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Twenty-five gabion-type structures across the main stem and

tributaries of the Siuslaw River in the Oregon Coastal Range, installed

to expand the available spawning area for fish, were investigated for

their ability to perform gravel control functions such as trapping bed-

load carried by the stream or holding gravel placed behind the struc-

tures. The merits of gravel trapping structures in the main stem

Siuslaw River were found to depend largely on channel features in the

reach at and above the structures. Factors favoring successful devel-

opments were: ample gravel supply, high bed roughness, wide straight

reaches, and lateral stream bed slopes deflecting flood water from

the structure. Among limiting factors were: the existence of pools

immediately upstream of structures, deficient gravel supply, curving

stream alignment, and unfavorable lateral stream bed slopes. Main

stem reaches with an instantaneous peak discharge exceeding 100 cfs



per foot width were found questionable for development. The control-

ling factors in the tributary streams were found to be approach veloci-

ties and stream features such as bedrock smooth.ness, approach slope,

channel alignment, constrictions, lateral bed slope, plunge pools, and

lengths of gravel beds. Careful placing of gravel to predetermined

slopes was fou.nd not to be warranted, as the stream would rework the

gravel according to local influences. Reaches where the flow was

retarded without wide.ning and reaches where high velocities occurred

were found especially unfavorable for gravel stability.

Flume studies with simulated gabions and full-size gravel were

carried out to study incipient motion and scour from a gravel bed be-

hind a gabion. Scour was found to take place from the upstream por-

tion of the gravel bed, resulting in an adversely sloping bed there.

Bed forms of standing-wave type, with changing wave location, were

encountered when the flow was i.n the critical region; subsequent scour

would wash the bed waves out. Gravel transport from apparently stable

beds subjected to very low flow strengths verified that gravel trans-

port is a statistical phenomenon and that the threshold of motion

should include time of observation as a variable. Disruption of the

gravel imbrication at the bed surface was found to encourage particle

movement.

The effect of buried perforated pipes o.n reducing bed siltation

was i.nvestigated at the time of the stability experiments. No beneficial



effect on the siltation pattern could be found when well-graded fine

material was added to the flume.
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STABILITY OF GRAVEL AT ARTIFICIALLY CREATED
SPAWNING BEDS IN UNCONTROLLED STREAMS

INTRODUCTION

Statement of Problem

The fishery potential of Western Oregon rivers is widely recog-

nized. A large number of relatively small rivers on the Pacific

Slopes of the Coastal Range offer many attractive habitats for a.nad-

romous fish such as coho and chi.nook salmon, steelhead, and trout.

The use of these streams by fish is vitally dependent upon the

existence of adequate spawning and rearing areas. These require-

ments are amply fulfilled in some locations in the rivers and their

tributaries, but other reaches offer inferior or unacceptable condi-

tions for fish spawning and rearing. Typically, these latter reaches

consist of exposed bedrock-bottom rivers in a series of riffles and

pools with few or no gravel deposits suited for spawning.

A steady increase in interest for both recreational and commer-

cial fishing is occurring. This coincides with continued man-caused

infringement on streams and rivers presently accessible to and usable

by a.nadromous fish. It therefore seems reasonable to make an effort

to upgrade the fish habitats in accessible but presently un-productive

reaches of these coastal streams.
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Several alternative means are available to improve fish habitat.

Probably the most popular method i.n rece.nt years has been to develop

in-stream or off-stream spawning areas in conjunction with some form

of flow control. However, such projects are "capital intensive" and

require large scale construction activity in the area; subsequent oper-

ation and maintenance activities are also required. As an alternative

to the costly flow-control types of solutions to habitat improvement,

some attempts have been made to achieve enhanced in-stream fish

production via simple and inexpensive stream improvement works in

places where no flow control is available. The finished projects re-

quire .no operation costs and should, ideally, be entirely maintenance-

free. Federal and State agencies in Oregon have i.n the last few years

carried out several such projects in the Coastal Range streams.

The habitat improvement works investigated for the purpose of

this thesis are all based on the use of rock-filled wire-mesh baskets,

manufactured under the trade name of gabions, which are placed i.n

the streams to change the gradient and bottom features of the streams.

The gabio.ns have been intended for various functions, such as: (1)

trapping gravel occurring as bedload in the stream; (2) holding gravel

that has been trucked in and placed as spawning beds; (3) creating

pools for rearing, hiding and jumping; and (4) changing the hydraulic

characteristics of the streams to improve their general attractiveness
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to fish. The success of the installed structures in performing their

intended purpose has been variable, especially with regard to their

ability to trap and/or hold gravel.

Objectives of Research

It is the general purpose of this study to evaluate the effective-

ness of gabio.ns i.n fish habitat improvement works. Emphasis through-

out is on the use of gabions as gravel control structures.

The specific objective of this research is to acquire knowledge

of the dynamics of gravel transport as applied to accumulation a.nd

scour behind a barrier structure i.n a stream. It is furthermore, of

principal interest to investigate the corresponding siltation problems

that may occur. Through assessment of the performance of existing

gravel control structures and through experiments in a concrete flume

it is attempted to relate existing theories o.n the hydraulics of sedi-

ment transport to the behavior of gravel in real and simulated spawn-

ing beds. The ultimate goal of this study is to combine real-life

experience, flume experiments, and theory to develop planning guide-

lines for the future design of artificially created spawning beds i.n

unregulated streams.

Scope of Research

Two main problems are identified in connection with the design
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of spawning beds. The first concerns the stability of the gravel bed.

The second involves the resulting permeability of a successfully

created gravel bed.

Results of fish habitat improvement programs initiated in the

Siuslaw Basin i.n the Oregon Coastal Range have been investigated.

The study includes the evaluation of a total of 25 structures. Answers

to the question onwhy some structures are successful i.n trapping and/

or holding gravel while others fail have been sought through visual

site inspections during the 1971 low flow season, study of design

drawings and maps, and collection of information contained in per-

tinent reports (Klingeman, 1969 and 1970; Engels, 1970a). Available

photographs taken at various times have also been drawn upon as

sources of information. No detailed field measurements have been

carried out. Checks on permeability have been restricted to rough

digging checks and spot sampling to determine the grain-size distri-

bution curves.

Flume experiments on the stability and siltation characteristics

of gravels have been carried out at the Oak Creek field research area

during the winter and spring of 1971. Two different gabio.n arrange-

ments were tested i.n a flume supplied with uniformly graded gravel

and for which the Oak Creek streamflow could be admitted or ex-

cluded. It was additionally attempted to determine the effect of im-

bedded perforated pipes on siltation of the bed.
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SPAWNING BEDS - A LITERATURE REVIEW

Salmonid Species of Interest for this Study

The life cycle of anadromous fish such as the Pacific salmon

and Steelhead trout involves a fresh-water hatching and rearing period

followed by the salt-water growing years, after which the adult fish re-

turns to fresh water to spawn. With the hatching of the eggs the cycle

is renewed. The various species all have different salt-water and

fresh-water residence periods. The timing of their seaward migra-

tions and later upstream spawning runs varies considerably (Heskin,

1967; Lister and Walker, 1966).

The Siuslaw River, in the Oregon Coastal Range, has native

stocks of fall- a.nd spring-run chinook, coho, winter-run steelhead,

and resident cutthroat trout (Hammer, 1971). The timing of their

life cycle events of importance to this study is outlined in the following

paragraphs.

Spring chinook, on their spawning run, arrive at the coastal

estuaries in the period from April through mid-June. They stay in

the lower areas throughout the summer and move upriver to spawn in

the main river and larger tributaries when the fall rains start. Fall

chinook arrive and move upriver with the fall rains. They spawn

from late October through November. The spawning run peaks at

about 1 November. Coho Salmon return to the river in fall. They
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occasionally spawn in the main river, but mainly in the smaller

tributaries. Spawning takes place from late November through

December.

Winter steelhead spawn in the entire river system during the

months of February - April. Cutthroat trout spawn in the tributaries

from December through April, with the last three months as the most

important.

The residence time of fish eggs, and hatched alevi.ns in the

gravel varies for the various species and ranges from two to four

months.

The residence time of the young fish in the river after they

emerge from the gravel is highly variable among the species. It may

range from about three months for fall chinook, through one year for

coho salmon to permanent residency for the cutthroat trout (Hammer,

1971).

Characteristics of a Spawning Area

A spawning area must have bed-material properties and flow

conditions within certain limits such that the fish can excavate redds

in which eggs can be deposited, fertilized, and hatched (Rantz, 1964).

Different species demand different conditions, but have some common

requirements such as: (1) a stream water velocity of such magnitude
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that it will assist the fish inexcavating redds but not so great that it will

wash the eggs downstream (Rantz, 1964); (2) bed stability to prevent

mechanical damage of the eggs and to insure that they are not eroded

and flushed out of the gravel (Bevan, 1964; Clay, 1961); (3) a per-

meable gravel bed with curving rather than straight flow over the bed

surface and with an intragravel flow velocity that will allow oxygen-

rich water to reach the eggs during their incubation period, especially

at the time of hatching (McNeil, 1964; Vaux, 1968); and (4) a stream-

bed composition of such nature that the hatched fry can readily escape

from the gravel bed (Thompson and Fortune, 1968).

Flow Conditions for Spawning

The optimum flow conditions for spaw.ning have been extensively

investigated in connection with the design of artificial spawning chan-

nels. The Robertson Creek spawning channel (British Columbia),

which was planned to accomodate coho, spring chinook, and pink

salmon, was designed for a .normal flow with an average velocity of

1.5 feet per second (fps) and an average depth of 1.5 feet. Both values

could be varied by 50 percent, however (Department of Fisheries of

Canada, 1960).

The Jones Creek spawning channel (British Columbia) was

designed for a water depth range of 1 to 2 feet and for a velocity range
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of from 1 to 2.5 fps. This channel has been quite successful in propa-

gating pink salmon (MacKi.n.non et al. , 1961).

Clay (1961), who reported the work of Chambers, et al. ,

preferred ranges of depths and velocities at natural spawning grounds,

made a comparison between those results and design criteria used

for three artificial spawning channels on the Pacific coast of Canada

and U. S. From Clay's bar diagram, presented in Figure 1, it ap-

pears that chi.nook salmon prefer a higher velocity and deeper flow

than do coho salmon, although the ranges overlap.

The California Department of Fish and Game has studied various

streams in California and concluded that favorable spawning conditions

for chi.nook salmon are produced by a depth of water of 10 inches or

more. The corresponding velocity was given as a bottom velocity of

1 to 3 fps measured 0.3 feet above the streambed (Ra.ntz, 1964).

Area and Depth of Spawning Beds

Only limited data exist in the literature on the spawning area

required for various species of fish (Clay, 1961). Clay, however,

has summarized some of the available data. A shortened version of

his summary is given in Table 1.
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Figure 1. Preferred depths and velocities for spawning
(after Clay, 1961).
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Table 1. Area requirements for spawning (after Clay, 1961).

Species Average area
of redd,

square yards

Area recommended
per pair of spawning
fish, square yards

Fall Chinook 6.1 24

Spring Chinook 3.9 and 13* 16

Coho 3.4 14

Trout 0.3 2

Pink Salmon 0.7 0.7

Data from different investigators cited by Clay.

MacKinnon, et al. (1961) reported that the Jones Creek spawn-

ing channel was designed to provide a spawning area which allowed

a.n average of 0.7 square yards per female pink salmon. This agrees

with the corresponding requirement shown in Table 1.

The depth of spawning gravel is an important economic param-

eter wherever the gravel is artificially placed. The gravel depth does

not appear to be of equal importance to fisheries biologists, however,

because it is rarely mentioned in the literature as a critical factor.

The depth generally used in artificial spawning channels varies from

1.0 to 2.5 feet (MacKinnon et al. , 1961; Department of Fisheries

of Canada, 1960; Clay, 1961).

The Chinook salmon digs the largest and deepest redd among

the Pacific salmon species. Clay states that a gravel depth of 1.35

feet is considered adequate for all species, including the chinook.
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MacKinnon (1960) reports that a successful transplant of pink salmon

eggs was achieved by planting the eggs in trenches of 12 to 16 inches

depth.

Gravel Bed Composition

The size gradation of the gravel in a spawning bed, in addition

to flow velocity and depth, is of importance to the spawning female as

well as to her young during their hatching and emergence period. The

female, in her search for a place to spawn, will primarily select this

location on the basis of velocity (Clay, 1961). But, as Clay points

out, studies show that gravel sizes are fairly consistent in areas

utilized for spawning. He states:

It could be hypothesized therefore, that while water
velocities may be important to ensure covering of the
eggs by hydraulic action on the gravel during spawning,
they are also important in determining the size of gravel
present at the particular location chosen for spawning.

Common gravel bed compositions in spawning areas are shown

in Figure 2. Grain-size distribution curves for sampled natural

spawning beds of various species of salmon and curves for selected

bed compositions of two artificial spawning channels are taken from

Clay's study (1961). The specified limits of gradation curves used

for spawning channels in Canada (MacKinnon et al. , 1961) are super-

imposed as a shaded area in Figure 2.



100

80

60

40

20

0

,:f:-.,,,,<,%:-;', Natural spawning grounds
.----- ---,Artificial spawning

-,-...,- --ones Cr. channels
11'

Fall chinook
salmon n

Spring chinook
salmon

Robertson Creek
Spawning Channel

6" .4" 2" 1" 3/4" 1/2" 1/4., #10

12

Sieve size (square opening)
Specified limits of grading curve for channel
gravel, 1954.

Figure 2. Gravel size and gradation in spawning areas (after Clay,
1961; MacKinnon, et al. , 1961).
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Thompson, et al. , (1967) state the gravel size requirement as

follows:

For salmon and steelhead, gravel should range between
1/4 inch and 6 inches in diameter with extremes i.n sizes
being least desirable. Chinook salmon normally select
slightly larger gravel than do coho and steelhead, while
anadromous cutthroat and resident trout choose the
smaller gravels. Gravel must be relatively free of sand
and silt, and must not be seriously compacted.

Clay, i.n his treatment of gravel size and grading, mentions that

it has been observed that "in areas where excess fines appeared to be

present, these were washed out to a certain extent during the course

of spawning by the action of the fish."

The Bureau of Land Management used washed, uncrushed con-

crete aggregate (Willamette River gravel) in the size range of 1/2 to

1 1/2 inch to create the artificial spawning beds in their Siuslaw River

Basin fish habitat improvement program. This was recommended by

the agency's biologist as being the optimal size range for coho and

trout (Hammer, 1971).

Siltation of Gravel Beds

When a gravel bed is subjected to the natural unobstructed flow

of a river, there will generally be tendencies for the bed's pore spaces

to be clogged by the smaller sizes of the bed load material and by

settling suspended sediment. The extent of this siltation depends on a

number of factors typical for each stream. Among the most



14

important general factors are: hydrology, topography, geology, soil

conditions, stream bed and bank composition, and watershed utiliza-

tion (Kli.ngeman, 1969).

The effect of siltation after spawning has occurred is to reduce

the permeability of the spawning bed. This results in an increase i.n

egg mortality due to reduced intra-gravel flow. Maintaining a relatively

high rate of intra-gravel flow is important for the supply of oxygen

to the eggs and for the removal of produced wastes (McNeil, 1964).

Furthermore, fine sand and silt accumulations in a spawning bed can

block the exit route from the gravel and cause mortality among emerg-

ing fry (Thompson and Fortune, 1968).

Several remedial measures have been tried to reduce siltation

problems. Various forms of mechanical baffles, rakes and sifting

devices have been employed in artificial spawning channels. However,

their success has been limited and their costs are generally high

(Carlson, 1967).

Chu (1971), investigated the use of buried perforated pipes in

the gravel bed as a means of removing fi.ne sand that settled out of

suspension from the flowing water. This was suggested as a.n inex-

pensive way of protecting placed gravel beds from siltation. Chu's

experiments were carried out in a laboratory flume with bed gravel

i.n the size range from 3/16 to 3/4 inch and a fairly uniform sand of

grai.n size betwee.n 0.15 to 0.65 millimeter (mm). His experiments
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showed that the imbedded perforated pipes "were capable of removing

and carrying the fine sediments from the bed at times when such

material was being added to the flow upstream." Chu reported up to

about 60 percent less siltation and reduction in permeability in the

area of the imbedded pipes, compared to a similar area with no im-

bedded pipes.

Gabion Structures

A gabio.n structure is a rectangular wire mesh basket which is

placed in the streambed, filled with rocks, and wired shut. The gabio.n

baskets can be wired together end to end to form a continuous flexible

structure of any length. The wire baskets are fabricated to a stan-

dard width of 3 feet 3 inches (1 meter) and are of variable length and

height. Figure 3 shows a series of available standard gabions

(Maccaferri Gabions of America, no date).

When these wire baskets are filled with rock, they form per-

meable structures. The permeability will depend on rockfill grada-

tion and shape, on debris, sediment, and bedload transport character-

istics of the stream, and on the time after installation. The normally

high permeability of a gabio.n weir structure produces a simulated

riffle much more effectively than would a solid weir in its use as a

gravel trapping and holding device (Klingeman, 1969).
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Figure 3. Commercially available gabions (Maccaferri
Gabions of America, Inc.).
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CHANNEL HYDRAULICS AND GRAVEL STABILITY --
A LITERATURE REVIEW

Introduction

Because flow in open channels involves a free surface, it has a

number of "degrees of freedom." Therefore, any rigorous analysis

of generalized ope.n channel flow results in extremely complex mathe-

matical expressions (Albertso.n, et al. 1960). To bypass this

problem so that relatively simple expressions for the behavior of flow

in open channels can be produced, a number of simplifying assump-

tions and flow-type groupings have been introduced by researchers in

the field of fluid mechanics.

Of special interest to this study are the concepts of uniform and

steady flow, and their counterparts, nonuniform and unsteady flow.

