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V

A flume study was conducted to investigate the influences of

changing hydraulic conditions on the bed morphology of a scoured pool.

During a simulated storm runoff event, responses of the pool were

tested under different conditions: clearwater flow, sediment supply at

steady rates, and two different sediment mixtures of the pool material

between two fixed riffles. Bedload transport in this modelled

riffle-pool-riffle sequence was measured to better understand the

transport system in a gravel-bed stream.

In addition, an attempt was made to verify the hypothesis of

'competence reversal' between the upstream riffle and subsequent pool.

This hypothesis tries to explain areal sorting mechanisms in pools and

riffles.

Significant influences on the scour shape of a pool are the

quantity and quality of the upstream sediment supply and the grain size

distribution of the bed material itself. Higher sediment input into

the riffle-pool-riffle system results in shallower pools. Vertical

velocity profiles, approaching logarithmic profiles similar to those



on the riffle, are then chAracteristic. Negative and zero bottom

velocities are predominant for those pools shaped under clearwater

conditions. The equilibrium scour depth in the case of a heterogeneous

bed with a protecting surface layer of coarse particles (armour layer)

might be a misleading indicator of the actual scour processes. Partial

armouring in the pool can cause deeper local scour than in a

non-armoured bed. The total volume of scoured material, however, might

still be less than in the case of a non-armoured bed. Hence, even

though the depth of a scoured pool can be larger in an armoured bed,

less bed material might be transported out of the system.

Under steady flow and steady sediment feed conditions, bedload

transport occurs in an unsteady, pulse-wise pattern. Sediment piles up

within the pool and moves downstream in waves.

'Competence reversal' could not be verified in the conducted

experiments. Under the modelled flow conditions, bottom and mean

velocities in the pool never exceeded those on the riffle -- one

possible condition for competence reversal. The analysis of other

hydraulic parameters also did not indicate any possible reversal.

A more detailed investigation of increasing turbulence with

increasing discharge in the pool is suggested. This could be a main

driving force for large particle transport from the pool onto the

downstream riffle during different flow conditions.
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HYDRAULIC INFLUENCES ON POOL MORPHOLOGY -- A LABORATORY INVESTIGATION

I. INTRODUCTION

Large bedforms in gravel-bed rivers have received attention in

different research disciplines. In particular, riffle-pool-riffle

systems, typical for river beds composed of heterogeneous mixtures of

gravel particles, act as energy dissipators during the self-adjustment

process of a stream. These features are important with respect to

fish habitat and sediment transport phenomena.

Pools and riffles provide diverse habitat for fish. Fish can be

found at different locations, depending on their age, their strength

to handle the fluid forces in the system (high velocities, local

turbulence, etc.), the presence or lack of coarse spawning gravel, or

because of hiding possibilities in deep sections in pools. The

hydraulic properties as well as the sediment conditions within a

riffle-pool-riffle unit are considered to have a major impact on the

distribution of the fish.

Pools and riffles also represent local sinks and sources for the

bed material supplied from upstream. Flow magnitude and duration, as

well as quantity of sediment input from upstream, define the final

shape of a pool as it appears at low flow conditions. This shape

further influences the actual 'retention' time for bed material in the

pool during high flow events Empirically developed bedload transport

formulas for gravel-bed rivers are often imprecise, since these
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large-scale bedforms distort the outcome of laboratory-based

predictions.

Several attempts have been made to quantify hydraulic and

bed-morphologic processes in riffle-pool-riffle systems. Field work

has emphasized the investigation of total bedload transport and

sediment distribution within these features. Measurements of 'mean'

values for hydraulic parameters such as velocity or water surface

slope have served to relate observed phenomena to hydraulic

properties. However, field investigations were typically limited by

physical restrictions on taking measurements during high flow events.

Because of insufficient knowledge of all the variables in a natural

system that influence the measured outcomes, several hypotheses have

resulted from the gained data sets. Recently, more and more

laboratory experiments have concentrated on bedload transport

phenomena in riffle-pool-riffle systems especially to get more

insight into processes occurring during higher flows.

This thesis seeks to contribute to knowledge about the hydraulic

influences on the bed morphology of a pool and the role of bedload

transport processes. Furthermore, hypotheses established from

observations and measurements in the field are addressed and

evaluated.

Purpose and objectives of the laboratory investigation

The main purpose of this thesis is to provide more insight into

the hydraulic conditions of large-scale features of rivers involving
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pool-riffle sequences. These hydraulic conditions are known to

influence the bed morphology. A major remaining problem is the

quantification of the processes.

One main objective of this thesis is to assess the specific

hydraulic conditions within one riffle-pool-riffle sequence. A

related objective is to study the morphological scour and deposition

processes of the bed. Another research objective is to investigate

whether a small-scale flume experiment can be used to verify specific

hypotheses established by past field research regarding areal sorting

and hydraulic interactions in pools and riffles. Special emphasis is

given to the hypothesis of "velocity reversal" at flows around

bankfull discharges; this hypothesis has been used to explain sorting

mechanisms in pools and riffles (Keller, 1971; Lisle, 1979).

Experimental approach

A flume experiment models a riffle-pool-riffle sequence in a

gravel-bed river. By simulating a hydrograph over a partially movable

bed (the riffle is fixed), the initial formation of the pool and its

ongoing changes during different flow stages can be studied in

conjunction with the hydraulic conditions within the pool.

To better understand the scour and deposition processes and the

changing hydraulic conditions over a range of discharges, the

following factors were examined in detail:

1) velocity profiles along the longitudinal

riffle-pool-riffle unit (by direct measurement);
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2) flow patterns within the system (by dye tracing);

3) shear stresses as a function of discharge (by calculation);

4) bed elevations during scour and deposition processes

(by direct measurement); and

5) armouring effects within the pool due to a wider standard

deviation of a particular grain size distribution chosen for

the pool material (by direct observation).

Organization of the thesis

This thesis is organized in five major sections. A literature

review introduces the theoretical background and the practical

applications regarding past pool-riffle studies. Concepts which

provide a background understanding of the formation processes of pools

and riffles in stream systems are described first. This information

helps clarify the principal forces that influence changes in channel

morphology; it is the basis for analyzing morphological processes

occurring during the laboratory experiments. Since the classification

of pools and riffles in natural stream systems causes some

difficulties, different classification schemes are described and

evaluated in order to help categorize the laboratory examination into

the complexity of these features. Furthermore, hypotheses are

described which try to explain areal sorting mechanisms in pools and

on riffles. As mentioned earlier, the examination of these hypotheses

is a major objective of this research. Finally, research of bedload

transport phenomena related to pool-riffle features in gravel-bed
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rivers is cited and the difficulties in prediction approaches are

highlighted. In particular, focus is given to the variability of

bedload transport in these complex stream systems.

The second major section of this thesis contains theoretical

considerations and descriptions regarding the experimental design and

set-up of a modelled riffle-pool-riffle sequence in the laboratory.

Field data, gathered prior to the actual experiment in connection with

preliminary calculations, are explained first. The hydraulic

parameters which were chosen as being variable during the different

experimental runs are described regarding their importance in a

natural setting. The theoretical treatment of the hydraulic

characteristics in a riffle-pool-riffle sequence leads to the

formulation of expected results from the experiments. Expected

results are stated for each described quantity that is measured during

the individual runs (velocity, bed elevation change, bedload

transport, etc.).

The third major section of this thesis presents the obtained

experimental data, followed by data analysis and interpretation.

Results are evaluated in comparison with the formulated expected

results. The results are treated under two subsections. In the

first, bed-morphologic changes are described; in the second, results

are presented which relate to verification of the hypothesis of

'competence reversal'. Bed-morphologic changes are interpreted with

regard to the two major variables 'bed mixture of the pool material'

and 'sediment supply rate from upstream'. The analysis of vertical

velocity profiles as well as other hydraulic parameters leads to some
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considerations about the theoretical and practical treatment of the

'competence reversal' hypothesis.

In the fourth section of this thesis, major findings of the

research are summarized and conclusions are drawn. The conclusions

relate the qualitative and partly quantitative results to the findings

in the literature.

The last section of this thesis puts the outcomes of this

research in perspective to practical applications. The examination

and observation of several parameters (discharge, velocities, bed

elevation, armouring processes, etc.) and the technical difficulty

of measuring others (e.g., shear stresses) resulted in the evaluation

of the importance of specific hydraulic conditions. This leads to

recommendations for future research. In particular, more detailed

investigation is recommended of those parameters which could not be

examined during this study but were recognized to provide important

insight into the studied phenomena.
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II. LITERATURE REVIEW

A literature review will help forward the objectives of this

research by highlighting the theoretical considerations, definitions

and practical applications reported for pool-riffle studies. The

concept of minimum stream power is described in the first section of

this chapter. This provides a background understanding of the

formation processes of pools and riffles in stream systems. The

concept also provides a basis for the identification of an adequate

riffle-pool- riffle sequence in nature for modelling in laboratory

experiments as part of this thesis. Different classification schemes

of various pool and riffle units are compared with each other and

evaluated. Their description helps to categorize the laboratory

experimentation within the large variety of these features. The

sections of this chapter which follow focus on the hydraulic

properties within a pool-riffle system. Many field studies and flume

experiments have been undertaken with the objective of relating

results from morphological observations to theoretical concepts.

This literature review emphasizes studies having hypotheses of

special interest for my experiment. I attempted to verify the

hypothesis of "Velocity Reversal", first introduced by Keller (1971)

or "Competence Reversal", as later renamed and investigated in more

detail by Lisle (1979). This hypothesis explains the occurrence of

areal sorting mechanisms in pools and riffles. Mean velocities and/or

mean shear stresses in the pool are smaller than those at the riffle

for small discharges (Breusers, 1975) but increase relatively more
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rapidly as discharge increases until they exceed those at the riffle

at near-bankfull discharges. This provides the hydraulic conditions

for the transport of the larger bed material through the pool onto the

downstream riffle during large flows. The reversal theories provide

an explanation for the fact that hardly any large bed material is

found exposed on the pool bed at low flows. By means of a laboratory

study with controlled hydraulic parameters, the occurring changes can

be observed in detail.

The formation of pools and riffles in gravel-bed rivers

Several types of bedforms can be distinguished in natural

channels. In sand-bedded rivers the presence of dunes, anti-dunes and

ripples is dominant. These features are especially prevalent in

flatland streams with lower gradients and in streams with very fine

sediment supply, where the median diameter of the bed material does

not exceed approximately 0.6 mm (Simons and Simons, 1987). In rivers

with higher gradients (1% to 4%), coarser bed material occurs and

riffles and pools are the typical features. Rivers with slopes

greater than 4% show the specific bedforms of cascade and step-pool

units (Whittacker and Jaeggi, 1982; Sullivan, 1986). My study focuses

on the case of a gravel-bed stream with a channel gradient of 1%.

In various experiments and field observations, several authors

(Leopold and Langbein, 1962; Yang, 1971; Cherkauer, 1973) identified

that the common reason for the occurrence of such 'deeps' and

'shallows' lies in the self-adjustment process of a natural stream.
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This process has been explained by Bagnold (1966) and Yang (1971) by

introducing the law of least time rate of energy expenditure.

The following section introduces the theoretical background of

these concepts. Understanding the concepts is necessary for generally

interpreting the processes that influence the actual formation and

shapes of pools and for specifically examining the pool formation in

the flume study.

The concept of unit stream power and the law of least time
rate of energy expenditure

From season to season and year to year, natural channels are

influenced by several forces which change their morphology. High

flows with their induced scouring and low flows with deposition

processes may alter the channel morphology drastically within short

time periods. Channel changes like scour and fill (short-term time

scale), bankcut and deposition (intermediate-term time scale) and

aggradation and degradation (long-term time scale) are part of typical

stream dynamics. If the short-term and intermediate-term changes tend

to balance out over the long term, it can be said that the stream is

in "dynamic equilibrium". Otherwise, the stream will experience some

net change (non-equilibrium) over the long term.

The potential energy (PE) available to make these changes

possible is determined by the water's elevation above sea level. This

can be expressed by:



PE = mgh [ML2T2]

where:

m = mass of water [M]

g = gravitational acceleration [LT 2]

h = elevation above sea level [L].

[2-1]
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On the water's way downstream, this potential energy is progressively

converted to kinetic energy (ICE), expressed as:

RE = 1/2 mv2 pc2T-21

where:

V = velocity [LT-1].

[2-2]

Most of the kinetic energy (approximately 95%) is consumed as heat

loss during turbulent mixing within the main flow and along the

channel margins (after Morisawa, 1968, see Beschta and Platts, 1986).

The remaining energy can be utilized for sediment transport, bed scour

and bank erosion (Beschta and Platts, 1986).

In a stream, the availability of energy to do work can be defined

by introducing 'unit stream power'. Unit stream power (w) is defined

by Bagnold (1966) as the time rate of loss of potential energy per

unit mass of water and can be expressed as:

w = ejVS [ML-1T-3]

where:

Q= density of water [ML 3]

S = energy slope of water [LL 1]

[2-3]
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The unit stream power concept provides a basis for understanding

the erosive capability of water in an open channel system. Relatively

high unit stream power is associated with steep straight channels

having uniform cross sections and large hydraulic radii; reduced

stream power can be obtained by various morphological changes which

decrease the average channel slope or provide roughness elements for

energy dissipation (Beschta and Platts, 1986).

Yang (1971) further developed the idea of unit stream power by

introducing the law of least time rate of energy expenditure. This

states that during the evolution towards its equilibrium condition, a

natural stream chooses its course of flow such that the time rate of

potential energy expenditure per unit mass of water along its course

is a minimum. Yang used the concept of entropy, previously applied to

study landscape evolution by Leopold and Langbein (1962), and applied

it to a stream system. The minimum value for each stream depends on

the external constraints applied to it. The law of least time rate of

energy expenditure can be expressed by the equation:

(ollheit)(kY/At) = f ( Q, Sy, Cs, G,...) [1-5]

which is at a minimum.

Here:

atc,t = time rate of potential energy expenditure per unit

mass of water in a reach along a stream with

a fall Y

y = fall = change of water elevation across the reach of

stream
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t = average time required for a unit mass of water to travel

through this reach

k = factor of conversion between energy and fall

f = function of the external constraints applied to the

stream;

Q = water discharge

S
v
= valley slope

C
s
= sediment concentration

G = geological constraints (the geological constraints

consider erodibility of the soil, the grain roughness,

the stream valley width, etc.).

The value of4 Veit should always be greater than zero along the course

of the flow except at the end of the river. In his paper, Yang (1971)

showed that the formation of pools and riffles is one way in which a

natural stream conforms to the law of least time rate of energy

expenditure.

From this literature review, it can be seen that the concept of

'unit stream power' and the 'law of least time rate of energy

expenditure' have importance in explaining stream dynamics. The

evolution of conceptual research from the early studies of Leopold and

Langbein through the phase of Bagnold and Yang has brought us to a

better understanding of the theoretical background which explains the

ongoing morphological processes.

The flume experiment carried out as part of this thesis will seek

to use these concepts to evaluate the morphological changes occurring

in the studied stream reach.
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Nomenclature and classification schemes of different pool
and riffle units

Pool and riffle features are mainly attributed to the meandering

behavior of a river as one way to dissipate the energy which is

associated with high unit stream powers (Tinkler, 1970; Yang, 1971;

Cherkauer, 1973; Richards, 1976a; Thompson, 1986). Nevertheless,

these bedforms can also be found in short straight reaches of the

channel, behind obstructions, and elsewhere. This implies that "pools

are not pools" in the sense of features which all obey the same

formation processes or can all be described by similar hydraulic

conditions.

During recent years, field biologists and other researchers in

the domain of fisheries and wildlife have used approaches that

describe these features by emphasizing not only their specific

hydraulic parameters (e.g., velocity, flow depth, geomorphological bed

form) but also the forming conditions.

Classification of different pool and riffle units is quite useful

in providing a better understanding of their hydraulic

characteristics. Consideration of the applicable nomenclature will

aid in a clearer understanding of the pool type simulated in this

study.

Beschta and Platts (1986) give a short overview of the

development in the nomenclature process through the last 15 years.

They note that two types of pools were distinguished by Keller and

Melhorn (1973) in meandering channels. Primary pools are usually

found at bends and are always associated with point bars; deep scour
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is characteristic for these forms. Secondary pools exhibit less scour

and can be found at different locations in streams. Beschta and

Platts also give a more detailed classification developed by Bisson,

et al. (1982) that recognizes six types of pools:

1) secondary pools are found on floodplains when the

high waters recede;

2) backwater pools exist behind large obstructions along the

channel margins (tree stems, root wads, boulders, etc.);

3) lateral scour pools are caused by deflection of water at

stream bends or by large obstructions;

4) plunge pools exist after a main flow has passed over a

complete channel obstruction and drops vertically onto the

downstream channel bed;

5) trench pools form long slots in a stable channel

bottom; and

6) dammed pools result from a full or partial channel

blockage ( caused by debris jams, landslides, etc.).

Sullivan (1986) developed a key to identify channel 'units'

having similar hydraulic characteristics. Her suggested

classification of various pools is illustrated in Figure 1.

For the purpose of my thesis research, it is not necessary to

analyze the differences between the various identification approaches

in more detail. The flume study emphasizes one rifflepoolriffle

sequence which had been visually identified in the field. An

appropriate description of the pool in my physical model is Sullivan's



a) Dammed pool b) Eddy pool

c) Plunge pool

d) Drawdown pool

e) Scour pool

15

Fig. 1. Classification schemes for pools after Sullivan (1986)
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'scour pool', shown in Figure le, excluding the logs at the upstream

end.

Hypothesis for competence reversal and areal sorting mechanisms

Several recent studies have examined the hypothesis of reversal

of competence to transport bedload at a certain discharge near the

bankfull condition. This thesis also attempts to test that

hypothesis. The perspective provided by the other investigations,

which mainly represent field work, will help in understanding this

laboratory experiment and in interpretating the results.

The basic considerations for the hypothesis of 'competence

reversal' are based on the fact that riffle-pool-riffle units are

submerged at high flows. This alters the relative behavior of several

hydraulic parameters in pools and riffles. One of these parameters is

the water surface slope which is often used in field investigations to

estimate the energy slope. The numerical slope value is used in

tractive force calculations which are emphasized later in this

section. The principal appearance of a riffle-pool-riffle sequence

under low flow (L.F.) and high flow conditions (H.F.), as used by the

hypothesis, is shown in Figure 2.

The earliest theory considers the reversal of velocity in pools

and riffles in particular. The theory states that with increasing

discharge the average bottom velocity in a pool increases faster than

that on a riffle, until at relatively high flow near bankfull

condition the average bottom velocity in the pool exceeds that on a
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H.F. = high flow condition

L.F. = low flow condition

WSR = water surface slope above riffle

WSP = water surface slope above pool

---> = direction of flow

Fig. 2. Low and high water surface slopes in a rifflepool
riffle sequence
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riffle. This phenomenon is often also referred to as the convergence

phenomenon describing the convergence of the velocities in the riffle

and pool towards an intersecting point. The hypothesis was proposed

by Keller (1971) as he tried to find an explanation for areal sorting

mechanisms of channel material. That is, he attempted to explain the

sorting that caused relatively large material to be found on riffles

and finer material to be found in pools during low flow conditions.

