27.48 785 30.86 840

15:00 6/11/82 30 4 - 27.30 780 30.52 830
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Table 22. Detalled Study of Short Column Settling of Sediment

Average

Yol ume Vol ume
Lag Time CylInder Reduction Reduction
# of days No. Percent Percent

12 12
12
14
15
16 15
14
17
14
18
19 18
18
19
16
19
20
19 19
19
17
20
19 19
20
18
20
21 20
18
20
21 20
18
23 23
23
28 32
36

L] -
W
W N

Wl — — — .
WLV ARLELEUVLUWLWUWUWRNNNNRN = — —m a0

150
150
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Tabie 25. Average Density Characteristlcs of Sediments
In Short Column

Average dry

El apsed-time density
{days) gram/cm
1/24 0.35
2/24 0.35
5/24 0.35
9.24 0.35
23/24 0.44
1.2 0.44
1.4 0.44
2 0.45
2.4 0.45
3 0.45
<4 0.48
5 0.49

33 0.50
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Consoj ldation With Washing Qut of Fine Sediment

In this experiment two 2-1iter graduated cyllnders were used.
The mud was poured into the cyllnders, then 500 mi of Sturgeon lLake
water was added at once. After such add!tlon of water, the
suspended sediment was left to settle 10 minutes on 5/11/82 (the
first day) and on 5/13/82 and for 2 1/2 minutes on 5/15/82 and
5/19/82, before extraction of supernatant.

Table 24 shows the consolldation characteristics of thls flushed
Sturgeon Lake sed!ment, the concentration of suspended sediment
which was extracted, and the percent volatile sollds of the
extracted suspension.

Figure 79 shows the settllng characteristics of the mater!al
remaining In the graduated cyllinders.

The experiment results show that at the end of two days, the mud
column had lowered 2.5 centimeters, and that a 22 percent compaction
of the mud was experienced with 16 days of settiing time. |t was
observed that upon water addition and the resultant aglitation,
suspended sol Ids became coagulated and settled faster after 5/11/82
(1.e., on 5/13/82 and following this date) than on 5/11/82 (first
day of experiment). Also, the suspended solids settled in a
definite blanket.

Density Changes from Long-Cojumn Settiing

For the sediment in the long settling cotumn, after 16 days of
gravitational settling, sediment samples were withdrawn from the

¢olumn at different depths with a syringe for dens!ty measurement.

Table 25 shows the wet and bulk density, and percent molsture



Table 24. Consolidation Characteristics of Sediment After Washing Away Fine Material

CYLINDER 1 CYLINDER 11
Total Sus.Sed. Volatile Sediment Total Sus.Sed. Voldtile Sediment
Lag Time No. of Volume Conc. Solids Height No. of VYolume Conc. Solids Height
day hr. Extraction ml g/1 Percent cm Extractions ml g/l Percent cm
0 0 7 3,400 2.98 6.0 23.53 6 2,975 2.42 6.9 23.58
2 2 8 4,200 2.3 6.0 21.00 8 4,030 1.78 6.5 21.46
4 1N 10 5,350 - 4.3 6.0 19.84 10 5,073 3.90 6.4 20.65
8 9 9 4,000 -6.1 6.0 19.06 9 3,850 6.10 6.2 20.84
13 3 0 - - -- 18.67 0 -- -- -- 19.43
16 4 0 -- -- -- - 18.28 0 -- -- -- 19.03
30 4 0 -- -- -- 16.72 0 -- -- -- 17.41

GlE
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Table 25. Density Measurements in Long Column

Distance from Wet Densfty Water Content Bulk Dens]ty
Bottom ' gram/ cm3 Percent gram/cm
(at bottom)
on 1.33 56.2 0.60
6" 1.33 56.7 0.57
12" 1.31 60.0 0.53
18" i.01 % .7 0.03

Sediment Helight = 18"
Water on top = 6"
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adetermined at different locations of the column. The dens!ty
measurement results show a 24 percent increase In density In the top

18 Inches of sediment.
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¥YI. DISCUSSION OF EXPERIMENTAL RESULTS

Sediment Characteristics Applicabie to Incipient Motion and Transport

The bottom sediment In a lake or ocean environment serves as the
Interface between the active hydraullc environment above and the |
sedimentary environment below. This benthic¢c boundary layer
experiences much blologlcal, chemical, and physical activity. The
physical features which Influence thls benthic boundary jayer
Include: graln size distribution, consolidation and density
characteristics, clay content, and type of clay in the sediment, and
hydrodynamic behavior of overlylng water.

The sediment for |aboratory experimentation was collected from
Sturgeon Lake. The Sturgeon Lake sediment [s exposed to a varlety of
disturbances and loading conditions. Dlsturbances may be caused by
natural hydraullic eroslon and deposition, bloturbation, or
man-induced activities such as boat trafflc. The net effect of each
disturbance ls that the sediment matrix Is dilated, pore volume Is
Increased and strength Is reduced. Between dlsturbances, the
sediment bed is at rest and may be loaded due to Its own welght or
due to the surcharge Imposed by newly deposited sediments. Loading
tends to compress the sediment structure, forcing out pore water so
that more of the load may be carrled by Intergranular contact of
sediment particles.

The process of change in sediment pore volume resulting from an

appl led load Is referred to as consolldation. Consolldation tends to

reduce the pore volume and Increase sediment strength.
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Consolidation and density characteristics of the sediment could
reveal the strength and reslistance of flne-gralned sediment to
hydraul ic erosion and transportation. The lake sediment was observed
to be fluffy and loose, wlthout much strength. The active hydraulic
envIronment of the |ake, due to tlde=induced unidirectional flow and
wind=induced osclilatory flow, tends to promote selective removal of
fine sediment and organic matter, flushing of pore water, and
reduction In strength. The presence of fine-gralned sediment and
organic matter, together with poor lake clrculation and flushing,
produces turbld conditions throughout the water column. Those areas
of the lake which experlience only minor net through-flow are
~ hydraul Ically Inactive and the corresponding sediment structure
contalns more fine sediment and higher amounts of organic matter.

The laboratory data on consol Idation and density of the sediment
Indicate that If the submerged sediment was under no active hydraulfc
disturbances, It consol ldated substantlally. Total consolldation
Increased with depth In the sediment column. Data also Indicate that
the density of the sediment Increased with depth in the sediment
column. The consol Idation énd density of the top bed layer, at the
Interface of sediment and water, were much smailler than for the
underiying sediment. Therefore, the shear strength at the surface
would not be very effective In resisting erosion.

in Sturgeon Lake, the sediment bed is continously exposed to a
varlety of disturbances. Thus, the surface sediment does not have a
chance to consolidate In the manner of the qulescent {aboratory

cylinders. To see the effects of a disturbed envlironment, the
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experimental washing out of fine sediment gave results which
Indicated that the loss of fine sediment and organic matter from the
sediment surface caused the remalning, coarser sediment to
consol {date at a higher rate. From this it can be surmised that the
fluffy and lcose surface sediment In Sturgeon Lake in areas of poor
flushing hinders consol|lidation and that If flushing of fine sediment
were Improved, a greater consol{dation might occur.

To simulate the natural deposition of sediment In the |aboratory
flumes, a well mixed slurry of sediment was poured Into still water
at a designafed location (refer to Chaper 4) to naturalily deposit and
form a sediment bed. The mode of deposition and time history of
deposited material affect the Incliplent motion characteristics of the
sediment.

During the deposition perlod, the clay particles In general
exhiblt a non-salt cohesion (Krone, 1962).resul+lng from the contact
of positive mineral edges of particles with negatlive mineral faces of
other particles. As more sediment particles deposlt, crowding
reduces the freedom of orlentation and fewer particles experience
edge-to-face coheslon; as a result, a number of particles are forced
Into a more parallel arangement. The crowding corresponds to a weak
bonding of the particles. Partlicle bonding depends on mineral shapes
and sizes as well as the total surface area.

As time progresses, some clay particles can come together through
Brownian moton, fluld shear, and different{al sett!ing and form a
particle aggregate. These aggregates settle down and crush the

previously settied material. The crushed materfal forms a bed that
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Is more resistant than the surface sediment. This process of
aggregation, settling, and crushing continues as long as sed!ment
particies are in the water column. If, durlng settling, the
aggregated particles jolIn the bed without breaking up, the bed
surface Is more res!stant than If the aggregates break up.

The material which comprises the top ted surface Is a mixture of
fine Inorganic sediment, and organic matter. Organic determinat!ons
tor the top layer revealed 13 percent organic matter there In
comparison with 5 percent in the sediment bed below the surface. The
top bed surface was called a skin |layer because of Its hydraullc
behavior. The top skin layer formation depends on the time history
of sediment particle deposition. The top skin |ayer formed

overnight.

lonal Flow

The experimental objective addressed here was to study the
Inciplent motion of flne-grained cohesive sediment under
unidlrectional flow. The mean flow veloclity, the shear stress at the
bed, and changes In suspended sediment concentration were used as the
principal criteria to quantify the incipient motion. From
experimental observations, the Incipient motion of fine-gralned
sediment Is defined on the basis of the appearance of pit marks, the
peeling off of bonded particles, and the development of streaks on
the bed surface. These processes were assoclated with Increase In
suspension concentration from Inltlal background conditions. The
hydraul Ic condltlons for Incipient motion are given by the

corresponding average flow velocity and shear stress at the bed.
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Effect of Flow Depth, Velocity and Shear Stress on Inciplent Motlon

The Incipient motton of flne-gralined sediment under
unidirectional flow can be defined as the condltion at which
Individual or bonded particles start to peel off, leaving pit marks
which lead to streak formation, together with an obvlous increase In
suspended sediment concentration. This conditlon can be defined In
terms of hydraul ic parameters.

| attempted fo relate maximum Instantaneous velocity near the
bed, water depth, mean flow velocity, and shear stress to Inclplent
motfon. The results of the experiments show that maximum
Instantaneous veloclty at a glven location near the bed [s not a
good Indicator of Inciplent motion of fine-grained sediment under
unidirectional flow, because the Instantaneous value does not
represent any particular mean value. The mean water veloclty In the
flune Is a better Index for incipfent mot!on. However, many
researchers argue that the water depth should also be used in
conjunction with the mean water velocity. Water depth alone Is a
very poor crilteria for Inciplent motion because it does not reflect
the eroding condlitions. Similar!ly, mean velocity alone is
Inadequate because the corresponding depth will| affect the shear
stress exerted at the bed.

