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been plotted together with a cross-section superimposed below at the same scale. The
cross-section was taken at the 8 m location looking upstream.....................................
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longitudinal pro le and b) along the average cross-pro les. Flow is towards the observer.
Cross-sections a,b,c,d are equivalent to long 2,3‚4‚5 along the longitudinal section on the
gravel bar. Sections long ll-long 18 included the main channel beyond the gravel bar.
Data absence at long-ll ................................................................................

Frequency distribution over the old bar in 1992 along a) the long pro le (cross-l is
equivalent to long-2 in Fig. 6.12) and b) along average cross-pro les. Average cross-
pro les a-f are equivalent to long pro les cross 5-10. Note that roughness is much
reduced in comparison to previous year..............................................................................
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Schmiedlaine 1992
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in 1992. View is looking from right to left..........................................................
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front... 90

b) Standing waves parallel to cobble berm, proximal bar during ood ow. Large cluster
in foreground. It is postulated that the regular spacing of standing waves is responsible for
the regular build-up of roughness peaks.............................................................

Relationship between clustered and open-bed material for the entire test bar,
Schmiedlaine, 1990 for a) grain size distribution and b) grain area distribution..............

Relationship between clustered and open-bed material for the entire test bar,
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sections of the channel and bar (where ow is from left to right) have been plotted
together with the cross-section superimposed below at the same scale. The longitudinal
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a) Mini-Tausend issler long-pro le on bar indicating
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area Flow is from
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Mini-Tausend issler cross-pro le at channel/bar interface. Little relief amplitude. Flow is
from right to left........................................................................................

a) Roughness frequency distribution along upper cross-section, Lainbach 1992 ..............

b) Roughness frequency distribution along the long pro le on the bar, Lainbach 1992.
Notice high roughness.................................................................................

c) Roughness frequency distribution along the long pro le in the channel, Lainbach
1992......................................................................................................

Fractal intervals of roughness in relation to grain size

a) Logarithmic relationship between fractal K3 intervals (x-scale) and average K3 value
for that interval (y-scale) for longitudinal and lateral sections. The higher intervals (K3
100-400) were calculated repeatedly from different starting positions to ensure an
adequate sample size. Notice resemblance of lines up to K3 (80) ...............................

b) Cumulative grain size distribution at Squaw Creek, 1992. The transitions from grain to
form (D 10) and system roughness (Dgg) do not match conventional parameters.............

a) Logarithmic relationship between fractal K3 intervals (x-scale) and average K3 value
for that interval (y-scale) for longitudinal and lateral sections. The higher intervals (K3
100-400) were calculated repeatedly from different starting positions to ensure an
adequate sample size. Notice resemblance of lines up to K3 (100)..............................

b) Cumulative grain size distribution in the Schmiedlaine, 1992. The transitions from
grain to form roughness lie at D20 for the long and D1 for the cross-pro le and from
form to system roughness lie at D53 for both.......................................................

a) Logarithmic relationship between fractal K3 intervals (x-scale) and average K3 value
for that interval (y-scale) for longitudinal and lateral sections. The higher intervals (K3
100-400) were calculated repeatedly from different starting positions to ensure an
adequate sample size. Notice resemblance of lines up to K3 (80) ...............................

b) Cumulative grain size distribution at Lainbach, 1992. The transitions from grain to
form roughness lie at D33, D1 and D1 for the channel cross, channel and bar long
pro les respectively and the form/system roughness transition lies at D5 1, D50 and D65- .

3) Longitudinal topographies of Squaw Creek, Schmiedlaine and Lainbach in 1992........

b) Logarithmic relationship between K3 intervals and average K3 value for longitudinal
pro les at all three study areas. Notice resemblance between the Lainbach and its
tributary Schmiedlaine with a slight lag.............................................................

c) Thresholds in cross-sectional and longitudinal gradient and shape from a) smooth to b)
stepped or form dominated (as in the Schmiedlaine) to c) grain dominated in the long
pro le and stepped cross-section in the cross-pro le..............................................

The spatial variability of roughness and geometry according to channel form

Detailed geomorphological map of the Schmiedlaine, indicating the three main types of
reaches (straight, upper bedrock reach, meandering reach up to IJ and braided lower
reach), the location of the debris ow inputs and resulting log jams. The volumes of
sediment erosion and deposition mobilised during the exceptional ood of 30th June 1990
(RI. 150 yrs) are marked as a ribbon above the reach. Corresponding examples of cross-
sections marking "typical" reaches with associated maximum water levels during ows
are also indicated......................................................................................

Examples of typical imbricate clusters in the Schmiedlaine a) in dry channel on bar, reach
above EF (see Fig. 6.41) in 1990, ow from R. to L. and b) in dry channel on bar, reach
above IJ in 1992, ow from R. to L, c) in section, at channel edge, at DE, 1992, ow from
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1. INTRODUCTION

Until recently there has been a lack of roughness
studies with high spatial and temporal resolutions in
steep, coarse-grained mountain streams during ood
ows with active sediment transport (BATHURST,

1978, HEY, 1979, ERGENZINGER & STUVE
1989, EGASI—HRA & ASHIDA 1991, DE JONG
1992c). Individual processes have been examined in
isolation but clearly de ned interrelationships of the
most important river bed interactions remain elusive.

