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Abstract:

Field verification of the applicability of bedload predictive formulas to coarse-bedload high-gradient
mountain streams has received relatively little study as compared to similar work in sand bed streams.
This study attempted to verify the applicability of two types of predictive bedload formulas, a
discharge type and a tractive force type, to Squaw Creek, a coarse bedload high-gradient mountain
stream. The Schoklitsch (1934) formula was chosen as a discharge type and the Meyer-Peter and
Muller (1948) formula was selected as a tractive force type. The predictions of these formulas were
also compared to predictions generated from Bagnold's simple theoretical expression for unit stream
power.

Discharge, water surface slope, bed slope, water density, bedload particle size and bedload quantity
were measured instantaneously during the 1983 and 1984 bedload transport events. A technique, which
proved very successful, was developed for simultaneously measuring water surface and bed slope. The
appropriate parameters were substituted into the formulas and the resulting predicted quantity of
bedload was compared to the quantity actually measured in the stream. Field observations of channel
features and changes in channel morphology were made to enable explanations for any variance
between predictions and measurements.

The catastrophic dispersal of an old log jam in the study reach was observed and recorded during the
1983 bedload event. The dispersal of this log jam and the resulting instantaneous changes in stream
power parameters had greater effect on bedload in Squaw Creek than any other parameter studied.
Approximately 730 metric tons of bedload passed through the study reach during the twenty-three day
1983 bedload event. Thirty percent of this bedload moved in a three day period and is directly
attributable to the burst of the log jam.

The Schoklitsch formula predictions were closest to measured values. The complex Meyer-Peter and
Muller formula yielded predictions very similar to those of the simple stream power expression. The
formulas overpredicted bedload in Squaw Creek by approximately two orders of magnitude. One order
of magnitude of the overprediction can be attributed to sampling and analysis error. The remaining
order of magnitude overprediction is attributed to the formulas' inability to account for variance in
sediment supply, sediment storage and spatial and temporal variations in bedload transport in a
high-gradient coarse-bedload stream.
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ABSTRACT

Field verification of the applicability of bedload predictive
formulas to coarse-bedload high-gradient mountain streams has received
relatively little study as compared to similar work in sand bed .
streams. This study attempted to verify the applicability of two
types of predictive bedload formulas, a discharge type and a tractive
force type, to Squaw Creek, a coarse bedload high-gradient mountain
stream. The Schoklitsch (1934) formula was chosen as a discharge type
and the Meyer-Peter ‘and Muller (1948) formula was selected as a
tractive force type. The predictions of these formulas were also
compared to predictions generated from Bagnold's simple theoretical
expression for unit stream power. '

. Discharge, water surface slope, bed slope, water density, bedload
particle size and bedload quantity were measured instantaneously
during the 1983 and 1984 bedload transport events. A technique, which
proved very successful, was developed for simultaneously measuring
water surface and bed slope. The appropriate parameters were
substituted into the formulas and the resulting predicted quantity of
bedload was compared to the quantity actually measured in the stream.
Field observations of channel features and changes in channel
morphology were made to enable explanations for any wvariance between
predictions and measurements,

The catastrophic dispersal of an old log jam in the study reach
was observed and recorded during the 1983 bedload event. The
dispersal of this log jam and the resulting instantaneous changes in
stream power parameters had greater effect on bedload in Squaw Creek
. than any other parameter studied. Approximately 730 metric tons of
- bedload passed through the study reach during the twenty-three day
1983 bedload event. Thirty percent of this bedload moved in a three
day period and is directly attributable to the burst of the log jam.

The Schoklitsch formula predictions were closest to measured
values. The complex. Meyer-Peter and Muller formula yielded
predictions wvery similar to those of the simple stream power
. expression. The formulas overpredicted bedload in Squaw Creek by
approximately two orders of magnitude. One order of magnitude of the’
overprediction can be attributed to sampling and analysis error. The
remaining order of magnitude overprediction is attributed to the
formulasg' inability to account for variance in sediment supply,
sediment storage and spatial and temporal variations in bedload
transport in a high-gradient coarse—bedload stream.




CHAPTER 1
INTRODUCTION

Purpose and Scope

Coarée bedload in high-gradient tslope(S) >0.01) mountain streams
has received little study (McPherson, 1970; Hollingshead, 1971;
Milhous and klingeman, 1973; Nanson, 1974; Laronne and Carson, 1976;
Ackers and White, 1980; Pafke;,Klingeman and McClean, 1982; Custer
and others, 1987; Reid and Frostick, 1987) as compared'té bedload'in
sand-bed streams., Although others have studied bedloa&, their works -
have been largely confined to.sand-sized particles in flumes and low-
gradient streams, These wﬁrkers have proposed many theories to
describe bedload, as well as theoretical and empirical formulas to
predict quantity of bedload a stream is capable of éransporting;
Vefification of the applicability of this éroundwork to coarse (gravel
through boulder) seaiment, high—gradiént streams has only begun in
earnest by-a few workers in the 1ést two deca&es (Shulits and Hill,
1968; White, Milli and Craﬁbe, 1975). The apparent neglect is due in
part to sampling difficulties. The tremendous stream power necessary
to transport pebbie, cobble, and boulder size particles makes sediment
sampling éxtremely difficult and hazardous (Novak, 1957; Hubbell,
1964) .

The purpose of this work is to: (1) measure stréam power para-

meters in‘'a high-gradient coarse bedload stream; (2) measure quantity




2
of bedload; (3) attempt td verify applicability of some existing
bedload tfansport formulas to such a stream; and (4) to offer'expla-
nations for variance between the predicted bedload and measu%ed bed-

load to serve as the basis for further refinement of these models.
Site

Squaw Creek is a major tributary of the West Gallatin River, one
. of three headwater streams (West Gallatin River, Jefferson River,
Madison_River) which converge to fofm-the Missouri River. The stud&
site is in Gallatin County, Montaqa about 38.4 kilometers south of
Bozeman (Figure 1). The study site is at the confluence of Squaw
Creek and the West Ga11a£in River (latitude 45°926'28" N, 1§ngitude
111°13'20" W, in SE 1/4, Sec. 33, T.4 S., R.4 E., Montana) in

hydrologie unit 10-02-00-08. Table 1 summarizes some of the

quantifiable physiographic and hydrologic characteristics of the area.

. ' Climate and Vegetation

The climate is typical of sub-alpine to alpine areas at high
latitudes. Snow cover‘is ingact most of the year with mid-June
through late Oqtober béing clear of snow in most of the lower part of
the basin. Precipitation avgfages 81.8 centimeters (cm) for the
drainage. The mean basin altitude is 2,268 meters. The great relief,
.as well as the northern and southern exposures, contributé to great
variety in vegetative typeé. The bgsin is mostly heavy forest, but
large areas with southern exposures support mainly sagebrush and

juniper. The forest types vary from aspen in the foothills to Douglas
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fir in the .sub-alpine zones to Engleman spruce.” Typical forest

understory plants are blue huckleberry and grouse whortleberry.

Table 1. Physiographic
study site.

and hydrologic characteristics of Squaw Creek

Drainage basin area

Relief
Mean basin slope
Stream order (Strahler)

Total stream length
Main channel length

Mean particle size (dSO) armor

Mean particle size (d ) bar

Mean particle size (d
bedload (76.2 mm HrS?

