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Preface

This report presents the proceedings of the U.S. Army Corps of Engineers
(CE) Workshop on Steep Streams that was held in Seatde, WA, 27-29 October
1992, The workshop was sponsored by the Flood Conirol Channcls Research
Program, Work Unit No, 32553, “Gravel and Boulder Rivers,” which is
spousored by Headquarters, U.S. Army Corps of Engincers (HQUSACE).

The organizational activitics were carried out under the general supervision
of Mr, William A, Thomas, Program Manager, Flood Control Channels
Research Program, Waterways Division, Hydraulics Laboratory (HL), U.S.
Army Enginecr Watzrways Experiment Station (WES). Mr. Frank Hermmann
was Director, HL. The planning committee for the workshop consisted of
Major Monte Pearson, Geotechnical Laboratory, WES; Mr. Thomas Munscy,
HQUSACE, Mr. James Lencioni, U.S. Amy Engineer District, Seattle; and
Mr. John Oliver, U.S. Army Engineer Division, North Pacific. Mr. Lencioni
made local arrangements. Dr. Bobby J. Brown, HL, WES, was responsibie for
coordinating the necessary activides leading to publication.

Orn the afternoon of the last day of the workshop, participants summarized
the state of the art in, and discussed future directions for, enginccring and
scientific work on steep streams. They developed a list of unsolved problems
with stecp streams (Table 1) and ranked them according to the urgency of the
protlem. Although the necessary basic research is well under way, many
knowledge gaps must be filled in before a standard steep channel design
procedure is part of the technical literature. Knowledge of energy losses
(hydraulic roughness) is a relative unknown for large materials as compar.:d o
parucies up to sand sizes. A usable transport function for cebble size and
above matcrial has not been developed.

Total attendance at the worksiop was 37, a list of participants and the
Program arc included. Persons not prescnting papers were involved in
discussion sessiens and preparing summaries of discussions.  During round-
table discussion, all attendees provided input and voted on the most urgent
unsolved problems with steep gradicnt streams.
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Table 1
Ficod Control Channel R&D

Priority
Most Urgent Unscived Proklems with Steep Gradient Streams H M L
Hy-draulic (grain. form and vogetative) roughness 21 OJ 1
Lack of proven method tor sediment data colflection and 19 2j 0!
instrumentation B
Debris basin dasign 14 5 0 I
Transport function(s) for large matenal 13 8 0
Training in fluvial geomorphology 13 7 3
Effects of vegetation on conventional (riprap) bank protaction 13 4 4
Integrate the mult-objective approach into the COE planning procass 12 3 6
Insight inte the multi-dimensional aspects of sediment vanspon, 11 9 1
including particle size, siope and longitudinal and lateral bed forms
Criterial for compound cross-section 11 8 1
Regime relatnnships 9 7 5
llustrated manual of vegetatve roughness values 9 7 5
wult-laboratory appreach o hio-engineering research 9 6 5
Debris flows 7 7 6
Low flow channe! design with emphasis on environmental prghlems 6 12 3
and solutions
High velocity iined channel design 6 6 8
Aliuvial fan mechanics 5 9 7
Muliiple-size analysis for large material gradaton 5 8 7
Urban channel equilibnum dimensions, indluding dominant discharge 3 8 7
Fishenes ir steep channels 2 4 15
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CORPFS Of ENGINEERS WORKSHOP ON STELEP STREAMS
SEATTLE, OCT. 27-29, 1952,

SCME PHYSICAL CHARACTERISTICS OF STEEP STREAMS
by
Charles K. Neill and Victor J. Galay

Northwest Hydeaulic Consultants
Edmonion and Vancouver, Canada
am! Kent, Washington

ABSTRACT

Sircatns with gradients exceediug 25 ft/mile ovcur mamb as boalder torrents, braided
channcls, alluvial fan systems, or small gravel rivers. Diagrams are preseated for steep
channels lisking gradient snd Froude No. to bed-materiai size and depth or discharge, and
co tain inferences are dravri.  Cther topics discussed briehiv include: relationships of
planform type o gradicut and bed-material size: debris {iows; channel shifting; bed
movement and trausport; hydrauiic roughness; and width-discharge reladoonships.

Several exemploes are preserited of engineering studies involving steep alluvial streams
with large-si, =d bed material. Key featurss and problenis encountered in these studics are
aeserited and :ilustrated.
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INTRODUCTION

The aim of the paper is to summarize some of the salient hydraulic and morphologic
characteristics of steep streams from a practitioner’s viewpoint, and to present some
examples of problems in analyzing their behaviour. An extensive literature review has not
been attempted.

Part 1is in the nature of a bricf overview, Part 2 presents six examples arising {rom
the authors’ experience over the last decade.

Collective refercuces containing much information on steep streams include Hey et al
(1982), Thorne et al (1987), Armanini and Di Silvio (1991), Beschta et al (1987), and IJAHR
(1991).

PART 1 - OVERVIEW

1.1  STREAM TYPES AND PHYSIOGRAIHIC SETTINGS

appear to occur mainly in four forms: (1) boulder torrents inciuding so-called debris flows
or torrents; (2) braided channel systems; (3) alluvial fan and bajada systems including
ephemcral streams; and (4) relatively small gravel rivers with "wandering" or meandering
types of planform. Larger gravel rivers generally have gradients flatter than 0.005.

With respect to geomorphic processes, these various forms of steep stream have little
in common except steepness and relatively coarse bed material. Boulder torrents occur
mainly in mountain ravines and valleys and generally represent an erosional environment.
Braided channel systems usually occur in coarse alluvial valley fills, often of glacial outwash:
it is often unclear whether they are erosional nor depositional. Strecams on alluvial fan and
bajada (picdmont fan) systems are usually but not always depositional. Small gravel rivers
often are ncither obviously erosional or depositional.

Although 1 very general terms erosional environments tend to occur nearcer the
source and depositional environments nearer the mouth of a stream system, therc are many
exceptions due to geological and tectonic features. Actively depositing alluvial fans and
bajadas often occur where the stream cinerges from mountains near the uppei end of the
system, but they may also occur near the mouth of the stream if it einerges on to a coastal
plain or alluvial valley. Erosional reaches may be found near the mouth if the strecam cuts
throngh a coastal mountain or hill range. Therefore the various forms of steep strean arc
not necessarily restricted to particular segments (from source to mouth) of a specific stream
system.

Steep streams in glaciated regions are often located on thick coarse-grained deposits
of glaciofluvial origin (outwash). Short stecp gravel rivers with relatively little change in

v s
o g i 2



il aal”

Wl T,

gradient are characteristic oi narrow plains between high mountain ranges anc the co-
as in New Zealand and Chile, On the other hand, stream systems with their source in far-
inland mountain chains tend to have long upward-concave profiles where the b~ material
becomes gradually finer and the gradient flatter in the downstream diiection and tie final
phase is a meandering sand stream - as frequently occurs on the east side of the North
American Cordillera.

1.2 GRADIENTS AND IPROFILES IN RELATION TO BED MATERIALS AND FLOW
PARAMETERS

A considerable proportion of alluvial streams with gradients exceeding 0.005, tend
to exhibit near-critical or supercritical flow under most flow conditions. Figure 1 represents
a relationship for channels linking gradient, median bed-maternial grainsize, depth of flow
under "just-mobile" conditions and Froude Number. Itis based on the assumptions that (1)
the Shields Number for just-mobile conditions is 0.045, (2) the dry relative density of the
bed matcrial is 2.6, and (3) the absolute roughness k is 3 times the median grainsize. These
assumptions are not universally valid but are useful for illustrative purposes. Accepting
them for present purposes, the following inferences can be drawn from the diagram:

- Gradients exceeding 0.005 imply median grainsizes exceeding 50 mm, unless the
"just-mobile” depth is less than 3 ft.

- Gradients exceeding 0.005 correspond to Froude Numbers exceeding 0.75.
- Gradients exceeding 0.012 or so correspond to supercritical flow.

- Alluvial streams with median grainsizes exceeding 300 m, in the boulder torrent
category, will mostly have gradients exceeding 0.01 and will exhibit near-critical or
supcrecritical flow,

Gradients exceeding 0.005 can exist with median bed-material sizes finer than 50 mm
if the just-mobile condition occurs at sinall enough depths and discharges. This is the case
on some alluvial fan and bajada systems, especially if the stream is ephemeral. (In strcams
of luboratory scale, gradients exceeding 0.005 can be just-mobile with grainsizes as small as
Sto 10 mm.)

Figure 2 shows another form of diagram for coarse alluvial streams that links
gradient, median bed-material grainsize, Froude Number, and "just mobile” discharge (the
last replacing the depth variable in Figure 1). 1t is based on the same assumptions as Figurce
1, with addiuonal assumption that channel width (W) is related to the just-mobile discharge
(Q) by the equation W = CQ", where C is 1.8 in fps units (3.26 mictric).

1-3




Again, these assumptions arc not universaily valid - they are acceptable for many single-
channel grave! streams and possibly for individual channels of « braided system, but are
incorrect for a multi-channel or braided system taken as a unit. For single-channel alluvial
systems, the following inferences can be drawn from Figurs 2:

- As the scale of the stream system incrzases, the same gradient corresponds to
larger grainsizes, or the same grainsize corresponds to flatter gradients.

- Gradients exceeding 0.005 imply n:- dian grainsizes exceeding 50 mm unless the
just-mobile discharge is less than 700 cfs.

- Boulder turrents (median grainsize 300 mm) will exhibit supercritical flow unless
the just-mobile discharge exceeds 30,000 cfs,

Figures 1 and 2 imply single-channel alluvial streams with even bed profiles where
hydraulic resistance is mainly due to grain roughness. But many steep streams are not fully
or even partially alluvial, and hydraulic resistance may derive from many sources other than
grain roughness, eg. rock outcrops, abrupt cross-sectional irregularities, lag dep~cits of large
boulders, sharp bends, and bank or overbank vegetation. In fact, steep mountain strecams
seldom have an even bed profile, but instcad exhibit a series of steps and pools, as described
for example by Whittaker (1987). In these cases overail supercritical flow miay eppear only
at very high discharges when the steps and pools are drowned out.

The longitudinal profile stability of a particular segment of stream - whether
degrading, aggrading or vertically stable - is very difficult to determine except where there
arc long-term stage-discharge records. Although gencral inferences about long-term trends
on a geologic timescale may be made from the type of geomorphic environment, these may
be of little value for enginecring purposes. For iustance, it can be argued that a steep
braided river segment that changes fairly abruptly to a much flatier segment must be
advancing over the latter and therefore aggrading; however the process may be sc slow on
a human timescale that the aggradation is virtually undetectable. Also, changes due to
tectonic p ocesses, seismic events or human interference may be large enough to mask or
overwhehin such slow processes.

1.3 DEBRIS FLOWS AND TORRENTS

Debris tlows or debris torrents (both terms are used) represent a special type of
extremely steep strcam in mountainous terrain.  Debris flows differ from ordinary flood
flows with high scdiment transport, in that there is a surging flow involving a high-density
fluidized mass of boulders, sand and gravel, mud, logs and othcer organic debris, with high
destructive power. While debris flows can occur in strictly ratural conditions, there is little
doubt that many instances have resulted from catchment disturbance by logging, road-
building and other activitics. In those cases the causative mechanism may be de-
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stabilization ©f the ground surface, or increase in flood peak runoff, or diversion and
concentration of flow into certain channels. Debris flows are usually associated with
relativzly rare rainstorm or flood events.

Streams liable to debris flows are extremely steep in reiation t6 the lower gradient
limit (0.005) adopted herein. Observations indicate that a debris flow can only be initiated
on gradients exceeding about 15 degrees (0.26). Such gradients occur only in relatively small
streams in steep mountain ranges. Once initiated, however, a debris flow may not stop until
it reaches a point whete the gradient is reduced to S degrees (0.09).

1.4 CHANNEL PLANFORMS IN RELATION TO GRADIENT

Steep streamns exhibit a variety of planform types besides the classical "meandering,
braided and straight” of Leopold and Wolman (1957). Regular well-developed meanders
of more or less constant wavelength and amplitude - common in flat-gradient streams - are
rare, if they exist at all. Steep streams in alluvial valleys may have an irregular type of
meander pattern with frequent midstream bars and islands that is sometimes called
"wandering"; if most of the stream length exhibits more than one channel, but is not fully
braided, it may be called "anastomosing”. Boulder .orrents frequently have long almost-
straight lengths and irregular beuds that are controlled largely by the surrounding
topography. Streamns on fans and bajadas tend to show a distributary pattern something like
those or deltas, although only ane or two channels may be active at a given period.

Various efforts have been meavie to chart the relationship of planform type to gradient
and other factors. Three examples are as foliows:

- Figure 3 afier Leopold, Wolman and Miller (1964) shows a single line on a slope-
discharge diagram, supposed to discriminate between meandering and braided patterns for
gravel rivers. Most of the relevant data are for gradients of less than 0.005, not “steep” as
defined herein.

- Figure 4 by Kellerhals and Church (1989) shows an overlap zone between an upper
limit for single-thread channels and a lower limit for braided channels. An intermediate
category of "wandering" channels - necither single-thread nor fully braided - is recognized.
This diagram shows more data puints in the "steep” range.

