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Abstract

This report summarizes the results of a six-year study dealing

with the engineering aspects of the hydrology of water yield prediction

and related problems. The study emphasized (a) the identification of

critical problem areas for hydrologic research in Oregon, (b) the plan-

fling, development, and coordination of inter-disciplinary research and

education in hydrology, (c) investigation of the influence of landform

and precipitation parameters on the water yield from watersheds, (d)

prediction of water yield from watersheds in the Oregon Coast Range,

(e) sediment transport in coarse-bedded streams, (f) artificial develop-

ment of gravel streambeds to provide spawning areas for anadromous fish,

and (g) control of siltation in artificially developed spawning channels.



INTRODUCT ION

The Water Resources Research Act of 1964 (P.L. 88-379) permitted

the Water Resources Research Institute at Oregon State University, estab-

lished in 1960, to foster research, graduate education, and interdisciplin-

ary interaction to a significantly greater degree than in previous years.

An interdisciplinary study concerning the hydrology of water yield prediction

was established as a means of appraising the special needs in water resources

research for the State of Oregon and to promote scientific inquiry in a

critical area of pressing needs. This broad study expanded into over half

a dozen sub-projects in narrower subject areas, all closely coordinated to

meet the broader objectives of the study. Among these, a study entitled

Engineering Hydrology was established to relate hydraulic engineering to

the hydrologic needs for research and related interdisciplinary activities

in the state and the Pacific Northwest.

The initial phases of the Engineering Hydrology sub-project were

devoted to conducting a problem analysis to identify areas where research

might be most beneficial to state needs and the activities of state agencies,

other public groups, and private industry. This led to more narrowly defined

efforts along specific lines of research. The remainder of the sub-project

period focused upon the roles of various geomorphic and precipitation para-

meters in surface runoff from mountainous drainage areas, the movement of

bed sediments in mountain streams, and the artificial development and pro-

tection of gravel beds to provide spawning habitat for anadromous fish.
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This sub-project has involved the activities of two faculty

members, five graduate students, and fourteen undergraduate students.

Three Master of Science theses and one doctoral thesis have resulted

from work supported by this project. Beyond this, considerable inter-

action has been provided with faculty and graduate students from several

academic departments of the university.

This final project report is intentionally brief. Extensive

descriptions of the research methodology, results and conclusions have

been reported elsewhere and only a summary is intended in this report.

The annotated bibliography will allow the interested reader to determine

the sources from which further details may be obtained.

-2-



PROJECT OBJECTIVES

The initial objectives of the Engineering Hydrology sub-project

were as follows:

1. problem analysis to define the direction of study for hydrol-

ogy research at Oregon State University so as to best serve

the needs of the state and region;

2. definition of the problems to be studied and development of the

coordination and planning required for subsequent research in

hydrology, so as to unify the overall research effort in water

yield prediction; and

3. emphasis on problems concerning the hydrology of low flows,

especially as this concerns analysis and prediction techniques.

As progress was made in pursuit of these objectives, some overlap of effort

regarding objective 3 was found with work being conducted by one of the

other sub-projects. This objective was then modified to avoid duplication

of effort.

After the initial phases of study were completed, the project

objectives were restated in terms of narrower goals. These objectives were

as follows:

1. runoff and water yield predictions for western Oregon basins

having varied hydrometeorological and watershed conditions;

2. streamflow synthesis for western Oregon streams which are

ungaged or have limited hydrological data;

3. sediment transport in coarse-bedded streams typical of western
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Oregon, particularly at conditions of incipient motion of

bed particles;

4. artificial development of spawning beds for anadromous fish

in Coastal Range streams, and

5. control of siltation in gravel spawning beds for anadromous

fish.

These objectives were then pursued until completion of the sub-project

period.
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RESEARCH APPROACH AND METHODS

The initial phase of this investigation, a problem analysis,

involved extensive examination of existing literature and contact with

the several appropriate federal, state, and other agencies.

The study of hydrometeorological and geomorphic parameters

affecting water yield from watersheds was examined in the laboratory

after preliminary literature review. Two table-top (6ft. x loft.)

demonstration watersheds were constructed with different geomorphic

features to examine the role of basin and hydrometeorologic parameters

in water yield and hydrograph characteristics. Designed basically as

teaching tools, these watersheds permit such variables as rainfall

intensity, rainfall duration, basin slope, basin permeability, antece-

dent moisture conditions, channel regulation, geomorphologic features, etc.

to be altered. The laboratory models offer rapid insight to the roles of

different parameters affecting the water yield from watersheds.

The next step in this phase of sub-project study involved water-

shed field work. Four small natural watersheds were equipped and studied

to establish characteristics of drainage network response to varying hydro-

meteorologic conditions of short-term and seasonal duration. This field work

supplemented the earlier laboratory model studies in gaining insight into the

role of geomorphic and hydrologic parameters in the prediction of water

yield from a basin.



Other work in this research area included the accumulation of

basic data on hydrologic and geomorphic parameters for the central Oregon

Coastal Range. This information was then integrated into a Master of

Science thesis concerning the monthly prediction of water yield from

Coastal Range watersheds. Computer analysis of the available data was

used to facilitate the identification of significant parameters and their

interrelationships so that streamf low synthesis and forecasting might be

possible for ungaged streams or for gaged streams having limited hydro-

logic data available.

The study of sediment transport in coarse-bedded streams was

conducted as a continuation of a two-year study supported by the former

Federal Water Quality Administration, using field facilities constructed

at Oak Creek, near the Oregon State University campus. Two additional

years of field data were collected to obtain data supporting several ideas

developed during the early stages of this work. Completion of a doctoral

dissertation was also part of this effort. Gravel transport over a wide

range of flow conditions was observed and measured. Particular attention

was given to incipient motion characteristics of the streambed and to the

armoring tendency of coarse streambeds, in order to gain fundamental

knowledge and to use such information for the design of stable channels for

spawning and other uses.