Pep (snow)

Pcp (rain)

Bankful discharge (Ql 5)

width (Q; s)
Depth (Qy3)
Lag time (snow melt)

Lag time (rain)
Q average annual flow

Q peak flow 1959-1975

105.7 square kilometers (kmz) (40.4
square miles (mi%))

1520,0 meters (m) (4. 987 feet (£t))

25.0°

"4, based on U.S.G.S. topographic

quadrangle

103.6 kilometers (km) (64.4 mi)

22.0 km (13.7 mi)

94 millimeters (mm) (Dunne and
Leopold, 1978)

43,3 mm (Folk, 1980)

8.5 mm (average 1983 and 1984)
(Folk, 1980)

45,7 centimeters (cm) (18.0 in)

35.6 cm (14.0 in) _

5 cubic meters per second .(m/s)
(176 .55 £t3/s)

8.6 m (28.2 ft)

0.3 m (1.0 ft)

7 hours (hr) (peak arrives at
site 20:00 hr)

1.5 hr

1.1 m3/s (38.7 cubic feet per second)
(ft /s)

8.5 m/s (298.3 ft3/s)

Hydrologic Charactefistics

Table 1 gives some of the quantifiable hydrologic characteristics

of Squaw Creek. Some

qualitative description of Squaw Creek is

appropriate because it is the very nature of high gradient mountain

streams which has both limited the amount of research done on them and

frustrated successful application of manj bedload formulas to them.
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Most of the year Squaw Creek is a calm, clear mountain stream
moving 1‘itt‘1e, if any, sediment load. Through most of the water yea-r
it is about 0.3 m deep and 7.62 m wide at the'study reach. The bed is
a jumble of boulders, ‘cobbles, pebbles, sand, beaver dams and log
jams.' Squaw Creek flows, in its 22'.0 km length, from greater than

3,048 m a]:_;ove mean sea level at the head of the basin to 1,676'm at

' the mouth. Each spring from about mid-May to mid-June the character

of the stream changes suddenly.

As the warm days melt the snowpack, discharge increases dra-
matically - two to threefold in a 48—hour.: period. For-exa.mple, from
24-26 May, 1983 discharge on the rising limb of the hydrograph rose.
from 2.0 to 5.0 m3/s. Flow over the BouI\Lder and cobble strewn bed
becomes extremely turbulent and, though less than 0.6 m deep, it be-

comes unwadable. Due to the very éteep slope, the discharges present

are capable of transporting the cobble and boulder size bed material.

‘The author has witnessed cobbles (approximately 150 mm in ldiameter)

bouncing 0.3 m above the . water surface! It is this high energy.,
explosive nature of high—gradient mountain streams that makes bedload

sampling both difficult and hazardous.




CHAPTER 2

METHODS AND MATERIALS

Site Preparation

The study reach contains a United States Forest Sérvice
(U.8.F.8.) stfeam gaging station (Squaw Creek Bible Camp).' The
U.S.F.S5. gaging station was used on a cooperativé basis during the
research, It consistﬁ 6f a staff gauge and a Leupold-Stevens Type F
Model 68 recgrding stream gaugé mounted on a stilling well. ~ The
station is located at a bridge which crosses Squaw Creek allowing
access to the camp. Immediately upstream of this bridge a wooden
plank catwalk was’inStalled across the sgream to provide a platform
which ailowed repeatable, sgfe, point measurements of the study para-

meters during peak discharge,

Stream Power Parameters

Velocity

Stream flow felocity was measured from the catwalk with a General
Oceanics velocity meter at 0.6 stream depth (United States Department
of the Interior, 1982). Discharge measurements thus obtained were
compared with U.S.F.S. measurements, which at low flows were iade on a
waded chanﬁel traverse downstream of the bridge with a Scientific

Instruments Price AA current meter. .During peak flow U.S.F.S.
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measurements were made off the bridge with a current meter attached to
a 75 pound Columbus weight suspended by cable, in accoréance with
standard hydrometric proceduré (United States Department of the

Interior, 1982).

Water Density

Water density was estimated using femperature and suspended
sediment. Water temperature was taken using a hand-held mercury
thermometer, Suspended‘sediment load was measured from the catwalk at
10 evenly spaced.intervals using a hand-held DH-48 sampler (United

AStates Départment of the Interior, 1982). The sampler was dipped-into
the flow at each measurement point so that a cross-sectionally
integrated sample representativg of total suspended sediment transport
was obtained, The water temperature was converted to pure water
density using data tables (Weast and others, 1967). The suspended
load (mé/l) was added to the pure water density to obtain theiwater

density in the stream.

Slope

Bedsloﬁe and water surface slope were measured simultaneoﬁsly
‘(Figure 2). Stakes were driven iﬁto the right and left banks upstreaﬁ
of theubridgg and also iﬁto the heavy bridge abutments a£<éither end
of the catwalk. Nylon cords.Were stretched taut across the stream at
these two traverses. Leveling of the lines in 1983 was initially done
with a Brunton hand-transit (compass):. The c0mfass was used.because.a
catastrophic bedload event occurred during set-up and rapid

installation was necessary to measure the passing event. The lines
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were later resurveyed horizontal by plane table and earlier measure-
ments were adjusted to fit the more accurate survey. Nylon was chosen

because of its stability in changing moisture conditions once the

~initial stretch is taken out. These lines provided fixed horizontal

datum to which distance-to-bed and distance-to-water surface measure—

ments could éasily be made using a measuring stick. The measuring

'stick is placed into the stream and down to the bed perpendicular to

the nylon datum line and water and bed surfaces. The distance from

the bed and water surface to the datum line can  be read
simul taneously. While upstream measurements had to be made by wading,
due to a lack of funds to construct another catwalk, the dc;wnstream
measurements could be magl‘e from the catwalk at the bridge. Tﬁe bed
and water surface el‘évations (y1 and y5) and the distﬂance ‘between
nylon datum lines (x) allowéd easy calculation of bed and water sur-
face slope (S=yé—y1/x). The slope measurements were taken at five '
longitudinal prof‘iles along the channel. A siﬁilar method has allso_
been 'used. successfully by Bridge and Jarvis (1982). |

Waterv surface sloée measurements were checked using a water level
method (Figure 3). Flexible flastic tubing, 7.9 m long and 1.6 cm
diameter, was placed in tﬁe stream longitudinally and allowed .tQ £ill
with wéter. The upstream end of the tube was then raised until its
meniscus .(xl) was level with the water surface. The downstream énd. of
the tube was then also raised vertically. Due to atmospheric préssure

the meniscus at the downstream end of the tube (x9) will rise to the

. same level as the upstream meniscus. The distance from the downstream

meniscus to the water surface (yz—yl) is then measured as is the

N
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distance between the upstream and downstream meniscus (x2 - xl)

(Ergenzinger, personal communication).

measuring stick

taut nylon datum line surveyed horizontal

point

bed height

water surface

SN NIIEEEEEEBIEEES

stream bed

Figure 2. Techniques for measuring bedslope and water surface
slope simultaneously (flow direction normal to page, towards
reader) .