- Figure S is an carlier diagram by Ferguson (1984), which shows mostly the same
dota set as Figure 4 but includes grainsize as an additional variable. The effect of grainsize
appears to be small empirically on the basis of the data set, but much more significant
theoretically. The theoretical thresheld lines for braided channels are based on work by
Parker (1979).




Figures 3, 4 and S give widely different indications on the relationship of channel
planform type to gradient. According to Figure 3, all steep streams (S > 0.005) would be
braided unless the bankfull discharge were less than about 10 m*/s or 350 ¢fs. According
10 Figure 4, steep streams could have single channels at discharges up to about 300 m3/s or
10,000 cfs. According to the theoretical lines of Figure 5, steep streams can be non-braided
at almost any scale as long as the bed material is coarse enough: for example with a median
grainsize of 256 mm or 10 inches, gradients in the range of 0.01 to 0.1 would be required
for braiding. Boulder torrents can in fact be non-braided ou very steep gradients.

1.5 LATERAL PROCESSES IN STEEP STREAMS

Lateral erosion and channe! shift processes in steep streams tend to be irregular and
difficult to predict in comparison to these in plains rivers. The most troublesome type in
this respect are streams on actively aggrading fans and bajadas, which tend to build up their
beds and become "perched" with respect to the adjacent fan surface. These streams are
liable to avulsions - sudden breakouts from the prevailing channel to form a new channel
during high flood events as the old channel blocks with bed material. Because of tae way
the channel system "ans out in the downstream direction, the main channel location towards
the lower end of the system may shift dramatically in such an event, leaving riparian
facilities high and dry and destroying developments in the way of the new route.

The type of regular meander pattern migration that is often seen in plains rivers, and
that makes prediction of future channel locations relatively easy on the basis of past
mapping or airphotography, is seldom seen in steep streams, although individual well-
developed bends may migrate in a similar fashion.

Log jams often bave a strong influcnce on the lateral processes of steep streams in
forested regions, blocking secondary channels and inducing sudden random shifts.

1.6 BED MOVEMENT AN) TRANSPORT

In stecp non-braided streams with coarse bed material, significant bed transport tends
to occur only at relatively high discharges - in the order of the mean annual flood. Over a
period of years, occasional large floods may be responsible for most of the total transport.
Many such streams exhibit bed armoring, between transport episodes the bed is covered
selectively with a layer of the larger grains in the bed-sediment mixture and is relatively
resistant to movement. In the case of lake or reservoir outlet channels where there is
practically no supply of bed material, hed movement may be restricted to rare floods.
References on armoring process include Sutherland (1987) and Andrews and Parker (1987).

In steep strcams of the braided or alluvial fan type, transport is likely to be much
more {requent and armoring may not occur.
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The reliability of the more popular sediment transport formulas and procedures is
relatively untested for steep streams in comparison to those of flatter gradients. Some of
. the earlier formulations, for example Meyer-Peter and Muller (1948), may be as good as any
| because they were derived from data sets that included quite steep gradients and coarse
materials. Bathurst et al (1987) tested a number of procedures against data for steep flumes
and rivers, and favoured an equation of aven older origin by Schoklitsch. They pointed out,
however, that with gradients exceeding 0.01, bed material supply is often limited and all
formulas tend to over-predict. This comment is particularly applicable to boulder torrents
in erosional settings, where bed material may be supplied to the stream only from occasional
episodes like landslides and tributary debris flows. Cases of this type are analyzed by
Whittaker (1987).

1.7 CHANNEL ROUGHNESS AND HYDRAULICS

As is well known, total hydraulic resistance in natural streams can arise from a
variety of sources including: grain roughness of surficial bed material; bed-form roughness
from ripples, dunes and bars; rock outcrops; debris or ice accumulations; wbrupt
irregularities in plan and cross-section including local scour holes; channel divisions and
confluences; surface irregularities in near-critica' and supercritical flow; and vegetation. In
many stecp strcams with coarse bed material, grain roughuness is a4 dominani source - in
contrast to plains rivers with finer bed material, where bed-form roughness is often
dominant. There is an extensive literature on the topic: examples particularly applicable to
steep streams include Simons et al (1979), Bathurst (1982, 1985) and Aguirre-Pe and
Fuentes (1990).

SO

It is still common to characterize stream roughness by the Manning coefficient, but
many steep streams have such high ratios of roughness height to depth that the Manning
formula is not correctly applicable. Manning roughness values determined at differcnt
stages of flow may vury over a considerable range, partly because of the incorrect
mathematical form of the equation &t hign relative roughnesses, and partly because
additional sources of roughness - such as bank vegetation - may only come into play
physically above a certain stage. It can therefore be unreliable to determine flow profiles
for a range of flows on the basis of uncaiibrated coefficients, or even of coefficients
calibrated at one flow condition. Yet numercus engineering studies continue to exhibit
uncritical acceptance of non-uniform flow computarions that do not consider variability of
roughness values, nor alteration of cross-sections by sediment transport and scour.
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A number of flow formulas for estimating velocities in steep streams, independent
of Manning roughness, are discussed by Thorne and Zevenbergen (1985). A comparison
with data is somewhat inconclusive. An empirical formula by Lacey (1933-34) that uses only
depth and slope as input, and that the present author has often used for rough estimates in
a range of environments, was found to be inadequate for mountain rivers.
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1.8 CHANNEL WIDTH IN RELATION TO DISCHARGE

There is a genera! trend for the width of stream channels to be approximatsly
proportional to ihe square root of representative discharge, over a wide range of discharges.
Figure 6, based on Kellerhals and Church (1989), shows this trend over an ertreme
discharge range.

There is considerable evidence that, the most appropriate discharge for width
correlations is the bankfull or equivalent. In terms of flood frequencies, this often
corresponds to a median annual eveni, but in streams with steep frequency curves it may
be closer to a S-year or ¢ en a 10-year event.

In the general relationship W = CQ", a value of C in the vicinity of 2.0 (fps units)
or 3.5 (metric) oficn seems to give a reasonable correlation for single-channel coarse-bed
streams. In muitiple-channel and braided streams, a similar value is applicable to individual
channels of the system. One application of this relationship is to estimate bankfull discharge
rom airphctos. In selecting a width for input to the formula, attention should be given to
relatively straigiit lengths of even width, neglecting migrating bends or with wide gravel bars.

Boulder torrents often seem to yicld considerably smaller values of C, in the range
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PART 2 - EXAMPLES

The following six examples of steep streams are based on consulting studies by the
authors. For each case, a brief description is given of the key stream characteristics and the
nature of the engineering problem.

2.1  BRAIDED BOULDER RIVER - BURIED CONDUIT CROSSINGS

The Rio Maule downstream of Colbun Dam in south-central Chile is a braided river
with a slope of 0.0065 (43 ft/mile). Bed material is characterized by a Dy size of 75 mm,
a Dy, size of 230 mun, and occasional boulders up to 700 mm. The overall width of the
braided system averages around 900 m. Most cross-scctions show three or four weli-defined
low-flow channels with widths ranging from about 50 to 150 m, separated by gravel and
boulder bars. The flood flow regime is characterized by 2-, 10-, and 100-year floods of 2300,
3800 and 6200 m*/s. The river {lows over an irrigated sloping plain or bajada formed of
alluvial outwash from the Andes mountain range. Bankfull discharge is in the vicinity of
3000 m¥/s.
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Construction of a high dam at the outlet from the mnuntains was expected to cut off
the bed marerial supply to the river. Two large irrigation conduiis had 10 be consitacied
under the river, one about 3 km downstream of the dam and the othicr about 25 kw
downstream. Estimates were required of potential scour and degradat.on of the river bed
over the buried conduits.

The upper conduit crossing was ciearly within the zone that could be expected to
degrade vertically within a foresecable time of dam compietion. Estimates were made both
by numerical modelling and by empirical methods. Uncertainties arase over the effect of
armoring and the response of the channel planform to removal of the bed material supply.
It was generally accepted that armoring would occur and that the planfori would modify
to produce one or at the most twd channels. Results indicated, for a 50-year period, a
maximum degradation of about 5 m immediately below the dam, tailing out to zere at about
5 km downstream (Figure 7).

The lower crossing was too far downstream to be affccted by profile degradation
within a reasonable period of time. For an unconstricted crossing, estimates were made of
potential scour in major floods. These were relativel small - in the order of 2 m below the
deepest points surveyed in low water conditions. Kather than crossing the entire braided
width of 900 m with deep burial, it was suggested to reduce ihe length of deep burial to
about 650 m and provide training dikes to confine the river accordingly. For a construction
method involving staged cofferdamming of the river, it was recommendead that a clear width
of 300 m be left for flood flows at all times.

22 WANDERING BOULDER RIVER - CHANNELIZATION

The Rio Segre at the town of Seo d’Urgell in northeast Spain has a slope of
approximately 0.008. The bed material is characterized by a Dy, size of 150 mm, a Dy, size
of 400 mm, and occasional boulders up to about 1 m. The river emerges from the edge of
the Pyrenees mountains just above the town, and then flows through an irregular alluvial
floodplain that borders the town and has a width varying from about 100 to 500 m. In its
natural state the planform exhibited a mainly single channel forming a series of irregular
meanders of relatively low sinuosity. The flooil flow regime is characterized by 2-, 10- and
100-year peak flows of 150, 430 anc 810 m*/s. The average channel width: was about 30 m.

A large flood in 1982 caused extensive changes to the planformi of the river and
substantial damage to niparian and floodplain facilities. The river shifted extensively over
much of the length, developing seconda:y channels, gravel and boulder bars, and abrupt
bends subject to rapid crosion. It was decided to revive a proposal first mooted a century
before, for channelizing the river througa the town. The channelization was completed in
1989 and incorporated intake facilities for a kayak race course built for the 1992 Olympic
Games.




The channelized river has a trapezoidal cross-section of 70 m ved width and 2.5 m
depth, desigred to accommodate a 50-year flood of 700 1a/s. It has a sinuous aligument
with long bends of 500 m radius, follewing as <lesely as possible the natural course of the
river (Figure €). The banks are stabilized with riprap but the bed is of natural river-bed
material. The stabilized banks have 1 12 freeboard and rise about 1.5 m above the
floodplain. The desigr mean velacity was approximawely 4 m/s and the Froude Number
about 0.85. Three classes of riprap were used for bank protection: heavy, nominally 800
mm, on the outsides nf bends; mediun:, nominally 500 mir, on straight lengths betweer
bends; and light, nominally 360 mmm, on the insides of bends.

|
|
:
:
:

It was recognized that the new chamuel was considerably cversized for ordinary flows
and annual floods, and that maintenance would probably he required because of continued
supplv of b2d material from upstream. Photographs taken about two years after conipletion
indicate depaosition of sediment, growth of vege:ation and development of an irregular inner
channel inside ihe stabilized banks. In retrespect, 2 compound cross-section might have
been preferable.

23 SPILLWAY OUTFLOW CBANNEL "X - PMF DEGRADRATION POTENTIAL

Channel "X" is a bouider torrent type of channel below a dam spiliway and plunge
pool that have been in place for about 63 years. The siope averages zboui (.015, and the
bed material consist: of randomly scattered large boulders, some up to several metres in
size, overlying coarse gravel and cobbles. The natural flood flow re ime was characterized
by 2-, 10- and 100-year floods of around 230, 350 and 49¢ m3/s, but since dam construction
only occasicnal outflows have occurred, with a maximuim value of about 450 w?/s. Typical
annual relcases are believed to be in the order of S0 m3/s. In response to the reduced
flows, the gross width has narrowed from perhaps 5¢ m te¢ about 20 m by encroaciiment of
dense forest vegetation on formerly clear overbank areas. The original width is bordered
by steep valley slopes with dense vegetation.

The dam facilities were to bz upgraded to provide for a Probable Maximum Flood.
The PMF hydrograph has a peak of 1400 m®/s and exceeds tlie original dominant or
channel-forming dischaige - estimated at 300 m*/s - for over 3 days. in connection with
desigu of a new stilling basin, estiinates were required of potepiial degradation of the
outilow channei under a PMF. Available irformetion suggested that the large-sized bed
material was basically a surface layer overlying sand and gravel. Fydraulic computations
vased oa (1) the existing width, and {2) resumptios of the ongirsi widih indicated P'MF
velocities from 6 to 7 mi/s und depths of 5.5 to 6 m.

T
=t N

it was estimated that the buik of the surficial bed materiai - up to about 0.6 i in size
- could be set in motion by flows of around 800 m®/s, which persist for 1.5 days during
PMF. Thc largest boulders of 2 m size or greater were estiniated 10 be cnly marginally
unstable at the FMF peak. These boulders are probably a lag deposit resulting from
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entrenchmeny of the original stream into glacislacustrine deposits that contain ice-rufted
rock fragments.