EINSTEIN AND BARBAROSSA (1951), pioneers
in the study of roughness, started by separating grain
and form roughness in order to identify energy losses
during roughness changes. The uctuations in
energy resulting from roughness adjustments on the
river bed rely on the interactions between hydraulics,
bedload transport and river bed geometry. If these
parameters are generalised or averaged, large
inaccuracies emerge from evaluation of energy
components in the river system. Manning and
Strickler rst developed roughness coefficients that
were later re ned by Darcy and Weissbach but these
coef cients de ne absolute roughness and do not
incorporate information on grain and form
roughness, or on energy dissipation which arises
from bedload transfer and turbulence. Very few
advances seem to have been made on this aspect of
roughness since LEOPOLD, WOLMAN & MILLER
(1964). Work by HAYWARD (1980), and
GRIFFITHS (1989, 1981) on the dynamics of
roughness in mountain streams of New Zealand are
an exception. They demonstrate the importance of
rapid form and ow resistance changes over mobile
beds. Most emphasis in the past has had a one-sided
tendency towards analysis of the in uence of
roughness on ow and bedload transport (both in the
eld and in the laboratory).

The analyses do not explore how roughness itself
changes in response to the dynamics of the system.
In addition, the literature does not address the role
that ow and bedload play in the development of
roughness and energy dissipation. Roughness has not
been de ned clearly and measurements have not
been developed to assess the various sources of
roughness.

A roughness coef cient is required that accounts for
spatial and temporal changes of roughness over
mobile boundaries. So far, roughness has normally
been calculated before or after a ood using
representative D34 or D50 grain size values or is

merely estimated (WHITING & DIETRICH, 1990).
Unfortunately these approaches conceal signi cant
tendencies which experimental data may disclose
(BAGNOLD and BARNDORFF-NIELSON, 1980).
The D34 and D50 values are not representative of
the entire grain size spectrum, nor do they indicate
the changing roughness conditions during a
particular time during a ood or at a particular
location in space. When depending on only one
representative grain size in calculating roughness,
there is a danger of omitting factors that vary
temporally and spatially during the course of a
sediment transporting event. Thus when using ow
depth over a representative grain size (BATHURST
1982 a & b, HEY 1979, EGASHIRA & ASI-IIDA
1991) the variability in ow depth may be obtained
but changing grain and form roughness remain
unknown.

There is a new approach whereby roughness can be
measured with high spatial and temporal resolution.
The method produces an absolute roughness
coe 'lcient (K3) which correlates well with the
Darcy-Weissbach or Manning coef cient and can be
obtained empirically throughout the passage of a
ood (ERGENZINGER AND STUVE 1989). When

calculating total roughness using the Darcy-
Weissbach coef cient, all energy losses are
generalised. The K3 coe icient, however
di ‘erentiates form and grain roughness. High
resolution measurements of bedload transport and
different aspects of ow hydraulics can be used to
compliment the K3 coef cient. In addition, factors
controlling the spatial distribution of roughness and
geometry can be investigated both longitudinally and
laterally.

In order to analyse the interactions between
roughness, geometry, bedload dynamics and ow
hydraulics, both spatially and temporally,
measurements should be dealt with separately.
Roughness analyses have to consider the correct
time-scale ALLEN (1983).

Several hypotheses have been set up under the
following research structure which are to be tested
during the course of the thesis. In order to examine
the increasingly complex natural uvial problems,
we have to:

"Think globally, act locally" (NEWSON 1992).
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1.1 Research Structure

This study follows the deductive approach of Carl
Popper and proceeds from the problem identi cation,
hypothesis formulation, experimental design, data
collection, veri cation procedures and nally the
formulation of laws, theories and models. The main
geomorphological framework used is eld
observation, laboratory data analysis and theoretical
of ce work. The primary objective is to adequately
describe and explain the temporal and spatial
dynamics of river bed roughness and geometry.
HAINES-YQUNG and PETCH (1980) criticised this
methodology because it is often characterised by
uncritical acceptance of different philosophies, some
of which are incompatible. This criticism led to the
development of new methodologies. New
methodologies and theories were introduced, keeping
in mind that the advancement of many topics in
geomorphology occurs in the form of paradigm shifts
i.e. due to a revolution in ideas in response to
dissatisfaction with the previous models (from
NEWSON 1992). The need for adequate sampling is
fundamental. At rst all phenomena appear to be
isolated. Mutual relationships can be traced only
through a multiplicity of observations, combined
with reasoning (HUÏVIBOLDT 1849). The thesis has
taken on a slightly, broader and more
interdisciplinary approach (between geological
techniques, hydrological data assessments and
geomorphological interpretations).
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A major obstacle to many uvial geomorphological
studies is the over-emphasis of the spatial pattern
producing element which very often results in the
neglect of the temporal elements. It is dif cult to
contend that spatial pattern descriptions actually
constitute a process theory when gaps still exist in
temporal descriptions. A possible cause for this error
is that in the analysis stage, the objective is often not
adequately de ned. Another origin may be the scale
problem where small scale processes are extrapolated
inapprOpriately to large scale natural processes. An
interactive roughness/bedload/ ow dynamics model
from the Squaw Creek data was set up to enable
explanations and predictions. Predictions were tested
at the Lainbach and re ned.