Flgure 80 shows the water depth histogram for all of the
experimental runs. Those runs for which Incipient motion occurred
are Indicated. The graph shows that water depth does not represent

a rellable Index for the Incipient motion condition.
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Figure 81 shows the mean water veloclty hlstogram for ail of the
experimental runs. Those runs for which Inclplent motion occurred
are Indicated.The results show that mean water velocity can be used
as a good Index for Inclplent motion.

Shear stress was found to be the most rellable Index for
Inciplent motion. Flgure 82 shows the shear stress hlstogram for
all of the experimental runs. Those runs for which Inciplent motlion
occurred are Indicated. The results show that Inclplient motion of
f Ine-grained sediment under uni{directional flow occurs !n the range
of 5.08 to 6.10 dyne/cm?.

Several publlshed empirical formulas were used to determine the
Inclplent motion of fine-gralned sediment and compared to my
experimetal results. Table 26 provides the critical velocities and
the critlcal shear stresses required for inciplent motion of
fIne=grained sediment in the fiume (Dmean = 0.0178 mm and DSO =
0.0085 mm} based on the equations of varlous Investigators. The
results show that the range of critical velocity required for
Inclptent motion In Sturgeon Lake sediment s about 20 to 170 cm/sec
and that the range for critical shear stress requlred for Inciplent
motion {n Sturgeon Lake sediment s even wider, about 1 to0 125
dyne/cmz.

The Fortter and Scobey criteria for Inclpient motion can be
el imInated because thelr field study resuits are for canals. The

remalning Investigators, wlth the exception of Abdel-Rahman, are In

good agreement wlth my experimental results.
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Table 26. Critlcal Veloclty and Shear Stress for Incipient Motion
of Flne-Grained Sediment Under Unldirectlonal Flow,
Based on Emplirical Formulas

Critical Yeloclty Crit!ical Shear Stress Runs In
Investigator cm/s dyne/cm Motion
Shields 4b and 10 critical
(1936) g to 21 motion

: a b
| nman 1.10 1.77 4, 6-21, 3, 8
(1949) critical
HJulstrom 32-642  53,3-96P 4-21
{1936)
a b
Lane 61=91 1.5 1.0 3, 4, 6 to 21
{14955)
Nelll all except run 1
(1967)
a b
Sundborg 20-110 20=-170 11 to 21
(1956)
Smerdon & 4 to 24 11 to 21
Beasley
(1961)
Abde|=Rahman 7 to 43 21
{1964)
Fortler 61-114 23 to 125 None based on
& Scobey shear stress,
(1926) based on veloclty
14 to 21

Ml ler 0.98 = 1.53 3, 4, 6 to 21
(1973)
Yalln 0.83 - 0.95 3, 4, 6 to 21
(1972)
Hal | All tn motlon
(1982)
Parthen!ades 0.96 minimum 3, 4, 6 to 21
{1962) shear stress
a .
Based on Dmean of particle

bBased on 050 of particle



329
Effect of Suspended Sediment Concentration on Incipient Motion

The suspended sediment concentration was measured to ald in
evaluating Inciplent motion. Fligure 83 shows the suspended sediment
concentrations versus time for all of the experiment runs. The
suspended sediment concentration results show that at the Inclpient
motion shear stresses just given (runs 11-16), the suspenslion
concentration Increased from 10 mg/! to 30 mg/| and continued to
stay steady at 30 mg/! at the end of run 16. The hligher suspended
sediment concentration at |ower shear stresses (runs 1-10) was
assoclated with locse particles and bonded particies from the bed
margins which went Into suspension and moved downstream, causing
addl tional abrasion of the sediment bed and, consequently, more
suspension.

The results of experimental run 17 shows that fluld flow with
2,300 mg/| of suspended sediment concentration at shear stress of
6.34 dyne/cmz, sl ightly above Incipient condltions, d1d not erode
the bed surface, but that Instead the bed surface coarsened. Thus,
the fluld fiow with large suspended sediment concentration did not
have any noticablie effect on the erosion of the bed. One obvious
concluslon Is that the incipient motion of fine-grained bed sediment
Is Independent of the suspended sediment concentration In the
overlylng water. The reasons for this are:

a) The coarser sand and s!it particles In the body of water

abraded the smooth bed surface, glving It a coarse lock;
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b) The turbulent structure at the bed, which Is responsible for
removing and transporting sediment particles, Is not changed
by the Increase In suspended sediment concentration; and

c¢) The shearing force at the bed Is probably retarded by the
presence of fine suspended sediment particles at the

boundary |ayer.

Effect of Dunes on Inciplent Motion

The results regarding shear stress, veloclity, and suspended
sediment concentration show that the rough bed fleld Is susceptible
to erosion at lower shear stresses than for the smooth bed surface.
In general, bed surfaces with any kind of Irregularities start to
erode or go Into suspension at lower velocities and shear stresses
than do smooth beds. Beslides the turbulent structure near the bed,
which Is responsible for removing and plicking up of the fine
particles on a smooth bed, eddies and secondary currents are present
in the rough bed., Thus, particles are eroded and put into
suspension In the rough bed at lower shear stresses than are

required to Inltlate erosion In a smooth bed.

Bed Patterns

Some of the bed features and related phenomena observed durling
the experimental runs under unidirectional flow are:
a) Average bed erosion of 6.6 mil|imeter occurred from entlire

surface of the bed during runs 1 through 16.



b)

c)

d)

e)

f)

q)

h)
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During experimentai run 17, the suspended sediment
concentrat!ion decreased abruptly and reached an equilibrium
state.

Almost 10 miliImeters of eroslon took piace from entire
surface of the bed durling run 17.

The minimum bed shear stress at which Inciplent motion was
first observed was 5.08 dyne/cm2 and the corresponding mean
flow veloclty was 45.78 cm/sec.

The inciplent motion of the bed depended on the bed shear
stress, Increasing rapidly for shear stresses above a
threshold value.

The rough bed was less reslstant to erosion than the smooth
bed.

incipient motion started by a peeiing off of the bonded
particles from the skin {ayer.

The bed pattern, after inciplent motion started, was formed

by many plt marks, leading to streak formatlion.

Oscillatory Flow

inciplent motlon of non-coheslve sediment under various flow

conditlons has been studied extensively by many Investigators.

Several emplrical formuias have been developed to identify the

Inciplent motion characteristics. |In nearly all previous studles,

as dlscussed In the |lterature review chapter, the determination of

Inciplent motion was based on subjective criterla.
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The experimental objective was to study the Inciplent motion of
fIne-grained cohesive sediment under oscl!latory and unidirectional
flow. The maximum shear stress at the bed, maximum velocity at the
bed, orbltal diameter at the bed, and changes In suspended sediment
concentration were used as the princlpal hyaraullc criteria to
quantify the Inclplent motion. From experimental observations, the
Inciplent motion of fine grain sediment 1s defined as the appearance
of plt marks, the peeling off of bonded particles, and the
devel opment of streaks on the bed surface.

The peel Ing off of the bonded sediment partlcles occurred from
the top skin layer. The top skin layer in the flume was formed on
the bed surface by bonding sediment particles and by organic and
microblal matter. When the Induced flow strength exceeds the
bonding strength of the top skin layer, the particles start to peel
off. The behavior of thls ftop skln layer Is discussed later In this

chapter.

Effect of Wave Parameters on Inciplent Motion

Wave parameters are the principal varlables which define the
flow conditions and flow forces that erode the sediment particles
from the bed. Three wave parameters were varled In |aboratory
experIments: water depth, wave helight, and wave period. Wave
length was not used because the wave length can be deflined In terms

of wave period. A varlety of values for each Individual wave
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parameter was used to attempt to define the Inciplent motion
condition.

Water depths of 9 inches, 12 Inches, and 15 Inches were uysed In
the experImental runs. For each water depth, all possible
combinations of wave height and wave perlod were tested, subject to
the Iimitations of the wave-making machine. The results show that,
at a glven water depth, when wave height and wave perlod change
simul taneously, the wave perlod alone is not a good parameter for
ldentifyling Incipient motion. Also, wave height alone does not
provide a good criterion for Identifying inclplent motion, even
though at a glven water depth, the suspended sedIment concentration
Increases with Increasing wave helght. Water depth ls another wave
parameter which contributes fo suspension and Inciplent motion, but
it alone Is not sultable for defining Inciptent motlon. Therefore,
It was found that each wave parameter has some effect on Inclplent
motion; l.e., when wave height gets |larger for flixed water depth and
wave perlod or when wave period gets |longer for fixed water depth
and wave perlod or when water depth gets smaller for fixed wave
helght and wave perlod, greater suspension of sediment occurs. But
these effects do not directly allow the defining of Incipient
motion. Therefore, no single wave parameter alone Is an adequate
indicator of Inclplent motion.