Ax 4

water surface

““pTastic tubing

stream bed

Figure 3. Water level technique for measuring water surface slope.
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Sediment Sampling and Analysis

Introduction

»

Bed material was sampled while in transport from the main channel
at higher discharges. Bed material was sampled while immobile from
bars, dry channels, and the main channel at low flow.- A variety of
sampling techniques wére tested fgr suitability. A description of

these follows.

Bedload

Modified Mulhoffer Basket. During the 1982 runoff ‘a modified

Mulhoffer basket (Eréenzinger and Custer, 1983) with coarse (1 cm x
1 cm) mesh screening was used. The basket was mounted to'the bridge
overhead in a manner such that it could be swung forward and down into
position agaiﬁst a log fas;ened flush t§ the streambed. During peak
flows a hand winch was necessary to force the basket into position

against the current.

Helley—Smith Bridge-Mounted Sampler. In 1983 and 1984 a Heliey—

Smith bridge-mounted (7.62 cm x 7.62 cm) bedload samplér was also
tried (Emmett, 1980). ‘This consiétéd of the Helley—Smith‘pressure
differen£ia1 éampler nozzle and bag mounfgd to a heavy steel weight.
The sampler has vanes attached to the reér to keep the nozzle pointing
upstream into the flow. It is lowered to the stream bottom. on a cable

from a bridge by means of a hand winch mounted on a trolley.

Helley-Smith Hand-Held Sampler. The third sampling téchnique,

tested in 1983 and 1984 was a Helley-Smith (7.62 cm % 7.62 cm) hand-
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held sampler (Emmett, 1980). The samplér was used in conjunction with
the catwalk, which was marked at 0.30 m intervals across the stream
width to define 23 repeatable sampling sites. Té obtain cross channel
_integrated samples, every other markeq site was sampled for 30
seconds, yielding a total of 10 sites in 5 minutes,
Problems were encountered in using each sampler. These will be

elaborated upon in the results and discussion sections,

Freshly Deposited -Sediment

Static bed material samples were gathered after deposition re-
sulting frém bedload events of 1983 and 1984. The samples were taken
from representative loci of new deposifion,iue” center of new bar,
center of channel, upstreaﬁ of a new 16g jam. A volume of material
sufficient to fill a 3.8 liter plastic milk jug was carefuily dug out
to sample both the armor and subarmor layers. The armor layer is a
tightly packed, imbricated surface iayer of bed material which is not
transportable by the discharges present during most of the year. Only
during peak flows is the channel armor broken, allowing the finer
grained, matrix filling seﬁiment trapped below in the subarmor as well
as the. codrser g;mor.material té be entrained as bedlpad. It is
importanf to sample both layers toAavoid obtaining a sample biased
towards the 1arggr sizes of the armor layer, which is not
representative of all the sizes which actually are entrained as

bedload. The samples were then dried and sieved for size analysis.
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Bedload Grain Size Analysis

Sieving was done using a 1/4 Phi interval except when impossible
" due to a few missing sqréens.or'when deemed unnecessary in the fiﬁe
fraction due to a prepénderance of coarse material. Coarser material
was hand sieved, while the sand and éilt sizes were sieved on a Ro-Tap
for 15 minutes per sieve stack. Each fraction was then weighed and
the resulting cumulative weights were plotted by computer for
analysis. Occasionally one large cobble would represent the bulk of
the sample, causing the curve to begin at the size class represented
by the cobble. In.fhis case the grain size distribution plot was
extrapolated from this'known point to the x—axis, at the point repfe—

senting the next largest Phi size, to complete the plot.

Bed Armor

The bed afmor of Squaw Creek is too 1arge both to facilitate
transport of bed samples to the lab and for sieve analysis. A randoﬁ
point—count method sﬁggested by Dunne and Leopold (1978) was eﬁployed
instead. Samplings .were conducted by wading the study reach
downstréam of the bridge dp random transects, stopping every couble of
steps and measuring the b—axis of the particle touéhed’by:the toe of
the sampler's boot. The particles are grouped into size classes to
which an average weight for particles in thé class'has‘béen

determined. A sample Of 102.particleé was used.

Channel Morbhology

The changes in channel morphology were recorded byktwohmethod&

Plane table mapping of the study reach before and after bedload events
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was augmented by aerial photos also taken before and after the events
-occﬁrred. A time 1lapse photo éequence also recorded channel
morphology changes'resulting‘from the catastrophic dispersal of a iog
jam during the.1983 spring runoff. In addition to these methods,
bedload events were also verifigd using an in-stream magnetic cobble

counter.

Magnetic Cobble Counter

A magnetié cobble counter (Ergenzinger and Custer, 1983) was used
to record bedload both continuously through the day and as spot -

samples, esbecially during sampling of stream parameters,

Bedload Formulas

_Thé_formulas chosen éo test were of three types; a theoretical
expression based on concepts from general physics (Bagnold, 1966), a.
discharge formula (Schoklitsch,'1934) and a fractive'force formula
~ (Meyer-Peter énd Maller, 1948). A discussion of each formula and the

criteria for .its inclusion in the study follows,

Stream Poyer Expression

In 1966 R.A, Bagnold proposed that the problem of bedload pre-
diction could be resolved through an approach from general physics.
He reasoned that unit stream power, (w), the power of a stream to move
sediment ﬁer unit of stream width, must be the product of discharge
(@), lwater sﬁrface slopé (S), water density (05, and the force of

gravity (g). That is,

w= ¢Spg.
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If we éssuqe that gravity is essentially consﬁant over:a reach
and water density varies negligibly, stream power can be conceived of
as a function of slope, discharge éﬁd a constan#. Bagnold (1966)
noted that streamipower is strongly felated to bedload transport.
Perfect efficiency of transport, indeed, is related-to stream power
directly. i; is for this ;eason,that stream power is usefﬁl as an
index of transport capacity. Since streams arel not.perfectly
efficient, transportvﬁould.be.expected to be less than that predicted
using w. - Although Bagnold's 1966 w expression was intended to
quantify unit stream power, not to predict quantity of bedload
transport, unit stream power is a useful predictive tool. For this
study, bedload was predicted uging an exﬁressioh based on the unit
stream power concept. That is,

b, = qSog.

The symbol b is used to differentiate predicted'bedloadltransport.
using the unit stream power expression from Bagnold's (1966) stream
power, w. This expression was included in the study to serve as a
reference with which to compare the prédictive formulas, By comparing
more complek formulas with this simple, fundamental concept it can be
detérmined if the complex mathematical maniéulatioﬁs of the other
formulas really improve predictive accuracy in a coarse bedioad, high-
gradient mountain stream.

Shulits and Hill (1968) provide ap.excellent summéry of bedload
formulas. Review of theif work showed that two formulas, the
Schoklitsch (1934)land Meyer—Peter and M;ller (1948) would be most

likely to yield acceptable results on Squaw Creek. A description,
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summarized from Shulits and Hill (1968), of these two formulas, which

were originally published in German, follows.