Uniform flow is said to occur when there is no change with distance in

either the magnitude or the directio.n of the velocity along a stream-

line; steady flow is said to occur when the velocity of a point does not

change with time (Albertson, et al. 1960). The counterparts, non-

uniform and unsteady flow, occur when these conditions are not met.

The energy gradient, water surface slope, and channel bed

slope are ide.ntical under conditions of uniform flow. The water sur-

face slope is generally assumed to coincide with the hydraulic grade

line. This statement, however, is qualified by Henderson (1966) as
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follows: "... in open channel flow the free surface coincides with the

hydraulic grade line, provided that the pressure distribution is hydro-

static; that is, if vertical curvatures and accelerations are negligible,

and if the slope is small." Henderson regards rivers and canals as

very steep when the slope is above 0.01. When the pressure distribu-

tion ca.n be considered to be hydrostatic, nonuniform flow conditions

can be treated as uniform flow provided that the energy gradient of the

nonuniform flow is used to represent the slope of the corresponding

uniform flow (Jansen, 1952). The energy grade line and hydraulic

grade line differ by an amount corresponding to the velocity head (a

kinetic energy term). Hence, if the velocity is constant from point

to point along the flow (uniform flow conditions) the energy and hydrau-

lic grade lines will be parallel.

Incipient Motion

Incipient motion of bed-load material refers to the beginning

phase of movement of individual particles from an erodible bed. It

appears to be well accepted that incipient motion can be considered

to occur within a range of flow, from one where the very first dis-

lodgement of a particle takes place to one where there is a general

movement of particles over the whole bed. The latter condition is

generally termed the "threshold of movement" or the "beginning of

bed movement" (Henderson, 1966).
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The exact manner of determination of threshold or critical

conditions is subject to considerable discussion and dispute.

He.nderson contends that consistent results can be obtained by letting

a number of observers watch the process of incipient motion on a

loose bed subject to a gradually increasing velocity and having them

designate the point at which bed movement has become generally es-

tablished (Henderson, 1966). On the other hand, several other inves-

tigators (Neill and Yalin, 1969; Neill, 1970; Ward, 1970) maintain the

view that visual assessment of incipient motion involves a large degree

of human judgment and thereby results in inconsistencies. Paintal,

who did flume studies on the rate of movement of bed material at low

shear values, avoided the visual assessment of movement by i.ncor-

porating a sediment trap in his experimental facilities (Paintal, nodate).

The visual criterion was used by Neill in his work to define the

first displacement of a particle from a bed (Neill, 1967). His original

interpretation of the experiments was later revised (Neill, 1968a)

because he realized that the visual criterion required some adjustment

in observation time and size of observed area for differing particle

sizes: "... the areas of bed under observation, and times for which

they were observed, were more or less constant, instead of being

proportio.ned to the diameter of the grains under observation."

An indirect approach to the determination of the conditions for

incipient motion was used by Shields (1936). He attempted to define
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a critical hydraulic condition above which grain movement would take

place. This was accomplished by extrapolating a graph of observed

sediment discharges versus bed shear stress to the point of zero

sediment discharge. Hence, he produced a quantitative rather than

qualitative criterion for the definition of incipient motion.

Particle Stability Models

The stability of bed-load particles u.nder the conditions of i.ncip-

ie.nt motion has bee.n extensively studied by means of theoretical

analysis, flume experiments and observation in natural streams. The

most commonly used theoretical approaches for analysis have been:

(a) dimensional analysis (e. g.; Shields, Neill)

(b) static equilibrium of acting forces (e.g.; White)

(c) dynamic equilibrium of acting forces (e.g.; Ward)

(d) statistical methods (e. g. ; Einstein, Paintal, Gessler)

(e) combinations of the above.

Dimensional Analysis and Static Equilibrium

The most widely quoted criterion for incipient motion is the

Shields' entrainment function, Fs, (Shields, 1936) in the form:

V*2
Fs -T- - constant

s
gD(S -1) yD(Ss - 1) eq. 1
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V* D
for Re* =

V

T
where =

o shear velocity

g = acceleration of gravity

D = grain diameter

Ss = solid/fluid density ratio

To = shear stress at bed

= specific weight of fluid

P = fluid density

= kinematic viscosity of fluid

The entrainment function was derived from dimensional analysis and

justified by physical arguments.

The work of White in 1940 further strengthened the validity of

Shields' function when he derived the same expression by considering

the static equilibrium of an isolated particle (Henderson; 1966).

Dynamic Equilibrium

Ward (1969) argued that incipient motion should be treated as a

problem of dynamic equilibrium and therefore introduced a relative

density ratio, defined as dry unit weight to submerged unit weight of

the particle. The more general form of the entrainment function thus

obtained by Ward is probably only significant when extreme density

differences occur between the solid and fluid (Graf, 1971).
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Neill maintains the view that the observation method and the

criterion for incipient motion determinations are of far greater im-

portance than the relatively minor apparent effect of density differ-

ences. Therefore, he does not believe it appropriate to substitute

Ward's function for Shields' entrainment function (Neill, 1970).

Statistical Approach

Most current investigators in the field of sediment transport

agree that bed-load transport is a statistical phenomenon wherein

random velocity fluctuations are responsible for the dislodgement of

bed particles (Einstein, 1942; Neill, 1967; Gess ler, 1967; Paintal,

no date). This is in disagreement with Shields' theory, where a defin-

ite lower value for critical shear has been assumed i.n the fully-

rough turbulent regio.n since the entrainment function takes on a

co.nsta.nt value there.

Although Shields realized that the process of initial motion was

statistical i.n nature, Einstein was the first to actually develop a trans-

port relation based on statistical concepts (Einstein, 1942).

Einstein's bed-load relation consists of two parts, a stability

function of the general form

Y Ys
D35

Rb 5e
eq. 2



23

where Rb = hydraulic radius pertaining to bed

Se = slope of energy grade line

D35 = grain diameter for which 35% of the bed material is finer
by weight

N
s

= specific weight of sediment

and a transport function of the general form

qs
ci)

s VT (D35)3/2 s- N

eq. 3

where qs = sediment discharge per unit width of channel

The functional relationship between LI) and cp. is defined by a curve fitted

to a large number of experimental data on sediment transport.

Importance of Lift Forces

The reasoning behind the various derivations of Shield' entrain-

ment function was that the forces acting on a particle were gravity

forces of weight a.nd buoyancy, and hydrodynamic drag acting parallel

to the bed (Task Committee on Preparation of Sedimentation Manual,

1966). This reasoning naturally leads to the concept of a critical

shear value to defi.ne incipient motion. It is known, however, that

hydrody.namic lift forces normal to the bed are also present (Einstein

and El-Sam.ni, 1949). Einstein and El-Sam.ni measured these forces

a.nd found them to be of significant mag.nitude as compared to the drag

forces. It was also shown that the fluctuations in uplift pressure were
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statistically distributed according to the normal error law. These

findings were in agreement with assumptions made by Einstein when

he derived his bed-load functions. However, Einstein furthermore

made the assumption that lift forces alone were responsible for the

dislodgement of particles (Einstein, 1942).

The Bed Shear Stress Approach

The apparent discrepancy between the "drag-only" and "lift-

only" assumptions discussed above is actually of only minor sig.nifi-

ca.nce. This is show.n by the statement that "because the constants in

the resulting theoretical equations are determined experimentally and

because lift depends o.n the same variables as drag, the effect of lift

regardless of its importance is automatically considered" (Task

Committee on Preparation of Sedimentation Manual, 1966). This fact

can be show.n by rearranging Shields' entrainment fu.nctio.n (eq. 1)

T
0

by substituting

and thus obtaining

F
s YD(Ss - 1)

To = 'YR
b

Se

F
Rb Se

s D(Ss 1)

eq. 4

eq. 5
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This expression is the inverse of Einstein's stability function (eq. 2)

when D = D35 a .nd since = Ss - 1 .

This means that for uniform or near uniform material:

Fs =

which shows that either of the two stability parameters can be used

and consistency still retained between Shields' and Einstein's work.

Either approach uses the bed shear stress (To) as the only hydraulic

quantity to express critical conditions; a procedure which is regarded

as scientifically correct by most investigators (Task Committee on

Preparation of Sedimentation Manual, 1966).

1 eq. 6

The Mean Velocity Approach

The earliest attempts to define a criterion for initial movement

of sediment particles, needed for practical application to design of

stable channels, concentrated on defining a critical velocity. Various

expressions based on bottom velocity, mean velocity or surface

velocity have been suggested by researchers in the field of sediment

transport. However, these approaches have not generally been re-

garded as adequate (Graf, 1971).

This inadequacy can be explained by considering the well ac-

cepted universal velocity distribution law for rough boundaries:



V
= 8.5 + 5.75 log(-1--)

V ks

where V = velocity at distance y above bed

ks = characteristic roughness size of the sediment

26

eq. 7

"This law shows that if two flows of different depth have beds of iden-

tical sediment and the same bed shear stress, the velocities at any

distance y above the bed will also be the same in the two flows" (Task

Committee on Preparation of Sedimentation Manual, 1966). Thus it

can be seen that the mean velocity or the surface velocity alone can

not completely describe the hydraulic co.nditions -- the depth must

also be given.

The problem with using a bottom velocity is that its proper mag-

nitude can not conclusively be determined (Graf, 1971). Because the

bed material is generally of non-uniform size, there is always some

question of just where the bottom velocity should be measured.

In spite of the shortcomings of the critical velocity approaches,

they would appear to exhibit definite adva.ntages for field checks of

flow strengths, si.nce velocity a.nd depth can easily be measured with

reasonable accuracy. The energy slope involved i.n the critical shear

formulas, on the other hand, is a more difficult quantity to measure

and a small deviation from the true value may easily produce flow

strength values that grossly over-or under-estimate the real condi-

tions.
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Neill (1967) realized the practical advantages of using a velocity

criterion to define incipient motion. He correlated experimental data

dimensionally in terms of the mean velocity and depth of flow, rather

than using shear stress. He thus derived a functional relationship of

the form
2

VPam
f (T)

D

where Ns = Ns Y = submerged specific weight of sediment

d = depth of flow

V = mean velocitym

eq. 8

Also, a certain portion of a gravel bed in a flume was observed

visually by Neill and the flow conditions were recorded under which

the first displacement of a gravel particle took place as the strength

of flow was gradually increased. The parameters of eq. 8 were then

calculated and plotted logarithmically, and a lower bound curve with

the equation
-0.20

p
vm2

2.5 (D

Y
s

D

was fitted as a proposed design curve for incipient motion.

Neill's initial interpretation of the data was criticized by

Egiazaroff (1967), however, and a revised equation of the form

eq. 9



V
2 -1/3

P m
D

S
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eq. 10

was later suggested by Neill. This equation "is approximately in ac-

cord with a constant Shields - parameter value of the order of 0.03"

(Neill, 1968a).

Critical Shear Stress Values

As was already mentioned, Shields found his entrainment func-

tio.n to take on a constant value in the fully rough turbulent flow region.

The value of this constant was not exactly determined by Shields

(Shields, 1936), but Rouse, who introduced Shields work in the U. S. ,

assigned the value of 0.06 to the entrainment function (Task Committee

o.n Preparation of Sedimentation Manual, 1966). This value has been

used frequently for the design of stable channels (Nece, 1961), although

others have adopted a F value of 0.056 for the same purpose

(Henderson, 1966). However, it has been pointed out that values of

Shield& entrainment function of 0.056 to 0.06 "are not for conditions

of no transport, but for a condition of a very small but finite transport

rate" (Task Committee o.n Preparation of Sedimentation Manual,

1967). Neill suggested the value of 0.03 for Fs (Neill, 1968a) to repre-

sent the very beginning of movement, but he realized the statistical

nature of the problem and admitted that particle movement could be
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observed for even lower values of Fs, given enough time and a per-

fect observation method (Neill, 1968b). This conclusion has been

substantiated by recent work of other investigators in the field

(Paintal, no date; Milhous, 1971).

Particle Gradation

The choice of representative particle size for non-uniform

sediment mixtures has been examined by many researchers. Shields

developed his entrainment function by using various graded mixtures

and stated that the mean grain diameter was "solely decisive for the

beginning of movement" (Shields, 1936). Einstein found that the most

satisfactory agreement between his theory and experimental data was

achieved when the diameter of a mixture was described by its D35

(35 percent smaller by weight), (Einstein 1942). Neill's first experi-

ments (Neill, 1967), included only uniform material, but his subse-

quent experiments (Neill, 1968b) were carried out with variously

graded materials. He concluded that for closely graded mixtures

"the beginning of movement of the mixture as a whole may be regarded-

at least empirically - as governed by the D50 size by weight." Neill

furthermore concluded that displacement of the middle sizes of the

mixture result at a value of Fs of 0.03 (in terms of D50) but that

significant displacement of all sizes would not occur until the Fs

values reached 0.05 to 0.07.
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Limitations to Particle Stability Parameters

The bottom shear stress approach used by Shields and Einstein

in their expressions for particle stability is applicable to nonuniform

steady flow conditions, provided that the slope of the energy grade

line in equations 2 and 5 is correctly quantified. The methods also

require that the pressure distribution be hydrostatic. Neill's ex-

periments were carried out under uniform flow conditions, and he

therefore limited his mean velocity approach to be valid only for true

uniform flow (Neill, 1967).

Shields (1936) imposed a restriction on his function on the basis

of relative roughness, defined by him as D/Rb. He stated his restric-

tion as follows: "... the deviations are first noticeable with D/R

values greater than 1/25 To be sure, a limit of approximately 1/40

should not be exceeded." In other words, his entrainment function

should only be applied to relatively small particles compared to the

hydraulic radius (a.nd depth) of flow. However, Einstein did not im-

pose a similar relative roughness restriction on his relationship

(Einstein, 1942), but its use is apparently not recommended for D/d

values of less than about 1/5 (Klingeman, 1971). Neill restricted his

proposed design curve to D/d values between 1/100 and 1/2 (Neill,

1967).
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SIUSLAW BASIN GRAVEL CONTROL STRUCTURES

Habitat Improvement Program

The fish habitat improvement program of the Bureau of Land

Management (BLM) in the Siuslaw River Basin began in the summer of

1968 with three structures. By July, 1971, 25 gabion-type structures

were installed on eight different locations. These locations are shown

on the basin map Figure 4. Installation data for the sites is presented

in Table 2.

Table 2. Installation information for fish habitat improvement struc-
tures in the upper Siuslaw River Basin.

General Location Number of
structures

Date installed

Main stem of Alligator Farm 3 Summer 1969
Siuslaw River Haight Creek 1 Summer 1969

Conger Creek 3 Summer 1969

Tributaries to Bounds Creek 2 Summer 1970
Siuslaw River Esmond Greek 3 Summer 1970

Oat Creek 1 Summer 1970
Grenshaw Creek 5 Summer 1970
Eames Creek 7 Summer 1968

(3), and
Summer 1970

(4)
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Siuslaw River Basin Characteristics

The Siuslaw River Basin covers approximately 770 square miles

of land, primarily forested, on the western slope of the Oregon Coastal

Range in Lane County. Continuous streamflow observations have been

recorded since October 1967, when two gaging stations were installed

by the U. S. Geological Survey. One station is located on the main

stem of the Siuslaw River at river mile 23.7, near Mapleton, and

allows measurement of runoff from a drainage area of 588 square

miles. The second gaging station is sited on Lake Creek, 2. 6 miles

upstream from its confluence with the Siuslaw River near Deadwood.

It covers a drainage area of 174 square miles, which represents a

subdrainage of the Mapleton gage drainage area. The upper Siuslaw

River Basin with its gaging stations and drainage system is shown in

Figure 4.

The Siuslaw River is unregulated. Loggi.ng and recreation are

the main activities in the basin. The topography is typically steep

with elevations ranging from 40 feet above sea level at Mapleton to

1935 feet above sea level at the highest point within the watershed.

The area is of sedimentary origin and sandstone dominates the geo-

logic features. The Siuslaw River and its tributaries typically have

massive bedrock streambeds, the rock often being broken to form

ledges and chutes. Varying amounts of gravel deposits are found in

the streams.
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Hydrology

The hydrologic regime is governed by a very definite marine

climate causing heavy rain in the winter and arid conditions in the

summer.

The late-summer low flows at the Mapleto.n gage are less than

100 cfs while the early-winter mean daily discharges increase and

may reach the range of 20,000-30,000 cubic feet per second (cfs) i.n

periods of flood. The mean annual discharge is about 2,200 cfs at

the Mapleton gage. A mean annual runoff of about 60 inches occurs

in the downstream and middle reaches of the river. The value de-

creases to about 20 inches in the headwaters of the main stem Siuslaw

River (Columbia-North Pacific Region, Comprehensive Framework

Study, 1969).

In order to evaluate the performance of the various gravel-

control structures, an estimate was required of the discharges they

have been subjected to in the past winters. "Drainage" coefficients

have therefore been calculated for each site by the following procedure

(which is a variation of the commonly used technique for determining

rainfall over a basin from a.n isohyetal map):

a. Hydrologic homogeniety has been assumed between the

drainage areas above the Mapleton and Deadwood gages. The two

gages are located about 8 river miles apart, resulting in a flow lag
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time of perhaps three or four hours, which can be assumed as in-

significant when analyzing daily streamflow data. These assumptions

were tested for the 1969-1970 flood seaso.n by plotting hydrographs

from the two gages on a common graph, shown in Figure 5. This

graph shows that the streamflow fluctuations and the flood peaks were

quite similar and very nearly concurrent. Hence, the assumptions

appear valid.

b. A hydrograph of the difference in discharge between the

Mapleton and Deadwood gages will, according to the results of step

(a), reflect the runoff conditions and hydrographs for the upstream

reaches of the Siuslaw River. Such derived hydrographs were cal-

culated and are presented for the flood seasons of the 1969, 1970,

and 1971 water years i.n Figures 6, 7, and 8.

c. Isopleths developed for the Siuslaw River Basin (Columbia-

North Pacific Basin, comprehensive Framework Study, 1969) were

transposed onto the map of the drainage area, Figure 4. The drain-

age area was the.n divided in subareas having 60, 50, 35, and 20

inches of mean annual runoff as their representative values, based on

the isopleths of Figure 4.

d. The percentage area extent of each subarea from step (c)

with respect to the total upper Basin area (Mapleton gage drainage

area minus Deadwood gage drainage area) was calculated.
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e. Each subarea's percentage areal extent value, as calculated

i.n step (d), was multiplied by the appropriate value of mean annual

runoff to obtain a weighting factor.

f. Each weighted product calculated in step (e) was transformed

to a ratio based on the total sum of the weighted products. This factor

yields the proportional contribution from each subarea to any flow

given on the hydrographs of Figures 6, 7, and 8.

g. The proportional contributions were scaled down to the local

drainage areas above each fish habitat improvement site i.n the upper

Siuslaw basin by multiplying each factor for the appropriate subarea

by the corresponding ratio of local drainage area to total subarea.