A combination of the wave parameters could be used as an
Indlrect measure of the Ilkellhood of Incipient motion. But, the
combination of wave parameters must be used to define or calculate

some other flow parameters which are more directly Invoived In
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Inciptent motion, such as the velocity and shear stress at the bed.
These flow parameters are directly associ{ated with fluld forces that
Intferact with the resisting sedjmenf particles. Thls suggests that
to determine Inciplent motion, the wave parameters must be used to
obtaln fluld force parameters, which then must be compared with
sediment parameters that describe the sediment's reslsting abillty.
Therefore, while the wave parameters are Important to Inciplent
motion, they must be used as the starting parameters of oscillatory
flow with an important intermediate sequence of steps before
Inciplent conditions can be defined. Therefore, | used the velocity
and shear stress, Instead of wave parameters alone, as an

appropriate index of inciplent motion.
Effect of Boundary Laver Flow Parameters on Inciplent Motlon

The three maln flow parameters under oscillatory flow are:
maximum horizontal veloclty, maximum shear stress, and orbital
dlameter. These parameters, as mentioned earller, can be determlned
from wave parameters. Some of these flow parameters were directly
measured In the |aboratory for comparison with calculated values.
From the available wave theories, |t was found that use of |inear
wave theory Is approprlate for the computatlons made of flow
parameters from wave parameter measurements.

Results of all three sets of runs show that the maximum velocity
at the bed or the maximum shear stress at the bed can be used in

determining the Inciplent motion of fine sediment. The orbltal
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dlameter Is another good indlicator for Incipient motion, but due to
the potentially large differences between visual measurement and
calculation of the orbital diameter, It Is recommended for |imlted
use only in the range where observed and calculated values of the
orbltal dlameter are in goocd agreement.

The three parameters were separately analyzed to determine which
was best to use In studyling Inciplent motion.

1. Maximum Velocity at the Bed

There are some shortcomings of using the maximum velocity at the
bed for determining Incipient motion of fine-grained sediment under
osclilatory flow. These shortcomings Include: accuracy of veloclty
measurement, nature of wave flow, and mass transport.

As already discussed, a minlature propeller current meter was
used to measure the maximum veloclity at the bed and this Involved
some problems. Other, more sophisticated techniques, give better
resul ts.

The wave flow is not always osclllatory In nature. Therefore,
applyling |inear wave theory to calculate maximum velocity at the bed
does not glve accurate results. Utlllizing a higher order of wave
theory glves better results but Involves more time and difficulty.

The Indlvidual particles In a progressive, Irrotational wave do
not exactly describe closed paths: besides thelr orbltal motion they
also possess a second-order mean veloclty, cal led mass transport
veioclty, In the direction of wave propagation. Therefore, mass
transport velocity should be accounted for In using veloclity as a

criterion for inciplent motlon under osciilatory fiow.
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Due to these constraints, the maximum velocity at the bed should
be measured as accurately as possibie. |If velocity can be
determined exactiy at the boundary layer, it Is a good Index to use
In determining Inciplent motion.

The mai!mum velocities at the bed for ali three sets of runs are
piotted In Figure 84. The range of maximum velocity for Inciplent
motion i{s shown on the graph. For the experimentai runs within this
range, Inclpient motion occurred. Those beiow the range experlenced
no motion and those above the range exceeded Inciplent motion.

The maximum velocity range for Incipient motion with osciliatory
fiow Is plotted on the Hjulstrom and Sundborg curves for incipient
motion with unidirectional flow (Figure 85). The results show that
the observed critical veloclities are below the critical erosion
range of the Hjulstrom curve (hence, stable if Initially at rest),
but within the critical erosion zone for unconsoildated clay
according to the Sundborg curve.

2, Shear Stress at the Bed

The maximum strear stress at the bed was found to be the best
criterion for inciplent motion of fine-grained sediment under
osclllatory flow., Surface eroslon occurs particle by particie or
for a group of small bonded particies. Such removal of particles
occurs when the Induced shear stress overcomes Interparticie
bonding. MaxImum shear stress at the bed Is an Index to measure the
Inciplent motion of fine sediment. It is the shear stress at which

particlie bonding breaks and particles start to move back and forth

and are transported downsteam. However, most of problems assoclated
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with using veloclty are reflected In attempts to use the shear
stress In the same manner, because the shear stress equatlons are
dependent on the veloclty measurement data.

Figure 86 shows the maximum shear stresses at the bed for all
experimental runs. The maxIimum shear stress stead!ly Increased with
Increasing wave height and wave perlod. It was also attempted to
relate the maximum observed suspended sediment concentration to
maximum shear stress at the bed. Figure 87 shows the max!mum
suspended sediment concentratlons measured for all of the
exper imental runs.

Figure 88 shows the maxImum suspended sediment concentrations
versus maximum shear stress at the bed for all of the experlimental
runs. There ls considerable scatter to the correlation. Those data
for the runs at which Inciplent motion and suspension occurred are
replotted In Figure 89. The series of runs In which the chemical
dispersant was used are also ellminated from Flgure 89. The results
show that there Is a closer relatlonship between suspended sediment
concentration and shear stress for each of the two sediment beds:
the recently formed bed of the flrst series of runs and the
more-compacted bed of the second serles. As maximum shear stress at
the bed Increased the suspended sedIment concentratlon increased.
The relatlonships for the two beds are convergent toward the lower
IImits of Inclplent motlon, at small shear stress. This supports
the argument that bed shear strength has relatively IIttle or no
effect on Incipient motion of fine cohesive sediment.

The experimental results of Figure 88 show that once the shear
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stress reached the range that produced Inclplient motion conditlions,
the suspended sediment concentration Increased more rapidly with
Increasing shear stress. Perhaps thls could be considered to be an
upper |imit to Incipient motlon conditlons. This critical value was
found to be 5.7 dyne/cm2 tor the flrst experimental series with a
recently deposited bed and 7.5 dyne/cm2 for the second experimental
series with an older bed. Thus, It could be argued that bed shear
strength does have an effect on the beginning of general sediment
motion of fine sediment once the Initlal bed disturbance has
occurred.

The shear stresses and suspended sediment concentrations for
those experimental runs at which Inclplent motion occurred are
plotted on logarithmic paper In Figure 90. I+ Is seen that the
polnts for each series of runs can be flitted with stralght |ines.
This weakens the argument just ralsed for a critical shear stress
value at the beginning of general sediment motion, and supports the
earller argument that bed shear strength has |1ittle or no effect on
the lower IImit of Incipient motion. However, bed shear strength
does seem to have some effect, because two separate |lines, rather
than one, can reasonably be fitted to the data of Figure 90.

The structure of beds formed by deposition of suspended sediment
depends on the mode of deposition and on time after deposition.
Sediment beds formed In still water are considered to be stronger
than those formed from flowing, relatively stable suspensions.

Sediment bed changes with time are reportedly greatest shortiy after

deposition. However, the consol idated sediment bed, after 91 days,
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had not experlienced a significant Increase of bonding strength.

The valldity of the flrst research hypothesls was tested by
applying the principles governing the incipient motion under
unidirectional flow for oscillatory flow. The incipient motion
characteristics of fine cohesive sediment under osclllatory flow
were determined by observing and recording the changes taking place
on the bed surface as was done under unidirectional flow. Then,
flow parameters such as veloclity and shear stress were used to
quant!ify the Incliplent motion. The results show that, even though
there are differences In the boundary l|layer flow and velocity
behavior between the two types of flow, the Inciplent motion can be
deflned in terms of velocity or shear stress. For oscillatory flow,
the Instantaneous maximum values were chosen to represent these flow
parameters.

In Osclllatory fiow, the peak veloclty under the crest of a
passing wave acts for only a short time. The bed experiences a
range of velocities with peaks in both directions during passage of
waves. The boundary layer flow also varles due to flow reversals.
It aiso varies with the varlation of wave parameters. Experimental
results for the conditions tested show that laminar flow dominates
under oscljlatory flow, whereas under unidlirectional flow for the
same velocitles, turbulent flow dominates.

The maximum veloclty for Inclplent motion was plotted agalnst
well known curves gliving Inciplent motion for unidirect!ional flow as
already shown. |t was found that the results of Inciplent motion

under osciilatory flow can be defined In terms of velocity or shear
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stress as was done under un!directional f|ow.

3. Orbital Diameter at the Bed

Flgure 91 shows the orbltal diameters calculated for the
experimental runs. The orbltal diameter at the bed at Inciplent
motion of the fine-gralned sediment under osclllatory flow was used
tor comparison purposes but was not conslidered a sole criterion of
Incipient motion. There were some shortcomings assoclated wlth
using |fnear wave theory to calculate the orbital diameter. The
orbital diameter was also determined visually by measuring particle
movement on the bed. This involved subjective errors. By
measuring several times and using average values, these errors are
reduced; but better techniques are stlll needed.

Several Investligators, such as Vincent (1958), tried to relate
the orbital diameter of Inciplent motion to wave perlod. | tfried
to relate the orbltal diameter of a particle In the vicinity of the
bed to the wave period. Flgure 92 shows Vincent's results for sand

particles, with D__ ranging from 0.024 cm to 0.063 cm, and my

50
exper Imental results for fine particles, with D_. = 0.00085 cm,

50
Both sets of results show that as wave perlod Increases, the
orbital diameter at Incipient motion Increases. My curve for flne
particies has a greater siope than Vincent's curves for sand
particles, Indicating that for slight Increases of wave period, the
smal ler particles experience larger Increases in orbital diameter.

