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ASSTRACT

This sLudy attempts to establish the regional fluvial transporE

frequency for the shale bedded streams draíning Èhe eastern Riding

MounÈaín escarPaent by determining the indívidual transport frequencies

for three representative streams found in the region.

Bedload sarnpling at seventeen sites along these streams provided

Ëhe graín síze distributions essenËíal for the applicaËion of a critical

erosion velocít.y formula and established the typical shape of shale

particles. Both fíeld and laboratory observations failed. Ëo provide

conclusive evÍdence of either the raËe or terminal grade of the weathering

Process, although hydratíon !üeaËhering was found to be predominanË.

Flume experiments esLablished the critícal erosion velocíty formula

for shale as v ^ = 0.29 D^'50, rh"re D- was defíned as the median sizemc s ' s --
of sieved sedimenË. This formula \47as utlimaÈe1y converted so that nominal

diameter values could be used and the function became Vr" = 0.34 Ds.50.

velocity in both cases was ín m/s. rt is believed that the shape of

the shale part,icles compensates for the effect of 1ow specific gravity

and causes the required velocít.íes to be símilar to those derived by

flume experiments ernploying spheroidal material of higher specific gravity.

Surveys conducted at each site provided the remaining data required

Ëo calculate the criËícal discharges for one site on each stream. The

reËurn periods of these discharges ïùere then read from a regional flood

frequency curve constructed from the discharge records of three gauged

streams found vrithin Ëhe study area. The return period for floods cap-

able of causing complete bed ¡oobilLzatlon ín the Ríding Mountain area

was found Ëo be 1.3 years.
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CHAPTER 1

A GENERAL INTRODUCTION TO THE STUDJ

1.1 Introduction

The objective of this thesis is to examíne the fluvial transport

of shale gravels so that the frequency of transPort within the sma1l

watersheds d.rainíng Èhe eastern slopes of Ridíng Mount,ain can be deter-

mined. As such" it is an attempÈ to evaluate the effect of shape on

the critical erosion velocity for non-spherical gravel.

Interest in the Riding Mountain watershed \,74s promoted b), three

main f act,ors:

i) These watersheds have a documented history of severe erosional

and deposiÈional problems, which is indicatíve of active bedload

transporË.

íi) The area's homogeneity with respecË to physiography, geology,

vegetation, soils and climate allows the use of a regional

approach.

iiÍ) The hydrologíc and meteorologic data available for this area

are not only adequate for Ëhis study, but surpasses the data avail-

able from other parts of the provínce.

1,.2 Geology and Physiography of the Riding Mountaín Area

MacKay and Stanton (1964) subdivided the Manitoba EscarpmenE

r¡atersheds into Ëhree physíographic regions; the upper catchrnenÈ area'

the escarpment slope and the alluvÍal apron. The upper catchmenË area

is a relaÈively flaf pl-ateau elevated about 300 meters above the



Manitoba Lake Plaín. Maximum elevatfons of 730 meters occur ín the

norEhern watersheds, with slightly lower maximum values in the south.

From the plateau, elevations decrease rapidly towards the east as much

as 400 meËers ín 6.9 kilometers. The streams in this region, Ëhe

escarpment slope, assume a mountainous character as they flow swiftly

through V-shaped valleys up to 150 meters in depth. Downstream gradients

decrease as streams emerge from the valleys onto the alluvial apron

composed of Holocene alluvial sediments (Figure 1). Glacial deposits

cover most of the bedrock formations in the watersheds. Shale beds of

upper cretaceous age underry the glacial drift and form the bedrock

exposures occurring ín the valleys of the main water courses. The

phases of the Riding Mountain formati-on, the Millwood and the Odanah,

dominat.e in t.hese exposed bedrock areas. The Odanah phase is composed.

of light greY, hard siliceous shale and is the principal stream bedload

material. The Mí11wood phase, a soft greenísh shale ís found only ín

the most dol¡nstream sectíons of the r4ratercourses. Alluvial deposíts

composed of shale fragment.s, occur in terraces in the lower portíon of

the creek valleys and as fan or apron deposits at the base of the

escarpmenE.

1.3 The Study Area

The study area of 500 square kilometers líes east of the Ridíng

Mountain escarpmenË plateau, ín a strip extending between the tor¿ns of

Eden and Mccreary (Figure 2). seventeen sites along three streams

withín this area were selecËed for detailed examination (Figure 3). Sites

were distributed from the farthest accessíble location upstream, to the

point along Ëhe stream channel where sedíment. transport became negligible.
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L.4 The Problern of PredicËing Sediment Transport

Since the l-700's research inËo fluvial erosion has focused upon

the concept of ínítial or incipient particle motíon. Incipient partíc1e

motion occurs when the shear stress associated with stream flow over the

bed attains or exceeds a critical value (Simons and Senturk, L977, p. 399).

Simply stated, a threshold exists where the forces promoÈing movement

overcome the specífic particlets resistance to movemenË.

Some researchers have employed a theoretíca1 approach in an

attemPt to analyze and balance the dynamic forces promoting tnovement, to

the resistance forces opposing it, to determj-ne when resisÈance is over-

come and partíc1es begin to move. This approach utilízes a theoret.ical

model Eo analyze the magnit.ude of t.he component forces and is Ëhe basis

for critical tractive force formulae used bv researchers in fluvial

hydraulics.

The empirical approach, on the other hand, develops formulae from

observatíons of the ínítiation of oarfiele motjon under naËural or

laboratory eonditions and measurement of discernable parameters. These

formulae relate partÍ.cle size to either the velocity or shear stress

requÍred to Ínitiate movement.

1.5 Application of a Regional Approach to Deterrnine the Frequency of

Sediment Movement

Fluvial sediment Ëransport is a complex phenomenon affected by

many interrelated factors. The main factors which must be examined to

achíeve an adequate undersÈandíng of this process for any particular

area are:

í) the sediment characterist.ics;

ii) the stream flor¿ characteristics;



iii) stream channel morphometry .

For the purposes of this study, sediment charact.eristÍcs were

deËermined by samplíng and tríaxial measurement of the bed load materíal.

It was believed that. the weathering of shale contributes to t.he size

and shape of the bed rnateríal. This process \,/as therefore examined in

the field to resolve whether there v/as a signíficant decrease in particle

size over the field season. The controlled laboratory weatherins of a

bedload cobble provided additional ínfornation on this process.

A regional flood frequency analysis allowed the frequency and

magnítude of stream flor,¡s for each of the study streams to be determined.

Surveys at each of the bedload sarnpling sites provided the morphometric

measurements required to apply flow equations. Finally, flume studies

were used to establish the relationship between shale particl-e size and

the flow velocity reguíred to initíate transport. The results of this

investígation were compared Èo data generated by other sËudies employing

spheroidal material to ascertaín the effect of shape on the particle

enËrainment process.

The data provided by Ëhese ínvestigations were then employed ín

a sËepr/rrise process, by which the representatlve f luvial transport

frequency for the watersheds of eastern Ridíng Mountain \,¡as det,ermined.

L.6 Summary

The chapters which fol1ow, systematically present the background,

methodologies, and results of the study undertaken to evaluate the

freguency with which Èhese shal-e gravels move. The second chapter

examfnes Ëhe concept of íncipíent particle motion, both Ín terms of the

predomlnant schools of Ëhought and the hydrodynarníc explanation for Ëhis

phenomenon. Chapter three descrlbes the techniques used in:



i) sampling;

ii) weathering exPeriments;

iii) flood frequencY analYsis;

iv) surveyíng of the stream channel;

v) flume exPeriments'

The results of the sampling and the weathering experiments are also

presented Ín fhis chapter. Chapter four completes the presentatíon of

data from the studies undertaken along with the stepwise procedure

employed to calculat.e sedimenË transport frequencies. The final chaPter

briefly summarizes Ëhe study and díscusses the major findíngs and

conclusíons.



CHAPÎER 2

INCIPIENT PARTICLE MOTION RESEARCH

2.1 Introductíon

Incípient parËicle motion ís a complex phenomenon which has been

analysed in the past usl-ng both theoretical and empirícal approaches.

The theoretical approach att,empt.s to analyze the forces causing a

parËicle to move, buÈ the cornplexity of the phenomenon limits its

applicability when dealing r¿fth sediments whose physicat characteristícs

are not easÍ1y modelled (e.g. non-spheroidal graíns). The empirical

approach, on the other hand, involves observatíon of the phenomenon to

deríve partícle entraínment formulae and, as such, is more versat.íle.

Neither approach, however, clearly explains the physical reasoning for

particle motion, as each is only intended for purposes of predicting

particle movement. It is therefore imperative that the component

forces and the fluid dynamícs behind these factors be exarnined before

there can be a díscussion of previous research on the topic.

2.2 The Generalized Model of Fluid Forces

Any object submerged in a moving fluíd is subject to forces

acting both paralleI and normal t.o the flow. The total drag force

acËing in the direction of flow is the sum of two constítuent forces;

skin drag and form drag (Shapiro, 1961, p. 81)" Skin drag is the force

exerted by the fluid as it shears upon itself to maíntain motlon and as

such, Ís related Ëo the fluidts viscosity, or ínternal resistance to

shear. The pressure fíeld surrounding the obJect ls responsible for



both form drag and a lift force. The pressure field is explained by the

Bernoulli principle which states: "Fluid deceleratlon is accompaníed

by a rise in pressure along the streamline; conversely, there must be a

decrease ín pressure along an accelerating streamlíne" (Shapiro, I96L,

p. 141). Therefore, changes in fluíd velocity as it passes over and

around the object wíll result in a pressure fíeld developing upon the

objectrs surface. If Ëhe pressure on the 1ee side is less than on the

front of the object, form drag is saÍd to exÍst. SímíIarly, if the

pressure over the upper surface is less than on the bottom a liftíng force

will result.

2.3 Fluíd Dynamics of Drag

An explanaËion of the f1uíd dynamics responsible for the generaÈion

of lift and drag forces is necessary before the varíations in the

strengËh of these forces can be understood. Both the forces governíng

fluid motion and the forces exerted upon a solid object must be con-

sÍdered to understand Ëhe interrelationship betv¡een flow and the

inítiation of parËicle notion. As such, thís section will examine

incipient particle motion from a theoretical standpoínt and will employ

simple models to explaín the fluid dynamics at various flow regimes.