The subject of spawning areas for anadromous fish in natural and

artificially-created gravel beds has been examined from several approaches.

The streams of the Pacific Northwest, particularly in Oregon, are noted for
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their annual salmon runs. Continuing development of these rivers and control

of their flows have created serious problems for migratory fish. The obvious

problem of blockage of a stream channel by a dam has been solved with partial

success by the construction of fish ladders. A less evident problem asso-

ciated with controlling and reducing peak flood discharges is the effect on

sediment transport and siltation at fish spawning areas below such dams. A

field reconnaissance of the lower Deschutes River was made with members of

the Oregon State Game Commission to observe this problem. A literature

review of the transport of coarse gravels in streams was then undertaken,

emphasizing gravel siltation. Synthesis of water yield characteristics from

ungaged tributaries permitted development of flow-duration curves for a

regulated 100-mile reach of the Lower Deschutes River having important

spawning areas for anadromous fish. This information was used in the evalua-

tion of sediment transport in that portion of the river. Because siltation

of gravels in this and similar regulated reaches is detrimental to spawning,

laboratory studies were made, being directed to the techniques for washing

or purging silt from the gravel pores. Initial laboratory experimentation

suggested some jet-scouring techniques which may be feasible. However,

after visiting spawning channels in British Columbia and observing the field

problems of jet scouring, a different technique was studied. This involved

burying perforated pipes in a longitudinal direction upstream of riffles

in a laboratory flume which simulated the natural spawning zones for ana-

dromous fish, to see if such pipes could be used to prevent silt deposition

and to flush fine sediment from the gravel pores and thus extend the zone of

suitable spawning conditions. A master of science thesis was based on this

laboratory study. Subsequently a brief field study of buried perforated
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pipes was conducted as a part of a broader master of science thesis on

gravel stability at artificially created spawning beds.

As another approach in the study of spawning beds, cänsideration

has been given to hydraulic structures for stabilizing and4mprving

gravel deposits for spawning. This work had initialapplicationl.,o ihe

design of an installation for the Oregon State Game Commission in 1968.

A design study was required to artificially develop spawning beds in

selected portions of the Alsea River. Field and model studies were con-

ducted, a design developed, and a report submitted. Portions of the

project have been completed. Subsequently similar activities have been

carried out with the Eugene, Oregon office of the U.S. Bureau of Land

Management in the Siuslaw River Basin. Several gabions (wire-mesh

baskets) with differing alignment and locational features were placed

on basin streams and observed over a period of years. An evaluation of

structural performance in trapping and holding gravel was part of a master

of science thesis. As part of this same study, controlled experiments on

gravel stability behind such structures were conducted in a research flume

at Oak Creek and were reported in the same thesis.



SIGNIFICANCE OF PROJECT

A critical need exists in Oregon for better knowledge of water

yield and prediction ability for streamfiows. Numerous watershed and

hydrology parameters are involved and must be more fully understood for

timely contribution to Oregon's growth and development. Direct applications

may be made to watershed management, low-flow augmentation, fisheries pro-

tection and enhancement, etc., which are of current concern to private,

state, local and federal agencies in Oregon.

This sub-project has, during its period of support, fit the mis-

sion of the Water Resources Research Institute in appraising special needs

for water research in Oregon. Critical problems have been identified and

direction given to interdisciplinary hydrologic studies at Oregon State

University to meet state and regional needs. The research was also closely

tied to the graduate training of hydrologists through feedback of research

results to the classroom and through student participation in research.

Research on engineering aspects of water yield prediction has

focused on hydrometeorological and geomorphic variables and supports other

elements of the study of water yield process which are parts of other sub-

projects. A clearer understanding of the drainage network in handling

surface runoff has been gained and reported. Prediction of monthly stream-

f low characteristics at ungaged sites, based on regional data, will allow

the estimation of flow quantities for a variety of applications such as

for water supplies or hydraulic design of stream improvement facilities.
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Short-term forecasting of monthly flows will be beneficial for water

management purposes. Application of hypothesized interrelationships to

ungaged tributaries of principal coastal rivers will permit estimation

of individual contributions to flows gaged on the main stream. This

synthesis of streamflows has great potential application to water re-

sources problems such as pollution, flood control, low flow augmentation,

and water supply which are common in western Oregon where rugged and

remote terrain has limited the development of the streamgaging network.

Much of the knowledge of sediment transport during floods is

empirical and inadequately describes gravel-bed stability, siltability,

and susceptibility to scour. The study of sediment yield and bedload

transport has provided detailed information on these processes. A close

examination has been made of gravel transport during nonsteady storm

runoff period and progress has been made in describing the role of

"armoring" surface gravels in natural channels. Research on sediment

transport in coarse-bedded streams has also given new insight to bed-

load movement at low shear stresses near incipient-motion conditions.

A new type of bedload sampler has been reported and is already being

adapted elsewhere. The fundamental knowledge gained will be of use in

further investigations of sediment transport. The information on sedi-

ment transport behavior will also be of value in understanding how stream

improvement programs may be affected by upstream watershed practices.

River development of interior basins such as the Columbia, Snake

and Willamette has caused severe dislocations and damage to the anadromous
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fishery there. Part of this damage results from loss of spawning bed

areas by reservoir inundation and from increased siltation or scour of

spawning gravels. While the natural fishery is progressively being

damaged or lost, recreational and commercial demands for a viable fishery

are increasing.

Mitigation of fishery losses has included the construction of

hatcheries and man-made spawning channels. A limited amount of work

has been done on the improvement of natural spawning areas. Man-made

spawning channels are generally effective but are plagued by siltation

problems which require costly corrective maintenance. Improvement of

natural spawning areas has been restricted by insufficient knowledge of

siltation and gravel transport.