When more than one subarea was involved, the factors for the appro-

priate upstream subareas were combined. This procedure resulted

in a single drainage coefficient for each habitat improvement site in

the basin.

From the foregoing analysis it should be possible to estimate a

mean daily discharge value for any local drainage area by multiplying

its drainage coefficient by the corresponding derived upper-basin

discharge. This has been done for the habitat improvement sites.

The drainage coefficients are shown in Table 3, together with tribu-

tary drainage areas.
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Table 3. Hydrologic information for fish habitat improvement sites
in the upper Siuslaw River Basin.

Site name Tributary
area

square miles

Drainage
coefficient

Instantaneous peak
to daily

discharge ratio

Alligator Farm 242 0.433 1.5

Haight Creek 121 0.221 1.5

Conger Creek 116 0.204 1.5

Bounds Creek 2.1 0.0072 2.5

Esmond Creek 10.4 0.0300 2.0

Oat Creek 4.8 0.0096 2.5

Grenshaw Creek 2.0 0.0040 2.5

Eames Creek 2.0 0.0105 2.5

Instantaneous Peak Discharge

The hydrographs in Figures 6, 7 and 8 are based on mean daily

discharges. For an investigation of gravel bed scour for relatively

small basins, however, the instantaneous peak discharge would be a

more meaningful quantity.

A rough check on the ratio of instantaneous peak discharges to

the daily mean values at the Mapleton gage revealed a range of values

from 1.06 to 1.40 during the last three water years. It must be ex-

pected that this ratio will increase considerable for small localized

watersheds (Klingeman and Milhous, 1970). Therefore, three differ-

ent multiplication factors (1.5, 2.0, and 2.5) were assigned to the

three different size ranges of drainage areas dealt with in this study.
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The multiplication factors to obtain instantaneous peak discharges

from daily values are included in Table 3.

Streamflow Related to Seasonal Fish Use

The relationship between the hydrologic cycle and life cycle of

the indigenous fish species is an important design consideration when

fish facilities are to be placed in unregulated streams.

A comparison of the timing of fish activity with the Siuslaw

River streamflow during 1969-1970 is indicated in Figure 9. The

graph shows the spawning periods for the various species, the overall

residence time for eggs and hatched alevins i.n the gravel, and the

residence time for the fry and fingerlings i.n the river system, all

superimposed on characteristic streamflow data.

Figure 9 shows that the peak flood season occurred during the

post-spawning incubation period for most of the species, although

the steelhead and cutthroat spawning period extended past the flood

season. This stresses the importance of gravel stability at peak

floods in relation to survival of the young.

The extreme variation in discharges from October through April

makes any attempt to design for optimum flow conditions futile, since

the selected design discharge would only occur for a very limited

period of time. However, since the streamflows fluctuate widely in
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the spawning season, it is believed that the fish will be able to time

its spawning activity with the occurrence of desirable flow conditions.

General Description of Sites

Two basic types of locations for the structures may be identified.

They are: (1) the main stem of the upper Siuslaw River; and (2) the

tributaries to the Siuslaw River. Installation data for structures in

place prior to July 1971 is summarized in Table 2, as already des-

cribed.

Main Stem Upper Siuslaw River Sites

The main stem Siuslaw River structures are located in reaches

with relatively flat stream gradients. These are about 0.25-0.5 per-

cent in the reach immediately upstream of each site.

The River bottom typically consists of fractured and broken

bedrock, forming shelves and pools. Scattered gravel deposits as

well as rocks and boulders occur on the bedrock. More substantial

gravel deposits are found in bars along the banks. Some bars also

extend out into the river.

The gabio.n structures have been placed on the upstream edges

of riffles. The structures extend partially across the river, except

for the Haight Creek structure which extends completely across the

channel.
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The local gravel has a remarkable non-uniform size gradation,

with the relative absence of coarse sands. This fact can be observed

by visual inspection, and is substantiated by grain-size distribution

curves. This is shown by one of the curves in Figure 10 for a

sample of the gravel bar accumulated behind structure 1 at the

Alligator Farm site. The gravel observed at the two upstream struc-

tures at Alligator Farm, and of Haight Creek, and Conger Creek

contain a larger portion of large particles in the size range of 3 to 10

inches, compared to Alligator Farm structure 1, but also lack the

coarse sand fraction.

The gabion structures in the main stem Siuslaw River have been

subjected to two flood seasons.

Sites on Tributaries to Siuslaw River

The remainder of the Siuslaw Basin fish habitat improvement

structures are located in tributaries to the Siuslaw River or to one of

its principal tributaries, Wolf Creek. The stream bottom can again

be characterized by bedrock shelves, ledges, and pools with scattered

gravel, rocks, and boulders. Sand and gravel bars exist in only a

few places. Generally the supply of spawning gravel from upstream

is very limited. In Bounds Creek, however, large amounts of alluvial

material have been carried into the streambed by a landslide, creat-

ing bars with an abundance of well graded sand and gravel.
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Gravel has been trucked i.n and placed in beds behind several

structures on the tributaries. This gravel is washed concrete aggre-

gate (uncrushed) of uniform size gradation (1/2" < D < 1 1/2" with

D50 = 1" ) taken from the Willamette River. Figure 10 shows grain

size distribution curves for two samples from such a bed at Gre.nshaw

Creek, one from the bed as originally placed and one after the bed

had been in place for one year. An increase with time in the sand

and fine gravel fractions is evident.

The slopes i.n the developed reaches range between 0.03 and

2.0 percent, with locally steeper and flatter sections.

Nearly all structures extend completely across the tributary

streams and have a wide notch in the middle, away from the banks.

A few structures have a slot extending down to the foundation material.

This slot was intended to help fish passage. However, fish passage

has not proven to be a problem even where the gabion extends com-

pletely across the stream, provided that there are jumping pools

available to the fish.

Three of the tributary structures have been in the stream during

three winters, while the remainder have been subjected to one flood

season only.
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In locating potential sites for habitat improvements, several

constraints on the selection of sites were identified by the BLM plan-

ners. Some of the factors that had to be taken into account were:

a. The site had to be on BLM-administered federal 0 & C land

or public domain. Land holdings in the area are divided

between private and public ownership in a checkerboard

fashion, hence only intermitta.nt reaches of the streams

could be considered for development.

b. Accessability by truck was a prerequisite in order to de-

liver the gabion fill material and, in some places, the

spawning gravel.

c. Due to uncertainties about results and to a limited budget,

only reaches regarded as completely unfit in their natural

state for fish habitat were to be considered for development.

d. The reach to be improved upon had to possess adequate

physical properties for the type of structures to be installed.

Among the most important parameters considered were

slope, width, debris transport and accumulation, and up-

stream fish passage conditions.
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Structural Locations and Configurations

Siti.ng and design of the gabio.n structures have largely been o.n

a trial and error basis with visual stream surveys and localized map-

ping being the most important decisio.n making tools. Fisheries

biologists and engineers have been involved in the planning process.

A number of ideas regarding gabio.n locations and arrangements

have been tried to make the structures perform various desired func-

tions. These functio.ns include:

1. gravel trapping-

2. gravel holding.

3. upstream termination of gravel bed a.nd flow-spreading over

gravel.

4. reduction of stream gradient; and

5. formation of jumping or rearing pools

An outline description of these functions, the structural config-

urations tried, and the locations at which structures of each type

were installed follows:

1. To trap gravel:

a. Isolated gabio.ns extending partially across the stream,

straight or at an angle, to create areas of slower water

and secondary currents during floods or to partially

divert flood flows away from the future spawning areas

(see typical examples in Figure 11A).
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Installations:

Alligator Farm 1

Eames Creek 3

b. A series of gabions extending partially across the

stream from alternating banks to create a sinuosoidal

flow pattern with alternating areas of secondary cur-

rents and of slowly and rapidly moving water (see

Figure 11B).

Installations:

Conger Creek 1, 2, 3

c. Gabion structures extending completely across the

stream to create a pool of slower-moving water for the

stream to deposit its bedload (see Figure 11C).

Installations:

Haight Creek

Bounds Creek A & B

Esmond Creek A

Grenshaw Creek A

Eames Creek A

2. To hold Gravel:

a. As la, but backfilled with gravel (see Figure 11A).

Installations:

Alligator Farm 2 & 3
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b. Gabion structure extending completely across the

stream with the upstream pool backfilled with gravel.

The gravel bed can be made flush with an upstream

bedrock ledge or gabion and several structures can be

placed in series at selected slopes (see Figure 11D).

Installations:

Oat Creek

Grenshaw Creek B, C & D

Eames Creek 1 (after modification in 1970)

c. As 2b but with upstream the end of the gravel bed

"feathered" out to meet sloping bedrock (see Figure

11D).

Installation:

Eames Creek 1 (prior to modification in 1970)

3. To terminate the upstream end of a gravel bed and spread

the flow across it: Gabion structure with a level crest

surface extending straight across the stream in a location

consistent with its relation to the downstream gravel bed

(see Figure 12).

Installations:

Grenshaw Creek E

Eames Creek B
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Gravel backfill

A. Cases la and 2a:
Isolated gabions extending partially across river to trap and/or hold gravel.

B. Case lb:
A series of gabions intended to diversify flow conditions and trap gravel.

Figure 11. Structural configurations for gravel trapping and gravel
holding.
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Plan

Trapped gravel

Profile

C. Case lc:
Gravel trapping structure

"feathered" upstream
end

1 Age Adi.
Bedrock ledge Placed gravel

Slope as selected

Profile

D. Case 2b and 2c:
Gravel holding structures

Figure 11 (continued). Structural configurations for gravel trapping
and gravel holding.
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Placed gravel

Plan

Profile

\ \ \

Case 3:
Gravel bed termination and flow spreading structure

Figure 12. Structural configuration for upstream termination of a
gravel bed and flow spreading over gravel.
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4. To reduce stream gradient: Gabion structures placed

across the stream as small check dams to reduce flow

velocities (see Figure 13).

Installations:

Gre.nshaw Creek E

Eames Creek C & D

5. To create jumping and/or rearing pools: Various types

of gabion structures placed in the stream to back up water

in locations where pools of suitable size can form (see

Figure 13).

Installations:

Esmond Creek A

Eames Creek D

Structural Layouts at Each Site

The general design concepts applied to the upper Siuslaw Basin

stream improvement structures have been presented in Figures 11-

13 and the accompanying discussion. The actual structural configura-

tions at each of the eight sites are shown schematically in Figures

14 and 15 to facilitate further discussion.

Structural Installation and Behavior of Gabions

All gabio.n structures, except one, were founded on bedrock.
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Plan

V

Profile

Cases 4 and 5:
Velocity controlling structures

Figure 13. Structural configurations to reduce stream gradient or
form jumping and rearing pools.
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Vegetated bars

A. Alligator Farm Sites

B. Haight Creek Site

C. Conger Creek Sites

Figure 14. Structural configurations used on main stem of Siuslaw
River.
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---

.

Gravel bars

B

A. Bounds Creek Sites

B. Esmond Creek Sites

A

C. Oat Creek Site

Figure 15. Structural configurations used on tributaries to Siuslaw
River.
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Figure 15 (continued). Structural configurations used on tributaries
to Siuslaw River.
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Steel anchor pins were set into the bedrock and projected nine inches

above the rock base into each of the cells or baskets of the gabions.

Additional anchorage was used in the main stem Siuslaw River and

i.n Esmond Creek, where larger floods would be expected. It con-

sisted of a series of eyebolts through which a 1/2-inch steel wire was

strung and securely clamped at the ends (Engels, 1970b).

The gabions were tied into the banks by trenching to exact

dimensions. Extra weight for end anchorage was provided by install-

ing taller gabions at the abutments. Rock riprap was used to protect

abutment ends at some locations.

The one structure (Haight Creek) not founded directly on bed-

rock has experienced undercutting at its toe,leading to tilting and

deflection as shown in Figure 16A. This proves the .need for down-

stream scour protection where alluvial foundation material is relied

upon. Figure 16B shows the partial failure of one of the Esmond

Creek structures, where high flow velocities and severe impact from

floating logs caused excessive twist and deformation of the gabio.n as

well as partial loss of stone fill. Loss of some of the smaller stone

fill was also noticed at a few of the Eames Creek structures,appar-

ently due to washing out through the wire mesh. It is worth noting,

however, that the damaged gabions have behaved plastically and main-

tained their strength and much of their utility i.n all cases. The need
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A. Partial failure due to scour at gabio.n toe - Haight Creek site

B. Excessive deformation due to log impact and high flow velocities -
Esmond Creek site, structure B.

Figure 16. Structural problems at two gabion installations.
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for appropriately sized stone fill, adequate anchorage, and secure

closing of the gabio.n baskets should be stressed.

Evaluation of Gravel Trapping/Holding Performance of Structures

This section presents a detailed but qualitative evaluation of the

various structures included in the existing fish habitat improvement

works in the Siuslaw River Basin. A more quantitative discussion of

the hydraulics of the structures and gravel beds is deferred to a later

chapter.

Trapping and Holding Success

Pertinent information on the performance of the several struc-

tures in trapping and/or holding gravel have been collected through

available reports, photos, and site visits. This information has been

condensed into Table 4, to show installation data, topographical fea-

tures, stream characteristics, and performance data believed to be

of importance in an analysis of the merits of the various structures.

Since the relative success of the gravel control structures is of

paramount concern to the designer, an attempt has been made to

evaluate the "success" of the Siuslaw River structures. The assign-

ment of percentage success figures was the responsibility of the

author, who has subjectively judged the merit of each structure based

on its intended trapping or holding functions.
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Table 4. Structural, stream, and gravel characteristics of upper Siuslaw Basin

structures.
Site, structure

and

time period

Purpose of
installation,
regarding
gravel control

Gabion

layout

Notch
width or
gabion
len-th ft.

Stream
width
Iv of

Stream

alignment

General
stream
slope in
ids reach

Stream
characteristics
u/s of
gabion

May pool
form u/s
gab. dur-
ing flood

Lateral bed. slope
away from
structure
abutment

s 7 9

ALLIGATOR FARM

Trap gravel 1/2 across. level 65 130 Straight .0028 Slight widening No Slightly fallingl Winter 69-70.