As once stated by Schae ‘er, a famous geography
philosopher, "geomorphologists often accept too
quickly the notion that all things are unique but that
they have common characteristics and behave in
common ways. It will become evident within the
progress of the thesis that the same principles do not
apply to all similar processes. Nevertheless,
principles are better than simple description and
indeed if a geomorphological idea is to be
meaningful, it must consist of a veri able scienti c
method. The model and relationships in my thesis
are hypotheses and may be falsi ed in future if data
supports rejection.



|00000025||

2. AIMS

The study explores the in uence of bedload transport
and ow hydraulics on the spatial and temporal
dynamics of bed roughness and geometry in
mountain streams.

In order to investigate these complex
interrelationships, each topic is treated separately. A
new relative roughness coef cient, K3, is applied in
the spatial and temporal roughness analyses. Detailed

2.1 Hypotheses to be tested:

2.1.1. Spatial patterns of bed roughness

- How do longitudinal and lateral grain and form
roughness change in relation to one another? Do
these changes persist over different temporal and
spatial scales? These questions will be analysed
on two gravel bars and in the channel at Squaw
Creek (1991/1992), on one bar in the
Schmiedlaine (1990/1991/1992). and along the
bar and channel in the Lainbach (1992).

- What in uence does ow hydraulics and/or
bedload dynamics have on the spatial dynamics of
river bed roughness? This question will be
analysed for the same locations and in the same
time sequence as above.

- Can a river bed can be adequately described in
fractal terms? If so, does a relationship exist
between grain size distributions and associated
fractal distributions.

- How can roughness elements such as clusters best
be described so as to distinguish such features
from adjacent material? Is the size difference
between clusters and adjacent material
signi cantly in uenced by ow and/or bedload
transport.

- Is the spatial variability of form and system
roughness related to bend curvature?

analyses of the highly variable natural uid and
sedimentary interactions are performed in the three
mountain streams instead of using an estimated mean
shear stress value to predict and describe river bed
dynamics. Finally, the spatial and temporal
interrelationships between roughness, geometry, ow
dynamics and bedload transport are summarised in
the new F.A.S.T. (Fluid And Sediment Transfer)
model.

2.1.2 Spatial variability of roughness in
relation to flow

- Can roughness elements such as clusters be used
as ow indicators? Do these roughness elements
represent a different ow phase from that of the
surrounding open-bed material. This question
will be investigated for the Schmiedlaine and
Squaw Creek.

- How does ow in uence the planimetric and
cross-sectional shape of roughness elements and
their angle of imbrication?

2.1.3 Temporal patterns of bed rough-
ness and geometry

- Are there relationships between the dynamics of
roughness. channel geometry and water surface
topography?

- Do roughness and geometry change continually
or in phases during unsteady ow? Are these
changes dictated by bedload transport and/or ow
hydraulics. This will be investigated at Squaw
Creek (1991/1992) and Lainbach (1992).

- A model is proposed to differentiate possible
phases of river bed and roughness adjustment in
response to water surface dynamics. FAST (Fluid
And Sediment Transfer), will be formulated and
tested at Squaw Creek, and applied to the
Lainbach where all parameters other than
bedload transport are known.
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3. LITERATURE REVIEW

3.1 Research Applications

Drastic changes in the erosion, transport and
deposition of valley sediments are expected in
response to the threat of climatic change. The
mobility of these sediments is strongly dependent on
the stability of the river bed which is ultimately
determined by roughness and geometry conditions.
There is an urgent need to reduce resulting hazards
such as increased erosion of man-made structures in
higher altitude regions, increased amounts of
sediment deposition in urban areas and changes in
the amount and composition of sediment in the lower
areas of deposition. In order to evaluate drainage area
protection, detailed studies are required on sediment
dynamics, river bed stability and ood hydraulics in
active mountain torrents. During oods there are
large temporal and spatial uctuations in bedload
transport. There are particular dangers which result
from the generation of large-scale roughness
elements such as log jams. The monitoring of coarse
bedload movement is important for the analysis of
changing roughness characteristics in relation to total
sediment yield, reservoir lling rates, bridge erosion
and vulnerability of sh-spawning habitats
(ERGENZINGER & CUSTER 1983). A knowledge
of the spatial distribution of roughness impacts on
river-bed characteristics is essential in ungauged
catchments for the determination of stage discharge
relations, water and sediment discharge, the mean
annual ood and to reconstruct paleo- ow hydraulics
(SIMONS et al 1965, CLIFFORD et al 1992). The
ood hydraulics which include less familiar processes

such as secondary circulation (BATHURST et al
1979) and the temporal variations of friction velocity
determine the onset of bedload transport (HAIZHOU
& GRAF, 1993) and are important for channel
design, river protection and ood routing.