At the same time that interior basins have been developed by

man, the coastal streams of the Northwest have been left generally undis-

turbed except for logging and related forest-products utilization. This

suggests that the natural anadromous fishery of coastal streams might be

preserved and perhaps could be enhanced to offset man's encroachment on

interior streams.

"Structural" techniques for developing or increasing spawning

areas in coastal streams by gravel-trapping and silt control have a con-

siderable potential, especially in river reaches where only sparse gravel

deposits occur and logging has produced turbid streamfiows, but which

otherwise would provide a desirable fishery environment. Sufficient progress
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has been made to show that such improvements can be made in a natural

stream. Closely related applications exist for artificial spawning

channels. The developmental research on techniques for holding gravel

deposits and inducing gravel deposition was undertaken in direct response

to a request from the Research Division, Oregon State Game Commission,

for help in improving spawning bed conditions for fall chinook in the

lower Alsea River. The work on gravel siltation problems was a response

to a request for help from Portland Office, Oregon State Game Commission,

in studying deterioration of salmon and steelhead spawning beds below

Pelton Dam on the Deschutes River. The information being obtained as a

result of this research will be Of direct design use by conservation

and land-water management agencies in connection with stream improvement

programs or development of artificial channels.

The relevancy of the project research is both short-range and

long-range, because of on-going stream improvement programs of the con-

servation/management agencies and because of the present and future im-

portance of coastal streams in providing a viable anadromous fishery.
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SUMMARY OF RESEARCH FINDINGS

Interbasin Diversion

During the problem analysis phase of this study, one subject

area given careful examination involved the hydrologic problems associated

with interbasin diversions of water. This topic was of great current

importance in Oregon not only in relation to Pacific Northwest-Pacific

Southwest diversions but also with respect to intra-state water diversions.

A review of the hydrologic aspects of proposed regional diversion schemes

was made. Also, a more general consideration of the problem showed diver-

sion to be a viable alternative for increasing a region's available water.

The ten-year moratorium placed on further Northwest-Southwest interstate

diversion studies by the U.S. Congress in the late 1960's led to termination

of this line of investigation for the duration of the project. However, a

report on engineering aspects of diversion proposals was prepared and presented

(see reference 1 in the annotated bibliography).

Runoff Prediction from Watersheds

Laboratory models readily demonstrated the individual roles of such

parameters as rainfall intensity, rainfall duration, direction of stream

movement, antecedent moisture conditions of the basin, vegetative cover and

soil permeability, and type of drainage network upon the characteristics of

the runoff hydrograph. Differences in hydrograph shape for different combina-

tions of the independent variables were also evident. The models and the

qualitative findings were considered to have greatest value as educational

tools to introduce students to hydrologic phenomena related to water yield

from small basins (see reference 4 in the annotated bibliography).
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Field studies of four small watersheds having different vegetative

covers but in an area where the precipitation parameters and soil character-

istics noted above were similar, showed the manner in which the drainage

networks expanded rapidly to carry surface runoff during rain storms and then

contracted more gradually after cessation of the storm and throughout the

recession period before the next storm event. The total length of channels

in a watershed at a given instant was found to be linearly related to the

logarithm of the concurrent discharge. (See references 3 and 5 in the

annotated bibliography.)

Regional analysis of a larger number of hydrometeorological and

geomorphic parameters for the Oregon Coastal Range led to the development of

equations which can be used to predict mean monthly streamflows and standard

deviations of monthly flows at ungaged stream locations. Two sets of pre-

diction equations were developed for predicting mean monthly flows: a set of

linear equations for use on basins 150 sq mi. or more in area and a set of

logarithmic equations for use on basins less than 150 sq. ml. in area. The

use of logarithmic equations substantially improved the predictions of flows

for the smaller basins compared to use of linear prediction equations. The

principal variables important in predicting mean monthly streamfiow were

found to be the drainage area, total drainage length, airmass lift, basin

aspect, soils index, mean basin elevation, drainage density, normal annual

precipitation, and rainfall intensity. The relative importance of these

parameters varied with month of the year. Tests conducted on two independent

data sets indicate that the mean monthly flow prediction equations will give

reliable results when applied in ungaged areas. It was also found that

total drainage length was a better index of runoff during the months of

-14-



September, October, and November than was drainage basin area. This

corroborates the variable source area theory for runoff. A simple rela-

tionship was found between mean monthly flows and the standard deviations

of monthly flow. A test on an independent data set indicated that the

relations will yield results comparable to those achieved by using equa-

tions with physiographic and climatological variables as predictors. The

derived equations should be useful as a water management tool. The flow

regime from ungaged areas can be estimated by computing relatively few

simple parameters. The method is particularly useful in areas such as the

Oregon coast where streamf low data are sparse and generally of short

duration. (See reference 16 in the annotated bibliography).

In a similar analysis, aimed at advance forecasting of monthly

flows at gaged sites (rather than predicting mean monthly flows at ungaged

locations) the prediction of historical monthly flows for nine Coastal Range

watersheds was found to be quite good. The average standard error for all

basins was 18 percent of the mean monthly flow. However, these forecasts

were made with the monthly rainfall value known. In actual application,

the rainfall during the forecast month would not be known in advance but

would have to be estimated in some manner. Monthly flow forecasts were made

for a four-year test period using observed precipitation, median historical

precipitation, and 30-day outlook precipitation Results using observed

rainfall were comparable to the historical record. When forecasts made

using 30-day outlook rainfall and median rainfall were compared, the 30-day

outlook precipitation did not result in a consistently better forecast of

monthly runoff. Of the 31 cases in the test period, forecasts based upon

median precipitation gave a better forecast 20 times. Because the prediction

-15-



of monthly flow based upon forecast precipitation does not give reliable

results, a forecast could be made for each of the basins on a probability

basis using light, moderate, and heavy rainfall amounts. Such an approach

would give a water manager some indication of the possible range of flow to

be expected in the following month.

bibliography).