Schoklitsch (1934) Formula

The Schoklitsch (1934) formula is of the discharge type. In this
type of bedload formula, transport rate is considered primarily a
function of discharge. In metric units the formula can be expressed

as

6,=7000 [83/2/d1/2] (q;-qyy)
where

Gy = bedload transport rate per unit stream width (kg/m-s)

S = water surface slope
d = grain size (mm, approximately d35)
Q = discharge per unit width (m3/s/m)

critical discharge (m3/s/m)

g
H

0.00001944d/ s%4/3

A corrective factor for grain size variation is included
(53/2/d1/2) as is the concept of critical discharge (Q01). Critical
discharge addresses the idea that not all available discharge is used
up in sediment transport as bedload. Thus critical diécharge (QOl),
that threshold discharge at which bedload transport initiates, is
subtracted from total discharge (Qq) to yield that part of the total
(Ql—Q01) which is available.to move sediment as bééload;' -This
formula is included because it has shown very consistent results in
comparison to other discharge t}pe formulas when uséd with a wide

variety of data sets (Shulits and Hill, 1968).
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Meyer—Peter and Muller (1948) Formula

The Meyer-Peter and Muller (1948) formula is of tﬁe-tractive
force type, ;hat is, bedload transport is considered a function of the
tractive force of tﬁe stream. It is the result of 14 years of work

combining both field and flume data, The formula may be written as

omy /3 = v [p/Ql [Kg/Kgl?/2 BS - 0.047v" dg
0.25 [v/g]1/3
in the metric system, where

specific weight of water (metric tons/m)

v

Q%

Q = total discharge (liters/s)

bed discharge (liters/s)

Kp = Strickler roughness coefficient for the bed

(m1/3/s)

n = Manﬂing bed roughness

Ky = particle or grain roughness (m1/3/s)

1/6
26/ [dgo11/

fan}
[t}

depth (water, m)

S = slope (water surface)

v', = submerged specific weight of sediment (metric
tons/m3)
= vg — v = specific weight in air of sediment

— specific weight in water of sediment
dg = effective diameter of the bed matgrial (m)

g = acceleration due to gravity (m/s2)

G"y immersed bedload transport rate (metric tons/s—m)
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In this formula vHS.ié the tractive fofce term upon which the
formhla is Dbased. The other terms of the formula reduce total
tractive force of the stream to fhat amount of- force éctually
available for bedload transport. [Q,/Q] accounts for the fact that
oﬁly a part of the total discharge acts on the bed. [KB/KG]3/2 is a
reducing factof to account for tractive ‘force 1oéses to form
resistances, such as bars and ripples, The term 0.047v" . dp is the
critical tractive force, that at which the bed is just barely at rest,
When this critical tractive force is subtracted from the total
tractive force of the stream the remainder is the force available to
move sediment as bedload.

The Meyer-Peter and Mﬁiler (1948) formula was included because it
has been shown to be in agreement with a wide range of tractive force
formulas (Shulits and Hill, 1968) and because it is often used by

workers studying bedload transport.
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CHAPTER 3 -

RESULTS

Introduction

Measurement of quantitieg-and size of material transported within
the channel allowed comparison with material deposited during changes
in channel morphology to help identify in-stream sources of material
and permit verification of bedload calculations. The results of this
investigation are suﬁmarized in Tables 2-4 and Figﬁres 4-5,

Table 2. Comparison of total bedload transport predictioné, ‘and
measurements and coefficient of adjustment k, '

Sample typé Pre&icted Measured k
(number of complete sets of Bedload Bedload measured
measured parameters used (metric tons (metric tons \predicted

to determine) dry) dry) '

1983 Entire channel width b, = 244,022 727 3.0 X 1073
Stream power formula (13 sets)

1983 Entire channel width G = 136,610 727 5.3 X 1073
Schoklitsch formula (12 sets)

1983 Entire channel width G i = 292,268 727" 2.5 X 1073
MPM formula (12 sets)

1984 Entire channel width b, = 195,225 522 2.7 X 1073
Stream power formula (9 sets) :
1984 Entire channel width G, = 65,775 522 7.9 X 1073
Schoklitsch formula (9 sets) ' ' '
1984 Entire chanmel width G = 172,529 522 3.0 X 1073

MPM formula (9 sets)
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Tablé 3. Average values (E) of coefficie‘nt, k, for 1983 and 1984 and
percent variation from average. : '

% variation

Fomla k1983 k1984 k _ from k
measured measured kiggy + k1984 (k-k 1983 or 1984) X 100
predicted / \ predicted — ;
. 2 k
Stream powver 3.0 X 103 2.7 X 103 2.9X 107 5
Schoklitsch 5.3 X 105 7.9X 105 6.6 X 1073 20
MEM 2.5% 103 3.0X 105  2.8% 107 9

Table 4. Error anélysis.

Variable Typical error  Percent change in bedload predicted
in measurement by formulas due to introduction of
of variable (%) error in parameter

Steam power Schoklitsch MPM

1983 1984 1983 1984 - 1983 1984 1983 1984

Water density, 5 5 0.5 0.5 - - - -

Discharge, Q 5 5 4 4 5 5 7 7

Water surface 10 5 0 0 15 8 17 10

slope, S

Mean particle  10430% 10430 - - 5 5 0 0
51ze,‘d50

Particle size, * *

d 10+30 10+30 - - .- - 3 3
90 _ 10430°

Water depth, h 10 5 - - .- - 17 10
Variables combined - +15  +10 +16  +8 +52 431
in worst possible

case

With sampler bias ' - - 58 47 21 - 3
added ‘ . : :

*10% for sieve analysis and 30% for sampler bias (see Discussion text)
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All three of the.formulas tested with Squaw‘Creek data predicted
bedload. over two orders of mégnitude greater than that which was
measured. The bedload measurement techniques are discussed lafer.
-The Schoklitsch (1934) formula prediction was closer to measured
bedload for bo£h'the 1983 and 1984 data ée;s. The stream power and
Meyer-Peter and Muller (MfM) forﬁulas gave verj similar results for
both years, MPM being 20% greatér than the stream power prediction in
1983 and 127 less than the stream power prediction in 1984, as detér—
mined from fable 2.

Columh two, in Table 2, lists the metric tons of bedload pre-
dicted by each of the formulas and column three, in Table 2, lisgs'the
metric tons of bedioaa measured for the 1983 aﬁd 1984 transport
events. The instantaneous transport rates per unit width ﬁere mul-
tiplied by the period of time the stream maintained thgt rate and the
' stream width to yiéld mefric tons of bedload. These calculations are
based upon complete seté of measured parameters, as applicable to each
formula. (Many parameters had to be measured "instantaneously" and
problems often caused delays in measurement of one or more parameters
resulting in an incomplete set of'"igstanfanedus“ measurements.) The
fourth column lists tﬁe empirically determined adjustment coefficient,
k, which adjusts the bedload predicted by the.formulas to that
actually measured in the stream. The coefficient k is-deterﬁiﬁed by
dividing the measured bedload by the predicted bedload.

The k values for each formula in Table 2 vary from year to year.
The consistency of each formula's prediction from year to year can be

calculated as the percent variation from each formula's average k
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"value (Table 3). The stream power prediction was more consgistent from
year to year varying +5% from its average k value.

