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[1]Criticalshearstressandunitdischargeflowcompetencemodelsweretestedagainst

coarsebedloaddatafromDupuyerCreek,Montana,UnitedStates.Maximumparticle

sizessampled(Dmax)andD50toD90percentilesinthebedloadgrainsizedistribution

werewellcorrelatedwithbothshearstressandunitdischarge.Bedloadgrainsizes

becamecoarserwithincreasingflowstrength.FortheDmaxcurve,Shieldsdimensionless

parameterforthesurfaceD50wasestimatedat0.044,andtheexponentforrelativeparticle

size(Di/D50)was-0.59.Intheunitdischargecriterionthecriticalflowtoentrainthe

surfaceD50waspoorlypredicted.FlowcompetencerelationshipsbasedonDmaxareprone

totheinfluenceofoutliersandsamplemassvariability.Themeanofthethreelargest

particles,Dmax(3),ismoresensitivetochangesinflowstrengththantheD50toD90bed

loadgrainsizes,andmayrepresentagoodcompromise.
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1. Introduction

2] Critical flow condition for the entramrrient of bed

material is an important consideration for the assessment of

stability in gravel bed strea血s. The concept of flow com-

petence is commonly used to estimate the magnitude of

flows necessary to entrain particle sizes present on the

stream bed. The broad range of particle sizes present in

gravel bed streams makes prediction of bed load initiation

extremely complex. Sampling of bed load to validate model

predictions has been limited by dangerous conditions during

floods, high rates of bed load transport, the need for large

orifice samplers, and unmanageable sample sizes 【Gomだet

al, 1991; Custer, 1992]. Empirical predictive models of bed

load transport have therefore been largely developed in

laboratory flume experiments, and there is a need to further

evaluate their performance in streams with coarse bed

materials. Two approaches are described for predicting the

competence of stream flow to entrain the channel bed grain

sizes, including the critical shear stress approach [AJidrews,

1983; Petit, 1994], and the critical unit discharge approach

[Bathurst, 1987; Ferguson, 1994]. The validity of these

methods, however, in gravel bed streams remains uncertain.

[3] Several studies have shown bed load transport to be

size selective over a significant range of flow for gravel bed

rivers 【e.g., Lenzi et ai, 1999; Polveil et a/., 20011.

Progressively larger particle sizes are entrained with in-

creasing flows [Milhous, 1973; Carting, 1983; Komar,

1987; Ashworth and Ferguson, 1989], and the bed load

size distribution becomes coarser [Bunte, 1 996; Wixitaker,

1997; Powell et al, 2001]. This strong hydraulic control on
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the bed load transport process can be explored through the

development and validation of flow competence models.

The key difficulty lies in sampling bed load effectively, so

that we can link critical flow conditions to the mobility of

different sizes or size fractions on the stream bed.

4] The main objective of this study was to determine

whether flow competence relationships could be established

in practice for a gravel bed stream and, if so, whether the

critical shear stress or the critical unit discharge model is the

better predictor. To achieve this objective, we used unique

bed load sampling methods whicll capture only the coarse

fractions. A secondary objective was to explore the relative

merits of alternative variables in flow competence model-

ing, such as the mean of the three largest particles, and

percentiles of the bed load grain size distribution. We also
investigated the sensitivity of flow competence models to

estimates of the stream bed surface size distribution (espe-

cially the D50), and address the issue of variability in sample

mass in the bed load data set.

2. Flow Competence Models

[5] Intuitively, the concept of flow competence [Gilbert

and Murphy, 1914] suggests that stream power limits the

maximum particle size that a given flow can transport.

Simply put, larger heavier particles require greater stream

power before they are entrained than smaller, more light-

weight particles, such that relationships can be established

between flow and the maximum particle size in motion. We

present in Figure 1 a conceptual model offlow competence,

which is combined with the two-phase conceptual model of

bed load transport proposed by Jackson and Beschta

【1982]. Both of the relationships (Figures la and lb) show

that a threshold flow or shear stress must be exceeded

before bed material is mobilized in phase 1 transport.

Tendency toward selective transport or equal mobility can

be illustrated through the different shapes of the flow

competence curves. In Figure la, mobilization of riffle
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WHITAKER AND POTTS: ANALYSIS OF FLOW COMPETENCE

(a) Size Selective Transport (b) Equal Mob=tyTransport
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Figure 1. Conceptual illustration of size selective transport (a) versus a combination of selective and

equal mobility (b) for bed load transport in heterogeneous sediments. The transition from phase 1 to

phase 2 transport occurs when the flow competence curves cross the dashed line.

sediments in phase 2 transport may potentially be accom-

panied by a change in slope of the flow competence cun!e.

Increasing discharge or shear stress results in progressively

larger bed material percentiles being entrained. A more

discontinuous relationship for flow competence is proposed

in Figure lb. Particle interactions during entrainment of the

riffle sediments cause the majority of the bed material size

distribution to be mobilized over a relatively na汀ovv range

of flow. In this situation, prediction of stream bed nlobility

is simplified to the identification of this narrow range of

flow or threshold flow. Recent work by RyaJi et al. [2005]

has shown that the transition from phase 1 to phase 2 bed

load transport occurs, on average, at about 80 per cent of the

bank full (1.5-year return interval) discharge, and that move-

ment of the Di6 to D25 grain size of the bed surface seems to

co汀espond with the onset of phase 2 transport.

[6] Several potential problems have been identified

which may limit our ability to quantify flow competence

as presented in Figure 1. Flow competence curves based

upon the maximum particle size entrained have been

criticized, because characterizing the transported sediments

by single or relatively few large particles may be unduly

influenced by outliers and sampling errors [Wilcock, 1 992].

Additionally, estimates of flow competence based on Dn

may be sensitive to the effect of variability in sample mass,

a common feature in gravel bed streams with unsteady

transport rates [Wilcock, 1992, 2001]. While we acknowl-

edge these difficulties, it has been shown that maximum

particle sizes are an integral part of the overall bed load size

distribution, responding clearly to changing flow hydraulics

[Komar and Caning, 1991].

【7】 The flow components in f一ow competence analyses

can be quantified through either shear stress or unit dis-

charge. In the following section we introduce these two

approaches, and describe how tlley may be applied in

practice.

2.1. Critical Shear Stress

8] Flow competence analyses are most commonly based

on relationships between flow shear stress exerted at the

stream bed and the maximum particle size entrained in bed

load transport. The Shields criterion [Shields, 1936] is the
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most widely used method of predicting thresholds in bed

load initiation:

ci - TC/(p, - p)gDi (1)

where♂.;andTciare,respectively,theShieldsdimensionless

parameterandcriticalshearstresstoentrainaparticleof

diameterDj(m),psandp

waterrespectively(kg/m3

gravity(m/s2).Meancr。s…rethedensitiesofsedimentand

andgistheaccelerationdueto

secti。nalshearstress,r(N/m2),

ismosteasilyestimatedusingDuBoysformula:

丁-βgRS(2)

wherepisthefluiddensity(kg/m),gtheaccelerationdueto

gravity(m/s2),Rthehydraulicradius(m),andSthewater
surfaceslope.

9]Workingravelbedovershasshownthatthecritical

shearstressvariesasafunctionofbothabsoluteparticlesize

DjandtherelativesizeDj/D50[WhiteandDay,1982;Parker

etal,1982;yi/idrews,1983;Komar,1987].Theimportance

ofrelativeparticlesizeisattributedtothehiding/expos?re

effect.Larger-than-averageparticlesarerelativelyeasier

tomovebecauseofexposure,andsmalleトthan-average

particlesarerelativelymoredifficulttomovebecauseof

hiding.Andrews[1983]describedtheeffectsofhidingand

exposureoncriticalshearstressviatheShieldsdimension-

lessparameter:

β。1-♂(Dl/D50)∫(3)

whereD50istllemedianparticlesizeofthebedil-atenal,♂

representstheShieldsdimensionlessparameterforthe

surfaceD50,andtheexponentjcindicatestherateatwhich
βcidimiilishesasD,increases.Tlleoretically,valuesof♂and

xmaybeassumed斤omtheliterature[e.g.,Komar,1989;

Petit,1994],allowingthecriticaldimensionlessshearstress

in(3)tobecalculatedandusedin(1)todeterminethe

criticalshearstressforentrainmentofagivenparticlesize.