(See reference 16 in the annotated

Sediment Transport in Coarse-Bedded Streams

The study of bed load transport in gravel-bottomed mountainous

streams led to the development of a vortex-type bedload sampler which shows

great promise for accurate measurement of gravel transport in small streams,

particularly where long-term observations are anticipated (See references 6

and 19 in the annotated bibliography).

With this reliable measurement system, much could be accomplished

in fundamental study of gravel transport by steady streamf lows and during

periods of storm runoff having considerable streamfiow variation. This was

done in Oak Creek.

One result was to develop a better understanding of the sediment

transport system for a stream with an armor layer. The main conclusion

reached in this regard is that the armor layer acts as a valve and a

reservoir in the sediment transport system of a gravel-bottomed stream.

The armor layer removes material from the system at small flows which is

again released at larger flows. The armor layer also prevents bed material

beneath it from getting entrained in the flow on a rising hydrograph, but



does supply fines to the flow from the reservoir. On the falling limb

of a hydrograph, when the armor is again stable, sand can be entrained in

the flow.

The armor layer is the most important single factor in limiting

the availability of stream bed sediment for transport and in controlling

the relationship between streamf low and bedload discharge. The armor layer

controls bedload transport at flows large enough to move the armor layer

and can cause a considerable shift in the bedload versus stream-power

relationship.

Another result was to develop better insight into the incipient

motion of gravel particles which are initially at rest, together with a

better understanding of the concepts of critical sheer stress and critical

discharge (or threshold velocity).

The study of incipient motion for an armored stream bed led to the

following conclusions for Oak Creek: (1) the critical shear stress for the

armored bed corresponds to that for the 0.69 D65 size of the armor layer.

This size is approximately the D30 size of the armor layer; (2) the armor

layer "breaks up" when the probability of particles remaining in bed is in

the order of 80% (20% probability of particle being moved); (3) the movement

of armor layer particles is possible during much of the time in Oak Creek,

even when the flows are small; (4) the bedload discharge can be related to

the ratio of average bed shear stress to critical bed shear stress, and

(5) following bed disturbance, the probability of a given particle size moving

decreases with time because the bed becomes progressively more stable with time.
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The critical discharge represents a division between those larger

flows for which the bed load discharge can be estimated using an analytical

function and those small flows for which an analytical function does not

exist at this time but at which some bed load transport still occurs. The

bed load is directly related to the stream discharge when the stream discharge

is greater than the critical discharge for the armoring material. Also, the

rate of bed load transport is related to the critical discharge because both

are related to the size of particles in the armor layer. The bed load dis-

charge can be calculated using Einstein's simplified bed load functions if

the representative size used is the D35 size of the armor layer for the

stability function and the D50 size of the material below the armor for the

transport function.

In calculating the bed material load for any particular stream, an

estimate of the relationship between bed load and stream discharge can be

developed using the hydraulic properties of the stream, the particle size

gradation data for the bed and armor material, Einstein's functions, and

the assumptions developed from and supported by this study. The relation-

ship is valid for a stability function having a value below 31. However,

the concepts used to estimate the bed load will need additional verification

using data from other streams.

The bed load for discharges below the critical discharge is related

to the past history of flows and cannot be calculated using any of the

existing analytical procedures or concepts. The concepts developed in this

study, that the armor layer acts as source and sink of both bed load and

suspended load when the discharge is below the critical discharge, help
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explain some of the variation in suspended load samples. The concepts

indicate that in comparing suspended sediment data from different streams,

low flow samples from similar positions on the hydrograph should be used.

Observations made concerning the role of vegetation in the move-

ment of bed load and suspended load suggest that the initial peak values

in sediment concentrations observed for the irst autumn runoff event,

at least in the Pacific Northwest, may be due to debris in the stream

channel as well as to sediment available in the armor layer and in the

watershed. The debris tends to catch on protruding gravel, increasing the

drag force there and causing local disturbance of fine particles, many of

which are thus placed in suspension.

Typically, office and laboratory studies of sediment transport in

rivers and streams assume a steady two-dimensional process as a starting

point. In real stream transporting sediment, three-dimensional factors are

very important. Also, the stream system is not in a steady state, so that

changes over long periods influence that sediment transport which occurs

over short periods of time in response to a given runoff event.

The study findings emphasize the fact that a stream is a very dynamic

system and varies considerably in both time and space Consequently, an

understanding of the natural sediment system requires the development of con-

siderable basic concepts in the field based on analytical and laboratory studies

(See references 8, 9, 10, 11, 13, 14, 15, and 18 in the annotated bibliography.)
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The stability of gravel beds was also studied under the controlled

conditions of a large flume along Oak Creek. Five aspects of bed stability

and gravel transport were identified during the course of the flume experi-

ments. They were: (1) the scouring ability of a decelerating flow leads to

transport of material from the upstream area of a gravel bed and results in

an adversely sloping gravel bed; (2) 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; (3) bed forms of standing wave type

form and cause gravel losses from the bed for flows in the critical flow

region; (4) the gravel transport is time dependent and even low flow strengths

continue to degrade a bed when this bed has a positive slope, although adversely

sloping beds, formed by scour, seem to remain stable under receding flow con-

ditions; and (5) disturbance of the gravel bed, such as redd digging by fish

or people walking on the gravel, encourages greater scour of the gravel during

floods as well as during low flow periods. '(See references 10, 12, and 18 in

the annotated bibliography.)