Some of the overprediction and yearly variation in the: formula's
predictiqr;s.is attributable to error in parameter measur.e'ments.
Results of analysis of this parameter measurement error are presented
in Table 4. The Schoklitséh formula was least affected, by a slight
margin over the stream power prediction, by'error in measurement of
the parameters.l Predictions by the Schoklitsch formula varied iléz
in the worst possible case for 1983 data and +8% for the 1984 worst.
possible case. The MPM formula was the most affected varying iSZ% and
+31% for the_.same data, Error analysis is discussed later. |

The bedload transport rates predi_cted by the formulas are pre—
sented in Figures 4 and 5. Figure 4 plots twelve predicted points and
Figure 5 plots nine points, In making the many instantaneous
parameter measurements 'reqt'lired by the formulas, cases ocqur_x:ed in
which measurement of a parameter was impossible due to soﬁe field
conditions. This resulted in many set.s of incomplete instantaneous
pafameter measurements, The points plotted in Figures 4 and 5 repre-
sent those_ times at which all study parameters were measured

simultaneously — there are no estimated values. As a result, all of

the data obtained in the field was not used to plot Figures 4 and 5.
There are 12 complete sets of. instantaneoﬁs p'a'ramete.r measurements for
1983 and 9 for 1984 contained in Appendices A-D, To test the effect
that this small set of data points would have on formula precision,
incomplete parameter sets were also plotted for comparison with

complete parameter sets using estimated values as necessary. Although
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not shown here, the estimated data sets provided 146 points for 1983
and 87 points for 1984. The estimated apd non-estimated data sets,
yielded predictions within 207 of each other. The 20% difference
between the estimated.an& non-estimated data séts is insignificant as
compared to the two orders of magnitude overprediction. Based upon
‘this comparison it was assumed that results based upon the smaller
number of complete data séts wére valid for the study and did not run
the risk of introducing error by including estimated parameters.

Data analyses indicate that formula overprediction not
attributable to error, as mentioned above, was affected by the
following factors to‘vérying degrees, Effects of these factors and
relevant ébservations are presented briefiy here as results and are

discussed in detail in Chapter 4,
Discharge

Discharge was very accurately and easily méasﬁred from the cat-
walk, 'The convergence of flow by the bridge abutments was proved, by
comparison with U.&F.S;‘measurements taken downstream of the bridge,
to not advgrsely‘affect accuracy- of thé measurements, Measuring
discharge from the catwalk did, however, improve the ease and safety

with which the measurements were made.

Water Density

Variations in water density caused by change in temperature and

suspended sediment were found to change stream power an insignificant
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amount (0.01%) on Squaw Creek. A constant value of 1,000 kg/m3 can be

used with negligible error in the stream power expression.

Datum-Line Slope Measurement Technique

?he datum line slope measurement technique used proved to be very
precise and easy to'use. It wés checked by the water level method
only twice because two peéple we;é necessary.to use the water level
method. Both times the'water level method yielded water surface
slopes 50-100% larger than the datum line method. This difference in
water surface slope valueé probably ig due to local variation% in

water surface slope on the study reach, not to great differences in

the precision of the two methods. The tubing used to measure water

surface slopés by the water level method was 7.9 m from ¥9-vyie This
is oﬁly a fraction of the datum-line method y,-y; distance of 38.1 m.
The céntral section of the study reach measured by the water level was
a riffle.‘The steeper water surface slopes measured there by the water
level method probably. reflect local variation in water surface élope
due fo the greater bed slope at the riffle. The Watér surface slopes
obtained by the water lévei method were very close to bed slope values

obtained by the datum.line method.

Bedload Samplers

Modified Mulhoffer Basket'
The Mulhoffer sampler basket proved ineffective as turbulence
created by flow tbiough the basket mesh_was‘great enough to wash out

bedload that was captured. -

\
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Bridge-Mounted Helley-Smith

The bridge-mounted Helley;SmitH sampler also proved insﬁfficient.
It had the advantage of easy retrieval &uring peak flows, but its use.
was discontinued because accuraté point measurements were not
possible, As sooﬁ as the sampier frame on its‘cable contacted the
water surface it was swept towards the thalweg frustrating attempté'to

measure bedload at desired points across the channel width,

Hand-Held Helley-Smith

The catwalk provided a solid platform for measurement and was
very beneficial in allowing repeatablé point sampling of bedload. At
peak flows a great deal of.strength was needed to maintain control of
the 76.2 mm nozzle hand—held‘Helley—Smith sampler. Handling was
enhanced.by the addition of a handle extension made from galvanized
steel fence rail stock. The added weight and lengtﬁ improvgd control
substantially. Even with this modification, most field.assistants
could not~ﬁaintain‘control of thié‘sampler at peak flbw} This sampler

proved most effective and was used to measure bedload.

Spatial Variation in Bedload

Bedload was not observed to be spatially continuous across the

- stream bed. Bedload was consistently greatest approximately 5.8 m

from the left bank in early 1983 and 3.8 m from the left bank after
the channel changes resulting from the dispersal of the log jam. These
points roughly coincide with the thalweg. Only 837 of the stream width

was involved in sediment transport as bedload,
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Sediment Supply

Sediment supply greatly affected bedload trangport on Squaw
Creek, Predictions made uéing the formulgs assume a constant supply
§f transportaﬁle sediment; Bagnold (1966, p. I29) noted that;a river
may transport "less sediment than it could if more transportable
sediment were available" and that this "deficiency of sediment supply"
might cause predicted transport rates to be considerably larger than
measured frénsport rates. To determine if such a sediment deficiency
existed at Squaw Creek‘during the perisd of the study, the channél and
its tributarj streams, which cut mappéd landslides units, were
searched by foot énd vehicle for extra—channel sediment sources, such”
as avalanches, rock slides, and debris flows. No fresh extra—channel
sediment supply zones were identified in the basin suggesting Squaw
Creek is a sediment deficient stream, at least during the period of_
this study. Small areas of bank failure could be found upstream and
down;tream of the study reach during all the years:of the study.
Figures 9Aand 10 show where bghk failure occurred within the study

reach in 1983. The only new load identified was reworked sediment

introduced by bank failure.

Sediment Storage

Sediment storage also had great‘affects on bedload. Bedload is
stored within the channel at Squaw Creek in the bed armor, pools and
log jams, and bedforms. The armor layer remained cohesive at most

discharges during 1983 and 1984 préventing release of the subarmor
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material. The armor was broken following the dispersal of a log jam
in 1983 resulting in the release of sediment stored in the subarmor.
Bedload increased as sediment was released from storage in pools
on rising limbs of runoff hydrographs. As these events subsided they
were followed by a decrease in bedload until the next sediment input,

This can be seen by comparing Figures 4-5 and 6-7.
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Much of the bedload transport observed was reléted to release of
channel storage. On 28 May 1983 the author and two field assistants
were completing installation of the slope survey lines on the sfudy
reach of Squaw Creek. At 18:45 wé were finishing supper at our tent
‘camp about 70 m from the bridge.' It'was evening, the gathering
darkness was closing iﬁ around our camp. .All of a sudden, we heard a

tremendous, "BOOM", as if a stick of dynamite had exploded at the

stream. Huge amounts of debris were then observed floating down the

creek, It became clear that'a 1§g‘jam, which had been emplaced just
upstream of thé study reach at léaét_two years earlier, had just
burst, |

We.hurriedly éompleted installation and begén sampling through
the night. A reconnaissance of the reach_re&ealed a tremendous bed-
load event was taking place., Along ;he right bank, direc#ly across
from where the jam had been, fist-sized aﬁd larger cobbles were
bouncing a foot above the water surface. Having never withessed a
catastrophic bedload event on Squaw Creek, no one knew how long it
would continue at this intensity.