Equation(2)canberea汀angedtodeterminethecritical

hydraulicradiusordepthforentrainment,whichcanthenbe

translatedintoacriticaldischargethroughastagedischarge
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cun!e. In practice, however, appropriate values of ♂ and ∫

are not known a priori for any given stream site, and there is

no algorithm from which to predictとippropriate values.

10] Values forx are negative, but for reasons of simplicity

are o氏en reported as positive values. Reported values range

from -0.65 t0 - 1.0 [Andrew甘、 1 983: As/川′orth andFerguson,

1989; Komai¥ 1989; Parker et aL 1982; Whitaker and Potts,

1996]. Values close to -1.0 suggest that the critical stress to

mobilize a particle depends more on particle size relative to

the D50 than actual size. In the extreme case of.v - -1.0, all

particle sizes present will move at the same critical stress

or discharge demonstrating eqLIal llmobility in entrainment

[Parker andKlingeman, 1982]. There is consensus that equal

mobility is reached at higll excess stresses and transport rates,

but there is disagreement concerning the range of flows for

which entrainment is size-selective [Bunte, 1992a, 1992b;

Komar and Shih, 1992].

lll】 One reason for the wide range of values obtained for

the exponent ∫ is that the critical flow for the entrainment

and transport of a given particle size has been defined in

two different ways. In one technique. the maximum particle

size sampled in transport at different flows is used to define

the critical flow condition for mobilization. Similarly, if

tracers are placed in the channel, tlle peak flow in a given

flood is de丘ned as critical for the lとirgest particle entrained

in that flood, provided larger lllllllobile sizes are present

in the channel [Carting, 1983; Komar, 1987; Ashiq and

Bathm叫1999]. An alternative technique examines the
relative transport rates of the different grain-size fractions.

and the threshold of motion for each size fraction is defined

as the flow which produces a smal一 reference transport rate

[Parker et a/., 1982; Wilcock and Southard, 1988]. This

often involves extrapolation of the measured transport

discharge rating curve, and hence can be in error if there

are discontinuities in this relationship. The technique using

maximum sampled particle size may also be in error as bed

load sampling is generally undertaken with sample times

insufficient to capture the maximum particle size [Wilcock,

19881.

【12] Several practical disadvantages have been docu-

merited in applying the critical shear stress approach.

especially for steep mountain rivers [Bathurst el al.I

1987】. To estimate the llydraulic radius requires accurate

information on the channel cross section and flow depth

during flood flows. Hydraulic radius is oRen approximated

by mean flow depth when the width to depth ratio is high.

However, active scour and deposition or the movement of

bed forms during intense bed load transport leads to errors

in estimating the channel cross section and mean flow depth

[Bathwst et al., 1987].

[i3] A further theoretical problem is caused by the fact

that total shear stress has two separate components owing to

(1) grain resistance over the stream bed surface and (2) bed

form resistance related to the shape of the stream bed and

banks. In theory, only the sheとir stress due to grain resistance

should be considered in the transport of bed load, but in

practice the division of total shear stress into these two

components remains problematic. Therefore in most cases,

authors have related total shear stress to particle entramment

in deriving flow competence relationships. This approxima-

tion is reasonable in relatively wide and shallow channels

where bank effects are negligible and grain resistance is the

llJ0 7433

dominantshearstresscomponent[Hey,1979],butin

relativelynarrowchannelsasignificantproportionoftotal

shearstressistakenuplllovercomingbedformresistance

[Coning,1983].

2.2.CriticalUnitDischarge

[i4]Analternativeentrainmentcriterionfollowsthe

Schoklitschapproach[Schoklitsch,1962,p.174]whichis

basedonthewaterdischargeperunitflowwidthratherthan

onthemeanshearstressexertedbytheflow.Bathurstetal.

[19871proposedthefollownlgequationtopredictentrain一

meritofindividualsizefractions.withadjustmentnecessary

forthehidingandexposureeffects:

・0.5rサl.50-l.12qc-0.15gU3Di:)S(4)

whereqcisthecriticalunitdischarge(rrr/s)neededto

entraina

gravity(雷IeofdiameterD(n

andSisthewater-霊accelerationdueto

eslope.Theabove

semiempmcalequationisbasedonflumeexperimentsusing

unifonlisedimentsranging3-44mminsize,andslopesof

0.25-20%.Bathurst[1987]usedthisequationtopredict

entrainmentofthereferenceparticlesizeinheterogeneous

streambedgravels.Thereferencesizeistheparticle

diameterwhichisunaffectedbyanyhidingorexposure,as

inthecaseofauniformsizebed.Thehidingandexposure

effectsarethenmodeledinthesameformasequation(3):

q^q^Dj/D,)4(5)

whereqcjisthecriticalunitdischとirgeforentrainmentofa

givenparticlesize,qcristhecriticalunitdischargeforthe

rekrencesizecalculatedfrom(4),andbisanexponent.

Bathmrst[1987]proposedthefollowingrelationshipto

estimatetheexponentbinequation(5):

b - 1.5(D84/D,6)" - (6)

where D84 and D!6 refer to the stream bed surface. For

unifonli sediments b assumes a value of 1.5, and for widely

ranging particle sizes (large ratio D84/D16), b tends toward

zero. A smaller value for b will be obtained when a

relatively narrow range of discharge entrains all available

particle sizes, and indicates a tendency toward greater equal

nlobility in the initiation of bed load transport.

【15】 The unit discharge criterion nlay be more suitable in

steep mountain rivers with boulder beds, where individLlal

particles extend through a significant portion of the flow

depth, or even extend above the water surface [Bathurst,

1987; Bathurst et al., 1987]. Under such conditions the

assurliptions in the shear stressとipproach are violated, and it

is easier to define flow discharge than mean shear stress. In

gravel bed streams with slope of about one percent or more,

a case may be made for the use of either shear stress or unit

discharge entrainment criteria.

16] Differences in the arrangement and mix of particle

sizes also play a significant role in determining the critical

stress or flow required to initiate movement of particles on

the stream bed 【Reid et al.I 1985; Powell and Ashworth,

1995], so that for any given particle size, the critical flow

can vary several fold, even after allowance for the hiding/

exposure effect. This unpredictable variation in the critical
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flow condition required to mobilize stream bed sediments

hinders山e application of either the shear stress or unit

discharge criteria.

3. StudyArea

【17] Dupuyer Creek originates east of the Continental

Divide in the Sawtooth Range of Montana's Rocky Moun-

tain Front, a tributary of the Missouri River (Figure 2a).

Stream gauging and bed load sampling were earned out

approximately 8 km from the mountain front, giving a

catchment area of 83 km" [Wfiitaker and Potts, 2007].

The seasonal flow regime is dominated by May and June

floods caused by frontal rainfall and snowmelt, and

throughout the rest of the year low flow conditions are

common. Above the sampling site tfle channel is meander-

ing single thread in an alluvial valley, with alternate,

transverse, and midchannel bars, and sequences of riffles

and pools. Bank full width is 9 m, mean slope is 1.0 percent,

and channel bed materials are predominantly gravels and

cobbles with a surface D50 of 56 mm at the riffle sampling

point. Wolman pebble counts [Wolman, 1954] in three

different areas of the riffle where bed load was sampled

showed that the D50 ranged from 45-63 mm, and the D84

ranged from 100-112 mm. At the reach scale (76% riffle,

24% pool), a stratified pebble count encompassing five

riffles and five pools upstream from the sampling bridge

showed the D50 to be 42 mm. High sediment supply and

channel bed mobility is evidenced by the absence of an

obvious coarse armor layer, loose arrangement of particles,

smooth and rounded particle shapes, and freshly deposited

bars containing the full range of available particle sizes.

Widespread bank erosion and channel migration also indi-

cate that bed load transport is unlimited by the supply of

sediment.

4. Methods

4.1. Sampling of Maximum Bed Load Sizes

is] Classic flow competence criteria relate stream flow

parameters to a maximum particle size that can be entrained.