Figure 93 shows wave perliod versus d02/D for the Incipient

50
motion conditions of my experlimental runs, together with Inciplent
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motion relations from Dingler and Bagnold. The results show a better
agreement wlth other Investigators than found with wave perlod and
orbital diameter only (see Figure 92). Therefore, orbital diameter
In conjunction with the wave perlod could be used as an Index for
Inciptent motion. Agaln, my data for fine sediment are displaced

from those of others for sand.

Applicabllity of Published Empirical Formulas for Inciplent Motion

A number of researchers studled the Incipient motion of sand
particles under wave action. Silvester and Mogridge (1970) put the
empirical formula Into a common dimensionless form for Incipient
motion of sand particles on a flat bed under oscliilatory flow. Those
for laminar flow are shown In Table 27, together with equations by
Komar and Miller (1973) and Chan et al. (1972).

The equations were used to calculate the maximum velocity
required to initliate motion of the laboratory sediment. Table 28
shows the maximum veloclity required to tnitiate motion for each
experimental run, based on the laminar fiow equations given by
Bagnold and by Bonnefllle and Pernecker. Table 29 shows that the
other equattions applied to higher-than-Incipient motion.

Comparison of measured maximum veloclity at the bed with the
empirically determined threshold maximum velocity at the bed provides
the foilowing results: the formuias of Bagnold and Bonnefille and
Pernecker for sand particles provide good agreement with my Inciplent

motion velocity criterion. The remaining empirical formulas
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Table 27. Selected Empirical Equations for Incipient Motion of
Sand Particles Under Oscillatory Flow

Flow
Investigators Conditigns Dimensionless Equation
Umax
Bagnold laminar - = 3.18
(5_1)2/392/301/300.1T1/3
U 1/6
Bonnefille and laminar max"” = 0.072
Pernecker (s_])S/GQS/GDI/ZTT/?
U /2
Eaglesan and Dean laminar ma x N
]/2 = 0-]3]
(s-1)g DT
| U v]/a
Manohar Taminar max = 0.159
(5_1)2/392/302/3
U 1/18
Silvester and flat bed max” - 0.034
Mogridge (5_1)7/997/901/3T1/2
Rance and Warren sand Umax = 0.69
(5_1)3/593/502/5T1/5
. 2
Komar and Miller --- max = 0.30
172 :
(pg=0)9D(do/y)

Chan et al

10

= 0.37
(o) 0-5(sq-1)0- 7550- 25
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Table 28. <(Calculated and Measured Maximum Velocities Required to
Initiate Motion :
Bagnold Bonnefille & Measured Bagnoid Bonneflile & Measured
Run Veloclty Perneckar Yelocity Run Yelocity Perneckar Veleoclty
No. cm/s Valoclty em/s com/s No. com/s Veloclty em/s  om/s
la 34,18 38.31 2,97 33 16.47 12.81 0.88
b 26.83 26,65 5.91 34a 18.44 15.18 1.54
2 23.18 2t.33 6.38 34b 17.83 14,43 bo13
3 21.07 18.55 8.28 34c 16.14 12.44 0.16
4a 20.27 17.50 8.45 34d 15.58 11.78 0.07
4b 19,84 16.95 8.21 35 22.74 20.79 16.68
5 -19.4/ 16.48 7.88 36 19.32 16.28 17.52
6 18.77 15.59 6.62 37 18.61 15.39 11.67
7 18.69 15.49 6.98 38 18.10 14,76 8.93
8 18.44 15.18 6.84 39  20.55 17.85 21.96
9 19.09 15.99 10,72 40 20.13 17.32 22,53
10 20.55 17.85 12.40 41 19.01 15.89 19,94
11 20.13 17.32 13.73 42 19.77 16.85 24.99
12 19,55 16.57 15.01 43 19.24 16.19 21,75
13 19.09 15.99 12,31 44 20,06 17.22 28.93
14 18.52 15.28 10.58 45 19,24 16.189 24,58
15 20.88 18.29 14,59 46  20.61 17.94 34.70
16 20,13 17.32 19.56 47  25.80 25.12 5.52
17 19.24 16.19 16,20 48 22.06 19.86 8.1
18 19.17 16.09 15.64 49 19.01 15.89 11.01
19 21.07 18.56 20,69 50 18.44 15.18 10,95
20 20.27 17.50 21.46 51 18.85 15.69 16.37
21 19.4/ 16.48 19.87 52 19,01 15.89 21.42
22 20.61 17.94 23,72 53 18.52 15.28 20,20
23 19.77 16.85 22.32 54 19.62 16.67 27 .63
24 20.88 18.29 25.54 55 22.80 20.87 11.82
25 19.92 17.04 22.79 56 20.20 17.41 16.34
26 19.32 16.28 14,91 57 18.85 15,69 9.51
27 21.14 18.63 27.33 58 19.47 16.48 17.89
28 20.27 17.50 26,33 59  20.06 17.22 29.05
29 18.93 15.79 14,04 60 21.45 19.05 32.68
30 18.18 14,86 6.49 61 21.14 18.63 33.59
31 17.83 14,45 4.6 62 21.20 18.72 42,03
32 17 .46 13.99 3.33
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Table 29. Experimentai Data In Comparison to Publlshed Equations

Inciplent Higher Than
lovestigator Flow Regime _ Mot!ion Runs Inciplent Motion

Bagnold Lamlnar 16, 19 20 to 25 and 27, 28

39 to 46, 52 to 54

59 to 62
Bonnefl|le and Laminar 16, 26, 29 16, 17, 19 to 25
Pernecker 36, 54 27, 28, 39 to 46,

52 to 54, 59 to 62
Eagleson and Lamlnar —— all of runs except 1, 33,
Dean 34b, e, d
Manohar Lam!nar ——— all of runs except 33,

34c, d
Slivester and F|at Bed ——— all of runs except 33,
Mogrldge 34c, d :
Rance and —— — all of runs except 1, 33
Warren 34a, b, ¢, d
Komar and — — ‘ a2l | of runs except 1a,
Mlller 33, 34
Chan et al. —— ——— all of runs except 1, 2

31=34, 47 and 48
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do not represent the Inciplent motion for fine-gralned sediment,
possibly due to factors such as: type of material used, type of
apparatus, different wave parameters, and subjective nature of
Inciplient motion determlnation.

Dingler (1979) provided a non-dimensional empirical formula for
Inciplent motlon of sand particles 0.0177 to 0.1454 cm in size with
wave periods ranging from 2 to 20 seconds under osclllatory flow.
bingler's equation (equation 62) was used for my experimental data.
Figure 94 shows the results for my Inciplent motion data, together
with the Bagnold and Dingler relations. My data closely paraliel but
are displaced from the Bagnold and Dingler |Ines because of the use

of flne-grained sediment instead of sand particles.

Shield Criterion For Incipient Motion

The threshold at which sediment particles are dlsturbed and set
In motion can be subjectively observed visually or defined by the
critical shear stress exerted by the fluld flow on the bed surface.
Following the work of Shields (1936} under unidirectional flow, the
Inciplent motlon criterion Is defined as the ratlo of the critical
shear stress to the immersed welght of the topmost grain layer of the
bed. This has the nature of a generalized friction coefficlent which
takes Into account both grain size and graln denslty for coheslonless
bed gralns under unldirectional flow. This relation was given as

equation 12.
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The Shields criterlon has been used extensively In the study of
Inclpient motion of non-cohesive sediment In undirectional fiow.
Recentiy, many investigators such as Komar and Mllier (1973, 1975),
Madsen and Grant (1975) and Dingler (1979) used the Shields criterlion
for non-coheslve sediment under oscliiatory flow and concluded that
the Shields function, wlth all of Its shortcomings, may serve as a
reiatlvely rellable and quite general criterlion for the threshold of
sediment movement under osclllatory flow.

| attempted to use the same Shlelds criterfon for flne-grained
sediment under osclliatory flow. Flgure 95 shows the Shields curve
In the form given by Bagnold (1963). One curve Is given for a flat
bed, another curve applies to a rippled bed, crosses represent Dyer's
data for fine sand on the sea floor, and the range of my experimental
data is glven. The results show that the Dyer fleld data are about
one order of magnitude higher than the Bagnoid laboratory curves. My
data are sim!ilariy displaced from Bagnoid's curves. The reason |les
In the cohesion strength of fline-grained sediment, which requires
higher shear stress for Inciplent motion than does coheslonless
mater!al.

My shear stress data for Inciplent motion were also plotted on
the graph developed by Miller et al. (1977) from published data of
threshold shear stress versus grain size diameter. The range of my
data Is shown In Figure 96. Dyer's (1980) flne-sand Inclpient motion
data range Is also added to the graph for compar!son with my
{aboratory experimental results of fine sediment. The results

Indicate that the critical shear stress for Inciplient motion for
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Dyer's fine sand and my experimental data are both one order of
magnitude higher than the pubilished threshold curve. My data did not
differ from Dyer's data In departure from the M!{ler curve as much as
was the case with Shields curve (Flgure 96). Therefore, for better
compartson, the Inciplent motlon condltlons were plotted on a
variation of the Shields curve given by Miller et al. (1977), which
{s shown In Figure 97. Two stralght Ilnes on Figure 97 are shown,
based on the data of Bagnold (1946) and Manohar (1955) for sand
particles. My data are one order of magnitude higher than the
others. This Is because the effect of fine cohesive particles

already mentioned.