It was recognized that rehable estimation of degradation potential was difficult for
a namber of reasens, including (1) iack of sufficient subsurface information, (2} vnreliability
cf transport fuucticns for such large material, (3) the apparent layered nature of the bed
and the random distribution of large boulders, ana (5) the uncertai role of lateral evgsion
in a I'’MF event. Rather than relying on dubious sedimen: transport comnputations, uyper
and lowcr iimits on degradation at the head of the chaunel were bised on wvailable
geological and field information, the observed distribution of large boulders, the plotied
channel profile, the above-menticned estimates of hydraulic stabiiity, and expected minimuim
slopes if the surface layer were removed. It was estimated thai PMF degradation might
exiend over a chanrel length of 200 to 360 mi and involve 2 to 4 1 lowering of taiiwater at
the stilling basin (Figure 9). Consideraticn was given to inst2!laiion oi a rock sill across the
channe! to couirol degradation.

24 SPILLWAY OUTFLOW CHANNEL Y™ - PMY DEGRADATION POTENTIAL

The upstrezm part of Channsl "Y" is an artificial cut below a spiltway, that joins a
previous natural stream about 400 m downsireaw. Gver the first 600 m, the slops increases
from practically zero to about 8.03 (160 ft/miie) and then continues arcund that value. The
bed surface layer consisis mostly of coobles ard boulders, typically 304 1o 406 mm in size
and about 0.5 m thick, overlying sand and gravel witl some sandy clay. The cut channel has
a bed width of 12 to 15 m and steep wooded side siopes, while the natura! ¢hanne! farther
downstream has a wooded floodplain arouné 40 :n wide. The cut channel was built a'most
horizontal with a steep drop at its downstteam cnd, but has degraded up to 8 m to atisin
its present profile. Qver a period of about 40 years since dam censtruction there have been
only occasional outflows of up to 103 m*/s er so.

£3 1n the case of Channel "X", degradation estimates were required for a PMF
hvdrograph, in this case with a peak of 600 m’/s and a timebase of a' t 48 hours.
Hydraulic computations based on a fixed bed indicated that the flow wo. d be most,
sapercritical with velocities of around 6 m/s. However the potential erosional respouse in
much greater than that of Channel X" because of the lock of large boulders to control
degradation. Estimates of perential degradation were based on considering initiation of
movement for the surface laycr, stable slopes for the underlying material, and transport rates
of the uaderlying material, dividing .he PME hydrograph into a serics of steps. The volume
removed after a given time was computed on the basis of the transport capacity of the
existing channel at the downstrcam end of the degradation wedge, on the principle of
secliment talance (Neill 1987). The volume was then distributed in the form of & curvilinear
wedge (Figure 10) with the degraded proiile tangential to a stable slope at 1its upstream end
and to the existing slope at its downstream end.
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As in the case of Channel "X", numerous uncertaintics were recognized in the
available information and the method of attack. Sensitivity was tested by assuming first no
widening of the existing channel, and then widening to several times the existing width.
Vaiious scenarios were adopted for rcmoval of the surface layer, and different sediment
transport functions were used. (Because of the very high stream power, computed transport
of the underlying material is quite insensitive to grainsize,) Estimates wcre made both with
and without a downstream control point.

It was concluded that uncontrolled degradaticn at the head of the outflow channel
could amount to 6 m with widening assumed, and up to 10 m or more with no widening.
The length of the degradation wedge was about 600 m. Estimates were then made for
degradation below a proposed tailwater control structure to be located 100 to 200 m
downstieam of the spillway. As might be expected, similar results were obtained.
Consideration was therefore given to further subsurface investigations and to the feasibility
of scale model studies.

2.5 BOULDER TORRENT - HYDROELECTRIC INTAKE

The Ok Menga is a torrential mountain stream in rainforest in western Papua New
Guinea. Slopes range locally from €.01 to 0.08 and flow is generally near-critical or
tumbling. The bed and banks consist mostly of matcrial exceeding 100 mm and contain
boulders up to 6 m in size, in places as accumulations and falls. The stream is actively
degrading into unstable colluvial deposits which in places form near-vertical cliffs. Recorded
flows in a short record period have ranged from uander 5 to aver %0¢ m3/s, and flows can
vary daily cver a wide range. The channel varies in width from about ..0 to 50 m and depths
range from about 1 m at low flow to 10 m in a 100-year flood, estimated at 1700 m®/s. The
100-ycar discharge intensity is up to 40 m*/s per m width. During floods the stream
transports considerable quantities of coarse sand and gravel - probably in saltation or
suspension - as well as cobbles and small boulders as bed load.

To supply a hydroelectric plant servicing a mining operation, a diversion weir and
sedis.~nt-excluding intake were to be designed, leading to a drop shaft and tong tunnel. The
weir and intake were designed with the aid of a hydraulic model, constructed and calibrated
on the basis of field observations. The model scale was 1:45 undistorted, with a partially
mobile bed. The model covered a channel length of 500 m. Large boulders and other
features were reproduced as closely as paossible using helicopter photography.

The final weir Jesign involved cast-in-place concrete blocks several metres in
dimensions in a stepped pattern, with a downstream riprap apron of 2 1. stones. The
concrete intake structure was provided with arrangeinents for excluding bed load and for
settling coarsc suspended and saltating load and returning it to the river downstream. Early
operating experience revealed problems with accumulation of organic trash and finer
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sediment, that had been somewhat overlooked in the model studies, but on the whole the
design appears to have overcome the worst severe problems of an exiremely difficult site.

More detuils on this installation are available in an article by McCreath et al (1990).

2.6 STEEP STREAM WITH ABRUPT CHANGES IN SLOPE AND WIDTH

The Chilliwack River in the Fraser Valley east of Vancouver, British Columbia has
alternating steeper and flatter reaches with slopes of around 0.0125 and 0.007 (Figure 12).
The middle steep reach, basically erosional in character, crosses glacial deposits of clay and
silt overlying gravel outwash, and is lined with boulders up to 1.5 m in size as well as with
bank riprap. The boulders are believed to represent lag deposits, possibly accurtulated in
a glacial-lake outflow channel. The flatter reaches upstream and downstream are basically
depositional in character and carry large bed loads of coarse gravel, partly supplied
episodically from landslides upstream. The flocd flow regime is characterized by 2-, 10-, and
100-year flood peaks in the order of 500, 1000 and 2000 m?/s.

The steeper and flatter reaches exhibit marked differences in planform and cross-
section. The steep reach has a single channel approximately 50 m wide. The flatter reaches
have multiple charnelis totalling about 100 m within an overall braided system about 400 m
wide. Bankfull discharge in the lower braided reach was naturally around 500 m*/s but has
been substantially increased by a flood control dike and road embankment.

Because of urbanization of the area, land developers are trying to encroach on the
active floodplain and to promote river training works and gravel dredging programs in
support of such developments. These pressures are being resisted by sport fishermen and
environmentalists. Planning decisions will depend on multidisciplinary reviews and on cost
estimates for river modification, which depend in part on realistic estimates of net bed-
material accumulation in the 1each. It is known that the gravel bed material disappears a
few kilomctres downstream, which indicates that it must be accumul-ting in the braided
reach. Sediment transport calculations have proved difficult to verify, but attempts are being
made to compare cross-sections before and after floods and to mcasure bed load at selested
iocations.
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Why Steep Channels?

by

William A. Thomus!

1. Ba:kground. In 1989 the Flocd Contreol Channels Research
Program was established to either assemble or develop guidance for
the hydraulic design of channels and disseminate it to district and
divisicn offices. A nation-wide survey of flood control channels
was conducted which served as the basis for planning the R&D work.
Based on that survey, a critical review by the Committee on Channel
Stabilization, and various contacts we made with districts,
divisions and OCE, the following work units were proposed

Table 1. Research Work Units Proposed in 1989

*1) Controlling Stream Response to Channel Modification
*#2)1 River Bend Erosion
*3, Hydraulic Losses in Natural Channels
*4, Sediment Transport in Small Channels

5, Composite Channel Analysis

6; Channel Investigations

7) Channel Response and Channel Forming Q

8) SAM Design Simulator

*9) Gravel and Boulder Rivers

10) Spatially varied Flow

11) Supercritical Flow Channels

12) System Sediment Loading and Delivery

13) Hydraulic Routing Techniques

14) Behavior of Sand Bed Streams on Steep Slopes

P

Note: * work units selected for funding in
FY 1989

We presented the program to our Field Review Group who
endorsed the first 4 work units. However, they voted to move the

! Research Hydraulic Engineer, US Army Engineer Waterways
Experiment Station, Hydraulics Laboratory, Watexways Division.
This paper is for presentation at the Steep Streams Workshop,
Seattle, WA, 27-29 October 1992,
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Gravel and Boulder Rivers work unit to priority 5 so it could begin
the first year rather than wait for out-year funding. Maj Monte
Pearson was put in charge of that work.

2. Initjial Tasks. The initial task was to assenbkle information on
gravel and cobble bed rivers that would zllow us i > establish the
limits of applicability of existing technology. Trhat technology
includes regime analysis, sediment sampling equi “—ent, sediment
sampling procedures, sediment transport theory, calculation of
water surface profiles, and numerical modeling of water and
sediment movement, One effort focused on understanding the physics
of the river mechanics and sedimentation processes which develop
bedform morphology. Another effort was to apply field
reconnaissance forms being developed for sand bed channels to
gravel and boulder rivers. A third effort was to identify and make
contact with others doing research on this topic. A fourth effort
was to locate data. A companion effort to these was to establish
contacts with district and division offices who were designing
channel projects on gravel and cobble bed streams.

3. 8teep Streams Workshop. This workshop is a milestone in
pursuing these several tasks. Particularly, it brings together
some of the districts who are designing projects, other researchers
on this topic, and our findings to date.

What ie a "cteep" satream. Intuitively, one thinks of a
mountain stream having an abundance of geologic controls, rapids,
pools, and boulders. Trees line the banks. The gradient decreases
slightly and the stream bed bhecomes covered with gravel and
cobbles. Runoff consists of a mixture of rainfall and snow melt
events. The more extreme events are flashy and short lived. The
gradient is stable because the large particle sizes resist movement
until the spring freshet, or some other large avent, occurs.

There is another type of streams, however, that has a steep
gradient because its inflowing sediment concentration is so high
the slope must be steep to transport the inflowing load. A sand
bed arroyos on an alluvial fan is an example. Although this would
probably qualify as "steep" using a slope criteria, it does not
conform to the characteristics of the gravel/cobble bed stream
listed above. This workshop will emphasize the gravel/cobble bed
streams.

4. Present Technology for 8and Bed Streamns. The emphasis in the
Flood Control Channels Research Program during the past 4 years has
been to provide systematic methods that hydraulic design engineers
can use to calculate four of the six Hydraulic Design Parameters
for a channel. The six parameters are shown in table 2.

4.1 Hydraulic Design_Parameters. The hub of the computations is
a PC~program called SAM. That stands for "Hydraulic Design Package
for Channels.”" The purpose of SAM is to provide hydraulic design

2-2




engineers with a method, based on state of the art thegry, for
rapidly calculating stable channel dimensions in both fixed and
mobile boundary streams.

Table 2. §8ix Hydraulic Design Parameters

*1., WIDTH
*2. DEPTH
*3. GLOPE

*4. HYDRAULIC ROUGHNESS
5. PLAN-FORM
6. BANK-LINE MOVEMENT

Note: * Marks parameters calculated by SAM

4.2 QOrganization of SAM. The three major calculation modules are

T p -

' | 1
HYDRAULIC SEDIMENT TRANSPORT SEDIMENT YIELD
CALCULATIONS CALCULATIONS CALCULATIONS

These are supported by

PSHEM - Input Data Screens programmed in QUICK-BASIC

HECDSS Data storage and graphics

BAM.t95 - a utility that reads HEC2 TAPE95 and calculaves
average hydraulic properties for
sediment transport calculations.

BAM.aid

guidance for selecting a transport function




PARTICLE SETTLING VELOCITY - CORPS program H0910 for
calculating the settling velocity of
sediment particles.

ENDOW - an Expert System that includes Environmental
Engineering considerations in
channel design.

4.3 HYDRAULIC CALCUIATIONS. SAM.hyd is a normal depth =solution of
the Manning Equation using either simple of complex cross sections.
It calculates hydraulic roughness in each panel in the cross sect-
ion (a panel is the space between 2 consecutive coordinate points
on a cross section plot.):

Manning n-value

Colebrook-White Diagram (Keulegan Velocity Distri-
bution equatinns)

8trickler Equation
Limerinos Equation

8C& Grass Equations for 5 Types of Grass

4.4 Options for Solving Manning’s Equation. Any of the variables
can become the dependent variable except for side slope, z.

Q=f£f(D, n, W, 2, 8) (2.1)

where

water discharge

water depth

n-value

bottom width

side slopes of the channel
energy slope

Q::
D=
n =
W =
z =
S =

Water discharge will be calculated when all variables except water
discharge are prescribed.
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Normal Depth will be calculated when all variables except Water
Surface elevation are prescribed.

Bottom Width of the channel will be calculated when all vari-
ables except bottom width are prescribed.

Hydraulic Roughness (n-values and Ks values) will be calculated

when all variables except n-value are
prescribed.
Energy Slope will be calculated when all variables except

slope are prescribed.

Flow Distributjon will be calculated when all wvariables are
prescribed and during any other computation.

Bed Roughness Prediction is made with Brownlie’s method.