1 Winter 70-71 Trap gravel 1/2 across, level 65 130 Straight .0028 Slight widening No Slightly falling

2 Winter 69-70 Hold 8 trap gr. 1/2 across, level 35 65 Straight Pool Slight constrict. No Slightly rising

2 Winter 70-71 Hold 8 trap gr. 1/2 across, level 35 65 Straight Pool Slight constrict. No Slightly rising

3 Winter C9-70 Hold 8 trap gr. 1/2 across. level. 40 100 Straight Pool Cons, width No Insignificant

3 Winter 70-71 Hold A trap gr. 1/2 across, level. 40 100 Straight Pool Const. width No Insignificant

HAIGHT CREEK

Winter 69-70 Trap gravel Across, notch 65 80 Straight .006 Slight constrict. No Insignificant

Winter 70-71 Trap gravel Across. notch 65 80 Straight .006 Slight constrict. No Insignificant

CONGER CREEK

Trap gravel 1/2 across, level 26 70 Straight .0023 Const. width No Flat1,2 8 3 Winter 69-70

1,2 8 3 Winter 70-71 Trap gravel 1/2 across, level 26 70 Straight .0023 Const. width No Flat

BOUNDS CREEK

A Winter 70-71 Trap gravel Across, notch 13 22 Straight .02 Const. width No Steep

B Winter 70-71 Trap gravel Across, notch 16.2 40 Straight .02 Const. width No Steep

ESMOND CREEK

A Winter 70-71 Trap gravel Across. notch 32.6 42 End Sharp bend .003 Short pool No Insignificant

8 Winter 70-71 Hold gravel Across. notch 32.6 65 Sharp bend .003 Constriction No Steep

C Winter 70-71 Hold gravel Across. notch 52.8 B5 Sharp bend .003 Widening Yes Insignificant

OAT CREEK

Winter 70-71 Hold gravel Across, notch 19.8 35 Straight, d/s bend .011 Slight widening Yes-No Insignificant

RENSHAW CREEK

A Winter 70-71 Trap gravel Across, notch 13.1 26 Straight .018 Const. width No Insignificant

B Winter 70-71 Hold gravel Across, notch 13.1 24 Straight .018 Constriction Yes Insignificant

C Winter 70-71 Hold gravel Across. notch 13.1 36 Slight bend .018 Widening Yes Insignificant

0 Winter 70-71 Hold gravel Across, notch 16.2 26 d/s of bend .018 Const. width No Insignificant

E Winter 70-71 Reduce velocity Across, notch 19.5 23 Slight bend .016 Const. width No Insignificant

EAMES CREEK

Hold gravel Across, slot' 30 30 Vs of bend .013 Widening Yes Slight1 Winter 68 -69

1 Winter 69-70 Hold gravel Across, slot' 30 30 d/s of bend .013 Widening Yes Slight

1 Winter 70-71 Hold gravel Across, slot' 30 30 d/s of bend .013 Const. width Net Slight

2 Period 68-71 Rearing pool Across. slot d/s of bend .013 Const. width No

3 Period 68-71 Trap gravel 3/4 across, level - - u/s of bend .013 Const. width No -

A Winter 70-71 Trap gravel Across, notch 19.6 31 Straight .013 Cnnst. width NO Insignificant

B Winter 70-71 Trap gravel Across. notch 26.1 37 Bend .013 Widening Yes Slight

C Winter 70-71 Reduce velocity Across, notch 22.9 30 d/s of bend .013 Cons, width Yes-No Slight

0 Winter 70-71 Trap gravel Across, notch 13.1 2B Straight .013 Const. width No Slight

a. Boulder-rock fill rather than gabion
b. The slot is shielded by an upstream gabion offset about 3 feet

Conditions Gravel Gravel Structural
at u/s end of supply We damage to
gravel bed from supplied gabion
or pool u/s installation

10 13

Scour Deposit Holding Trapping Probable Probable

from at effici- effici- critical favorable

bed gabion ency encY parameters parameters

Is

Gravel riffle Good Local None Large, behind - 70%

Gravel riffle Good Local None - Increased, behind - 908

Gravel riffle Good Local None Heavy Nothing recorded 30% 5,7,9

Gravel riffle Good Local None No change Riffle at end 258 258 fi

Gravel riffle Good Local None Wear), Nothing recorded 308 6

Gravel riffle Good Local None No change No 25% 6

Gravel riffle Limited Local Toe undercut Good, behind

Gravel riffle Limited Local Toe undercut Increased, behind -

Slight riffle Limited Local None Some 15%

slight riffle Limited Local None Increased at end 258

Pool Abundance Local None Along one side Along high side

Gravel bars Abundance Local None At u/s face gab. Large, deep

7,9,10,11

7,9,10.11

50% 7,11 10

BOA 7.13 10

10

10

75% 10,11

90%

Plunge pool Abundance Placed Twisted - Insignificant - 58 5,7,10,13 -

Bedrock ledge Little Local Roiled, deflected Complete No 58 -

Pool 8 bedrock Little Local None Nearly compl. Inside bend 10% 58 5,10 7,8

Bedrock chute None Local None Complete No 0% 10

Gabion Little Placed None No - 0% 11

Ledge 0 gabion Little Placed None Edges u/s Center u/s 95% 10 8

Bedrock ledge None Placed None At u/s face gab. 75% 10 7,8

Gabion Little Placed None Outside bend Behind gab. 60%

Bedrock bolt. Little Local None Behind gab. - 308 10,11

'Teathered. Little Local Bank scour Considerable 50% 5,9,13 7,8

"Feathered" Little Local None Hole outside band - 608 5,9 7,8

Gabion Limited Placed None u/s 8 outside bend - 75% 5,10

Limited Local Twisted Insignificant - MO
Culvert Little Local Twisted No 0% 10,11

Plunge pool Limited Placed None In u/s reach 100% 11

Bedrock bolt. Good Placed None Flush gab 8 u/s 80% 5 7;8,11

Bedrock chute Abundance Placed Some fill lost No 0% 10

Bedrock chute Abundance Placed None NO 10 11
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The conclusions drawn from the listed data in Table 4 are

presented in columns 18 and 19, which contain a set of qualitative

parameters judged as critical or favorable to the installation. This

assessment has been expanded in Table 5. Common factors limiting

the performance of several structures include curved stream align-

ment, constricted stream characteristics just upstream of the

gabions, high flow velocity at the upstream end of the gravel bed, and

a limited gravel supply from upstream. Common factors favorable

to the performance of several structures include some widening of the

stream just upstream of the gabions, the possibility of pool formation

just upstream of the gabions during floods, riffles at the upstream

end of the gravel bed, and a good supply of gravel from upstream.

Again, the evaluation is only based on the gravel trapping and/or

holding ability of the structures.

It should be remembered, however, that several of the struc-

tures perform additional functions such as creating pools for jumping,

rearing, and hiding and that their hydraulic performances are inter-

related with respect to reduction of stream gradients and flow veloci-

ties. These functions could not easily be incorporated into the table

and hence are omitted from the analysis.
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Table 5. Evaluation of gravel trapping/holding performance of
structures.

Structure Probable important stream features

Alligator Farm 1
Favorable:

Alligator Farm 2 & 3
Unfavorable:

Haight Creek
Favorable:

Unfavorable:

Conger Creek 1, 2 & 3
Favorable:

Unfavorable:

Bounds Creek A
Favorable:

Unfavorable:

Bounds Creek B
Favorable:

Unfavorable:

Esmond Creek A
Unfavorable:

Widening, moderately sloping river;
high bottom roughness; adequate nat-
ural gravel supply; transverse bed
slope diverts flood waters away from
gravel bed.

Constricted flow; local retardation of
velocity in pool area; transverse bed
slope diverts water toward gravel beds

High stream bottom roughness

Slightly constricted flow; limited
gravel supply

High stream bottom roughness
Deficient gravel supply

Plunge pool upstream of gravel accu-
mulations; abundant natural gravel
supply

Transverse bed slope

Abundant gravel supply from upstream
bars
Steep stream bottom slope; transverse
bed slope

End of sharp be.nd; short plunge pool;
structural damage to gabions
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Table 5. Continued

Structure Probable important stream features

Esmond Creek B
Unfavorable:

Esmond Creek C
Favorable:

Unfavorable:

Oat Creek
Unfavorable:

Gre.nshaw Creek A
Unfavorable:

Grenshaw Creek B
Favorable:

Unfavorable:

Grenshaw Creek C
Favorable:

Unfavorable:

Gre.nshaw Creek D
Unfavorable:

Sharp bend; constricted width; steep
transverse bed slope diverting the
water toward outside of curve; smooth
bedrock bottom approaching gravel bed;
structural damage to gabions

Stream widens at gravel bed; gently
sloping inside bank allows flood waters
to spread out and slow down

Sharp bend; smooth bedrock bottom
approaching gravel bed

Smooth, steeply sloping bedrock chute
approaching gravel bed; downstream
from bend in stream channel

Deficient gravel supply

Constriction in stream width follows a
wide flat reach where a pool with
slower moving water may form
Inadequate protection against plunging
water at upstream end of gravel bed

Stream widens at gravel bed; gently
sloping bank on one side allows a pool
to form
Slight bend; inadequate protection
against plunging water at upstream end
of gravel bed

End of moderate bend
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Table 5. Continued

Structure Probable important stream features

Grenshaw Creek E
Unfavorable:

Eames Creek 1
Favorable:

Unfavorable:

Eames Creek 3
Unfavorable:

Eames Creek A
Unfavorable:

Eames Creek B
Favorable:

Unfavorable:

Eames Creek C
Favorable:

Unfavorable:

Eames Creek D
Favorable:

Unfavorable:

Deficient gravel supply; smooth bed-
rock bottom approaching trap area
produces high velocities and prevents
incidental gravel trapping

Stream widens at gravel bed; gently
sloping bank on one side allows a pool
to form
End of moderate bend; slight trans-
verse slope down toward outside of
bend

Limited gravel supply; Armco culvert
pipe just upstream of gabion producing
high approach velocities

Limited gravel supply

Good gravel supply; stream widens
just upstream of gabio.n; banks allow a
pool to form

Moderate bend

Abundant gravel supply from stockpile
Steep bedrock chute producing high
approach velocities prevents incidental
gravel trapping

Abundant gravel supply from stock pile

Steep bedrock chute-like bottom
approaching gabion
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Gravel Depths and Gradation

Placed Bed. The heights of the installed gabio.ns are either

1.0 or 1.7 feet in the center portion of the streams. Those struc-

tures that were backfilled with suitable gravel to a level flush with

the gabio.n crest formed spawning beds of very acceptable standards.

However, the quality of the placed spawning beds deteriorated some-

what during the flood season. This was the case even for the sites

with reportedly high holding efficiencies in Table 4. The deteriora-

tion was due to two factors: local scour and changed gradation.

Scour at higher flows resulted in some local shifting and

mou.nding of the gravel within the bed behi.nd gabio.ns having a good

holding efficiency. This created chan.nelized flow and local areas of

"high and dry" gravel during the summer low-flow months, as may

be seen i.n Figure 17. Inadequate gravel submergence would be of

less consequence, however, when the streamflows increase during

the spawning and hatching seasons.

The second factor was the changed size gradatio.n curve for the

gravel after the winter floods. It can be seen from Figure 10 that

the composition of the gravel bed at Grenslaw Creek, which is judged

as fairly typical for all the placed gravel beds in the tributaries,

experienced about a 20 percent increase in coarse sand a.nd fine

gravel after one year in place. The resulting gradation curve is not
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Figure 17. Scour and channelized flow through gravel beds,
Grenshaw Creek.
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quite within the referenced limits for chinook salmon (see Figure 2),

and has an even greater excessive amount of fine particles for coho

salmon. However, the gravel beds were loose and fairly easy to dig

in, and it is believed that a fish, when excavating its redd, would

flush out a large proportion of the fine sand.

One conclusion regarding the placed beds is that if stability can

be attained, the gravel beds will constitute successful developments

in an effort to increase available grounds for spawning.

Accumulated Beds. For the gabion sites where accumulation

of resident gravel was relied upon for success, only two structures

can be regarded as very successful. These are Alligator Farm 1

and the Haight Creek structure, where sizeable gravel beds of ade-

quate depth and acceptable gravel gradation have been created. At

other sites, good gravel riffles have been created between the end of

gabions extending into the stream and the opposite bank. But the

drawback here is that only shallow deposits of pronounced coarse-

ness have accumulated (perhaps due to high velocities in winter).

The Bou.nds Creek site has also had a high trapping efficiency, but

the deposits appear, from visual observations, to be highly graded

with an excess of both fine and very coarse material. However, the

deposits did not appear tightly cemented, and it is believed that some

of the finer material will be washed out, given time and some me-

chanical or fish disturbance.
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Observed Spawning Activity

BLM fisheries biologists and engineers responsible for the

Siuslaw Basin fish habitat improvement program have kept the im-

proved reaches under surveillance in order to assess the value of

their work. Table 6 gives a preliminary list of observed redds re-

corded for the 1969-1970 and 1970-1971 spawning seasons (Hammer,

1971).

As can be seen from the table, chi.nook utilize the trapping

structures in the main stem of the Siuslaw River, the coho seem to

prefer the placed spawning beds in the tributaries, and steelhead are

active in both areas. The particular structures with high redd counts

match the structures with high holding or trapping efficiency as indi-

cated in Table 4, indicating that a bed stability criterion can be used

as an indicator of the success of the structures in enhancing fish

reproduction.

The absence from Table 6 of the Bounds Creek structures, with

very high reported trapping efficiencies, is more likely to be due to

infreque.nt inspections of this farthest-downstream site than to lack

of fish use of the available gravel. At the time of the author's in-

spection of the Bounds Creek site, a high number of fry were rearing

i.n ponds between the structures.
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Table 6. Observed spawning activity at upper Siuslaw River Basin
fish habitat improvement sites.

Location Chinook
69-70 70-71

Species

Coho
69-70 70-71

Steelhead
69-70 70-71

Total

ALLIGATOR FARM:
Structure 1 6 5 1 7 19
Structure 3 1 1

HAIGHT CREEK:
Structure 1 1 1 2 4

CONGER CREEK:
Structure 1 1 1

Structure 2 1 1

ESMOND CREEK:
Structure A 111 1

OAT CREEK:
Structure A 12 1

GRENSHAW CREEK:
Structure B 2 2

Structure C 3 1 4

Unspecified 7 7

EAMES CREEK:
Structure 1 13 13 2

Structure A 14 1

TOTAL 7 8 1 6 3 19 44

1. On deposits of gravel from structure B
2. On bar deposit downstream from structure
3. Washed out later
4. On deposit of gravel from structure 1



73

FLUME EXPERIMENTS ON GRAVEL STABILITY

Introduction

The ultimate aim of this study is to produce guidelines for siting

and design of in-channel gravel control structures to create spawning

beds for fish in natural, unregulated coastal streams. A spawning

bed that would .not remain largely intact during the flood season, when

the eggs are hatching, would be of little utility in e.nchancing fish

production. It is therefore of basic importance to acquire some prac-

tical knowledge of the criteria governing the stability of gravel parti-

cles in a spawning bed.

This chapter presents flume experiments conducted to investigate

the stability, movement, and scour of gravel in connection with

gabion structures for gravel control. The flume experiments addi-

tionally included some investigations to assess the ability of imbedded

perforated pipes to remove fine sands and silt from the gravel bed.

Description of Research Facilities

The flume experiments were carried out in a 157- foot concrete

research channel across a large meander loop of Oak Creek, a stream

in the Coastal Range near the Oregon State University campus. The

channel was approximately three feet wide by three feet deep and was

constructed to a constant slope of 0.027. A schematic drawing of the

channel is presented in Figure 18.
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The flow into the channel was regulated by stoplogs guided by

steel channels embedded in the concrete. The amount of water avail-

able was at all times dependent on the natural flow in Oak Creek.

Diversion structures in the creek near the channel inlet allowed as

much as 80 or 90 percent of the Oak Creek discharge to be diverted

through the flume during the low-flow periods. A 1-foot high weir

plate was installed at a point 8 feet downstream from the entry stop-

logs. The head on the weir could be read with a point gage installed

in a stilling well connected to the channel about 5 feet upstream from

the weir plate.

Stations were marked with paint on the walls of the concrete

channel at one-foot intervals for easy reference. Station numbering

began at the weir plate (station 0) and progressed downstream. A

moveable poi.ntgage with a baseplate (see Figure 19) was used for

measuring gravel and water surface elevations at the stations.

The channel was equipped with a gravel feed system in the form

of a V-shaped trough which was supplied from an adjacent gravel

stockpile. The channel also had slots in the channel walls halfway

down the channel and at its outlet for placement of additional stoplogs.

Gabions were constructed by 1-foot high by 3-foot long chicken

wire baskets, which fitted snugly into the flume. The baskets were

placed on the channel bottom and filled with broken concrete to
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Figure 19. Movable poi.ntgage and baseplate for determining
elevations of water and gravel bed.
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simulate the gabions actually installed in the Siuslaw Basin. Three-

inch perforated pipes identical to those used by Chu (1971) were

buried in the gravel beds behind the flume gabions for part of the

experimental work.

Experimental Materials

Gabions

The small channel gabio.ns were placed in the flume as desired

for each experiment series. No anchorage was necessary since the

broken concrete fill wedged the structures tightly against the channel

walls.

Gravel

Clean, uniformly graded gravel commercially available from

the Willamette River was used. The gravel was mostly of granitic

origin with a specific gravity of 2.65. It was easily distinguishable

in color and shape from the basaltic Oak Creek gravel which had a

specific gravity of 2.85 (Milhous and Klingeman, 1971). From the

grain size distribution curve in Figure 20 it seems reasonable to

characterize the gravel mixture as uniform with a typical diameter

of one inch. The particles were typically well rounded but ranged in

shape from flat to spherical. It is of interest to note that the gravel
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U. S. standard sieve size

5 10 15 20

Particle size (mm)
25 30 40

Figure 20. Grain size distribution curves for Willamette River
gravel used in experiments.
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used in the experiments was similar in origin and size gradation to

the gravel used by the BLM to backfill their spawning structures in

the Siuslaw Basin.

Experimental Procedures

Gravel feeding

The gravel feed trough was located at station 4 (4 feet down-

stream from the weir) and was used in the preliminary experimental

runs. However, the capacity of the trough was found inadequate to

keep up with the required amount of gravel necessary to build up a

bed behind the installed gabion. Since it was also inconvenient to lift

the gravel into the trough by hand, the feed trough was abandoned

a.nd gravel was subsequently shoveled directly into the flume between

stations 5 and 10. A gravel pile would build up in the flume at the

point of supply and the flowing water would transport the gravel

downstream fairly uniformly across the width of the channel. This

procedure was used throughout the experiments except whe.n a pre-

placed gravel bed was desired, On such occasions a wheelbarrow

was used to dump the gravel directly in place.

Discharge Measurements

All discharges were determined by measuring the head on the

weir at the stilling well.and using a standard weir equation. Prior
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to any experimental runs, the stilling well pointgage had to be

"zeroed." This was done by sealing off the stoplogs at the entry to

read the stilling well gage when the water surface was exactly flush

with the edge of the weir plate. During subsequent head readings of

the stilling well, water surface fluctuations occurred due to the flow

and a time-average reading of the water surface elevation was neces-

sary. Since measurements in the channel during experiments were

carried out only when the flow was changing very slowly with time,

only one gage reading at the stilling well was considered necessary

to establish the correct discharge for each set of measurements.

The stilling well pointgage was read either immediately before or

just after channel measurements were carried out.

The rating curve for the weir, to convert head to discharge, was

based on the discharge equation for a suppressed weir given by

Albertson, et al. , 1960:

q = (3.22 + 0.4 h/p) h3/2

where q = discharge per foot width (cfs/ft)

h = head at weir (ft)

p = depth behind weir crest (ft)

Channel Hydraulics

eq. 11

Measurements of gravel bed and water surface elevations were

generally taken at 5-foot intervals along the channel. Whe.n it was
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desired to record special bed features, however, measurements were

taken freely at various stations. Three measurements were taken

across the channel at each measured station -- one at 2 inches from

each wall on each side and one in the center. The average of the two

edge measurements were averaged with the center measurement to

produce a single weighted measurement value for analysis purposes.