In a field study, Keller measured velocities across pools and riffles

during different flow events (1 cfs to 60 cfs). At each flow, the

mean velocities for each cross section were then determined for the

pools as well as for the riffles. The results, shown in Figure 3,

were as follows:

1. At low flow, the bottom velocity in the pools is less

than on the adjacent riffles; large bed material cannot be

moved onto riffles.

2. With increasing discharge, the bottom velocity in pools

increases faster than on riffles; the 'reversal'

velocity occurs when the bottom velocity in the pool

is equal to that on the riffle.

Keller concluded that at high flows with velocities above the reversal

velocity, bed material that can be moved through a riffle and into a

pool will be transported quickly through the pool by the greater

bottom velocities and tractive forces there; redeposition occurs on

the riffle where the velocity and the tractive forces are smaller.

Furthermore, at low flow conditions, the largest bedload particles
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will be found on riffles and the relatively finer material will be

found in the pools.

To the present time, the hypothesis of velocity reversal has been

examined by various researchers with contradictory results. Richards

(1978) analyzed a river in Ontario, Canada. By means of a computer

model, he simulated hydraulic geometry relations for adjacent riffle

and pool cross sections. He obtained tendencies for the changes of

mean velocities in pool and riffles with increasing discharges, as

shown in Figure 4, and similar to those reported by Keller (1971).

However, contrary to Keller, he concluded that the different gradients

of the velocity relationships only demonstrate that there may possibly

be a convergence phenomenon. A tendency for convergence may reflect a

proportionate reduction in the difference between the two sections

(pool and riffle), but not necessarily a reduction in the absolute

difference. In his flow geometry simulation model, Richards could not

clearly prove that an actual equalization of depth, mean velocity or

surface gradient through the studied reach would occur at higher

discharges. He added, however, that the results applied only to mean

velocity, and that there may be a more rapid convergence for bed shear

stress because it incorporates the changes in depth and slope.

Lisle (1979) used field data to describe sorting effects of

coarse bed material on riffles and finer material in pools based on

the reversal hierarchy of mean shear stress at a pool and riffle.

Measurements of velocity near the bed as well as calculations of mean

shear stresses at different flows allowed him to demonstrate not only

the convergence of the competences in pools and riffles, as has been
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shown in previous studies, but also an actual reversal of these

parameters at flows near bankfull discharge. Results are shown in

Figure 5. Lisle used the results of his analysis to explain sorting

mechanisms of bed material in the poolriffle sequence of gravel

streams at less than extreme flows.

In their study of bedload transport in a poolriffle sequence,

Campbell and Sidle (1985) tried to relate specific bedload transport

patterns to competence reversals between pools and riffles. This

reversal or convergence of competence appeared to take place around

bankfull discharge, as had been suggested by Keller. However, actual

measurements of hydraulic parameters like shear stresses, velocities,

etc., had not been conducted during the high flow periods. Mechanisms

suggested in other studies (shear stress or velocity reversal,

increases in local turbulence intensity, etc.) were accepted without

being proved explicitly as appropriate explanations for the bedload

transport patterns observed.

A theory which at first seems to contradict the competence

reversal hypothesis, or at least to offer an alternative explanation

for areal sorting mechanisms, was proposed by Yang in 1971, based on

experiments conducted by Bagnold (1954), who studied the dispersion of

solid spherical grains in a Newtonian shear flow. The results of his

experiments can be understood if we consider the following equation:
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P = aftA f(a) D2 (du/dy)2 cos of [2.1.]

where:

P = repulsive pressure

a = constant

e,. density of the grain

A = concentration

D = diameter of the grain

du/dy = velocity gradient

0(= some unknown angle determined by the collision

conditions (incl. grain ratation)

It states that with an increase in concentration, grain diameter,

and/or velocity gradient, an increase will result in the repulsive

pressure between the grains of two layers. Accordingly, the higher

velocity gradient at the riffle will result in a higher repulsive

pressure on the riffle than in the pool. Because of the mobility of

the alluvial bed, this difference in pressure will depress the bed

surface at the pool and raise it at the riffle to form a

concaveconvex bed profile. Once this relative movement of the bed

surface starts, the difference in velocity gradient between the pool

and the adjacent riffle increases and, therefore, amplifies the

pressure effect. The repulsive pressure also increases as the grain

diameter increases. When grains of mixed sizes are sheared together,

the larger grains tend to drift toward the surface. The smaller

grains cannot sustain the high shear stress at the riffles due to the
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higher velocity there. They will be washed out and deposited in the

downstream pool. This theory explains part of the formation of the

pool-riffle feature as well as the areal sorting mechanisms of the

bedload material.

Since the above studies and the related theories cover only parts

of the phenomenon occurring in nature, a combined effect can be

assumed to influence the features as they appear in natural channels.

This suggestion was also given by Lisle (1979), who attributed the

deficiency of a specific size fraction of the surface deposits to

dispersive stress and a winnowing effect, which concentrate coarser

gravel fractions at the surface of the riffle (see Bagnold, 1954). A

study by Whittacker and Jaeggi (1982) also suggests that competence

reversal alone does not explain the sorting out of different size

fractions within a pool-riffle sequence. In particular, they point

out that the reversal mechanism can be seen as one of maintenance of

pool-riffle forms; it does not account for a development of these

bedforms from an initially plane bed.

As the last contribution to the attempt to explain the

pool-riffle feature and the different grain sizes attributed to the

pool and riffle, I mention Bagnold's 1980 paper, in which he suggests

that the almost universal tendency for streams to form alternating

sequences of riffles and pools may be caused by variations in

turbulence intensity at alternating regions of converging and

diverging flow. This idea has not been emphasized much by other

authors, presumably because of the lack of turbulence data, but seems

to be an adequate explanation of the phenomenon.
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The various theories and field investigations explain more or

less satisfactorily the phenomenon of 'reversal competence' under

different circumstances. Therefore, investigation of reversal

competence is a primary purpose of this thesis.

The theory of velocity reversal was analyzed in this experiment

with the help of measured velocity profiles along the entire

riffle-pool-riffle section. Other hydraulic parameters were also

considered, such as hydraulic radius, energy slope and mean shear

stress. This could lead to a comparison with the controversial field

results. This section of the literature review has consequently lead

us to a better understanding of the possibilities for additional

studies that might contribute to the present theories.

Bedload transport

Since half of the experimental runs undertaken in this research

investigated the effect of sediment transport on the resulting

morphological and hydraulic conditions, a closer look at field and

flume studies done for the specific case of pool-riffle systems will

help to put this work into perspective.

Bedload is defined as the part of the total sediment load which

is not tranported in suspension. Bedload transport, herein,

describes the movement of this material near or on the bed (Vanoni,

1975). The material that is initially immobile on the bottom of the

channel starts to move when the forces that resist the entraining

action of the flowing water are exceeded by hydrodynamic forces. The
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calculation of these critical values is extremly difficult because the

process of incipient motion is influenced by a wide range of factors.

For example:

incipient motion = f(sediment forces, fluid forces)

where:

sediment forces = f(particle sizes, specific weight, fall

velocity, depositional arrangement, etc.)

fluid forces = f(temperature, discharge, velocity,

turbulence, etc.)

Several formulas have been developed to calculate total bedload

transport. Each is based on differing assumptions and different

critical criteria involving discharge, tractive force, relative

roughness (ratio of grain diameter to depth of flow), etc. Three of

these formulas are briefly discussed in Appendix C in connection with

calculations of bedload transport rates for use in the research

experiments.

Natural rivers are high-energy, unsteady and nonuniform systems.

The flow in most streams is gradually varied rather than uniform; this

is particularly true for streams with coarse gravel bed material

(Richards, 1978). High temporal and spatial variability of bedload

transport has therefore been found by several researchers (Milhous,

1973; Jackson, 1980; Klingeman and Emmett, 1982; Campbell and Sidle,

1985; Whittaker, 1987). Bedload transport equations developed from

steady-state hydraulic considerations consequently do not appear to

apply to these natural conditions (Vanoni, 1975) and accurate
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predictions turn out to be difficult. Furthermore, transport in a

gravel-bottomed stream may occur for only a small percentage of time

and may consist of pulse-wise downstream movement with long residence

times at single locations (Beschta, 1987). Some of these locations

are represented by pool-riffle sequences themselves. In this project,

bedload transport occurring in the riffle-pool-riffle unit was

examined, as will be described in Chapter IV. Results from field work

reveal interesting outcomes in this respect. Campbell and Sidle

(1985) quantified net scour and deposition in one riffle-pool-riffle

sequence over the period of four storms and obtained differing

results, depending on the magnitude of the storm. The same pool was

scoured during relatively high flows whereas deposition occurred at

storms of lower magnitude. This leads to the expectation that

changing hydraulic properties at various high flows influence the

transport phenomena within the riffle-pool-riffle system in an

important way. The different runs in the flume experiment examined

these changes.

Summary

This literature review has identified general concepts related to

the formation of pools and riffles in natural stream systems. Some

difficulties in arriving at an "objective" nomenclature were shown as

well. The hypothesis of "competence reversal" in combination with

areal sorting theories was stressed so as to explain important

morphological and hydraulic influences on the existence and
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maintenance of poolriffle features. The reported results from field

and flume studies, together with the choice of the measured hydraulic

parameters, influenced the planning of the current study. This

laboratory experimental work tries to represent a link in the present

state of the findings and theories, which have been mainly obtained by

field work. It was therefore intended to model a situation which

simulated natural events like storm runoff going through the system

and bedload transport occurring at specific rates. Parameters

similar to those for recent field studies were measured in the flume.

The following chapter introduces the experiment as it was planned, set

up and finally conducted.
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III. LABORATORY EXPERIMENTATION

Experimental approach

The experiment was undertaken in two steps. The first step

consisted of finding an adequate riffle-pool-riffle sequence in

nature. This was done to get a better idea of the dimensions a

riffle-pool-riffle feature could have in a short, straight channel

reach. It was not the objective of this thesis, however, to

accurately simulate the prototype situation, but rather to justify the

dimensions used in the experimental set up. In the first section of

this chapter, the collection of the necessary field data is therefore

described. Furthermore, the theoretical modelling approaches used to

conduct a geometric similarity study are listed. Finally, the

preliminary hydraulic calculations for the flume experiment which

follow from the theoretical modelling approaches are explained. The

chosen riffle-pool-riffle sequence was then reconstructed in a

laboratory flume.

The second step was to run several experiments with the physical

model by changing the hydraulic parameters at each run. The section

titled "Runs and Measurements" explains in detail the single steps of

the conducted experiments.

After the selection of the design discharges is described, an

overview is given over the specific runs. The theoretical background

for the various hydraulic and morphological interactions is then
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developed; this includes short technical descriptions of each

apparatus which was used in the experiment.

The theoretical considerations described in each paragraph lead

to some expected results for the flume experiment. At the end of each

paragraph some anticipated results are mentioned. Expectations are

formulated for the critical discharges for incipient motion, shapes of

velocity profiles at different locations within the studied system and

kinds of velocity patterns to be anticipated. Possible morphological

changes and bedload transport patterns are finally described.

Prototype information for the experimental design

In order to model a riffle-pool-riffle unit in a flume, actual

dimensional data were gathered from a prototype situation (Oak Creek

in the McDonald Forest, Corvallis, Oregon). A riffle-pool-riffle

sequence was found in a 30-meter straight stretch 40 meters upstream

of the inlet to the concrete field flume which is part of the OSU

Water Resources Research Institute facilities at Oak Creek. The

straightness of the natural unit could be easily modelled in a

relatively narrow flume. The fact that the pool itself did not extend

laterally to the shores (and therefore undercutting of the banks was

not present) indicated that during higher flows, pool scouring is not

interrupted by the channel banks.

The longitudinal profile as well as the cross section of the pool

were surveyed.
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A pebble count was made by sampling 100 particles across the

riffle during low flow conditions. The resulting mean grain size

diameter (D50) was 8 cm. From Milhous' work in Oak Creek (1973) the

D50 of the pool sediment to be modelled was obtained as follows:

(D50 armour layer + D50 subarmour layer)/2.

(6 cm + 2 cm)/2 = 4 cm

The suveying data from the Oak Creek site are given in Appendix A.

Preliminary calculations for the experimental set-up

For modelling purposes, the classical approaches for physical

models were applied (Yalin, 1971; Novak and Cabelka, 1981). The

surveyed stretch in Oak Creek could be scaled down to one tenth of the

original feature (prototype/model . L = 10:1). The prototype channel

slope of a was directly transferred to the model. The calculated

dimensions for the undistorted model are shown in Table 1.

Table 1. Scaling ratios and model dimensions

parameter scaling ratio:
prototype/model

values used for
the experiment

length [L] = 10.0 pool length: 1 m
D50(riffle): 0.01 m
D50(pool): 0.004 m

velocity [19'5] . 3.16

discharge [L2'5] = 316.23 Qmax: 7.6 1/sec
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The highest discharge was calculated based on the highest possible

flow in the flume. The value of 7.6 1/sec corresponds to an event in

Oak Creek of 2.4 m
3
/sec (or 85 cfs), a moderate storm runoff that

causes some sediment transport.

To determine the starting discharges for the experiment to use,

preliminary calculations were made of incipient motion conditions for

sediment mixtures with different DSO's before the actual study was

conducted. However, the calculated values of critical discharge, mean

velocity and shear stress were considered to be only initial guesses,

since the set-up of the experiment already implied some possible

deviation due to eventual local turbulences induced by the fixed

riffle structure upstream. The calculations are based on Shields'

approach to identifying incipient motion conditions in a homogeneous

bed (Vanoni, 1975). The step-wise calculation uses the following

equations:

1. calculation of the value 'A'= ds/J [0.1(vs/v-1)gds]1/2 [3-1]

where:

d
s
= mean size of sediment [L]

V = kinematic viscosity of fluid [I,
2
T
-1

]

v
s
= specific weight of sediment grains [ML2T2]

v = specific weight of fluid [ML
-2
T
-2

]

g = acceleration of gravity [LT 2];
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2. obtaining the value for the dimensionless shear stress from the

Shields diagram and calculating the critical shear stress

1c=1:/((vs-v)ds) [3-2]

therefore:

70 =11,((vs-v)ds) [ML1T-2]

where:

110= bed shear stress [ML1T-2];

3. obtaining the value for the critical shear velocity u* from the

Shields diagram:

R* = u*d
s
/v [3-3]

therefore:

u* = R*v/ds [LT 1]

where:

R* = boundary Reynolds number;

4. calculating the hydraulic radius R from the equation of mean shear

stress:

= vRS [ML1T-2] [3-4]

therefore:

R = t /(vS) [L]

where:

mean shear stress

R = hydraulic radius

S = channel/energy slope [LL 1];

5. calculating the depth from the hydraulic radius
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6. obtaining the mean velocity based on the assumption of a

logarithmic velocity profile:

u = 5.75 u,, log(30 R/k) [3-5]

where:

k = van Karman constant (value=0.4)

7. calculating the critical discharge based on the dimensions of the

flume:

Q = wdu [L3T-1]

where:

w = channel (flume) width [L]

d = flow depth [L]

u = mean velocity [LT
1]

[3-6]

Table 2 gives incipient motion results obtained for sediment mixtures

with D50s of 3 mm and 4 mm.

The two sediment mixtures which were actually chosen for the

experiment both had the same D50 of 3.3 mm.

Table 2. Critical velocity and discharge for incipient motion

D50 critical
mean velocity
u
cr

<mm> <m/sec>

3

4

critical
discharge

Qr
<1/sec>

0.052 0.8

0.081 2.5
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The expected critical discharge for incipient motion was

therefore approximately 0.8 1/sec. The first mixture contained

relatively homogeneous material while the second mixture was chosen

with a larger standard deviation around the median, representing more

heterogeneous sediment. For heterogeneous mixtures, however, the

calculated critical values might not be very accurate. According to

Gessler (1975), the largest shear stress a sediment mixture can

withstand is determined by the summation of the contributions of each

individual grain rather than one "characteristic" grain size like D50

or D75, as suggested by other researchers. He attributes this to the

occurrence of armour layer formation of different thicknesses which

may change the value of the "effective" grain size. I consider this

aspect as a further reason for a possible inaccuracy regarding the

prediction of incipient motion.

The grain size distribution curves of the two mixtures are given in

Appendix B.

Discharge was measured volumetrically. Maximimum relative

measurement errors were in the range of 1% to 8%. Relative error in

this case is to be understood as the error arising between two obtained

experimental values (Chapra, 1985):

e = [(present discharge)(previous discharge)]/[present discharge]
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Experimental design

The Oak Creek riffle-pool-riffle sequence was modelled in a 2.5 m

long and a 0.1 m wide flume at a scale ratio of 10:1. The fixed

upstream and downstream riffles provided riffle grain sizes of 10.25

mm (3/8 in). The distance between the two riffles was 1 m. The slope

in the flume was 1%. The space between the two riffles was filled

with pool material to provide a plane initial bed. Figure 6 shows the

overall sketch of the flume-setup, Figure 7 gives a more detailed

close-up picture of the riffle-pool-riffle sequence.

The measurements in all experimental runs were made along the

longitudinal center line in the flume in order to omit side wall

effects. These measurements and the organisation of the experimental

runs are described in the following section.

Runs and measurements

Overview

Each experimental run consisted of the simulation of a hydrograph

for a storm runoff event. The highest discharge used represented the

peak discharge of the hydrograph. The rising limb was divided into

four discharge steps, the falling limb into three. The resulting

hydrograph used in the model can be seen in Figure 8.

Separate discharge 'units' were then used in step-by-step fashion

with each treated like a steady flow situation. The discharge was
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held at a specific value until the scour and deposition processes

reached 'equilibrium'; equilibrium was determined as the point where

the absolute change of the bed elevation approached an asymptotic

limit of zero change. Three hours seemed to be long enough to reach

the 'equilibrium bed' condition for each discharge.

The runs were conducted such that hydraulic and bed morphology

changes during a storm event could be investigated by changing key

parameters. Table 3 shows the different runs and the specific test

conditions. Run 2 is not shown here because it was a sediment feed

test run, as is explained later in more detail.