It is useful r.Ihen attempting to visualize the movemenÈ of vrater

Èo ímagine it as composed of many separate particles of fluid. The

motion of a fluid particle under any flow condition is governed by a

balance between the net pressure forcee net viscous force and the

inerÈial force. The net pressure force is the force exerted on the

fluid particle due to the normal stress or pressure dis¡ribuËion on

that particl-e. Net viscous force is the result of viscous friction and

Ëhe ÍnerËíal force is the fluidts inerËial resistance to acceleration

10



I1

or deceleratíon (Shapiro, 1961¡ pp.47-55). Sinilarly, the movement of

a so1íd particle immersed in a fluid will be controlled by the normal

forces (pressure) and tangentíal forces (viscous friction) exerted by

Èhe fluid on the sol-ídts surface. The ínerÈial force. in this case. ís

the partíclers inert.ial resist,ance Ëo acceleration or deceleration

(Shapiro, 1961, p. 80) r¿hich is a function of the particle's weight and

gravÍtational attraction.

FluÍd motion under laminar flow conditÍons (very low Reynoldts

numbers) is governed by a rather static balance between pressure and

viscous forces, wíth inertial forces being negligible. Under these

conditions when a viscous fIuid, sueh as r^rater, encount.ers a solid

particle the pressure over the graÍnts surface r,¡ill be highest. aÈ the

front (nose) of the particle and will drop towards the tail (Figure 4).

The boundary layer f1uíd will be pushed to the 1ee of the particle by

this falling pressure gradient and no t.urbulence will occur (i.e. no

pressure drag). The strength of the drag force (viscous or skin drag)

developed will be proportional to the surface area over which the

viscous sËresses act (Shapiro, 1961, p. 160).

At very hígh Reynoldrs numbers (turbulent flow), viscous forces

are important only in Lhe very thin boundary layer close to Èhe grainrs

surface v¡ith the remainder of the flow behaving in an ess entially non-

viscous manner (Shapiro, 1961, p. f43). The pressure distributíon

impressed upon the boundary layer fluid and Ëhe grain's surface is

esÈablíshed by thís maín body of 'non-viscous' fluíd. The fluid partícles

in the slow-moving boundary move aecording to Èhe forces produced by

this pressure distribution (ShapÍro, 196I, p. 143).

The pressure dlstribution established can be accounted for by

the Bernoulli principle. The velocity of flow ís reduced Ëo zero at Ëhe
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13

front of the graino increases to a maximum at Èhe shoulder, and t,hen

decreases to a second stagnation poínt in t.he 1ee of the grain. The

pressure distributlon is the reverse of the velocity distributlon, with

maximum pressure beíng establ-lshed at the nose of the grain, dropping

to a minímum aÈ the shoulder and Èhen rlsing to a second maxirnum aË the

l-ee of the grain (Figure 5).

The boundary layer fluid particles are accelerated downstream due

Eo the fall-ing pressure gradient from the nose to Ëhe shoulder, achievÍng

their maximum moment,um at the shoulder. Since viscosiÈy has opposed the

movement. of the fluid particles, their momentum at the shoulder is

less than ít otherr¿íse might have been and their travel towards the tail

not only sÈart.s r¿íth reduced momentum, but is also opposed by a rising

Pressure gradient. If thís pressure gradíent ís too steep the boundary

i-ayer particles may slow to a stop or rstai-lr. Once this occurs the

adverse Pressure field established by the maín body of fluíd will cause

the boundary layer fluid to be pushed back behind the point of stall.

This reversal in the direcËion of boundary layer flow utlimateJ-y produces

a large eddying region of rdead' flow and a disruption fn the main flow,

which must novr pass around thís dead regíon. The main body of fluid

appears Eo separate from the grain surface r¡hích results in a reduction

of pressure on the lee side and the development of form drag (Figure 6)

(Shapiro, 1961, pp. 143-145).

It can be seen frour this discussíon that skin drag is the result

of Ëangentíal fluid shear due to viscosÍty and occurs primarily under

laminar flow condítions (low Reynoldrs numbers). The pressure imbal-ance

that results from a sEa1l of the boundary layer and subsequenÈ separatíon

of the maín nass of fluid is known as tform dragt. tr{hen this occurs the

flow is said to be turbulent (very high Reynold's numbers).
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2.4 InitíaËion of Particle Motíon

Solíd particles in an alluvial channel will begín to move \nihen

inertial grain resistance and the force of gravity holdíng the particle

to the bed are exceeded by the fluid forces promoting movement. Coarse

grains are also held in place by the frictíonal resistance provided by

the surrounding particles, while fíne grains may exhibit colloidal

cohesíon which bínds groups of partlcles together.

WhÍte (1940) presented a simplified rnodel which theoretically

analyzed the fluid forces acting upon a spheroidal particle lying on a

horizontal stream bed composed of simílar sized grains. This model

(Figure 7) equates the resistance to movement (the moment, of weight, Mo,)

to the forces required for movement (the moment of drag' Md). He

defined Èhe critical shear stress requíred for movement as:

rc= 1*(t.- 1') Ds tan o

where 4 is a dímensíonless measure of the packing of the particles on

the bed, (7"-7 ) ís the submerged specific r^reight of the individual

partícles and D" is the diameter of the spheroidal particle under examÍ-

nation. The formula be simplified by assuming a constant (k) for a r-

(Leopold et a1., L964, p.772) for which the value 0.18 rnay be sub-

stituted (Simons and Senturk, 1976, p.401).

The component forces actíng Èo inítíate movement under different

flow regimes can be rnodelled in simple diagrarns. Lhen the f lot¿ is

laminar, as indicated by a Reynoldts number less than 500, viscous forces

predominate and the flow contours the particle. The resultant drag

force, skin drag, acts aE a point. above C in Figure 8. In this diagram

0 is the submerged angle of respose, C is the centre of gravity and G

is the point, of supporË of the partfcle. The force due to gravity (Fg)
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Moments on o Submerged Sond Porticle Resting on o
h{orizontol Flot Bed ot The Threshold of Movement

p

II

Submerged Weight, m'g

Figure 7.

(wh¡re, 1940)
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Fluid Force tjnder Laminar Flow Conditions

\-+*
\s

Force Due To Govity Fg - Cl (zr-r) Dr3

Simons ond Senturk, 1g76, p.4Ol

Figure 8"
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v¡hich includes the buoyant force is given as:

Fg = Cl(?s-7 ) D: (Símons and Senturk, Lg76, p. 400)

where C, is a form coefficlenÈ and D", T= and T are as previously defined.
?

The volume of Ëhe particle is CrD- and if the particle were spherical,
1l

Cl_ = ä=" The drag force is expressed as:
)Fd = 

1o C.D:, (Simons and Senturk, 1976, p, 402)¿Þ
r¿here to ís the bed shear stress , C"D? is the effective surface area of' ¿s
the particle expressed to the shear stress and C, is a form coefficient

defining the effective surface area. The simplified formula for the

equilibrium of a particle on a,sloping bed under laminar conditions t,hus

becomes:

7c = .'18(%-7) Da tan d (Simons and Senturk, 1976, p. 40f)

Under turbulent flow conditions, inertial forces predominate and

the resultant drag force operates at point C in Figure 9. The resultant

drag force formula is the same as under lamínar condítions, but an

additional 1íft force component, FL, resulting from turbul-ent velocit.y

flucÈuations and Ëhe Bernoulli effect is also operatíve. The total lift

results from the vertical component of flow and t.he pressure distribution

over Ëhe particles surface. This can be expressed as:

F, = C, CrDlpy:, (simons and Senrurk, 1976, p, 404)! L 5 s 2

where C, is the coefficíent of líft, C^ is a form coefficíent relatedL'3
to the effectíve surface area of the particle in the direction of lifË,

D- is the effecÈive surface area of the particle, p is the densíty of

r¡¡ater and u is Ëhe velocity of water near the particle. The resultant

force (both l-ift and drag) is opposed by a gravitaÈional force defined

Fg = Cl (vr-r) Dr3 (Sirnons and Senturk, L976, p. 401)
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Fluid Force {..lnden Turbulent Flow Conditions

Lift Force

Force Due To Goviiy Fg=Cl (r.-r) Dr3

Simons ond Senturk, 1976, p.AOl

Figure 9.
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where C, ís a form coefficient and 7* and D" are as previously defíned.

In this model 
^L = 

^Z 
where a, ís the distance from the centre of 65ravity

to the poinË of support and a, eguals the distance from the point of

supPort to the point of action of the resultant drag force. The equili-

brium equaÈíon for a particle on a sloping bed under these condit.ions

becomes:

tC=k(?s'?) Ds tan0, withk = 1
cz

(Simons and Senturk, L976, p. 402)

2.5

2.5.0

Previous Research on Particle EntrainmenË

Introductíon

The iniËiatíon of particle motion has been analyzed using two

approaches. The theoretícal approach utilized nainly by researchers in

fluvial hydraulics, attempts to anaLyze and balance the dynamic and

resistance forces to determíne r¿hen resistance is overcome and DarËícles

will begin to move. the term critical tractive force is most often used

as a measure of thís threshold (Shields, 1936; lJhite, 1940; Vanoní, eË al.,

L966). 0n Èhe other hand, the majority of geomorphologists and engíneers

have employed empirical means to derive various crítical erosion velocity

measures (ltjutströrn, 1935, 1939 ; Rubey, 1938; Bagnold, Ig54; Novak, Ig73) "

2.5.I The Theoretfcal Approach

Numerous t.erms have been applíed to describe the motivating force

at r.¡ork Ëo overcome a part.icl-ers resístance to movement. DuBoys in 1879

called it tractive force; hlhite (f940) described it as shear stress;

Flaxman (1966) used the term tractive power; and Yang (1973) explained

the abilÍty of ürater to move particles as unit sËream por¡rer. These

researchers all reaLíze that flow characteristÍcs within Èhe boundary
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layer are diffícult, íf not fmpossíble, to measure and they attempt to

relaÈe measurable parameËers to the boundary layer condítion. The

complexity and variability of both the resísting and motivating forces

cause even the most complex formula to be an over simplification of the

real condition.

The theoretical approach, employing the critical shear stress

concept, ís best exemplified by irlhiters (1940) research which has been

previously discussed. His original formula can be criticized on the

grounds that he ignored the influence of lift forces on the equílibríum

condition. Shields (1936) presented a graphical solution to this con-

cept of particle motion showÍng it to be the result of tangential fluid

shear" This is the widely accepÈed Shields' diagram (Figure 10), where

the tracËive force coefficíent F- =:k: is Dlotted against the boundary

Reynotd's number Ro = u* D" , rnJr" ,i: I ";."r"ve1ociry and y Ís rhe
v

kinematic viscosiÈv.