De nition of mountain stream

There are few continuous measurements of the
dynamic nature of natural mountain torrents. Up to
now, much work has concentrated on sand-bed rivers
and meanders but work on straight, coarse reaches
has been limited. Mountain torrents are characterised
by large-scale form roughness created by large
boulders and cobbles. Their geometry is largely
dictated by step-pool topography which is dependent
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on large boulders, woody debris and bedrock outcrops
(LISLE 1986, KELLER & TALLY, 1979). Gradients
are steep (>2%) and cross-sectional geometries have
high width to depth ratios. Bedload transport is of a
uctuating, intense nature which is dominantly

supplied by hillslope processes. Stream hydraulics are
in uenced by large-scale form roughness (GRANT et
al 1990) creating high energy losses (BATHURST
1978), critical to super-critical ow and disrupted
velocity pro les (JARRE'I‘T 1984, WIBERG &
SMITH 1987, HAIZHOU & GRAF 1993, YALIN
1992). The local morphology of the stream bed is
controlled by small (approx. 10 m3s'1) oods which
occur mainly in the early summer months in response
to snow melt or orographic rainfall. Major channel
forming events consist of infrequent catastrophic
oods with high magnitude and low frequency

(GRANT 1990, DE JONG l992b) e.g. the extreme
ood in the Lainbach valley of 30th June 1990 with a

recurrence interval of 150 years (DE JONG 1992b).

3.1.2 Problems in the study of spatial
and temporal dynamics of
roughness

In most studies the temporal and spatial variability of
roughness is not measured directly. As a result
analysis depends on the generalising assumptions
produced by substitution. BATHURST (1982a&b),
BRAY (1982) and Whiting & DIETRICH (1990)
refer to numerous friction/resistance formulae for
roughness and test their ideas statistically using
existing data sets in order to arrive at optimal
empirical functions. They deal with local averages
only, so that a lack in spatial and temporal roughness
variability persists. Unfortunately the observation
BRUSH (1965, p.2) made is often ignored "roughness
is a derived quantity and not a known or predictable
independent quantity". In this study, shear stress will
not be relied on, instead measurements of bedload,
water surface gradients, river geometry and
adjustment and a relative roughness coef cient (K3)
will be applied. The distribution of shear stress
cannot be determined successfully by theoretical
methods due to the composite roughness and non-
uniform shape of natural channels (KNIGHT &
MCDONALD, 1979).
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Despite the major advances on river bedforms and
roughness in relation to geometry, much remains to
be learned about extreme grain sizes, unsteady ow
and high bedload transport rates (ALLEN 1983).
Most importantly the link between bedform
development and uid characteristics requires
analysis. Because of the unsteady nature of bedload
transport, data acquisition is needed at several time
scales.

Extensive studies on the spatial and temporal
dynamics of roughness have been carried out in the
ume. But no studies in nature have been undertaken

to explain why roughness should increase or decrease
at a particular time or at a particular space. Flume
studies remain very limited in their applicability to
natural systems since they do not account for
important variability in grain size distributions, grain
sorting, bedforrn diversity, gradient, turbulence,
discharge range, ume dimensions (hydraulic
geometry), erodibility of ume banks and existence of
hillslope interactions. The grain size distribution in
steep mountain environments cannot be reconstructed
from uniform grain mixtures, nor is it possible to
extrapolate results, such as Froude numbers for these
highly uctuating uvial processes. In addition
complex natural behaviour in uencing roughness
development such as secondary ow circulation
which is determined by certain width to depth ratios
(YALIN 1992) and the dynamics of bedload
transporting phases (BRIDGE 1991, BUNTE
l992a&b, CARSON & GRIFFITHS 1987, DE JONG
& ERGENZINGER 1992, DRAKE et al 1987,
ERGENZINGER 1988, ERGENZINGER et al 1994,
GOMEZ 1983, et al 1989, JACKSON & BESHTA
1982, KUHNLE 8L SOUTHARD 1988, REID &
FROSTICK 1986, SHIH & KOMAR 1990) cannot be
adequately described in the ume. In short, the role
that roughness plays in mountain streams is highly
variable, both spatially and temporarily and this
variability cannot be replicated under simpli ed
ume conditions.

3.2 Spatial variation of roughness

3.2.1 Hierarchies and patterns of rough-
HESS

In natural torrents, river bed arrangement is a very
important determinant of the spatial interactions
between bedload dynamics, river bed roughness and
ow adjustments. These are in part dependent on the

actual grain size distribution, on grain shape and

river bed gradients as well as valley shape. The scales
of roughness and associated river geometry play
differential roles in determining ow resistance and
controlling non-uniformities in sediment transport
(GRANT et al 1990, WHITTAKER and JAEGGI
1982, ERGENZINGER et al 1994).