Stability of Spawning Beds

The initial study of spawning bed development to artificially create

or induce gravel deposits led to the design and installation of two gabion

structures in a bed-rock reach of the Alsea River. A gravel bed was placed

behind one of these structures. The structures were observed over subsequent

years and were found to catch and hold small amounts of gravel. High water

during thefirst winter wet season following construction resulted in the loss

of most of the placed gravel at one structure. (See reference 2 in the

annotated bibliography.)
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This phase was followed by installation, over the next three years,

of a large number of similar structures in the Siuslaw River basin. A

variety of structural arrangements were tested in locations where the hydrau-

lic conditions were less severe and where greater amounts of naturally-occurring

gravel existed.

These phases of study were followed by an assessment of the perfor-

mance of artificially created spawning beds in the light of àoncurrent study

of streambed stability and incipient motion of gravel.

The following guidelines for the location and design of gabion-type

gravel control structures in natural uncontrolled streams of the Oregon

Coastal Range were proposed as a result of this assessment. 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

guidelines were drawn, were all done in bedrock bottom streams, real or

simulated. The following statements cannot, therefore, be extrapolated

indiscriminately to alluvial streams.

General Guidelines

1. Calculate the instantaneous peak flood discharge per unit width, q, in

cfs/ft for a typical cross-section in the reach to be developed

a. Hydrological information for a "normal" year should be used.

b. Use the stream width at 3 to 5 feet above streambed.
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2. Classify the stream according to the following system:

a. q1 < 30; denoted "tributaries"

b. > 30; denoted "main rivers"

c No data is available for q1 > 200, but any river reaches of

> 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 (although a structure in a

bend may have a beneficial effect in upstream areas).

3. Look for areas of constant or widening cross-section.

4. Avoid constrictions and excessive bank irregularities.

5. Look for "flood-plain" or "overbank" 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.

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.
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Design Criteria

8. Flood water must not be allowed to enter the upstream portion of the

gravel bed at a high velocity. Use the following criteria to check

the upstream reach:

a.
V

< (Froude number)

d

b.
< 4 (Neill's parameter)

qj
where d (continuity equation)

R = 0.85d (assumed hydraulic radius for
typical cross-section)

V = 1.33 q10 (Manning's equation with contin-

n06 uity equation)

9. If above criteria 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 upstream end of the gravel bed, to

absorb energy and to distribute the water over the full width of the

gravel bed.

11. Do not let the water approach the gravel bed over a broad, relatively-

smooth, level bedrock sill, as flow velocities will be relatively large

near the streambed. An upstream gabion can be effective in altering

such flow conditions.

12. Locate and use a downstream gabion such that an adequate spawning depth

of gravel is assured for a reasonable distance upstream.
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13. Use gabions 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 0.005or less.

16. Calculate the q1 at the gabion using the stream width 3 feet above

streambed. If;

a. 15 < q < 30; development of the reach is only recommended when

favorable siting criteria (1 through 7) exist.

b. 0 < qj < 15; development may be tried when more marginal siting

criteria exist, and design criterion 10 may be relaxed somewhat.

17. Expect periodic maintenance to be required for the gravel bed.

Guidelines for Main Rivers

Siting Criteria

1. Development of reaches where q 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 concentrate flood

flows over the structure.

5. Look for locations where lateral streambed slopes or other features

such as slight bends or existing riffles would tend to divert flood-

water away from the structure.

6. Locate at reaches with high bed roughness in the area upstream of the

planned gravel bed.
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7. Do not try to make existing pools fill with gravel; locate

structures in 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 in bedrock

bottom areas may successfully be blocked for gravel trapping.

(See reference 12 in the annotated bibliography).

Siltation Control for Spawning Beds

Initial study of silt removal from gravel was done in a small

laboratory flume, where air-entrained water jets from inclined nozzles

was quite promising.

The idea of burying perforated pipes longitudinally in gravel

spawning areas was then pursued, first in the laboratory and later in a

small-scale field test. The following findings were made from the labor-

atory study: (1) the buried 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. Hence, such pipes were effective

in reducing streambed siltation and encouraging flushing of the tested fine

material from the gravel bed, (2) in an adjacent part of the streambed where

no perforated pipes were installed, the intragravel permeability decreased

by 98% when the amount of fine sand increased whereas at a similar location

in the bed with imbedded perforated pipes, only a 40% reduction of the
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intragravel permeability took place under identical siltation conditions;

(3) permeability was found to vary along the length of the laboratory

streambed. This probably was due to permeability being a function of the

hydraulic gradient, and the hydraulic gradient in turn being a function of

the shape of the streambed. Since greater changes in gravel bed shape were

found at the upstream and downstream ends of the bed than near its middle

zone, higher flow interchange resulted there together with higher permea-

bilities; (4) siltation occurred when the right size range of fine sediment

came in contact with the streambed gravel. This size range could be pre-

dicted from principles for filter design. (See reference 7 in the annotated

bibliography).

The following findings were made from field study of streambed

siltation in a flume along Oak Creek; (1) siltation progressed from the

bottom upward in the gravel bed and progressed with time for turbid flows;

(2) the gravel bed tended to be clogged with the coarser fraction of the

sand first. This may have led to an ineffectiveness of the perforated pipes

in flushing away fine material; (3) the relative size gradations of fine

particles added to the flow and of the gravels were such that the buried

pipes offered no detectable reduction in siltation. However, there was

doubt that the fines were reprsentative of Coastal Streams and the field

test was too brief to be conclusive. (See reference 12 in the annotated

bibliography.)

Short Course

As a follow-up to much of the work done on this subproject and in

related research and teaching, a short course on waterway hydraulics was
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provided for fisheries biologists from the Oregon State Game Commission

and the Fish Commission of Oregon. The short course dealt with natural

physical stream processes and the effects of man's activities on these

processes. (See reference 17 in the annotated bibliography.)
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ANNOTATED BIBLIOGRAPHY OF PUBLICATIONS
AND PAPERS RESULTING FROM PROJECT SUPPORT

1. Klingeman, P. C., Engineering Aspects of Diversion Proposals,
Northwest-Southwest Water Diversion Issues, Oregon State University,
Water Resources Research Institute, Corvallis, 1967, pp. 11-30.