There has been some criËícism of shieldrs diagram. yang (1973)

reasons that it is inappropriate to plot shear stress against shear

velocity since Ëhey are interrel-ated to U* =\E . Baker and Rittersr-p
(1975) analysis dealing with observations of incipient motion in natural

streams showed results which were aÈ varíance with those predicted by

the shields I diagram. The diagram is based only on tangent.íal forces

even though lift forces do occur vüithín natural streams. Baker and

RiËter felt that lift r¿ill be rnaxÍmized in very shallow streams where

velocity gradients are steepesË and that the competence of these streams

is underestimated by the shields'diagram (Baker and RiËter, 1975, p. 976).

The nagniËude of the lift force has been the subject of some

debaËe. símons and sentutix (tglo) cÍre Askoy's (1973) experíments, where

the l-íft force fluctuated around L/7Eh of the drag force, and Colemanfs
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(L972) experiments, where the ratio was about unity. chepí1's (1961)

study similarly showed that the lift force close to the boundary was

comparable in magnitude to the drag force for partÍ-cles on the bed. The

lift force decreases rapídly as the partícles move alray from the bed as

a result of the rapid decrease in the velocity gradient.

i.Ihile Lrlhite's and similar tractive force formulae (Shíelds, 1936;

Gessler, I97r) are supported by numerous laboratory experiments, appli-

cation to stream channels has not been that successful (Lane and Carlson,

1953; Baker and Rirter, 1975).

2.5.2 The Empirical Approach

The empirical approach t.o the inítíation of particle motion is

typified by the work done by Hj,-,tsrråï (1935, 1939). He urilized. an

erosion velocity as a measure of the moÈivating force. His erosion

velocity was the average cross-sectional veloeiËy in a flume with a r,Jater

depth of one meter. From this he constructed a diagram relatíng the

critical veloci-t.y needed to initiate movement to the díameter of the

uniform sized particles. These condítions of uniform hrater depth and

particle size are uncharacterístic of natural rívers, where uniforrn flor¿

depth seldom occurs and where bed material is of variable size. Practical

applícation of Ëhe Hjulsrräm diagram (Figure tl) is thus limited.

Flume studies, sÍ.milar to Hjutstråïts, have been used by many

researchers Ëo derive formulae relatÍng particle size and critical

velocity. Most researchers ínvest,igating erosion velocities for ørawel

sized particles, have found Èheir experímental results to be besc repre-

sented by a power funcËion of Èhe form: V* = C Df,, where Vo is crítÍcal

velocíty, C is a consËant, Ds is the particle dÍameter and tnt an

enpirical exponenÈ (e.g. Bogardi and Yen, 1938, Tu and Ho, f938;
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Velikanov,1948; Kalmar, 1952; Bagnold, 1954; Neil1, L967; Bogardi,

L974). Those formulae, which enploy the mean cross-sectional veloci.ty

(V*^) as the operational definition of the crítical erosion velociÈy,-mc

show litt,1e variability in the exponent tnt.

The results of ernpirical studies involving natural channels

(Gal-ay, 197L; Novak, 1973) deviate from those predicted by controlled

flume modellíng (e.g. Hjulström, 1935). Novak (1973) suggests thar rhese

discrepancies may be due to several facËors:

i) various operational definitions of erosi.on velocity terms,

e.g. the bottom erosi.on velocity (Bogardi and Yen, 1938)

and Ëhe mean cross-sectíonal velocity (Hjulström, 1935);

iÍ) the effect of flow depth on velocíty gradients and

associated shear stresses;

iii) the effect of suspended sedÍment 1oad, channel pavements

and various bed forms;

iv) the use of uniform size, spheroidal bed material in

f l-ume s tudies .

In addition, Novak (1973) proposes that the difference betv/een naturally

observed erosíon velociËies and comparable criËical erosion velocities

measured in flumes ís even more signÍficant when gravel síze material

is being consídered.

Kel1er (f970) conducted bed-load movement experiments along a

pool and riffle reach of an lntermittent st.ream in california. He

derived an effective bed velociEy formula:

EBV (effectíve bed velocity) = MXs + *o 6.32 + Nr 3.69

ffi pr
r,rhere lÐ(^ equals the maxímum starting velocíty, N_ is the number of poolss - p--
and N'. is the number of ríffles " This was an attempt to take bed



27

morphology into consideration, although the lack of dírect measurements

of bed velocity at the time of incipient partfcle motion makes the

applícaËion questionable.

Helley (1969) studíed the movement of coarse bed materials in a

California ríver. In this study he attempted t.o measure bed velocity,

whích he consídered t.he dominant parameter affecting particle motíon.

Bed velocity was measured at 0.6 of the height of the particle from the

bed, this being the centroid of the drag force in his evaluatÍon. The

measured results he obtained coíncided closely with those predicted by

his bed veJ-ocíty formula. 0f the facËors he considered in the initiation

of particle motion shape and size appear Ëo predominate, whÍle specific

gravity and orientaÈion angle have much less influence.

BotËom or bed velocity has been recognized by many researchers

to be theoret.ically a more appropriaËe measure of critical erosion

velocity than mean cross-secÈional vel-ocity (Rubey, L937; Bogardi, L974).

Direct measurement of bot.tom velociLy is, however, impossíble and more

or less arbitrary assumptlons concerníng the velocity profile and the

depth to whích iE extends into the bed have been employed to define this

measure (c.f. Bogardi, L974" p" 90). Because of the diffículties

associated with these assumptíons sËudies employing bottom velocity are

relatively rare and the comparabílíty of results límited. Although the

relationship between mean cross-sect.lonal velocity and bottom velocíty

has not been definitely established, a general relationship between Ëhe

two velocity terrns may be assumed. Bogardi and Yen (L938) demonstrated

that under coaparable condiËions Ëhe erosion velocity associated with

bottom velocity, was of a lower magnit.ude than the erosion velocity

assocÍated with mean cross-section veJ-oclty measures. In more recent

studies Bogardí subst,antiates Ëhese results (Bogardi, L974).
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2.6 Justificat.ion for Further Research

Experimental research ínto lncipient particle motion has, for

t.he most part, evaluated the critical condit.ion for uníform size, non-

cohesive, spherical grains lying on a horizontal or gently sloping bed.

These conditíons do not exist ín natural streaus and the assumption of

such conditions reduces the accuracy with which incipient motion can

be predicted for natural streams.

Galay (1971 and L972) compared the experimental results of

several researchers employíng flurne studies (Izbash, L936; Hallmark and

Smíth, 1965; and Bhowmik and Simons, 1970) with the formula he developed

for natural streams" The empirícal relationshíp demonstrated by the
lÅ

flume sËudíes all fell into the general form, Vr" = aD', where a is an

empirical constant and D represents the median size of well sorted,

spherical partícles. Galayts study of the movement of large rocks in

Canadian and American rivers indicat.es that Ëhe slope of the plotted

líne rnay be somewhat flat.ter. This might be attributed to the non-

spherical shapes, non-uníform grain sizes and the varieÈy of bed forms

found in streams"

Flume rnodelling, however, stíll serves tI¡ro very important

functÍons. It allows for the development of erosíon velocity formulae

for atypical sediment when time restraint,s make fietd observations

infeasible. Flume rnodelling can also be used to empirically evaluate

the effect of sedíment parameËers on the ínitíation of partlcle mot.ion

when it ís noÈ possibl-e to do so theoretically. The rei-aÈionships

between sediment characÈerísÈícs (other than size) and incípienÈ motíon

are poorly understood and thus are wort.hy of further investÍgat.ion.

Bogardt (L97Ð revier"s several- flume experinenËs (Bogardi and Yen,

l-938; Velíkanov, l-948; Kahnar, L952; and Nei1l, L967) which fnvesËigate
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t.he relationship betr¿een various erosion velocl-ties (Vo) and partícle

size (D"). He índícates that there is considerable variation Ín the

constant.s and exponents of the various power functlons, and that large

devia¡ions from the mean values (constant = 26.7 + 0.12) reflect

different particle specific gravities, varíations in the operational

definítion of erosion velocity and different flow depths wíthín the

flunes.

Galay (197r), Novak (1973), and Bogardí Q974), indícaÈe that

furLher studies of erosion velocíty for natural riverine gravels are

required. Further flurne experimenÈs are also requíred to investígate

t,he effect of shape, specific gravity and flow depth on íncipienË

particle motíon.
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CHAPTER 3

METHODOLOGTES

3.1 Introduction

To this point iË has been stressed Ëhat Ëhe study of íncipient

partícle motion is complex. Although the two maín schools of thought

have offered much to further our understanding of the processes involved,

it can be argued that by theír very nature, empÍrical studies are more

easÍly adapted to a real world situatíon.

The frequency of sedíment transport can be estimated by knowing

the empirical relaËíonship betv¡een particle size and critical erosion

velocíty, and determining the frequency with ¡,vhich vel-ocities sufficíent

Èo cause movement are achieved. Empirical studies, however, have

t.ended to evaluate incipient moËíon for sedíment composed of spheroids

having a specified gravity of 2.65. rt is necessary, therefore, when

attempting to relate sedimenÈ transport and stream velocities in the

Ridíng Mountain area, Ëhat an empírical study of incÍpíent motion for

the shale gravels found ín these watersheds be conducted. Even this,

however, only establishes the theoretical relationshlp between shale

Partícle movement and r¿ater velocíty. To make practical application of

this knovrledge requíres a data base encompassing sedÍrnent characteristícs,

channel morphology and the frequency and magnitude of stream flows.

This chapter presents the methodologies ernployed in:

selection of saurpl-ing siLes;

deËerrninat.ion of bed load characÈerístics;

a) rhe

b) the
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c) the examínation of the weathering process;

d) the determinatíon of a regional flood frequency;

e) the establíshmenË of the relationship between shale particle

size and critical erosion velocíty;

f) the synthesis of these studies to determine the frequency of

sediment movement for sel-ected locations in the three studv

streams.

3.2 Selection of Sampling SiÈes

Although the Riding Mountain \¡IaËersheds can be viewed as being

topographically and hydroclirnatically similar, stream channel morphology

and specific sedinent characteristícs must be examíned before Ëhe

frequency of fluvial transport for the area can be ascertained. Saurple

sítes were Ëhus selected for two purposes; to present the specifíc

characteristics of the stream channel and to demonstrate the simílaritíes

which exist between sítes on different streams ¡¿ít.hin the study area.

The suiËability of a stream site was based upon the following:

1) spatial and temporal accessibility;

2) t,he absence of vegetatÍon;

3) the absence of notíceable interference of the bed

materíal bv animal or man.