Composite Hydraulic radius and n-value can be calculated by four

options:

(1) Alpha method,

(2) Equal Velocity method,
{3) Total Force method and
(4) Conveyance method.

Piprap Size is calculated 1f the bed shear stress is greater
than Shield‘s critical value.

Effective Width, Depth and Velocity are calculated for use in
sediment transport calculations.

4.5 Options for Calculating Stable Channzl Dimensions. Stable
channel dimensions refer to combinations of width, depth and slope
for which the resulting hydraulic parameters will transport the
inflowing bed material load.

Chapnel Width, Depth and Slope are printed for a wide range of
values.

Regime Width 1is calculated for the prescribed water discharge.




Finimum Stream Power criteria is imposed and the resulting width,
depth and slope are printed.

A
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Figure 1. Typical Cross—séction used in Analytical Method.
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4.6 Plots. The following hydraulic plots are valuable for
decisions about sand bed channels.

Table 3. Plots of lydraulic Parameters

8TAGE VERSUS N=-VALUE

STAGE VERSUS8 AVERAGE VELOCITY
SETAGE VERSUS EFFECTIVE VELOCITY
DISCHARGE V8 EFFECTIVE VELOCITY
8TAGE VERSUS DISCHARGE

ETAGE VERBUS WIDTH

ETAGE VERSUB EFFECTIVE WIDTH
ETAGE VERSUS HYDRAULIC RADIUS
CROS8 SECTION GEOMETRY

ELOPE VERSUS WIDTH

4.7 Riprap Size. Riprap size is calculated using the Maynard
equations. The l2-standard riprap sizes shown in EM 1110-2-1601
are coded into SAM In addition, up to S sizes of quarry run riprap
can be encoded. Shield’s Diagram is used to determine if the
stream bed particles are stahle or if riprap is needed.

5. Bediment Trensport Calculations, The purpose of this module is
to provide a sediment transport function for the range of field
conditions where projeccts will be developed.

$.1. Available Sediment Transport Functions. The following have
been incorporated into SAM.sed. Evcept for Brownlie, these are
funct.ons trom HEC-6.

Table 4. SED1MENT TRANSPORT FUNCTIONS

ACKER~WHITE.
ACKER~WHITE, D50
BROWNLIE

COLBY

LAUKSEN (COPELAND)
LAURSEN (MADDEN) , 1985
MPM(1948) .

MPM(1948) ,D50
TOFFALET1.
TOFFALETI-MPM
TOFFALETI-SCHOKLITSC
YANG.

YANG, D50




5.2 SAM.aid - Guidance in transport function selection. A com-
puter program has been developed search existing data sets and
identify the most appropriate sediment transport function given
values for the following:

(VELOCITY, DEPTH, SLOPE, WIDTH, AND D )

First, test data sets that match the screening parameters of the
project are identified. Then, each data set 1s inspected to
determine which transport functions did the best in reconstituting
the measured transport rates. The functions are then ranked from
best to worst and the best threc are listed.

6. Sediment Yield. The purpose of "Sediment Yield" is to
calculate the weight and volume of sediment passing a cross-section
during a specified pericd of time. Typically that is annually, but
it can be a single event.

FLOW DURATION CURVE method and

FLOW HYDROGRAPH method.

7. Basic Phil.sophy. The effort has been directed toward
packaging existing technology so design engineers can be sure their
projects will be save, reliable, maintainable, and environmentally
pleasing. Procedures meet the requirements of Engineering
Regulations and meet the reguirements in the water resources
development legisiation. The methods have been packaged for MS-DOS
computers.

8. Points of hiscussion. T7The technology in SAM is for sand bed
streams. It sonlves the Manning equation in the usual way;
~alculates bed shear stress; uses the Shield criteria; calculates
sediment transport; and calculates sediment yield. We are using
existing equations. How far can those equations be pushed?

Regime equations have been used for some time by Charlie Neill and
his colleagues in Canada. Some of their streams have very coarse
bed sediment. How far can those equations be pushed?




How does one sample a coarse bed strean?

How does cone obtain a suitable value for the wash load and the
"through-put" load without exteusive data collection?

What are the major gaps in knowledge that need to be filled before
applying SAM to steep gradient streams?




A Review of Natural-Gravel-Transport-Detection
Experiments at Squaw Creek, Montana, 1981-1991

Stephan (. Custer, Department of Earth Sciences, Montana State University,

Bozeman, MT 59717-0348

Abstract

The magnetism of natural particles is a useful tracer for the study of gravel
transport on stream bottoms. During the past 10 years a device has been developed
at the Technische Fachhochschule, and the Freien Universitit, Berlin, Germany and
Montana State University which detects the motion of naturally magnetic pebbles
and cobbles on the stream bottom. Since the tracer does not have to be installed,
assessment of transport is possible under undisturbed natural conditions. The
detector system counts particles as they move over the sensor. The records provide
insight into the spatial and temporal distribution of bed-load transport in natural
streams. Data from this detector, bed-load sampling, and hydraulic measurements
suggest that the threshold for transport varies in response to geomorphic as well as
hydrauiic processes. Transport peaks do not necessarily correspond to discharge
peaks. The transport rate varies both temporally and spatially across the stream
bottom. The variability suggests celective transport of gravel particles in response
to geomorphic as well as hydraulic variables.

The detector will work in many gravel-bed streams including those in the
Pacific Northwest,and Aluska. The detector has potential as a sensing device to alert
managers of the onset of particle metion and its loccation. The device also has
potential to further elucidate gravel-transport processes and the factors which control
the threshold of gravel motion, transport location, and the temporal distribution of
trans,. -t particularly if the universal problems associated with physical sampling
during gravel transport can be solved cr at least reduced during calibration.
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A Review of Natural-Gravel-Transport-Detection
Experiments at Squaw Creck, Montana, 1981-1991

Introduction
The Problem

Bed-load transport is of interest to people planning, constructing, and
operating engineering structures in gravel-bed rivers (Neil and Hey, 1982; Wang, and
others, 1987; Ackers and Thompson, 1987; Griffiths, 1889; Lagasse, and others, 1991;
Richardson and others, 1991). Questions include: What is the threshold for motion
of bed material? How much material can be expected to move? How much material
is moving? Where on the bed is material moving? These questions are difficult to
answer because bed-load transport is not typically visible, and because of difficulties
with hydraulic measurement and bed-load sampling under conditions favorable for
coarse-gravel motion. A variety of tracers have been used to explore gravel transport
(Bunte and Ergenzinger, 1989). In 1981, Ergenzinger and Custer (1983) developed
a measurement technique which uses the natural magnetism of particles in a stream
bed to detect transport. During the past 10 years, the technique has evolved, and has
provided insight into transport processes in gravel-bed systems. This paper reviews
the devalopment of the technique and some results from measurements at Squaw
Creek, Montana. The purpose of the review is to identify the advantages and
disadvantages of the method, illustrate some applications, and provide some insight
into the nature of gravel-transport processes in natural streams.

The Site

The research site is 50 m upstream of the confluence of Squaw Creek and the
Gallatin River in Gallatin County Montana (Figure 1). The site characteristics have
been summarized by Ergenzinger and Custer (1983) and by Bunte and others (1987).
The stream drains an area of 106 km? has a relief of 1520 m, and a Strahler stream
order of 4. The bedrock which underlies the drainage basin is approximately 25
percent Archean quartzofeldspathic gneiss, 20 percent Paleozoic and Mesozoic
sediments, and 55 percent Eocene andcsitic and basaltic lava flows, mudflows, and
intrusions (McMannis and Chadwick, 1964). The 50 year recurrence interval
discharge is 20 m¥s (Ergenzinger and Custer, 1983). The bankfull discharge (Q,5)
is 5 m%s. Water-surface slope and bed slope vary, but are approximately 0.02
(Bugosh, 1988). The stream peaks between 1 May and 1 July. The peaks are
typically caused by snow melt, but sorae rain-generated peaks in the absence of sriow
have been observed.
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Figure 1. Location map for Squaw Creek (after Bugosh and Custer, 1989 and Bunte
and others, 1987).

The site is divided inte two channels (Figure 2). The main (south) channel is
approximately 11 m wide. The north channel is approximately 6 m wide. The
channels are scparated by a gravel bar. The east end of the gravel bar is stabilized
by an alder. A road bridge to the Castle Rock Baptis¢ Bible Camp across Squaw
Creek constricts the channel to a width of approximately 8 m. When the U.S. Forest
service installed the bridge, logs with wire mesh draped below them were placed in
the stream bed, and attached to the bridge abutment. These logs were necessary
because Squaw Creek is graded to the Gallatin River and displays considerable
dynamic behavior in response to rising and falling stage of the Gallatin River
(temporary local base level). Each year Squaw Creek deposits gravel at the
confluence with the Gallatin River during high flow, and cuts through the deposit in
early summer when stage on the Gallatin River falls.

The channel at the site is dynamic. When research began in 1981, there was
a single south channel with the thalweg directed apprarimately normal to the bridge
and an abandoned channel with young vegetation north of discharge-bearing channel
(Figure 2). In the spring of 1981, a 16 m¥s flood caused erosion and deposition which
split the channel into two parts. In 1983, a log jam burst and the north channel was
rearranged again and returned to a single thread. The single thread configuration
was maintained unti] 1990 when flood waters began to encroach on the abandoned
north channel. Although the stream changes its channel configuration periodically,
the channel is responding tc naturally varying local conditions above the kridge. The
creek has remained within the natural terrace banks on either side of the stream
throughout the study period. In this sense, the channel position appears to be stable.
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Several ir.vestigaters have measured the particie size distribution of material
in the gravel kars and channel of the stream (Bunte and others, 1987%; Custer and
others, 1987, Bugosh 1938; Bunte, 1991) (Tabl2 1). Median particle size on the bar
is approximately 19-24 ram and in the chanxel adjacent to the bar in the thalweg is
100-140 mm. More than 16 percent of the particles in the channel are largar than
200 mu. Material as large as 180 mm has been trapped in bed-load nets at the
bridge.

Tanie 1. Exumple cumulative narticie size distrthution (mum) (Bunte, 1861)

d5 dlC d?.ﬁ d50 d75 d84 d:as

bar 1 05 2.3 7 19 32 46 67
bar 2 04 18 5 24 60 90 200

channel 05 28 18 140 138G 200 220

Work began on bed-load measurcment at the Squaw Creek site in 1980-81
(Erzenzinger and Custer, 1933). At that time there was a single zutomobile bridge
across the stream at the site. Over the years, walk ways at the Bible-Camp bridge
have been expanded, and new measurement platforms upstream of the original site
have been installed. A 15 cm "catwalk” was installed in 1981 under the road bridge.
This “calwalk” and was moved up siream (o ihe detector log in 1083, A 1 m
"suspension bridge was installed just upstream of the "catwalk” in 1986, and in 1990
a second 1 m-wide measuring platform was installed approximately 20 m upstream

of the 10ad bridge.
The Instrument

The Detecror

The gravel-bed-load-motion detector operates on electromagnetic principlas.
The idea for naturai-particle detection arose from artificial electromagnetic tracer
techniques which used a magnet epoxied inte holes drilled in cobbles (Ergenzinger
and Conrady, 1982). The magnetized cobbles were placed on or in the stream be ".
In the artificial-magnet approach, metion of the artificially magnetized cobble induces
a voltage in a coil above the stream. The voltage is detected. The signal is ~roduced
by induction. No iaput power is needed for the detector, but power is needed for the
amplifiers and recorders. At Squaw Creek, instead of using an artificial magnet,
naturally magnetic pebbles and cobbles are used zs the tracer, and because the
magnetism of rock is often weaker than that of an artificial magne., the coils which
detect the motion are buried in the stream bottom closer to where the motion takes
place (Ergenzinger and Custer, 1983). The advantage of the use of naturally-
magnetc gravel as a tracer is that the material need not be moved from its natural
position in the bed (a necessary problcm with artificial tracers), and the number of




TR ST DV TP RS T, ARG S ST T Tt

e

Bt
[P &

S
&
'

4
1
1
"

tracers in the stream bed is not constrained by the time and patience of an assistant
with the tedious responsibility to insert tracers in the gravel particles. Thus, the
technique detects motion of many naturally-magnetic-gravel particles from natural
position on the stream bottom. A brief history of the evolution of the detector and
recorder provides insight into the principle of operation, the current state of the art
of the detector, and the limitations of the detector.

The detectors have become smaller and the recorders have introduced better
amplification, filtering, and data acquisition (Figure 3). The 1981 detector consisted
of four 20-cm-long coils spaced 14 cm apart and connected in series (Ergenzinger and
Custer, 1983) (Figure 3 A and B). . Each coil consisted of 9000 windings of 0.2 mm
copper wire. The windings were around a 1-m-lcng , 2 ¢cm diameter iron bar. The
detector was placed in a channel in cast concrete and surrounded by roofing tar. The
cencrete block was 1.25 m long, 0.2 m wide and 0.15 m high. A voltage was produced
when a naturally magnetic particle moved across the detector. The detector worked
well, but was heavy (approximately 90 kg), required elaborate wiring protection
against cobbie impact, and was eroded from its position, washed down stream and
buried in a gravel bar during an 18-year recurrence-interval fluod (Ergenzinger and
Custer 1983; Bunte, 1991). To make the detector more manageable and sensitive,
swaller coils with approximately 20,000 windings were huilt (Custer and others,
1987) (not shown in figure ). Instead of burying the detector against the log that
maintains base level at the bridge, the 30 cm coils were encased either in 7.6 em
diameter concrete cylinders or in 4.5-cm-high resin half cylinders. The cylinders and
half cylinders were bolted to a log installed across the siream and attached to the
base-level-control log. In addition to the problems with line noise from the power
supply to the amplifier and lightning strikes, additional noise was introduced from
the physical motion of the detectors througn the Earth’s magnetic ficld (Custer and
vuhers, 1987). The smaller coils were too light and could not be attached to a log
sufficiently tightly to eliminate vibration. The problem of wire protection remained.