Effect of Bed Roughness on Inciplent Motion

Resuffs of the first and second categories of experimental runs
showed that particles from the rough bed surface went into suspension
at lower m%x!mum velocltles and shear stresses than those from the
smooth bed surface. This [s malnly due to the shearing force of the
water near the boundary layer. The helght of the viscous sublayer
that developed at the rough bed was less than the helght of the dunes
and ripples In the rough bed surface. The Imposed shear force was In
close contact with the sediment surface and started to erode the
particles from the layer below the top skin layer. The maximum
calculated boundary layer thickness at Incipient motion was 0.062 cm,

which Is less than the dune height.



Shield Criterion

R W P 17 ;
i / - ML Data

el i _ )

=10.21V%/ —T‘i

\ml
bl

10t 2 4 ey 100 g 10 10

UmD
Figure 97. Shields Criterion Versus —%}—

¢9¢



363

The fine sedlment particles are beileved to have been subject to
Incipltent motion at iower maxImum veloclty and shear stress for the
rough bed than for the smooth bed. This is because of the formatlon
of eddles, turbulence and secondary forces at the boundary layer of
the rough bed. The eddies that developed on the rough bed added to
the flow strength to cause Iinclplent motion at lower fluld force than

required to bring Incipient motion on a smooth surface.

Effect of Consolidation on Incipient Motion

| was unable to measure the shear strength of the sediment bed by
standard technlques. Instead, | assumed that the natural
densification or compaction of the sediment bed with time Increased
the shear strength of the bed. The Inclplent motion of the recently
depos!ted sediment bed (10 days old) was compared to that for a more
recently compacted bed (91 days old).

Many Investigators of Inciplent motion of flne~gralned sediment
found that cohesive sediment shear stress, not shear strength of the
sediment bed, Is the dominant factor. Prthenaldes (1962, 1977)
concluded that the erosion of fine cohesive sediment by action of
water Is Independent of the shear strength. Kandlah (1974) found
that Interparticie cohesion Is a primary factor in determining the
resistance to erosion of clay solls. He indicated that the catlon
exchange capacity is related to te Interparticie cohesion and is a
baslc parameter governing the erodibility of a clay soll. Metha

(1973) also used shear stress, not shear strength, as the most

Important vartable In his depositional study of fine cohesive
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sediment.

It was found from my experiments that the Inciplfent motion of the
fine-gralned sediment {s !ndependent of shear strength of the bed.
In other words, the recently deposited sediment bed has the same
resistance to the shearing actlon of water due to waves as the more
compacted sediment bed.

The followlng observafléns provides supporting evidence for this
concluslion. In the first set of runs, for the recently depos!ted
sediment, the range of maximum veloclty for the Incipient motion of
the smooth bed was 13.7 to 21.5 cm/s and the range of maximum shear
stress was 3.67 to 5.53 dyne/c:rn2 . |In the second set of runs, for an
older depos!t age, the range of maximum velocity for the Inciplent
motlon of smooth bed was 20.0 to 25.0 cm/sec and The.range of maximum
shear stress was 5.39 to 6.00 dyne/cmz. The differences, although
consistent, may be due to the subjective nature of determinatlion of
Inclplent motlon. Suspended sediment concentration data for the two
sets of runs showed that more sediment particles went Into suspension
w!th the older, more compaced sediment bed and Is relatable to the
consistenly higher stress and veloclty just mentioned.

Loglcally, it seems that the more compacted the sediment bed, the
more resistance there should be to the shearling force of the water.
But thls may not be the case for fine-gralned sediment. Beslde the
above supportive evidence, the mechanism of fine cohsleve sediment
erosfon must be considered. The flne-grained sediment was eroded

layer by layer (surface erosion). The compaction and consequent
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fncrease In density of the sediment did not signiflicantly Increase
the resistance of the skin layer. The skin layer thickness Is on the
order of a few mlilimeters. Other factors, such as cohesion, organic
matter, type of clay, and chemlcal characteristics of water and
sediment, are the Influencing parameters. The weakest bond of the
bed surface determines when the particles go into motion.

Consol 1datton and density changes would not seem to Influence the

particle bondlng at the water-sediment Interface.

Bed Patterns

The most striking phenomenon of the bed erosion pattern was-the
persistent peeling off of the bonded particles from the top skin
layer. The peeling off of the skln layer was distributed unlformly
all over the bed surface (rough bed and smooth surface). An average
bed erosion of 5.6 miilimeters occurred from the surface of the bed.
The top skin layer formation was due to the cementing of clay and
sllt particles with dust from the laboratory environment and iron
oxides from within the sediment bed. The peeling off started when
the maximum shear stress at the bed was able to break thls bond [n
the weakest plane. That s why the Indlvidual or bonded particies
started to peel off from the rough bed first and then from places
with fine Irregularities In the bed surface. Local turbuience and
eddlies at the Irregularities in the bed surface caused the incipient
motion to occur at a lower shear stress than would normally be

required.
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The short deep scour streaks In the rough bed were a result of
the structure and Intensity of turbulence and the shear stress at the
bed. In comparison, the long scour streaks In the smooth plane
surface developed primarily as a result of shear stresses due to
weaker |ocal turbulence. The bonded particles, upon becoming
detached In the rough bed field, moved back and forth over a long
period of time and caused further abrasion and eddlfes, resulting In
deeper scour streaks.

The distinct colors of the surface and exposed layers of the
sediment bed were an Indication of Iron and manganese oxlde (see

Chapter 111) as cementing agents In the top skin layer.

Combined Effect of Osciliatory and Unidirectional Flows
on Inciplent Motlon

Comparison of Effects

Due to a lack of appropriate facllitles for testing the combined
effects of osclllatory and unidirectional flow on inclplent motion of
fine-gralned sediment, the analyses of thls comblned effect relled on
the results of the independent studles of Inciplent motion in
oscl|latory flow and unidirectional flow. The results were compared
and Integrated with my research on the separate flow to understand
what Is happening In the case of comblned flow.

Table 30 shows the condltions for Inciplent motion of

flne-gralned sediments under the separate osclllatory and
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Table 30. Conditlons for Inclpient Motion of Flne-Gralned Sediment
Under Osclllatory and Unldirect!onal Flow

Osclllatory Flow Unidirectional Flow
Parameter Smooth Rough smooth Dune
Yelocity for 13.7 to 21.5 5.9 to 8.5 45.8 to 52.1 45.5 to 51.6
Inclplent
Motlon#*
cm/sec
Bed Shear Stress 3.70 to 5.53 2.0 to 2.2 5.1 to 6.1 6.0 to 6.4
for inciplent
Mot {on
dyne/cm
Suspended up to 18 5.1 to 7.4 up to 30 49
Sed!ment .

Concentration
Near the Bed
mg/L

*Maximum value at boundary layer s given for osclillatory flow;
mean value In flume Is glven for unld!rectional flow.
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unidirectional flows In terms of veloclity, shear stress, and the
suspended sediment concentration. The results show that for a gliven
sediment bed (the same material! and the same bed preparation) a lower
velocity was required to Initlate erosion in the oscillatory flow than
in the unlidirectional flow. However, the velocity locations with
respect to the bed differed for the two flow cases. Current meter
velocity measurements were made at the bed In unidirectional flow a
few times for each run and gave velocities comparable to the mean
veloclty In the flume. Therefore, use of the mean value s considered
acceptable here, as It gives a more reilable average than the point
measurements. The shear stress data also show a simlilar trend, but
not as markedly as do the veloclty data.

The difference In shear stress and velocity for the two different
flows can be explalned as follows:

Flow near the bed Is laminar in the osclllatory case, while
the fiow near the bed In the unidirectional case ls turbuient.
The viscous forces are the dominant forces In both cases, but
the effects of possible pressure differences and mass-
transport currents must be considered in the oscillatory

flow. VYelocity at the bed is orbital In the

osclllatory flow and Is affected by mass-transport

velocity.

Fligure 98 shows the suspended sediment concentration versus
critical shear stress at the bed for Inciplent motion conditions under
unidirectional and oscillatory flows. The results show that at a
glven shear stress, larger suspended sedlent concentrations are

assoclated with unidirectional flow than with osclilatory flow.
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Also, the changes of suspended sediment concentration over the range
of Inclplent motion show that higher suspended sediment
concentrations are assoclated with unldirectional flow. Under the
oscl|latory flow, most of the eroded materlal traveled back and forth
and was gradually transported downstream at the bed; some of the
eroded material went Into suspension with a clircular motion and
traveled upstream to the waveboard. Under unidirectional flow, the
sediment particles eroded at higher velocitles and shear stresses,
went Into motlon faster, and were soon transported downstream. The
higher suspended sediment concentrations under the untdirectional
flow were due to more suspension of sediment occurring In
lrreqular~shaped zones at the upstream end of the test sectlon.

The hypothesls regarding |inear summation of the Inciplent motlon
of unidirectional flow and osclillatory flow for the comblined flows
was rejected at the early stage of |iterature review and |aboratory
exper Imentatlon. The boundary layer flow varies depending on the
wave parameters under osclllatory flow. Turbulent structure at the
boundary layer under unidirectional flow will be dominant. It Is not
known whether the superposition of the osclllatory flow on the
unidirectional flow alds the spread of the turbulent boundary layer
or Inhiblts 1t or If the behavior of the system depends on whlich type
of flow is generated first. Therefore, due fto the complex situation
under the comblned flows, |Inear summation of the results of

Indlvidual flows Is not recommended and does not glve good results.
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The revised hypothesls was that from consistent measurements of
the separate effects of unidirectional flow and osclllatory flow on
the Incipient motlon of flne cohesive sediment bed, It Is possible to
estimate the effects of combined unidirectional and osclllatory flows
on the Inciplent motlon of such cohesive sediment.