While relating the events of the previous evening to 'anﬁther
student-thé follgwing'morning,_a row of éobbles was observed pro-

truding above the water surface upstream (Figure 16). Yet the staff

gauge showed that stage was rising - aggradation of cobble-sized

material was taking place before our eyes!
The dispersal of this log jam triggered the most significant
bedload transport eveﬁt observed in three years of sfudy.' Changes in

channel morphology were recorded by plane table mapping (FiguresAs, 9,
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and 10) and aerial (Figures 11 and 12) and ground photo survey
(Figures 13 and 14). The log jam acted as both a temporary Sedimeﬁt
storage area and local base level. Its diséeréal reléased loose
sediment into the sediment deficient stream. Much-of this sediment
was deposited in the :ightlchannel. After this sediment depésition
the stream shifted its course and incised its channel as it graded to
a new base level (Figure 14). .This incisién‘resulped in the breaking
of the armor layer and release of additional sediment. The‘dispersai
of this log jam had greater effect on bedload transpért at Squaw Creek
than any other factor étudied.

.The bedforms identified at Squaw Creek were dunes and cluster
bedforms. ﬁedforms caused spatial and temporal variations in bedload,
affecting both predictions agd measurements.

The bedload event at Squaw Creek lasted about 21 days in 1983 and
1984 with great variability in particle size aqd mass of material in
fransport. Total measured bedload, as presented in Table 2 above, was -
727 tons in 1983 and 522 tons in 1984, Bedload moved during this
period both as continuous, long duration events and as sporadic,

discontinuous bursts,
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Figure 8.

Study reach prior to dispersal of log jam (prior to 28 May
1983).

297 Portion of original bar remaining after burst of log jam
\\\\‘\\\ |
)] Zone ot bank erosion 0 12.2 m
L L o]
---- Outline of original bar Scale
Figure 9.

Study reach after dispersal of log jam and prior to channel
incision (prior to 5 June 1983).
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Material deposited after burst of log jam
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Figure 10. Study reach after deposition of new bars, shift of flow to
left bank and channel incision (after 5 June 1983). All
legend material same as Figure 9 unless otherwise noted.
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Figure 11. Aerial photo of study reach prior to 28 May, 1983.

Figure 12. Aerial photo of study reach after 19 June, 1983.
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Figure 13. View looking upstream prior to 28 May, 1983 showing flow
along right bank.

Figure 14. View looking upstream after 19 June, 1983 showing deposi-
tion along right bank and channel incision.




36

CHAPTER 4
DISCUSSION

Introduction

All three of the formulas tested predicted much more bedload
transpoft in Sqan Creek.than:was measured (Table 2). The Schoklitsch
(1934) formula prediction was the closest to measured bedload,_being
two orders of magnitude high. The stream power and Meyer-Peter and
Muller formulas both predicted quantities 196% higher than
Schbklitéch, on the average, for.1983’and averaged 2802 higher in
1984, Similar results have.been found by Ergenzinger (personal
communiéation) in ofher high gradient mountain streams. Stail,
Rupani, and Kandaway (1958) checkedAthree formulas on a lower gradient
stream with smaller particle size and also found the Schoklitsch
(1934) formula the best at 31% high. They found the Einstein (19505
. formula 225% high and the Duboys (1879) formula 7767 high.

The overprediction of thé.formulas in this study.can be con-
sidered in two parts - measurement error, and inabiliﬁy of " the
formulas to. account for several important factors: spatial variation
in bedload transport; variations in sediment supply and storage; and

- temporal variations in bedload transport.
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Overprediction Due to Error

Measurement Error

The first of these sources of error (measurement) occurs both in
measurement of the parameters used in the predictive formulas and in
the sampling done to quantify bedload. First consider the ertor in

measurement of the formula parameters.

Error in Slope Measurement. The slope measurement technique used

provided very consistent results. Measurements made on a drj channel
give an indication of the accuracy and consistency of the technique.
Six measurements at one point on the upstream datum line taken over a
l4-day period vary by less than lmm or 0.2%. Measurements made at ‘the
water surface (see Figure 4) in flowing water were moré difficult due
té turbulence. Even allowing'for 10 times the error of dry measure-
ment, error is stili less than 5% .

These measurements do not lend thémseives well to statistical
analysis because each measurement is at a different discharge and,
therefore, at a different depth. If measurements weré taken at the
same discharge, the standard deviation could 5e determined for each
measurement. This was not done because of time considerations - the
number of parameters which were being measured simultaneously allowed
very little time for measurément replication to.obtain statistical
populations;

An additional source of error ir the slope measurements wés
introduced in 1983 when the catastrophic dispersal of an upstream log

jam twice washed out upstream datum line stakes. Fortunately, each




38
time this occurred one of the pair of stakes remained in its originé1
position ailowing the replacement stake to be referenced to it. The
datum 1ine was réléveled using a Brunton.hand—transit during the field
season. At the end of the.season the datu@ line was fesurveyed~1eve1
by plane table and adjustments were made to the data based upon this
more accurate survey. Although great care was exercised each time in
relocating the datum ‘line, it is probable £hat there was some
deviation introduced. ‘Eor this reason the 1983 slope data is less

certain. The 1984 data was not subject to. this error.

Error in Water Density Measurement. Variation in water density

was measured to determine if it éignificéntly affected stream power on.
Squaw Creek. It was thought that the forest litter, algae, and fine
sediments which had accumulated since the previous flood event, com-
b;ned with:water temperature effécts, might increase the effective
gpecific gravity of the water in the fi;st flood of the water year. If
so, the stream power might be affectéd by this density variation.

Tq determine the effective specific gravity, suspended load and
water temperature were meaSufgd ;iqultaneous torthe cbllection of data
on the othgf study ﬁarameters. Water &ensity was then calculated as
the mass of a unit Qolume-of-water at the measured water temperature
uplus the mass of the suspended load, this quantity was then divided by
a unit volume of water.

Water density was found to vary about 0.017 during Squaw Creek's

bedload transport season, thus not significantly affecting stream

power. Density differences were also discounted as a significant
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factor in bedload eveﬁts by Nanson (1974), working on a stream similar
to Squaw Creek. If sﬁspended‘sediment samplingland>ana1§sis and
temperature megsurément,were off by a factor of 100, érror would still
be less than 5%. A 5% variafion in water aensity would change stream
power (w) by only 0.5%, an insignificant aﬁount. Since wafer density

was found to vary negligibly, the remaining functional parameter of

stream power is discharge.