The gravel depth was obtained by lowering the base plate firmly

on to the bed. The water surface elevation was obtained by raising

the pointgage until the point just reached the water surface, as in-

dicated by the point where an air plume would just form at the point-

gage. The poi.ntgage was equipped with a vernier, which permitted

readings to 0.001 foot. It is worth noting, however, that this ac-

curacy overstates the real accuracy of the measurements. Never-

theless, the third significant figure has been carried through in the

analysis, to be consistent with the elevation differences recorded by

leveling from station to station along the length of the channel.

No corrections have been made to account for that portion of

the water moving through the gravel and gabion as i.ntragravel flow.

A qualitative check on this was made by observing the downstream

face of the gabio.n and by trying to feel whether any appreciable amount

of water seemed to emerge from the gabio.n fill and the imbedded

pipes. These checks indicated that the amount of water going through

the gabion was small compared to the total discharge at medium and
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high flows and therefore could be ignored. For discharges below

about one cfs/ft, however, the error in this approximation was larger

and may have been significant. Still, no correction was applied to

the low discharges because of the great difficulty in making accurate

flow measurements in shallow water over the irregular gravel sur-

face. Hence the calculated velocities for very low flows will over-

estimate the true values slightly.

Description of Experiments

The concrete channel was used for experiments nearly con-

tinuously from the end of February to the beginning of June, 1971.

Due to the dependency of the channel o.n Oak Creek flow, the experi-

ments, their duration, and their successful completion were very

much governed by the creek's hydrograph. This is depicted in Figure

21 where a stage hydrograph for the flume is shown with the Oak

Creek stage hydrograph superimposed.

Figure 21 also shows the phasing of the experiments, from

series I to series V. Additionally, various observations and events

have been superimposed o.n the hydrographs for easy reference.

Each phase of the experimental work was dependent upon the pre -

ceedi.ng results and observations. This led to five distinct experi-

mental series with a number of measurement sets at different times

for each series. The measurement sets are hereafter referred to as
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runs for convenience. Data obtained are presented in a later section

of this chapter. However, several comments about the results of

runs are prese.nted in this section to help explain the nature of the

experime.nts conducted and show their relationship.

Experiment Series I

This first series of experiments covered the buildup of the

first gravel bed and its subsequent scour. A single gabion was at

this time in place in the 3-foot length between stations 44 and 47.

Gravel was added to the channel rapidly at station 10. Two series

of measurements (runs 1 and 2) were taken during the build up period

and one (run 3) shortly after the gravel bed had filled in behind the

gabion. Run 4 was made 24 hours later when the bed had been sub-

jected to the same nearly constant flow that had deposited the gravel

behind the gabion but was otherwise undisturbed. Figure 22 shows the

flume and gravel bed as it appeared when the flow was shut off just

after run 4 was completed. Four days later a large amount of snow-

melt runoff occurred and a portion of the gravel bed scoured out

before the flume discharge could be reduced. Run 5 involved supple-

mental measurements of discharge and gravel elevations during the

period of snowmelt runoff, just after the inflow was closed to protect

the gravel bed from excessive scour.
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A. View looking upstream

B. View looking down on bed behind gabion

Figure 22. Gravel bed condition at end of run 4 of experiment series
I.
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The following observations and comments are relevant to ex-

periment series I:

a. When the build-up process of the gravel bed took place it

occurred under the influence of backwater from the gabion.

b. Bed movement during the build up process appeared as a

gravel bar creeping downstream. Gravel particles moved over the

surface of the bed and came to rest at its front, causing the front to

move downstream while maintaining a constant slope at the angle

repose.

c. When the gravel feeding was stopped in runs 2 a.nd 3, stand-

ing waves for the bed and water surface developed within 5-10

minutes. The bed standing waves were leveled out manually just

before each set of measurements. The bed waves did not reappear

after the gravel bed had completely filled in behind the gabion (at

the end of run 3) and the bed had been smoothed out.

d. Although the bed looked stable when the channel was left

unattended after run 3, measurements taken the next day (run 4)

showed that the bed had degraded an average of 0.1 ft. during the

elapsed 24 hours.

e. At the time of measurements in run 4, when the bed ap-

peared stable, it was observed that individual 1-inch diameter

particles placed on the bed would move along quickly. Particles al-

most 2 inches in diameter would also move, but more slowly and

intermitte.ntly.
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f. When the flow through the flume was closed off after run

4, it was observed that the gravel particles had attained the shielded

or imbricated pattern typically found in gravel bottom streams (Lane

and Carlson, 1954).

g. When the high flow of run 5 was closed off, it was noted

that the particles no longer were in the shielded position. They were

more randomly oriented over the surface of the bed. Some particles

were also scoured from the bed and carried downstream of the gabion.

These observations are interpreted as indications of active transport

taking place from the gravel bed at the time of abruptly closing off

of the flow.

h. Some gravel had deposited against the base of the down-

stream face of the gabion.

Experiment Series II

This experiment series started out with the partly-scoured bed

existing at the end of the preceding experiment series. The flow,

however, was reduced from 6.1 cfs/ft (run 5 of series I) to 2.8 cfs/ft.

But Oak Creek experienced a second and larger ru.noff peak the

day after this adjustment and the flume discharge reached a peak of

5.86 cfs/ft. This caused additional scour of the gravel bed. The

measurements for runs 1, 2 and 3 merely consisted of monitoring

the flume discharge during the flood. The hydraulic measurements
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of run 4 were carried out after dark with the help of a flashlight, and

unfortunately do not appear to be reliable. The entrance conditions

to the channel were left untouched throughout series II. Two days

after run 4 the flow had receded and the bed surface was again mea-

sured (run 5). It was observed that Oak Creek gravel had passed

over the entry stoplog and weir and deposited on the gravel bed over

its total length.

Experiment Series III

Some modifications to the channel installations were carried

out before this experiment series was initiated. The gabion, which

had become thoroughly clogged by sand and silt, was opened up and

cleaned to restore its original permeability. The remaining gravel

bed had also become heavily silted and therefore was excavated to

flush out silt and sand and to remove most of the Oak Creek gravel.

Two parallel lines of 2-inch perforated pipes were installed at the

bottom of the bed on one side of the channel and were covered with

gravel. The pipe ends were extended 3/4 of the way through the

gabio.n. A second gabio.n was installed upstream of the gravel bed,

between stations 18 and 21. This new gabio.n was filled with some

large pieces of broken concrete and with gravel. These revised

cha.nnel installations are shown in Figure 23.
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Figure 23. Installation with two gabions and buried perforated pipes
for experiment series III.
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The space between the two gabio.ns was filled with gravel until

the bed was flush with both gabio.ns. The intention was to investigate

the use of an upstream gabion to protect a downstream gravel bed.

During run 1 of series III it was observed that gravel was trans-

ported on the bed and over the gabion. Gravel movement was espe-

cially heavy from the area between stations 21 and 25, just down-

stream of the upstream gabion. A dip developed in the bed at this

area in the course of less than an hour.

Prior to run 2, gravel was added to fill in the dip and to re-

level the bed between the gabions. Soon after a flow was introduced

to the channel, a dip developed again in the same manner as for run

1. Gravel transport was visually observed for at least 30 minutes

and the flow conditions were left untouched for another 5 hours (while

the author was absent), whereafter the whole gravel bed had developed

standing waves. The initial dip at stations 21 to 25 was now more

pronounced, but there was no visible gravel movement over the bed.

Some additional effort was made to improve the diversion

structures in the creek, resulting in an increase in flume discharge

from 1.74 to 2.90 cfs/ft at the end of run 2. This did not result in

any visual gravel transport. When run 3 was made 14.5 hours later,

visual inspection of the bed indicated that it was stable. However, the

standing waves were now in a different location: low points of the

wave pattern occupied the positions where crests had been recorded
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during run 2. The bed wave patterns observed in runs 1, 2 and 3

are shown in Figure 24A. The dip near the upstream gabion is also

shown.

Increased flow in Oak Creek resulted in a scouring discharge

of about 4.3 cfs/ft in the flume early in the morning of March 26.

When run 4 was recorded about 6 hours later, the flume discharge

had receded to 4.0 cfs/ft. Also, a hydraulic jump had developed at

station 28 and the standing waves had disappeared. Complete scour

removal of the gravel bed had taken place from the upstream gabion

to station 28.5 (just past the hydraulic jump) except just under the

downstream face of the upstream gabion, where a 2-foot long wedge

of gravel remained. The remaining gravel bed seemed stable at the

time of measurement. This later proved to be the case, as revealed

by run 5, where only insignificant changes in gravel bed elevations

were recorded.

Experiment Series IV

This experiment series was started with a buildup period to

restore the gravel bed between the gabions and, additionally, to add

a bed behind the upstream gabion. Gravel was fed to the stream as

described for series I, and buildup behind the upstream gabion took

place as a creeping bar or dune as earlier described. After the

gravel deposited behind the upstream gabion and transport over the
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gabio.n was appreciable, depos itio.n on the gravel bed between gabions

occurred over its total length without the formation of a creeping

bar. The hydraulic jump at station 25 became intermitte.nt,alternating

with shooting flow over the gravel i.n a reforming/washing-out se-

quence. Gravel was added until transport was observed over the

downstream gabio.n. Standing waves reappeared and conditions re-

sembled runs 2 and 3 of series III.

Measurements for run 1 were carried out shortly thereafter

when the gravel bed looked stable. Runs 2, 3 and 4 were carried out

on following days and proved that little change in bed surface took

place under the gradually decreasing discharge. The bed waves did

change crest and trough configurations during this time. This is

illustrated by Figure 24B.

The Oak Creek watershed experienced a series of rainstorms

on April 8 and 9. Run 5 was recorded at the time of peak runoff with

a flume discharge of 7.8 cfs/ft. The entire bed behind the upstream

gabio.n was scoured out a.nd the original gravel bed was scoured out

downstream to station 37. The upstream edge of the remaining bed

exhibited a steep slope with 0.5 ft. elevation difference between

station 37 and 38. The buried perforated pipes had been knocked

loose and one pipe length was washed out.
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Experiment Series V

The gravel bed was partly replaced after series IV so that it

extended from station 27 to the downstream gabio.n at station 44-47.

A partly submerged hydraulic jump then occurred at station 22-23.

The perforated pipe installation was also repaired and again covered

with gravel.

Series V was conducted at the receding limb of the Oak Creek

hydrograph. No appreciable gravel transport or scour took place

during the series.

Runs 1 through 4 were basically similar; they merely covered

different ranges of discharge. Gravel transport out of the bed was

checked by installing stoplogs downstream from the dow.nstream

gabio.n such that a pool was formed where particles would deposit.

The small rate of transport that could be detected by this procedure

is discussed in a later section. For the purposes of the present

stability investigations, the bed could be regarded as stable. No

standing wave bedforms were encountered during series V.

Incipient Motion Experiments

An attempt was made to compare the flume experiments to

Neill's proposed design curve for scour. In his experiments Neill

tried to find the hydraulic conditions under which first displacement
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of gravel particles would occur using visual observations of the

gravel bed.

The present study of incipient motion was carried out with six

people; one at the entry stoplog, one at the stilling well, and four

as observers along the channel between stations 35 and 44. Two

point gages were used: one at station 35 and the other at either

station 42 or 44. The required discharge was obtained by damming

the creek such that a reservoir resulted. The entry stoplogs were

removed slowly to avoid surging as the water was let into the channel.

The discharge was then gradually increased until movement of a

particle was observed. The observer would then call "read" to the

operators of the stilling well and other pointgages, who read the

instantaneous water surface elevations. This was repeated numerous

times. The displaced particle on each occasion was recovered

whenever possible so that its diameter could be determined. Gravel

surface elevations were considered to remain constant throughout

the experiments.

The first runs were carried out with an undisturbed bed. It

was experie.nced that observation of the gravel particles was a diffi-

cult task, especially due to the turbulence of the water. However, a

few successful readings were obtained.. Particles were found in the

downstream pool after nearly all runs,indicating the deficiencies of

the visual observation method. Diameters of these particles were
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also measured. The bed surface was disturbed with a hoe at stations

38-39 and 42-43 before run 9 to check if this would influence the re-

sults. Experimental results are presented in a following section

together with derived parameters.

Long Term Movement Studies

Throughout the period of flume experiments it had been noticed

that a gravel bed which appeared stable (i. e. , no particle movement

could be detected when it was visually observed for a short period of

time) did not appear completely stable over a longer period of time

such as one to several days. This fact was evidenced by small

gravel accumulations at the outlet stoplogs at the downstream e.nd of

the flume. It was also shown by a slight degradation of the gravel bed

over time.

The available flow became inadequate for scour studies towards

the e.nd of experiment series V. It was then decided to keep the flume

constantly open and collect all transported particles from the pool

behind the stoplogs. This was done at intervals of a few to several

days between mid-April and the beginning of June. Discharges were

recorded at each time of collection. Also, a few hydraulic measure-

ments were taken in the channel at such times to develop a rating

curve for the depth of water at various stations. When scoured par-

ticles were collected from the pool, only particles in the coarse sand
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fraction and gravel size range could be picked up -- smaller particles

could not be easily recovered. Therefore, all material passing #4

sieve were discarded from the samples during subsequent sieve anal-

yses. Details on the gathered material and relevant hydraulic param-

eters are presented later, together with an analysis of the data.

Bed Siltation

Perforated pipes had been installed on one side in the gravel

bed between experiment series II and III in an attempt to make a field

verification of Chu's laboratory experiments which indicated that

such pipes would improve permeability conditions in the gravel. The

pipes were exposed twice and partly washed out once by the scouring

action of the flow during the gravel stability experiments, but repair

work was carried out each time to restore them to their original

condition. The gravel bed was never scoured between station 38 and

44, hence this section provided a test reach where the conditions had

been virtually undisturbed since the pipes were originally installed.

A silt load was carried by the flowing water only when Oak

Creek experienced an appreciable storm runoff peak. This was the

case only once during the time of the flume experiments with per-

forated pipes installed, the rest of the high flume discharges being

caused mainly by the damming of the creek. It was therefore found

necessary to add silt and sand at the entry to the flume and let this
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material be transported over and into the gravel bed in order to study

the effects of the buried pipes. The silt and sand feeding was carried

out by two methods. One was to stir up the creek bottom near the

flume entry and also to shovel silt and sand deposits from the creek

into the channel. This was done at irregular times during the ex-

perimental period. The seco.nd method was to add sand of minus #4

(pan material) gradation just downstream of the weir plate. The

material added by the latter method was observed as it was trans-

ported over the gravel bed a.nd filtered into the voids between the

coarse gravel particles.

The degree of bed siltation and the possible variance between

that side with imbedded pipes and that side without pipes was checked

after completion of all flume experiments. This was done by ex-

cavating and sampling the bed in layers at station 41 and by gradually

exposing pipes from station 26 downstream to station 30. Photos

were taken to accompany the samples and are shown together with

an analysis of the results in a later section.

Presentation and Discussion of Results

The compiled field data for experiment series I through V are

presented in Tables 7 through 11, respectively, included are the

flow and depth measurements, determinations of bed and energy

slopes over segments of the bed, and evaluations of the Shields



Table 7 Footnotes: a. No bed waves; bed creeping down channel.

b. Gravel added; bed waves forming but smoothed manually before measurements; bed still creeping down channel.

c. As footnote b, but: bed building completed to gabion; some gravel movement.

d. No gravel added since run 3; no bed waves; bed looks stable but particles dumped on bed moves.

e. Scour taking place immediately prior to shutting of flow for bed measurements.



Table 7. Basic and derived data for experiment series I.

Run Date Time Sta.

Flume discharge Station measurement Slopes in reach ctShields' funion Neill's parameters Froude no.

h

ft cfs/ft

hw

ft ft ft

A Elev.

W.S.W. S.

ft

V
fps

2v 10-12
ft

S
E

Elev.

gray.

ft
Sc

Rh

ft

h F

ft

sE
72 V

2
ft

s D( Ss-1) D
Fr = gd

D
01 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22

1a 3-5 15:00 .790 2.48

30 .675 .147 .528 .238 4.70 -.008 .230 .0230 .233 .023 .388 .390 .065 .157 4.97 1.15

20 .647 .114 .533 .115 4.65 .033 .148 .0296 .138 .028 .392 .386 .084 .156 4.88 1.12

15 .615 .105 .510 4.86 .380 .163 5.34 1.20

2
b

3-5 15:30 .788 2.47

30 .795 .244 .551 .243 4.48 -.022 .221 .0221 .222 .022 .402 .408 .066 .151 4.52 1.06

20 .772 .200 .572 .129 4.32 -.051 .078 .0156 .071 .014 .412 .427 .049 .145 4.20 1.01

15 .754 . 124 .630 3.92 .442 . 132 3.48 . 87

3c 3-5 16:15 .793 2.50

40 1.054 .468 .586 .118 4.27 0 .118 .0118 .120 .012 .420 .419 .036 .142 4.12 .98

30 .898 .314 .584 .108 4.28 .051 .159 .0159 .154 .015 .418 .406 .048 .142 4.14 .99

20 .740 .202 .538 .177 4.65 -.075 .102 .0204 .101 .020 .394 .414 .062 .154 4.85 1.12

15 . 770 . 156 .614 4.08 .434 . 135 3. 75 .92

4d 3-6 16:00 .746 2.26

40 .993 .374 .619 .080 3.65 .055 .135 .0135 .150 .015 .436 .418 .041 .134 3.00 .82

30 .799 .250 .549 .146 4.11 -.044 .102 .0102 .092 .009 .400 .415 .031 .151 3.82 .98

20 .679 .076 .603 .113 3.75 0 .113 .0226 .114 .023 .429 .428 .071 .138 3.16 .85

15 .645 .043 .602 3.76 .428 .138 3.18 .85

5
e

3-10 1.375 6.1

40 313 .027

35 .316 009

30 . 108 -. 029

25 173 -. 068

20 -. 644



Table 8. Basic and derived data for experiment series II.