The examined streams had to have at least three acceptable sampling

locatíons along their length. Potential sites ç¡ere first ídentified

from air photographs and topographic maps. Field reconnaíssance

eLíminated al-l but 17 sÍtes; seven along Eden Creek, five along Birnie

Creek and five along I,Iilson Creek. Morphometric measurement and bedload

sampling was conducted at all sítes. In addiEion, the sites along Eden

Creek were chosen to investigate weathering under natural condltlons.
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The locations selected are indicaÈed in FÍgure

<{

3. 3.1

Determination of SedimenË Characteristícs

Bedload Sanipling

Examination of bedload sediment r¿as conducted to determine the

size distributions and shape characteristics at the selected sites.

Spatial and temporal varíations were Èhen noted so Èhat the pattern of

síze and shape characterístics along each sËream and for the area as a

whole could be establÍshed.

Syst,ematic random sarnpling of fifty rocks per siÈe was carried

out three times duríng the five-month sunmer field season. Rocks were

select.ed using a one meter square sampling gríd divided at 10 centímeter

inÈervals by monofilament 1íne. The junctures between these lines

became sarnplíng poínËs and one-half of Ehese points provided the sample

number.

The lengths of the three principal axes (long (a), intermediate

(b), and short. (c)) of each roek sampled were measured. Partj-cle size

was defined by calculating the díameter (d) of a sphere with an equí-

valent volume, using the formula, d = 3Ñ (Folk,1965, p. 8). This

is ca1led the nominal dÍameter of the rock and eives a better indicatíon

of the volumetríc síze of the particles Ëhan any of the individual

axial measurements. The use of nominal diameter produced grain size

distributions whích more accurately represent Ëhe size distributions

than the b-axís value normally used for Ëhis purpose. Comparison of

graín síze distributions and application of the critlcal erosion

vel-ocity formul-a could thus be carried out with a greater degree of

confldence.

The Corey (l-949) Shape Factor and the Zíngg (1935) diagram were
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c
used in evaluating particle shape. The Corey Shape Factor (Sp =f,Ð

is a numerical value indicating how closely the particle resembles a

sphere, wÍth the value for a perfect sphere beíng 1.0. The Zingg diagram

qualitatively describes particle shape usÍng the ratios between Ëhe

- b t . Ct
Prlncapal axes laand /b.

A l^larf ív program (Appendix l) computed the nominal diameÈer,

the Corey Shape FacÈor rb/^and c/O ratios, and ranked the size values.

The Cailleux (1945) flatness index i = t-1 b was used to characterize
¿c

the flatness of the shale partícles.

The mean and standard devíations of size and shape characteristics

for each sample are presented in Table 1. Comparisons of the means of

the samples vrere performed using a È-test to determine whether there

vrere any significant differences ín grain síee between samples collected

duríng the same period along each stream and whether any changes in grain

size occurred over the season.

0n Birnie Creek onl-y 50"/. of the comparisons revealed a statis-

tically significant difference betvreen samples collecÈed at adjacent

sítes, whereas this rose to 637. when comparisons were made bet\,¡een all

samples collecËed during the same períod. No significant change in

graín size between one sampling period and the next v/as shornm by 60%

of the tests, although this was reduced to 40"/. ín comparisons made

between samples collected in the first and lasË samplíng periods.

Comparisons performed on samples collected along I^Iilson Creek

produced slmí1ar results. T-tests comparing samples from adjacent

sites showed a staËistical difference ín grain size in 507 of. Èhe cases.

This vaLue increased to 602 when comoarisons r¡rere urade between all

samples col-lected on l,Iflson Creek durlng the same sanpling perf-od. A

significant change in grain size was shov¡n by all comparísons performed
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TABLE 1

MEANS AND STANDARD DEVIATIONS OF

BEDLOAD SAMPLE CHARACTERISTICS

Eden Creek

Noninal Diameter (cm)

Sample Period 1

Standard
Mean Deviation

Sample Period 2

SÈandard
Mean Deviation

Sample Period 3

Standard
Mean Deviation

Site Number 1

¿+

6

1I

Site Number I

2

J

4

5

6

7

t.t_ö

2.36

1 ro

1 ao

r.94

0.19

0.18

0. 20

0.22

0.22

0,22

0.22

0. 78

0.s9

0 .40

0.84

rì ,/, o

0.69

0.64

1.90

L.49

1 nç

L.92

r.78

1. 80

1.91

J-. UU

0.67

0.30

0.58

O. BB

u. o)

U.OJ

2.26

2,0L

1.33

17ô

1.87

1 0/,

1 q?

0.69

v.tL

0. 34

0.48

0.62

o .57

0.59

Corey Shape Factor

Sample Period 1 Sample Period 2

Standard Standard
Mean Deviation Mean Deviation

Sample Period 3

Standard
Mean Deviation

0"10

0 .09

0 .09

0 .09

0.15

0.10

0.10

0 "20

0 "L7

0.20

0.19

0.19

0.20

0 "20

0.08

u.u/

0.06

0.06

0.08

0 .08

v.¿J

0.20

nrô

0 "22

0 .20

^ ,)/,

0.24

0.08

0.08

0.06

0 .09

0.08

0.09

0.09
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o / Rario
a

Sampl-e Period 1

Standard
Mean DevÍation

Sample Períod 2

Standard
Mean Deviation

Sample Period 3

Standard
Mean DeviaËion

Síte Number 1 u.o)

0 .6s

0 .66

0.64

0.64

0 "67

0. 19

0.14

u.t-o

0.15

0 .13

n 1a

0.18

0.67

0.66

rì Áo

0.72

0.69

0. 71

0.70

0.15

0. 13

0 .15

0.14

o.12

0 .15

0.17

0.67

0 .58

n 7'l

0.69

0.74

n ?i

0.68

0.17

U.L/

0.16

n 1q

n 1?

n 1"

2

J

4

5

6

1

Site Number 1

c/o Ratío

Sample Period 1 Sa¡nple Period 2 Sample Period 3

Standard Standard Standard
Mean Devíatíon Mean Deviation Mean Deviation

2

J

¡+

5

6

7

0.25

n t2

^41

0.28

0.26

0,28

0 "27

0.r2

0.11

U. I4

0 "r2

0.18

0.L2

0.13

0.26

0.2r

0.25

0.23

0.23

0.25

0.25

0. 11

0 .09

nno

0.07

0.10

0.10

0.15

0.29

0.27

0.24

0.27

0.24

0.24

0.30

0.10

0.11

0.09

0 .13

0.11

0.17

0.11
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Birníe Creek

Nominal Diameter (cm)

Sample Period 1

Standard
Mean Deviation

Sample Period 2

Standard
Mean Deviat.ion

Sample Períod 3

S tandard
Mean Deviation

Site Nunber 1

2

1

4

5

Site Number 1

t
L

ô
1

5

Standard
DeviaLÍon Mean

1.07

ôaq

0.66

Standard
DevÍation

0 .06

0.08

0.07

0.08

0.07

L.22

0.90

nc1

0.58

Standard
Devíatíon

3.2r

3.27

2.30

2.03

I.7L

Mean

1. 34

'l ?7

r.22

0.62

0.64

2.5r

?na

2.74

L.72

L.99

) 1'.)

¿.oq

2.62

2.29

Corey Shape Factor

Sample Period I Sample Period 2 Sample Period 3

n 1a

v.¿L

n o'l

0.2r

0 .07

ôôo

0.10

0 .08

0 .06

0 .19

0 .19

0 .19

0.17

0 .18

Mean

0.18

0.20

n t1

rl'ro

0.2L

0 .06

0.08

0 .06

0 .07

0 .07
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o / Rario
a

Sarnple Period 1

Standard
Mean Deviation

Sample Períod 2

Standard
Mean Deviation

Sample Period 3

Standard
Mean DeviaËion

Site Number

3

5

Site Number 1

)

1

I

5

0 .18

0 .16

0.15

0. l_6

0 .16

Standard
DeviaËíon

0.16

0. t6

0 .14

0.L2

0.09

Standard
Deviation Mean

0.17

0.17

0. l-4

0. l_8

0. 16

Standard
Deviation

0.08

0.11

0 .09

0.r2

0.10

1

¿

0.64

0 .71

0.67

u.o/

0 .69

Mean

N'R

n ?q

0.27

0.26

0 .68

0.69

0.67

0.65

0 .65

Mean

0.24

0.24

0.24

a\ 10

0.24

0.16

0. 17

rì 10

0.17

0. 18

u.oi

0.68

0. 71

0.72

0.69

c/o Ratio

Sample Period 1 Sarnple Period 2 Sample Period 3

0 .09

0 .10

0.10

0 .11

0.11

0.23

v"¿o

0,25

0.24

0,26
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I{ílson Creek

Nominal- Diameter (cm)

Sample Psriod 1 Sarnple Period 2

Standard Standard
Mean Deviat.ion Mean Deviatíon

Sarnple Perlod 3

Standard
Mean Devíation

Site Number I

2

5

4

5

Site Number l-

f

/,

J

2,96

2.34

L.92

2.r7

1 a/,

r.v I

1 .03

0.94

tt x <

noo

2.06

t. )4

l-. oo

1 11

L,25

1 nq

0. 82

nq?

ô q?

2.95

J.V I

1.84

2.32

l_.04

0. B1

no?

0.62

0. 82

0.60

Corev Shape Factor4

Sarnple Period I Sample Period 2

Standard Standard
Mean Devíat.ion Mean Deviat.ion

Sample Period 3

Standard
Mean Deviation

0.22

0.2L

0 .20

0.2L

0.22

0 .10

0 .07

0.08

0"08

0 .10

0.2L

v.¿5

0.19

0.19

0.17

0.11

0.14

0 .10

0,2L

0.11

0 "22

ô t?