In validating such flow competence criteria it is essential

that the largest particles in motion on the stream bed can be

emciently sampled, and related to flow conditions at the

time of sampling. Helley-Smith type bed load samplers

[Helley and Smith, 1971] have been designed to capture

the finer bed load丘actions, and they are incapable of

capturing the maximum particle sizes in motion when these

sizes approach or exceed the sampler nozzle size in coarse

gravel channels [Custer, 1992; Sterling and Church, 2002;

Vericat et al., 2006]. Pit traps may be effective in capturing

the maximum particle sizes [e.g., Reid et al., 1985] although

integrated samples are generally obtained over a complete

flood event making it difficult to link critical flows with

specific particle sizes. This investigation used a large-frame

(0.45 m by 1 m) bed load sampler with a large mesh size

(32 mm) to capture coarse particles in motion over discrete

periods of the flood hydrograph (Figure 2b). This type of

sampler was first used by Bunte [1992a, 1996], and aspects

of the sampler design and operation are discussed by

Wliitaker and Potts [2007]. The fine bed load fraction,
and total rates of bed load flux cannot be measured with a

large mesh size, but this compromise was necessary when

WO7433

the primary purpose of sampling was to investigate coarse

bed load characteristics. Trap efficiency was assumed to be

100 percent for particles 38 mm or larger in the b axis

dimension and the data were truncated at this size (equiv-

alent to D30 0n stream bed surface at midnffle sampling

point). The truncation at 38 mm (mesh size plus 6 mm) was

dictated in part by the available sieve sizes. All bed load

samples were hand sieved in the field with Gilson screens of

76, 64, 51, and 38 mm sizes, and the b axis of particles

larger than 76 ilim measured by ruler to the nearest mm.

19] A total of 120 individual bed load samples was

obtained during two spring runoff events at Dupuyer Creek

(Table 1). Sample duration ranged from 1 minute dunng

peak bed load activity, to 60 minutes during marginal bed

load activity, with a mean sample size of 21 kg and a

maximPm of 1 16 kg (respectively 40 kg and 242 kg before
truncation at 38 mm). As found in previous studies, bed

load transport was unsteady with sediment moving in pulses

or waves, even during steady flow conditions [e.g., Leopold

and Emmett, 1976; Ergenzinger and Custer, 1983; Reid et

ai, 1985; Iseya and Ikeda, 1987; Kuhnle and Southard,

1988; Dinehart, 1989; Gomez et ai, 1989]. A single sample

may not contain the largest particles m motion under the

prevailing flow conditions. Therefore the data were ana-

lyzed by grouping sequential individual samples into com-

posite samples (hereafter referred to as sample groups) over

periods ofト3 hours during which discharge remained
relatively steady (土5%), giving total sample times of be-

tween 8 and 140 minutes (Table 2). To test the flow

competence criteria, the mean flow condition during each

sample group period was plotted against the maximum

particle size (and the mean of the three largest particle

sizes). By grouping individual samples into sample groups,

we effectively increased the sample duration to improve our

chances of capturing the largest particles in motion at any

given level of shear stress or discharge. The grouping of

samples is also discussed in搾仇itaker and Potts [2007]

which describes trends in the fractional transport of bed load

at Dupuyer Creek.

4.2. Estimation of Hydraulic Parameters

【20】 Flow velocities were measured with a Price AA
current meter. When flows could be waded, the current

meter was attached to a wading rod with readings taken

every 30 cm across the channel. At high flows, the current

meter was attached above a 14 kg sounding weight and

operated using a cable and hand reel from the sampling

bridge (Figure 2b). Flow depths were less than 0.7 m, so

that velocities could be measured at 0.6 times depth from

the surface to give an estimate of average velocity at each

vertical [Rantz et al., 1982]. To confirm the stage-rating

curve, discharge was measured on each occasion that bed

load samples were taken.

[21] At the sampling point, the channel cross section is

relatively wide and shallow (trapezoidal) so that when using

the Du Boys equation (2) to estimate mean crosモーsectional

shear stress, the hydraulic radius can be approximated by

mean flow depth (R - 0.97d when bed load activity

marginal, and 0.95d for maximum sampled flow). Mean

flow depth should be calculated only across that portion of

the channel bed which is active in transporting bed load

[Andrelvs, 1983]. At Dupuyer Creek, bed load was detected
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Figure 2. (a) Location of Dupヮyer Creek on the Rocky Mountain Front of Montana. Watershed
boundary is defined for the gauging station and poii-t of bed load sampling, located at the Theodore

Roosevelt Ranch, (b) Schematic illustration of large-frame bed load sampler with inset photograph

showing deployment during low flow conditions. Color appears in back of the print issue.

across almost the entire width. and only the outer meter

against each bank was considered inactive and excluded

from the mean depth calculations (for a discussion on lateral

variation in shear stress, see Ferguson [2003]).

22] Water surface slope is an important hydraulic vari-

able, which is rarely measured in space and time at field sites

during sediment transport [Prestegaard, 1 983; Meirovich et

al., 1998]. We tried the hslope tube" technique [Custer,
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Table 1. Three Largest Particle Sizes Together With Sample Mass