Error in Discharge Measurement. One possible source of error in

'discharge méasurement was the method of stream velocity measurement.
The study discharge data was obtained from the catwalk mounted
immediately upstream‘of'fhg bridge. Here the flow was constrained on
either bank by the bridge abutments and on the bed by the 1og'upon
which the magnetic detectors were mounted, There was some concern as
to whether this location would yield séafistically comp;fable
discharge measurements as compared to the U,S.F.S. sité, which was
downstream of -the bridge acrosé the natural channel. Two
stage/discharge rating curves were compared with like data, obtained
by -the U.S,F.S., for the same étrgagflows of Squaw Creek. The two
pairs of data were éOmpared using the U.S.F.S. regression RATER
compufer program. The data were found to have r2 values of 0.996 for
1983 and 0.987 for 1984. Discharge measurement at the bridge, from the

~catwalk, was notliﬁfluenced by the location at which the measurement

was taken., This indicatgé'that, where possible, discharge can be
measured withou; the inconvenience aﬁd danger of wading the stream.

Discharge measurement, héving beén shown to be accurate, was assigped

a typical measurement error of 5%, a realistic value for measurements
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shown to possess a high degree of accuracy. The effect on stream
power, of the probable error in discharge, density, and slope
measurements can be determined. |

Table 4 shows the percentage change in bedload predictions by each
formula when error in the vériables has béén introduced. 6ne variable
is at the maximum.érobablgierror value used in this stﬁdy and the
other variables are held constant, ' The Qalues‘used to compute thé
tables are from ddta measured 01:41, 28 May 1983 on Squaw Creek. Alsq
shown is the worst possible case, when all thé variables in the
formula are at their ﬁaximum error Qalue. The Schoklitsch 1934
formula prediction is least affected by this error as c;n.be seen in
Tabie 4, being +16% in 1983 and +8% in 1984, The mosf complex
formula, ‘the MPM, was affected the most by this possiﬁle error
yielding wvalues iSZZ:in 1983 and +31% in 19843 This amount.of
deviation, while great, does not approach the two orders of magnitude
difference'ﬂétween the formules‘ predictions and sampled bedload. The
difference between the predicted and measured values cannot be

accounted for by measurement error alomne. .

Error iﬁ Bedload Sampling. Samplef error di& affect bofh formula
predictiong'aﬁd sampléd bedload rate. This was not due to the Helley-
Smith sampler design, but ratﬂer the sampling.efficiency.of'the 76.2
;m nozzle in Squaw Creek. Emmeté (1980) found sampler éfficiency to
be near 100% when median particie diameter was 1/5 nozzlg size. This
means the sampler used was 100% efficient ﬁhen median pafticle
diameter was 16 mm or less. It was poséible'to check sampler

_efficiency on Squaw Creek with a high degree of confidence.
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In 1983 the author was fortunate énough to witness and record a
catastrophic bedload event. During this event the hand-held Helley-
Smith sampler was used to sample the bedload as new channel bars were
forming. Cumulative grain size distributioné were computer plotted
for 42 in-channel Helley-Smith samples and 8 new channel bar samples.
The curves assume a variety of shapes depending on the bedload trans-
port event being sampled. Figure 15 shows three of the curves. The
curves from the Helley-Smith channel samples taken while the bars were
forming and those from the newly formed bars are nearly identical, as
can be seen on the two curves to the left in Figure 15. This char-
acteristic shape of thé grain size distribution curves is a "sig-
nature" identifying the two samples as having been in transport during
the same bedload event. The 18 Aéril 1984 plot is a sieve analysis of
a sample taken from a channel bar deposited during the 28 May, 1983
bedload event. The shape of the curves or "signature" of the two
samples, 18:28, 28 May, 1983 and New bar (Sample 3, APPENDIX D) is
unmistakable as compared to the other curve representing a sample
taken earlier the same day prior to this bedload transport event.
Note, however, that the 18:28, 28 May curve has slightly less coarse
material and slightly more fine material than the curve from New Bar
#3, which was being deposited during this event. This is exactly what
one would expect if the sampler nozzle were too small., This inter—
pretation is supportéd by the fact that in the two years of sampling
the nozzle would often be completely blocked by a single large gobble
wedged into the orifice. Alternatively it could be held that the

bedload being sampled was finer than that being deposited. Because
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the Helley-Smith has been shown to function near 100 efficiency when
sampler size is correctly matched to bedload (Emmett, 1980) and
beéause the nozzle was often blocked by a single cobble, the
inpe;pretation that the‘sémpler was too small and so did not sample
all the material in transport is believed correct.

The-samples'takep from the gravel bar after the event had an
average median particle size, or dsg of 43 mm, much larger than'the 16
mm size necessary for 1007 sampler efficiency. Appendix D contains
additional sieve data. ‘Thé data in Figure 15 are represent;tive of
' the general size and distribution of the bed material. This 30%
difference between actual bedload dSO' as obtained from the ffeshly
deposited bar gravel after the event, and sampled d50 has a great
effect on both the formula's predictions and sampled bedload. If the
sampler is inefficient, then the total measured transport rate will be
smalle; than it should be. If the d50 obtainéd from the sampler ig
too small, then the Schoklitsch formula will predict'too much
transport and the Meyer-Peter and Maller formula will predict too
little transéort. Table 4 shows how the sampler bias of 30% increases
the Schoklitsch formula.error and decréases tﬁe MPM error. This bias
is always a negative bias, that is, the 76.2 mm Helley-Smith samples
are always 30% smaller thanm actual bedload on Squaw Creek.
Compensating for this sampler error shifts the predictions by formulas
with grain size parameters. Measured bedload quantity, when adjusted
for this 30% sampler bias, increases. The sampler bias affected
bedload measﬁrements and bedload predictions by the Schoklitsch and

MPM formulas,
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Effect of Measurement Error on Formula Predictions. When applied

to both the formulas and sampled bedload, these correctiomns account
for one order of magnitude in discrepancy between predicted bedload

and measured bedload, as can be seen from the new k-values in Table 5.

Column three of Table 5 shows the range of possible predicted bedload-

transport calculated by adding and subtracting the worst possible per
cent error from Table 4 to or from the predicted bedload values in
Table 2. The fourth column of Table 5 shows the increase in mass of
measured bedload resulting from aléoz increase~in particle diameter.
This value was estimated considering the particlelto be spherical in
shape. Although diameter increased by a factor of 0.3 (30%), volumé
increased by a factof of 3 (300%) because volume is calculated by
raising the radius to £he third power. Mass is calculated as the
product of volume and denéity. Since average particle density is
constant (2.94 g/cm3 on the study reach), maés increases by the factor
of 3 (300%) due to the 30% increase in particle diameter. Measured
bedload values are subject to analytic error as well as this sampler
bias.

Column five adds a 10% analysis error to the 30% éampler bias.
A 10% analysis error was chosen to represent the worst pqssible cése.
These valués represent the maximum probable error in measured bedload
obtained with the 76.2 mm hand-held Helley—Smith‘sampler used in.the
study.

The new k-values in the sixth column of Table 5 are calculated by
dividing the measured bedload vélues adjusted to maximum probable

error (column five) by the predicted bedload from ;he'low end of the
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error range in column three, These values, reflecting the maximum

probable error due to measurement error and sampler error, vary one

order of magnitude from the k-values in Table 2.

magnitude overprediction must be attributable to factors

sidered in the formulas.