Run

1

Date

2

Time

3

Sta,

4

Flume discharge Station measurements in reach Shields' function Neill's parameters Froude no.

h q

ft cfs/ft
5 6

AEley.
h h d
w W.S.W. S.G

ft ft ft ft
7 8 9 10

V
fps

11

2
A

2g
ft
12

10+12
ft
13

SE

14

A. Elev.
gray.
ft
15

SG

16

Rh

ft
17

-
Rh F
ft
18

R S
h E -24- V= D

s D( S -1)
s d

19 20

- V
X's D

21

Fr

22

1
a

2b

3c

4d

5e

3-10

3-10

3-11

3-11

3-13

13:15

18:45

17:50

20:15
40
35
25

43
40
35
30
25
24

.857

.962

1.346

1.110

.657

2.80

3.40

5.86

4.30

2.10

1.504
1.376
1.290

.256
-.040
-.354

1.248
1.416
1.644

.003

.191
3.45
3.04
2.61

-.042
-.037

-.039
.154

-.0078
.0154

-.165
-.037

-.033
-.004 .725

.781
.753 .085

.068

.059

.050

2.69
2.08
1.54

.54

.45

.36

Footnotes: a. Bed as left after scour in run 5 of exp. ser. I.

b. Bed starts at sta. 25; looks like some gravel is lost since run 1.

c. Bed starts at sta. 25.

d. No noticeable change in bed since run 3.

e. Oak Creek gravel deposited on bed which is rebuilt to sta. 24.



Table 9. Basic and derived data for experiment series HI.

Flume discharge Station measurements Slopes in reach Shields' function Neill's parameters Froude no.
Elev. V2

hw hG Rh Rh pp-R
h

SE
DRun Date Time Sta. d W.S. V 2g 10+12 S

F
-V2

F =
V

ft cfs/ft ft ft ft ft fps ft ft ft ft ft s D( Ss-1) d D r V-g7d-

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22

la 3-23 11:30 .60 1.84
40 .737 .261 .476 .047 3.86 +.047 .094 .0188 .089 .018 .360 .347 .047 .174 3.34 .98
35 .653 .219 .434 .062 4.24 +.017 .079 .0158 .075 .015 .335 .331 .039 .192 4.05 1.13
30 .572 .151 .421 .234 4.37 -.064 .170 .0340 .178 .016 .327 .343 .085 .197 4.30 1.19
25 .672 .195 .477 -.223 3.86 +.172 -.051 -.020 -.106 -.042 .360 .223 .174 3.35 .99
22.5 .387 .027 .360 .485 5.10 -.182 .303 .121 .360 .144 .287 .326 .028 .231 5.58 1.50
20 .810 .325 .485 3.79 .365 .96

2
b

3-23 18:00 .633 1.74
40 .812 .280 .532 .114 3.27 +.036 .150 .030 .164 .033 .392 .377 .083 .156 2.40 .79
35 .795 .313 .482 .071 3.61 -.031 .040 .008 .029 .006 .363 .375 .021 .92
30 .723 .199 .524 -.151 3.32 +.084 -.067 -.033 -.056 -.028 .387 .360 .81
28 .518 .089 .429 .250 4.05 -.081 .169 .056 .159 .053 .332 .358 .147 1.09
25 .688 . 168 .520 -. 189 3.35 +0.82 -. 107 -.053 -. 096 -.048 .385 .357 . 82
23 .450 .023 .427 .324 4.07 -0.82 .242 .081 .234 .078 .330 .357 .211 1.10
20 .691 .174 .517 3.36 .384 .82

2Ac 3-23 18:45 .874 2.90

3d 3-24 9:30 .778 2.42
40 .778 .221 .557 .088 4.35 -.033 .055 .0110 .052 .010 .405 .415 .034 1.03
35 .735 .142 .593 .145 4.08 -.012 .133 .0268 .134 .027 .424 .427 .084 .94
30 .737 .133 .604 .126 4.01 -.053 .073 .0365 .052 .026 .429 .448 .119 .138 3.64 .91
28 .809 .131 .678 .126 3.57 -.083 .043 .0143 -.082 -.027 .468 .511 .053 .122 2.88 .75
25 .855 -.031 .886 2.73 .554 .094 1.67 .51
20 . 815 . 193 .622 3.89 . 87

4e 3-26 10:00 1.068 4.02
40 1.156 .276 .880 .120 4.57 -.053 .067 0134 .038 .008 .553 .568 .055 .095 4.70 .86
35 1.145 .183 .962 .193 4.18 -.128 .065 0130 -.170 -.034 .583 .593 .056 .086 3.93 .75 cp
30 1.195 -.130 1.325 3.03 .702 .063 2.07 .46



Table 9. Continued.

Flume discharge Station measurement Slopes in reach Shields' function Neill'sparameters Froude no.
Run Date Time Sta. A V RhSE V

h q
hw hG Rh 2

W. S. V 2g 10+12
Elev.

SG
ft

h F
s D( Ss-1)

D/ d
41.V Fr %kr

ft cfs/ft ft ft ft ft fps ft ft ft ft ft

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22

5f 3-27 11:00 .954 3.34
40 1.076 .253 .823 .093 4.06 -.019 .074 .0148 .065 .013 .529 .535 .058 .101 3.70 .79
35 1.038 .187 .851 .205 3.92 -.123 .082 .0164 -.174 -.035 .540 .607 .073 .098 3.46 .75
30 1.100 -.130 1.230 2.72 .675 .068 1.67 .43

Footnotes: a. Bed waves sta. 20 - 25; measured shortly after visible movement.

b. Bed waves sta. 20 - 35; some grevel added since run 1.

c. Artificially created increase in discharge.

d. Bed waves entire bed; bed looks stable; hydraulic jump at sta. 20.

e. Scour since run 3; no bed waves; hydraulic jump at sta. 30.

f. No visible change since run 4.



Table 10. Basic and derived data for experiment series IV.

Flume discharge Station measurements Slopes in reach Shields' function Neill's parameters Froude no.

-12--V 2 F- V

D
r -Nigd

21 22

Run Date Time Sta.

ft cfs/ft
hw

ft
hG
ft

d
ft

AElev.
W. S.

ft
V

fps

y2
A

2g
ft

10+12
ft

S
E

4 Elev.
gray.

ft
SG

Rh

ft ft
h

se

s Ss-1)
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20

la 3-27 13:00 .958 3.36
40 1.052 .332 .720 .125 4.66 -.039 .086 .0172 .055 .011 .483 .500 .063
35 1.046 .259 .787 .101 4.27 -.005 .096 .0192 .094 .019 .514 .515 .072
30 1.004 .210 .794 .211 4.24 -.051 .160 .0320 .127 .025 .517 .534 .125
25 1.081 .203 .878 3.83 .551
20 .895 .238 .657 5.11
15 .883 .198 .685 .231 4.90 -.140 .091 .0182 .047 .0094 .467 .508 .067
10 .976 .107 .869 3.87 .548
32 . 772 . 131 .641 5.24

2
b 3-28 11:00 .861 2.84

40 .873 .234 .639 4.45
35 .845 .200 .645 4.40
32.7 1.015 .293 .722 3.94
30 .829 .206 .623 4.56
26 .850 .113 .737 .114 3.85 -.047 .067 .067 .053 .053 .491 .510 .250
25 .964 .137 .827 3.44 .530
20 .887 .23S .652 4.36
15 .845 .126 .729 .263 3.90 -.102 .161 .032 .009 .002 .488 .538 .126
10 .970 -.003 .973 2.92 .588

b
3 3-30 15:00 .756 2.32

40 1.142 .233 .909 2.55
35 .757 . 190 .567 4. 10
32.3 .842 .247 .595 3.90
30 .710 .173 .537 .162 4.32 -.093 .069 .0173 .048 .012 .395 423 .054
26 .767 .116 .651 .134 3.56 -.098 .036 .0180 -.131 -.066 .452 .509 .067
24 .848 -.068 .916 2.53 .566

.97

.85
.84
.96

1.10
.93
.73

1. 15

.98

.96

.82
1.01
.79
.67
.95
.81
.52

.47

.96

.89
1.04
.78
.46 -0

(A)



Table 10. Continued.

Flume discharge Station measurements Slopes in reach
4Elev. 72

Run Date Time Sta,
h q hw hG d

W. S. V 2g 10+1210+12 S

4
TthSe

D
-

SE SG Rh RI,. F =
ft cfs/ft ft ft ft ft fps ft ft ft ft ft s D( S5-1) d

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20

Shields' function Neill's param. Froude no.

21

V
Fr =

22

3b3 3-30 15:00 .756 2.32
20 .840 .227 .613 3.78 .85
15 .779 .136 .643 139 3.61 -.099 040 .008 -.018 -.0036 .448 .504 .029 .80
10 .880 -.020 .900 2.58 .560 .48

4
b 4-2 17:00 .592 1.57

40 .842 .228 .614 2.56 .58
37.5 .645 .232 .413 3.80 1.04
35.5 .842 .218 .624 2.52 .56
33.9 .601 .172 .429 3.66 .98
30 .630 .176 .454 .166 3.46 -.05S .111 .022 .081 .016 .348 .372 .060 .90
25 .662 .123 .539 .084 2.91 -.071 .013 .009 -.173 -.115 .395 .460 .030 .70
23.5 .710 -.086 .796 1.97 .524 .39
20 .729 .276 .453 3.46 .90
15 .670 .136 .534 .190 2.94 -.067 .123 .025 -.034 -.007 .393 .447 .082 .71
10 .722 -.036 .758 2.07 .501 .42

5c 4-9 10:15 1.60 7.80
43 1.92 .21 1.71 .014 4.56 -.011 .003 .003 -.02 -.02 .795 .798 .018 .049 4.71 .61
42 1.91 .17 1.74 .009 4.49 0 .009 .009 0 0 .801 .802 .053 .048 4.55 .60
41 1.895 . 145 1.75 .016 4.46 -.015 .001 .001 -.03 -.03 .803 .808 .048 4.48 .59
40 1.88 .08 1.80 .066 4.34 -.040 .026 .026 -.07 -.03 .814 .827 .157 .046 4.25 .57
39 1.92 -.02 1.94 .044 4.02 -.039 .005 .005 .01 .01 .840 .855 .031 .043 3.64 .51
38 1.94 -.17 2.11 3.70 -.42 -.42 .871 .039 3.10 .45
37 -. 62

Footnotes: a. Bed waves on downstream bed (between gabions); no bed waves on upstream bed; beds look stable; hydraulic jump at sta. 25.

b. Changed position of bed waves otherwise no visible change from run 1.

c. Active scour; downstream bed starts at sta. 38; no bed waves; upstream bed scoured out.



Table 11. Basic and derived data for experiment series V.

Flume discharge Station measurements Slopes in reach

Run Date Time Sta. h

ft

d

cfs/ft

h

ft

h

ft

a Elev.
d

W. S.
ft ft

V
fps

4 V2
10+12

ft
2g
ft

1 2 3 4 5 6 7 8 9 10 11 12 13

la 4-11 16:00 .907 3.08
42 1.101 .387 .714 .053 4.32 -0.003 .050
40 1.099 .380 .719 .055 4.29 -.014 .041
7 1, 076 :338 :738 :054 4. 18 - :011 :043
35 1.077 .320 .752 .200 4.10 -.118 .082
30 1.134 .121 1.013 .038 3.04 0 .038
29 1.151 -.135 1.016 3.03

lAb 4-11 16:00 .907 3.08
40 1.099 .380 .719 .109 4.29 -.023 .086
35 1.077 .320 .752 .200 4.10 -.118 .082
30 1.134 .121. 1.013 .038 3.04

2a 4-13 .645 1.78
40 .950 .380 .570 .070 3.12 +.008 .078
35 .889 .331 .558 .157 3.19 -.075 .072
30 .903 .120 .783 2.28

3a' c4 -13 .843 2.74
40 1.067 .380d .687 OA 3.99 -.009 .085
35 1.030 .331d .699 205 3.92 -.115 .090
30 1.092 .120d .972 2.82

4a 4-15 .597 1.59
40 .975 .399 .576 .016 2.76 +.020 .036
35 .860 .328 .532 .153 2.99 -.071 .082
30 .870 .112 .758 2.10

Shields' function Neill's param. Froude no.
A. Elev. li

h
S

E _-2
gray. - D -62-V v

SE SG R Rh
F=

D( S
s
-1) 7 g's D F =---

ft r air
14 15 16 17 18 19 20 21 22

.0250 ..048 .024 .481 .482 .088 .116 4.20 .90

.0137 .006 .002 .483 .487 .049 .115 4.15 .89
:0215 ..035 :017 .492 .495 .078 .112 3.95 .86
.0164 -.056 -.011 .499 .551 .066 .110 3.80 .83
.0380 -.235 -.235 -603 .167 .082 2.10 .53

.604 .082 2.10 .53

.0172 .071 .014 .483 .491 .062 . 89

.0164 -.056 -.011 .499 .551 .066 .83

.0150 .082 .0164 .412 .408 .046 .140 2.20 .73

.0144 -.067 -.0134 .405 .459 .048 .149 2.30 .75
.513 .105 1.20 .45

.01;0 .082 .0164 .468 .471 .058 .121 3.60

.0180 -.067 -.0134 .475 .531 .070 .119 3.45
.587 .086 1.78

.0072 .060 .012 .415 .403 .021 .143 1.72 .64

.0164 -.133 -.027 .392 .446 .054 .156 2.01 .72
.500 .110 1.00 .43

Footnotes: a. No visible transport; no bed waves. c. Artificially created increase in discharge.

b. Same data as run 1 analyzed between new pair of stations. d. Not measured, assumed unchanged from run 2.
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entrainment function, the Neill parameters for incipient motion, and

the Froude numbers.

Table 12 presents the data obtained during the incipient motion

experiments and the derived Neill parameters for the largest of the

particles that moved.

Table 13 describes the basic data and derived parameters for

long-term movement of particles subject to very small discharges.

A discussion of the experimental results follows. Most con-

clusions, however, are deferred to a later section of this chapter.

Hydraulic Parameters

It was established in the literature review that incipient motion

was best described by the shear stress exerted on the grains. It was

furthermore pointed out that the use of a velocity criterion would

provide a more practical method for flow strength quantification than

would use of the energy slope. For the purpose of this study it has

therefore been decided to use Shields' entrainment function and

Neill's parameters as analytical tools in the interpretation of the

flume data. The parameters included in Tables 7 through 13 are

calculated mainly with these applications in mind. The Froude num-

ber has also been included to better classify the flow conditions.



Table 12. Incipient motion observations and derived parameters.

Flume No. and diam. of
discharge particles recovered

Station measurements and derived data
Neill' s

parameters

Run

Sta. 35
from from
bed pool

hw hG d

ft ft ft

V

fps

hw

ft

Sta. 42 Sta. 44
hG d V hw hG d

ft ft fps ft ft ft

V

fps
2

2D -7)- V
d o s

1 .69 2.00 None
12-1"

. 592 3.4 . 14 2.6
18-3/4"

-1 "
2 .49 1.18 None .46a 2.6 18 1.5

9

-1 "
3 .73 2.20 None .61a 3.6 .13 2.9

2

4 .44 1.00 lb None .693 .365 .328 3.05 .778 .485 .293 3.42 .28 2.6

5 .66 1.85 None None

6 .65 1.80 None None

7d .58 1.52 1-
b

2-3/4" .950 .365 .58 2.60 .984 .485 .499 3.04 .15 1.8

8 .57 1.48 1-
b

None .953 .365 .58 2.58 1.340 .485 .850 1.79

9e .52 1.29 1-
8-3/4" .751 .365 .386 3.35 .821 .485 .336 3.84 .23 2.9

10e 1.30e None 2-1" .851 .365 .486 2.68 .871 .419 .452 2.88

10A
c .26 .40 1-3/4" None .600 .36S .235 1.70 .750 .419 .331 1.21 .19 .44

11 .56 1.44 4-3/4" 3-3/4" .813 .365 .440 3.22 .9 .4 .5

Footnotes: a. Derived from rating curve. d. Surge

b. Diameter not known. e. Bed disturbed prior to run.

c. During increasing discharge for run 10.
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Table 13. Data and derived parameters for long-term movement at

low flow.

Date
Discharge Duration

cf s /ft hours
Sample

no.

Time
average

discharge
cf s /ft

d
ft

:V

fps

Total
sample
weights
gram

*Neill's ParametersSediment
discharge

grlhr
y V

Max. size
D fraction in
cl sample, in.,Y's D

4-11 3.1
48 2.85 0.134

4-13 1.8
0 1 2.2 0.62 3.55 1627 17.0 3.8 0.101 14-13 2.7 7.6 0.05
48

4-15 1.6
1

4-15 1.5 1.8 0.163
42 2 1.45 0.51 2.84 326 7.6 2.4 0.122 3/4

4-17 1.4 4.8 0.061
98

1.5 0.1824-21 1.0 3 1.20 0.46 2.61 642 6.55 2.0 0.136 1

4.0 0.068
93

1.0 0.208
4-25 0.73 4 0.85 0.40 2.12 191 2.06 1.35 0.156 3/4

2.7 0.078
1

4-25 0.94 1.0
72 5 0.85 0.40 2.12 165 2.30 1.35 0.156 3/44-28 0.77
168

0.9 0.232
5-5 0.68 6 0.72 0.36 2.00 192 1.14 1.20 0.174 3/4

2.4 0.087
144

0.79 0.254
5-11 0.56 7 0.62 0.33 1.88 1795 12.5 1.05 0.190 1

2.1 0.095
96

0.68 0.279
5-15 0.49 8 0.52 0.30 1.73 180 1.87 0.90 0.209 1

1.8 0.104
96

0.65 0.31
5-19 0.44 9 0.46 0.27 1.70 210 2.19 0.87 0.232 1

1.74 0.116
72

0.64 0.334
5-22 0.41 10 0.42 0.25 1.68 56 0.78 0.85 0.25 3/8

1.70 0.125
336

0.6 0.38
6-5 0.27 11 0.34 0.22 1.63 50 0.15 0.80 0.285 3/8

1.6 0.142

*Calculated for D = 3/8" (top row), D = 3/4" (middle row) and D = D50 = 1" (bottom row)
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The following statements are included for clarification of the

values calculated in Tables 7 through 13:

(a) Values are listed as though progressing in an upstream

direction.