(>38 mm Fraction) and Flow Conditions for Each of the 120

Individual Bed Load Samples Obtained in the May and June

Floods, 1995-

Largest Bed Load b Axes, mm

SampleID kg Dmax Second Third Mean N/m2

ir

/m2　m7s

1

2

3

4

5

6

7

8

9

10

日

12

13

14

15

16

17

18

19

20

21

22

23

24

25

26

27

28

m

30

31

32

33

34

35

36

37

38

39

40

41

42

43

44

45

46

47

48

49

m

51

52

53

be

55

56

57

58

59

30

61

62

63

64

65

66

67

10.6　　120　　　　　　　　　　　　　　　　57.2　1.02

4.9　　100　　　　　　　　　　　　　　　　56.9　1.01

5.7　　　90　　　　　　　　　　　　　　　　　56.4　　0.99

28.6　　135　　　　　　　　　　　　　　　　56.1　0.98

25.8　　104　　　　　　　　　　　　　　　　55.9　　0.97

34.7　　134　　　　　　　　　　　　　　　　55.6　　0.96

1 7.0　　90　　　　　　　　　　　　　　　　　55.3　　0.95

1 15.7　155　　130　　　　　　143　　55.3　　0.91

49.9　　120　　1 16　　　95　　110　　55.3　　0.91

62.0　　105　　103　　　98　　102　　55.3　　0.91

2.0　　　70　　　60　　　　　　　　65　　　55.0　　0.90

100.9　125　　1 10　　1 10　　115　　55.0　　0.90

12.2　　1 10　　100　　　74　　　95　　　55.0　　0.90

8.2　　　75　　　74　　　64　　　7 1　　55.0　　0.90

5.2　　　74　　　60　　　54　　　63　　　55.0　　0.90

1 8.4　　13 1　　80　　　67　　　93　　　55.0　　0.90

12.3　　89　　　80　　　75　　　8 1　　53.7　　0.85

18.1　　78　　　68　　　68　　　71　　53.7　　0.85

8.8　　　70　　　65　　　65　　　67　　　54.5　　0.88

24.6　　1 1 7　　　98　　　85　　100　　54.0　　0.86

35.9　　1 75　　100　　　95　　123　　54.0　　0.86

2 1.8　　76　　　72　　　69　　　72　　　53.4　　0.84

49.2　　124　　1 00　　1 00　　108　　53.4　　0.84

12.7　　　80　　　73　　　66　　　73　　　54.8　　0.89

22.3　　1 06　　　95　　　80　　　94　　　54.8　　0.89

35.3　　105　　　93　　　90　　　96　　　54.8　　0.89

22.6　　98　　　87　　　87　　　9 1　　55.0　　0.90

6.5　　　76　　　76　　　71　　74　　　52.3　　0.81

6.3　　　75　　　75　　　58　　　69　　　52.3　　0.8 1

49.2　　109　　　93　　　　86　　　96　　　52.3　　0.8 1

26.9　　　85　　　83　　　80　　　83　　　52. 1　0.80

4.9　　　68　　　64　　　62　　　65　　　52.3　　0.8 1

9,　　　　　　　　74　　　70　　　77　　　52.3　　0.8 1

20.0　　85　　　80　　　70　　　78　　　5 1.8　　0.79

20.1　123　　　87　　　85　　　98　　　51.0　　0.76

10.4　　　86　　　84　　　75　　　82　　　5 1.5　　0.78

2.8　　　64　　　62　　　58　　　61　　51.0　　0.76

21.0　　89　　　　　　　　79　　　85　　　51.5　　0.78

6.9　　　70　　　70　　　61　　67　　　51.8　　0.79

2.6　　　59　　　58　　　55　　　57　　　47.5　　0.65

1.0　　　65　　　52　　　50　　　56　　　47.2　　0.64

23.9　　100　　　78　　　75　　　84　　　48.0　　0.67

36.8　　　90　　　82　　　8 1　　84　　　47.5　　0.65

0.5　　　54　　　50　　　49　　　5 1　　47.2　　0.64

12.6　　　78　　　72　　　70　　　73　　　46.9　　0.63

0.9　　　58　　　57　　　52　　　56　　　46.4　　0.62

7.5　　　70　　　65　　　　61　　　65　　　46. 1　0.61

15.6　　　75　　　74　　　　65　　　71　　46.4　　0.62

77.7　　94　　　　　　　　74　　　85　　　45.8　　0.60

4.5　　　　　　　　80　　　76　　　8 1　　45.0　　0.58

7.3　　　75　　　70　　　66　　　70　　　45.3　　0.59

6.5　　　82　　　80　　　　64　　　75　　　45.3　　0.59

5.7　　　85　　　70　　　58　　　71　　45.0　　0.58

4.0　　　82　　　　　　　　　　　　　　　　　　45.3　　0.59

3.9　　　1 03　　　80　　　75　　　86　　　56.7　　0.89

29.4　　103　　　99　　　8 1　　94　　　57.2　　0.9 1

7.6　　1 00　　　75　　　70　　　82　　　57.5　　0.92

18.5　　120　　1 10　　106　　112　　57.5　　0.92

1.8　　　7 1　　　60　　　60　　　64　　　57.2　　0.9 1

4.7　　　74　　　73　　　64　　　70　　　57.7　　0.93

3.6　　　108　　　72　　　63　　　8 1　　57.5　　0.92

3 1.8　　　94　　　　　　　　　77　　　86　　　58.0　　0.94

23.8　　105　　　85　　　82　　　91　　57.7　　0.93

7.8　　　1 1 5　　　　　　　　76　　　93　　　57.7　　0.93

16.4　　96　　　　　　　　85　　　90　　　58.0　　0.94

24.0　　　87　　　79　　　75　　　80　　　58.0　　0.94

30.5　　103　　　95　　　83　　　94　　　58.3　　0.95

Table 1. (continued)

ll 07433

Largest Bed Load b Axes, mm

SampleID kg Dmax Second Third Mean

68

69

70

71

72

73

74

m

76

77

78

79

80

81

82

83

84

85

86

87

88

89

90

91

92

93

94

95

96

97

98

99

100

101

102

103

04

105

lira

107

108

log

110

1日

112

113

114

115

日6

117

118

Ilワ

120

5.5　　　93

19.0　　　91

6.9　　　89

5.9　　　105

17.4　　113

16.9　　100

1.5　　　　64

12.6　　122

20.5　　120

48.2　　124

10.0　　102

47.3　　146

24.2　　　96

84.7　　144

9.1　　110

24.0　　　98

5.6　　　95

21.8　　114

25.9　　107

15.3　　　94

30.1　　96

50.9　　127

21.6　　105

84

5.4　　　67

32.5　　　95

13.3　　144

46.3　　110

21.5　　　85

28.8　　　84

38.7　　121

37.0　　　98

10.4　　　97

1.8　　　　62

5.5　　　109

9.4　　　80

1.9　　　　66

46.8　　　92

14.7　　　76

81.4　　　95

10.4　　　94

10.2　　　84

4.7　　　　75

10.3　　　80

5.7　　　　65

32.2　　　95

57.6　　　98

4.5　　　89

19.9　　　87

25.5　　　97

1 7.0　　　94

ll.2　　100

20.5　　　81

76

87

89

87

93

72　　　80

86　　　87

77　　　90

82　　　94

75　　　89

103　　　67　　　97

104　　　87　　　1 04

120　　105　　116

96　　　　89　　　96

113　　　105　　121

91　　　89　　　92

124　　120　　129

85　　　　83　　　93

95　　　　81　　　91

90　　　　75　　　87

77　　　93

100　　　92　　　100

94　　　　90　　　93

94　　　　9 1　　　94

112　　　98　　　112

86　　　　86　　　92

59　　　　59　　　67

65　　　　6 1　　　64

85　　　　81　　　87

107　　　84　　　112

92　　　　92　　　98

71　　　68　　　75

74　　　　74　　　77

98　　　　84　　　101

89　　　　88　　　92

75　　　　68　　　80

56　　　　46　　　55

65　　　　63　　　79

78　　　　69　　　76

59　　　　58　　　61

87　　　　83　　　87

75　　　　74　　　75

89　　　　87　　　90

69　　　　64　　　76

81　　　76　　　80

63　　　　53　　　64

65　　　　65　　　70

56　　　　56　　　59

83　　　　80　　　86

90　　　　87　　　92

85　　　　69　　　81

67　　　　67　　　74

95　　　　81　　　91

87　　　　86　　　89

89　　　　73　　　87

73　　　　70　　　75

58.0　　0.94

59.1　0.98

63.2　1.13

62.9　1.12

63.7　1.15

64.0　1.17

64.2　1.18

64.0　1.17

64.5　1.19

65.1　1.21

66.1　1.25

66.4　1.27

66.7　1.28

67.2　1.30

1.69

63.6　1.14

62. 1　1.09

64.4　1.17

62.1　1.09

62.4　1.10

61.8　1.08

63.6　1.14

63.0　1.12

61.8　1.08

63.0　1.12

62.1　1.09

63.6　1.14

60.6　1.04

53.2　　0.84

53.8　　0.86

51.1　0.78

52.6　　0.82

51.7　　0.80

53.2　　0.84

51.7　　0.80

51.7　　0.80

51.7　　0.80

52.3　　0.81

47.3　　0.69

47.3　　0.69

47.9　　0.70

48.8　　0.73

49.4　　0.75

49. 1　0.74

48.5　　0.72

49. 1　0.74

48.8　　0.73

49.7　　0.75

48.8　　0.73

48.8　　0.73

49.7　　0.75

49. 1　0.74

49.4　　0.75

'Shear stress, r, and unit discharge, q, are mean cross sectional values.

Samples 1-54: 6-10 May 1995. Samples 55-120: 6-ll June 1995.

1992; Bitnte, 1996] to measure slope during floods, but

found that accurate readings were made impossible owing
to continual fluctuations in the water level of the raised

tube. Therefore surveyed reach average stream bed slope

(1.0 percent) was used in all flow competence analyses.

4.3. Stream Bed Size Distribution

[23] The particle size distribution of the stream bed

surface was sampled by Wolman pebble counts [Wblman,

1954], using a grid spacing of 0.5 m across the bank full
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W07433 WHITAKER AND POTTS: ANAurSIS OF FLOW COMPETENCE

Table 2. Characteristics of the Bed Load Sample Groups Including Particle Sizes and Hydraulic Conditions

Used in the Flow Competence Analysis

Bed Load Particle Sizes, >38 mm

Samples fraction, mm

Group ID Time, min Mass, kg Dn Dmax 0)　D9 T, N!n-　　q, m三/　Q/Qbf

1-7

8-10

3　　　　11-19

4　　　　20-26

5　　　　28-39

40-45

46-49

50-54

55-69

10　　　70-81

83-95

12　　　96-105

13　　　106-日4

14　　　115-120

13

8

tr;

14

26

28

56

140

30

24

15

40

48

24

127

228

186

202

184

77

102

28

229

296

296

202

227

99

135

155

131

175-

123

100

94

88

120

‖EE

‖EE

121

98

100

サK

122

122

108

91

86

85

115

138

128

lop

96

97

89　　　59

89　　　50

87　　　50

72　　　49

64　　　48

62　　　47

80　　　53

113　　　60

93　　　55

74　　　50

71　　　50

79　　　52

56.2

55.3

54.7

54.1

51.7

47.3

46.1

45.2

57.7

64.9

62.5

52.3

48.5

49.3

0.98

0.91

0.89

0.87

0.79

0.65

0.61

0.58

0.93

1.20

1.ll

0.81

0.72

0.74

1.15

1.ll

1.08

1.06

0.96

0.79

0.75

0.71

1.22

1.58

1.56

1.12

0.97

1.00

'Bankfull discharge, QM, estimated as 6.5 m /s with a bankfiill width of approximately 9 m.

'Renloving this outlier (as in Dn.x(or)), the value becomes 124 mm.

channel width, and measuring particle b axis by ruler to the

nearest mm. Two types of pebble count were performed over

the study reach. The first type took samples of 100 pebbles

each from three zones (upper, middle, and lower riffle) to

estimate the size distribution immediately upstream from

where bed load was sampled. The second type of pebble

count was undertaken to obtain an estimate of the size

distribution at the reach scale, sampling over several hundred

meters of channel, encompassing five riffles and five pools

upstream from the sampling bridge. One thousand particles

were measured in this larger-scale stratified pebble count.