The same slope was maintained during all runs, the D50 of the

pool material was also held fixed. Runs 1 and 3 represent one

experiment "unit"; both examined the situation of a relatively

homogeneous bed, run 1 under clearwater conditions and run 3 under the

condition of steady sediment supply at specific rates over the whole

Table 3. Values of key hydraulic parameters for different
experimental runs

run I run 3 run 4 run 5

slope [Z] 1 1 1 1

350 [mm] 3.3 3.3 3.3 3.3

of pool
sediment*

pool homo homo- hetero hetero
sediment geneous geneous geneous geneous
size uniformity

sediment none feed none feed

supply from (clearwater) (clearwater)

upstream

discharge varied varied varied varied
in steps in steps in steps in steps

* see Appendix B for particle size gradation curves
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test period. Runs 4 and 5 represent the second experimental "unit",

showing eventual effects of a more heterogeneous bed material in the

pool. As for the first unit, these experiments were conducted under

clearwater and sediment supply conditions. The sediment supplied to

the pool from upstream at the riffle matched in size that placed in

the pool initially.

Water temperature was held between 18°C to 22°C.

Velocities

A minipropeller flowmeter ('Micropropeller Velocity Flowmeter',

model No.15, type BIDEC, Hydrel Copenhagen) was used to measure

velocities at various depths. The instrument had a propeller with a

diameter of 1 cm, which allowed measuring velocities close to the bed

as well as gaining detailed information about velocity

distributions normal to the bed.

Approximately uniform flow conditions existed for the two riffles

in the flume study. Uniform flow is characterized by the constant

depth, water area, velocity and discharge at every section of the

channel reach and by parallel energy line, water surface and channel

bottom. In other words, the flow lines are parallel to each other.

The velocity distribution in such a case is said to become stable when

the turbulent boundary layer is fully developed (Chow, 1959). In this

turbulent boundary layer, the distribution can be shown to be

approximately logarithmic (Chow 1959):
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v . 2.5 u*ln(y/y0) [LT 1] [3-7]

where:

u* = shear velocity which varies with the boundary

friction [LT 1]

y = water depth [L]

yo = constant of integration.

Equation [3-7] is widely known as the Prandtl-Van Barman

universal-velocity-distribution-law.

Recognizing that the application of this law is very limited in

natural systems, other approaches have been developed to describe the

actual velocity situation more adequately. Most of such research is

descriptive in nature: velocity profiles are measured and curves are

then developed to fit the actual data. Breusers (1975) computed such

velocity profiles in scour holes within boundaries. The boundaries

are similar to the 'riffle boundary' in this flume experiment, so that

the velocity data from the scour hole (which corresponds to the pool)

can be compared later with my experimental results.

Flow patterns

Besides velocity distribution curves, the visualizing of the flow

field gives additional information about the fluid behavior at

different locations in the studied section. Since the miniflow meter

used in the experiments neither measured flow direction nor turbulence

intensity, flow paths were instead documented by dye application to
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the system. Turbulence "bursts", eddy formation, etc., could be

identified at different depths and various distances within the pool.

What seems to be a difficult technique to apply in natural stream

systems turns out to be an extremly useful tool in a flume experiment.

The flow patterns in the pool were visualized at each discharge

step within a hydrograph run. Fluorescent dye showed the streaklines

which describe fixed points through which fluid particles have passed

during a specific time interval (Goldstein, 1983).

Bed morphology

Within each run the bed elevations were recorded after

'equilibrium' was reached. A point gage was used in order to obtain

precise results.

Several researchers investigated changes in the poolriffle

morphology after large storms had passed the system. In connection

with field studies of sediment transport, Campbell and Sidle (1985)

reported the filling of pools at moderate high flows while extreme

high flows were recognized to scour the pool. The flume study

conducted by Jackson and Beschta (1984) shows that increased sand

delivery fills the pools. This can also be expected for material

which is generally finer than the riffle material applicable to this

flume study. For the case of aggradation in an entire channel, Lisle

(1982) found that the response is a decrease in bar relief and that

pool sections became more rifflelike in their hydraulic
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characteristics. These characteristics were expected to possibly

occur during steady-state sediment feed in runs 3 and 5. All these

studies suggest that some major transformation processes occur in

pool-riffle systems which are quantitatively influenced in their final

shape, depending on different flow stages as well as bedload supply.

Since this experiment investigated the quantitative changes a pool is

exposed to under different cirumstances, results can be compared with

the existing field data. The resulting shapes of the formed pool in

this study will be discussed in Chapter IV.

Bedload transport

This section describes the procedures applied for measuring and

evaluating bedload transport in the modelled system.

The question of how sediment transport occurs in a fully

turbulent flow situation in a riffle-pool-riffle sequence was

examined. As previously discussed in the literature review, it seemed

to be likely that sediment transport would not occur in a regular,

steady pattern (Milhous, 1973; Vanoni, 1975; Jackson, 1980; Klingeman

and Emmett, 1982; Campbell and Sidle, 1985). During the controlled

experiment, sediment samples could be taken within short time periods

while the flow magnitude was constant. Sediment output was therefore

integrated over short time intervals at each discharge step and

recorded. In order to catch the washed-out sediment, a fine-meshed

wire basket was fixed at the outlet of the flume. Sediment trapped in

this basket was then dryed and weighted. This procedure allowed the
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analysis of the short-term distribution of sediment transport rates as

well as the relative amount of sediment transport at specific

discharges compared to the actual total bedload output.

Bedload transport was expected to occur in pulses, or at least

in a non-regular pattern, due to the pool which acts as a temporary

sediment "sink" (Beschta, 1987). The actual quantitative bedload

output under the condition of the clearwater experiment and under the

condition of a steady sediment feed rate was therefore investigated.

In order to get a qualitative idea of how different sediment

supply rates applied at the same water discharge would alter the

riffle-pool-riffle system in the flume, two test runs were conducted

(runs 2a and 2b). At a discharge of 3.02 1/sec, the following two

sediment feed rates were applied: 3.14 kg/hr and 15.71 kg/hr. The

first rate was chosen using the final clearwater scour shape of the

bed obtained at 2.75 1/sec (run lb). The total volume of sediment

output integrated over three hours was calculated. This volume was

then fed back into the system over a three hour period. In the second

run (run 2b) a rate five times the first rate was applied. The

results of the two test runs (see Chapter IV) lead to the conclusion

that sediment feed at changing rates strongly influences the hydraulic

properties within the pool. In order to use comparable sediment feed

rates for the various discharges in the experiment, calculations were

made of the bedload transport rates. This was done with the

commercially available U.S. Army Corps of Engineers Hydrologic

Engineering Center HEC-6 mainframe computer program as modified



46

for microcomputer use by Matin (1986). A brief description of the

program, the formulas used for the purpose of this study, and the

output list are given in Appendix C of this thesis.

The resulting values for the sediment feed rates for the specific

discharges (with a D50 of 3.3 mm) are listed in Table 4. Mean values

were taken from the results of three calculation methods.

For the reason of mechanically simple application, slightly

different feed rates were actually used (the calibration of an

automatic sediment feeding system turned out to be unreliable and the

values were unreproducable, so I decided to feed the sediment manually

at known rates).

Summary

This chapter has described the methods and techniques to

experimentally model a natural riffle-pool-riffle sequence in a

straight channel reach. The examination of the hydraulic conditions

inducing clearwater scour as well as scour during steady sediment

Table 4. Sediment feed rates for the experimental runs

mean calculated finally applied
discharge sed. feed rate sed. feed rate
[1/sec] [kg/hr] [kg/hr]

1.1 1.0 1.57
2.8 7.5 9.43
5.3 26.0 28.30
7.6 32.0 33.00
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input were recognized as being important study subjects. The results

of the different experimental runs are reported in the following

chapter.



IV. RESULTS AND INTERPRETATION

Overview

48

The first objective of this study was to investigate hydraulic

influences on the bed morphology of a riffle-pool-riffle sequence.

The second objective was to verify the hypothesis of 'competence

reversal' which tries to explain areal sorting mechanisms in these

small-scale systems. Chapter II clarified hydraulic concepts such as

'unit stream power', 'the law of least time rate of energy

expenditure' and the hypothesis of 'competence reversal'. Chapter III

described the physical model used to simulate a storm event in a

riffle-pool-riffle sequence and to investigate its effects on the pool

morphology. This chapter contains a description of the experimental

results. The treatment of the results is separated into two major

sections: changes in bed morphology and findings related to the

competence reversal hypothesis.

The section on observed changes in bed morphology presents an

analysis of the clearwater and the sediment feed experiments. Under

clearwater conditions and using a homogeneous bed, the pool shapes

reached a certain depth at each flow. This depth was compared with

the case of clearwater flow over a heterogeneous bed. The coarser bed

material in the latter case was thought to develop a protective layer

at discharges below the general incipient motion condition for this

layer. Therefore, armouring effects in the heterogeneous bed were

expected to result in a shallower scour depth. In these experiments a
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limited armour layer formed at relatively low discharges (around 1 to

2 1/sec) and broke up at higher discharges (3 to 7.8 1/sec). The

difference in final pool shape between a homogeneous and heterogeneous

bed was only significant for the clearwater experiments. This can be

seen in figures presented later that compare the scour depths for the

different test conditions. The sediment feed experiments simulated

the case where bedload transport occurs at a steady flow. The

sediment feed rate and the morphological 'history' of the pool

influenced the final shape of the pool. This was true both for the

case of the homogeneous bed and the heterogeneous bed.

Furthermore, the results of the bedload transport through the

system are analyzed. Incipient motion conditions in the experiment

matched those calculated previoulsy. Unsteady bedload transport

occurred during the steady flow steps. A more irregular pattern of

bedload output was found when sediment was fed to the system. The

possible reasons for these results are described in the corresponding

section in more detail.

The second section of this chapter covers the results relating to

the hypothesis of "competence reversal" which was introduced in the

literature review. The trends for pool and riffle velocities at

different depths over the range of the studied discharges were

compared with trends suggested by the hypothesis. Various

considerations concerning the calculation of shear stresses in the

flume experiment explain why it was difficult to come to a direct

comparison with the existing hypothesis.
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Bed morphology changes

As noted in the literature review, the shape of stream beds is

influenced by many forces. This study identifies significant

influences on bed morphology changes of one rifflepoolriffle

sequence modelled in a flume.

Each experimental run, spanning a hydrograph runoff event, was

started with a plane bed. This is indicated as 'initial bed' on the

graphs. Each discharge step during a run was treated like a steady

flow situation. At each discharge step, bed elevation changes and

velocity profiles at several locations within the studied system were

recorded. The complete data set, including the tables and figures

corresponding to each run, is given in Appendix D. In the following

sections of this chapter, only those figures are presented which

illustrate the text description.

Clearwater scour for a homogeneous bed

Several general patterns of bed scour were identified in the

clearwater experiments. The details of the hydraulic conditions for

run 1 (homogeneous bed) are given here. This detailed description

leads to a comparison with the heterogeneous bed (run 4) in the next

section.

Incipient motion of the homogeneous bed material (D50 = 3.3 mm)

was determined visually at the start of run 1 by three trials in which
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discharge slowly increased. Incipient motion occurred at a discharge

of approximately 0.75 1/sec. This corresponds well with the

calculated value of 0.8 1/sec (see Chapter III).

Figure 9 gives an overview of the bed elevations and pool shapes

for all the discharge steps during runl. The pool shape changes in

the following pattern, according to the discharges to which it is

exposed. The first noticeable pool change is the increase in depth

and the downstream shifting of the deepest section with each discharge

step. The discharge just above the incipient motion condition causes

a very shallow pool. With increased discharges, the pool gets deeper

and extends farther downstream. Table 5 shows some of the scour

dimensions.

Table 5. Comparison of scour volumes at increasing discharges
during run 1

Run Discharge greatest distance ratio scour increase ratio
depth from of volume in of
in pool d/s*

end
depth
change

volume volume
change

<1/s> <m> <m> ** <m
3
> <Z> ***

la 1.09 -0.0210 1.64 - 7.58E-04 - -
lb 2.75 -0.1128 1.42 5.4 5.60E-03 639.0 7.4
lc 5.31 -0.1313 1.30 1.2 9.86E-03 76.1 1.8
ld 7.60 -0.1583 1.20 1.2 1.48E-02 50.2 1.5

* downstream
** depth for this run divided by depth for previous run
*** volume for this run divided by volume for previous run
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A remarkable increase in scour depth and volume occurs at the

second discharge step. The discharge was increased by approximately

the factor of two, which caused an increase in pool depth by the

factor of 5.4 and an increase in bed scour volume of 639 % (factor

7.4)! For the two next higher discharges, however, the depth only

increased by a factor of 1.2, even though the discharges increased by

factors of 1.9 and 1.5, respectively. This pattern was also found in

other runs, as is shown later. It seems to explain the fact that, at

the lower discharges, the incipient motion condition is only reached

to a limited extent. Local supercritical flow at the interface of the

fixed riffle (with coarse gravel) and the pool (with finer bed

material) could have caused local scour effects that affected the

actual scour shape of the pool. A 'breakthrough' apparently occured

at a flow of 2.75 1/sec. The incipient motion condition was exceeded

and the system responded with a spontaneous bedload output and deep

scour.

Interesting is the fact that the bed shape does not change any

more on the recession limb of the hydrograph. Figure 9 shows that the

pool shape at 3.3 1/sec (run le) is similar to the shape formed by the

highest flow. This suggests that, at these high flows, a natural pool

with limited upstream sediment supply maintains its 'high' flow scour

shape throughout the following low flow period. Some abrupt

rearrangement of pool material occurred at the end of the last

discharge in this run (run lf, 1.66 1/sec), after equilibrium

conditions had been observed. This occurence is unexplained but
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repeated itself during some other runs as well (see Appendix D for

graphs).

The velocity profiles for the upstream riffle and pool are shown

in Figure 10. These demonstrate the following two tendencies

throughout one hydrograph run: at the riffle (Figure 10a), the

vertical velocity distribution is relatively uniform but increases in

magnitude with flow; at the deepest location in the pool for each

discharge step, the vertical velocity profile has a strong gradation.

Negative flows near the bottom indicate that the flow direction has

changed, causing the flow to move upstream along the pool bottom.

Comparison of clearwater scour for a homogeneous and a
heterogeneous bed

In the design of this experiment, differences in bed material

composition were hypothesized to influence changes in bed morphology.

The results of an experimental comparison of the effect of homogeneous

and heterogeneous material are described here. Specifically, the

comparison is made between run 1 and run 4 (the two clearwater runs),

the former having a uniform pool sediment and the latter having

heterogeneous material. Both sediment mixtures had a median grain

size diameter of 3.3 mm.

In Chapter III, I formulated the expectation that an armour layer

could act as a protective shield against further erosion. Figure 11
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gives a comparison of the differences in the scoured bed for the two

runs.

Except for the scour shapes formed at the lowest discharges (run

1: 1.09 1/sec; run 4: 1.27 1/sec), the scoured volume for the

heterogeneous bed is always smaller than the scoured volume for the

homogeneous bed (see Table 6). After the peak discharge was reached

(runs ld and 4d), the scour volume in the armoured bed stayed

approximately 10 % smaller than for the non-armoured bed. The

greatest difference in pool depth occurred over the downstream half of

each pool. This phenomenon, which occurs most noticably at higher

flows, can be explained by observations during the experiment: the

upstream halves of the pools (nearest to the upstream riffle) did not

show any stable armour layer. The bed material there was completely

disturbed throughout each discharge step. Midway along the pool,

however, stabilizing of the bed configuration started. Imbricated

coarser material was found on the up-slope side and continued

downstream beyond the end of the pool.

Table 6. Comparison of scour volumes of homogeneous and
heterogeneous clearwater beds

Discharge Run 1 Run 4 Volume Volume
step scoured scoured difference, ratio,

volume volume run 4-run 1 run 4/run 1

<m
3
> <m

3
> <Z>

a 7.58E-04 1.61E-03 112.6 0.47
b 5.60E-03 5.58E-03 -0.3 1.00
c 9.86E-03 9.18E-03 -6.9 1.07
d 1.48E-02 1.32E-02 -11.1 1.12
e 1.48E-02 1.32E-02 -10.5 1.12
f 1.49E-02 1.33E-02 -11.0 1.12
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This observation is analogous to results of a flume experiment

conducted by Harrison in 1950 (see Vanoni, 1975). He identified the

collection of coarser sediment particles at the base of dunes.

Despite the fact that only a portion of the bed surface was covered

by armour particles, he noticed a significant decrease in sediment

discharge compared to the non-armoured beds. Harrison also observed

that these particles were arranged in a shingle pattern. This

corresponds to the observations in this flume study as can be seen in

Figure 12.

The establishment of a stable armour layer appeared to have two

effects: inhibiting further erosion and, at the same time,

concentrating the erosional forces locally towards the center of the

pool. This caused deeper erosion, resulting in a more V-shaped pool

(longitudinally) compared to the U-shape of the homogeneous bed (see

Figures llc and 11d). The combined effect of armouring and locally

deeper erosion can be directly compared in Figure lld, where the

applied discharges for runs 1 and 4 are identical. However, velocity

distribution curves for this case, shown in Figure 13, suggest

different flow conditions of the bed but not necessarily higher

erosional forces at the bottom of the armoured bed.

As mentioned earlier for run lf, a sudden rearrangement of the

pool material near the upstream riffle took place in run 4f (see

Figure 11f).
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7

Fig. 12. Partial armour layer formation in the pool
(view looking downstream from above)
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Sediment feed test runs

The description and quantitative analysis of the clearwater

experiments illustrated the influence of different flow conditions and

bed material composition on the scour shapes of a pool during a

simulated storm flow event. Clearwater runoff events may occur in

natural stream systems under specific conditions (for example, in

supply-limited steep mountain streams). More commonly, however, is

the situation where sediment enters the pool-riffle 'unit' due to

bedload transport from upstream. To get an idea of the magnitude of

changes that can possibly be induced by different sediment supply

rates, two sediment feed test runs were conducted prior to the

experimental runs. Hence, before the results of the actual

experiments are described, the outcomes and conclusions from the

sediment test runs are presented. They help understand the choice of

the specific sediment feed rates in the actual experiments.

In the two test runs, sediment was applied at steady rates until

equilibrium was reached. The sediment feed rates were 3.14 kg/hr in

the first run (run 2a) and 15.72 kg/hr in the second run (run 2b).

The choice of the rates was explained in Chapter III. As can be seen

in Figure 14a (run 2a), the shape of the bed changed during the

observed time period. During the first half hour the bed was scoured

to a depth of 8.5 cm below the initial bed. After 120 minutes, a

further increase in depth to 12.1 cm occurred and the bed shape then

stabilized for the rest of the three-hour period. Figure 15 shows the

sediment output rates from the pool during the course of runs 2a and 2b.
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These show that an 'equilibrium' is eventually reached after about 60

to 90 minutes. The time when the 'equilibrium' bed shape is obtained

does not coincide exactly with the time when an 'equilibrium' sediment

output rate occurs. This is discussed later.