(b) Slopes and average values that refer to the reach between

two stations are always recorded on the row for the down-

stream - most of the two stations.

(c) All hydraulic slopes are corrected by the appropriate change

in velocity head to give energy slopes.

(d) Negative gravel bed slope means that the slope is adverse

(i.e. , the bed slopes upward).

(e) Hydraulic radii are calculated as the total hydraulic radius

of the cross section.

(f) The encrainment function (Fs) refers to grains of 1 inch

diameter and is calculated as follows:

2
V . S Se . S Se

F = 7.3 R S "Tz S
s gD(Ss 1) D(Ss 1) O. 083(2. 65 1) b e

. h e

(g)

where Rh = average total hydraulic radius between stations.

Values for Neill's parameters were calculated for a water

temperature of 50o F, grain diameter of 1 inch and sub-

merged specific weight of 102 lbs/ft3, giving the two vari-

ables for his graph as follows:
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ordinate. 2-- V 2 = 0.226 V 2

V D

abcissa: D/d = 0.083/d

where V = average velocity at station.

(h) For use in the long-term movement studies, it was found

necessary to also calculate values of Fs and Neill's param-

eters for grain diameters of 3/4 and 3/8 inch as well. This

is indicated in Table 13.

(i) The Froude number was calculated as: Fr =4-6,--

Experiment Series I through V

It was mentioned in the literature review that Shields' entrain-

ment function was generally assumed to be constant in the region of

rough fully turbulent flow (i. e. , Re > 1000). The scour experiments

described in this section were all carried out in this region (Re

values ranged upward from 2500). The calculated Fs values could

subsequently be taken as a sole measure of stability when Shields'

criterion was used.

A direct check on the calculated values of Fs given in Tables

7-11 would indicate how Shields' criterion is capable of depicting the

various observed gravel transport conditions. Furthermore, since

the entrainment function can be set equal to the inverse of Einstein's

stability function for this type of bed material, the magnitudes of the
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calculated Fs values provide a measure of the intensities of bedload

transport as well as indicating incipient conditions. Figure 25, in

which calculated Fs values are plotted versus discharge, permits a

visual check of Shields' function for runs in series I through V in which

different gravel transport conditions prevailed. Values of Fs which

were mentioned in the literature review as commonly recognized for

design purposes have been indicated with horizontal lines on the graph.

Various plotting notations have been used to indicate the type of gravel

transport conditions during the observations. Channel stations at

which Fs values were calculated are indicated next to each plotted

point.

The parameters suggested by Neill for definition of flow condi-

tions and particle stability have been utilized to plot the experimental

results in Figure 26 in a manner similar to that described for Figure

25. Neill's originally proposed design curve and its revised version

are both indicated on the diagram. The line defining critical flow

(Fr = 1) is likewise shown.

The straight lines joining individual points for each run are

merely drawn for identification purposes. They have no interpretation

value but show that a constant discharge was applied with the con-

tinuity equation along the channel.

Among the objectives of the flume experiments was investiga-

tion of the stable bed concept when no upstream gravel source existed.
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In other words, it was desired to determine if scour would produce

a final bed configuration beyond which no further degradation might

take place during flood discharges. Severe scour was encountered

in the channel at four different occasions and the resulting gravel bed

profiles are presented in Figure 27. It appears that as flow increases

the extent of bed scour likewise increases, at least for the observed

flows.

Bedforms in the shape of small bars (and referred to as stand-

ing waves because of their effect on the flow) occurred three times

during the experiments. The standing waves formed during experi-

ment series I as the bed was building up behind the downstream

gabion. However, these bedforms were manually smoothed out after

completion of the bed buildup, and they did not reappear. When bed

waves formed during experiment series III and IV, they were left

untouched and measured periodically. These bedforms are shown in

Figure 24.

Incipient Motion Experiments

The large percentage of unsuccessful runs and the scatter in

both measured and calculated values clearly show the difficulty of

performing this type of experiment where visual control of movements

and a non-constant water supply source are relied upon. No particle
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Figure 27. Degradation and scour profiles in flume.
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movement was detected during the first three runs, yet appreciable

amounts of gravel were found in the downstream pool.

There were indications that the openly exposed gravel bed had

been disturbed by some person or animal prior to the start of the

experiment. An abnormally large amount of gravel was found in the

collector pool upon arrival at the research facilities. This fact is

elaborated on under the discussion of the long-term experiments.

For the present experiments it provides an explanation for the rela-

tively large particle transport in the first and second runs (see Table

12)- -the "loose" unshielded" particles were flushed out of the bed

during these runs. This hypothesis is further substantiated by the

relatively large sample sizes of runs 9, 10, and 11 after the bed had

been manually disturbed.

Where visual detection of movement was unsuccessful, hydraulic

conditions at peak discharge were recorded and used in the calcula-

tion of Neill's parameters. Runs 5 and 6 failed to turn up any

evidence of movement even though the strength of flow was recorded

to be greater than for the runs following, during which samples were

collected. Note that run 7 was performed by allowing a surge to

move over the bed. Hence, surging would seem to produce effects

similar to mechanical disturbance.

Several factors such as mechanical disturbance of gravel, un-

steady flow, and non-uniform flow were involved in the incipient
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motion experiments. The comments and conclusions in the following

paragraphs are consequently made in light of these qualifications.

The obtained values are plotted on Figure 26, in spite of the above

restrictive factors, to give some comparison with the data from the

scour experiment.

Long Term Movement Experiments

It was established in the literature review that bedload trans-

port is a statistical phenomenon where random velocity fluctuations

are responsible for the dislodgement of gravel particles. Hence,

it seems reasonable to believe that time should be a parameter in the

study of incipient motion or the prediction of the first displacement of

particles from a gravel bed. The time factor was included in the

present experiment by dividing the total weight of each sample from

the collector by the appropriate time of gravel bed exposure to flow.

This produced varying values for the rate of sediment discharge

passing the gabion over a range of flow conditions. These two vari-

ables (sediment discharge per foot width, qs, and water discharge

per foot width, q) are plotted on Figure 28. The discharge used for

each plotting point is the average over the time period.

The comparison of experimental results with existing stability

criteria is shown in Figure 29. Neill's parameters have been utilized

on the coordinate scales. The experimental data have been subdivided
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and plotted as three sub-sets to show the parameter values for each

of three particle diameters (1", 3/4", and 3/81 within the gradation

curve of the bed gravel. A distinction has been made between par-

ticle sizes present in and absent from the collected samples.

Figure 30 shows grain size distribution curves for the gravel

bed material and for the collected transported material. Collection

of the trapped transported material was carried out such that only

the gravel fraction coarser than 5mm could be reliably recovered.

Consequently, sand was discarded from the trapped samples and only

that material retained on a #4 standard sieve has been included in the

analysis.

Discussion of Bed Stability Experiments

General. Before entering into a discussion of and subsequent

conclusions to the presented flume experiments, it would seem ap-

propriate to discuss the limitations inherent in the experimental data

acquired. Due to the location of the flume and the restricted control

of its discharge, experiments could not be programmed and carried

out accordi.ng to strict research procedures. Experiments and

measurements were conceived and carried out as co.nditions allowed.

However, the goal of the research was to observe deposition and

scour of gravel behind a gabio.n and to make a rough check on the

applicability of various sediment transport formulas; hence the
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results should be viewed with this in mind.

Non-uniform flow occurred to a large extent over the gravel

bed during the experiments. This has been treated as uniform flow

by correcting all energy slopes for the change in velocity head and

by using average values for hydraulic radii and velocities between

stations. If the pressure distribution could be regarded as hydro-

static, this would produce a consistent analytical treatment when

applied to Shields' entrainment function. The existence of non-uni-

form flow, however, is in violatio.n with one of the conditions on

which Neill's work was based.

A hydrostatic pressure distribution occurs only whe.n vertical

curvature and accelerations are negligible. These conditions can

only be regarded as satisfied over part of the gravel bed at the very

low discharges such as for the long-term movement experiments.

For the scour experiments, on the other hand, these conditions did

not seem to be fulfilled. This is especially evident in runs where

bed waves occurred, from which some calculations even produce the

impossible results of negative energy grade line slopes. A further

complication is the use of average values and a step-wise analysis

from station to station rather than a continuous or integrative analysis

along the length of the flume. This step-wise approach produced

inconsistent results depending on the distance between and location

of the stations used in the analysis.
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The experimental runs for which the flows were severely non-

uniform have been omitted from Figures 25 and 26, which synthesize

the results of the scour stability experiments.

Non-uniform flow conditions of the nature experienced in the

concrete channel are believed to simulate the natural stream flood

flow conditions over a gabion-created gravel bed better than would

uniform flow. The existence of irregularities of banks and stream

bottom, the short length of the gravel beds, plus the tendency for a

gabion to act like a broad-crested weir with critical flow over it,

form the basis for this statement. It is therefore argued that Figures

25 and 26 form a basis for comparing the ability of Shields' (and

hence Einstein's) and Neill's criteria to predict scour.

Scour Experiments. The following comments draw on informa-

tion contained in several previously presented tables and figures,

although to a large extent they are the author's interpretation of

Figures 25 and 26.

a. Both Shields' and Neill's curves predict movement over the

entire bed during its buildup (I - 1 & 2).

b. The subsequent slight degradation (I - 3 & 4) is predicted

by Shields' curve to take place i.n the upstream portio.n of the bed o.nly,

with no sign of increased stability as the flow recedes. Neill's

curve, however, indicates a scour condition that is being reduced to

a nearly stable condition with little indication of reaches of stability

or instability.
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c. The active scouring of the bed of run I 5 was not measured

hydraulically, but when the bed was later subjected to nearly the

same discharge (II 4), scour continued. At this instant it appeared

from samples that the bed had reached its maximum degradation, and

run II - 5 does show deposition. Shields' curve indicates severe

instability for run II - 4 while Neill's curve predicts quite stable

conditions. Although the bed depositions seem to indicate that the

Neill approach is closest to the actual situation, this should be quali-

fied in light of the newly appearing source of gravel of larger grada-

tion (from Oak Creek). Also, the particle size gradation curves of

Figure 31 indicate that armoring of the bed surface was taking place,

as shown by a coarser top layer than for the underlying bed (or total

bed).

d. When scour took place, for the case of a downstream gabion

only, it did so by scouring the channel clean from upstream, leaving

the bed at an adverse or level slope. Such slopes would seem to be

stable within certain ranges of discharge. Neill's curve predicts

this. But when the discharge increases, degradation will continue

with the upstream reach as the most vulnerable. Shields' curve

predicts this.

e. The result of installing an upstream gabion to protect the

gravel bed was the creation of critical velocities over the gabion with
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the subsequent formation of a scour dip at its toe and bed waves

downstream (III 1 through 3 and IV - 1 through 4).

f. When a hydraulic jump formed as a result of increased dis-

charge, this in itself caused some changes, although not severe,

in the bed.

g. The position of the wave forms changed. This alteration

of bed form caused a slight degradation of the bed.

h. Neill's curve predicts the bottom of the scour dip to be

highly unstable. Shields' curve indicate this area to be stable.

i. Runs III - 4 & 5 show a stable bed after some scour had taken

place. Shields' curve indicates the resulting conditions to be on the

borderline of stability, with the upstream area most unstable. This

agrees well with the fact that scour took place from this region as

evidenced by the steep upwards slope at the bed's upstream end.

Neill's curve, on the other hand, predicts the downstream region to

be a borderline case for stability with the upstream end safe against

scour.

j. The same disagreement with regard to the location of the

area of most active scour applies to run IV 5, for which active

scour took place during the measurements. The scatter of values on

the Shields' diagram indicates the sensitivity of this method to the

degree of non-uniformity of the flow.
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k. The runs of experiment series V all indicate that a stable

bed existed in this time period (stable in the sense that no visual

degradation took place). Neill's curve indicates stability for these

runs while Shields' curve would predict complete stability only for the

two runs with discharges under 2 cfs/ft. Again, the two methods of

analysis predict opposite areas as the most stable and unstable.

Incipient Motion Experiments. The usable results of the in-

cipient motion study all plot below Neill's curve for incipient move-

ment. This can be interpreted as an indication that non-uniform flow

can be more critical than uniform flow at similar instantaneous

velocities. According to the energy slope concept used by Shields,

retarding flow may be more critical than uniform flow (and even

more so than for accelerating flow), since a decreasing velocity head

adds to the slope of the energy grade line. This would explain why

the Shields' curve indicates the upstream portion of the channel,

where the bed has an adverse slope, to be the most critical.

Long Term Experiments. The data points plotted in Figure 28

represent gravel transport under conditions undetectable by normal

visual means because of the low rate of movement. For example,

sample 1 represents transport of particles 3/4" to 1" diameter at

the rate of one particle per hour; sample 5 corresponds to one 3/8"

diameter particle transported per day.
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It is interesting to note that even these extremely low transport

rates seem to be functionally related to the strength of flow (here

described by discharge). This behavior strengthens the probabilistic

theory of grain motion by random turbulence, since the degree of

turbulence is recognized to be related to the flow strength. It

furthermore points out the weakness of the concept of a threshold

of movement.

As can be seen from Figure 28, samples 7, 8 and 9 fall above

a curve that is fitted to the remaining samples. Samples 8 and 9

were collected subsequent to mechanical disturbance of surface par-

ticle arrangement in two isolated areas of the streambed. It there-

fore seems logical to ascribe the abnormal transport rate to a reduced

stability of some particles due to rearrangement of the prevailing

imbrication. This same reasoning -- loss of imbrication protection --

can also be used to explain the very high transport rate for sample 7.

It is believed that sample 7 has been affected by someone walking on

the gravel bed or otherwise disrupting the shielded position of the

gravel particles. The nature of the experiments does not allow an

accurate calculation of flow strength based on the slope of the energy

grade line because this slope is extremely sensitive to measurement

accuracy and local velocity changes. Also an accurate check of the

degree of turbulance can not be made. But rough checks of Re in-

dicate its value to be above 1000 for all samples.
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The relative roughness values (0.05 to 0.38) do not satisfy

Sheilds' limit of 1/40 and are, for some of the lower discharges,

also in conflict with the assumed Einstein limit of 1/5 for relative

roughness. They do fall within Neill's specified limit, however.

Figure 29 indicates that movement of 3/8" diameter particles

should have been visually detectable, or nearly so, for samples 1

and 2, since Neill's design curve is based on visual observation.

The same figure also indicates that if samples 7, 8 and 9 are dis-

regarded, an absolute lower limit of movement for all studied par-

ticle sizes can be identified. For a given relative roughness, the

lower limit would be at a mean velocity only 0.55 as large as Neill's

predicted velocity that corresponds to a Fs value of 0.03.

The grain-size distribution curves in Figure 30 show the

selectiveness of the flow in dislodging particles under the gradually

decreasing discharge. It is of i.nterest here that the flow does not

only flush out the medium-sized particles as described by Neill, but

transports the larger ones also as long as the flow is sufficiently

turbulent. The curves are basically similar in shape to the curve

for the bed material, but shift progressively farther from this curve

toward finer sizes as the discharge decreases. This sequence of

events conforms to what one might expect from a statistical view-

point.
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Conclusions to Bed Stability Experiments

1, Four separable modes of gravel transport were identified

duri.ng the course of the flume experiments. They were:

a. The scouring ability of a retarded flow will transport ma-

terial from the upstream area of a gravel bed and will

result in an adversely sloping gravel bed. This scour

phenomenon can only be predicted through the use of the

energy slope, such as proposed by Shields and Einstein.

b. A mean velocity vs. depth relationship, such as suggested

by Neill, is only capable of predicting scour in a region

where the gravel bed has attained a level or positive slope

such that uniform flow conditions are approached.

c. Bed forms of standing wave type will form and cause gravel

losses from the bed when the flow is in the critical region.

Although not verified by observations, it is hypothesized

that the bedforms propagate downstream since gravel losses

from the bed were recorded.

d. The gravel transport is time dependent and even low flow

strengths will continue to degrade a bed when this bed has a

positive slope. Adversely sloping beds, formed by scour,

seemed to remain stable under receding flow conditions.

2. The use of an upstream gabio.n to protect a downstream
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gravel bed was unsuccessful. It appears that the upstream gabion

tended to create critical flow conditions like a broad crested weir

with downstream scour and the formation of a hydraulic jump as a

result.

3. Mechanical disturbance of the gravel bed, such as redd

digging by fish or people walking on the gravel, will encourage greater

scour of the gravel during floods as well as during low flow periods.

Bed Siltation Experiments

Results

Two areas of the gravel bed were sampled after the flow of

water was completely stopped and samples could be taken without

losing the fine particles. Station 41 was in the undisturbed area

during scour periods, while the gravel at station 30 had been scoured

out once and replaced. The station 30 gravel had therefore been

subjected to less (by 30-50 percent) silt and sand than had the gravel

at station 41. Figure 32 shows the resulting grain size distribution

curves for 5 samples (number 1 through 5). Figure 33 shows the

size distribution of the finer material alone (minus sieve #4, pan

material). The size range of silting material used in Chu's experi-

ments has been added to Figures 32 and 33. The appearance of the

gravel beds at sample locations are presented on Figures 34 and 35.
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A. Before sampling
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B. After sampling

Figure 34. Station 41, looking downstream at about 6" below surface.
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A. Before sampling

B. After sampling

Figure 35. Station 30, looking downstream 5" - 8" below surface.
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Discussion

Several points of interest can be deduced from the presented

graphs and photos. They are:

a. The divergence of the grain size curves from that for the

originally placed gravel takes place at about 3/4-inch

particle size, as shown by Figure 32.

b. Most of the differences i.n size gradation among samples at

the two stations takes place in the size range between sieve

#4 and 3/4-inch. Below the #4 sieve size, the gradation

curves are roughly parallel (see Figures 32 and 33).

c. Thirty percent of the bad material was finer than 3/4-inch

size at sample points 4 and 5 (station 30) and 2 (Station 41).