The pool/riffle ratio was determined through pacing, and the

proportions were used to dictate the number of pebbles

measured in pools versus riffles.

5.　Results

5.1. Critical Shear Stress

【24】 First, we show the results of applying血e critical

shear stress method through equations (1) to (3) in the

W07433

evaluation of flow competence. We present the results for

flow competence as denned by maximum particle sizes.

followed by an examination of the sensitivity of flow

competence relationships to estimated particle sizes, and

finally we examine flow competence in terms of the

changing caliber of sampled bed load percentiles with

varying flow stress.

5.1.1. Maximum Particle Size Relationships
25] When mean cross-sectional shear stress is plotted
against the maximum particle size for each individual bed

load sample, a wide range of scatter is seen (Figure 3). The

pulsing nature of the bed load means that any single sample

may not contain the largest particle size capable of being

transported under the prevailing flow conditions. The larg-

est particles move in pulses with intervals that o洗en exceed

the manageable sample duration. Unsteady transport of

coarse bed load, together with the practical constraints on

sample sizes which could be removed from the stream bed,

necessitated the aggregation of series of smaller individual

samples into sailiple groups (Table 2).

Figure 3. Relationship between cross-sectional shear stress and the maximum particle size, Dmax, for

the 120 individual bed load samples taken during the two floods of6-10 May and 6-1 1 June 1995.
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80　　　90　　100

Particle size, D: (mm)

Figure 4. Averaged cross-sectional shear stress against the absolute maximum particle size (Dmax, not

averaged) for each bed load sample group. Scales are log-log, and power regression plots as a straight

line.

【26】Therelationshipbetweentheabsolutemaximum

particlesize(Dmax,notaveraged)ineachsamplegroup

andthemeanshearstresssilowsconsiderablylessscatter

(Figure4).Apowerregressionlinew・asfitted,althoughfor

highershearstressesandparticlesizesthereisanoticeable

increaseinthescatterofthedata(R--0.63).

27]Plottingcriticaldimensionlessshearstressagainst

relativeparticlesizecomputedfortheDupuyerCreekdata

(Figure5)showsaninverserelationshipsimilartotheone

shownbyAndrews[1983].Apowerregressionrelations

canbefitted(R2=0.77)t。determinetheslopexand霊
coefficient6inequation(3).However,theslopeof-0.59is

alittlelesssteepcomparedtovaluesfoundinotherstudies

(Table3,bydefinition,x-Figure5slope-Figure4slope

-1).Reportedvaluesof.vrangebetween-0.68and-0.98,

whilethe-0.59forDupuyerCreekindicatesslightly

greatersizeselectivityinbedloadentramment.AtDupuyer

CreekthesmallestDmaxforthesamplegroupswasa

relativelylarge88mm,correspondingtoarelativeparticle
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size of 1.57. We found that even when coarse bed load flux was

marginal on the falling limb of the May flood (0.001 kg/s/m
for >38 mm fraction), we were still capturing relatively coarse

bed load particles approximately 1.5 times larger than the

surface D50 size. Therefore to estimate 9, representing the

critical dimensionless shear stress coefficient for the surface

D50, required extrapolation of the power equation beyond the

sampled data range. The obtained value ofO.044 for 6 (95%

confidence limits: 0.0402, 0.0474) is similar to lower-end

values found by researchers on other streams (Table 3).

5.1.2. Sensitivity to Estimated Particle Sizes

28] Flow competence analysis is dependent on accurate

estimates of the stream bed size distribution and the

maximum particle sizes entrained across a range of flow

conditions. The modeling of particle hiding and exposure

relies upon a good estimate of the stream bed surface D50.

while the maximum particle sizes captured in bed load

sampling (Dmax) are critical in defining the flow conチPe-

tence relationship. In this section, we examine山e sensitiv-

2　　　　　　　　3　　　　　　4　　　　5

Relative particle size, D:/ D50

Figure 5. Critical dimensionless shear stress against relative particle size. The slope of the power

regression line gives a value of -0.59 for* in equation (3). The critical dimensionless shear stress for D50

(9 in equation (3)) is estimated to be 0.044 (95% confidence limits: 0.040 and 0.047).
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Table 3. Values of6 and x in Oci - 0(D;/D50)∫ From Petit [1994]

D50, mm Di!D50　　　　　　　Reference

0.088　-0.98

0.083　-0.87

0.045　-0.68

0.045　-0.68

0.045　-0.71

0.089　-0.74

0.047　-0.88

0.049　-0.69

0.044　-0.59

1.3-25　0.045-4.2

54-74　　0.3-4.2

20　　　　0.4-5.9

20　　　　0.5-10

7.5　　　　0.67-5.33

23-98　　0.1-2

73　　　　0.04- I.2

18-32　　0.15-3.2

56　　　　1.57-3. 3

Parker et al. 【1982】

Andrews [ 1983]

Milhou∫ 【1973] in Komar [1987】

Carling [1983]

Hammond el al. [1984]

Ash-vorth and Ferguson [1989]

Ferguson et al. [1989]

Ash-vorlh et al. [1992]

This study

lty of the parameters in the shear stress criterion to different

estimates of these characteristic particle sizes in Dupuyer

Creek (Table 4).

29] We suggest that a surface-area-based pebble count is
the correct procedure for estimating the stream bed size

distnbution and D50 in flow competence analyses. However,

there is considerable variability in the exact technique used

in the field to select the particles for measurement, and

different variants of the pebble count will produce different

results {Marcus et al., 1995; Wohl et ai, 1996; Kondolf,

1997; Bunte and Abt, 2001a, 2001b]. At the current time

there is little consensus as to which form of pebble count

should be employed in a flow competence Analysis. Here

the result of using a stream bed surface D50 estimate from a

reach-scale pebble count (42 mm) is compared with that

obtained using a D50 estimate restricted to the riffle where

bed load was sampled (声6 nナm) as shown in Table 4. The
reach-scale pebble count gives a finer stream bed size

distribution because of the inclusion of finer deposits

around pool regions and bar features which are absent from

the sampled riffle. However, the resulting values of tlle

critical dimensionless shear stress for the D50 (9 in Table 4)

are not significantly different at the 95% confidence level.

[3o] Difficulty in estimating the surface size distribution

(D50) is caused not only by the spatial variability, but the

potential temporal variability during the passage of a flood

hydrograph. Pebble counts undertaken before and after the

moods sampled in this study showed that the D50 size
decreased from 56 to 48 mm aRer the second flood. While

there is evidence of persistence in the surface size distnbu-

tion during floods in other settings [A/idrelvs and Erman,

1986; Wilcock and DeTemple, 2005], it seems highly

probable that the D50 is fluctuating in our study riffle in

response to the size distribution of sediment supplied from

upstream and unsteady flow dynamics [De Jong and

Ergenzinger, 1992; De Jong, 1993; Ergenzinger et al.,
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Figure 6. Flow compete!1cc curves of the form T - aDP

for Dmax - maximum particle size; Dmax (or) - maximum

size with outlier removed; and Dmax (3) - mean of the three

largest particle sizes. Regression equations are given in
Table 4.

1994]. As described in section 3, Dupuyer Creek is a very

dynamic system with poor armor layer development.

[3i] When sampling for the maximum particle size in
transport there is concern that extreme values and outliers

can distort the flow competence relationship and render it

unreliable [KO/nar aJid Carting, 1991; Wilcock, 1992]. To

address this concern, the mean of the largest three to five

particles captured has been used to represent the maximum

size in transport [Caning, 1983]. In this analysis, flow

competence was examined for the following definitions of

maximum particle size (Figure 6):

[32] Dmax - absolute maximum particle size captured in

each sample group.

[33] Dmax (or) - absolute maximum particle size captured

in each sample group, but with the removal of a suspected

outlier from one sample group (175 mm particle size in

group 4).

【34] Dmax (3) - arithmetic mean of the three largest

particles captured in each sample group, excluding the

suspected outlier.