Table 5. Range of possible predicted bedload based on probable
errors. '
Bedload
Bedload when”
when 30%Z B-S k~values
3% B8 .bias + 1(% adjusted
bias ‘is analysis for 30%
. accounted error is H-S bias
‘Range of possible for accounted for and 10%
predicted bedload (metric (metric tons analysis
(metric tons dry) tons dry) dry) error
Stream 1983 by 207,418 - 280,625 3323 3656 1.8 X 1072
power 1984 by - 175,702 ~ 214,747 2834 2622 1.5 X 1072
Schaklitsch 1983 Gy 57,376:— 215,843 - 3323 3656 6.4 X 1072
1984 G; 32,403 - 200,817 2384 2622 3.6 X 1072
MM 1983 G, 230,892 - 353,644 3323 3656 1.6 X 1072
MPM 1984 G 4 166,663 — 178,395 2384 2622 1.6 X 1072
*More likely variation.

Helley-Smith samples taken on the Clearwater River (Bagnold,
1977) in 1974 with a 152.4 mm sampler were élso‘one order of magnitude
greater than those taken in 1972 with a 76.2 mm sampler.

Measurement error and sampler error can explain one order of
‘magnitude of the formulas' overprediction. The remaining order of

not con-—

N




46

Overprediction Due to Formula Inadequacies

Spatial Variation

The model imﬁlied in many bedload formulas is that of particles
at rest on the streambed until stream power reaches a minimum value
(threshold) necessary to entrain them. When such a stream'power is
éttained they are entrained, smalier sizeg first, progressively
larger, until, at some stream pswer, the entire bed is in motion in a°
kind of "moving cérpet" (Dubes, 1879; Shields, 1936; Einstein, 1950).
Such behavior has been observed in flumes with equal diameter sphefes
and sand size particles and may also be correct for sandﬁed stréams.

Some workers acknowledge that instream flow is not steady, but
fluctuates and have tried to duplicate these conditions in flumes.
Griffiths and Sutherlaﬁd (1977) suggest steady flow bedload formulas
could work if adjuste& for these peaks and sediment supply conditions;
Working with particle sizes as large as 7 and 25 mm Yalin‘(1963) féund
that'fluctuations in velocity were responsible for entrainment and
that "eritical tractive force is non-existent" (1963, p. 223).

In Squaw Creek bedload was not obser&ed to be spatially con-
tinuous. Nanson (1974), working in é small, steep mountain stream
very similar to Squaw Crgek, found bedload consistently greatest at
the 1eft bank and centér of the stream., Using pressure sensitive
devices mounted in the streambed, Brayshaw, Frostick and Reid (1983)
also found bedload did not occur evenly across the width of the bed.
" Bagnold (1977) recognized that channel shape, channel cross section,
and diverging and converging flow are not constant in natural rivers,

so ideas based on flume observations are "not necessarily applicable
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to rivers" k1977. ‘p‘. 305). He suggested that "streams of solids
.wander at random laterally ove'r the bed" (1977, p. 307).

At Squaw Creek bedload was consistently greatest in early 1983 in
a zone 1.3 m wide and centered 5.3 m from the left bank, As an example
of this, in one sampl_e traverse eight 30-second samﬁles had filled
only about 10 cm of the H.elley—’Sn;i«th sample bag. When the point 5.8 m
from the left bank was reached the remainder :of thé bag and the entire
sampler nozzle completely filled in 30 seconds.

As the right channel upstream of the bridge began to fill in,.
about 5 June 1983, bedioad shifted towards a point 3.7 m from the
left bank where the greatest volume continued to flow in 1984 and
1985. Custer and others (1987) also show that bedload is not laterally .
continuous across the stream, but is confined largely to Athis point.

If then, bedload is not laterally continuous across the total
stream width, bedload predictions based on multiplying unit stréam
power by tot'al-stream width will be in error. They will overpredict
by the ratio of total wid-th to actual bedload zone. At Squaw Creek
only about 83% of the entire stream width is actively involved in
sediment transport as bedload.  This valﬁe was determined by
observation of quantity of bedload obtained at marked 0.3 m intervals
on fhe caéwalk across the stream width during 1983 and 1984,
Mﬁl.tiplying pre&icted bedload transport rates [%_gs-] by total width will
overpredict b& about 17% on Squaw Creek. Leopold and Emmett also used
. only part of the stream width in their East Fork River study (1976.)
recognizing that only a portion of the stream width is involved in

bedload transport,
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Variations in Sediment Supply and Storage

Sediment 'supply and storage will also affect prgdictions of
sediment yield baséd on the formulas. If rate of sediment supply .or
‘release from storage is less thaﬁ transﬁort rate, sampled'bedload willl
be  less than predicted. Sediment can be.supplied to high mountain
streams such as Squaw Creek from éxtra—chanﬁel sources including
landslidés, dgbris flows, avalanches &nd streambank failure; Sediment
can be stored within the channel by bed armor, pool storage, log jéms
and bedforms. The effe;t of extra;channel sediment_supply.on‘bedload

transporf predictions on Squaw Creek will be discussed first.

Landslides, Debris Flows, Avalanches, Streambank Failure. Workers

in  drainage basins very similar to Squaw Creek have noted that
sediment production in these basins occurs_at.limited sites by land-
slides, debris flows and avalanches (Griffiths, 1§80), mudflows
(McPherson, 1970) and streambank faiiure (Gfiffiths, 1980; Laronne and
Carson, 1976). The géologic map of the Squéw Creek basin (McMannis
and Chadwick, 1964) shows five Quéternary landslide units which are
cut by Squaw Creek or its tributa?y streams, Two large avalanche
chutes on 'Garﬁet Mountain terminate their runout zones abfuptly at
Squaw Creek, A field check of these sediment suéply sites shoWs.that
the streams have done most.of their work moving the new material and
adjusting their courses prior to the period of this study. Load from
extra-channel sources was introduced into Squaw Creek during the stgdy
primarily by bank failure., The riparian zone is well established
along Squaw Creek contribuging to bank stability. Thus the extra

channel sediment supply rate into Squaw Creek may be less than the
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potential transport rate accounting for some of the apparent over-
predicfion of the formulas. It should be noted thaf the formuias
6v§rpredicted by similar améunts, as can be seen by the k factors in
Table 2, in both 1983 when the log jam burst and in 1984 when no suéh
event occurred on the study reach. This shows that while the bursting
of the log jam was an important event, the amount of-sediment,stored
behind the jam was not great enough fo compensate for the lack of
steady exfra—channel sediment supply and briné measured tranéporg rate
up to the predigfedhlevels. Perhaps the greater significance of the
log jam burst is’that it demonstrates a mechanism by which a sediment
deficient_Stream can initiate the break up of bed armor and the
release of sediment stored the;e.

Singe the sﬁpply of extra—chahngl sediment load to Squaw Creek
appears to be limited,. the bedload which does move must'be étored from’
event to event within the stream channel. At Squaw Creek:several

intra-channel stofage areas can be identified: the bed armor, pools

and log jams, and bedforms.

bed armor holds sediment beyond calculated threshold values of stream
power.(Yalin,‘1972; Milhous and Klingeman, 1973; LaRénne and Carson,
1976; Parker and others, 1982; Bridge and Jarvis, 1982; Griffiths,
1980). These researchers are in ;greement that when the pavement is
in place, bedload is governed by sediment availability from other
sources. Parker and others, (1982) have found that the.coérsé surface

pavement has typically 1.5 to 3 times the mean particle size of the


























































































































