Through detalled analysis of velocity, shear stress, and suspended
sedIment concentration for Inclpient motion under separate flows, It
was found that lower velocity and shear stress for Inciplent motion

was assoclated with osclllatory flow. Then the results were compared
with [imited published results for sand particles and found to be In

good agreement.

Expected Combined Effects

The following statements can be made about the Inciplent motion
behavior of fine sediment under comblned 6scllla+ory and
unidirectional flow:

t. Inclplent motion of fine sediment occurr at |ower veloclitles
and shear stresses wlth oscll|atory flow than with the
unidirectional flow. Therefore, oscillatory flow Is expected
to be responsible for the Inciplent motion of the sediment
bed subject to combined flows. Unidirectlional flow Is
expected to then carry the suspended sediment In a
downstream direction,

2, The flow condlttions under unidirectional flow for all of the
experimental runs were fully turbulent but under osclliatory

flow most of the experimental runs had |laminar flow



372

conditions and some were In the translition from laminar

to smooth turbulent flow. It Is speculated that the flow
will be turbulent In superimposing unidirectional flow

on osclllatory flow.

The turbulence structure near the bed from unidlirectional
flow Is expected to dominate when oscl|latory flow Is
superimposed, as long as the waves do not break.

Inciplent motion of fine-grained sediment under oscillatory
flow, when unidirectional flow Is superimposed, Is expected
To occur at |ower shear stresses than wlthout the
unidirectional flow.

Under a combined effect, osclllatory flow i{s expected to be
more responsible for removing and peelling off the sediment
and unidirectfonal flow for bringing the sediment Into
suspension.

The turbulence intensities at the bed under the combined

oscillatory and unidirectional fiow are expected to be higher

than for elther flow alone. Thus, a greater number of
particles will go Into suspension.

The net shear stress at the bed under the combined
osciilatory and unidirectional flow Is expected to be
almost the same magnitude as for waves alone, but the
vortex-dominated |layer will extend above the bed and
the only means of particle suspension will be a weak

wave-induced vortex |ayer (see Tunstall and Inman, 1975).
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8. More suspended particlies are expected to be transported
downstream for a given time Interval than before.

9. The net veloclity near the bed for comblned osclllatory and
unldirectional flow s expected to be in the same direct!ion
as the wave propagation dlirection for flow producing
Inciplent motion. This should be analyzed In the future,
tfor wave and current [n the same dlirection as well as In
the opposlite dlirection.

A Model for the Mechanism of Inciplent Motion of
fine=Grained Sediment

Ihe Occurence of |nclplent Motlon

The sediment particlies must be detached from the bed surface
before they can be carrfed back and forth at the bed. The threshold
condition of Incipient motlon of sediment particles at the bed Is
very Important to understand. A model for the mechanism of Inciplent
motion of fine-grained sediment under oscillatory flow !s developed
here which explalns the observed phenomena and possibly the
relationship between the shear stress and the wave parameters at
Incipent motion.

The shearing force acting on the bed surface due to waves and
unidirectional flow Is responsibie for removing indlvidual or bonded
particles from the bed surface. For a hydraullcally smooth bed, the
particles are completely Immersed within the laminar sublayer and the

forces acting on them are due to viscous stresses.

Inciplent motion for flne-gralned sediment is defined as the
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conditions which the Individual or bonded particles on the bed
surface begin to move. The Initial movement of sed!ment particles Is
started by the peelling 6ff of the top skin layer of bonded particles,
leaving pit marks on the bed surface which develop Into streak llnes.

Suspension of sediment is a part of thls Inciplent motion process.

Eactors Contrelling the Inciplient Motion
Syrface Laver Cohesion

Particles In the sediment matrix can be formed In several

different ways, such as:

1) stit with slit sysTem’

2) sllt with sand system

3) stlt with clay system

4) silt with sand and clay

5) sllt with a lot of clay

6) slit with organic matter

7} sllt with sand and organic matter

8) silt with clay and organic matter

9) slit with clay and sand and organic matter

10} stit with a lot of clay and organic matter

11} clay with sand system

12) clay with clay system

13) sand with sand system.
Flgure 99 shows these possibliities for sediment matrix formation.

In cases 3, 4 and 11, If enough clay particles fiil the spaces
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between the sllt and sand particles, the clay acts as a cementing
agent. Thls situation represents the cohesive sediment matrix case.
I call thls a coheslve system. If Insufficlent clay materlal Is
avallable to flll the sbaces between the s!lt and sand particles and,
thus, to act as a cementing agent, a situation Ilke cases | and 2 Is
represented. | call thls as a non-cohesive system. Case 13 {s also
non-cohesive. Cases Ilke 5 or 12 represent more than enough clay
(for a coheslve system) In the sediment matrix system. | call thls a
clay system. The rest of the cases deal wlith !nteractlons of
particles with organic matter. It Is evident that organic matter
with cohesive sediment adds more cohesion to the system. The effect
of organic matter on a non-cohesive sediment, whether It glves some
coheslon to the particles or acts In a neutral manner, !s beyond the
scope of thls research.

The Sturgeon Lake sedIment contalns approximately 80 percent silt
with 18 percent clay and a trace of fine sand. With a |lquld Iimit
of 55 percent and plasticity Index of 15 percent, based on standard
technlques, the sediment [s class!fled as cohesive sediment. X-ray
dlffraction analysls showed that [l]1te was the domlnant type of
clay.

The sediment also Includes organic matter and Iron. Organic
matter exlsts In many forms, ranging from plant roots and organisms
to decomposed organic resldues. The organic content of sediment was

above flve percent which Is Indlcative of a high percentage of
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organic In the sediment.

The well-mixed sediment particles were settied In the fl|ume under
quiescent water conditions. The mode of deposition and time hlstory
of sediment bed formatlon have some effects on the res{sting behavlior
of the sediment bed. In prototype situations, the suspended sediment
particles experience deposition and resuspension under varlous shear
flow condltlons.

Many fleld studies on erosion control have demonstrated that
sediment with organlc matter resists erosion more effectively than
sediment without organic matter. The organic matter forms bonds with
the surface of two or more clay particles or stablilizes the sediment
bed against water entry by the presence of hydrophobic organic
materfal, such as fats and waxes. Therefore, organic matter adds
cohesive strength to the sediment bed, but the extent of thls
addl tlon depends upon how much organic ma++er Is Involved with what
type of sediment (clay content, gradation). These are questions on
which future research can shed some |ight.

tn a coheslve system, sll|t-clay or silt-clay-sand bonding takes
place and glves more coheslve strength than the clay-clay bond In a
clay system. The surface layer of the bed In the flume was probably
formed by a combination of sllt-clay~-silt, slit-clay-sand, clay~clay,
and silt-sllt. Organlc matter probably attached to all of the above
bondings. Besldes organlic matter, dust and other Impur!tles were
attached to the sediment particles. Thls attachment of organic and

other matter to sedIment particlies formed a skin layer. The skin
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layer had 13 percent organlc matter compared to 5 percenf.of organic
matter In the sediment bed. The high amount of organic matter In the
skin layer gave bonding characteristics to the sediment particles.
The effect of Iron oxide in strengthening the skin layer was not
studied in the laboratory, but from the |lterature It !s evlident that
sediment with a high quantity of iron contributes to an increase In
the bonding strength of the sediment particles. Even though the [ron
concentration In the skin layer was not determined, the overal |
sed!ment mixture contalns 22.8 mg/gram of iron. Iron could oxldize
to Iron oxldes, which In turn Increase the reslstance of the bed to
erosion. This can be accomplished by bonding the clay particles In
the bed Itself. To determine quant!tatively the effect of lron oxide
on bonding of sediment particles and the degree of Increasing or
decreasing coheslion, controlled |aboratory tests and chemical

analysis of the sediment and water are essentlial.

Breaking of Bonds and Incipient Motion

Inciplent motion was defined as the condition when the maximum
shear stress acting at the bed caused the bonded particles to start
to peel off, leaving many pit marks which led to streak formation.
Suspenslion of the removed particles from the bed took place In many
situations simultaneously with the peeling off of the skin layer.

The Inciplent motion of this top skin layer started when the
Induced shearing force of a wave exceeded the coheslon or bonding
strength of the skin layer of the bed surface particles. That Is why

the bonded particles (which are a matrix Involving some combination
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of sllt, clay, sand and organic matter) start to peel off at places
with the weakest bonds. The weakest bonds probably Included
stit-stlt with organic matter, silt-clay systems (clay structures
bonded to silt), or clay-clay system bonds.

The peellIng off of the skin continued to progress as long as the
Induced shear force was not reduced below the bonding strength of the
sediment layer. The erosion of an exposed |ayer began promptly after
peel Ing off of the top skin layer. This erosion of an exposed |ayer
started with the removal of Individual particles, with no evidence of
a skin formation. As time progressed, the skin was reestabl Ished due
to overnight settling of suspended impurities, sediment extractions
from benthic worms or bugs, and oxlidation of iron at the sediment bed
surface.

Another possible explanation for why the skin layer would peel
off at some places on the bed surface may be that the movement of
eroding fluld Into the solfl pores at non-bonded (non-cemented)
places, these being the weakest possible places, caused weakening of
the Interparticle bonding.