The early coils were oriented with the core and axis of the windings parallel
to the stream bottom. In 1986, a new design was implemented with the core and axis
of the windings perpendicular to the stream bottom to produce a stronger signal from
smaller sensors (Spieker and Ergenzinger, 1990; Ergenzinger and others, 1992)
(Figure 3 C and D).

"Each detector unit has a length of 1.4 m and consists of over 300 chokes ..."
(7 x 7 mm wire coils wrapped around a ferrite core.) " ... The axes of the chokes
are perpendicular to the river bottom. The chokes of each detector are serially
connected so that the total inductivity of each detector is about 21 Henry (V
s AY)" (Spicker and Ergenzinger, 1990, p. 170).

The detectors are surrvunded by a plastic channel and fixed with resin into "dove-
tal” grooves in a 156 x 25 cm x 8 m log itnhedded in the stream against the log which
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maintains base level under the road bridge. The great weight of the water-logged
detector provides stability, the multiple blocks provide opportunities to better
identitytransport location. The two detector sirips were designed to estimate time
of passageof waves and particles. The log was covered with 0.8 mm (0.0315 in.) thick
aluminum sheet to protect the detectors from physical damage due to cobble impact
and to provide a smooth surface which does not accumulate bed material. Thinner
aluminum flashing (0.292 mm; 0.0115 in.) was used on a second detector installed 28
m up-stream of the first in 1990 (Figure 2), and this cover was destroyed by cobble
impact in one seasen (Figure 3 D) while the thicker aluninum remained in tact. The
thicker aluminum covering is desirable. Because the wires for the detector are inside
the detector capsule in the dove-tail groove, they are protected from physical damage
(Figure 3 C). In the old design wire conduit and wires were damaged annually
(Figure 3 B). Since 1986, the same detzctor design has been used.

The physical charactieristics of the detector are important because of noise
reduction consideratioug {Custer and cthars, 1387) particularly in the later-generation
detectors which amplify the signal up o 10*® times. The following noise-reduction
considerations are essential: 1) A¢ few ferric nails ar.d bolts as pessible should be
used. Brass and aluminum f{astenezs and shields are desirabie because they do not
corrode and do .0t generate a signal if they vibrate. 2) The detector itself must not
move or vibrate even rlightly because motion of the detector coils through the
magnetic field of Earth produces a signal. The detector should be attached very
securely to an immoveabie object or be very heavy. 3) The power to the
amplifier/filter system should be very well grounded and should be cleaned and
stabilized since input power fluctuations arc also amplified with the signals. 4)
Scour must be eliminated below the detertor so the particles move above and close
to the coils and so that erosion and destruction of the detector is prevented. (Erosion
of one 90 kg block occurred in 1981. The detector was transported approximately 30
ta down stream.) 5) The detecinr should be protected from physical damage due to
cobble impact with sheet aluminum. 6) Gcod protection for wires between the
detector and amplifier/recorder is essential to maintain continuity during flood.

The Amplifier/Recorder

The amplifier/recorde. system has also evolved in response to noise, signal, and
counting constraints and provide further insight intc the requircments for
installation. Frora 1981 to 1986 amplification and recording were accomplished with
commercially-available-flat-bed-multichannel recorders capable of sensing zero-to-one
millivolt pulses. These devices provided paper output of good quality (Custer and
cthers, 1987; Bunte, 1991), but had some practical problems. The paper speeds were
necessarily high to gain enough separation between signals to allow counting (i-5 m/h
and more). Such paper rates require somecne to be present to change paper, add ink,
fix jams and generally maintiin the machine. Such paper rates also produce large
physical volumes of output. Furthermore, someone was reguired to physically count
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the many signals produced by moving particles during an event. There were also
electronic problems with the recorders. The signal to noise ratio was sometimes a
problem. Noise filters and amplifiers improved the output. Early amplifier/filter
devices were designed and built for the flat-bed recorders (Spieker and Ergenzinger,
1990). The more recent amplifier/recorders were designed for computer interfaced
data acquisition by George Christaller and his students at the Institut fiir Sensor
Technik in the Techniche Fachhochschule, Berlin, Germany.

"The electronics consist of 4 main parts, a double auto zero amplifier (DAZA),
an analcg multiplexer (MUX), a data acquisition controller (DAC) with digital
converter (ADC) and some auxiliary electronics with a micro-controller”
(Ergenzinger and others, 1992, p. 5).

The amplifiers enhance the signal up to 10*® times. The newest device also contains
noise filters and the capability of visual output on the computer monitor. The
computerization of the system allows automated signal counting which replaces the
more tedicus counting of signals from chart-recorder paper.

The Qutput

Temmnoral and Spatial Variability of Transpo

= mias < sas s 3 vy A4 CALAI RSN A W (% R YA Y

The detector system produces output which shows the moment coarse-
magnetic-bed-load-particle motion begins (Figure 4) (Custer and others, 1937). The
output also records the temporal and spatial variability of bed-load-particle
(Figure 4). These results are not unique from the perspective of our growing
understanding of coarse-grained bed-load-transport phenomena in flumes and a few
natural streams (Gomez and others, 1989). However, the device does provide a
unique means of electronically detecting natural transport initiation and bursts
without elaborate, physically demanding, expensive, and problematic physical
samplers or sediment traps.

Intuitively, cne might expect a good temporal relationship between stream
discharge and transport rate. However, examination of stage and particle-transport-
signal counts plotted on a common time axis suggest our intuition is incorrect (Bunte
and others, 1987; Custer and others, 1987; Bunte, 1991). The records (Figure 5)
reveal that some hydrograph peaks have no associated coarse-particle-transport-count
peaks (3, 9); some coarse-particle-transport-count peaks come or the falling limb of
the hydrograph (2, 6, 7, 8 10, 11); some coarse-particle-transport-count peaks come
at the same time as the hydrograph peaks (1, 4, 5, 6, 11); and some hydrogranh
events have multiple sediment transport peaks (6, 10, 11). Data sampled at five-
minute intervals reveals even less correlation with discharge (Bunte, 1991; 19¢2).
Analysis of the five-minute records snow that the amplitudes of the bed-load pulses
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increase with increasing discharge while the frequency decreases until a periodicity
of abut 1.5 hours was reached during peak flow (Bunte, 1991, p. 145). Examinution
of even more detailed computer-counted records of coarse-particle detection during

high water on the fifth and sixth of June 1991 (Figure 6). On these dates, there was
actually a coarse-particle-transport lull on most sensor channels at peak stage with
a burst before peak and a larger burst after the peak. Furthermore, the count-rates
at the start of measurement on the lower detector are higher than the count rates at
the higher detector under hydraulic conditions which one would normaltly assume are
identical since the two detectors are only 28 m apart and the measurements were
taken simultaneously.
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Figure 4. Chart-recorder record of potential versus time from a from a 1981-style
detector on 2 May 1982 (from Custer and others, 1987, p. 24).

Detector data from 1991 show that transport fluctuates spatially as well as
temporally at Squaw Creek (Figure 6) (Ergenzinger and others, 1992). Discharge on
this date peaked at 7.2 m® ' (0.4 m®s" north channel; 6.8 m®s" main channel). The
gap from about 10:07 to about 13:35 is a period during which computer data
acquisition briefly failed. Detectors in the upstream detector log (about 28 m up-
stream of the road bridge) show sediment movement at different times and locations.
Most of the transport occurs in the channel rather than on the shallower bar at the
up-stream detector, but at the same ti :e over the down-stream detector log (at the
road bridge), transport tends to be focused in the center of the stream with motion
both on the bar, the boundary between the bar and channel and in the channel.
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Figure 6. Spatial and temporal variation in particle counts for 1991 with stage
plotted for refercnce (mmodified from Ergenzinger and others, 1992).




Discussion
Validation

To test whether physical bed-load-transport samples can reproduce transport
patterns which were out of phase with respect to discharge peaks, bed load samples
were taken in the channel at the road bridge on Squaw creek between 1.85 and 3.35
m from the right-bank bridge wall with a large bed-load-net sampler in 1988 (Bunte,
1990, 1992). (No direct calibration of the detector was possible because of electronic
noise probleme in a failing amplifier. A good example of the importance of
eliminating noise and of the need for a good electronic instrument base and good
electronic technical support.) The sampler opening was 1.6 m wide and 0.3 m high.
The net was 3 m long und was composed of 10 mm mesh. ‘The large mesh size was
selected because the particles detected by the passive magnetic detector are pebble
size (Ergenzinger and Custer, 1983), and because of sampler-plugging and sampler
handling problems anticipated when the net was full if a smaller mesh size was used
(Bunte, 1990). Although only a few samples couid be taken because of the size and
unwieldiness of the sampler, variable transport rates are again tound, and the largest
transport rate occurred on the receding limb of the hydrograph (Figure 7). (The line
in figure 7 reflects discharge, the histogram reflects bed-load-transport rate.)
Although transport rate does broadly increase with discharge as expected, at any
given dischavge even for a single event, the transport rate can vary by an order of
magnitude. This variation is undoubtedly related to whether a transport pulse is
passing at the moment of sampling rather than discharge-controlled transport.
Similar results using other systems have been reviewed by Gomez and others (1989).
The electronic count data from 1986 and the hand-sampled transport data from 1988,
as well as work by others in flumes and on streams suggest that factors in addition
to simple hydraulic thresholds which arisc from discharge must control transport
pulses.
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Figure 7. Results of physical bed load samples taken in 1988 with a large-net
sampler (from Bunte, 1990, p. 226).




Factors Influencing Spatial and Temporal Variabilitv.

The factors which influence the spatial and temporal variability of coarse-bed-
load transport in a natural fluvial system such as that at Squaw Creek are probably
both hydraulic and geomorphologic. Variability exists even under the highly
controlled conditions of flume experiments (for example, Hubbell and others 1987,
Iseya and Ikeda, 1987). The use of hydraulic factors to predict sediment transport
have beu:a the subject of intense scrutiny for many years (for example, Bagnold, 1977,
Andrews, 1983; Carling 1983; Bathurst, 1987; Bathurst and others, 1987). (iven the
spatial and temporal variability and the lack of correlation between pulse and
discharge or stage, broad generalizations which use stream-wide stream power (a
function of discharge and slope) or even stream-wide shear stress (a function of slope
and depth) appear unlikely to explain the observed behavior. Local spatial and
temporal variation of stream power per unit bed width, local shear stress, or local
shear velocity in response to local changes in velocity, depth, and slope at different
locations on the stream bottom may better explain the pulses. However,
instantaneous measurement of local changes in depth, slope, and velocity profiles for
the water at many locations is very labor intensive and has race.:” been accomplished
in natural systems. Iseya and Ikeda (1987) reviewed factors which might result in
such motion. Factors include hysteresis (Milhous and Klingeman, 1973; Griffiths,
1989; Kuhnle, 1992), armour development (Gomez, 1983), kinematic waves (Langbein

and Leopold, 19€8; Ried and others, 1985), longitudinal sorting processes (Tseya and
Ikeda, 1987), and migrating bed forms (Hubbell 2nd others 1985; Whiting and others,
1988; Kuhnle and Southard, 1988). The impertance of many of these factors cannot
be tested with the detector, but migrating bed forms might be visible in detector
records from two detectors separated by a short distance. Visual examination of
figure 6 does not reveal an identifiable pulse of sediment transport at the upper

detector followed by 4 similar identifiable pulse at the lower detector.

Change in slope is an immportant hydraulic variable which is rarely measured
in space and time at natural sites during sediment transpert (Prestegaard, 1983).
Some preliminary measurements of spatizl-temporal change of slope at Squaw Creek
have been made by laying hoses longitudinally along the stream bottom at several
locations. The up-stream end of the hoses are bent so they face down stream to
reduce the influence of flow velocity, and constitute the point of measurement for the
head. At the downstream end, a clear tube is attached to the hose and is raised out
of the stream. The difference in height between the water level in the tube and the
level of water adjacent to the tube is the change in head. The head difference divided
by the distance between the upstream end of the hose and the place where the clear
tube is raised represents the slope. If multiple hoses are installed, thn slope between
the two hoses can be measured. This arrangement allows water-surface slope
assessment through space and time at least to a limited extent along two banks. In
1986 and 1988 slope tubes were spaced at 17.3 m on the left bank (Bunte, 1991).
Data from head in the two hoses revealed that slope varied through time as the flood
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progressed. In 1991, slope tubes were instalied on both banks (Ergenzinger and
others, 1992) (Figure 8). This data shows that water-surface slope varies between
0.022 and 0.018. Generally the water-surface slope on the right bank is higher than
on the left bank but in the morning the two slopes cross and values are highest on
the left bank for a while. The changes in water-surface slope were on the banks and
50 cannot be compared easily to the transport pulses in the stream channel itself, but
the data suggest that slope varies measurably temporally and spatially. Thie result
is not surprising since the gravel bar (and multiple channels) introduce spatial
variation in bed-surface slope. The results reinforce the statement by Gomez and
Church (1989, p. 1183),

"...In view of this, strictly "local” hydraulic parameters should be utilized. The
use of mean or total hydraulic values represents a channel-wide integration
before the transport calculation, whereas strict observance of the form of the
formulae requires that the transport be calculated first. Since the formulae
are non linear, the effect may be important.”