Table 4. Sensitivity of Flow Competence Curves to the Values Assumed for Maximum Size Entrained and

Stream Bed D50 in Relationship Between Shear Stress r and Maximum Size Entrained Dj and Relationship

Between Critical Dimensionless Shear Stress Oci and Relative Particle Size Dj/D<

r - aD　　　　　　　　　　　　　　　　　　　　　　　6ci - 0(D,/D5。)x

D;　　　　　　　　　　　　　R-　　　　6, D50 = 56 n-　　　　　　9, D50=42 mm

・-'-ax
Dmax(。r)霊呈:霊8霊8霊3g:040,0.
037,0.霊7)b0

3)b。霊芸(0.048,0
(0.043,0:8霊-0.59

-0.46霊

Dmax(3)2.940.620.850.040(0.037,0.043)b0.045(0.042,0.047)"-0.380.69

'units fort are N/ln2; units for Dj are mm. Note that by definition of the equations r - aDj and 9C, = 0(Di/D5。)x, b - x- 1.
レrhe 95% con丘dcnce limits.
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Figure 7. Flow competence relationships oftl-e forn- r - aDj for bed load percentiles D50, D70, and

D90; maximum particle size, Dmax; maやmum size with outlier removed, D-ax (or): and mean of the three
largest particle sizes. Dmax (3). Regression lines are extended土10 mm on the x axis. Regression equations

show that the exponent b becomes larger (steeper slope) as one moves from the Dmax to Dmax (3) and

again from D90 to D50 percentiles.

[35] Table 4 shows that the relationship between shear

stress, r, and maximum particle size, D;, improves when

first the outlier is removed, and then the mean of the three

largest particles is considered. However, the corresponding

relationships for the dimensionless shear stress, Oci, show a

slight decrease in the R-squared value. The exponent.v in

the dimensionless shear stress equation is particularly sen-

sitive to the definition of maximum particle size in trans-

port. Discounting the outlier and taking the mean of the

three largest particles results in a fitted flow competence

curve with values for the coefficient and exponent even

further removed from those obtained by previous workers

(Table 3). This is shown in Figure 6 by the steeper

regression line for the mean of the three largest particles.

compared to the other definitions of maximum particle size.

[36] Flow C0㌢petence relationships based on the single
largest particle in eacll Salllpie are very sensitive to tlle

influence of outliers. More consistent results may be

achieved if the mean of the three largest particles captured

is used to model flow competence. Values for the second

largest particle size were very close to the mean values of

the three largest particles, giving almost identical flow

competence relationships. The value ofβ, the dimensionless

shear stress coefficient for the median particle size, is by

definition dependent on our estimate of the stream bed

surface D50, but also our estimate of the maximum size

entrained as shown in Table 4. However, less certainty can

be placed on the estimates ofβ, compared to x, because tllCy

were derived by extrapolation outside the range of particle

sizes sampled.

5.1.3. Bed Load Percentile Relationships

[37] In determining flow competence, the problems asモ0-
ciated with using an extreme value of the transport grain-

size distribution have led to the consideration of alternative

definitions [Wilcock, 1992]. Flow competence may be

defined for the central tendency of the bed load size

distribution sue!l as the D50, 0r some coarse percentile that

is established by a reasonable number of grains. The

following formula may be used to examine flow compe-

tence curves in terms of the changing caliber of sampled bed

load percentiles with varying flow stress:

丁-。D㌣ (7)

where T is the shear stress required to bring the bed load

percentile Dj to a given size. This analysis was undertaken

with the Dupuyer Creek data by determining bed load

size distribution percentilcs for each sample group as a

whole, ranging from D50 to Dmax (here bed load truncated at

38 mm). Regression analysis was used to determine the

coefficient a and exponent b, and the results are summarized

in Figure 7.

[38] The DmaA competence curve for the Dupuyer Creek

data is similar in terms of the coefficient a and exponent b to

the reported values for Oak Creek, a rainfall-dominated

gravel bed stream in Oregon (Milhous [1973], as analyzed

by Komar and Carling [1991]). The bed load percentiles

(D5o to D90) cannot be directly compared because of the

truncation of Dupuyer Creek data at 38 mm. However, we

can compare the trends in how the slope exponent, b, vanes
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Figure 8. Relationship between unit discharge and the maximum particle size, Dmax, for the

120 individual bed load samples taken during the two floods of6-10 May and 6-1 1 June 1995.

betweenbedloadpercentiles.ForDupuyerCreek,theslope

increasestowardthelowerpercentiles,indicatingthatbed

loadpercentilesclosertotheD50arelesssensitiveto

changesinshearstresscomparedwithlligherbedload

percentiles.ThesametrendwasfoundbyBunte[1992b,

1996]whomeasuredcoarsebedloadinasnowmelt-

dominatedgravelbedstreamusingasimilarsamplerto

theonewehaveused.However,theoppositetrendisseen

intheOakCreekdata[KomarandCarling,1991],andthe

reasonforthedifferenttrendsmaybeduetothelackof

armoringinDupuyerCreekcomparedtoOakCreek(rela-

tivelyfinesubarmorandaD50of20mm).InOakCreek,

increasingflowswouldreleasemoreandmoreofthe

subsurfacefines,causingthemediumsizefractionsto

increasewhilethecoarsesizesremainlesschanged.In

contrast,thereisless丘nesedimenttobereleasedat

DupuyerCreek.

【39]FlowcompetencecurvesforDupuyerCreekshow

bestfitbetweenshearstressandthemeanofthethree
largestparticles(D-ax

f。Il。wedbytherelati。盈iSn£igure7,R2=0.85),closel

rcoarsebedloadD9。(R2≡0.83).InOakCreekthepatternisverysimilar,withlowest

R-squaredvaluesfortheD50andDmaxsizesandthebestfit

fortheD90(R-0.81).Thissuggeststhatacoarsebedload

percentilesuchastheD900rthemeanofthethreelargest

panideswouldbethemostsuitableparametertomodelin

flowcompetenceanalyses.ForDupuyerCreekthesecoarse

percentilesarealsomoresensitivetochangesinflowstress

thanthebedloadD50,atleastovertherailgeofflows

sampled.Inotherwords,changesinflowshearstress

produceagreaterresponseinthemaximumbedload

particlesizes(Dmax(3))thanthemedianbedloadparticle

size(D50).

5.2.CriticalUnitDischarge

【40]Inthissectionweshowtheresultsofapplyingthe

criticalunitdischargemethodthroi唱hequations(4)to(6)in

theevaluationofflowcompetence.Asintheprevious

section,wepresenttheresultsforflowcompetenceas

definedbymaximumparticlesizes,followedbyanexam-

inationofthesensitivityofflowcompetencerelationshipsto

estimatedparticlesizes.

5.2.1.MaximumParticleSizeRelationships

【41]Whenunitdiscilargeisplottedagainstthemaximum

particlesizeforeachindividualbedloadsample,awide

rangeofscatterisseen(Figure8)similartotheshearstress

plot(Figure3).Therelationshipbetweenmaximumparticle

sizeineachsaillpiegroupandthemeanunitdischarge

showsmuchlessscatter,andapowerfunctionisfittedwith

an良-squaredvalueof0.66(Figure9).Alsoplottedin

Figure9istheempiricalrelationshipforuniformsediments

givenbyequation(4),whichBathurst[1987]suggested

couldbeusedtopredictthecriticalflowforentrainmentof

thereferenceparticlesize(D50)inmixed-sizedsediments.

[42]However,forDupuyerCreekequation(4)doesnot

predictthecriticalflowfortheentrainmentofthereference

particlesize(D50),becausetheintersectionofthetwo

relationshipsat14mmisasignificantdeparturefromthe

D5ovalueof56mm.Equation(4)predictsthecnticalflow

forentrainmentoftheD50atDupuyerCreektobe1.08m/s,

whereaswesampledparticlesizesaslargeastheD90atsuch

flows.Byextrapolatingourfittedflowcompetencecurveto

smallerparti

beentrained霊zes(Figure10),we

fl。w。f0.43rrr/s(冒redictthattheD50will

5%confidencelimits:

0.22,0.65m"/s),showingthatforDupuyerCreekcoarsebed

loadisentrainedatmuchlowerflowsthanthosepredictedby

equation(4).