With the ald of the Partheniades (1962) mechanism of erosion of
clay particles, another facet of the mechanism of particle removal
from the bed can be explalned. At the bed surface, the edges of each
particle will be attached to the surface Irregularities of some other
particles. Therefore, a joInt will be formed which will be possibly
wrapped In a thin layer of highly vlscous absorbed water. The two

particles could have two possible conditions; elther In contact or
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separated by a few water molecules. |f the clay particle s attached
to only one other particle but is free to move, then a movement could
break the Jolnt. Such particles will be removed from the bed surface
by shear forces. |f a particle ls Instead bonded at ﬁore than one
polnt, the fallure could take place by bending stresses at some
weakest plane of the particlie [tself, rather than at a joint.

A dlsperslive agent was added to the water to disperse the
sed!ment particles at the bed surface to their origlinal sizes by
breaking down the aggregations of clay-to-clay, clay-to-s!lit,
clay-to-sand, and clay=to-organic matter particles to Individual clay
or silt particles. Thls broke down the cohesion between surface
particles, which then went Into suspension at |lower velocltles and
shear stresses than required for deposlted sediment without a
dispersive agent. The suspended sedlment concentrat!ons assoclated
with this run were the hlghest recorded concentrations among all
runs. Moreover, the maximum values of veloclity and shear stress
responsible for this !nciplent motion of the smooth bed surface with
dispersent added were 7.9 cm/sec and 2.1 dyne/cmz, respectively, well
below those for recently deposlited or compacted sediment beds.

Effects of Bed Consolidation on Inciplent Motion

Sed!ment compaction with time, due to naturai densiflication,
Increases the shear strength of the sediment bed. The particles are
In closer contact to each other.

The resul tant effect at the bed surface Is of greater Interest

wlth respect to Inciplent motion. The following situations could
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take place there as a result of bed consollidation:
ist. A surface skin forms as time progresses;
2nd. Water Is pushed out of the underlying sediment bed through
the weakest plane of bonded surface particles (jolnts,
particles Itself) or at the edge of the sediment bed:

3rd. Upon removal of most of the water from the bed,

a) the particles may be in contact without water molecule
saeparation, or

b) the surface skin may be more cohesive than before due to
stronger bonding, or

c) there Is no change In surface skin coheslveness.

Flgure 100 shows the original sediment matrix and that which
results when water Is pushed out of the bed. Conditlon (c) prevalls
based on laboratory experiments, because no major changes took place
In the top skin layer.

During consol Idation processes, the clay partlicles and their
assclated cloud of hydrated Irons tend to rearrange themseives to a
configuration having the lowest energy (Krone, 1962). Thls
conflguration reduces Interparticle spacing and Increases the
fractlon of Interparticie water that Is Influenced by the particles.
Therefore, water has an active part In determining the structural
character of consol!dated sediment.

The flne materlal In the sediment matrix also has an active role
In the structure of consolldated sediment. The experimental results

of washling away fine particies from the sed!ment matrix showed that
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sediment particles consolidate at a higher rate wlthout the fine
particles present.

The experimental results showed that the shear strength of the bed
surface skin layer do not change with compaction of the sediment bed.
The mechanism of fallure of skin layer, already discussed, is a
surface phenomenon. The behavior of a sediment bed {n a flowing body
of water was shown to depend strongly on the shear applied by the flow
to the bed. Therefore, the Inclipient motion, at least for the top
skin layer, Is Independent of shear strength of the sediment bed.

The results showed that as long as the Induced shear stress Is
above the bonding strength of the top skin layer, the peeling off of
the bonded particles will continue. The newly exposed |layer, when the
top skin layer is removed, breaks In indlvidual particles. As time
prgresses (e.g., overnight) a new skin layer will be formed.

Sediment below the top layer Is Inltially dense and compacted.
But, as the top layer Is removed, the exposed sediment is again In
contact wlth water molecules; therefore, water molecules can then
enter the bonded particles through Joints and decrease thelr
cohesiveness, As the new skin layer Is formed, the mechanism of

failure will be the same as for the previous skin layer,
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VII. SUMMARY AND CONCLUSIONS

General

Sediment transport processes can be affected by a comblnation of
wind=Induced osclllatory flow and runoff- or tide-induced
unidirectional flow. Theoretical understanding of boundary layer
flow when the two flow condltions are superimposed Is stlll In the
developing stages. Therefore, the best avallable alternative to
understanding the processes of Incipient motlon of flne-gralned
sediment at this time Is the application of results from |aboratory
and fleld studlies of unldirectional and oscllilatory flows.

in a turbulent flow'field, such as Sturgeon Lake, the Inclplent
motion of flne-gralned sediment depends on the flow variables as well
as on the physlicochemical properties of the deposited sediment.

Using a glven type of fine sediment (STurQeon Lake sediment) with
flltered river water, the physicochemical properties of the sediment
can be kept constant, so that the inclplent motion of the sediment
can be related to flow variables. Thus, the complex hydrodynamic
Interaction of tide-Induced unidirectional flow and wind~wave Induced
oscl|latory flow can be studlied under controlled sediment conditions.

Fleld study and observation of sediment and water
characteristics, as well as the hydrodynaﬁic characteristics of the
Sturgeon Lake. revealed the relevant processes Involved. [t was then
possible to simulate these processes In the |aboratory. This
permi{tted testing of research hypotheses applicabie to the research

objectives.
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The laboratory experiments were performed In bench-type settling
columns, to determine the consolidation and density changes of
sediment, and in recirculating and wave flumes, to simulate the
tide-Induced unldffec+lonal and wind-wave Induced oscillatory flows,
respectively. Due to the lack of special equlpment, the
superposition of osclllatory flow on unidirectional flow was not
experImentally feasible. However, the comblined effect could be

evaluated by Inference from the results for separate flows.

Yaildity of Research Hypotheses

First Hypothesis

The first research hypothesis was that the incipient motion of
silt=clay sediment under osclilatory flow can be determined and
described In a manner simllar to that used for unidirectional flow.

In oscillatory flow, the peak velocities on the bed surface will
act only for a very short time and the boundary layer is not as well
developed as for unidirectional fiow. The boundary layer varles
depending on the ratio of water depth to wave parameters. In spite
of these added d!fficultles, It was possible to deflne and quant!fy
the Incipient motion characteristics of fine-grained sediment in
terms of flow parameters for oscillatory flow In a manner analogous
to unidirectional flow. |T was found that for fine coheslve sediment
particles, the principles governing the Incipient motion under
unidirectional flow were appllicable for osclllatory flow. Even
though the water motion near the bed at the boundary layer was

oscillatory, the Inciplent motion of the sediment could be related to
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critical shear stress and criti{cal maximum veloclty at the bed In the
same way as for unidirectional flow. The laboratory results were
compared wih establ ished curves of past Investigators and found to be
{n good agreement for the range of flow and sediment conditions

studled.

Second Hypothesis

I+ was Initially hypothesized that the combined effects of
unidirectional flow and osclllatory flow were additive and could be
treated by |inearly summing the separate effects. After the revliew
of |iterature, and while the flume studies of separate flows
progressed, however, [t became evident that [!near summation was not
appropriate and that a more fundamental hypothesls was needed. It -
also became clear that the avallable laboratory apparatus would |imit
certalin aspects of experimentation. |

The second research hypothesis, thus, was that from conslstent
measurements of the separate effects of unidirectional flow and
oscl|latory flow on the Inciplent motion of a silt-clay sediment bed,
it Is possible to reasonably estimate the effects of comblned
unidirectional and osclllatory flows on the Inciplent motton of such
cohesive sediment.

The laboratory flume resuits of Incipient motion of flne-gralned
sediment under the separate effects of unldirectional flow and
osclllatory flow were analyzed and tested agalnst a |imited avaiiabie
| iterature regarding sand particies. [T was found that the boundary

layer osclllatory flow tends to remain lamlnar at velocities which,
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In unldirectional flow, are turbulent. The combined boundary layer
tlow for the two flow cond!tlons can not be |inearly summed and would
be complex. Nevertheless, consistent measurements of the separate
effects of unldirectional flow and oscillatory flow on the incipient
motion of a flne-gralned sediment bed, showed that the effects of
combined unidirectional and oscillatory flows on the Inciplent motion
of such cohesive sed!ment could be estimated. How thls estimate can

be made is summarized In the following sectlon in thls chapter.

Inciplent Sedlment Transport Processes

General Features of incipient Motion

it Is found that the action of flowing water causes the Initial
movement of sediment to take place |layer by layer (surface erosion).
The movement of sediment takes place In a boundary layer that Is
developed at the sed!ment-water interface from the effects of
viscosity of the fluld. The Inltial motion of sediment occurs Iin a
leminar sublayer and !s caused by turbulent shear exerted by the
flow.

The Importance of surface erosion (skin erosion) of cohesive
sedIment under the action of flow Indicates that a more detalled
exploration of the chemlstry of the bonding particles In the surface
layer (skin layer) Is essential. Such an extensive study was not
under taken, however, because It was beyond the objectives of this
hydraul I¢ research.

Inciplent motion was deflned as the condition at which the

Individual particles or bonded particles begin to move, leaving pit
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marks on the bed surface which develop Into streak |Ines. Suspension
of sediment Is a part of this Incipient motion process. The [nltlal
movement of particies was started by the peeling off of the top skin
layer of bonded particles. The sediment particles are bonded by
organic matter, microblal activities and Iron oxide within the

sediment.

Surface Skin Laver Aspects

One of the most signiflcant findings of the research Is that the
top surface of the fine-gralned research sediment exhiblted a skin
|ayer which governs the erosion process assocliated with Inciplent
motion.