Comparing the maximum scour depths of the final bed in run 2a

(12.1 cm, Figure 14a) with the one obtained in run lb (11.28 cm,

Figure 9), both having the same moderate discharge, a strong

similarity can be seen. Therefore, scour processes did not seem to be

inhibited by introduction of sediment from upstream at the chosen

rate. This leads to the conclusion that the chosen sediment feed rate

was lower than that necessary to cause changes in the pool hydraulics

and to cause sediment deposition (or less net scour).

In the second test run, a sediment rate five times as high as the

first was applied to the system (15.72 kg/hr). The pool hydraulics

were changed sufficiently that much energy was consumed in

transporting the additional sediment rather than in scouring the bed.

Therefore, only a relatively shallow scour bed could be shaped by the

flow (maximum scour depth: 7.52 cm). An equilibrium situation

(sediment transport capacity equals erosional capacity) was reached

approximately one hour after the start (Figure 15b).

The outcome of the two test runs illustrates that the pool scour

condition equilibrates faster at a higher sediment feed rate.

Furthermore, an increase of the sediment load by the factor of five

decreases the water scour depth by 33%.
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The results of test run 2 lead to the conclusion that bedload

transport in general buffers the 'final' scour depth of a pool. Also,

the rate of sediment supply significantly influences the magnitude of

change in the pool shape.

To choose initial sediment feed rates to quantify this effect, it

seemed reasonable to choose rates which correspond to calculated

bedload transport rates for the specific grain size distributions.

This attempts to match the situation in nature where bedload transport

occurs upstream of the observed riffle and consumes some of the flow

energy otherwise available for pool scour.

Bed scour with sediment supply from upstream

An important objective of this research was to identify the

impact of sediment transport on bed morphology changes in the modelled

riffle-pool-riffle sequence. Run 3 (homogeneous bed) and run 5

(heterogeneous bed) repeated run 1 and run 4 with the addition of

simulated bedload transport from upstream of the riffle. The grain

size distribution of the the sediment that was supplied from upstream

was identical to the pool material.

Description of scour shapes in run 3 and comparison with
clearwater shapes in run 1

Comparison of the experiments involving a homogeneous bed with

clearwater scour (run 1) and scour during sediment supply (run 3)
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showed that scour volumes and shapes were quite different (see

Table 7).

Comparing the scour volumes for the two runs, the differences

(expressed in percent and as volume ratios) become more significant

with time during the hydrograph run. The pool shapes on the recession

limb of the hydrograph (represented by discharge steps e and f) reveal

particularly important differences. Figure 9 showed that the high

flow-scour shape in run 1 is maintained during the recession limb of

the hydrograph. With sediment feed, however, the pool starts filling

in again as discharge decreases after high flow. If the sediment

supply stays constant over time during each discharge step, as done in

the experiment, the pool attempts to reach that shape which

corresponds to the specific equilibrium condition. The scoured volume

at the lowest recession limb discharge in run 3 (1.29 1/sec) is

approximately 15 times smaller than the volume scoured in run 1 (at

1.66 1/sec). In fact, the pool is approaching its original shape

Table 7. Comparison of scour volumes for homogeneous bed with
clearwater scour and scour under steady sediment supply

Run 1
scoured

Run 3
scoured

Volume
difference,

Volume
ratio,

Run volume volume run 3-run 1 run 3/run 1

<m
3
> <m

3
> <%>

a 7.58E-04 9.85E-04 30.0 0.77
b 5.60E-03 2.57E-03 -54.1 2.18
c 9.86E-03 5.41E-03 -45.1 1.82
d 1.48E-02 9.74E-03 -34.2 1.52
e 1.48E-02 3.65E-03 -75.3 4.05
f 1.49E-02 9.73E-04 -93.5 15.36
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corresponding to the similar discharge step on the rising limb of the

hydrograph. This striking difference can be seen in Figure 16 where

the two pool shapes are superimposed.

Velocity profiles for run Id and run 3d are given in Figure 17

and 18. Comparison reveals significant differences in the hydraulic

conditions. These runs have the highest discharge and are

representative of the observed differences at other discharges.

Abrupt directional changes characterize the velocity patterns in run

3d. While velocities in run ld were steadily increasing from the

bottom to the water surface, low or zerovelocity regions interrupted

this regular pattern in the case of run 3d. This could be due to

several factors which have impact on the hydraulics in this bedload

transporting system. It is clear that hydraulic measurements can only

capture a single incident during the dynamic process of bedload

transport; they represent only 'point' measurements. This results

from the pulsewise transport of the sediment (described later).

Observations during the experimental runs showed that sediment was

carried through the pool with high velocities only at certain times;

the same location was exposed to low velocities some time later during

the same discharges. Readjustment of the hydraulic conditions was

taking place continuously.

Quantitative errors occurred when measuring the velocity

profiles. These errors were caused by the fact that the situation in

the flume was not completely two dimensional. Side wall effects were

observed during the experiments and led to local distortions of the
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measurements. The basic trends, however, are not thought to be

influenced by these errors.

Comparison of scour shapes for homogeneous and heterogeneous
beds when sediment is supplied to the system

In the clearwater case, it was noted that the formation of a

partial armour layer resulted in a diminished amount of pool scour.

In the following paragraphs, a comparison is made for the case of

sediment supply. The results for run 3 (homogeneous bed) and run 5

(heterogeneous bed), in terms of scour volumes, are given in Table 8.

Figure 19 illustrates the pool shapes in the case of sediment supply

and the highest discharge. The scour in run 5d (armoured bed) exceeds

the scour in run 3d (non-armoured bed), contrary to expectation. One

possible explanation may be that the incoming heterogeneous bedload

may have been more effective in disturbing the armour layer and

causing pool scour than would the smaller-sized bedload for

Table 8. Comparison of scour volumes for homogeneous and
heterogeneous beds under steady sediment supply

Run 3 Run 5 Volume Volume
Discharge scoured scoured difference, ratio,
step volume volume run 5-run 3 run 5/run 3

<m
3
> <m3> a>

a 9.85E-04 9.10E-04 -7.7 1.08
b 2.57E-03 2.82E-03 9.5 0.91
c 5.41E-03 6.68E-03 23.4 0.81
d 9.74E-03 1.16E-02 19.1 0.84
e 3.65E-03 3.55E-03 -2.6 1.03
f 9.73E-04 1.47E-03 51.2 0.66
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homogeneous sediment supply and pool material. It may be that the

larger particles in the heterogeneous bedload are less supported by

the fluid than are the other particles, allowing greater impact on the

stationary particles on the pool bottom.

Nevertheless, residual armour layers could be seen in the bed at

the end of run 5. Figure 20 illustrates the armour 'relicts' from the

different discharge steps as they appeared at the end of run 5.

Coarser layers could be identified which traced the 'historical' pool

shapes formed by previous discharges. Figure 21 is a photograph

showing how these coarse layers appeared in the flume. Historical

pool shapes have also been investigated in the field work conducted by

O'Connor et al. (1986) who examined the relationship between various

historical flood events and the configuration of pool and riffle

material. They could establish direct relations between the bigger

boulder sizes that formed the riffle features and the magnitude of the

storm events. Knowing the principal grain size distribution within a

stream system it is possible to reconstruct the shape of the former

bed morphology and the magnitude of the responsible storm events.

As in run 3, the velocity profiles for run 5 showed vertical

changes in flow direction at a given location.

Bedload transport

In order to analyze the bedload transport phenomena within the

modelled riffle-pool-riffle sequence the bedload transport rates of

the individual runs were compared with each other. Common to all
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Fig. 21. Photograph of armour layer 'relics' after run 5
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simulated situations under steady flow conditions was the condition of

unsteady bedload transport. At each new increase in discharge during

one experimental run, the system responded with a spontaneous increase

in sediment output. The highest bedload transport rates occurred

during the first hour of each discharge step on the rising limb.,

After this time period of adjustment, sediment output from the system

-- and therefore bedload transport -- showed different patterns,

depending on the amount of sediment feed and the bed material size.

Comparison of bedload output rates in the clearwater experiments

Figure 22 summarizes the obtained measurement results for runs 1

and 4. Even though only three consecutive intervals of 15 minutes

were sampled in run 1 (homogeneous bed), the trends are comparable

with the ones in run 4 (heterogeneous bed). Figure 22 and Table 9

demonstrate the difference in output rates due to protective armouring

effects in run 4.

As can be verified on the graphs and in Table 9, the highest

output rates during the first half hour are slightly smaller in run 4.

The fact that the initial otput rate in run 4a exceeds that in run la

is due to the higher initial discharge (1.27 1/sec in run 4a compared

to 1.09 1/sec in run la). With the next increases in flow, however,

the establishment of a protective armour layer leads to significant

decreases in sediment output. It can be seen that the protective

effect of the armour layer becomes more important at higher

discharges. In particular, the bedload transport rates during the

first 15 minutes show remarkable differences: sediment output at a
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discharge around 3 1/sec (discharge step b) is increased by 4.8% in

the case of the non-armoured bed. At subsequent progressively higher

discharges, the difference in the increase rate doubles (8.9%) and

even triples (13.8%). The protection becomes even more important over

a longer time period. After the same discharge step has lasted for 45

minutes, bedload transport in the non-armoured bed is increased by 30%

to 60%. Hence, it can be concluded that the establishment of a

relative stable layer with coarser material inhibits further erosion

even though this layer covers only part of the bed surface (discussed

earlier in this chapter).

Table 9. Sediment output rates from homogeneous and heterogeneous
clearwater beds

time output output difference output
rate rate run la- rate
run la run 4a run 4a run lb

<min> <kg/hr> <kg/hr> a> <kg/hr>

output difference
rate run lb-
run 4b run 4b
<kg/hr> a>

15 0.756 4.22 -458.20 15.888 15.13 4.77
30 0.463 0.69 -49.03 1.606 1.34 16.56
45 0.112 0.34 -203.57 0.744 0.48 35.48

225 0.00 0.06

time output output difference output
rate rate run la- rate
run lc run 4c run 4c run ld

<min> <kg/hr> <kg/hr> a> <kg/hr>

output difference
rate run lb-
run 4d run 4b
<kg/hr> a>

15 8.692 7.92 8.88 9.493 8.18 13.83
30 2.624 2.48 5.49 2.763 1.29 53.31
45 1.532 1.07 30.16 1.792 0.70 60.94
225 0.34 0.03
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Comparison of bedload output rates in the experiments with
sediment feed

Figures 23 and 24 demonstrate the different bedload output rates

in run 3 (homogeneous bed) and run 5 (heterogeneous bed),

respectively, when sediment is supplied from upstream. A striking

difference between these rates and the clearwater rates (see

Figure 22) becomes obvious immediately: transport occurs with higher

variability when sediment is supplied. The example of the highest

discharge in run 5 (step d, 7.7 1/sec) illustrates these highly

unsteady sediment output rates. It can be seen that the adjustment

period toward 'equilibrium' is characterized by high sediment output

rates during the first half hour, similar to the clearwater

conditions. Other than that, however, bedload transport occurs in

pulses of changing magnitude. No decrease in magnitude of those

pulses over time can necessarily be concluded from the existing data.

Table 10 demonstrates the differences in bedload transport rates

between the homogeneous and heterogeneous beds.

These results verify that pools act as temporary sediment 'sinks'

which release bulks of sediment in a rhythmic manner (Beschta, 1987;

Jackson, 1980, Whittaker, 1987). Some regularity could be identified

during high discharge steps like run 3c (5.25 1/sec) and 5c (5.21

1/sec), as well as in run 3d (7.78 1/sec) and 5d (7.7 1/sec). Output

pulses occurred in 30minute intervals in run 3c and run 5c and in
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Table 10. Sediment output rates from homogeneous and heterogeneous
beds under steady sediment supply*

time

<min>

rate 3a
feed:

1.57
kg/hr

rate 5a
feed:

1.57
kg/hr

differ,
run 5a-3a

by

a>

rate 3b
feed:

9.43
kg/hr

rate 5b
feed:

9.43
kg/hr

differ.
run 5b-3b

by
a>

15 4.71 0.44 -90.7 2.41 2.45 1.7
30 0.92 0.13 -85.9 0.85 0.94 10.6
60 1.08 0.14 -87.0 0.85 1.25 47.1
90 1.79 0.17 -90.5 0.94
103 1.09 0.18 -83.5 0.97
120 1.09 0.19 -82.6 0.94
150 1.22 0.19 -84.4
180 1.32 0.19 -85.6

time

<min>

rate 3c
feed:

28.3
kg/hr

rate 5c
feed:
28.3
kg/hr

differ,
run 5c-3c

by

a>

rate 3d
feed:
33

kg/hr

rate 5d
feed:

33

kg/hr

differ.
run 5d-3d

by
a>

15 3.14 3.56 13.4 5.50 2.82 -48.7
30 3.04 1.65 -45.7 3.64 2.39 -34.3
60 2.28 1.98 -13.2 3.39 2.43 -28.3
90 2.24 1.80 -19.6

103 2.87 1.80 -37.3
120 1.53
150 3.49
180 2.56

time

<min>

rate 3e
feed:
9.43
kg/hr

rate 5e
feed:

9.43
kg/hr

differ.
run 5e-3e

by

a>

15 0.52 0.82 57.7
30 0.63 0.82 30.2
60 1.04 0.82 -21.2
90 0.82 0.85 3.7
103 0.83
120 0.93
150 0.85
180 0.85

*rates given in kg/hr
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20minute intervals in run 3d and run 5d. Several authors traced the

path of these sediment bulks in poolriffle systems over time and

tried to predict mean pulse intervals and relate them to bedform

dimensions (see discussion section in Whittaker, 1987 and in Tacconi

and Billi, 1987). From the results of this study, it could be

concluded that at higher discharges pulses occur in shorter time

intervals than at lower discharges. Figure 25 illustrates one reason

for the occurrence of these transport ratepulses. In the case of run

3e (2.77 1/sec), the change in pool shape is traced over time. Under

steady sediment supply the pool, which was scoured during high flow

conditions, started to refill. The additional sediment first

accumulated as a bulk at the deepest spot in the pool (see 'bed after

5 min' in Figure 25). As time proceeded, the bulk was built up higher

and higher and moved downstream. When the end of the pool was reached

(the pool had filled to its 'equilibrium' scour hole), the whole

sediment bulk was split into smaller units which kept on moving

further downstream as sediment waves. These waves, trapped in the

sediment catcher at the outlet of the flume, resulted in higher

bedload transport rates. The movement of sediment waves has been

reported by Whittaker (1987). He argued that bulk inputs of sediment

were quickly spread into long low waves. In this experiment, the

sediment waves were not restricted to bulk inputs but occurred under

steady sediment input conditions. As pointed out by Reid (see

discussion section in Whittaker, 1987) it is likely that the magnitude

and frequency of sediment pulses varies in a natural system from river
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to river. The task of finding some 'common' values will, therefore,

often be unsuccessful.

In the sediment experiments, differences between armoured and

non-armoured bed material could not be identified. However, it seems

to be highly speculative to exclude such differences. Higher

percentages of larger particle sizes in the bed material mixture could

alter conditions completely.

The question then arises how the armouring effects can be

explained with regard to the characteristics of the chosen sediment

mixture in the experiments. First, several conditions have to be

checked which allow the formation of an armour layer in the first

place. Sutherland (1987) reviews the various suggestions of hydraulic

'prerequisites' for armouring processes to occur: the geometric

standard deviation of the bed material, for example, is suggested to

be greater than 1.5; or the ratio D95/D5 should be greater than 5;

Shields parameters for the D75 should not exceed 0.05; flow conditions

should be between the limiting conditions of the least resistant

particles and those of the most resistant particles; and so forth.

The available sediment mixture in this study (D50 = 3.3 mm) ranges

around the limiting values proposed by some authors:

- ratio D95/D5 = 6 mm/2.3 mm = 2.6 (not > 5)

- T* for D75 (4.5 mm) = 0.055 (not < 0.05)

- comparison of the flow conditions for the least (1.1 mm) and

the most (6.25 mm) resistant particles.
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This comparison is difficult to approach, since critical values for

various hydraulic parameters could be examinated. In the case of this

sediment mixture, the bottom velocities (very detailed measurements)

can be considered for comparison as shown in Table 11. Critical shear

velocities for incipient motion were approximated based on the Shields

diagrams (there are difficulties in doing this, however, because the

Shields approach uses average properties at a section). The resulting

value for the smallest particles was 0.025 m/sec and that for the

largest particles was 0.08 m/sec. As can be seen in Table 11, the

critical shear velocities were just exceeded by the bottom velocities

at the lowest discharge for both particle sizes. At higher discharges

the bottom velocities stayed around zero. The low velocities at high

flows provide the hydraulic conditions for armour layer formation.

This might explain why coarsening of the upper sediment layer occurred

by the washing-out of the fines. Another important factor that define

incipient motion conditions is the tractive force exerted on the pool.

Table 11. Bottom velocities for a heterogeneous clearwater bed

Run discharge range of
bottom

velocities
<1/sec> <m/sec>

4a 1.27 0.100
4b 2.92 0-0.086
4c 5.10 0
4d 7.60 0
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The tractive force could not be measured and the approach of using the

mean shear stress did not seem appropriate under the gradually varied

and rapidly varied flow conditions. Smaller turbulence, however, is

assumed at lower discharges (observation of the 'needle fluctuation'

at the velocity measuring device lead to this qualitative conclusion).

This could be the reason why an extremely coarse pool surface was

identified at the lowest discharge, even though the bottom velocities

were at the entrainment limit.

Summarizing the considerations about 'prerequisites' for

armouring processes, simple ratio approaches do not seem to describe

the phenomenon sufficiently. The more general suggestion seems to

apply that the hydraulic conditions should be between the limiting

values for the smallest and the largest particle.

The small discharge seems to provide the right hydraulic

conditions for the establishment of an optimal armour layer. This is

supported by experimental observations. Figure 26 gives an impression

of the exclusively coarse layer in the small pool formed during the

lowest discharge step, where the fines were completely washed out.

Relationship between bedload transport rates and maximum
scoured volumes

In the past, bedload transport rates were related to various

hydraulic parameters such as discharge or maximum scour depth. In

this study, a relationship between the maximum scoured volume of a

pool at a specific discharge and the bedload transport rate was
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established. Values for bedload transport rates were considered after

the period of adjustment (preferably the last few measurements), so

that a 'pseudo equilibrium' state could be assumed. The scour volume

was considered, rather than the maximum 'equilibrium' scour depth,

because the maximum depth itself does not give enough information

about actual armouring effects in a pool. As I previously showed in

the description of the pool shapes, the armoured pool can have a

V-shape with a deep maximum depth and still inhibit erosion (indicated

by the total scoured volume which was less than in the non-armoured

case). Figure 27 illustrates the results for the four runs. Since

the highest discharge in the experiment was reached in four steps,

only four data points are provided for each run in this analysis.

Nevertheless, trends are visible. Scour volume increases

approximately linearly with an increase in bedload transport rates.