[43]Therelationshipbetweencriticalunitdischargeand

relativeparticlesizeismodeledthroughregressiontodeter-

minetheexponentbinequation(5),representedbytheline

gradient(Figure10).ThebvalueofO.84obtainedforDupuyer

Creekis2-4timesgreaterthanthosevaluesfoundbyBathurst

[1987]fortheRoaringRiver,andgreaterthanotherreported

valuessummarizedbyFerguson[1994],indicatinggreater

sizeselectivityinbedloadtransportforDupuyerCreek.The

highergradientinthecriticalunitdischargeparticlesize

relationshipisonereasonwhytherelationshipsinFigure9

intersectwellbelowthemeasuredD50.Insection5.2.2we

considerthedifferenceinbedloadsamplingmethodsbetween

studies,whichhasalsobeenshowntoinfluencetheslopeof

flowcompetencecurves[Bunteetal,2004].
[44]AtDupuyerCreekwefoundthatthevalueofb

obtainedthroughregressionanalysisonthedata(0.84)was
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Figure 9. Critical unit discharge against the maximum particle size entrained, Dmax, for the sample

group data (regression shown). Equation (4) represents the relationship for uniform sediments. The two

relationships intersect at 14 mm, which is much finer than the D50 of 56 mm.

much greater than the value of 0.36 obtained through

equation (6). This is likely due to factors other than the

D84/Di6 sorting ratio which influence the slope of the flow

competence curve. Differences in climate, runoff regime,

and sediment supply, all influence stream bed charactenstics

such as the degree of armoring and imbrication. Dupuyer

Creek is notable for the high sediment supply, the looseness

of the stream bed particles, and the lack of armoring or

imbrication. This could produce higher size selectivity by

allowing smaller particles to be entrained from the loose

matrix, whilst movement of larger particles remains mar-

ginal. A tightly packed stream bed, or one that exhibits

greater structure, increases the interdependence between

particles and narrows the range of discharge over which

all particles are entrained. This reasoning is in agreement

with the work ofBarry et al. [2004] in their discussion on

山e variability of bed load rating curve exponents. The

relatively shorter duration of intermediate flows in rain-
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fall-dominated climates (i.e., flashier hydrograph) leads to a

decrease in the degree of armoring [Laronnァand Reid,

1993; Lisle et al, 2000] and greater size selectivity, where-

by the stream bed size distribution is entrained over a

relatively wider range in discharge.

5.2.2. Sensitivity to Estimated Particle Sizes

[45] The sensitivity of parameters in the unit discharge

criterion to different estimates of the characteristic particle

sizes was also examined for the Dupuyer Creek data

(Table 5). Again the result of using a stream bed D50

estimate from a reach-scale pebble count (42 mm) is

compared with that obtained using a D50 estimate restricted

to the riffle where bed load was sampled (56 mm). Flow

competence was examined for the same definitions of

maximum particle size as given before in section 5.1.2.

[46】 In a similar pattern to the shear stress analysis.血e

degree of fit of the flow competence curve improves when

first the outlier is removed and then the mean of the three

2　　　　　　　　3　　　　　4　　　　5

Relative particle size, D,/ D50

Figure10.Criticalunitdischargeagainstrelativeparticlesize.Equation(5)isrepresentedby

霊regression

3m2/s(95盈withslopeb-0.84.ThecriticalunitdischargeforthesurfaceD50isestimatedtobe

nfidencelimits:0.22and0.65m2/s).12of16
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Table 5. Sensitivity of Flow Competence Curves to the Values Assumed for Maximum Size Entrained and Stream Bed D50 in the

Relationship Between Critical Unit Discharge qci and Maximum Size in Transport Dj

Dso=56mm D50-42 mm

Di　　　　　　　ユ　　qc50, equation (4)　qc5。, from Dupuyer Regression qc50, equation (4)　qc5。, from Dupuyer Regression

Dma,'　　　　0.84　　0.66　　　　　1.08

D,�"(or)　1.08　　0.82　　　　　1.08

D^ P)　1.22　　0.89　　　　　1.08

0.43 (0.22,

0.37 (0.21,

0.36 (0.24,

0.65)-

0.53)-

0.49)b

0.34 (0.12, 0.56

0.27 (0.ll, 0.43

0.26 (0.13, 0.38

)b

)b

)ら

'Critical Unit Discharge: qci - qcs。(Dj/D5。)・Units for qci are m /S.

叶he 95% confidence limits.

largest particles is considered (Table 5, R increases from

0.66 to 0.89). The slope exponent, b, increases from 0.84 to

1.22 (figure ll). Estimates ofb are not dependent on our

estimate of surface D50, but they are shown to be very

sensitive to how the maximum particle size is defined, and

therefore to sampling methods and strategy. The wide range

in values for b in the literature (0.2 to 1.2) may be attributed,

in part, to different sampling methods and definitions of

Dmax, although variability in the grain sorting and packing

characteristics of stream channels is likely to play a dom-

inant role.

[47] In terms of Q versus Dmax flow competence curves,

we would expect relatively steeper slopes when a Helley-

Smith sampler is used, given that the Dmax would be

underestimated as a result of limited sampler intake size

[Sterling and Church, 2002; Vericat et al., 2006] and limited

sampling time [Bunte and Abt, 2005]. Bunte et al. [2004]

have confirmed the tendency of Helley-Smith samplers to

produce steeper Q versus Dmax competence curves when

compared with portable bed load traps. However, these

sampler effects cannot explain the relatively low values of

slope (b - 0.2 to 0.4) obtained through Helley-Smith

sampling in the boulder bed Roaring River [Bathurst,

1987]. In the gravel bed Oak Creek, bed load was sampled

using a vortex tube [Milhous, 1973], giving a value of 1.22

for b [Komar, 1989], which is the same value as found at

Dupuyer Creek when maximum particle size is defined by

the three largest particles (Dmax (3), Table 5).

[48] For each definition of maximum particle size assumed

at Dupuyer Creek, the observed flow competence curves do

not intersect the empirical flow competence curve for uni-

form sediments even close to the surface D50 (Figure 1 1).

Table 5 shows the large disparity in predicted values for qc50

between equation (4) and the regression fits on the Dupuyer

Creek data. Even when we assume a smaller particle size for

the D50 value,山e estimate丘om equation (4) lies well outside

of the 95% confidence limits for the Dupuyer Creek regres-
sion fit.

5.3. Sample Mass Variability

[49] Wilcock [1992] criticized the classical concept of

flow competence, and suggested the relationships are sen-

sitive to the effect of sample mass that tends to vary widely

in bed load samples. In this section we analyze the effects of

variable sample mass on flow competence curves. As

shown in Table 2, sample mass is highly variable between

sample groups. We examine the degree to which f一ow

competence relationships are explained by the fact that

larger samples at higher flows have a greater probability

of containing the larger particles in the coarse tail of the bed

load size distribution.

【501 The Dupuyer Creek bed load data show co汀elations

between sample mass and flow variables, with Pearson

correlation coefficients of 0.81 and 0.83 for unit discharge

and shear stress tespectively (99% significance level). These
co汀elations are inevitable because higher rates of bed load

transport during high flows produce larger samples, even

when sample time is greatly reduced. The result is that we

find significant correlations between sample mass and the

caliber of bed load sampled (Table 6).

[51] Partial correlation coefficients are used to determine

the true relationship between f一ow strength and bed load

percentiles by controlling for the variability of sample mass.

The correlation coefficients are lower when calculated in

this way, but many are still significant at the 99 percent

level. This indicates that血e flow competence relationships

derived between flow strength (shear stress and unit dis-

charge) and bed load caliber remain valid even after

accounting for bias due to variation in sample mass. Partial

correlation coefficients improve greatly when the outlier

observation is removed from the Dmax data series. Peak

coefficient values occur with the bed load D90, indicating
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Figure ll. Flow competence relationships of the form qci =

aD? for Dn, - maximum particle size; Dmax (or) - maximum

size with outlier remoやed; and Dn,lx (3) - mean of the three

largest particle sizes. Equation (4) for uniform sediments is

also plotted. Regression equations are given in Table 5.
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Table 6. Correlation and Partial Correlation Coefficients to Examine the Effect of Sample Mass Variability on

Flow Competence Relationships Based on Shear Stress and Unit Discharge

Partial Correlation Coefficients

Pearson Correlation Coefficients Controlling for Sample Mass

WO7433

Bed Load

Percentue Shear Stress Unit Discharge Sample Mass Shear Stress Unit Discharge

D50

D6o

DフO

D75

D80

D90

D95

Dtnax (3)

D�", (or)

'-'max

0.79

0.80

0.82

0.85

0.85

0.91

0.86

0.91

0.87

0.73

0.81

0.82

0.85

0.87

0.88

0.94

0.88

0.92

0.88

0.74

0.65

0.70

0.73

0.74

0.70

0.76

0.70

0.84

0.74

0.65

0.6r

0.53J

O.55a

0.6r

0.68a

0.78

0.72

0.66

0.67

0.45a

0.67

0.591

0.63a

0.69

0.76

0.87

0.78

0.70

0.7

0.48a

aAt the 95% significance level (one-tailed test); all other coefficients are at the 99% significance level.

coarse tail variables are more reliable than Dmax for flow

competence modeling.