The issue of water diversion from the Pacific Northwest to the
Pacific southwest has resulted in the proposal of a large number of
diversion schemes. The physical and technological requirements
which diversion schemes demand are first considered. A review is
then made of the engineering features of specific diversion propos-
als. Current proposals are all of a preliminary or feasibility
nature; none is presently a detailed technical design for water
diversion.

2. Klingeman, P. C., Spawning Bed Structures for the Lower Alsea River,
Oregon State University, Water Resources Research Institute, Corvallis,
1968.

Gravel trapping and holding structures are investigated for the crea-
tion of spawning beds in the lower Alsea River. Gabion structures are
designed for installation, based on limited field data. Different
structural configurations are recommended to provide a variety of data
for future evaluation of the effectiveness of such structures.

3. Roberts,M. C., and P. C. Klingeman, Drainage Density in Drift-
covered Basins, discussion of a paper by J. F. Orsborn, Journal of
the Hydraulics Division, ASCE, Vol. 96, No. HY7, July 1970, pp. 1656-
1657.

The role of drainage density as a geomorphic variable in runoff studies
from watersheds Is discussed. Two points are emphasized: (1) the mea-
surement of the drainage net is highly sensitive to the choice made
among use only of perennial stream lengths, use of V-notched contours
extending beyond the ends of perennial streams, and use of stream lengths
based upon extending perennial streams to the topographic divide; and
(2) there is a great need to shift from map-based research to field-based
research in drainage network analysis to circumvent the limitations of
map data.

4. Roberts,M. C., and P. C. Klingeman, The Influence of Landforin and
Precipitation Parameters on Flood Hydrographs, Journal of Hydrology,
North-Holland Publishing Co., Amsterdam, Vol. XI, No. 4, November 1970,

pp. 393-411.

A laboratory watershed permitted carefully controlled experiments on im-
portant factors that affect stream hydrographs The factors selected for
experimental variation are: rainfall intensity, rainfall duration, storm
movement, simulated permeability, and antecedent moisture conditions.
Systematic changes in the flood hydrographs, brought about by controlled
variation in the five factors previously mentioned, are described.
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5. Roberts, M. C., and P. C. Klingeman, The Relationship of Drainage
Net Fluctuation and Discharges

International Geography 1972, Proceedings
of the 22nd International Geographical Congress, Canada, Adams and
Helleiner (editors), University of Toronto Press, 1972, pp. 189-191.

Field study of four small drainage basins in western Oregon demonstrates
the rapid expansion and construction of the surface water drainage net-
work in response to storm runoff. Changes in drainage network over short
periods during the rainy season are as pronounced as are the more general
seasonal changes. A linear relationship between channel length and the
logarithm of concurrent stream discharge is found most appropriate for
the small basins studied..

6. Klingeman, P. C., and R. T. Milhous, Oak Creek Vortex Bed-Load So.nipler.,
a paper presented at the 17th Annual Pacific Northwest Regional Meeting,
AGU, Tacoma, Washington, October 14-16, 1970.

A new bed-load sampling system for measuring sediment transport rates in
streams is described. The sampler operates on a vortex principle to re-
move bed-load from the stream into an off-channel trap, where the sample
is collected for weighing and particle-size analyses. The system permits
sampling of all or a fraction of the total bed-load carried by small
streams with coarse beds. Trapping efficiencies of 100 percent are ob-

tained with coarse sand and larger particles. Results of use of this
sampler in a mountainous, gravel-bottom stream are presented to illustrate
the applicability of this system to watershed studies of sediment yield.
For example, the fraction of the total sediment yield at Oak Creek which
is transported as bed-load increases with discharge and may be on the
o.rder of 25 percent during a flood event approaching the mean annual
flood in magnitude.

7. Chu, E. T-H., Effects of Imbedded Perforated Pipes on Permeability of
Gravelly Streambeds, M.S. Thesis, Oregon State University, Corvallis, 1971.

Perforated pipes were buried in the gravel bed of a laboratory stream,
extending upstream from a simulated riffle in order to study their effect
upon mixing and interchange of stream water and intragravel water. In

the absence of such pipes the drop of energy gradient of the stream was
concentrated locally at the riffle whereas the perforated pipes caused
the local drop of hydraulic gradient to occur over an extensive portion
of the gravel bed due to the direct connection of the pipes with the flow
downstream of the riffle. The resulting increase in interchange of stream
and intragravel water would be directly beneficial to fish eggs and
hatched fry in the gravel pore space by permitting a greater supply of
dissolved oxygen to reach them and thus reducing the risk of suffocation.

A significant difference in the permeabilities of gravel beds with and
without imbedded perforated pipes was found after the same amount of fine
sediment was applied to each bed. The much higher final permeability of
the gravel streainbed containing imbedded pipes suggests that perforated
pipes might be of considerable use in reducing silt deposition in spawn-
ing gravels and thus minimizing exit-route blockage and environmental
stresses for the hatched fry.
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8. Milhous, R. T., and P. C. Klingeman, Bedload Transport in Mountain
Streams, a paper presented at the 19th Annual Hydraulics Division
Specialty Conference, ASCE, Iowa City, Iowa, August 18-20, 1971.

Bedload transport in a coarse-bedded mountain stream draining a
forested watershed in the Oregon Coastal Range has been measured for
two years using a vortex bedload sampler capable of extracting the en-
tire bedload of the stream. Characteristics of such bedload transport
are described in terms of streamf low and hydraulic parameters. Com-
parisons are made of observed bedload transport under transient
(storm runoff) conditions and transport rates based upon bedload
equations derived for equilibrium conditions. The importance of
streambed armoring is discussed with particular emphasis on the effects
of such armor layers upon observed bedload transport rates. The frac-
tion of total sediment transport which is moved as bedload is shown to
increase significantly with water discharge.