0"19

0.27

0 .20

n 1ô

0.09

0.07

0 .08

0"09
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b/, n.tio

Sample Period 1

Standard
Mean Deviation

Sample Períod 2

Standard
Mean Deviation

Sample Period 3

Standard
Mean Deviation

Site Number 1

2

J

t,

5

Site Number 1

2

3

4

5

0. 70

0.70

0.72

u.b/

0.66

U.IO

0.18

u"t-)

ô 1q

U.I/

0.68

0.68

0.69

u. oð

0.17

0.17

0.17

0.17

0. 14

0.66

0.67

0.65

0.69

U.OJ

0.16

0.14

v.t/

0. 15

0.L7

c/o Ratio

Sample Períod I Sample Period 2 Sample Period 3

Standard Standard SËandard
Mean Deviation Mean Deviation Mean Devíation

0.29

0.26

0.24

v.¿t

0.28

0.15

0.11

0.10

0.11

0.13

0.27

0.30

0.25

0.24

0 .15

0 .19

0. 14

0.16

0. 18

0.28

nro

0.24

0,25

0,26

0.15

0 "r2

0.11

0.10

0.14
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on samples collected from the same site during different sampling períods '

The mean grain síze of. samples collected frorn adjacent sites on

Eden Creek v¡ere found to be significantly differenË in 567" of the cases '

This value increased Èo 63% when all samples collected along this stream

duríng the same sarnpling perlod !¡ere compared. Signifíeant grain size

change vlas noË shor¿n ín 57% of the comparisons performed between samples

collected duríng different periods "

All samples collected have a similar mean corey shape Factor

despite the large standard deviations found. The average corey shape

is .20 indicaËing that the particles bear little resemblance to the

spheroids used Ín most theore¡ical analyses and empirical experiments '

The average shale particle may also be described as oblate in

terms of Zinggrs (I935) descriptive classification. This particle

., '---^ b, and c/. raÈios of .677 anð. .257" respecÈívely. ftre b/.
VIOUId nave l^, D 

t 'wtt er¡u 'Lr't A

value is close to the boundary value of .667 r¿hich indicates that the

average shale particle is close to blade-like in shape and in 35% of the

samples the blade shape predominates. A Cailleux (1945) flatness

index of 4.79 characterizes the average flatness of the shale parËícles.

3.3.2 l^leathering of Shale Sediments

The rnajority of the bedload sediment is provided by r^Ieathering

of shale bedrock. It was believed that hydratíon \'Ieathering vùas respon-

sible for the reduct,íon in partícle size both on exposed bedrock out-

crops and on poinË bars. To ascertain whether there vJas a significant

decrease in grain size over the field season seven sítes along Eden

creek \¡rere sampled and photographed at two week irrt"trrtl" over a three

monËh perÍod. Eden creekrs accessibil-íty and variable flows made ít

most suitable for an invesËigation of weathering unde¡ ¡¿!ural conditions '
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Periodic high ftows ínundate the gravel bars along the stream and

facilitate the hydration weathering process.

Lleathering sítes vrere Permanently established by means of a

stake on exposed bars adjacent to bedload sampling sítes. The sËake

served as a guide Ëo positioning a 0.25m2 sampling grid for photographic

purposes, and also served as a starting point for line transects used

in collectíng 50 rock samples.

Photographing a specífied section of an exposed bar was under-

taken to al1ow measurement of size changes for individual shale Particles

through the field season. In this way, weathering could be observed in

the naËural environment without disturbing the arrangement of particles.

The size of each rock collected was determined by cal-culating its

nominal diameter, and síze dístributions for each sample vlere construcËed.

Comparisons betvreen samples from the same location were undertaken to

evaluate progressíve changes.

A t-test was employed to test t.he hypothesis Èhat there I^7as a

significant decrease in particle size from one period to the next at

each sample sf-te. The same procedure was also employed t.o ascertain

whether size had decreased over the course of the field season. The

results of this study were inconclusive, wiÈh only 32.47. of the 105

comparisons showing sígníficanE decreases ín size. It is bel-ieved that

these results can be attributed to several factors. The r^reathering

process requires that the shale particles be subjected to extremes in

moisture, whereby variable rates of expansion due to absorption of

!üat,er int.o a dry rock causes it to f racture. Preliminary report.s by

the Manitoba üIater Resources Branch and field observation indicate

that. these extremes did not. occur during the 1978 field season. Stream

flows during the summer r^rere fairl-y constant and because of Èhis rocks
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on dry bars remained dry" As wel-l, rocks nearer t.he stream on bars

which were moist at the beginning of the season remained moist due Ëo

absorption through their basal surfaces. The ensoaclunent of vegetation

also províded a degree of prot,ectíon erisuring that the rapid noisture

changes condusive to the weathering process did not occur.

The lack of significant results on \'reathering from field obser-

vations necessíËated a controlled laboratory study of the weathering

process. A large bedload cobble (P1ate 1), initially immersed in lraÈer,

was subjected Ëo a sequence of three drying and two wetting periods.

After each phase the rock and its fragments r,rere photographed and measured

to documenL the decrease in particle size and to determine whether

hydratíon or dehydration was the dominant weathering process.

The wetting cycle ínvolved immersion in water for a one hour

period. The parËicle was then aír dried until no further breakage or

sígn of surface moísture was exhibited. The results of thís study are

presented in Table 2. Nomínal diameter ís again employed as Ít gives

an indication of the volumet,ric size changes.

During the inítia1 dryíng period cracks appeared in the surface

of the cobble although it remained intact (Plate 2). Re-r^retting caused

the rock to fract,ure ínto sixty-five separate angular pieces (Plate 3).

Drying resulted in further breakage of four of the fragments. One

fragmenË broke into six pieces e tr{o into three pieces and one ínto two

pieces (Plate 4). In sËep five, fhe last wetËing sequence, four frag-

ments broke into Èlto pieces and one into five (Plate 5). The smaller

píeces numbered from 30 to 6l did noÈ break. During Ëhe final drying

phase two fragnents broke lnto four and two pieces, respectively

ur'lruÈþ$;

fF J¡UrirjiãÕÐ¡4

:r-.r,?,4RlES

(Plate 6). It can be seen fro¡r Table 2 that
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Ï.ABORATORY WEATHERT¡G Ð(PM.]METfI STA@ 1

Plate 1
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LABORIITORY hIEATHERING ÐGRIMMIIS S'IAGE 2

Plate 2



LABORATORY WEATHER]}]G ÐGM.]MH\TIS STAGE 3

Plate 3



I,ABORATORY VIE¡TTHERING ÐQM.]MENIS SIAGE 4

Plate 4



5 :l t1

I"ABOR¡{TORY WEATHERT}IG Ð(PRIMM\TIS STA@ 5

Plate 5



IÄBOR¡{TORY WEATHM.]NG Ð{PERIMET{IS SIAGE 6

Plate 6
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TABLE 2

RESULTS OF LÀBOII.ATORY I^IEÀTI{ERING

Stage I Stage 2 Stage 3 Stage 4 Stage 5 Stage ó

ils.oeio.eo)-"
2)3.42(0.37)
5)2.76(o.le)
4) 2.90(o .2s)
s)3.r1(r0.33)
6)2.8s(o.46)
7) 2 .87 (0 .34)
8)3.26(0.48)
9) 2 .28 (o .2s)

r 0) 2.68 (0. 2s)
1r)3.16(0.47)
12)2.62(0.24)
13) 2.31 (0.2e)
t4)2.04(0 .27)
rs)2.10(0.r2)
1ó) 2. 38 [0. 29)
17) 2 . to (0 .24)
18) 2 . 08 (0. 2e)
19) t .84 (0.231
20)r.8r(0.2r)
2r)2.s1(0.46)
22) 2. t 3(0 .37 )
23)r.7s(0.28)
24) 1 .60(0 .32)
2s) r.72(o .24)
26)2.42(0 .24)
2r)2. 14 (0.23)

8.2r(0.21) 8.21(0.2r) 28)2.03(0.2s)
2e) ? .62(0.30)
s0) 2.21 (o.20)
3r)r.7s(0.2s)
32)r.74(0.47)
33)1.8e(0.2s)
34) ¡ .41 (0. r8)
5s)1.77(0.45)
36)r.83(0.38)
37) 1 7s(0.1s)
38)1.43(o.ls)
3e) 1. r8 (0.20)
40) r.08 (0.08)
4r)1.11(0.?2)
42) r .29(0.28)
43) 1 . 02 (0 .2s)
44) r .1t (0 .22)
4s)1.r1(0.14)
46)1.03(0.20)
47)r.ls(0.2r)
48)0.8s(0.32)
4e)0.76(0.14)
s0)0.81(0.23)
s1)0.80(0.23)
s2)0.7r 10.26)
s3)0.es(0.r3)
s4)0.ó4(0.40)
ss)0.64(0.2s)
só) 0.49 (0.09)
s7)0.ó7(0.30)
s8)0.s7(0.21)
s9) 0. s4 (0. 08) 62A)s. 03(0. 30)
60) 0. 6s ( 0. 3e) 62Ð 2.73(0.22)

si)2.66(0.38)
sü)2 . 14 (0 . 42)

10i)2.00(0.21)
Díi)z.s2(0.27)

29í)2 . s8 (0 .20)
29ä).64(0.sr)

6¿AiP . 92 ( 0.4 6)
62ÆÐ3 .23(0 .24)
62AijÐr. s0 (0.22)
Qj,\ìz . 36 (0 .24)
6¿4\, r . 28 (0. 32)

sia)2.ra6(.3q)
5ib)1.46(.11+)
Sic )1.02 ( .29 )
5id)0.6s(.32)

6a)2.79(0.s3)
6b)r.02(0.r6)

6i ) 0.43 ( 0. 32) é¿Q 2.03(0. 16) @Ð 2 .47 (0.36)
62) s.66(0.26) AÐ 2. i8 ( 0. I 8) eBiÐt . ó2 ( o. 3s )

eÐt.e(0.?2)
62Ð 0. @ (0. r8)

63) 3. 0s (0. 61 ) 634 3. ã(0.48)
63Ð2.0r(0.2t)
610 r . rs (0. l7)

(AÐ2.n Q.41)
64) 2.90(0.4s)64Ð r. 03(0. 29)

@0.5s(0.s3)

ós) 4. 12 (0. 30) 65Â) 3. ¡s(0. 34)
6sÐ3.or(0.17)

Nominal Diameter (cn.ì
Corey Shape Factor
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hydration causes the rnajoríty of. síze diminution of these shales and

thatshapeisnoÈradícallyalEeredthroughthísprocess.Theshape

factor indÍcaËes that the fragments are less plate-]-ike than the average

shapeofbedloadsamples.Thisísbe]-ievedduet'otheslightlycurved

naLure of the fragments spalled from Èhe cobble' whÍch caused their

thícknesstobeoverestimatedduringmeasurement.

5.4

3.4.L

Stream Characteris tÍcs

sediment ¡ranspor¡ formulae require knowledge of the roagnitude

andfrequencyofst'reamflows.Itlreninvestígatingalluvialsediment

movemenÈwithinaregion,ítisnecessarytohaveflowrecordsforall

streams within that region, or estimates of streamflow ernploying a

regíonal approach. The regional flood frequeney approach works on the

premíse that the patEern of flow r.vill be the same for al1 streams within

at'opographícallysímilarregionandthatbasinsizeist'hemaindeter_

mínanË of flow magnitudes (Benson, 1950)'

Durrant and B1ackr"re1l (1959) established flood frequency curves

foranumberofregionsintheCanadíanPrairies,basedonrecordsof

120 Iarge streams. They, however, advísed. extreme cauEion in applying

Ëheir resulËs to drainage basins smaller than 30 square míles (Durrant

and Blackwell, 1959u p. IL2)' As the rnaJority of watersheds ín the

Riding MounÈain region are smaller than 30 square miles, the flood

frequencycurvederivedbyDurrantandBlackwelldoesnotaccurately

portray the nature of the study area st.reams. A regional approach

cannot, however, be ígnored since a hígh proportion of these streams

are not gauged.