Again, differences between the homogeneous and the heterogeneous bed

were significant. In order to analyze the differences, the slopes of

the trend curves were compared with each other. In the case of the

homogeneous beds (runs 1 and 3), the increase in bedload transport

rate with each increase in scour volume is tripled when additional

sediment is supplied to the system (slope in run 1 = 0.0077; slope in

run 3 = 0.0027). This implies that, in general, higher bedload

transport rates can be expected in a riffle-pool-riffle system when

sediment is supplied from upstream. The slope in the armoured

clearwater case (0.032 in run 4) is even four times steeper than in

the non-armoured (0.0077 in run 1). At the highest discharge, the

total scoured volume in run 4 is approximately 10 % less than in run 1
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(0.0132 m3, 0.0148 m
3
). This leads to the conclusion that sediment

stays in the system rather than being eroded. As already mentioned

earlier, differences between the nonarmoured bed (run 3) and the

armoured bed (run 5) could not be identified so clearly when sediment

was supplied at a steady rate. The total scoured volume was not

decreased in the armoured bed. However, taking the slopes for

comparison, it can be seen that the steeper slope in run 5 (0.0047, in

comparison to 0.0027 in run 3) indicates lower bedload transport rates

throughout the discharge steps.

Competence Reversal

An objective of this study was to investigate some hydraulic

parameters which were used in field studies to explain the competence

reversal hypothesis. The hypothesis tries to explain areal sorting

mechanisms of bed material in poolriffle systems. During a wide

range of flows, mean velocities and shear stresses in pools are

smaller than those on riffles. Larger particles are, therefore,

entrained on the riffle and deposited in the pool. However, at low

flow conditions, larger particles are often found deposited on the

riffle, while the pool surface is characterized by finer bed material.

The 'reversal' in hierarchy of shear stress values and velocities was

suggested as one reason for this observation. Higher bottom

velocities (Keller, 1971) or mean velocities (Richards, 1978) in the

pool than on the riffle were suggested to be responsible for the
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routing of larger material through the pool onto the riffle. Mean

shear stresses in pools and on riffles were also compared over a range

of discharges in order to find out whether the shear stress in the

pool exceeds that on the riffle at certain discharges (Lisle, 1979).

Detailed descriptions of individual studies on this subject were given

in the literature review.

The results of the findings during this study are presented in

the following sections and compared to ideas given in the literature.

The first section presents the basic hydraulic characteristics in the

pool and on the riffle in the context of the discharge magnitude and

the changed parameters in the different runs. This leads to a basic

understanding of the hydraulics in the modelled riffle-pool-riffle

sequence. The second section traces the behaviour of velocities over

four discharge steps during the simulated hydrograph. Velocity

reversal never occurred during the experiments. Possible explanations

are given referring to findings in the literature and to limits of the

experimental apparatus. In the third section, considerations about

the analysis of mean and bottom shear stresses lead to a comparison of

results in this flume study with results obtained in field studies.

Hydraulic characteristics of the modelled riffle-pool-riffle
sequence

The first important characteristic of the flume study was the

gradually-varied to rapidly-varied steady flow in the studied riffle-

pool section. For gradually varied steady flow, the depth varies
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gradually along the length of the channel, the hydraulic

characteristics at any point remain constant over the time interval

under consideration ("steady") and the streamlines are practically

parallel. For rapidly varied steady flow, there is a very pronounced

curvature of the streamlines. The flow profile might be virtually

broken, resulting, for example, in hydraulic jumps which serve as

energy dissipators (Chow, 1959). The occurrence of gradually varied

and rapidly varied flow situations is more typical of natural stream

systems than is the often-modelled steady uniform flow. Especially in

natural pool-riffle systems, these flow characteristics are

predominant during a large range of flow conditions. Figure 28

illustrates the general appearance of the flow in this flume study

throughout the chosen range of discharges. At higher flows, gradually

varied flow (G.V.F.) occurred on the riffle in the form of a gently

sloping water surface, whereas rapidly varied flow (R.V.F.) was

present immediately below the upstream riffle. A hydraulic jump was

found below the upstream riffle and acted as an energy dissipator.

The main picture of the flow situation did not change over the range

of the discharges. The riffle-pool-riffle sequence in the model was

never completely submerged, a condition which occurs frequently in

nature at high flows (see Figure 2 in Chapter II). This limitation

was caused because of the limited flume discharge possible.
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Froude number

Figure 29 shows the variation of the Froude number at the section

of deepest pool depth and on the riffle. The Froude number -- the

ratio of inertial forces to gravity forces -- explains the effect of

gravity upon the state of flow. The equation for calculation of

Froude number is the following:

Fr = V/(gD)
1/2

where:

[4-1]

V = mean velocity (here:0.6 depth velocity) [LT 1]

g = gravitational acceleration [LT
-2

]

D = hydraulic depth [L]
(cross sectional area of the water normal to the flow
divided by the width of the free surface)

If Fr is less than unity, the flow is called subcritical; the gravity

forces are more pronounced. If Fr is equal to unity, the flow is said

to be in a critical state. If Fr is greater than unity, the flow is

called supercritical.

In Figure 29 it can be seen that the Froude number on the riffle

was larger than in the pool and generally increased with increasing

discharge while the Froude number in the pool showed various

tendencies. Froude numbers in the pool always stayed below those on

the riffle. At high discharges, the Froude number on the riffle

reached or exceeded unity and the flow became supercritical. At the

interface between the fixed riffle (coarse gravel) and the pool (finer

material), the flow profile was interrupted with a weak hydraulic



Fig. 29. Change of Froude numbers in pool and on riffle
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jump, which caused a local zone of energy dissipation at the upper end

of the pool.

Since the Froude number on the riffle ranged around unity (the

highest value was 1.3) the hydraulic jump above the pool bed could be

considered as an 'undulating jump' with weak effects on the downstream

water surface; this represents the weakest form of a jump and should,

therefore, not have affected the hydraulic results (Chow, 1959).

Hydraulic radius

In this study, as in nature (see Lisle data, 1979), the hydraulic

radius of a pool always exceeded that of a riffle. This is because a

pool usually has a constantly larger depth over a range of discharges.

The hydraulic radius is calculated with the following equation:

R = A/Wp [L] [4-2]

where:

A = cross sectional area [L
2

]

Wp = wetted perimeter [L]

Figure 30 illustrates the variability in hydraulic radius in the pool

and on the riffle over the different discharges. Figure 30a

superimposes the hydraulic radius of the homogeneous-bed (run 1) and

heterogeneous-bed (run 4) clearwater experiments. Figure 30b shows

the homogeneous-bed (run 3) and heterogeneous-bed (run 5) experiments

with sediment feed. Increases are proportional to the discharge, but

occur at similar rates in pool and riffle.
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Velocity reversal

Detailed velocity profiles recorded during the experiments in

this study give insight in the magnitude of the bottom and mean

velocities over a range of discharges from 1 to 7.78 1/sec.

Comparisons were made of velocities at different depths to find a

possible riffle/pool velocity reversal relation. According to

suggestions in the literature that mean velocities would be reversed

in the pool and on the riffle, the mean velocities in the pool and on

the riffle were used for the analysis. Measurements of velocities

under field conditions mostly consider the velocity measured at 0.6 of

the total water depth to represent the 'mean' velocity for a velocity

profile. As already shown in the previous section about bed

morphology changes, velocity profiles in pools cannot always be

described by a logarithmic approach. The logarithmic profile,

however, is the common basis for the choice of the 0.6depth velocity

as the representative 'mean' velocity. To check whether the choice of

the arithmetic mean or the 0.6depth mean of the velocities influences

the outcome of the investigation, both types of 'mean' values were

considered in this analysis.

1. The arithmetic mean was calculated from the velocity profiles

on the riffle and at the deepest section of the pool and graphed

versus discharge. The resulting trends are presented in Figure 31.

The mean velocities in the pool stayed below those on the riffle at

all discharges. The mean velocities on the riffle linearly increased

with flow while the velocities in the pool did not show such a regular
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pattern. Under steady sediment feed ( runs 3 and 5), mean velocities

in the pool seemed to roughly constant over the range of discharges:

in the case of the homogeneous bed with sediment feed (run 3) this

value was around 0.55 m/sec; in the case of the heterogeneous bed

(run 5) this value was around 0.43 m/sec. This indicates very well

that the arithmetic mean does not describe the hydraulic

characteristics in a pool in an appropriate way. Negative or zero

velocities near the bottom and higher velocities towards the water

surface might 'cancel' each other in calculations of the mean. Local

effects of higher velocities might be masked as well. The effects of

increased discharge on mean velocity in the clearwater experiments

(run 1 and run 4) showed similar patterns. A parallel trend can be

concluded, meaning that the increases in bottom velocities in pool and

riffle take place at similar rates.

2. The 'mean' velocities obtained at the 0.6 depths at

corresponding pool and riffle locations show similar tendencies. This

is shown in Figure 32. Velocity reversal never occurred under this

range of discharges. The 0.6depth velocities on the riffle generally

increased linearly. The values of the pool velocities in the

clearwater experiments (runs 1 and 4) showed an increase parallel to

the increase of the riffle velocities. In the case of the sediment

feed experiments (runs 3 and 5), the pool velocities fluctuated

throughout the range of discharges. A straight line approach does not

seem appropriate for these four scattered data points.

Hence, in neither of the above comparisons could velocity

reversal be concluded by taking any 'mean' for velocity values.
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Since Keller (1971) measured velocities at distances of 0.05 ft

(1.5 cm) above the stream bed, bottom velocities obtained in this

experiment in the pool and on the riffle were analyzed next for

further comparison. Results are given in Table 12. Throughout the

whole set of experiments, bottom velocities in the deepest part of the

pool never exceeded the bottom velocities on the riffle. This was

true considering the bottom velocities measured at the deepest

location in the pool as well as for values at any other location along

the pool. Very small velocities (negative values or zero) were

Table 12. Bottom velocities in pool and on riffle

Run bottom bottom
velocity velocity
in riffle in pool
<m/sec> <m/sec>

la 0.482 0.102
lb 0.504 -0.086
lc 0.750 -0.171
ld 0.911 -0.150

3a 0.589 0.429
3b 0.536 0.268
3c 0.857 0.214
3d 0.857 -0.107

4a 0.450 0.107
4b 0.589 0.000
4c 0.804 0.000
4d 0.964 0.000

5a 0.536 0.482
5b 0.750 0.214
Sc 0.857 0.643
5d 0.964 0.000
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typical for the pool bottom, even up to the highest model discharge of

7.8 1/sec.

Summarizing the results concerning velocity behaviour in the pool

and on the riffle over a range of discharges, it can be said that a

reversal in hierarchy of velocity values did not occur in these

experiments. The choice of whether to use mean values or bottom

values did not affect the general trends. While velocities on the

riffles increased linearly with increasing discharges, pool velocities

were subject to more complex processes. For example, secondary

currents and changing directions of the water flow within the pool

resulted in very scattered values for velocities measured at similar

depth intervals at different discharges. Straight line approaches to

fit the data would be speculative. Figure 33 qualitatively

illustrates some major flow directions in the pool at different

depths.

One further reason why velocity reversal did not occur in the

experiment, however, might be the choice of the discharges. The

highest discharge (7.78 1/sec) might have still been too small to

induce a reversal. The fact that the rifflepoolriffle feature in

the flume was never completely submerged might be the reason that the

flow conditions necessary for reversal were never reached.

Considerations about shear stress reversal calculations

'Competence' reversal, possibly occurring at specific discharges,

can be described by other hydraulic parameters than only velocities.



Fig. 33. Flow visualization in the pool at different depths
(flow from right to left; discharge: 5.1 1/sec)
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Shear stresses (bottom or average) are the most widely accepted

parameters responsible for particle entrainment. Three ways of

computing the boundary shear stresses are presented in the following

paragraph: 1) calculation of the average boundary tractive force;

2) calculation of local shear stresses with local velocity profiles;

and 3) calculation of local shear stresses using the assumption of a

quadratic relationship between shear stress and mean velocity. These

computational methods are related to the approaches used in the past

in field investigations and to the restrictions in this flume study.

Lisle (1979) traced the mean shear stresses in pools and riffles

over the range of increasing discharges (see Figure 5 , Chapter II).

The general equation for the applicable average unit tractive force t

(average value per unit wetted perimeter) is given by:

t = vRS [ML-1T-2]

where:

v = specific weight of water [ML-2T2]

R = hydraulic radius [L]

S = energy slope of water [LL 1].

[4-3]

In his field study, Lisle calculated mean shear stresses using the

water surface slope over pool and riffle. The question that now

arises is if the assumptions on which the choice of the water surface

slope are based are still justified in the case of my flume study. In

a uniform flow situation in a natural channel, the assumption can be

made that the channel bottom slope equals the water surface slope and
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the energy slope (So = Sw = Sf) (Chow, 1959). At high flows which

submerge small scale bedforms like pools and riffles, the assumption

that Sw = Sf represents a good approach. Recalling the fact that

submergence never occurred during the experiments in this study and

that a hydraulic jump was present throughout all discharge magnitudes,

it was not possible to make this assumption. The occurrence of the

hydraulic jump caused the water surface slope of the riffle to remain

very steep; the water surface slope of the pool stayed horizontal or,

at higher flows, even became inverse because of the stronger influence

of the jump (see also Figure 33). Because of the described appearance

of the surface flow, water surface slopes could not be taken into

consideration for a comparable mean shear stress computation. In

addition, it could not be assumed that So = Sf, since, on the studied

micro scale, the bottom slope in the pool changes markedly, even in

its sign. These observations lead to the conclusion that the mean

shear stress approach of the cited field study could not be applied

for the situation in this flume study and therefore did not produce

meaningful comparisons with field study results.

In a second approach, I tried to address the shear stress problem

by means of the obtained velocity profiles. Four calculational

methods are presented in the next paragraphs and their assumptions and

limitations related to this flume study are demonstrated. The

information was taken from Chow (1959), Gerhart and Gross (1985) and

Vanoni (1975):

1. The use of local velocity gradients is a commonly accepted

tool in order to translate measured point velocities into bottom shear
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stress magnitudes. The shear stress in water under conditions of

laminar flow is proportional to the velocity gradient; the constant of

proportionality being the dynamic viscosity, .

/V (dv/dy) [ML 1T2] [4-4]

where:

dynamic viscosity [ML1T1]

dv/dy = velocity gradient [T 1].

However, this formula is restricted to a laminar boundary layer; this

implies that the stress in this layer is entirely due to viscosity and

is constant. The laminar boundary layer is asssumed to be very thin,

considering the grain sizes of the bed material used in this study.

The size of the velocity meter is too large to measure velocities

within this layer. In addition, this viscous sublayer must be

penetrated or disrupted if particles shall be moved in the first

place. Thewrefore, the analysis of shear stresses in this layer would

not be helpful in order to find reasons for the routing of large

particles through pools and onto riffles.

2. Shear stress may also be expressed in terms of the usual

frictional resistance equation which is applicable for laminar and

turbulent flow conditions:

L. = f/4 e V2/2 [14LIT-2] [4 -5]

where:

P,, = density of water [M 3]

f = Darcy-Weisbach friction factor

V = average velocity [LT-1]
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The friction factor is not known for the situations we are dealing

with. This value, obtained from the resistance diagram for flow in

conduits (Moody diagram), must be increased by a factor that takes

turbulent density currents into account. However, experimental

information is insufficient to determine the dependence of this factor

on the Reynolds number. Only direct measurement of turbulence near

the bottom would help to get the necessary information. Because of

the unavailabilty of suitable measurement devices, such measurements

could not be conducted in the present study.

3. The bottom shear stress can also be assumed to be related to

the shear velocity in the following manner:

et (u*)25.,
[ML

-1T -2]

where:

15_ = bottom shear stress

u* = shear velocity [LT 1].

[4-6]

The gained data from the conducted experiments did not provide

information about the real shear velocities within the laminar

boundary layer. Assuming, however, that velocities measured close to

the bed in different runs give an indication about the relative

magnitude of the velocities, the bottom velocities were taken for a

brief comparison. Figure 34 relates these bottom velocities to the

bottom shear stresses calculated by equation 4-6 (Ekat 20°C = 1 kg/m3).

As can be seen from Figure 34 the values of the bottom shear stresses

in the pool never exceed those on the riffle. Even if 'convergence'
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had occurred, this would not necessarily have proved that the shear

stresses were converging at the same time. The reason for this is the

fact that the magnitude of bottom shear stresses is influenced more by

instantaneous stresses caused by turbulence than by the time-averaged

velocities. These stresses are called Reynolds stresses and cannot be

evaluated from viscosity and velocity gradients. The following

paragraph explains the theoretical treatment of these stresses.

4. Assuming a full development of the turbulent boundary layer

in uniform channel flow equation 4-7 represents another approach

method:

tapp - el.... 12(dv/dy)2 [ML1T2]

where:

[4-7]

. time-averaged instantaneous apparent shear stress due
I:

ppapp -2
to turbulent momentum transport [ML IT ]

1 = a characteristic length known as the mixing length,
which must be determined in the experiment [1.].

The deficiency of turbulence measurements in this study (and therefore

also mixing length) does not make the use of this formula possible.

The formula also assumes uniform flow, a condition which would not

apply in the case of the highly non-uniform pool sections.

The different shear stress approaches introduced above turned out

to be not really applicable for the problem under consideration. The

only approach which can give reliable data and enhance further

knowledge about transport mechanisms in small scale systems like pools

and riffles is the approach of the apparent shear stress (No.4 above).
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The best investigation is doubtless the direct measurement of the

bottom shear stresses.

To tie together the results obtained in the bed morphology

studies and the hydraulic characteristics of the modelled

rifflepoolriffle sequence, the following chapter provides a summary

of the findings. Individual results and basic approaches are then

discussed and related to those in the literature.
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V. SUMMARY AND CONCLUSIONS

The first objective of this thesis was to investigate hydraulic

influences on bed morphology changes in a rifflepoolriffle

sequence. The second objective was to verify hypotheses which state

that a reversal in hierarchy of velocity and/or shear stress occurs in

a poolriffle system at discharges near bankfull flow. The objectives

have been partly accomplished. Hydraulic influences on the bed

morphology could be identified qualitatively and, to some degree,

quantitatively evaluated. Reversal of the magnitude of velocities or

tractive forces did not occur during the modelled discharges in the

experiments.

Results of the flume study were presented under two major

considerations related to the two objectives: bed morphology changes

were quantified and analyzed. Second, results relating to competence

reversal theories introduced in the literature review were presented

and problems which arose in their analysis and interpretation were

discussed. The following two paragraphs summarize and discuss the

main findings under these two headings.