5.4. Comparison of Shear Stress and

Unit Discharge Approaches

[52] Plots of critical shear stress and critical unit discharge

against maximum sampled bed load sizes both showed good

co汀elations for仙e sample groups (Figures 4 and 9). For

maximum particle sizes or coarse bed load percentiles, flow

competence curves were established using dimensionless

critical shear stress (equation (3) and Figure 5). Variation in

the dimensionless shear stress coefficient ♂ appears to relate

to relative particle size in the manner suggested by AndrelVS

[1983], although the significance of the hiding and exposure

adjustment decreases toward smaller bed load percentiles.

For maximum particle size curves, the value denved for 9 is

just within the range of values seen in other studies on gravel

bed streams, but the value for the exponentx appears outside

of the range of published values (Table 3), especially when

Dmax (3) is taken as the definition of maximum particle size

(Table 4). Therefore without coarse bed load sampling to

determine suitable values for 6 and x, it would be difficult to

make accurate predictions of flow competence using the

critical shear stress approach.

[53] With the unit discharge criterion a further problem

emerges. The method assumes that the cntical unit dis-

charge for entrainment of the median particle size in mixed

sediments can be estimated by equation (4). However,

coarse bed load sampling at Dupuyer Creek showed that

equation (4) cannot be applied in this manner. The equation

is semiempincal and based on flume experiments using

uniform sediments over a limited range of particle sizes (3-

44 mm),

realistic predictions for Dupuyer Creek.

[54] We found coarse bed load percentile sizes and

maximum particle sizes were both highly correlated to the

flow variables of shear stress and unit discharge, even aRer

sample size effects were removed (Table 6). The difficulty

lies in determining suitable values for the coefficients and

exponents in the empirical flow competence equations (3)

and (5). In the shear stress criterion we must set values for 6

and ∫ in equation (3). In the unit discharge criterion we

would have to revise equation (4), and set the value for b in

equation (5). In the absence of sampled bed load data for a

given gravel bed stream, we can have little confidence in

predictingtheprevailingflowcompetencecurves.This

studyhasshownthatcoarsebedloadsamplingovertwo

majorfloodsallowedustoestablishthecoefficient6and

exponent∫intlleshearstresscriterion,withinsomewhat

wideconfidencelimitsduetothesmallnumberofsample

groups(14)available.However,inattemptingtousethe

unitdischargeentenonwefoundthatthereweremajor

conceptualproblemsintheapplicationofequation(4).

Thereforetheshearstressapproachismoresuitablefor

thepredictionofflowcompetencecurvesatDupuyerCreek.

6.Discussion

[55]TheDupuyerCreekdatahasbeenusedtodemon-

stratetherelativeperformancesofthecriticalshearstress

andcriticalunitdischargeapproachesinmodelingflow

competence.Thepurposeofflowcompetencemodelingis

toenablethefollowlngquestionstobeaddressedforstream

channelscomposedofmixedsizesediments:

[56]1.Formaximumparticlesizesintransport,

(1)Whatcriticalflowisrequiredtotransportagivenparticle

size?(2)Whatisthemaximumparticlesizethatwillbe

transportedatagivenflow?

[57]2.Forpercentilesinthebedloadsizedistribution,

(1)Whatcriticalflowisrequiredtobringagivenbedload

percentiletoagivensize?(2)Whatisthesizeattainedfora

givenbedloadpercentileatagivenflow?

[58]TheDupuyerCreekdatashowsthatflowcompe-

tencerelationshipscanbeformulatedandusedtoanswer

theabovequestions.However,itisimportanttostressthat

theserelationshipsapplyonlytotherangeofflowsand

particlesizesforwhichtheyweredeveloped.Observations

ofbedloadtransportbehaviorinDupuyerCreeksuggest

thatmajordiscontinuitiesmayexistinflowcompeten

curves.Atapproximately0.58m2/s。r45N/m2。nt昌:
fallinglimboftheMayflood,coarsebedloadfluxhad

droppedtoamarginalrate(0.001kg/s/mfor>38mm
斤action)andwewerejustabletooperateahandheld

76mmnozzleHelley-Smithsamplerinadditiontothe

large-framesampler.Atasimilarflowshortlybefore,the

large一缶amesampler(mesh32mm)hadcapturedparticles

upto88mminsize,butnownolongercapturedbedload,

whiletheHelley-Smithcapturedparticlesupto35mmin
size.Althoughwearecomparingtheresultsoftwodifferent

samplershere,itsuggeststhatthemaximumparticlesize
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entrainedwassuddenlyreducedfrom88to35mm(surface

D7otoD2s).Furthersamplingisneededtoconfirmthisbed

loadbehavioratDupuyerCreek.

[59]Withoutanintensivebedloadsamplingscheme,the

difficultyisinknowingwhetheranysuchdiscontinuitymay

occurintheflowcompetencecurve,inadditiontothe

calibrationofthecoefficientandexponentintherelation-

ship.Ourabilitytopredictflowcompetencecurvesin

gravelbedstreamswillbestronglylimitedbythevariability

oflocalstreamchannelcharacteristics.andourabilityto

accuratelycharacterizethestreambedsizedistribution.

[60]Evenwhenbedloadsamplingisundertaken,the

maximumpaniclesizesobtaineddependonthesampling

deviceused[e.g.,Bunteetal.,2004]andthesampling

strategyfollowed.Determinationofoptimumsampledura-

tionremainsproblematicbecauseoftheunsteadyand

pulsingcharacteristicsofbedloadtransport[e.g.,Bunte

andAbt,2005].Thereiscurrentlynoconsensusonsuitable

standardsforbedloadsamplingandcharacterizationof

streambedsizedistributionsinthedevelopmentofflow

competencecurves,althoughitlュasbeensuggestedthata

fewobservationsofsmalltransportratesmaybethemost

effectiveapproachtocalibratetransportformulae[Wilcock,

2001].Useoftheportablelarge-framebedloadsamplerin

thisstudydemonstratesthepotentialofalternativesampling

devices,whichareneededtodevelop,validate,andcalibrate

flowcompetencecriteriaandsedimenttransportformulae.

7.Conclusions

【61】ForthegravelbedDupuyerCreek,flowcompetence

curvescanbeusefullyemployedovertherangeofparticle

冒Ize

.2ニ皇88

/s)霊mmorsurfac

hichtransp。rtニD70-D95)andflows(0.58-

asshownt。besizeselective.

Modelcoefficientsandexponentsderivedfortheshear

stresscriterionareclosetotherangeofvaluespublished

forothergravelbedstreams,althoughwithaslightlylower

dependenceonrelativeparticlesizeandthehiding/exposure

effect.Equation(4)intheunitdischargecriterioncouldnot

beusedtopredictentrainmentofthesurfaceD50size.The

equationcoefficient(0.15)orexponentforthewatersurface

slopeterm(-1.12)wouldneedtoberedefined.Therefore

theshearstresscriterionisrecommendedforestimating

flowcompetenceatDupuyerCreek.

【62]Considerationmustbegiventothepresenceof

outliersindevelopingflowcompetencecurvesforsampled

maximumparticlesizes.Renlovalofasingleoutlierinthe

DupuyerCreekdatahasaverylargeeffectontheregression

relationshipformaximumparticlesizes.Modelingthemean

ofthethreelargestparticlessampled,Dmax(3),reducesthe

influenceofpossibleoutliers.Additionally,theeffectsof

samplemassvariabilityaremuchreducedfortheDmax(3)

variable,suggestingthiscouldbeamoresuitablevariable

withwhichtomodelflowcompetence.Coarsebedload

grainsizessuchastheDmax(3)variablearemoresensitive

tochangesinflowstrengththan山emedianbedloadgrain

size,and山ereforearesuperiorparametersforf一owcompe-

tencemodeling.Significantflowcompetencerelationships

havebeenderivedforawiderangeofbedloadgrainsizes
斤omtheP50toDmax.Themostusefulrelationshipwill

dependontheparticularproblemtowhichmodelingis

beingapplied.
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