Apartial,raEherÈhananannualseríesfloodfrequencyanalysís
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\,ras undertaken so t.hat those flood events occurring more often than

once a year, which could be responsible for sedirnent movement, would be

represented. The stream records from Birnie Creek, Lrlilson Creek and

Scott Creek were used in this analysis. ScoÈt Creek, located outside

the rnain sËudy area, but within t.he sarne physiographic zone, hras incor-

porat.ed in the analysís because of the lack of gauged streams wÍthin

the study area" An annual excedence series and a partial series flood

frequency for each sÈream \"ras constructed using only years of complete

summer (April Ëo October) records (after Chow, 1964). The discharge

values were standardized into values of discharge per unit area and the

curves combined t,o produce the regional flood frequency curve. The ratio

bet\reen t,he maximum daily díseharges and maximum instantaneous discharges,

v¡here recorCed for tr{ilson and Scott. Creeks e was enproyed to consEruct

flood freguency curves of estimated maximum instantaneous díscharges.

3.4"2 Channel Morphology

The stream channel at each of the seventeen sítes was surveyed

t,o est.ablísh the cross-sectíonal profile and water surface slope. This

aspect. r¿as undertaken so that width, depth, cross-sectional- area and

hydraul-ic radÍus could be determined for any depth of flow and utilizeC

in flow equaËions.

3.5 Flume Experiments

Flume experiments vrere conducted to determine the eupirical

relatíonship between the size of shale particles and the fIuíd velocity

required to ínitiate movement. Experiments ürere undertaken at the

University of I'fanitoba, Facul-ty of Engineering Hydraulic Laboratory.

The flume used was l-1.5 rneters long, 30.7 centimeÈers wide, wiÈh a
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maximum depth of 30.0 centimeters. The experimental sediment bed

occupíeci a space one meter long by 6 centimeters deep. ObservaÊions were

restricted to the central third of the sedimenE bed to avoíd the influence

of higher fl-ow velociËíes associated with Ëhe smooth beds upstream, and

dor^mstream (Plate 7).

An initial run using a wide variety of grain sizes índicated that

movement could be ínítiated for all buÈ Èhe largest partícle sizes.

Further t,rials using homogeneous samples of sieved sedíment esEablished

the operational method.

During trial runs discrepancíes v/ere noted between discharge values

calculat.ed usíng readings from the rV-notchr weir measuring outfl-ow and

the venturímeter measuring ínflow. To alleviate this, both were cali-

brated by usíng a volumetric tank to measure the discharge over a set

period of time (Appendix 2).

For bed samples \^rÍth a mean size larger than 9.25 millimeters, it

r^/as necessary to restrict flow depths to achieve crítical erosion velo-

ciËies. Under Ëhese supercritical flov¡ conditions a hyciraulic jump

formed over the sediment bed whose energy release caused uncontrollable

scour (Plate 8). Slope was therefore íncreased to move the hydraulic

jump downstream and produce a smooÈh though undulating \^7ater surface

over the sediment bed (Plate 9) " The cross-sectfonal area under these

conditions vras obtained by averaging the mean depths of flow over active

areas of the bed"

Slopes were altered from .008 to .0i-7 during the course of experi-

ments. These values are fairly characteristic of natural conditions

where slopes r¿ere found Ëo range from .004 to .01I.
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F-
Flow Direction

HIGHER FLOW VELOCITIES OVER TT{E $4OOTH
BED, MI¡ITISTREA]VI OF THE SEDIMENT BED

Plate 7.



4-
Flow Direction

FITDRAULIC JUMP FORMED TJNDER STJPERCRITICAL
CONDITIONS

Plate 8.



Flow Direction

SIVÍOOTH IJMULATING FLOI^JS PRODUCED BY INCREASING
FLTJME SLOPE

Plate 9.
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3.6 Summary

Each of the previously díscussed procedures provÍded data which

were uËilized in estimating the frequency of sediment movement. Duríng

the course of flume experiments it had been noted that when 502 of the

bed had become mobileo the bed packing arrangement failed and the whole

bed became mobile. It was believed that this v¡ould also occur ín the

armour plated beds of the natural streams and thus the DrO size was

designated as Ëhe partíc1e size controlling bed mobilizatÍon. This size

was determíned for each site from the size distributlons of the bed load

samples. The flume d.erived critical erosion velocity formula made ít

possible t,o calculate the vel-ocity capable of moving the DrO rock and,

thus, the velocity responsible for bed mobílization. MorphomeËric

measures allowed the Manning equatíon to be applied and the discharge

assocíated with the crítical velocity for a part,icular síte to be calcu-

lated. The frequency wíth which this diseharge was reached could then

be determined from the regional flood frequency curve.



CHAPTER 4

RESI]LTS

4.L Introduction

EsËimatíon of the frequency of sËream bed mobilization requires

thaË ínformat.íon about manv aspects of the streams be collected and

that certain relationships between these characteristics be examined.

The data presented thus far has only been concerned vrith the charac-

terisEics of transported materíal. This chapter will examíne the per-

tinent relationships required for the estimatj-on of t.he frequency of

sediment movement. First of all, ít discusses the devel-opment of a

críËical erosion velocity formula for shale particles. An att.empt Ís

also made Ëo establish a relationship between basin area and strea¡n

discharge by use of a regional flood frequency analysis. Subsequently,

Ëhe relationships developed are used in conjunction wíth Ehe Manning

equation to estimaËe the frequency of shale sediment movement in the

study \,ratersheds.

4.2 Results of Flume Experiments

Seven separate bed sanples vlere prepared by sieving and

ca9egorized according Ëo mean grain size. Trial runs established Èhe

operational method employed. A known discharge (Q) was passed through

the flume and flow depths gradually decreased until velocities vrere

suffícient to inltiate particle movemenÈ. Four stages of bed load

movement were observed and categorized in accordance v¡ith Kramer (I932)

1) the staËionary condition;



2) Èhe condition of slight movement of whích a countable number

of the finest fractions are set in motion:

3) the condítíon of medium movement in which particles of average

size move in quantiLies no l-onger countable by observation;

4) the conditíon of general movement at which stage the largest

partícles start to move.

The tractive force at which particle motion becomes general (Stage

4) is termed críËical by Kramer (Bogardi , 1974, pp. 154-f55) . Critical

erosion velocÍt.y (Vr") $ras operationally defined as the mean cross-

sectional velocity (Q/Ax) causing sufficient particle motion that Èhe

bed packíng arrangement failed and the bed became mobile. ThÍs was

consídered to be equivalent to Kramerts Stage 4. Each partÍcle size

category r,ras tested until the repeatabí1ity of results gave an accept-

able degree of confídence in the data produced.

The results of each run (Table 3) were plotted and the curvi-

linear relationship beÈween particl-e síze and Èhe criËical erosion

velocity noted (Figure 12). Subsequently the data were Ëransformed to

logarithms and Ëhe leasË squares regression line was calculated to be

\t I

V = 0.29D'"".where D is particle size ín mm and V ís È.he meanmcs's'mc
cross-sectíonal velocíty in m/s.

Applicatíon of t.his formula is difficult, however, since sieve

diameter most closely approxímates the b-axis of non-spheroidal grains

(Blatt, Middleton, and Murray, 1972, p. 47) anð bed load grain size

dístribuËione were constructed using nominal- <iiameter, the formula

riras coupr¡t.ed using the nomínal dlameter equivalenËs of the b-axial

values (Figure 13). It had been determined during the course of bed

Ioad sampllng that the relative axíal- lengÈhs of the average shale

particle nrere 1.48, 1.0, and .26 fot the a, b and c planes, respecÈívely.
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Thus a particle with a b-axis of 1.0 mm would have a nominal diamecer

of .725 rffin. The formula produced using nominal diameter values was

vr" = 0.34 Ds'50. This could be applied directly to the grain síze

dÍstributions previously constructed and allowed for eomparison with

incÍpient motion formulae employing spheroída1 grains.

IË can be seen from Figure L4 that the erosion velocity function

for natural shale gravels is not radically different from those derÍved

by other researchers employing spheroidal material. This high degree

of si¡nilariËy was unexpected due to the low specific gravíty of shale

(1.8). Bogardi (L974) has demonstrated that 1ow specific graviry sedi-

ment (relative to sedíment normally used in flume experiment with a

specific gravety of 2.65) will have a smaller constant. in Èhe erosion

velociËy functíon. As the constant in Ëhe erosion velociËy formula for
shale is not lower, another grain characteristic, whieh is believed to
be grain shape, must compensate for the 1or¿ specific gravity.

TheoretícaL modellíng a11ows a possibl-e explanation for this
aPParent paradox to be posËul-ated. Shale, unlike other sediments is

thin and platelike and as a result its hydraulic behaviour is markedly

different. The movement of spheroídal graíns is primarily due to form

drag, the reduction in pressure on the lee side of the graíns as a

result of turbulence. This turbulence will only occur when the íncrease

in boundary layer Pressure from the shoulder to the tâil of the erain

is of sufficient strength to cause a stall in the flow of boundary

layer fluid and a reversal ín the directlon of flow behind the point of

stal1. An adverse pressure gradíent of sufficient strength to cause

this stall fs unlikely to occur over the surface of the streamlined shal-e

parEicles. If form drag did develop Ít is unlikely that it would cause
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movement due to the high resistance afforded by the particle's orien-

tation. The acËion of the drag force due to the shape and imbrication

angle ( tso¡ of shale particles would be to pack the particles more

securely against Èhe downstream grains (Figure 15).

The same grain characteristics which resist t.he developmenË of

forrn drag are conducive to generating a líft force. The pressure

reduction which results from the fluid accelerating over the shalers

upper surface (Figure 16) is enhanced by the large surface area of the

part.icle. Lrlhen this force is of sufficienÈ strength the grains wilr

rise verËically into Èhe flow (as observed during the course of flume

experiments) weakening the bed packing arrangement and ultimaÈely causing

bed mobilizatíon. The velociËy required for this to occur is simílar

to that required to move a bed of spheroidal grains which could roll or

tumble over the bed.