Bed morphology changes

Clearwater experiments revealed that the formation of an armour

layer in a rifflepoolriffle sequence with heterogeneous bed material

affects the final shape of a pool as well as the bedload transport
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rate through this system. Information on the maximum scour depth

alone does not seem satisfactory to quantify the protective effect of

the armour layer. Deep local scour could be identified due to the

only partly-armoured bed surface which deflected and concentrated the

shear forces at specific points. These results match findings by

other researchers (see Chapter IV). In this study, the volume of

scoured bed material in the armoured pool was around 10% less than for

the non-armoured bed (see Table 6). The 'equilibrium' scour pools in

the armoured bed (run 4) were V-shaped in horizontal distance while

the non-armoured pools showed a U-shape longitudinally (see Figure

11). Bedload transport rates at the non-armoured bed increased with

increasing discharge. The maximum rates for this homogeneous bed (run

1) were around 2 kg/hr, while the maximum rates for the heterogeneous

bed (run 4) did not exceed 1.2 kg/hr (see Figure 22).

When sediment was supplied from upstream at a steady rate, the

system had to find its new 'equilibrium' scour depth in accord with

the energy consumpted to transport sediment. Pools were shallower,

because the limiting erosional capability was reached earlier. The

total scoured volume in a homogeneous bed under clearwater conditions

was up to 15 times greater than the scoured volume for a bed subject

to sediment supply from upstream. This extreme difference occurred on

the recession limb of the simulated hydrograph. Under clearwater

conditions, the scour shape developed at high flow was maintained

during the receding discharges. On the other hand, steady sediment

supply on the recession limb caused the pools to fill in again until

equilibrium was reached between sediment availability and erosional
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capability. Recessionlimb sediment feed rates similar to those

during the rising limb of the hydrograph (which, in nature, would

correspond to similar bedload transport from upstream) result in

exactly the same 'equilibrium' pool shapes at similar discharges. The

protective effect of an armour layer was not as evident in the

sediment feed experiments as in the clearwater experiments. Even

though coarsening of the upper layers could be identified, the

conditions did not allow any obvious stable armour layer

configuration. The larger particles of the heterogeneous mixture fed

into the system caused additional shearing or impact forces which led

to the immediate destruction of any prior armour layer. These results

lead to the conclusion that the chosen sediment mixture only allowed

relatively stable armour layer formation under certain limiting

hydraulic conditions and that these conditions were exceeded in the

experiments most of the time.

Bedload transport phenomena were investigated as well. Under

steady flow conditions bedload transport was unsteady. The highest

bedload transport rates were measured during the first hour of each

run. After a time period of adjustment, the rates reached an

'equilibrium' state but differed from run to run, depending on the bed

material and the sediment supply condition. In general, bedload

transport rates in the runs with the homogeneous bed material were

higher than in runs for heterogeneous beds. The protective effect of

the armour layer became more important at higher discharges; in the

clearwater experiments, decreases in bedload output rates by 709

(run 1d/4d, see Table 9) could be identified. During the experiments
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with sediment feed, these differences were not so obvious; scoured

volumes in the homogeneous and heterogeneous bed were equal. The

armour layer might have been disturbed by the larger particles in the

case of a heterogeneous sediment supply from upstream. This caused

deeper pool scour. Another explanation may be that the formation of

an armour layer in a natural stream system can require an appreciable

amount of time. Reported laboratory experiments with a long flume

continued for more than 50 hours before the size distribution of the

armour layer stabilized; a 10-year period is reported for a natural

stream (Andrews and Parker, 1987). The time of the experiments

reported here (3 hours for each discharge step) might not have been

long enough to make the effects visible. However, the final vertical

profile through the bed after run 5 indicates that a coarsening of the

upper gravel layer took place (Figure 20 and Figure 21).

Bedload transport rates after 'equilibrium' was reached were

related to the final scour volumes and revealed the following

difference between armoured and non-armoured beds: similar total scour

volumes were associated with lower transport rates in the armoured and

the non-armoured bed. Pulse-wise bedload transport was typical for

the experiments with sediment feed. Several authors reported similar

results and suggested explanations for the measured and observed

pulse-wise transport (Beschta, 1987; Hayward, 1980; Klingeman and

Emmett, 1982; Whittaker, 1987; Tacconi and Billi, 1987). Frequencies

of passage of bedload bulks through the system could be identified for

the two highest discharges; 30-minute intervals for discharges around

5 1/sec and 20-minute intervals for discharges around 7.7 1/sec.
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Since frequencies and magnitude of bedload pulses vary under

different hydraulic and morphologic conditions, however, it is

difficult to find general predictive formulas for this phenomenon.

However, several suggestions for an explanation of this phenomenon can

be discussed and evaluated, including the new observations. One

reason for sediment pulses was thought to be the poor reliability of

the bedload measurement technique -- spatial and temporal variation.

Differences in the grain size distributions of the caught sediment

samples in nature also seem to lead to distortions of the transport

rates. Despite the high probability of inaccuracies in bedload

measurement techniques, the carefully traced transport rates in this

flume study, as well as in others (Whittaker, 1987), reveal that the

phenomenon shows some regular pattern in some cases. The movement of

sediment 'waves' through the system has been clearly shown by

Whittaker and was also observed in this study. The existence of these

waves can be initially caused in a natural system by bulk-wise

sediment inputs (e.g., by landslides) or by rearrangement within

smaller units like pool-riffle sequences, as shown in this study.

Grain size distributions of the sediment sampled at the outlet of the

flume were not analyzed; nevertheless, the results of the experiment

with homogeneous bed material under steady sediment input suggest that

pulse detection is not restricted to measurement inaccuracies. Hence,

I suggest the following explanation for the presence of measured

sediment pulses in a stream system. Measurable sediment pulses -- in

intervals corresponding to various hydraulic conditions -- can be

concluded for natural systems which provide bedforms on a smaller
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scale (pools, riffles, steps, cascades, bars, etc.). Sediment 'waves'

are initiated by variable sediment supply or by rearranging actions

within the bedform system in order to reach a new 'equilibrium' state

with minimum energy. Rather than having been caused by measurement

errors, they seem to be 'system inherent' as another way of finding an

equilibrium state between sediment availability and erosion

capability. Rearrangement of bed material within small scale systems

like pools and riffles can also occur in an abrupt manner. When the

storage limit in a pool is exhausted or shear forces become larger

than the resisting forces of the instable sediment accumulation, an

additional sediment input might induce the sudden 'ejection' of the

accumulated sediment (an observation made in this study).

Competence Reversal Hypothesis

One major objective of this thesis was to investigate whether or

not a reversal in hierarchy of 'competence' to transport large

particles through a pool onto a riffle would occur at specific

discharges. Hydraulic conditions which define the magnitude of

particle entrainment forces were, therefore, examined and analyzed

during various flows. The choice of the hydraulic parameters to

investigate was also oriented with respect to research efforts in the

past, so that results could be compared and discussed. Competence

reversal was hypothesized by Keller (1971), Richards (1978) and others

who found that at discharges near bankfull the bottom velocities of
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the pool approached the values of the riffle velocities. Lisle (1979)

verified this hypothesis by a field study while Sullivan (1986) found

reversal in some pool-riffle systems but not in others. Competence

reversal could not be identified in the present flume experiments.

'Velocity reversal' was not occurring; bottom velocities showed

negative or zero velocities at higher discharges. This was also due

to the formation of deep scour holes that led to flow reflections at

the downstream 'wall' of the pool and directed the flow back upstream.

In the experiments with sediment feed, bottom velocities were in

general higher than those measured under clearwater conditions;

negative bottom velocities were not typical for the sediment feed

experiments. On the other hand, changes of flow directions along the

vertical velocity profile occurred more frequently during sediment

feed experiments than in the clearwater experiments. The more

irregular patterns of the flow profiles in the sediment feed

experiments are thought to be characteristic for the situation where

bedload transport consumes energy at various locations in the pool and

bedload bulks are routed quickly through the system. 'Mean

velocities' based on the 0.6-depth commonly measured in the field are

point measurements in the sense that they do not give appropriate

information about the complex vertical flow behavior in a pool.

Despite this fact, I tried to provide a comparison to existing field

data by calculating mean velocities. In this flume study both the

'mean' velocity at 0.6-depth and the arithmetic mean velocity

(averaged over the entire vertical velocity profile) were used for the

reversal analysis. Hence, the sensitivity of the results to the
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choice of the different means was tested. Reversal did not occur in

either case and the scatter of the mean values for the pool revealed

two things. First, mean pool velocities do not provide information

from which any conclusion or prediction can be made; second, the range

of scatter includes a possible 'reversal potential' for the pool

velocities under different circumstances. In other words, velocity

reversal was not detected in this set of experiments but could as well

have 'happened' at larger discharges than tested.

Shear stress reversal as found by Lisle (1979) could not be

identified in this study. This was also due to the impossibility of

calculating mean or bottom shear stresses given the flow conditions

during the experiment. It is not correct to translate timeaveraged

bottom velocities into shear stresses. Instanteneous momentum

exchange could cause spontaneous increases of shear forces above the

'critical' conditions for specific particle sizes. This, however,

would not be registered by averaging the velocities over time.

The theory proposed by Bagnold (1954), that the magnitude of

repulsive pressure might be responsible for the areal sorting

mechanisms in pools and on riffles, was described in the literature

review. The theory states that with an increase in concentration,

grain diameter, and/or velocity gradient, an increase will result in

the repulsive pressure between the grains of two layers. He further

stated that the higher velocity gradient at the riffle would result in

a higher repulsive pressure on the riffle than in the pool. This will

lead to a relative depression of the pool and a relative raise of the
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riffle. In this flume experiment, the upstream and downstream riffles

were fixed, while the potential scour material between riffles was

movable. Relative depression of the pool could, therefore, not be

investigated. The amplification of the differences in velocity

gradients between the pool and the adjacent riffle could be observed

as the scour depths increased. According to Bagnold, this is

responsible for further increase of the pressure effect. However, the

experimental runs revealed that coarsening of the surface occurred

also within the pool. This was mainly observed in the downstream half

of the pool. The bigger material was washed out from upstream and

also 'cleaned' from fines due to the hydraulic conditions at this

location.

The results of the conducted experiments in this flume study in

conjunction with alreadyexisting field data lead directly to

recommendations for future research. In the next chapter future

research is suggested that should be done to enhance the

quantification of bed morphology processes in poolriffle systems.

The next chapter also illustrates some implications of the findings in

this study.
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VI. IMPLICATIONS AND REC(M1ENDATIONS

The first section of this chapter describes possible implications

of changing hydraulic conditions on natural bedforms in a stream

system such as pools and riffles. Implications are mainly considered

under the aspect of the conservation of fish habitat. In the second

section of this chapter recommendations are made for future research.

I concentrate on the investigation of special parameters which could

not be studied in this thesis but seem to enhance the knowledge about

bed morphology changes in riffle-pool-riffle systems and competence

reversal hypotheses in an important way.

Some implications of the research

Conservation of the diversity of fish habitat is a very important

activity in the Pacific Northwest, involving multi-million dollar

investments each year. Pools and riffles with their differing

hydraulic conditions represent two different habitat forms. Major

efforts are underway to increase the amount of pool space in streams

by artificially 'constructing' pools (using log weirs, for example) or

by inducing severe local scour (using deflector structures). Small

velocities in the pool at low flow conditions give the pool the

potential to act as a settling basin for sediment. Coarse spawning

gravel tends to preferentially deposit on the riffles during high-flow

bedload transport. There, the fines wash out due to higher bottom

velocities (see Chapter IV).
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It is necessary to increase the knowledge about the effects of

sediment input on the shape of pools and riffles and on bed material

composition. Both factors (shape and bed material composition) define

the habitat quality for fish. Human activities might alter the

habitat configuration and usability of these features. Besides the

natural sediment load that a stream carries, additional input into a

stream reach can originate from releases from upstream reservoirs.

The reservoir functions as a sediment trap with the consequence of a

deficit in bedload and suspended load downstream. This leads to

increased scour of the stream bed; pools become deeper (short-term

time scale) and the stream can degrade (long-term time scale). These

effects are comparable to the clearwater scour modelled in this study.

Flushing or sediment releases from the reservoir, on the other hand,

can backfill the scoured areas. The effects of such measures on

pool-riffle features were shown in the sediment feed experiments.

It is important to somehow quantify the scour and deposition

processes for bedforms such as pools and riffles. This can, for

example, allow one to estimate the effects on fish distribution. When

the grain size distribution of the bed material and the degree of

armouring in a stream are known approximately, predictions of the

degradation or aggradation processes can be made.
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Recommendations for future research

Some suggestions for necessary research can be made based on the

conducted experiments and the literature review.

One of the next steps regarding the investigation of bed

morphology changes in a riffle-pool-riffle system is the additional

systematic quantification of these processes.

A modelling approach is suggested which involves a series of

experiments that exceed the scope of experiments for this thesis. A

predictive model could not be developed in this study, because of

insufficient data. In the future, prediction models could be

developed by conducting more experiments that cover more hydraulic

parameters such as slope, different grain size distributions for the

sediment mixture in the pool, different steady sediment feed rates,

different application times for sediment feed, and so forth. A long

series of several pools and riffles could provide a physical model so

that empirical models could be developed to predict scoured volumes or

depths when sediment discharge and grain size distribution are known

for a specific reach.

Regarding the investigation of the 'competence reversal'

hypotheses, shear stresses and turbulences near the bottom of pools

and riffles should be measured in more detail. The quantification of

Reynolds stresses within a riffle-pool-riffle sequence might be a big

step towards clarification of the 'reversal' question, since local
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velocity measurements in the field do not seem to give consistent

results. The experiments in this study also revealed that velocities

alone do not give enough infomation to clarify this question.
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APPENDIX A: Oak Creek field site data

LONGITUDINAL PROFILE
Riffle-pool-riffle sequence, Oak Creek
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APPENDIX B: Laboratory sediment characteristics
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APPIODDC C: Bedload transport calculations using the
HEC-6 computer program

The computer program calculates water surface and sediment bed

surface profiles using a one-dimensional sediment transport model

approach. Interactions between the sediment material in the stream

bed and the flowing water-sediment mixture have to be computed. For

each cross section, the total bed load along with the trap

efficiencies for clay, silt and sands as well as the changes in bed -,

water surface - and thalweg elevation are also calculated.

Furthermore, the simulation of dredging and in-stream gravel mining

operations and the analysis of reservoir deposition can be conducted

(Matin, 1987).

For the purpose of this project the main interest was in the

calculation of the total bed load. In order to perform this task, the

modified program provides the choice of seven different bedload

calculation procedures:

1. Schoklitsch 1934

2. Schoklitsch 1943

3. Meyer-Peter 1934

4. Meyer-Peter and Mueller 1948

5. Shields 1936

6. Laursen 1957

7. Einstein 1950



136

Three formulas treat the bedload transport process as a function of

discharge (1,2,3). Two formulas are based on tractive force in order

to determine critical values for bedload movement (4,5). The last two

formulas (6,7) use relative roughness-based on the ratio of grain

diameter to depth of flow- to compute total bedload. The following

overview summarizes three approaches chosen for the bedload

computations in the experiment as representants of the different

concepts (all the formulas are given in metric units). The

information was taken from Vanoni (1975) and Matin (1987):

SCHOKLITSCH 1943:

G = C(0 0cr)

with:

C = 2500 S
3/2

where:

G = bedload in kg/sec/m

Q = discharge in m3/sec/m

Q
cr

= the critical discharge in m
3
/sec/m

The equations were derived for uniform grain material. Since the

particle diameter does not appear in this formula, the calculation for

the sediment mixture, used in some of the runs, might show some less

precise results.
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MEYER-PETER and MUELLER 1948:

(k
r
/k

r
,)
3/2

R
b
S

0.047(ys-y)dm

+0.25(y/g)
1/3

[(y.-y)/y]
2/3

(gs)
2/3

in which:

kr/kr, .
1/2

[V/(gRbS)1
/2

]

where:

y = specific unit weight of water

y
s
= specific weight of sediment

d
m

weighted mean grain diameter for a mixture of sizes

R
b
= hydraulic radius with respect to the bed

g = acceleration of gravity

fe
b
= Darcy-Weisbach bed friction factor

y
s
= specific unit weight of sediment particles

g
s

bedload transport in weight per unit channel width

V = mean velocity of the stream

This formula was developed in a flume study with graded and

sorted river sediments. The advantage of this formula is that it can

be used for graded sediments under flow conditions that give rise to

dunes and other bed forms, which is appropriate for this

project.
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EINSTEIN 1950:

The Einstein method calculates the sediment discharge for

individual size fractions of the bed material. The equations involved

go over a sequence of hydraulic calculations to the final total load

computations. The elaborate computation process can be summarized as

follows:

gs gsi

G bgGs
s

gi = gsbikpr)(I1) + 12 + 1]

where:

gs = bed sediment discharge rate in weight per unit channel width

g
si = discharge of bed sediment of mean size d

si
(i.e., the ith

size fraction), in weight per unit channel width

gsbi=dischargeofbedloadofmeansized.
si

in weight per unit

channel width

G
s

total bed sediment discharge in weight per unit time

b = width of the stream bed

gi=thesinofgsi for all size fractions

pr = a parameter of total transport

Il, 12 = integral values
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APPENDIX D: Experimental data

ELE4ATION CHAMES II:

Distance Reading Reading Reading Reading Reading Reading Reading Reading

from init.hed Ila 4th 11c Ild Ile 411

upstream 2 hrs.