Mo e work wiih collection and analysis of natural slope data at many points on the
stream bed is needed to better understand relationships between depth, slope, shear
stress, stream power, and coarse-bed-load-transport pulses. There may even be a
relationship between the pulses and the water surface slope related to turbulent
(unsteady) flow cells. Such interaction might be causative (cells develop and induce
transport when the whole bed is near threshold) (Ergenzinger and others, 1992),
responsive (water surface slope responds tn sediment transport waves but does rot
drive them), interactive (water-surface slope and transport interact) or unrelated.
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Although hydraulic factors are generally assumed to control sediment transport
in gravel bed rivers, geomorphic factors also have an impact on natural sediment
transport and supply (Bathurst, 1987; Bluck, 1987; Bugosh and Custer, 1989;
Griffiths, 1989; Hassan and Ried, 1990; Hoey and Sutherland, 1991; Jong, 1991 and
1992; Naden and Brayshaw, 1987; Warburton, 1992). Bathurst (1987) suggests an
irteraction between sediment storage and armour layers may explain particle
transport events which lag behind the peak discharge or even occur before the peak.

"Break-up of this layer near the peak flow releases material from below the
layer and allows greater transport during the falling limb of the hydrograph
(eg. Klingeman and Emmett, 1982; Reid and others, 1985). The opposite may
occur if, instead, the rising limb is able to tap supplies of sediment which have
been accumulating along the channel since the previous flood" (Bathurst, 1987,
p. 283.).

Bursting sediment transport at a smaller temporal scale than discharge events
(Figure 4) may also be related to the creation and destruction of cluster bed-forms in
gravel bed rivers (eg: Reid and Frostick, 1984; Hassan and Reid, 1990; Jong, 1991).
Cluster organization and destruction might control entrainment thresholds
(Brayshaw, 1985).

Other supply factors may influence the "erratic” sediment transport patterns.
One explanation of the fact that there are more particie counts ai the luwer detector
than the upper in figure 6 may be that bed material was stored between the two
detectors during an earlier event and moved over the detector during the rising limb
of the hydrograph during the period shown in the figure (Bunte, personal
communication, 1992). Another explanation may relate to exposure of new material
.~ threshold hydraulic conditions as stage increased and new bed features were
flooded in or near the reach of interest. There are undoubtedly also interactions
between channe] features and the flow which may result in local changes in channel
position, slope, and local flow direction or changes in channel or thalweg location
which may occur within or up stream of the channel system under study (Griffiths,
1989; Naden and Brayshaw, 1987). For example, an alternative explanation for the
higher count data at the onset of measurement in figure 6 is exposure of new sources
in the channel north of the gravel bar (Figure 2) which are not available to influence
the upstream detector block. Different channels are not required to cause supply
fluctuations. As stage rises different parts of the channel are inundated and these
areas contain different sized material. These newly inundated arcas represent
different supplies available for transport at different times. Other supply factors
include simple bank erosion and collapse, disruption of the stream bottom by floating
debris, and log-jam bursts (Bugosk and Custer, 1989). Sediment pulses may also be
delivered by nearby tributary streams (Bathurst, 1987), debris flows or land siides
near by, or be delivered upstream some distance at a much earlier time and simply
arrive at the site many flood peaks later. Hydraulic conditions probably interact




dynamically with supply in a complicated way to produce unsteady transport
behavior.

Calibration (Gravel-Transport Sampling Problems)

The detector output clearly shows spatial and temporal transport patterns, and
permits analysis of transport with respect to discharge, but the data is displayed in
counts-per-time units rather than the more conventional mass-per-time units (Both
approaches include a per unit stream width term which varies depending on the
detector, sampler width, and whether all width terms are summed for the stream.)
Although the non-traditional units of counts (particlec) per unit time are useful, there
is interest in the relationship between mass transport and the number of particles
moving. The history of calibration attempts provide insight both into the particle
detector and into bed-load transport measurement problems in gravel-bed streams.

A simple proportionality approach was used in 1981 (Ergenzinger and Custer,
1983). The approach depends va knowledge of the proportion of detectable particles
in the stream bed. Not all mobile coarse-bed-load particles are detected, only a
portion of them are. A variety cf factors influence detectibility. Factors include the
amount of magnetic minerals in the rock composing the clast, the size o1 the clast, the
orientation of the clast during passage over the detector, the height of tl.e clast above
the detector, and the velocity of the clast. The uncalibrated use of count data from
the deleclur depends vn the assumption that both detectable and nondetectible
particles are moving past the detection point at any moment in time. Thus, there
is a relationship between number of detectable coarse particles and the total number
of particles passing the detector. Since no property of a detectable coarse particle is
known to influence transportability in a way that is different from an undetectable
coarse particle, the assumption of a relationship appears reasonable. Indeed, the
presence of nondetectible particles is actually an advantage, because if all particles
were detectable, the counters would probably be overwhelmed. Based on laboratory
experiments with detectors used in 1981 only about 15% of the material larger than
pebble size was counted and only about 5 % of all material in transport was counted
(Ergenzinger and Custer, 1983). The ratio has probably changed as the detectors,
filters, and amplifiers have changed, but generally the assumption is made that there
is a proportional relationship between detectable and undetectable particles. To
define the relationship of proportionality gravel-sized bed-load transport sampling is
needed.

While there are several problems with the simple proportionality
approximation outlined above, field sampling is no more straight forward (Bathurst,
1987; Church and others, 1987). The problems exist for other workers as well (for
example, Gomez and Emmett, 1991) and are simply rciterated by calibration
attempts at Squaw Creek. Given the nature of the count data, any calibration must
be accomplished at the same location as the detection and must occur over the same




time interval. Samples taken at different locations ¢ : different times cannot be used
because of the temporal and spatial variability of transport demonstrated by the
detector. Early attempts used a modified Muhloffer sampler (Ergenzinger and Custer,
1983; cee Figure 3 B). The force of the water physically prevented the sampler frcm
being moved forward into sampling position even with substantial levers. A 7.6 cm
Helley-Smith sampler attuched to a "fish" was tried, but cross cwrents prevented
accurate positioning of the sampler over the detector. Hand-held Helley-Smith
samplers from a foot bridge were also tried. Three problems resulted in
abandonment of this technique. The first problem is bed contact. Physical sampling
must occur at the down-stream detector, in the channel where the largest particles
occur, at the point where most detection is observed. Here, there are cobbles and
boulders nearly flush with the detector. The hand-held sampler rests in irregular
contact on these boulders. This poor bed contact means sediment bypasses the
sampler because the nozzle is held above the transport site around the boulder
(Figure 9 a). A second problem has to do with orifice size. The photograph of
particles trapped in the large-net sampler next to the 15 cm (6 inch) Helley-Smith
sampler (Figure 9 b) graphically illustrates the need for a large sampler orifice.
Clearly an orifice larger than six inches is needed, but even the 15 cm Helley Smith
sampler with a 2.5 m handie levered against the foot bridge has presented too much
surface area to the stream to be successfully held in a known position safely. A final
problem is the electronic noise induced 5y the metallic sampler. The number of
counis before and after sampling can be determined, but during sampling, ncise
makes counting impossible. Given the temporal variability of transport, the time of
sampling and counting must coincide. Thus even if a sample is obtained, one can not
be certain it is representative o material in transport during the counting interval.

Because of the difficulties with hand-held samplers, considerable discussion has
taken place regarding Birkbeck (Lewis, 1991) and vortex samplers (Klingeman and
Milhous, 197, Tacconi and Billi, 1987). For Birkbeck samplers, there have been
concerns about filling and emptying rates. In 1991, an inexpensive large-net sampler
was further modified in order to over come the problems previously encountered with
the small hand-held samplers (Bunte, 1992). However, the 3 x 1.6 x 0.3 m net was
filled to capacity in 5 minutes and was too heavy to physically be removed from the
stream until low flow. Emptying a Birkbeck type sampler multiple times during a
transport event has been daunting, as have the problems of changing sampler
efficiency during filling, particularly as sediment fill approaches the top of the
sampler. A small, vortex sampler has been constructed for part of the channel width
just below the downstream detector lcg but has not yet been in the stream during a
transport event. This sampler also has volume and mass problems with output
during periods of high transport rate, and also has some problems with sampler
efficiency for particles smaller than 10 mm (Bathurst, 1937). The problems of
physically sampling a gravel bed river with abundant cobbles and boulders is a
significant problem which requires careful attention to sampling tiine, sampling
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| Figurc 9. A) Bed-contact pooblem with Hellsy-Smith sampler. B) Particle-transport
size trepped ip the lurge-net sampler as compared to 2 15 cm Helley-Smith orifice.




duration, sampler position, sampler efficiency, bed contact, net size, and how to lift
large samples from the stream without interfering with the counting detector.

Applications

Although correlation of detector counts to mass transport beyond the simple
proportional approximation has proven difficult, the detectors produce excellent data
for appropriate applications. Successful ap:lication depends upon experimental
design and the question posed. Applications exist both for model verification and for
monitoring.

If the model question is, "Do modeled predictions of the initiation of gravei
transport in natwr al vivers match those observed,” the detecter can monitor threshold
of initiation of gravel transport and provides a comparison. (The assumption is that
both detectable and nondetectible particles begin to move at the same time. This
seems to be a reasonable inference since rock magnetism is not known to irhibit or
enhance particle motion.) Thus modeled conditions for initiation of gravel transport
con be tested in natural settings because the detector records continuously and
precisely detects the initiation of transport.

If the model question is, “Where does bed-load transport take place in the
siream bottom?", the deiector can provide Lins biformation and show how the particle-
transport location changes through time and in response to changing hydraulic
variables. Figure 6 shows that gravel particl»s do ant 1zove everywhere on the
stream bottom, that the position of motion is different ai different Longitudinal
stream positions 28 m apart, and that the position changes through timne. Such
infornation should be help with development of predictive models for bed-load
transport and channel change in gravel-bed streams.

If the model question is, "Under what hydraulic conditions can gravel transport.
be expected to begin?” the detectoi can provide real-time data regarding the instant
motion begins if continuous monitoring of hydraulic variables exists. Knowledge
regarding threshold of motion requires measurements be taken just as motion starts.
Identification of the moment gravel transport begins in a natural stream is very
difficult wit!: standard samplers. The detectcr is fur superior to the technique of
asking many persomnel to stand in the river sarmpling until the moraent of onset of
gravel transport is discovered. Thus, the detector's usefulness extends past model
testing to monitoring purposes for this question.

Such detection algo has practical applications. 1f the environmental monitoring
question is, "Have pebbles begun to move on the bed at this engineering struc‘ure?”,
the detector can provide real-time data. For example, if a detector were attached to
a bridge pier, initiation of erosion should be detectable for monitoring or in extreme
cases for disaster assessment with or without models. Applications might include
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particle motion warning systems for small hydroelectric facilities or early warning
systeras for onset of erosion of engineered facilities in streams. Thus the detector
might be used for disaster preparedness as well as for development of sound
engineering practice in gravel-bed streams.

Applicable Sites

The detector will work in many (but not all) gravel-bed streams. The primary
requirement is the presence of naturally magnetic material larger than 2 cm in the
stream bed. Such material is more widely available tuan one might expect. Squaw
Creek drains an Eocene andesitic volcanic complex in southwestern Montana. Thus,
any andesitic volcanic terrain such as those associated with subduction in the
Cascade Range and Coast Range of Western North America, the Aleutian and Alaska
Range in Alaska, the Andes of South America, and mountains in the Philippines,
New Zealand, and Japan is suitable for the application of the magnetic tracer
technique for pebbles and cobbles in stream beds. Basaltic terrains are also good
candidates because of the magnetite content of basalts (eg: Snake River Plain,
Columbia Plateau, Iceland, Deccan Plateau of India). Other metamorphic and
intrusive tcrrains may also contain pebbles sufficiently magnetic to be detectable.
Indeed, the idea for detection of naturally magnetic material arose from the Archean
Stillwater Complex in Montana which is associated with banded iron formation.
Although that terrain proved to be so magnetic that there was fear of saturation of
the detectors with signals, othe- areas of banded iron formation such as those in
Minnesota and Australia have potential. Even clastic sedimentary terrain may
contain sufficient magnetite to work to produce detectable clasts. The Virgelle
Sandstone in Montana has magnetite placer beds that produce magnetic clasts.
Immature sediments derived from source terrains with magnetite may also produce
clasts that are detectable. The primary point is that there are many regions in tne
world where detection is possible. The best way to determine whether the detector
will work is to use a stud finder such as those used in the mineral industiy o
identify magnetic ore (about $5 in 1992). If pebbl:s and cobbies in a stream attract,
a stud finder, the site will probably prove suitable for the passive magnetiz-partizle
detector. There are many such areas, particularly in mountainous regions of the
world wherz the technique should work.