Nonetheless, there is still a major de ciency in the
description and analysis of the formation and patterns
of coarse-material bedforms such as clusters,
transverse ribs and arcs, boulder berms and levees
and their interaction between river geometry in
coarse mountain environments. Regardless of this
de ciency, the range in spatial variability of
roughness in coarse-grained rivers has been
summarised in Table 1 after CHIN (1989), GRANT
et al (1990) and ROBERT (1990). In the literature
reference is made primarily to sand bedforms and
arti cial bedforrns in the ume followed by a sudden
jump in scale to boulder and step-pool systems. The
scanty acknowledgement of gravel and cobble
bedforrns cannot be justi ed. Coarse material has an
important in uence on sediment transport and
hydraulic characteristics of streams and rivers.

A distinct hierarchy exists in roughness units ranging
from single grains to clusters, step-pools and nally
the actual river morphometry. Thus single bed
particles and their associated hydraulic micro-
environments form assemblages of micro- and
macro-bedforms which in turn in uence the reach
and collectively the river's longitudinal pro le
(GRANT et al 1990). Even at the largest roughness
scales, i.e. unit roughness, there are important scales
of variation (GRANT et a1 1990) in relation to the
extreme variability in grain size distributions and
local slopes. Hierarchies of bedforms are thus related
to a range of ow depths, ow regimes and
availability of sediment (ALLEN 1968).

These investigators have shown that the spacing of
channel units is not random. Step spacing is inversely
proportional to the bed slope and the steepest
bedforms consists of the D90 of the local grain size
distribution (GRANT et al 1990). Well developed
channel units such as bars are absent from channels
that have gradients steeper than about 4° due to
constraints of width to depth ratios and low ratios of
ow depth to particle size. Instead step-pool systems

characteristically form under conditions of a low
sediment supply. The spacing of channel bedforrns,
such as pools and ri les, has been con rmed to be a
function of channel width, lying anywhere between 2-
7 channel widths (CHURCH & GILBERT 1975,
GRANT et al 1990, LEOPOLD & WOLMAN 1957,
RICHARDS 1978). Indeed, channel bedform spacing
depends on slope gradient, so that steeper channels
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Table 3.1 Spatial variability of different scales of roughness

Grain References Form Length * References Unit Length" References
roughness roughness (parallel roughness (parallel

to ow) to ow)

single Komar and Li clusters 10'2-100 O'Loughlin 1969 ri les and 10'1-100 (Leopold et a]
particles 1986 Brayshaw 1983, pools 1964, Yang, 1971,

1985, Cli 'ord 1992, Richards 1976,
Hassan 1990, 1978a, 1978b,
Johannson 1963, Robert 1990,
Teisseyre 1977, Dal Keller and
Cin 1968 ‚ Reid Melhome 1978,
1983 Milne 1982b
de Jong 1992 a,h&c Beltaos 1982
1993 Bathurst 1982

Ashida 1981
Knighton 1983

transverse 10'1—100 McDonald and minor 10'0-10l Hayward 1980,
ribs Banerjee 197l, steps Whittaker 1937b,

Koster 1978, Allen Sawada et al 1983
1982, McDonald Heede 1981
and Day 1978 Church & Jones

1982

arcuate rapid, (Grant et al 1990)
ribs cascade

steps and Bathurst 1978,
pools Bowman 1977,

Whittaker 1982,
1987a, 1987b,
Whittaker and
Jaeggi, 1982a &b
Petts & Foster
1985
Ergenzinger 1990,
1992, Egashira
1991, Graf 1989,
Grant, 1990, 1992
Chin 1989, Robert
1990, Clarke and
Hansen 1985

* lengths measured in terms of channel width

have more closely spaced bedforms. Large boulders 3_2_2 Fractal intervals and scales of
also dictate the spacing of pool systems. Ultimately
unit size is dependent on the distribution of bedrock
(which in uences the location of steps), channel
constrictions and local coarse material inputs
(GRANT et al 1990, MILNE 1982a, 1982b). Large-
scale boulder log jams for example, are situated at the
upper end of the bedform scale and are mostly
dependent on transport-limited non- uvial material
such as large boulders and logs from debris inputs
(GRANT et al 1990, DE JONG l992b). The rare
incidence of coarse-material transporting events
indicates that the hydraulic conditions under which
these bedform systems evolved are dependent on high
magnitude, low recurrence interval events (GRANT
et al 1990).
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roughness

Fractals describe a physical division (from the Latin
verb angere or splitting up, breaking into irregular
pieces as in fraction) into ever smaller intervals from
in nitely large intervals (MANDELBROT 1987,
TURCOTTE 1992). Fractal intervals are assumed to
be an appropriate measure for describing the chaotic
nature of roughness. Fractal intervals determine a
range of scales over which the statistical properties of
an entity remain self-similar. Fractal analyses of the
hierarchy of bedforms on the river bed have revealed
that transitions in roughness are scale dependent
(FURBISH, 1987, ROY & ROBERT 1990). Work by
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CLIFFORD et al (1992) and ROBERT (1990) has
demonstrated that in natural river sediments, two
fractal bands of roughness exist. These fractal bands
are clearly separated by transitions which are
attributed to a change in scale from grain to form
roughness.