4.3 Results of Flood Frequency Analysis

The flood frequency analysis was undertaken in hopes of deriving

a regional flood frequency curve that could be applÍed to any basin

withín the study area. To achieve this, the discharge values for the

three sÈreams used Èo develop the regional curve were reduced to values

of discharge per unÍt area. rn Ëhis way, the flood frequency curve for

any given basin could be derived by multiplying the regional_ curve by

that basints respective area.

The flood frequency curves for each of the basÍns examined were

computed using the technique outlined in Chor¿ (1964), and return periods

were calculated enployíng Weibullts (1939) formula, T = Hf , where

N ís the ÈoËal- number of events and m is the rank of the event Èo be

plotted. All events of a magnitude greater Ëhan the smallest annual
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peak flow duríng the length of record, were plotÈed in the partial

series analysis. Once Ëhe partlal seríes (with recurrence intervals ín

events) and the annual excedence seríes (with recurrence intervals in

years) had been plotËed for each stream (Figures 17 and 18 respectively)'

regíona1 flood frequency curves (Figures 19 and 20) were establíshed

by averaging the individual curves into a single regional curve. As it

is the peak flow event which would be responsible for sediment movement'

it was necessary to estimate, in some manner, the peak instantaneous

discharges associaËed with the mean daily discharges used in constructing

the flood frequency curves. This was achieved by comparíng the peak

instantaneous flows associated r,/ith annual peak daily discharges for

Wilson and Scott Creeks. The other study basin, Birnie Creek, has an

insufficíent length of record for this analysis. The average ratio

derived was used to construct a regional flood frequency curve of

estimated peak insÈanÈaneous flows (Figures 19 and 20). A further check

on the representativeness of this ratio was made by examining the dis-

charge records for al1 storms resulËing in a díscharge of greater than

50 cfs on l,iilson Creek. The ratio derived by this analysís was Ëhe

same as that produced when only the annual peaks \¡rere considered.

4,4 Stream Channel Morphology

Stream cross-sections for the seventeen surveyed sítes are shor,¡n

in Figures 2I Eo 23. The ¡¿ater surface slope at each of t.hese sítes

was established by averaging the surveyed slope along a reach extending

upstream and downstream of the study site. As it \.ras not possible to

establish the t¡aËer surface slope during the tirne of bed mobílization

Ëhis r¿as assumed to be equal to the slope at low !¡ater levels. Such an

assumption has been followed in the past. by previous researchers
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(e . g. hrolman, 1955 ) .

4"5 Selection of Sampling Site-s

One site on each of the three study streams was chosen to estimate

the frequency of sediment movement. In order to ensure the comparability

of result,s each was located as closely as possible Èo the fan apex, at a

site demonstrating a mínimum of human ínt.erference. These sites are

designated as Síte Number 2 on Eden Creek, Site Number 2 on Birnie Creek

and Síte Number 1 on I^Iílson Creek in Figure 3.

4.6 RaÈionale for the Operational Merhod Employed to Calculate the

ÏrYôñirôñ^v 1f Sediment MOVement

The use of a regional approach to analyze the frequency of sedí-

ment movement requires that assumptíons be made about strean discharges

and the relationship between particle size and flood magnÍtude. A

similaríty has been demonstrated between the frequency of discharges

per uníË area for the three basins used in constructing the regional

flood frequency (Figures 17 and 18). It was assumed Ëhat the flood

frequency curve for the ungauged Eden Creek would be similar to the

regional fl-ood frequency (Figures 19 and 20). As the norphologícal

condiËions (slope and channel shape) at each of the fan apex sites also

reveal a hígh degree of simí1itude, Ëhe variance in partíc1e síze

be.tlreen these sites should reflect the differences in flood rnagnítude

produced by each of the different sized basins. Thus the larger basins

wí1l produce higher flood magnitudes and wil-l also exhibÍt larger

particle sizes at the fan apex sites. It was further assumed that the

frequency with which floods of a magnitude capable of moving the bed

sedimenË would be siurilar for all three basíns.
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4,7 Calculation of the Frequency of Sediment Movernent

The frequency of bed rnobilizaËion was estímated using a stepr,rise

procedure eroploying data produced by the previously discussed studíes.

Knowledge of the average particle síze at each site, as determined from

the three bed load samples, allowed for calculation of the critical

erosion velocity by applyíng the flurne established relatlonship,
qô p-LcL

V_^ = 0.34D^'--. The Manning equatÍon, U = i:s¿ normally employed tomcs"fi
calculate the mean vlater velocity, provided estimates of the critical

hydraulíc radius (R). since the required velocity had been computed,

Manningrs equatíon $ras Ëransposed into the form, n U'1'5R = (ã)-'- where n

ís Manníng's roughness coeffícient, u is average r,rater velocity and s

Ís the slope of the l{ater surface. The roughness coefficient vras deter-

mined by the formula n = .038 D75'l/ (Henderson, 1966, p. gg). The

diameter (d) normally used is that of the D- Brain size. Due to the

flatness of the shales and their tendency to ímbrícaÈe, the height the

D- roughness elements extend from the bed was considered to be, not

their diameter, but their thickness (c) (Figure 24). Water surface

slope had been determined during the course of site surveys. The

requíred daEa for Ëhese calculations and results are presented in Table 4.

TABLE 4

HYDRAULIC RADIUS CALCULATIONS - REQUIRED DATA AND RESI]LTS

)U
(nomína1
diameter cm)

hlater
u-_Surrace /)

Slope (cm)

.008 1.16

.0075 1_.31

.007s 0. 7s

fnn

tu/ ù
(m)

n

I,tri1son

Birnie

Eden

2.4s 1.68

2.87 L.82

t.57 l_.35

.018

.01_8

.vL I

0.20

0 "23

u. l-4
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At Èhis poínË it became necessary to determine Ëhe flow discharge

which would produce Ëhe requíred hydraulic radíus (Rm), as calculated

by the Manning equation. To do this, some estímate of the cross-sectional

area of flow under critÍcaI conditíons had to be made. This could be

achieved Ín Ëwo viays. The first method equates the hydraulic radius to

the mean depth of flow, an assumpt.ion made by prevíous research on wide

channels (e.g. Kellerhals, 1967). The cross-sectíonal area of fl-ow in

this case would be the mean depth rnultiplied by the top width of the

stream. The second technique invol-ves using a sectional method (Gregory

and l,Ialling, 1973; p. 131-132) whereby the wetted perirneter (p) and cross-

sectional area of flow (A*) could be determined for any depth of flow

(illusËrated in Figure 25). Various flow depths were tried until Ëhe
¿I

actual hydraulic radíus (R^ = + ) closely approximated the required
ÞP

hydraulic radius (R*) calculated by the Manning equatíon. This allowed

the required discharge (Q"rit = A* Vor") to be determined without

making the assumpt.ion that mean flow depth is equal to the hydraulic

radius.

The crítícal discharge vras divided by basín area so that the

frequency of these discharges and thus the frequency of sedimenË move-

ment could be read directly from the regional flood frequency curve

(Figure 20). Table 5 presenËs the resulÈs of this analysís.
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1.

TI-!E SECTIONAL METHOD

w' wa.ffi w4 w-
d--3+'

Fxanple Calculations of R for Flow Depth X

Divide the cross-section into subsections at appropriate
width j¡tervals (approxirnately 0.5 m)

F¿ch subsection has the area:

. _ diJ.d(¡*r) .w,øi=--z- - sel

Total cross-sectional area is:

n*=>(a,,q,as,. . .ân)

The length of the wetted perirneter u¡rder each subsection is:

l,=ffi
The total wetted Perimeter is:

p=Ð(l¡,12,1.,...1")

The hydraulic radius for flow depth X equals:

\=ir
p

The flow discharge associated v,ith this depth is:

Qcrit= Ax " vmc

3.

4"

5.

ó.

.f

Figure 25"
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TABLE 5

I.Iilson

Birnie

Eden

D (max.
deprh

R ---'. A Pm !l-ow,| x
n

ld- (or) (*') (m)

.70 .40 2.r3 L0 .64

.23 .465 6 .54 28.64

.L4 "20 .407 2.80

R n A Return
s Ycrit (Area) Q/e period

?. r ? .,(m) lrr"i s) (ku") (m" / s/km') (years )

.20 3.58 22.3 .16 1. 1

.23 11.9 60.68 .20 1.5

.I4 .55 28.7 "02 unobrainable

The required discharge per unit area for Eden creek ís ac

varíance with those determined for the other two sites. rt is believed

ËhaË thís is the result of dífferences in effectíve basin aïea as a per-
centage of gross topographic area for the three basins. The plateau

region has little relatíve relief and precipitation falling on this area

collects into swamps and other low lying pockets of 1and. These portions
of the plateau are non-contribuËíng areas and do not supply discharge

v¡aters ' rt ís belíeved that the Eden Creek basin has a smaller percentage

of effective basin area, although this cannot be confirmed from topo_

graphic map analysis. Effectíve basin area is not a consístent or

finite value; it is a subjective measure deËermined by the individual
researcher based upon his opiníon of the area of the basin contributing
to stream f1ow" This subjectivity alone makes the applicatíon of such

a value ín researeh difficult., if not questionable. rt is the vari-
abilÍty in effective basín area which causes ít to be inappropriate in
the present research. The size of the contributíng basln Ís altered by

antecedent moisture condi-Ëions, st.orm intensity and storm duration.
stichling and Blackwell (1957) have demonstrated thar effecríve basÍn

area under dry conditions can be 20% of the contributing area for t.he
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same stream under wet conditions. Between these extremes exists a

multitude of possibilities where storage areas either conËribute or do

not, dependíng upon storm duration and intensíty.

4.8 Stepwise Summary of Procedures Used in Calculating the Frequency

of Sediment Movement

1) The critícal erosion velocity \'ras determined from flume

experíments as:
qn

V = 0.34 D
lt I

2) The critícal hydraulíc radius rÂras calculated from Lhe Manning

equation as:

^ / nU,1.50* = (ruZ¡- I

3) The depth of flow and cross-sectional area required to produce

Ëhe critical hydraulic radius vras determíned by trial and

error employing the sectional method (Figure 25).

4) Once the required cross-sectional area had been determined, it

was multiplied by the critícal erosion velociËy to determj-ne

the critical discharse.

Qcrit. = u*" ^*
5) The critícal díscharge vras divided by the total basin area

so that the return period could be read directly from the

regional flood frequency curves (Figure 19).
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4.9 Problerns Encountered l^lith the Operational Method of Calculating

the Frequency of Sedíment Movement

The accuracy wíth ¡¿hich the crit.ícal erosion discharge and íts

ret.urn period can be determined is affected by the assumptions inherent

in a regional approach. The críEica1 erosion veloclty employed must be

consídered as only the best estimate of the actual erosion velocíty.