(a) (a> (a> (a) (m)

1.70 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000

1.68 -0.0003 -0.0232 -0.0362 -0.0181 -0.0169 -0.0210 -0.0236 -0.0449

1.66 -0.0005 -0.0280 -0.0724 -0.0358 -1.0337 -0.0419 -0.0472 -0.0894
1.64 -0.0000 -0.0299 -0.0783 -0,0539 -0.0506 -0.0629 -0.0713 -0.1433

1.62 -0.0011 -0.0252 -0.0819 -0.0717 -0.0674 -0.0839 -0,0949 -0.1791

1.60 -0.0013 -0.0232 -0.0878 -0.0898 -0.0843 -0.0917 -0.0996 -0.1457

1.58 -0.0016 -0.0213 -0.0906 -0.0961 -0.0953 0.0992 -0.1055 -0.1126
1.56 -0.0019 -0.0165 -0.0992 -0.1024 -0.1063 -0.1059 -0.1142 -0.1177

1.54 -0.0021 -0.0165 -0.1051 -0.1091 -0.1118 -0.1126 -0.1228 -0.1232
1.52 -0.0024 -0.0146 -0.10911 -0.1154 -0.1177 -0.1169 -0,1260 -0.1303

1.50 -0.0027 -0.0197 -0.1118 -0.1217 -0.1232 -0.1217 -0.1291 -0.1374

1.44 -0.0035 -0.0079 -0.1161 -0.1226 -0.1378 -0.1354 -0.1378 -0.1382

1.42 -0.0037 -0.0114 -0.1165 -0.1232 -0.1406 -0.1411 -0.1433 -0.1394

1.40 -0.0040 -0.0114 -0.1122 -0.1232 -0.1433 -0.1476 -0.1488 -0.1409

1.38 -0.0043 -0.0114 -0.1075 -0.1260 -0.1480 -0.1524 -0.1520 -0.1433

1.16 -0.0045 -0.0114 -0.1024 -0.1287 -0.1528 -0.1567 -0.1555 -0.1476

1.34 -0.0048 -0.0114 -0.0969 -0.1111 -0.1543 -0.1614 -0.1610 -0.1551

1.32 -0.0051 -0.0114 -0.0894 -0.1339 -0.1563 -0.1634 -0.1650 -0.1594

1.30 -0.0053 -0.0114 -0.0850 -0.1366 -0.1587 -0.1657 -0.1689 - 0.1634

1.28 -0.0056 -0.0114 -0.0791 -0.1339 -0.1610 -0.1677 -0.1677 -0.1661

1.26 -0.0059 -0.0114 -0.0717 -0.1315 -0.1634 -0.1665 -0.1654 -0.1605

1.24 -0.0061 -0,0114 -0.0654 -0.1287 -0.1638 -0.1661 -0.1669 -0.1601

1.22 -0.0064 -0.0114 -0.0563 -0.1260 -0.1646 -0.1657 -0.1654 -0.1677
1.20 -0.0067 -0.0114 -0.0512 -0.1232 -0.1650 -0.1657 -0.1638 -0,1673
1.18 -0.0069 -0.0114 -0.0480 -0.1209 -0.1638 -0.1654 -0.1626 -0.1665
1.16 -0.0072 -0.0114 -0.0433 -0.1181 -0.1630 -0.1640 -0.1618 -0.1650

1.14 -0.0075 -0.0114 -0.0425 -0.1154 -0.1626 -0.1626 -0.1610 -0.1634
1.12 -0.0077 -0.0114 -0.0386 -0.1130 -0.1618 -0.1612 -0.1602 -0.1614
1.10 -0.0080 -0.0114 -0.0378 -0.1102 -0.1614 -0.1598 -0.1594 -0.1606

1.04 -0.0080 -0.0114 -0.0319 -0.1024 -0.1559 -0.1551 -0.1547 -0.1547

1.00 -0.0093 -0.0114 -0.0307 -0.0850 -0.1547 -0.1504 -0.1500 -0.1488
0.10 -0.0107 -0.0214 -0.0291 -0.0697 -0.1354 -0.1413 -0.1406 -0.1382

0.80 -0.0120 -0.0118 -0.0283 -0.0598 -0.1165 -0.1299 -0.1287 -0.1307
0.70 -0.0133 -0.0134 -0.0157 -0.0504 -0.0992 -0.1091 -0.1110 -0.1110
0.60 -0.0147 -0.0146 -0.0213 -0.0449 -0.0858 -0.0902 -0.0917 -0.0917

0.50 -0.0160 -0.0161 -0.0173 -0.0394 -0.0610 -0.0646 -0.0669 -0.0669

0.46 -0.0165 -0.0165 -0.0157 -0.0165 -0.0165 -0.0165 :0.0165 -0.0164
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144
BED ELEVAIIOR CHANGES 13:

Distance Reading Reading Deeding Reading Reading Reading Reading Reading Reading Reading Reading Reading

drop flat 134 136 1k 134 13e 130

upstream bed 11.05 19.15 19.25 21.30 22.27 23.00 0.50

(s) (0 (a) (a) (I) (a) 00 00 (m) (I) (I) le> (a)

- - - -
1.70 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000

1.68 -0.0003 -0.0169 -0.0295 -0.0215 -0.0283 -0.0215 -0.0295 -0.0295 -0.0295 -0.0295 -0.0295 -0.0295

1.66 -0.0041 -0.0228 -0.0406 -0.0358 -0.0457 -0.0638 - 0.0638 - 0.0638 - 0.0398 -0.0711 -0.0555 -0.0303

1.64 -0.0008 -0.0268 -0.0476 -0.0496 -0.0528 -0.0697 -0.0697 -0.0617 -0.0496 -0.0760 -0.0614 -0.0350

1.62 -0.0011 -0.0268 -0.0563 -0.0591 -0.0614 -0,0803 -0.0803 -0.0803 -0.0598 -0.0850 -0.0685 -0.0335

1.60 -0.0013 -0.0232 -0.0591 -0.0693 -0.0713 -0.0921 -0.0924 -0.0979 -0.0671 -0.0858 -0.0732 -0.0299

1.58 -0.0016 -0.0721 -0.06111 -0.0791 -0.0791 -1.14211 -0.142% -0.00211 -0.0756 -1,0810 -0.0701 -0.0210

1.56 -0.0019 -0.0217 -0.0571 -0.0870 -0.0862 -0.1114 - 0.1114 -0.1114 -0.0050 -0.0850 -0.0650 -0.0240

1.54 -0.0021 -0.0169 -0.0634 -0.0917 -0.0929 -0.1205 -0.1205 -0.1205 -0.0890 -0.0846 -0.0533 -0.0211

1.52 -0.0024 -0.0146 -0.0614 -0.1000 -0.1028 -0.1283 -0.1283 -0.1283 -0.0909 -0.0776 -0.0445 -0.0173

1.10 -0.0027 -0.0130 -1.0515 -0.1094 -0.1189 -0.1223 -0.1283 -0.1195 -0.0090 -0.0744 -0.0199 -0.0112

1.44 -0.0035 -0.0130 -0.0406 -0.1008 -0.1362 -0.1224 -0.1191 -0.1087 -0.0709 -1.0705 - 0.0220 -0.0142

1.42 -0.0037 -0.0130 -0.0366 - 0.0008 -0.1374 -0.1205 -0.1141 -0.0919 -0.0654 -0.0685 -0.0220 -0.0134

1.10 -0.0040 -0.0130 -0.0291 - 0.0008 -0.1425 -0.1185 -0.1017 -0.0850 -0.0598 -0.0575 -0.0201 -0.0134

1.38 -0.0043 -0.0130 -0.0240 -00408 -0.1461 -0.1126 -0.0772 -0.0732 -0.0520 -0.0528 -0.0121 -0.0122

1.36 -0.0045 -0.0130 -0.0260 -0.0988 -0.1461 -0.1067 -0.0693 -0.0634 -0.0476 -0.0437 -0.0201 -0.0102

1.34 -0.0040 -0.0122 -0.0240 -1.0933 -0.1461 -0.1000 -0.0654 -0.0535 -0.0417 -0.0411 -0.0241 -0.0102

1.11 -0.0051 -0.0122 -0.0201 -0.0110 -0.1477 -0.0900 -0.0575 -0.0437 -0.0366 -0.0366 -0.0200 -0.0102

1.30 -0.0053 -0.0122 -0.0213 - 0.0835 -0.1520 -0.0961 -0.0535 -0.0409 -0.0339 -0.0439 -0.0199 -0.0102

1.28 -0.0056 -0.0146 -0.0197 -0.0191 -0.1488 -0.1051 -0.0457 -0.0382 -0.0319 -0.0319 -0.0198 -0.0102

1,26 -0.0059 -0.0161 -0.0201 -0.0744 -0.1429 -0.1264 -0.0398 -0.0354 - 0.0280 -0.0280 -0.0197 -0.0102

1.24 -0.0061 -0.0046 -1.01111 -0.0701 -0.1417 -0.1404 -0.0171 -11.0127 -0.0252 -0.0257 -0.0196 -0.0102

1,22 -0.0064 -0.0130 -0.0220 -0.0669 -0.1437 -0.1429 -0.0358 -0.0299 -0.0214 -0.0244 -0.0115 -0.0102

1.20 -0.0067 -0.0130 -0.0201 -0.0614 -0.13117 -0.1406 -0.0311 -0.0291 -0.0270 -0.0220 -0.0194 -0.0102

1.18 -0.0069 -0.0130 -0.0217 -0.0543 -0.1162 -0.1429 -0.0331 -0.0287 -0.0252 -0.0252 -0.0193 -0.0102

1.16 -0.0072 -0.0130 -0.0201 -E0520 -0.1323 -0.1307 -0.0311 -0.0260 -0.0248 -0.4241 -0.0117 -0.0102

1.14 -0.0075 -0.0130 -0.0201 -0.0484 -0.1350 -0.1283 -0.0339 -0.0776 -0.0260 -0.0260 -0.0191 -0.0102

1.12 -0.0077 -0.0130 -0.0201 -0.0441 -0.1268 -0.1213 -0.0515 -0.0268 -0.0264 -0.0764 -0.0190 -0.0102

1.10 -0.0080 -0.0130 -0.0201 -0.0417 -0.1283 -0.1205 0.0701 -0.0264 -0.0240 -0,0240 -0.0184 -0.0102

1.04 -0.0088 -0.0130 -0.0201 -0.0354 -0.0140 -0.1031 1.0972 -0.0335 -0.0740 -0.0240 -0.0186 -0.0170

1.00 -0.0093 -0.0157 -0.0201 -0.0291 -0.0996 -0.0858 -0.0858 -4.0335 -0.0240 -0.0240 -0.0124 -0.0132

0.90 -0.0107 -0.0157 -0.0201 -0.0264 -0.0673 - 0.0555 -0.0555 -0.0575 -0.0240 -0.0240 -0.0179 -0.0161

0.80 -0.0120 -0.0161 -0.0220 -0.0264 -0.0457 -0.0299 -0.0299 -0.0400 -0.0240 -0.0240 -0.0174 -0.0161

0.70 -0.0131 -0.0161 -0.0240 -0.0264 -0.0339 -0.0264 -0.0264 -0.0386 -0.0240 -0.0210 -0.0169 -0.0161

0.60 -0.0147 -0.0161 -0.0270 -0.0240 -0.0299 -0.0240 -0.0240 -0.0291 -0.0240 -0.0240 -0.0164 -0.0157

0.50 -0.0160 -0.0161 -0.0201 -0.0199 -0.0299 -0.0199 -0.0199 -0.0197 -0.0240 -0.0240 -0.0159 -0.0157

0.46 -0.0165 -0.0165 -0.0157 -0.0157 -0.0157 -0.1451 -0.4151 -4.0057 -0.0157 -0.0157 -0.0157 -0.0157

5E211E81 OUTPUT 03:

time

aint

- - - - -

rate 117.1 -ate 020 rite I::

4ea: feed: !emu:

L57 46/hr 4.43 igibr 33.1 1gthr

tqinr quier:

- - - - - -

4.71 2.41 5.72

'it, 474

feed:

12 14fhr

.Agihr?

- - - - -

15 4.71 :.11 1..4 7.53

27 2.32 1.73 2.71 7.51

30 0.92 0.85 7.04 7.64

76 1.71 0.05 7.04

45 1.69 1.8! 4.11 7.71

80 1.88 0.35 7.38

73 1.08 0.85 2.26

77 1.43 1.52

90 t.79 2.24

13 1.71 2.36

103 1.09 2.87

120 1.09 1.22

127 1.2 7.49

1511 1.22 2.56

180 1.22

rt..: 03e

,eea:

1.41 '4441r

4441r>

- - - - -

0.32

1.53

1.53

0.83

0.93

1.04

0.09

1.95

0.82

0.25

0.95

7.15
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MI 1; 1

I SED.PITOPERTIES: 14 48 10504.5661 t

1 lllllllll $$ llllllllll 8141411011111114$

VELOCITY 43.11.18 Um): VELOCITY 1313(2.65 Uleci:

Dittoes total WIth On: Velocity Dittance total Depth

Depth Depth

Berta Velocity

VELOCITY 13015.25 1 /sect:

Diltance total kith

Depth

<0 10 io> (esec) to (0 (0 le/sec) (0 CO is)

1.90 0.030 0.010 55.0 0.589 1.90 0.052 0.010 50 0.536 1.90 0,075 0.010

0.015 58.0 0.621 0.017 70 0.750 0.020

0.020 62.0 0.664 0.032 75 0.004 0.030

0.030 62.0 0.664 0.042 75 0.804 0.045

1.64 0.040 0.010 40.0 0.429 0.052 75 0.804 0.065

0.015 45.0 0.482 1.66 0.055 0.010 35 0.375 0.075

0.020 60.0 0.643 0.025 65 0.096 1.66 0.105 0.010

0.030 60.0 0.643 0.045 90 0.964 0.020

0.040 60.0 0.613 0.055 90 0.964 0.035

1.54 0.028 0.010 35.0 0.375 1.56 0.090 0.010 25 0,268 0.015

0.013 40.0 0.429 0.020 40 0.429 0.065

0.018 40.0 0.429 0.030 60 0.643 0.105

0.028 40.0 0.429 0.040 65 0.696 1.50 0.135 0.010

1.30 0.025 0.010 48.0 0.514 0.090 65 0.696 0.025

0.012 50.0 0.536 1.50 0.000 0.010 45 0.482 0.045

0.015 55.0 0.589 0,020 50 0.336 0.065

0.075 55.0 0.589 0.030 50 0.536 0.095
0.46 0.028 0.010 43.0 0.461 0.040 40 0.429 0.135

0.01; 55.0 0.589 0.050 30 0.321 LSO 0.130 0.010
0.018 60.0 0.643 0.060 W 0.107 0.030
LOH 60.0 0.643 0.070 7 0.075 0.050

0.080 7 0.075 0.070

0.46 0.040 0.010 65 0.496 0.040

0.015 80 0.857 0.120

0.070 80 0.857 0.130

0.035 85 0.911 0.90 0.085 0.010

0.030 85 0.911 0,035

0.040 85 0.911 0.055

0.075

0.085

0.46 0.070 0.010

0.020

0.040

0.060

0.070
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BED ELEVATION CHANGES:

147

Distance

from

upstreas

- - ------

Reading

flat

bed

- - - -

Reading

14a

(a>

- - - - -

Reading

146

(a)

- - -

Reading

14c

Km)

- - -

Reading

14d

(10

- - ---

Reading

14e

18.05

- - -

Reading

18.50

Ks>

- - -------------

Reading

20.30

(11>

Reading

14f

-
1.70 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000

1.68 -0.0003 -0.0169 -0.0307 -0.0287 -0.0258 -0.0386 -0.0425 -0.0425 -0.0445

1.66 -0.0005 -0.0394 -0.0614 -0.0575 -0.0516 -0.0772 -0.0850 -0.0850 -0.0890

1.64 -0.0008 -0.0445 -0.0693 -0.0654 -0.0614 -0.0811 - 0.0890 -0.0890 -0.0870

1.62 -0.0011 -0.0504 -0.0701 -0.0752 -0.0752 -0.0961 -0.0969 -0.0929 -0.0937

1.60 -0.0013 -0.0484 -0.0831 -0.0843 -0.0815 -0.1047 -0.447 -0.100d -0,0988

1.58 -0.0016 -0.0461 -0.0831 -0.0949 - 0.0890 -0.1110 -0.1126 -0.0087 -0.1043

1.56 -0.0019 -0.0406 -0.0929 -0.0988 -0.0984 -0.1244 -0.1165 -0.1118 -0.1106

1.54 -0.0021 -0.0307 - 0.0961 -0.1067 -0.1087 -0.1441 -0.1244 -0.1185 -0.1205

1.52 -0.0024 -0.0228 -0.0988 -0.1106 -0.1126 -0.1516 -0.1283 -0.1244 -0.1264

1.50 -0.0027 -0.0209 -0.1039 -0.1165 -0.1185 -0.1520 -0.1362 -0.1283 -0.1323

1.44 -0.0035 -0.0189 -0.1055 -0.1185 -0.1370 -0.1528 -0.1500 -0.1362 -0.1480

1.42 -0.0037 -0.0169 -0.1008 -0.1264 -0.1390 -0.1500 -0.1500 -0.1488 -0.1508

1.40 -0.0040 -0.0169 -0.0996 -0.1323 -0.1480 -0.1500 -0.1500 -0.1520 -0.1539

1.38 -0.0043 -0.0169 -0.0961 -0.1323 -0.1579 -0.1461 -0.1500 -0.1524 -0.1539

1.36 -0.0045 -0.0169 -0.0090 -0.1362 -0.1602 -0.1441 -0.1441 -0.1551 -0.1539

1.34 -0.0048 -0.0169 -0.0866 -0.1362 -0.1646 -0.1394 -0.1441 -1.1514 -0.1539

1.32 -0.0051 -0.0169 -0.0732 -0.1362 -0.1717 -0.1354 -0.1480 40.1520 -0.1539

1.10 -0.0053 -0.0169 -0.0693 -0.1343 -0.1748 -0.1323 -0.1461 -0.1539 -0.1539

1.28 -0.0056 -0.0169 -0.0654 -0.1315 -0.1732 -0.1283 -0.1421 -0.1591 -0.1539

1.26 -0.0059 -0.0169 -0.0618 -0.1303 -0.1712 -0.1264 -0.1402 -0.1500 -0.1547

1.24 -0.0061 -0.0169 -0.0587 -0.1264 -0.1705 -0.1354 -0.1394 -0.1500 -0.1520

1.22 -0.0064 -0.0169 -0.0555 -0.1228 -0.1685 -0.1512 -0.1441 -0.1520 -0.1539

1.20 -0.0067 -0.0169 -0.0535 -0.1173 -0.1657 -0.1638 -0.1500 -0.1570 -0.1539

1.18 -0.0069 -0.0169 -0.0535 -0.1126 -0.1618 -0.1677 -0.1618 -0.1618 -0.1598

1.16 -0.0072 -0.0169 -0.0535 -0.1087 -0.1618 -0.1669 -0.1669 -0.1657 -0.1630

1.14 -0.0075 -0.0169 -0.0496 -0.1012 -0.1559 0.1636 -0.1638 -0.1657 -0.1598

1.12 -0.0077 -0.0169 -0.0457 - 0.0976 -0.1555 -0.1591 -0.1591 -0.1618 -0.1565

1.10 -0.0080 -0.0169 -0.0378 -0.0949 -0.1551 -0.1575 -0.1575 -0.1618 -0.1563

1.04 -0.0088 -0.0169 -0.0339 -0.0819 -0.1574 -0.1449 -0.1449 -0.1449 -0.1488

1.00 -0.0093 -0.0169 -0.0339 -0.0713 -0.1323 -0.1323 -0.1323 -0.1323 -0.1402

0.90 -0.0107 -0.0169 -0.0319 -0.0575 -0.1047 -0.1047 -0.1047 -0.1047 -0.1134

0.80 -0.0120 -0.0169 -0.0291 -0.0496 -0.0921 -0.0921 -0.0921 -0.0921 -0.1008

0.70 -0.0113 -0.0169 -0.0291 -0.0457 -0.0783 -0.0783 -0.0783 -0.0783 -0.0732

0.60 -0.0147 -0.0169 -0.0264 -0.0437 -0.0693 -0.0693 -0.0693 -0.0693 -0.0654

0.50 -0.0160 -0.0169 -0.0260 -0.0319 -0.0496 -0.0496 -0.0496 -0.0496 -0.0535

0.46 -0.0165 -0.0165 -0.0157 -0.0157 -0.0157 -0.0157 -0.0157 -0.0157 -0.0157

SEDIMENT OUTPUT 14:

Lice

Cain>

rate 14a rate 14h rate 14c rate 14d

<kg/hr> <kg /hr) <kg/hr> <kg/hr>

15 4.22 15.13 7.92 B.18

30 0.69 1.34 2.4B 1.29

45 0.34 0.48 1.07 0.70

225 0.00 0.06 0.34 0.03

585 0.00 0.00 0.00 0.00



I MX 04 1

I 1

1 SED.PROPERT1E501/41 - 116 IA5043.3881

VELOCITY Mal1.27 Meth VELOCITY 1012.91 lised: VELOCITY 1465.1 !heti:

total Depth

Depth

fa) (a)

Distance

.ei

total

Dnth

(67

Depth

(si

Mertz Velocity Dietaace

(a /sec) (a)

total

Depth

4)

Nmth

,m)

Onto Velocity

Io/sec)

Distance

<a)

1.90 0.035

-
0.010

-
42.0 0.450 1.40 0.055 0.010 53 0.589 1.90

0.02 52.0 0.557 0.015 70 0.750

0.023 58.0 0.421 0.025 73 0.712

0.035 58.0 0.621 0.030 73 0.782

1.66 0.045 0.010 10.0 0.107 0.035 70 0.750

0.020 32.0 0.343 0.045 70 0.750

0.025 55.0 0.589 0,055 70 0.730

0.035 90.0 0.964 1.64 0.075 0.010 -10 -0.107

0.045 90.0 0.964 0.020 -6 -0.086 1.62

1.62 0.060 0.010 10.0 0.107 0.025 70 0.750

0.020 16.0 0.171 0.035 50 0.536

0.030 30.0 0.321 0.045 80 0.857

0.010 45.0 0.482 0.055 89 0.944

0.059 45.0 0.482 0.065 120 1.206

0.060 43.0 0.462 0.02 no 1.236

1.76 0.055 0.010 14.0 0.150 1.44 0.120 0.010 0 0.000

0.025 20.0 0.214 0.020 8 0.086

0.035 25.0 0.268 0.030 10 0.107 1.50

0.045 40.0 0.429 0.040 0 0.107

0.055 40.0 0.429 0.050 15 0.161

1.50 0.040 0.010 35.0 0.373 0.070 30 0.321

0.015 35.0 0.375 0.090 40 0.429

0.020 38.0 0.407 0.100 45 0.462

0.030 45.0 0.012 0.110 50 0.536

0.040 45.0 0.462 0.120 50 0.536

0.60 0.050 0.010 40.0 0.129 1.34 0.115 0.010 20 0.214

0.015 45.0 0.482 0.025 20 0.214

0.020 58.0 0.621 0.035 30 0.321

0.030 58.0 0.621 0.053 30 0.321

0.45 0.025 0.010 50.0 0.536 0.013 30 0.321 1.34

0.013 60.0 0.443 0.075 40 0.429

0.015 65.0 0.696 0.02 45 0.462

0.025 65.0 0.696 0.095 50 0.536

0.105 50 0.536

0.115 50 0.536

0.80 0.055 0.010 55 0.589

0.015 65 0.696

0.025 65 0.696

0.035 65 0.196

0.045 65 0.696

0.055 63 0.696

0.45 0.050 0.010 75 0.004 1.10

0.020 75 0.804

0.030' 75 0.804

0.040 /5 0.004

0.050 75 0.004

0.070 0.010

0.015

0.020

0.030

0.040

0.050

0.060

0.070

0.065 0.010

0.015

0.025

0.033

0.035

0.055

0.065

0.075

0.065

0.123 0.010

0.015

0.025

0.035

0.045

0.02

0.065

0.075

0.085

0.095

0.115

0.125

0.155 0.010

0.021

0.045

0.02

0.075

0.095

0.105

0.115

0.125

0.135

0.145

0.05

0.135 0.010

0.025

0.045

0.065

0.005

0.105

0.125

148
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150
BED ELE9ATI6N CHAN6E3 45:

Distance Reading

init.bed

(a) (8)

Reading

15a

(a)

Reading

15b

(a)

Reading

15c

(a)

Reading

154

?,1)

Reading

12e

11.15

(a)

Reading

13.45

'al)

Reading

15f

15.20

a't

Reading

17.50

(11)

1.70 0.0000 0.0000 0.4000 9.0000 0.0094 1,1000 1.1010 9.100 0.0000

1.68 - 0.0019 -0.0120 -0.0240 -0.0295 -0.023? -0.0229 -4.3220 -1.0290 -0.0240

1.60 -4.0012 -0,0150 -4.0372 -0.0572 -0.4393 -1.0575 -0.4299 - 0.0417 -0.0260

1.64 -0.0015 -0.0110 -0.0476 -0.0496 -0.0406 -4.3677 -4.3.456 -4.4575 -4.0230

1.62 -0.0018 -0.0091 -0.0567 -0.0602 -0.9634 -1.0211 -9.0614 -4.3611 -0.0210

1.60 -0.0021 -0.4110 -0.0624 -4.0695 - 0.0693 -4.4959 -434654 -0.4677 -4.0240

1.58 -0.1027 -0.4114 0.0654 -1.0722 -9.4281 -4.1126 -A 47=1 -0.0677 -4.4226

1.56 - 0.0026 -0.4110 -0.0601 -0.4270 -0.4159 -0 1"06 -4.4550 -4.3594 -4.1217

1.54 -0.4022 -0.0110 -0.4693 -0.1040 -4.1009 -1.1252 -4.3579 0.0535 -4.4287

1.52 -0.003! -0.0110 -0.0657 -0.1047 -0.1087 -0.1242 -0.4709 -4.0449 -0.4101

1.20 -9.4922 -12110 - 02673 -0.1146 -0.1112 -0.1421 -0.3927 -9.4230 -0.0201

1.44 -0.0441 -0.0130 -4.0496 -0.1205 - 0.1445 -4,1421 -0.4299 -0.4224 -4.0191

1,42 -9.0043 -0.0114 -9.0441 -0.1291 -0.1520 -0.1472 -18,3521 -0.0217 -4.0177

1.40 -0.0046 -0.0110 -0.0370 -0.1276 -0.1251 -0.1441 -0.0772 0.0260 -1.0131

1.29 - 0.0049 -0.0130 -0.0339 -0.1276 -0.1620 -9.1406 -0.4692 -4.0449 -0.0181

1.26 0.0051 -0.0122 -0.0319 -0.1283 -0.1677 -0.1429 -0.0594 -0.0634 -0.0181

1.34 -0.0054 -0.0110 -0.0263 -0.1244 -0.1724 -0.1335 -0.0516 -0.0515 -0.0112

1.32 -0.0056 -0.0110 -0.0264 -0.1205 -9.1776 -0.1244 -0.0417 -0.0461 -0.0161

1.30 -0.0059 -0.0118 -0.0260 -0.1146 -0.1726 -9.1105 -0.0370 -0.4417 -0.0142

1.28 -0.0061 - 0.0118 -0.0256 -0.1087 -0.1756 -0.1106 -0.0221 -0.0542 -0.0154

1.26 -0.0064 -9.0110 -0.0260 -0.1012 -0.1736 -0.1047 -0.0280 -0.0319 -0.0173

1.24 -0.0066 -0.0118 -0.0252 -0.0969 - 0.1736 -1.1035 -0.0200 -9.0290 -0.0173

1.22 -0.0069 -0.0118 -0.4260 -0.0890 -0.1709 -0.1047 -0.0220 -0.0230 -0.0173

1.20 -0.0071 - 0.0150 -0.0248 -0.0831 -0.1697 -0.1205 -0.0220 -0.0260 -0.0161

1.10 -0.0074 -0.0150 -0.0240 - 0.0732 -0.1638 -0.142? -0.0220 -0.0221 -4.0142

1.16 -0.0076 -0.0150 0.0220 -0.0693 -0.1602 -0.1520 -0.0201 -0.0201 -4.0142

1.14 0.0019 -0.0146 -0.0220 -0.0654 -9.1279 -0.1461 -0.0195 -0.0185 -0.0150

1.12 -0.0082 -0.0146 -0.0220 -0.0646 -0.1520 -0.1591 -0.0177 -0.0177 -0.0191

1.10 - 0.0084 -0.0142 -0.0220 -0.0579 -0.1441 -0.1441 -1.0177 -0.0177 -0.0201

1.04 -0.0092 -0.0142 -0.0240 -0.0417 -0.1248 -0.1248 -0.0161 -1.0161 -9.0120

1.00 -0.0097 -0.0138 -0.0220 -0.0362 -1.1047 -0.1047 -0.4191 -4.4181 -0.0191

0.90 -0.0109 -0.0124 -0.0220 -0.0280 -0.0654 -4.0624 -0.0271 -0.0201 -9.0121

4.30 -0.0122 -0.0209 -0.0191 -0.0290 -0.0594 -0.0594 -0.0220 -0.0220 -0.0220

0.70 -0.0125 -0.0169 -0.0121 -0.0260 -9.0529 -1.0529 - 0.0201 -0.0201 -0.0161

0.60 -0.0148 -0.0109 -0.0220 -0.0264 -0.0476 -0.0476 -0.0220 -0.0220 -0.0220

0.50 -0.0160 -0.0209 -0.0181 -0.0290 -0.0417 -0.0417 -0.0201 -0.0201 -0.0220

0.46 -0.0165 -0.0165 -0.0157 -0.0157 -0.0157 -0.0157 -0.9157 -0.0157 -0.0157

SEDIMENT EUTPUT 45:

time rite 15i -at? 155

ieea: ten:

1. 57 Eiftr E.a: Egft

'3:2 15:

8.2 i:irr

-1:e 151

:9E:t

7: ig.tr

-ate rate in

ieea: 'eea:

E.:2 tymr 1.:7

7 0.!: 1.E9 7.0 .06
15 0.14 2.15 E.:t :.E: 0.E2
:0 4.:: 4.E1 :.:1 2.:7
12 0.:: 1.30 :.11

51 1.42 :.:4 t E.46

al 1.25 1.99

Et 0.11 2.64 ...IS

81 0.16 0.94 2.26 a 4.2
90 0.17 5.94 1.80 9.85

102 0.19 0.97 1.30 4.36

:20 0.04 0.94
.,

150 0.1°

120 4.1°
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VELOCITY 454(1.2 liseck
VELOCITY 15(13.0 1 /sec):

VELOCITY 15c15.21 lisecli

Distance

(e)

total

Depth

(a>

Depth Mertz Velocity Distance

kefsec/ (e)

total

Depth

(a/

Depth

<e)

Herb Velocity Distance

(levee> {4)

total

Depth

a>

Depth

Oa>

Hertz

1.90 0.030 0.010 50.0 0.536 1.90 0.050 0.010 70 0.750 1.90 0.075 0,010 80

0.015 55.0 0.589
0.020 75 0.804

0.015 100

0.020 60.0 0.643
0.030 75 0.804

0.023 100

0.030 60.0 0.643
0.040 75 0.804

0.035 100

1.66 0.030 0.010 45.0 0.482
0.050 75 0.804

0.045 100

0.015 50.0 0.536 1.64 0.055 0.010 10 0.107
0.055 100

0.020 60.0 0.643
0.015 40 0.429

0.075 100

0.030 60.0 0.643
0.025 50 0.536 1.60 0.095 0.010 20

1.62 0.035 0.010 45.0 0.482
0.035 80 0.857

0.025 30

0.015 50.0 0.536
0.040 100 1.071

0.045 75

0.020 40.0 0.429
0.045 100 1.071

0.055 110

0.025 30.0 0.321
0.055 100 1.071

0.015 100

0,015 10.0 0.321 1.54 0.100 0.010 20 0.214
0.093 100

1.30 0.030 0.010 45.0 0.482
0.020 50 0.516 1,40 0.160 0.010 60

0.013 55.0 0.589
0.030 60 0.643

0.030 60

0.020 65.0 0.696
0.050 60 0.643

0.050 80

0.030 65.0 0.696
0.060 30 0.321

0.080 30

0.46 0.025 0.010 50.0 0.536
0.070 20 0.214

0.100 0

0.015 65.0 0.696
0.090 20 0.214

0.120 -20

0.025 65.0 0.696
0.100 20 0.214

0.150 -20

1.47 0.075 0.010 45 0.482
0.160 -20

0.025 45 0.482 1.24 0.130 0.010 60

0.035 35 0.375
0.030 35

0.045 25 0.268
0.050 45

0.055 20 0.214
0.070 50

0.065 15 0.161
0.090 so

0.075 IS 0.161
0.110 55

1.10 0.050 0.010 60 0.643
0.120 55

0,020 70 0,750
0.130 55

0.030 70 0.750 0,90 0.075 0.010 70

0.040 70 0.750
0.015 BO

0,050 70 0.750
0.023 80

0.46 0.055 0.010 50 0.536
0.035 BO

0.015 65 0.696
0.045 80

0.025 75 0.804
0.055 80

0.033 75 0.804
0.065 70

0.045 75 0.804
0.075 70

0.055 75 0.804 0.46 0.080 0.010 80

0.020 90

0.030 90

0.040 100

0.050 100

0.060 100

0.070 100
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VELOCITY 45017.7 1/sec :

Velocity Distance total Depth

Depth

WSW (e) 8) (mz

Hertz

VELOCITY 451(3.42 Usech

Velocity Distance total Osoth

Depth

Tedsec> Zs5 485 45

Hertz

VELOCITY 15411.46 Psych

Velocity Distance total Depth

Depth

tsisec) Co> WY CO

Hertz Velocity

(eisec

0.857 1.90 0.090 0.010 90 0.964 1.90 0.055 0.010 65 0.096 1.90 0.035 0.010 60 0.03

1.071 0.020 100 1.071 0.020 75 0.804 0.015 60 5.643

1.071 0.030 105 1.125 0.030 75 0.804 0.020 60 0.643

1.071 0.050 100 1.071 0.055 73 0.804 0.025 62 0.664

1.071 0.060 100 1.011 0.045 75 0.804 0.035 62 0.664

1.071 0.070 il 1.018 0.055 75 0.804 1.64 0.045 0.010 30 5.571

1.071 0.080 100 1.071 1.62 0.065 0.010 10 0.107 0.015 45 0.482

0.214 0.090 100 1.071 0.025 25 0.268 0.025 35 0.509

0.526 1.64 0.085 0.010 50 0.536 0.030 50 0.536 0.035 40 0.420

0.804 0.025 60 0.643 0.055 75 0.808 0.045 40 0.129

1.179 0.055 120 1.204 0.045 40 0.964 1.58 0.040 0.010 40 0.439

1.071 0.045 120 1.286 0.055 WO L071 0.015 33 0.575

1.071 0.065 115 1.232 0.065 100 1.071 0.020 35 0.375

0.643 0.075 115 1.232 1.50 0.110 0.010 40 0.429 0.025 30 0.321

0.643 0.085 115 1.232 0.020 60 0.643 0.030 50 4.521

5.857 1.28 0.225 0.030 0 0.000 0.040 60 0.643 0.040 30 0.321

0.321 0.045 20 0.214 0.060 35 0.375 1.00 0.030 0.010 45 0.482

0.000 0.065 40 0.429 0.070 50 0.521 0.015 55 0.509

-0.214 0.081 50 0.516 0.090 0 0.000 0.020 65 0.696

-0.214 0.105 50 0.336 0.100 -10 -0.107 0.030 65 0.696

-0,214 0.121 40 0.429 0.110 -10 -0.107 0.46 0.031 0.010 45 4.407

0.643 0.145 20 0.214 1.58 0.100 0.010 05 0.161 0.015 41 0.402

0.375 0.165 50 0.536 0.020 50 0.536 0.020 55 0.589

5.402 0.1E15 100 1.071 0.030 50 0.536 0.025 65 0.696

0.536 0.212 100 1.071 0.040 45 0.402 0.035 63 0.696

0.536 0.225 100 1.071 0.050 45 0.482

0.589 1.10 0.100 0.010 :0 0.214 0.060 40 0.429

9.589 0.040 35 0.375 0.070 75 0.268

0.589 0.000 50 0.536 0.080 15 0.161

0.750 0.140 40 0.429 0.090 10 0.107

0.057 0.160 20 0.214 0.100 10 0.107

0.357 0.180 AO 0.837 0.90 0.060 0.010 60 0.643

0.857 0.200 80 0.027 0.020 70 0.750

0.857 4.80 0.135 0.010 70 0.750 0.050 70 0.'50

0.857 0.055 70 0.750 0.040 75 0.804

0.750 0.055 75 0.804 0.050 75 0.804

0.750 0.085 70 0.750 0.060 75 0.304

0.857 0.095 60 0.643 0.46 0.050 0.010 60 0.643

0.964 0.111 50 0.536 0.020 75 0.804

5.964 0.125 45 0.482 0.030 80 0.857

1.071 0.133 45 0.482 0.040 85 0.911

1.071 0.46 0.105 0.010 90 0.964 0.050 85 0.911

1.071 0.033 95 1.018

1.071 0.455 95 1.018

1.071 0.075 95 1.090

0.095 95 1.018

0.105 91 1.018



0

0.01
0.02
0.03

0.04

0.05

0.06
0.07
0.08

0.09

0.1
0.11

0.12
0.13

0.14
0.15

0.16

initial bed
A bed(5.25 1 /sec)

BED ELEVATION CHANCES
RUN (13: 1.18 to 7.78 I /sec

04 0.6 0.8 1 1.2 1.4 1.6

DISTANCE FROM DOWNSTREAM <m>
bed( 1.18 l/sec) 0 bed(2.65 l/sec)

X bed(7.78 I/sec) V bed(2.77 1 /sec)



0
0.01
0.02
-0.03
--0.04 -
-0.05
-0.06
0.07
-0.08
0.C9
OA

Z 0.110
0.12
0.13
0.140tu 0.15 -
-0.16
0.17
0.18

Initial bed
A bed(5.1 lifsee)

BED ELEVATION CHANCES
RUN #4: 1.27 to 7,6 I /sec

04 0.6 0.8 1 1.4

DISTANCE FROM DOWNSTREAM cm>

bed(1.27 1/sec) 0 bed(2.92 lisec)
X bed(7.6 lisee) V bed(3.05 lisec)

1.6



0
0.01
0.02
0.03
0.04
0.05

A 0.06
V 0.07
0 0.08
< -0.09

-0.1
en 0.11
co 0.12

0.13
0.14
0.15
0.16
0.17
0.18

initial bed
A bed(5.21 1 /sec)

BED ELEVATION CHANCE
RUN #.5: 1.2 to 7.7 I /sec

0 4 0.6 0.8 1,2 1.4

DISTANCE FROM DOWNSTREAM cm>
bed(1.2 I/sec) o bed(3.0 l/sec)

X bed(7.7 1 /sec) V bed(3.42 l/sec)

1.6

Lo