The authors also suggest that a selection of longer
step lengths would emphasise the fractal dimension
of the slope (gradient) component in rivers. If a short
river reach is selected, then the slope is associated
with a local measure of resistance to ow only as in
ROBERT (1990). The river reach should therefore be
long enough to include at least one geomorphic unit
even if this means more work! In short, this implies
that reach lengths should be long enough to develop a
mean slope and assess its variance (BRAY 1982).

Fractal intervals de ne the transitions between form
and grain roughness and so must depend in part on
the grain size distribution. However little attention
has been given to the distribution of roughness in
relation to grain size (see MJLNE 1982b), especially
within a reach scale or for small gravel/cobble
streams. Neither have the different types of roughness
and geometry been systematically investigated for
different rivers and river reaches in relation to the
local grain size. '

Another shortcoming is the lack of cross-sectional
and longitudinal roughness comparisons, which are
again related to the grain size and type of bedforms.
Fractal analyses of roughness distributions in
different environments and different orientations
should improve our spatial knowledge of such
roughness distributions.

3.2.3 Measurements of roughness and
geometry

3.2.3.1 Micro-pro ling

Conventionally, roughness has been measured from
the local grain size distribution (BRAY 1982,
BATHURST 1982 a&b, GRIFFITHS 1981, HEY
1979). These measures are inadequate since they do
not re ect the bed arrangement, hiding, and the
projection (degree of exposure) of particles which
have an important in uence on the initial and
selective movement of grains (FENTON &
ABBOTT, 1977, PARKER et al 1982, ANDREWS
1983, KOMAR 1987, KIRCHNER et al 1990). Thus
the resistance of roughness to ow is related to the
pattern and spacing of roughness elements
(BAYAZIT 1978).

In addition, BAYAZIT (1983) and KOMAR & LI
(1988) found that the agreement of the roughness
coef cient KS and grain size is not perfect in nature.
Accurate determination of roughness has been a
major problem in engineering and sedimentary
investigations (HEY & THORNE, 1983), and it is
clear that an ef cient sample size and consistent
method is required (WOLCOTT & CHURCH, 1991).
Measurements of the vertical pro les (cases) are
important since the velocity distribution has been
proven to depend on the vertical orientation of the
clasts (WIBERG & SMITH, 1991). Micro-pro ling is
thus an essential technique to measure roughness.

Measurements of roughness are typically spatially
limited since they are taken only at metre intervals,
rather than over an entire reach and then are
restricted to the longitudinal pro le, with no data
collected on the cross-sectional pro le.
Measurements must take into account large
differences in relationships between form and grain
roughness for different rivers due to the effects of
micro-bedforms. A multiplier function for each
characteristic grain size is therefore required
(CLIFFORD et al 1992). In order to derive such a
multiplier of grain size distribution different
techniques for measuring the particle c-axis
projection can be applied.

The spatial variation of bed elevation can be
determined using a micro-pro ling technique whose
setup and application varies with researches. No
standard method exists. The bed pro le can be
scanned directly from a micro-pro ler in the eld
(FURBISH, 1987, ROBERT 1988, 1991, CLIFFORD
et al 1992) or re-produced by means of pins and
photographed in the eld, so that exact positions can
be digitised later in the lab (DE JONG l992d) or be
pro led with sophisticated steel frames and
adjustable spring legs as used for testing rock
roughness (McCARROLL 1992). Less satisfactory
and less ef cient techniques include resin sampling
of the surface (BUFFINGTON et al 1992).

More sophisticated techniques that do not disturb the
ow eld and sample the river bed in far shorter time

intervals include at water echo-sounders and high
frequency sonars (DINGLER et al 1977). Extreme
dif culties are encountered when applying echo-
sounders in active mountain torrents rather than in
gentler and deeper lake and harbour environments for
which they were designed. A special at—water echo-
sounder developed for the eld (Lainbach and Squaw
Creek) by the company Dr. Fahrentholz failed due to
signal disturbance by turbulence, air bubbles and
shaking of the sounding body which confused the
depth recordings.
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3.2.3.2 Quanti cation of
characteristics

textural particle

Approaches to the measurement of grain sizes by
sieving and other similar techniques dependent on
the measurement of b-axes or by weight (WOLMAN
1954, LEOPOLD et al 1964, WOLCOTT &
CHURCH, 1991) are widespread in the literature.
Description of roughness by grain size alone has its
limitations however, since it does not take account of
the degree to which particles project into ow.