9. Milhous, R. T., Interaction between Suspended Load and Bedload in
Gravel-Bottomed Streams, a paper presented at the 18th Annual
Pacific Northwest Regional Meeting, AGU, Corvallis, Oregon, October
14-15, 1971.

The sediment transport system in a coarse-bedded mountain stream located
in the Oregon Coastal Range has been studied for two years. The stream
bed is non-homogenous with an armor layer of large particles on top of
material that is much finer. One of the principal objectives of the
study is to learn how the structure of the stream bed influences the
transport of suspended load. One of the conclusions of our research
is that there is an interaction between the movement of material as bed-
load and as suspended load. The "valvet' on the system is the armor layer
which prevents fine sand in the bed from being entrained in the stream
flow at intermediate discharges. This armor layer filters out fine
material during low flows. At higher flows the armor material controls
the rate of release of material to the bedload and suspended load of
the stream.

10. Helland-Hansen, E. A., Time as a Parameter in the Study of Incipient
Motion of Gravel, a paper presented at the 18th Annual Pacific Northwest
Regional Meeting, AGU, Corvallis, Oregon, October 14-15, 1971.

Incipient motion is generally defined by a threshold value for either
the shear force exerted by the fluid or the average flow velocity.
Bedload transport is a statistical phenomenon where random velocity
fluctuations are responsible for the dislodgement of gravel particles.
Hence, the determination of a threshold value of shear or velocity to
define a scour criterion should involve time as a variable. Longterm
experiments with a fairly uniform gravel mixture (D50 = 25 mm) simulat-
ing a spawning bed were carried out in a 3 ft. wide concrete flume.
During a 2 month period the gravel bed was continuously exposed to a
gradually decreasing flow. Gravel particles transported out of the bed
were periodically sampled in a downstream collector avoiding visual
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assessment of the first displacement of particles. Time rate of

transport versus average discharge resulted in a straight-line
relationship, extending into the range of flow strength where the
most common bedload formulas and scour criteria predict zero move-
ment. The size-gradation curve of the transported material resembled
the original bed gradation, but shifted continuously toward the smaller
size fractions as the flow strength dropped.

11. Milhous, R. T., Three-Dimensional and Time Aspects of Bed Material
Movement in a Gravel Bottomed Strecon, a paper presented at the 13th
Annual Meeting, Oregon Academy of Science, Portland, February 25-26,
1972.

The sediment transport system in a coarse-bedded mountain stream
located in the Oregon Coastal Range has been studied for two years.
The stream system is very dynamic and varies considerably in both time
and space; yet most analytical work published on the sediment transport
process assumes a steady two-dimensional process as a starting point.
In a real stream transporting sediment three dimensional factors are
very important. Also, the system is not in a steady state so that
changes over long periods influence that sediment transport which
occurs over short periods of time in response to a given runoff event.
In a natural stream, there is considerable variation of the bed material
with time and location along the channel. In places having high stream
turbulence gravels are deposited that are much coarser than the usual
bed materials. The cross-sectional shape also varies with time as a
result of scour and fill. During high low, individual particles are
alternately at rest in the bed or transported by the stream flow. In

terms of sediment transport there are streambed areas acting as a sink
where material is lost, areas acting as a source, areas where the only
transport feature is that the transported material moves over the area
with no movement of the material in place, and other areas where the
bed is actively involved in the transport process. The major conclusion
of the research is that the sediment transport system along a reach of
a gravel bottomed stream is unsteady and non-uniform. Time is an impor-

tant factor in that the past history of flows in the stream is important
to an understanding of the dynamics of gravel bottomed streams.

12, Helland-Hansen, E. A., Stability of Gravel at Artificially Created
Spawning Beds in Uncontrolled Streams, M.S. Thesis, Oregon State
University, Corvallis, 1972.

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 bedload carried by
the stream or holding gravel placed behind the structures. 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 developments were: ample gravel
supply, high bed roughness, wide straight reaches, and lateral stream
bed slopes deflecting flood water from the structure. Among limiting
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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 controlling factors in the tributary streams were found to be approach
velocities and stream features such as bedrock smoothness, approach
slope, channel alignment, constrictions, lateral bed slope, plunge pools,
and lengths of gravel beds. Careful placing of gravel to predetermined
slopes was found not to be warranted, as the stream would rework the gravel
according to local influences. Reaches where the flow was retarded without
widening 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 behind a gabion.
Scour was found to take place from the upstream portion 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 in
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 transport 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 on reducing bed siltation was
investigated 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.

13. Milhous, R. T., The Movement of Individual Particles in a Gravel-
Bottomed Stream, a paper presented at the 19th Annual Pacific North-
west Regional Meeting, AGU, Vancouver, B.C., Canada, October 16-17,
1972.

Sediment transport in gravel-bottomed streams located in the Oregon
Coast Range have been studied for three years. Part of the research
has been on the movement of individual gravel particles. The investiga-

tion was made using gravel from the stream which was painted yellow,
placed on the bed of the stream, and recovered after successive high
flows. The inforinationobtained from the investigation indicates that
the average rate of movement of individual particles is from 80 to 360
centimeters per hour during bed material movement. The results also
indicate that there is considerable interchange of particles between the
bed material below the armor layer and the armor layer with some parti-
cles being t1stored" in the bed for a relatively long time.

14. Milhous, R. T., Sediment Transport in a Gravel-Bottomed Stream, Ph.D.
Thesis, Oregon State University, Corvallis, 1973.

Sediment transport in a gravel-bottomed stream located in the Oregon
Coast Range was studied to determine the effects of a single layer of
large particles (the armor layer) located at the surface of the bed
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material. The bedload transport system was studied jointly with
suspended sediment transport to understand the total transport system.
The bedload was sampled using a vortex trough in the stream bed which
transported the bedload material into a sampling pit adjacent to the
stream.