Couclusions

1) There is a coarse bed-load transport detector available which employs electronic
signals induced by naturally-magnetic particles larger than gravel size. The natural
tracers do not have to be placed in the stream artificially. The detector has been
improved not only by reduction of the size of the components, but also with the
addition of filters, amplifiers, and computer-counting circuits. The improvements
have increased thc sensitivity of the detector. The attached computer circuit
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automates the counting and allows easy data transfer to spread sheets or other
computer programs.

2, The detector can be successfully operated at sitee with naturally magnetic clasts.
Sieh claste should be expected in many areas where gravel-bed streams exist
(Casuade Range, Aleutian Range, Andes, Japan, Ieeland, New Zealand.

3) Restiis with the detector show that threshold of gravel motion can be detected in
real time. The detector further shows that particle motion is temporally and spatially
variable. The vanability occurs at several scales. There is only a crude relationship
between dischurge peaks and stream-width-averaged peaks in the particle-counts
data.

4) The explanctien for the spatial and temporal variability is uncertain but may be
related to compler interactions hetween very “local” (incter scale) hydraulic conditions
(slope, shear stress, water depthi, mesoscale flow cells) and geomorphic conditions that
relate to the particle interactions, stream-bed character and sediment supply factors.

5) Calibration of the detectr signals has proved to be prohlematic and needs work.
The problems are similar to those reported by others working in coarse gravel bed
nivers. Even without calibration there may be applications for the detector including
real-time detection of the threshold of transport initiation and identification of the
Jncation of {ransport on the streain bottorn.

6) Furure research with the instrument needs to focus on spatially and temporally
wonfiruous measurements of hydraulic viaables such as water-ssuface siope, velocity,
dep:h, and shear stress as weil the calibration of the dcector signals with bed-load
samples with 2 more appropriate smpling devices. New approaches are necded to
assess the issue of sediment supply and ihe dynamic interaction batween hydraulic
and geomorphic factors which produce the variabie transport rates.
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MONITORING GRAVEL MOVEMENT IN RIVERS

E. F, CHACHO, JR.,

USA Cold Regions Research and Engineering Laboratory,
Fairbanks, Alaska, USA 99703-7680

R. L. BURROWS
U.S. Geolngical Survey, Fairbanks, Alaska, USA 99775-5170
W. W. EMMETT

U.S. Geological Survey, Lakewood, Colorado, USA 80225-0046

Radio transmitters were implanted in natural river gravel
to locate and track the movement of coarse sedimert (39
mm or larger) through a natural «river reach. An
automatic data acquisition system was developed to
continuously monitor the radio-implanted sediment
particles to determine the travel time of the rocks
through a 362-m study reach. A total of 24 radio-tagged
rocks was monitored either continucusly or by periocdic
location surveys. The travel time of the rocks through
the study reach is better related to specific gravity
than weight of the particles. In addition the automatic
data acquisition system continuously monitcrs the periods
of motion and rest of natural river gravel implanted with
radio transmitters equipped with motion sensors. The
capabllities of the systum are demonstrated by describing
the motion and rest periods of a single rock for a tvuo-
month period including a number of flood events.

1 ITRODUCTION

The use of radio transmitters, implanted in individual sediment
particles, to track the movement of coarse sediment in natural river
systems was developed independently and simultanecusly by Chacho,
Burrows and Emmett (1989) and Ergenzinger, Schmidt and Busskamp
(1989) . Both groups have reported results from the application of the
new technique: Emmett, Burrows and Chacho (1992) on seasornal travel
distance; and Ergenzinger and Schi'd™ (1990) on the travel
characteristics of cobbles in a stgp-pool river. 1In this paper, we
describe the application of the technique and present examples of the
type of data that can be acquired by continuously monitoring the
motion and rest periods of various-size sediment particles and their
travel time through a 362-m study reach.

The radio transmitter, enclosed in a hermetically sealed cylinder
including battery and internal antenna, transmits a pulse at a
specified frequency and period. Transmitter life is dependent on
transmitting interval and battery gize; for example, a 15- X 39-mm
unit, transmitting at a pulse interval of about 0.5 msec, has a life
of about 60 days, while an 16— X 72-mm unit, transmitting at the same
pulse rate, lasts about 10 months. Natural sediment particles are
¢t lected “rom a study site and holes are drilled ‘nto the rocks to

4-1




allow the implantation of the transmitters. The holes are scaled with
epoxy and the rock is painted to aid in recovery at the end of the
field season. Transmitters may be refurkished and used again. The
tracking application of the technique requires the use of a
directional antenna, radio receiver and signal strength meter.

In the continuous monitoring application of the technique, the
transmitters are equipped with a motion-sensor which emits a signal at
a single frequency but at a period which changes depending on whether
the particle is at rest or in motion. A data acquisition system,
utilizing a stationary antenna, radioc receiver, automatic frequency
scanner, digital processor and data logger is employed to continuously
monitor the motion and rest periods of the motion-sensor equipped
rocks.

The initial application of the data acquisition system took place
in 1990, on Lignite Creek, in central Alaska. In this study, notion
sensor~equipped radio transmitters, with unique frequencies, were
installed in 17 sediment particles which were monitored by the data
acquisition system and are referred to in this paper as the monitored
rocks. An additional seven sediment particles were radio-tagged for
periodic tracking only and are referred to as the unmonitored rocks.
All 24 radio-tagged rocks were placed on a riffle at the head of the
study reach. Periodically, following each flood event, all the rocks
were tracked and travel distances measured.

STUDY SITE

Lignite Creek flows out of the foothills north of the Alaska Range
into the Nenana River near Healy, Alazska. The drainage arca of the
basin is approximately 125 xm?2. The lithologies of the hasin are
prone to mass wasting, producing high sediment loads on Lignite Creek.
Average annual water discharge is 0.89 m3 s~1, Flow during the study
period in 1990 ranged from 0.5 to 16.3 m3 s~1, Bedload transport, as
computed from samples collected with a Helley-Smith bedload sampler,
ranged from about 58 t day‘l to 365 t day"l.

The study reach is 362 m in a straight line measure, from the
point of introduction of the radin-tagged rocks to the bridge where
the data acquisition system was located. The reach is relatively
steep with slope changing from 0.0015 m m~1 upstream to 0.0008 m m1
downstrea. The reach is nearly straight, bending slightly from right
to left .downstream, and, depending upon discharge, may flow in more
than one channel. Bed material varies from sand to boulders and is
kighly mobile; bedload transport occurs at ail but the lowest flows.

INSTRUMENTATION

The data acquisition system sequentially scans a series of
programmed radio frequencies, In this study 18 frequencies were
scanned, 17 radio-tagged rocks and a stationary fixed pulse
transmitter used to distinguish the beginning of a scan sequence. The
system requires 15 sec to properly interrogate a given freguency.
Therefore, in this study, each radio-tagged rock waxz interrogateu once
every 4.5 min. The motion sensor incorporates a delay time, that is,
the time interval that the transmitter broadcasts the motion-indicatsr
pulse rate following the occurrence of movemant. In this specific
application, the delay time was specified as 4.5 min sn that each
movement of a monitored rock during the total scan sequence would be
recorded. This means that any movement of a monitored rock, even if
it rolled only a partial revolution, would result in motion being
recorded on the subsequent interrogation of that radio freguency in
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the scan sequence. If the rock started rolling and continued to move
or moved in a series of short start and stop motions, multiple motion
periods would be recorded on subsequent scans of that rock's
frequeacy. Therefore, in this study, a motion or rest pericd is
defined as movement or lack of movement in a 4.5 min time interval.
Righer resolution of the motion periods is possible by reducing the
number nf radio freqiuencies to be sczanned by an individual receiver.

The data record of motion and rest periods (4.5 min intervals) for
a single radio-tagged rock is shown in Figure 1. For this specific
transmitter, marks at approximately 1800 msec indicate periods of
rest, and marks at approximately 800 msec indicate periods of motion.
The upper plot is the original, raw data including radioc interference
and the record after the rock exited the study reach. Interference
from extraneous communication signals is briefly discussed below. The
break in record and the reduced quality of data as the rock was
transported through the road bridge and out of the study reach is
clearly seen beginning at day 253.714. The lower plot is the filtered
data in which the extraneous interference and the record after the
rock had exited the study reach have been removed. Four episodes of
movement, which included multiple motion periods, were recorded near
days 219, 238, 244 and 253. Two 2fingle motion periods were recorded
on days 241 and 248.

Due to a number of high strength transmitters (i.e., railroad
communication, television and radio repeaters) in the vicinity of the
study site which operated near the fregquencies used in this study
(163-164 MHz), interference was a problem. In some cases the
interference was minor and could be filtered cut of the record (e.q.,
Fig. 1): in other cases the interference was so great that the entire
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record of motion events for an individual rock had to be discarded. &5
The interference pvoblem has been greatly reduced in a subsequent .
study by using transmitter frequencies (146 MHz) much lower than the
usual communication frequencies.

RESULTS

Due to the somewhat unique setting of this study site, where the .
location of the bridge over the stream caused a perturbation in the B
record as the monitored rock wes transported under the bridge, two
types of data sets tan be recovexed. The first is the record of the
occurrence of the motion and rest periods, a time record which does
not include any information on travel distance. The secoud set is the
record of the time the monitored rocks exited the study reach, that
is, the time required for transport over a known distance. In this
paper we include examples and initial results from both tyres of data
sets, Complete analysis and interpretation is boyond the acope and
length limitations of this paper and will be veported in tae future.

Tne data from the 17 monitored rocks was filtered to zemove
interference and analyzed to determine the occurrence and timing of
motion events. Due to the interference described above, «nly one rock
had a complete record of motion events for its entire transit time
through the study reach. The complete set of motion events for this
rock is described below.

A reach exit time was discernible for all 17 of the monitored
rocks. In addition the reach exit time for the seven unmoritored
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analysis of these data sets i1s also presented.
MOTION LVENTS Y

The rock with a near-perfect record of motion events, iadio
frequency 164.301, was about mid-range in size and weight, and near
the upper bound in specific gravity and reach exit date of the 24
radioc-tagged rocks (Table 1). The discharge hydrcgraph and the motion
events of this rock duriny its transpnrt through the study reach is
shown in Figure 2. As was shown in Ficure 1, four flood events
produced motion events with multiple motion periods, near day 219,
238, 244 and 253. The individual flood events and correspouding
motion periods are replotted in Figure 3. In addition, twc flood
events produced a single motion period, near day 241 and 248. The
data on the flood events, including total number of monitorzxd periods,
and the motion events, including flow at the beginning and <nd of the ol
event and the number of motion periods, are listed in Table 2. The <
flood event intecval was arbitrarily chosen near the minimun flows
between flood events, while the motion event interval is talien as the
time between the first and last motion period for a given flood event.

The motion periods shown in Figures 2 and 3 are the reco:ded data
near pulse rate 800 msec in Figure 1. The intermittent timing of the
motion events (Fig. 3) result fronr either rest periods or miwsing
data, therefore some discussion of the reliability of the data is
required before progressing to further analysis or interpretation.
For this rock, from the atart cf data acquisition on day 212 to its
reach exit date on day 253, a total of 13,144 periods were m¢nitored,
each of length 4.5 min. Of this total, due to the extraneous radio
interference, 238 periods (1.8%) were either missing or the recorded
pulse rate was not near either 1800 msec (rest) or 800 msec (inotion) e
(Fig. 1). The majority of the missing data, 177 periods, occurred
during small stream discharges, such as day 212-219 and 220-232, when
coarse sedinent movement was unlikely., The remaining 61 missing RE
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Table 1 Sediment sizc parameters and study reach exit dates of
the monitored and vnmonitores radio-tagged rocks trom Lignite
Creck 1990.

Radio ¥edian Final Final Study Reach
Frequency Axis welght Specific Exit Delge
{r.a) () Gravity (uay)

163.50: 60 204,10 2.55 231.460
163.521 71 560.10 2.74 235 .817
162.491 TS 670.60 .42 241.45¢
163.531 Y3 974.50 .01 Z50.548
163.421 (1 751.10 .95 253.751
163.471 74 949.20 .§8 284 4E7
162,260 g 05,30 .57 238.754
164.301 74 “02.9%u 2,729
1€3.%41 72 ONE a0
1€3.552 LS 795,00
163.243 ac £02 .1C
164,597 1077.90
163.451 £15.¢0
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Tabiw 2. Flood events and cocrresponding motion events on
Lignite Creek 1990 for rock 1€4.301.

FLOOD EVENTS MOTION EVENTS
Intesval Monitored Interval Flow Motion
. (day) Perlods (day) (m3 s~1) Periods
219.401 219.614 1.73
220.401 320 220.014 2.14 22
237.801 238.154 2.37
239,701 609 239.035 6.41 44
241.251 .