In addition the lack of accurate grain size description
techniques has often lead to oversimpli cations or
estimations of roughness properties in those cases
where the river bed could not be sampled otherwise.
This has been largely overcome by the new
photosieving technique developed for the analyses of
textural particle characteristics (DIEPENBROEK,
1992, DIEPENBROEK et al 1992, DIEPENBROEK
and DE JONG 1993, IBBEKEN, 1974, IBBEKEN
and SCI-ILEYER, 1986). This 2-D surface sampling
technique may at rst appear to be disadvantageous.
It is actually advantageous when viewed in the light
of incipient particle motion which is restricted to the
surface layer and does not include the 3 dimensional
particle size due to hiding and particle exposure
(KLINGEMANN and MATIN, 1993). The technique
allows accurate and rapid description of individual
particles by means of the analysis of vertical
photography of the river bed. Particles are digitised
and their outlines approximated to an ellipsoid,
assumed to be the particle's optimal shape, by means
of a Fourier analysis. The description of the particle
outlines allows not only very precise a and b axis
descriptions but also the determination of particle
rounding, surface area and degree of orientation. A
special computer program developed by
BARTHOLOMÄ and DIEPENBROEK analyses
these properties.

3.2.4 Limitations of traditional ow
resistance equations

Flow resistance is produced by the effects of form
drag of sediment particles, their disposition in the
channel, channel shape, bedform drag and sediment
movement effects (BATHURST 1982 a & b,
ROBERT 1990). As LEOPOLD, WOLMAN &
MILLER (1964) pointed out, roughness has to be
clearly differentiated in terms of grain, form and ow
resistance. This includes the resistance of particles,
bedforms and channel geometry (EINSTEIN &
BARBAROSSA 1951, BOGARDI 1974, GRAF
1971). Flow resistance affects the mean velocity of
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ow that can be calculated from the shape of the
velocity pro le which in itself can be quanti ed as a
function of resistance factors (BRAYSHAW et al
1985)

There are two commonly used equations for
roughness, Manning and Darcy-Weissbach. One
formulation of Darcy-Weissbach is that roughness
depends on bed slope and geometry. One formulation
of Manning is that roughness depends on the
hydraulic radius and surface slope.

Although widely used, Mannings roughness has
considerable limitations (JARRETT, 1984). The
Manning equation was developed for uniform ow
and seriously over- and underestimates roughness in
high gradients and shallow ows. Another limitation
of the equations is that no attempt is made to
determine the effects of secondary ow on flow
resistance (LEOPOLD, WOLMAN & MILLER
1964). Also, Darcy-Weissbach and Mannings
equations only predict average reach roughness
rather than local roughness. Below is an example of
the Darcy-Weissbach equation, an improved version
for mountain torrents:

i: ____"___
f

_
(gR-S)”2

where v = velocity, g = gravity, R= hydraulic radius
and S=Slope. It allows indirect estimation of velocity
and discharge which is essential in many natural and
paleo-environments.

Many impressive combinations of D50, D84 and D90
have been used to estimate ow resistance and
emphasise the important in uence of large particles
(LEOPOLD et al 1964, CHURCH et al 1990), yet no
appropriate combination has been achieved. Since the
c-axis of a particle lies in the vertical and is therefore
responsible for shear friction (JOHANSSON 1963,
BATHURST et al 1982) it is appropriate to substitute
this variable in ow resistance inctions for natural
river sediments. So far studies of this kind have only
been carried out by GALAY and ROBERTSON &
WRIGHT, as mentioned in BRAY (1982), and by
ROBERT (1990) and DE JONG (19920 8L d).

Flow-generated bedforms constituting form
roughness form an integral part of the sediment
transport process (DINGLER et al 1977) and are
indicators of ancient environments of deposition.
Ideally, ow resistance equations should consider the
relative submergence of particles (BATHURST et al
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1982) and the maximum particle size moved
(COSTA 1983). Although imbrication is generally
not accounted for, this property of fabric is important
since such fabrics change the entrainment threshold
(BRAYSHAW et a1 1983, BRAYSHAW 1985).

Flow resistance is increased through bedforms and
boulders and as a result of sediment movement. In
turn, ow resistance has been recognised as having
an important in uence on the generation of
turbulence (WANG et al 1993). BATHURST (1978)
showed that when roughness elements project
through ow, ow resistance is determined mainly by
form drag. The effects of roughness elements on ow
are most intense when roughness size is equal to ow
depth (BAYAZIT 1982).

Roughness geometry, obtained by micro-pro ling
(section 3.23) is important since it is determines the
magnitude and dimensions of eddies shed in their
wake. Semi-variograms and zero-crossing techniques
have been used to estimate mean velocity using the
friction factor obtained from water depth and grain
size information (CLIFFORD et al 1992). For these
natural rivers, an empirical constant was applied to
represent e ‘ective roughness lengths. Since the
sorting of sur cial material has a more signi cant
in uence on roughness than mean particle size
(ROBERT 1988b), the assemblage of particles into
bedforms has to be investigated separately from the
rest of the bed material.

This problem can be addressed by the K3 coefficient.
This coe icient is a speci c roughness parameter
calculated from the maximum vertical difference
between three adjacent points (ERGENZINGER &
STUVE 1939, DE JONG & ERGENZINGER 1992,
ERGENZINGER 1992) which allows grain and form
resistance to be separated.

K3 = max (xl_....X3)- min (x1....x3)

The K3 coefficient depends on particle size, shape
and spacing as well as relative roughness. It brings to
light the complexity of speci c roughness changes
during ood events.