The top skin layer was formed by sediment particles bonded by
benthic worms, organic matter, dust, and/or iron oxide. A
mechanlstic model of sediment cohesion and Incliplent motion was
developed. Cohesion of silt-clay-si|t, with organic matter and lron
oxide as cementing agents, contributed to strong cohesion at the
surface layer of the bed. Other forms of cohesion have |ower bonding
strength and erode at the weakest plane of the bond, with lower shear
stress or veloclty than silt-clay-si|t coheslon. Removal of the top
skin layer by the peeling off of the bonded particles exposed the
material below the top skin layer. The exposed material eroded by
removal of Individual particles. The exposed matertal formed a new
skin layer overnight.

In generai, the bed was eroded by removal of elther Indlvidual

particles or of small bonded particies. No removal of chunks of
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sediment (mass fallure) was observed on the bed surface. It is
bel leved that for a homogenous sediment bed, the erosion takes place
by removal of Individual particles and small numbers of bonded
particles; 1.e., eroslon of fine-gralned sediment ls a surface

phenomenon.

Bed Patterns

In all experImental runs under unldirectional and oscillatory
flow., the bed pattern was developed by the peeling off of the
Individual and bonded particles from the top skin iayer, leaving many
pltT marks which later developed iInto streak |Ines. The streak |lines
In a rough bed were short and deep and the streak |ines In a smooth
bed surface were |ong with very small depth. A dlstlinct vertical

color varfation was observed In the exposed bed.

Bed Consolldation Aspects

Benthic worm activity was evident all over the bed surface. This
was shown by the mounded sediment, worm trails, and other marks due
to worm movement.

The bench-type laboratory experiment resuits on the consolldation
and denslty of the sediment Indicate that If the submerged sediment
was under no active hydraulic dilsturbances, It consolidated
substantially. Actlve hydraullc disturbance of the sediment was
simulated and It was found that removal of fine sedIment and organic
matter from the sediment surface caused the remalning coarser

sediment to experlence a greater degree of consolidation than If no
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such removal occurred. Thls has Importance to prototype situations

where the refatlive degree of flushing and mixing can be manlpul ated.
The following summary of experlimental results may contribute to

understanding the behaviour of flne-gralned sediment under

unidirectional flow, osclllatory flow, and both flows comb!ned.

Specific Features for Unidirectional Flow

The followling conclusions were made regarding the Inciplient
motion of fine cohesive sediment under unidirectional flow:

1. Flow conditions In the boundary |ayer at the sediment-water
Interface were calculated and found to represent turbulent flow for
all of the experimental runs. .

2. Inciplent motlon was related to average veloclity of the flow
and shear stress at the bed surface. It was found that the shear
stress at the bed is an accurate Index for Incipient motion. The
average flow veloclty Is also a usable Index but with a lesser degree
of accuracy.

3. Inclpient motion of freshly deposited sediment bed occurred
at shear stress of 5.1 dyne/cm2 (.51 N/m2) to 6.1 dyne/cmz(.sl N/m2
Corresponding average flow velocities was recorded as 45.8 cm/sec to
52.1 cm/sec.

4. A change of suspended sediment concentration by the addition
of 2,300 mg/t of the same materfal as In the bed to the recirculation
pump system did not change the shear stress needed to cause inciplent
motlon. The suspended sediment concentration decreased abruptly at

the beginning of the experimental run and reached an equilibrium
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fevel over time. The bed surface iooked coarser after the
exper Imental run.

5. A duned bed or a bed with a rough surface was more
susceptibie to Incliplent motion than a smooth fiat bed. Any
Irregularities on the surface of the bed caused sediment to move-af

fower shear stress or velocity than for a smooth bed.

Specific Features for Osclllatory Flow

The following conclusions were made regarding the Inciplent
ﬁo+10n of fine coheslve sediment under oscillatory flow:

1. Inciplient motion was related to the maximum shear stress, the
maximum veloclity, and the orbital diameter at the bed surface. It
was found that the maxImum shear stress Is an accurate Index of
Inciplent motion of fine-gralned sediment. It was aiso found that
the maximum velocity Is another good index of Inclplent motion of
fine-grained sediment. Orbltal dlameter, by Itself, has not found to
be a good Index.

2, Inclplent motlon of the recentiy deposited sediment occurred
at shear stresses of 3.67 dyne/cm? (0.37 N/m) +o 5.53 dyne/cmé (0.55
N/m2). Corresponding maximum velocities were recorded as 13.7 cm/sec
to 21.5 cm/sec. The orbltal dlameters of 4.2 cm to 7.2 cm were also
recorded. The results show that Inciplent motion occurred over a
range of values rather than for a slngle value.

3. The suspended sediment concentration changes during
experimental runs showed that after a crltlcal shear stress vaiue of

5.7 dyne/em® (.57 N/m®) for a recently deposited bed and 7.5 dyne/cm?
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(.75 N/m2) for a consollidated bed had been reached, the suspended
sedIment concentration Increased much more rapidly with Increasling
shear stress.

4. Inclplent motion for the consol Idated bed (densiflcation of
sediment bed for 91 days) occurred at shear stresses of 5.39 dyne/cm2
(.54 N/m2) to 6.52 dyne/crn2 (.65 N/m2). Correspond{ng maximum
velocltles were recorded at 19.9 cm/s to 25.0 ecm/s. Comparison of
shear stresses, velocities and suspended sediment concentrations for
the recently depos!ted sediment bed and the densifled bed showed that
the densiflied sediment bed did not appear to be more resistant to
eroslon than recently deposlféd sediment bed.

5. A duned bed or a bed with a rough surface was more
susceptible to Incipient motion than a smooth flat bed for given
values of the wave characteristics. Any lrregularities on the
surface of the bed caused greater exposure and higher susceptlbility
to movement, resulting In movement at lower shear stress or veloclty
than for a smooth bed. Bloturbation had a considerable effect on
Inciplent motion of fine-grained sediment by roughening the bed
surface,

6. TIme has no role In the removal of particies from the bed at
shear stresses below the Inciplent motion condition. At Inclplent
motlon condltlons, however, a sudden increase !n suspended sediment
concentration was observed at the beglinning of each run, after which
the suspended sediment concentration decreased and reached an

equl | ibrium steady rate as time progressed.
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Likely Effects for Combined Unidirectlonal and Osclllatory Fiows

The Inciplent motion of fline-grained sediment was not studied
exper Imental ly under the combined effect of osciliatory and
unidirectional flows., The following statements are based on
comparison of Incipient motion under osclllatory and unldirectional
flows and on analyses and speculation about the comblined effect:

1. Incipient motion of fine-gralned sediment occurred at lower
velocltles and shear stresses for osclilatory flow than for
unfdirectional flow. Therefore, It can be sald that oscllliatory flow
will be responsible for Inciplent motion of the sed!ment bed when
both flows are combined. The role of unidirectional flow will be not
only to add to the shear stress caused by oscllilatory flow, thus
serving to Intensify the rate of eroslion, but aiso to carry away the
freshly suspended materiai.

2. Oscillatory flow tends to remain |aminar at veloclties which
would correspond to unidirectional turbuient flow.

3. The flow conditlon would be expected to be turbulent when
superimposing oscillatory flow on unidirectional flow. However, the
structure of turbulence near the bed wilil be sllghtly changed when

the flows are superimposed.
Application of Research
Study of sediment suspension by wave actlion, apart from
contributing to the understanding of the dynamic sedimentary

processes as a whole, has Implications for the prediction of the rate

and direction of spreading of dumped dredge spolls and other sediment
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within reach of waves. Also, It has relevance to understanding the
movement of soiids In a beach profile, estuary, tidal lake, tidal

channel, and the general shoaling of estuarine channels and |akes.

Recommendations for Future Research

Unidirectional Flow

1. A shear plate should be developed which overcomes the
difficultles mentlioned In this study.

2. Inciplent motion should be studied for a wide range of
shear strength and density of the bed sediment.

3. The effect of bloturbation should be studied.

4, More sophisticated collection and measurement of suspended

sediment concentration is needed.

Osclllatory Flow

1. The Incipient motion of cohesive sediment beds, in terms of
orblital veloclty and shear stress, must be studled for
varylng clay content and clay type and with varying amounts
of organic matter.

2. The incipient motion of pure si|t beds, In terms of the
orbltal veloclty and shear stress, must be studlied to
e| Iminate the effect of clay cohesion.

3, The incipient motion of flne-gralned sediment beds must
be studled for varylng shear strength, degree of

consol Idatlion, and density of the bed.



395

4, This study has been done with flltered river water.
However, the effect of salinlfy should also be studied
s0 as to provide Information appllicable to estuary and
mar}lne environments.

5. The suspended sediment concentration was measured at
different locations of the test sections at regular
intervals. More sophlsticated sampling {s needed to
glve more detalled Information as a function of time
In order to better deflne the Inciplent motion in terms
of the suspended sediment concentration.

6. The effect of bloturbation shouid be studled In more detall.
7. The effects of temperature and sediment chemical properties,
such as CEC, pH., and pore fluid composition, on incipient

motlion should be studied.

B. The effect of lron oxide on coheslon of sediment particles

should be studied 1n more detall.

Combined Qsclliatory and Unldirectional Flows

VYery |1ttle practical work has been done on the Interaction
between oscillatory and unidirectional flow, In bringing the
fine-gralned sediment Into suspension. It Is not known whether the
superposition of the oscililatory flow on the unidirectional flow alds
the spread of the turbulent boundary layer or Inhiblts It+; or If the
behavior of the system depends on whether the osci!liatory or
unldirectional flow are generated first. !t would be helpful to have

the vertical veloclty profile of the combined system. The net
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direction of veloclty shouid be determined under varying condltlons
of wave and currents. Thus, understanding the turbulent structure
near the bed under the comblned effect of both osclllatory and

unidirectional flow Is essentlal.
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