It was found that the armor layer controls the bedload transport system
by preventing sand and finer material from the bed from being entrained
in the flow unless the armoring particles are first moved. The bedload

of an armored stream can be calculated using the simplified Einstein bed-
load function with a representative diameter for the stability parameter
equal to the particle size of armoring material at which 35% of the
material is finer (D35 size) and a representative size for the transport
parameter equal to the median size of bed material below the armor layer.
The critical discharge for disturbing the armor layer is related to a
size equal to 69% of the D65 size. The critical shear stress of the
armoring material is at a minimum for a particle equal to the 0.69 D65
size. Smaller particles are hidden in the armor layer and larger
particles are heavier than the critical.particle.

From observation of the maximum size of particles transported for various
stream discharges, the Shields parameter was found to be 0.025 for a
rough bed and for a transport rate of very nearly zero.

The suspended sediment transport system was found to be partially related
to the past history of the stream because the past history of flows and
sediment load controls the ability of the armor layer to remove sand and
finer material from the water in the stream or to supply these smaller
particles to the water.

Both the bedload and suspended load of Oak Creek are quite variable when
the discharge is below the critical discharge of the armor layer.

15. Milhous, R. T., and P. C. Klingeman, Sediment Transport System in a

Gravel-Bottomed Stream Proceedings, Conference on Hydraulic Engineering

and the Environment, 21st Annual Hydraulics Division Specialty Conference,
ASCE, Bozeman, Montana, August 15-17, 1973.

The sediment transport system in a coarse-bedded mountain stream in the
Oregon Coast Range has been studied for three years. The stream bed is

nonhomogeneous,with an armor layer of larger particles on top of finer

material. A conceptual model of the sediment transport system in an
armored stream was developed to better describe the suspended sediment
component of the total transport system. The use of existing bedload
calculation procedures for determining the bedload in an armored stream
was examined. It was found that there is an important interaction between
the armor layer and the movement of material as bedload and as suspended
load. Use of the existing bedload equations is made quite tenuous when

an armor layer exists. The armor layer is the single most important fac-
tor in limiting the availability of stream bed sediment and in controlling

the relationship of stream flow and sediment load in a gravel-bottomed
stream. The armor layer controls the sediment transport system by regu-
lating the reservoir of sand and finer particles in the stream bed and by
protecting the bed material from entrainment In the flow. At high flows
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the armor layer controls the rate of release of material to the bedload
and suspended load of the stream; at intermediate flows it prevents fine
sand in the bed from being entrained in the flow; at low flows it f ii-
ters out fine material. The behavior of the "fines" reservoir for dif-
ferent portions of the runoff hydrograph is demonstrated to regulate
the suspended load of the stream.

16. Orwig, C. E., Prediction of Monthly Streamf lows for Oregon Coastal
and Meteorological Parameters, M.S. Thesis,

Oregon State University, Corvallis, 1973.

Prediction equations were developed for estimating the flow regime at
ungaged stream locations in the Oregon Coast Range. Principal compon-
ents analysis was used to screen the initial data set of physiographic
and meteorological parameters. The final regression equations for pre-
dicting mean monthly flow had standard errors of estimate ranging from
3 to 42 percent, with an average standard error of 13.5 percent, A
linear prediction equation was found to give the best results for
drainage basins larger than 150 square miles, while, a logarithmic equa-
tion gave best results for basins of less than 150 square miles in area.
A simple linear relationship was also established between mean monthly
flow and the standard deviation of monthly flow. A test on an indepen-
dent sample indicated that the monthly estimates of standard deviation
made using the simple linear relations were comparable to those reported
by others using equations containing physiographic and meteorological
parameters.

Equations were also developed to forecast monthly streamf low for Oregon
coastal streams. When observed rainfall for the current month was used,
the average standard error of the forecast equations was 18 percent.
The use of the National Weather Service's 30-day precipitation outlooks
in forecasting monthly streamf low was also investigated. The results
showed that the forecasts based upon the 30-day outlook precipitation
were worse than those based upon median precipitation. It was suggested
that the monthly streamf low forecast equations could best be applied on
a probability basis,

17. Klingeman, P. C., Waterway Hydraulics Short Course, Course Notes,
June 13-15, 1973.

A short course on waterway hydraulics to provide fisheries biologists
with a better understanding of natural physical stream processes and
the effects of man's activities on these processes, to provide guide-
lines for predicting such effects under given circumstances; and to
provide a basis for more complete evaluation of contemplated waterway
activities which might potentially affect fishery resources.
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In addition to the above mentioned publications, the following papers
have been submitted for review and possible publication:

.18, Helland Hansen., E. A., R. T. Milhous and P. C. Klingeman, Sediment
Transport at Low Shields-Parameter Values., submitted as Technical
Note to ASCE Hydraulics Division.

The initiation of gravel movement in a stream is found to occur at
much lower values of shear stress and of the Shields parameter than
generally reported in the literature. Even extremely low rates of bedload
transport appear to be functionally related to the strength of flow. The

concept of a "critical" value of shear stress for the incipient motion of
bed material is questioned. Instead, it is thought that there is some
probability of sediment transport at all levels of bed shear stress exerted
by flowing water,

19. Klingeman, P.C. and R. T. Milhous, Oak Creek Vortex Bedload Sampler,
submitted to IAHR.

A new bedload sampling system for measuring sediment transport rates in
streams is described. The sampler operates on a vortex principle to
remove bedload from the stream into an off-channel trap where the sample
is collected. The system permits sampling of all or a fraction of the
total bedload carried by small streams with coarse beds. Trapping

efficiencies of 100 percent are obtained with coarse sand and larger
particles. This paper updates and adds new information to an earlier
paper (see reference 6).
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