Only 20 percent was finer than 3/4-inch size at sampling

point 3 (station 41), whereas less than 16 percent was finer

than 3/4-inch size above this level at station 41 (sample 1).

d. All sample points had less than 20.5 percent of the bed

material finer than 3/8-inch size.

e. At station 41, the higher part of the gravel (sample 1)con-

tained about 6 percent fines smaller than 3/8-inch, whereas

samples 2 and 3 showed 20.5 and 17 percent, respectively.

This suggests that the perforated pipes had very little effect

i.n controlling siltation of small fines and that the bed may
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have been progressively silting up from the bottom once the

original, large pores had collected some of the coarser

fines. The variation with depth in the amount of fines

present in the gravel bed can also be shown by considering

the percentage of bed material smaller than the #4 sieve:

5 percent at point 1, 5-inches below the surface, and 16 to

17 percent at points 3 and 2 respectively, at about 10 inches

depth.

f. At station 30, sample 4 had a somewhat larger percentage

of bed material finer than 3/8-inch than did sample 5 (16.5

percent, compared with 12 percent). The photos of Figure

35 (particularly Figure 35A) indicate that at station 30 there

were fewer fine particles in the gravel on the side where no

pipes were installed than on the side with pipes.

g. At station 30 and 41 the corresponding curves in Figure 33

for samples from the side with and the side without per-

forated pipes (sample 4 compared with 5 and sample 3 com-

pared with 2) show no significant variance in slope for the

grain size range less than sieve #4 (pan).

h. Although buried perforated pipes had no effect on the per-

meability of the gravel beds in the present experiments, it

is hypothesized that such pipes could improve gravel beds

in areas where sandstone dominates the geology. This is
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reasoned because sandstone gravel tends to abrade rather

than disintegrate in pieces. An abrasion type of breakdown

process would produce fine sands directly without passing

through the coarse sand stage. This would result in de-

ficiencies of coarse sands i.n the resulting sediment mixture

transported by the stream. This phenomenon was noticed

to take place i.n the Siuslaw River Basin, as was seen from

Figure 10. The range of sa.nd size used by Chu in his

experiments happe.ns to coincide with the size of a large

portion of the fines found in the Siuslaw River and Grenshaw

Creek samples. Hence, Chu's conclusions may very well

be applicable in a sandstone region as i.n the Siuslaw Basin

in spite of their inapplicability i.n a basaltic region like the

Oak Creek watershed.

Conclusions

The following conclusions are made from bed siltation investi-

gations:

1. No reduction in siltation could be detected in the gravel

bed as a result of the buried perforated pipes when a well-

graded natural sand was added upstream.

2. Siltation apparently progressed with time; hence the re-

ported grain size distribution curve most likely represent
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a transient state of siltation.

3. Siltation progressed from the bottom upward in the gravel

bed.

4. The gravel bed tended to be clogged with the coarser frac-

tion of the sand first. This could well be the reason for

the ineffectiveness of the perforated pipes in flushing away

fine material.

5. A field test in the Siuslaw River Basin on the effect of

buried perforated pipes upon the permeability of the gravel

beds would be highly desirable.
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APPLICATION OF FLUME FINDINGS TO SIUSLAW STRUCTURES

General

The following analysis of the hydraulics of the installed gravel

control structures is carried out on a trial-and-error basis. A num-

ber of hydraulic and geometric parameters are calculated for each

structure, taking into account unique factors for each site, where

such factors have been observed. The parameters are generally

calculated indiscriminately for all structures, although they do not

apply equally well to the various different types. Conclusions have

been drawn by comparing the success of the structures with the trend

in the numeric values of the hydraulic parameters. The calculated

hydraulic parameters are presented in Table 14. Holding and trap-

ping efficiencies are adopted from Table 4. The conclusions are

presented in the two last columns of Table 14 in the form of the

probable critical (limiting) and favorable parameters.

Comments on Hydraulic Parameters

The selection and method of calculation of the hydraulic param-

eters is based on simple, well-established hydraulic principles out-

lined in the literature review and on experience gained from the flume

experiment data. No attempt has been made to carry through a
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Site, structure Instantaneous Oi Notch width Length

of gravel
bed, ft.

4

-____
May uniform
flow be ap-
preached?

5

Slope, S, in
" uniform
Slow" reach

6

Estimated
Manning's

n

Approx. hydraulic
radius, Rn, in
terms'of depth, d

8

Depth, d, from
Manning's eq.

ft.

9

Average
velocity
V. fps

10

Rh'S Holding
efficiency

Trapping
efficiency

15

Probable
critical
parameter

16

Probable
favorable
parameter

17

peak discharge stream wiciTEand
CI_ cis. q. cfs/ft

time period
1 2

stream width

3

s Y413 V2

ALLIGATOR FARM

Y es .0028 .035 .954 9.6 9.9 .177 70%
1 Winter 69-70 12300 95
I Winter 70-71 12600 97 Yes .0028 .035 .95d 9.6 10.0 .177 90%2 Winter 69-70 12300 189 No 30% 22 Winter 70-71 12600 194 No 25% 25% 23 Winter 69-70 .10300 123 No 30% 0% 23 Winter 70-71 12600 126 No

25% 0% 2
HAIGHT CREEK

Winter 69-70 6300 79 .81 Yes .006 .035 .85d 7.4 10.7 .372 50%Winter 70-71 6400 80 .81 Yes 006 ,035 .85d 7.4 10.8 .372 80%
CONGER CREEK

Yes .0023 .035 .85d 9,9 8.4 .112 15%

1, 2 R. 3 Winter 69-70 5800 83
1, 2 & 3 Winter 70-71 5900 84 Yes .0023 .035 .854 9,9 8.5 .112: 25%

BOUNDS CREEK
A 0:irter 70-71 350 15.8 .59 No

75%10 -Winter 70-71 350 8.8 .40 No
90% 3

ESMOND. GREEK
A Winter 70-71 1160 27.6 .78 No

5% 213 Winter 70-71 1160 17.9
C Winter 70-71 1160 13,6

.50 45
50

No .0050
.0050

.013.

.0131
1,60
1,60

11,20
10.50

.052.
.0641

28.
250

5%
10% 0

10

CAT CRFEK
Winter 7071 465 13.3 .57 Ne .011. .013, 1.61. 12.10 .0751' 330 Ono 10

GRENSP V CREEK
A Winter 70-71 190 7.3 .50 No

2B Winter 70-71 190 8.0 .55 90 lies .005 .030 1.8 4,5 .057 .016 4.6 95% 2, 4, 5, 6C Winter 70-71 190 5.3 .36 48 No
75% 2.Winicr 70-71 190 7.3 .62 145 Yes .015 .030 1.2 6.1 .120 .069 8.4 60% 2, 4E Winter 70-71 190 8. 3 .85 li0

30%
FAMES CREEK

50%
1 Winter 68-69 425 14.2
1 Winter 69-70 500 16.7

60%1 Winter 70-71 510 17.0 65 .0056 .030 2.7 6.3 .094 .031 9.0
75%2 Period 68-71 - 510 No3 Period 68-71 510 No

0%A Winter 70-71 510 16.2 .63 No
100%B Winter 70-71 510 13.5 .71 No
80%C Winter 70-71 510 17.0 .76 No

0% 10D Winter 7041 510 17.8 .47 No
0% 3, 10

* Pertai 0 up one reach approaching gravel bed.
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non-uniform flow analysis; the limited available data does not war-

rant such an effort.

The basic problem with the analysis offered in Table 14 is the

complete lack of measured hydraulic data. The whole analysis has

therefore been based on calculated discharges from hydrologic ob-

servations. This means that all energy slopes, basic to the calcula-

tion of depths, velocities and Shields' parameter, had to be taken as

equal to the bottom slope in the channel -- as may be done for steady

uniform flow. However, even where the assumption of uniform flow

would be a reasonable one, the definition and calculation of the chan-

nel bottom slope over a short reach in a natural river is a subjective

quantity and therefore uncertain.

A spawning bed should be designed to offer optimum flow con-

ditions during the spawning season, if flow control is possible. When

no flow control is available, such that the spawning bed will be sub-

jected to any naturally occurring floods, the all-important design

criterion will be gravel stability during flood. It is of little use to

have the fish spawn in a gravel bed at the start of the flood season,

only to have the gravel washed downstream at the peak of the flood

period. Hence, all calculations in the present analysis are based on

the estimated instantaneous flood peaks.

The discharge per foot width calculated in colume 2 of Table 14

gives an indication of the severity of flow at each structure. Note
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that these unit discharges differ by an order of magnitude between

the main stem Siuslaw River structures and those in the tributaries.

The calculations in the next few columns of Table 14 lead to an es-

timated flow depth of from 7 to 10 feet for the more successful main

stem Siuslaw River structures. Velocities range from 8 to 11 fps.

A mean velocity criterion for gravel transport becomes meaningless

in this region of flow and its use is not attempted. Rather, the Shields

parameter is calculated as a measure of the susceptibility of sedi-

ment to be transported in these reaches. Fs is determined for 1-inch

diameter gravel in order to maintain comparison among the sites and

with the flume data. However, the high value of Fs for the quite suc-

cessful Haight Creek site, the median value of Fs for the highly effi-

cient Alligator Farm 1 structure, and the low values, indicating high

stability, for the unsuccessful trapping attempt at the Conger Creek

structures are contradictory results. Consequently, there must be

other, far more important factors contributing to the success or

failure of the main stem Siuslaw River structures. Therefore, no

attempt will be made to suggest the use of a gravel stability function

as a tool to select sites for gravel trapping structures in relatively

large rivers.

The ratios of notch width to upstream channel width are calcu-

lated as part of the analysis of the "notched" gabion structures.

Except for Haight Creek, these were all on tributaries. A sudden,
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sharp-edged constriction will cause extra energy losses and resultant

localized steepe.ning of the energy grade line - a detrimental condi-

tion to gravel stability (as predictable from Shields' function). Fur-

thermore, the water will have to accelerate to get through the

constriction. This causes high local velocities as well as secondary

currents at the edges of the notch. Scour holes were observed near

the upstream edge of two otherwise - fairly successful structures

(Bounds Creek B and Grenshaw Creek C). These structures exhibit

the two lowest ratios of notch to stream width. This leads to the

conclusion that severely constricted flow over the gabio.ns may lead

to local scour problems.

Uniform flow conditions over a gravel bed are in theory prefer-

able to non-uniform flow conditions. This is because non-uniform

flow often results from local energy-absorbing channel features

tending to steepe.n the energy grade line or from increasing bed slopes

tending to create large mean velocities. Long gravel beds in reaches

of constant stream widths would therefore seem preferable to short

beds. The fairly long beds indicated in Table 14 for Grenshaw Creek

B and D and Eames Creek 1 have performed well. The reason for

only 70 percent holding efficiency of the 145-foot long bed of Grenshaw

Creek D seems to be the steep initial slope and the presence of

secondary curre.nts from the upstream bend.
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It is believed that when high floods cause appreciable submer-

gence of the gabion structures and gravel beds, such that plunge pools

are drowned out, reworking of the gravel takes place in such a fash-

ion that energy losses are redistributed. On this assumption there

is little to gain by placing short gravel beds at carefully selected

slopes.

Thorough energy dissipation at drop structures must occur up-

stream of any pre-leveled gravel bed. The exact initial slope of the

bed should not be of great concern since the water will rework the

bed, but it is recommended that the slope initially be kept below 0.01.

Additional columns in Table 14 present calculations leading to values

for Shields' and Neill's parameters for three gravel beds where uni-

form flow conditions probably were approached: Grenshaw Creek B

and D; Eames 1 (Winter 1970-1971). The obtained values have been

compared with Figures 25 and 26. Grenshaw B has borderline sta-

bility while the other two are unstable according to both figures.

Unfortunately final bed slopes are unavailable, but it is hypothesized

that the two apparently unstable beds have been leveled by the stream

to comply more closely to the limiting values matched by the third

bed which had a.n initial slope of 0.005.

Several structures placed downstream of reaches having a

slick chutelike, bedrock bottom have also been checked against

Neill's parameters (Esmond Creek B and C, Oat Creek). In Figure
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26, the parameters were found to plot far above the stable region.

The scouring ability of the approaching flow was undoubtedly ex-

tremely high; this is supported by the fact that all these structures,

both for holding and trapping purposes, were completely devoid of

gravel.

An attempt has been made to use the general stream slope and

a constant roughness factor to calculate depths and velocities at the

various structures by the use of Manning's equation. This data was

adapted to and plotted on a Neill-type diagram with different plotting

marks for the varying degree of efficiency of the structures. How-

ever, this generalized analysis failed to reveal any trend between

calculated hydraulic parameters and success. It is therefore believed

that local topography and structure layout are the all-important fac-

tors in any attempt to improve spawning areas in streams and rivers

with .no flow control.
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SUGGESTED DESIGN GUIDELINES FOR GRAVEL CONTROL
STRUCTURES IN OREGON COASTAL STREAMS

The following proposed guidelines for the location and design

of gabion-type gravel control structures in natural uncontrolled

streams of the Oregon Coastal Range form the conclusions to this

thesis. The guidelines are therefore presented as short statements

with no further arguments attached. The guidelines pertain to the

stability of the gravel beds created by the structures, or, in other

words, the ability of the gabions to trap and/or hold gravel in beds

suitable for spawning by salmon and trout.

The field observations and the flume experiments, upon which

these conclusions are drawn, were all done in bedrock bottom streams,

real or simulated. The following statements can not, therefore, be

extrapolated i.ndescrimi.nately to alluvial streams. The siltation

problems were treated in preceding chapters and will not be recapitu-

lated here.

General Guidelines

1. Calculate the per-unit-width instantaneous peak flood dis-

charge, qi, in cfs/ft for a typical cross-section in the reach

to be developed.

a. Hydrological information for a "normal" year should be

used.
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b. Use the stream width at 3 to 5 feet above streambed.

2. Classify the stream according to the following system:

a. qi < 30; denoted "tributaries"

b. q. > 30; denoted "main rivers"

c. No data is available for qi > 200; but any river reaches

of qi > 100 are considered too risky for development.

3. Treat trapping structures and holding structures similarly

in siting and design.

4. When gravel is selected for placement in beds, be biased

toward the coarser sizes tolerated by the "design species"

of fish to increase gravel stability.

Guidelines for Tributaries

Siting Criteria

1. Look for straight reaches.

2. Avoid areas just downstream of or in a bend.

3. Look for areas of constant or widening cross-section.

4. Avoid constrictions and excessive bank irregularities.

5. Look for "flood-plain" or "overba.nk" types of reaches and

locate the structure just downstream from the wide area.

6. In reaches with steep banks, attempt to maximize the length

of the gravel bed.
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7. Survey the stream upstream of each site to assess its ability

to supply suitable gravel in order to decide on reliance on

local material or placed gravel.

Design Criteria

8. Flood water must not be allowed to enter the upstream por-

tion of the gravel bed at a high velocity. Use the following

criteria to check the upstream reach:

a. < 1 (Froude number)
-

V
d

p

'

V2
b. < 4 (Neill's parameter)

Y sD

qiwhere d =
V

(continuity equation

R = O. 85d (assumed hydraulic radius for
typical cross-section)

.3
V 1, 33 SID

.0 6 1
q.

0. 4 (Manning's equation with con-
ti.nuity equation)

9. If above cr iter ia a and b are not immediately satisfied, dissipate

the energy by roughing the streambed in the approach reach

or provide for a plunge pool to dissipate the energy.

10. Provide a fixed rough surface (e.g. , rocks fixed to the

streambed with concrete, bolts, or wire mesh) at the up-

stream end of the gravel bed, to absorb energy and to dis-

tribute the water over the full width of the gravel bed.
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11. Do not let the water approach the gravel bed over a broad,

relatively-smooth, level sill such as a gabion.

12. Locate and use a downstream gabio.n such that an adequate

spawning depth of gravel is assured for a reasonable dis-

tance upstream.

13. Use gabio.ns completely across the stream, rather than

partially across only.

14. Avoid constrictions over the gabion.

15. Set the elevation of the downstream gabion such that the

gravel bed between the prepared upstream end and the gabion

crest attains a slope of about 0.005 or less.

16. Calculate the qi at the gabio.n using the stream width 3 feet

above streambed. If;

a. 15 < qi < 30; development of the reach is only recom-

mended when favorable siting criteria (1 through 7)

exist.

b. 0 < q. < 15; development may be tried when more mar-

ginal siting criteria exist, and design criterion 10 may

be relaxed somewhat.

17. Expect periodic maintenance to be required for the gravel

bed.
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1. Development of reaches where qi exceeds 100 is questionable.

2. Concentrate on trapping local gravel if there is a supply in

the river; placement of gravel in main rivers is very risky.

3. Look for wide reaches or places where the river widens.

4. Avoid locations where lateral streambed slope would con-

centrate flood flows over the structure.

5. Look for locations where lateral streambed slopes or other

features such as slight bends or existing riffles would te.nd

to divert floodwater away from the structure.

6. Locate at reaches with high bed roughness in the area up-

stream of the planned gravel bed.

7. Do not try to make existing pools fill with gravel; locate

structures i.n more natural riffle areas.

8. Use partway-extending structures in reaches where the

flood waters would tend to be concentrated in part of the

river cross section.

9. Use structures completely across the stream in well-defined

channel reaches with nearly level stream bottoms.

10. Localized bed features like slots, notches and crevices i.n

bedrock bottom areas may successfully be blocked for gravel

trapping.
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