It has been demonstrated by numerous researchers that flurne derived

equaÈions do not accurately portray the natural conditíon, where a

variety of grain sizes and bed forms exist" Sinilarly' the Manníng

equation only provÍdes an estímate of the hydraulic conditions as the

formula cannot accounË for all factors affecting flow at a specific site.

For example, the problem of estimatíng the resistance coefficíent (n),

by Ítself reduces Èhe confidence which can be placed on this equaÈíon.

0f the techníques employed, the regíonal flood frequency has the

greatest. degree of ínherent error. Effective basin is diffícult to deter-

mine as it is affected by surface and subsurface conditíons and Ís

impossíble to delíneaËe from topographic maps. FÍnally, dfscharge

records are often unrepresentative due to bed mobility at the gauging

síte; high infiltratfon rates; or artificial controls upstream"

In spite of Ëhese factors the regional approach ís a necessity

r,rhere field observat.ion of bed mobílizatíon ís not possible and where

stream discharge records are not available. Nevertheless, the frequency

of sediment movement. estimated by the regional approach is as accurate

as possible given the data base available.
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CHAPTER 5

SUMMARY AND CONCLUSIONS

5.1 Summalry and MaJor Findíngs

The primary Purpose of this study v/as to determine the frequency

of fluvial transport. wíthin the shale bedded sËreams draining the

Ríding Mountain portíon of the Manitoba escarpment.

To achieve this objecÈíve three streams, Eden, Birnie and l^IÍIson

Creeks 
' vrere chosen to represenË the region and the frequency of trans-

port \dÍÈhin these srreams was calculated. It r.ras rational-ized that if

these frequencies vÍere sirnilar then they would provide a reasonable

indicator of the regíonal fluvial t.ransport frequency.

The procedure for obtaining fluvial transport frequencíes for

the individual streams involved tr^/o steps.

Initially laboratory and field studies were undertaken to provide

Ëhe necessary sedlmenË and stream channel data to ascertain the magnitude

of floods capable of causing bed mobilization. The frequencies wíth

t'lhich these critical discharges occur r.¡ere determined by use of a regional

flood frequency curve.

The first step in this process ínvolved bedload samplíng at each

of the seventeen selected sites. This provided the grain size distri-

butions essentíal for the application of a crít.ical erosion velocÍtv

formula and the sedi"ment shape characteristics. rÈ was found Èhat a

typical shale particle h"" b/ .-, c r 'a nd /O length rarios of .677 and "257,
respecÈÍvely, and thus is classífied as oblaËe using Zinggrs (1935)
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descriptive classífication. This particle is further characterized by

having a Corey shape factor of .20 and a Cailleux flatness index of

4.79. Bedload sampling was conducted three times during the field season

in hopes of obtaining evidence of active transport. The results produced

were inconclusíve.

It was felt that any signifícant size díminution of the shale

sedimenÈs found in Èhese creeks could have an effect ín decreasine the

crítical flow velocity required for bed mobill-zatíon. As a result a

field weathering study was undertaken along Eden Creek to document the

rate and amount of particle size decrease attributable to weatherine

processes. This vras unsuccessful due to the lack of variable flows,

vegetation encroachment. and Ëhe absorpti-on of water through the basal

surfaces of particles near the stream channel. Although no conclusive

evidence was provided by this study obvious signs of weathering were

observed along the other creeks. This 1ed to the weathering process

beÍng investígated under laboratory conditions where it was found that

hydration is the dominanË process. Insufficient data was generat.ed,

however, for any conclusions to be made about either the rate or ter-

minal grade of Èhe hydratíon process.

The critical erosion velocity formula for shale was determined
qrr

by flume experiments and found to be Vrn" = 0.29 Ds'-", where D ís

defíned as the medían síze of sieved sedíment.. The formula was con-

verted so that nomínal dÍameter values could be used and the functíon

becarne V = 0.34 D'50.Vel-ocfty in both cases is the mean cross-mcs-
sectíonal velocity in rn/s and particle size is in mm. These formulae

are similar to those deríved by fluue experiment,s employing spheroidal

maËerial of higher speclfic gravity. It is belÍeved Èhat the shape of



the shale compensates for the effect of 1ow specifíc gravity and causes

the required velociEies to be símil_ar.

Finallye surveys conducEed at each of the sites provided the

lrater surface slope and channel cross-sectional data required to deter-

mine Ëhe critical díscharges for one símilar site on each stream. The

críËícal erosion velocity for each site was calculated using the bedload

particle size dístributions. A transpositÍon of the Manning equaËion

allowed the hydraulic radíus associaÈed with this velocity to be computed

and a sectional method I^Ias then employed to ascertain the cross-sectional

area of flow with the correct hydraulic rad.ius.
ô

The required discharges (Q"rit = A*'U*") are 0.55mr/s for

site Number 2 on Eden Creek, 11 .g^3 / s for Site Nurnb er Z on Bírnie Creek

and 2.58m" / s for Slte Number I on Wilson Creek.

The return period of these discharges, ín values of díscharge per
?t

unit area ( n'/s/'t<st- ) were read. from the regíonal flood frequency curve.

The required discharge per unít area for Eden Creek was too small for

the return period to be read from the regional curve. Although the amount

of stream íncision evident along this creek may indicate a higher fre-

quency of bed mobílízation, the complet.e drying of the sËream channel

during the summers of 1978 and 1979 indicared rhat both the flood uragni-

tude and Ëransport frequency are over-esti-¡naÈed by the regional flood

frequency curve.

The calculaËed frequency of complete bed rnobilizat.ion is 1.5 years

for Birnie creek and 1.1 years for wilson creek. The average, 1.3 years,

is belÍeved Èo be the representative transport freo_uency for Ehe Ridíng

MounËain area. The regional flood frequency curve incorporated data

fron l^Iil-son and Bírníe Creeks and thus better represented the basin
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area - flood magnitude rel-ationships of Ëhese streams.

5.2 Problems Encountered and Areas for Further Research

The problems encountered during the course of this study indicate

that further research is required before complete understanding of

ineipient shale particle motion and an accurate estimate of the frequency

of bed nobillzation for the indivídual streams draíninq Ëhe eastern

slopes of Riding Mountain can be achieved.

The investígation of weathering under field conditions r^/as

unsuccessfulu although laboratory research has demonstrated that hydration

weathering of these sediments can occur at a very rapid rate. rn order

t.o achieve a clearer understanding of the sediment complex it ís imper-

atíve that both the rate and terminal grade of sediment produced by

this process be established. In this \,ray a better comprehension of both

the sediment production process and the ability of Ëhese streams Ëo

Ëransport unusually large volumes of sediment will be achieved.

During the course of flume experiments iÈ became evident that

critical velocíties for the sediment wíth a mean sLze greater than 9.25

mm could not be generated r¿iËhout restricting the flow depth upstream.

The supercrítícal shootíng flows r¿hich result.ed made deËermination of

the cross-sectional area of flow difficult and caused some doubt as Eo

the accuracy of t,he results obtained. The strength of the relat.ionship

subsequently demonstrated by the regression curve, however, indicated

Ëhat flor¿ depths hrere properly estimaËed. The repeEition of t,hese

experíments using a flume of dímensions capable of generating suffícÍent

velocitíes u without Ëhe use of flow restrÍctions, Ís urged to confirm

this relatfonship.

Further fl-ume sËudies are also reguired to investígate the effect
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of various particle shapes on hydrauric behaviour. specífically, this

would produce evidence to confirm or deny the proposed theoretical

model for shale parÈicle movement.

Problems associated l,rith making accurate estimates of effective

basin area resulted ín t,he regional flood frequency curve being con-

structed using values of gross basin area. Evidence from Eden Creek

índicates that thís can cause over-estímation of both the flow magnitude

and frequency of movement for some streams. Further invest.igations into

Ëhe relationships beËween basín characterist.ics and flood magnitudes

for thís area are necessary before a viable regíonal flood frequency

approach can be implemented.

The final problem encountered was the inability to make field

observatíons of incipient motíon due to 1ow flood magnitudes during the

sÈudy period. Field studies are essential Íf the validitv of the

crítical erosion velociËy function for shale and the critícal discharges

proposed by this study are to be verified. At the same time. field

research would consider the role of bed armouring and variable grain

size mixEures in t,he determination of critical erosion velociËies for

natural streams.
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APPEI,ÌDIX 1

Grain Size and Shape i^Iatfiv Program
sJoE sÀTFM¡OEXT

1 DIñEHSIoN À(50',8(50),c(50l,HOBK1(50),HoFK2(5C),scRK3(50),
6slRK4 ( 50), SORKX (50l,CORK{X (50}, RÀNK (50},r' AR4 (5C),V ARriÀ (50),
0R(50),TF(5î)

2 REAL 6EANfI.H3À¡I3,HEAN2,ñTÀN1,R,TF
3 REID (5,Êl (À (I) rI=1,50t
4 REÀD (5,ûl (B (I) ,I=1,50)
5 REÀD (5,*) (c (It 'I=1,5016 BRITE (6'10) (À(I),8(I),C(Tl 

'I=1,5C)7 10 PORBÀ1 ¡r$r rrA(I)=r,G1l¡.7, rB(f)=r,G14.7, 'C(I) =r,G'14.7)
I D3 1 00 I=1, 50
e coRKl (Il=À (I) *B (I)

C U]RKI COITÀTHS PRODUCÎ A TIHES B
1 0 soRK2 (I) =HoRK1 (Il sc (I)

C 838K2 CONÎÀINS PRODOCT A BY B BY C

I 1 coRK4 (rl =soRK2 (I) **.333
C 'd3RK4 CONlÀIUS GEOEETRIC E:AI{ YÀLI'ES

12 103 CONTrtf ttE
13 Dl 1l I=1r50
1 4 R (Ï! =s6¡Ka ¡1,
'l 5 11 IR(I)=t
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69 CÀLL yÀBSBP (VÀR4Àr50, l,VSUBr¡A¡
7O STl0 = VSUnqÀ,/so
71 stcBA = slsoûf.s
72 sB rTE (6,6001 vsunl,EEÀH1 ,sTEo,srcrÀ73 HBITE (6,60) (I, RÀHK (Il , I= 1,50)
7q 60 FIRHÀT ¡tgr,tEI.EEEHT ,, !2 o r OF RAHK IS:rncl4.7l
75 NETOBH
76 EID
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