242.708 467 241.523 7.54 1
243.701 244.029 10.37

245.401 545 244,808 7.23 B84
247.001

251.801 1535 246 .748 5.77 1
252.010 252.660 8.80

253.714"° 546 253.714" 10.67% 4¢

*Exited study reach

near the end of the reriod, or moved continuously throuynrcvt the
period.

For the first flocd event, on day 2.9 (Fig. 2 and 3), 2Z¢ motion
periods were recorded, seven single period events a.nd threc cultiple
pericd events, one of which spanned seven motion periods. » lucation
survey after this flood event measured a travel distance ot 2 m for
thie rock. This results in an average travel distaace of 7.(91 m per
motion period. Based on the median diameter of 74 ow and ihe trnial
number of motion periods, the movement of this particular .cck docing
thiy flood event can be characrerized as rolling an average of 0.4
revolutions per motion period. Based on thc ten motion everta, tneg
rock moved an average travel distance of 0.2 m par motion event: o
0.86 revolutions per event. These are averages and do not account 13z
sliding or bounciung, nor do they take into account Lhe possi)iiity
that the majority of travel may have taken place during one ernnt,
rexhaps the event of ssven cousecutive motion periods.

The frequency distribution of consecutive moLinon periods foer ali
the motion eventa of this rock during its transport through the study
reach is ahown in Figure 4. A total of 201 periods of motion were
recorded which were divided into 76 separate motion events, 34 aingle
period events and 42 multiple period events. As wan doene tor the
first flood event, a similar analysis of the average travcel distance
car bo performed for the rem2iring motion events. Becauss the
resmaining wmotion events occurred after day 238, during much higher
flood events, all these data ave lumpod togcther. A tiavel distance
0of 360 m was covered in 17% motion perioda, or 66 motion events
batween day 238 and 253. 1his results in an overage distance of 2.0l
m per motjion period or 5.45 m pe: motion event. 1In terms of
revolutiors, thia is 3.6 and 23.4 revolutions pe:r motion perioca and
mtion eveny cespectively. It appears that the higher flows fullouwing
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Figqure 4, Frequency distribution of consecutive motion
gvents (4.5-min period) for rock 164.301 transported
through the study reach of 362 m.

day 238 resulted in longer travz2]l distance (i.e., larger step lengths)
per rotion period of the xrock. Further analysis along these lines
avait additicrnal data £rom rocks of various aizes and flow conditions.
An additional observation of interest is the relation between

flows gt the injitiation of motion and the end of motion for the flocd
events. With the exception of the single per.od motiun event of day
248, motion did not begin during a flocd event until flow equaled or
erceeded the flow at which motion ended during the previous flood
event (Tab\e Z). This is offered only as an observation at this time

s of addie 1onal) darz
I ST .

TRAVEL TIME OVER A KNOW.! T"AVEL DIYSTANCE

Tue reach exit dates provide a second type of dats from which
analysis ¢f travel times of all the radio-tagged rocks can be
waacrtaken. The actual exitv times from the study reach were recorded
for tha mupnitzred rocks and are plotted on the hydroyraph in Figure 5.
The exit time for the vnmonitored rocks was eatimated based on the
periodic locatiur murveys. The rocks weie placed in the river on day
205 and firat aureuyod on day 212 at which time no transpoxt had taken
plece. The nu:xt survey on day 220, following a small fiood event,
ncasured soums Lrandgort, but none of the radio-tagged rocks had exited
the study reach. However, by the next survey on day 235, also
tollowing o small Yicod event, one unmonitored rock had left the =tudy
reach. 7' gecms likasly theat the time of exit occurred during the
small flcod event on days 232234, The exlt timec is estimated to be
at the time of peek flow, day 233.5. The exit times ior thie remaining
unmonjtoxed rocks occurred during the lerge flood events after day 2738
and were estimatod simply as wld-wey bLetwesn the surveys dates
{Takle 1).

Two oL the padio-taggnd yxochs had exitaed the study reach during
1clotively lew fluv cvents puiicr to day 238. The scries of large
floods Leginning on dev 2368 was sufficient to tranapext all but one of
the 1enaining radio-tagged rocks th.oough the study reach. The one
rock whicn way ot transported out of the atudy reach was recovercd at
the ond of the field eea2on in the lce ot a large, embedded boulder.
Ip all but two caaes, the wonitored rocks exitad the atudy reach on
the viaing liml: or near the pesk of the individucl flood hydrographs.

Ine axat date is au indicatiun of the tims: reguired for an
individual sedimuent particle to travel the distancce of the study
reach, &and, ay such, uan be usul tou addreass the effect of various
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Figure 5. Discharge hyarograph showing the time the radio-
tagged rocks exited the study reach (cravel distance of
362 m}). Monitured rocks are shown ¢n the hydrograph,
unrmonitored rocks are shown as estimates between the dates
of the location surveys.

sediment parameters on the transport time. 1In Figure 6, the exit date
is plotted as a function of the weight of the sediment particles
(Table 1) . There is some scacter in the data and no clear
relationship between weight and travel time is apparent; however, 3ome
trends are discernible. All rock: weighing less than 750 g exited the
study reach by day 242, the secon large flood event. The lightest
rock (144 g} was the first to leaw» the study resch, and the other
rock lighter than 200 g may alsc have exited the study reach before
the first large flcod evert. However, the only other rock known: to
have exited the study reach before the first large f.ood event weighed
802.1 g, almost midway through the weight range. The hesviest rnck
{1793.9 g) did not exit the study rzach (traveled about hLalf the
length), although a rock of nearly the same weight (1790.8 g¢) exited
the study reach during the first lazge flood event. Rozks of weights
between 750 and 1800 g txaveled through the study reach with an
apparent equal likelihvod ot exiting the study reach by a given date.
In addition to particle weight, a number of other sedimentc

parameters wvere invasiigated to find a relation beiween travel time
and the material being transported. Vacrious size und shape parameters
({.e., length, flatness :atio, volume ratio) were investigated. All
showed considerable scatter except for specitic gravity (Fig. 7,
Table 1).

The two rocks known to have exited the st.udy resch before day
238, the siart of the very large {loods. had Lhe lowest apecific
gravities (Fig. 7). (t is a'so posaible that the remaln ag rock with
8 specific gravity below 2.4 may have ¢rited the study 1ea:h before
day 238. HRocks with a speci? ¢ gravity above 2.9 roqutired the
longest tima Lo axit the stuay reach. AU spacific disvities between
2.4 and 2.9 there wa:r anu apparer: eyual likelihood that a r1ock wouln
travel the length of *he atudy rear): v given date at Lhe very
large flows experienced 10 13490
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The installation ot the -adio transmitter in the sediment
particlas reduced the speaciiic gravity 0% to 16\, dependinyg primsiily
tn the slze of the particle; amaller particles wure affected moce,
larger pazticles were wffected less. The wdnimuwn nutural specific
gravity of the radio-tayged rocks was .47 Ko attorpl was nade to
correct to natural apecific gravity during this study. Based on this
limited data set, it appears that welghts of the radio-tagged irocks
should be correctad to maintailp a minimun specific grevity of 2.4 for
this particular stremu. As a general rule of thumb: in fauturyv studics,
weiohts will be cocrected to malntaln the minimun natural speciiic
gravity of the material in the study suyuwn.

SUMMRPRY

L The uae of implontalbhe raclo Lranswitters and an automati: date
avguisition systen can provide sediment transport data Lhat was not

yreviously availaple.
i Y

e
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Ao dnitial application of the ayatem as




demonstrated that a record of the rest and motion of coarse sediment
can be acquired and related tu sediment and hydrauvlic parameters.
Travel distances and the timing of transport can alsoc be acquired.
Applicaticn of the techniques described in this paper will result in a
unique data set, that should be beneficial in understanding and
modeling coarse sedimant transport rrocesses.
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PROBLEMS WITH NUMERJICAL MODELING OF GRAVEIL-BED RIVERS

Ronald R. Copeland and William A. Thonas
Waterways Experiment Station

Setting up the Geometry

Inherent to one-dimensional numerical models are the
arsunptions that hydraulic parameters can be assigned a
chara:>ceristic averaye value, and that the flow is gradually variec
s0 that the equations of motion can be applied between designated
crosg=mectiocns.  These assumptions ave more severely strained in
steep gravel~bed streams than in larger, more uniform, sand-bed
streams. As a result, more careful attention to numerical model
input must be exercised, and more judgement must be applied when

interpreting calculated results.

Gravel-bed rivers generclly are shallow, suhject to braiding,
and may have independent flow in /arious parts of the cross-
section. Using average velocity, in streams with high and low
velocit& cells, sediment transport will be underestimated,
especially at lower flows. Figure 1 shows typical variabhility in
w.epth and differences frcm average depth.

Gravel-bed riverr are characterized by wide variations in
chanr2l width; irrscular banks; and freguent variation in depths,
incluainy riffle and pool sequences and long bed-forms or debris

trains. These characteristices wmay produce wide variations in local
erne. gy eloves that are significently less than the average slope
wbtaned from topo naps. Most rediment transport functions are
very sensitive to slope. Grant., Swanson, anc Wolman, (1990)
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repor-ec O =ue var:.able .ongitudinal slopes in high-gradient
s:-eam: i. tule Oregorn Cascades. Slopes in pools were about 0.5
pe-ceni., .n r.ffles between 0.5 and 1.5 percent, increasing to
be -weal apout 1.5 and -.5 percent in rapids, and between 3 and 7
pe Tent in cascades, aind up to 40 percert in steps. The average
s:opes of the streams were between 2 and 4 percent. Emmett,
Myrick, and Meade (1982) collected an extensive data set on the
East Fork River in Wyoming, and reported significant variation in
local slopes over riffles and through pools (figure 2).

Cross-section locations for a numerical model must be selected
carefully. A comprehensive model would regquire cross-sections
wherever channel shape changed. This would include every riffle
and pool, every expansicn and contraction, and at every significar
change in longitudinal slope. Intermediate cross-sections would be
necessary 1if changes in energy gradient were large enough to
violate the assumption of gradually varied flow. Special care must
be taken to insure that cross-sections with significant two-
dimensional flow patterns are either modified or not included in
the model. This would include sections where eddies develop or that
include "dead-water" areas. Such a comprehencive model could
require many cross-sections with very short distances between
sections. Short distances must be coupled with short tiue steps in
the numerical model. The ability to construct such a comprehensive
numerical wmodel would require that the hydraulic engineer be
involved in the initial laying out of survey sections.

An alternative to the comprehensive numerical model is a model
of selected cross-sections. Ideally these should be located at
“average" channel sections, such as a crossing or riffle. However,
the hydraulic engineer frequently must use available cross-~
sections, the locations of which were selected by others, based
typically on a pre-established distance and accessibility. In this
case, the assigned roughness coefiicients in the numerical model

pust account for the irregularities in the chennel between selected

cross~-gections. Roughness coetficients in the model may vary



TR R D L LT L T

T

A 5. o AR il k. C A

e
e

i

G v i I

T .

g e

T, ST

¢
3

TR

,.,T-s-gy;r:;-';h R T
e "

&
-

T
[
D

IO

SR

significantly between cross~sections anu with discharge.
Adjustment of roughness coefficients must pe based on measured aata
from a know high-water event.

SEi i ut Variables

Boundary roughness is difficult to assig:: in gravel—-bed rivers
due to the many factors that influence the Manning's roughness
coefficient. These incliude expanding and contracting flow, both
vertically and laterally; bank roughness; grain roughness; bed form
roughness; obstructions such as large boulders or fallen trees; ana
sinuosity. Estimating roughness from gra.n -ougnness .lone is
risky. Bray (1982), using 67 gravel bed s:treams 3in ulber=a,
indicated that predicting n on basie of bed jarticie 32z2 wire
about 50% too low. Roughness coefficientus for a gravel :ed in @
concrete channel in Corte Madera, California hat to be increasec 60
percent to account for form losses and sinuci;:ity (Copelanc anc
Thomas 1989).

Onsite surveys and 75 measurements of dis:inarge weTe made on
21 high-gradient streams (slopes greate: <Ta.n 0.032 ==/ft) as
reported by Jarrett (1984). The results WwWire reduc:c To The
following equation:

n=0.39 SO.!BR-O.M

1)

where S = friction slope
R = hydraulic radius

Notice the absence of particle diameter, or ary cther phye._ca.
measure of roughness, in this equatior.. The resu.ting ~-values a ‘e
substantially larger than one would getw with Lipmerincs's equa:zi:n

or Keulegan's equations.

Definition an average bec mater::. ~radat.or . 1liuc




difficult in a gravel-bed streamn. Bed gradation may vary

significantly in the 1lateral, longitudinal, and vertical
directions. The bed of a gravel river may have several distinct
layers (figure 2). A subsurface layer of relatively well mixed

matsrial is frequently overlain by a thin, but coarser cover layer.
This layer typically has a thickness equal to the d, of the
subsurface layer. Frequently, a discontinuous throughput layer of
finer gravel is found on top of the cover layer. Material in the
th.-roughput layer is similar to wash load, in that its primary
scurce 