Similarly the K3 technique (ERGENZINGER &
STUVE 1989, ERGENZINGER 1992, DE JONG &
ERGENZINGER 1992, DE JONG 1992c) can be
used as an empirical measure of roughness. The K3
relative roughness measurement depends on bedforrn
amplitude in a similar way to the zero-crossing
technique and differs from the semi-variogram which
analyses spatially dependent random variables

(ROBERT 1988, ROBERT 1991, CLIFFORD et al
1992). Two roughness scales can be identi ed from
these measuring techniques, that of grain and that of
form roughness. Few studies up to now actually
account for the empirically measured roughness
length (CLIFFORD et al 1992). Such lengths include
grain roughness effects (e. g. around large particles),
form roughness effects, such as bars, and site
characteristics (eg. step-pools).

As GESSLER (1990) pointed out, increases in the KS
roughness coef cient beyond the maximum particle
size during bed armouring result from changes in the
turbulent velocity Le. a re ection of changing grain
arrangement. CLIFFORD et al (1992) incorporate the
relation between the b and c axis (shape) of a
particle, the largest grain size and the bedform
dimensions. The result is three resistance formulae
which include total, grain and form resistance. The
total resistance equation:
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represents a combination of the Froude number
together with an addition of grain and form
roughness as the denominator. In the grain resistance
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equation, where k is the value obtained from the
semi-variogram and in the form resistance equation,

fin;
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where l is obtained directly from a micro-pro ler.

Thus, as BRAY (1982) stated, the effects of bedforms
are not adequately accounted for when applying
traditional resistance equations and improvements
are necessary in this eld. In future, more work is
required on the fundamental characteristics of
roughness and its measurement.
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3.3 Flow hydraulics

3.3.1 spatial interactions between the
distribution of roughness and ow

This thesis also attempts to explore the in uence of
ow on roughness. In the literature most studies

concentrate on the in uence of roughness on ow but
not the reverse. Ifthe opposite is to be analysed, then
particle orientation, vertical and horizontal bed
arrangement need to be considered. Orientation
studies for coarse sediments are still lacking in the
literature, apart from . work carried out by'
TEISSEYRE (1978), BRAYSHAW et al (1983),
DAL CIN (1968) and JOHANNSEN (1963). Other
studies have been limited to ner grained fabric
analysis. Orientation studies are important since they
provide information on patterns of currents as well as
processes and mechanics of transport (ALLEN
1982b).

Comparisons with ume experiments (GRANT et al
1990) show that steps form where large particles are
deposited under hydraulic jumlas whose physical
obstruction cause abrupt decreases in velocity.
Boulders protruding above the bed favour the
formation of hydraulic jumps (BATHURST et al
1979, KIEFFER, 1985). For a step to form, ow has
to be equal to the Dmax- The regularity of step-pool
systems has not bœn explained so far but may be
comparable to the longitudinal sorting of sediment
into "smooth", low gradient and “congested", high
gradient zones as suggested by ISEYA 3L IKEDA
(1987) in the flume. Sediments segregate into these
zones because high concentrations of nes increase
local bedload traIJSport rates of coarse particles by
reducing grain roughness and providing a smooth
transport surface. Coarse particles are transported
until they encounter an obstacle or other obstruction
deposited under a standing wave, where grain
roughness is increased and a gravel jam or cluster
occurs. The mechanism can be compared to the
kinematic wave theo of LANGBEIN 8c LEOPOLD
(1968).

3.3.1.1 In uence of fluid vorticw'von Karman
fluid vortex street on bedform growth

Fluid ow moves by translation and rotation into
vortices (PRESS 8L SCHRÖDER 1966). The vortex
eld consists of a system of vortex lines which induce

the circulation. In viscous uids the periodic
production of vortices from bodies subject to ow are
de ned as the Karman uid vortex street (VON
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KARMAN 1912), shown in Fig 3.1. This process
originates behind an obstacle where an increase in
pressure causes velocity to become negative and the
ow direction to change into a backstream (PRESS 8r.

SCHRODER 1966, SPURK 1990. BRAYSHAW et al
1983). Upstream of the obstacle a pressure maximum
is achieved which causes a pressure gradient to
develop downstream of the obstacle. Pressure changes
occur not only in the direction of ow but also
transverse to it .(KARCZ 1968) thus creating
centrifugal forces. The vorticity produced has a
strong downward component creating a diving
motion of the uid into the familiar horseshoe vortex
which moves up again downstream of the obstacle
where the pressure is lower (PRESS dz. SCHRÖDER
1966). This forces the vertical velocity pro le to
change from convex to concave which in turn results
in the release of vortices into the mainstream. So
much energy is lost through friction in the obstacle
stoss that downstream of the obstacle the Bernoulli
pressure cannot increase any longer. A ow re—
attaclunent zone is achieved from which the vortices
are carried away by the flow in counter-rotating,
alternative pairs from one side of the obstacle to the
other, causing the Karman uid vortex street.

Separated
Region /

Fig. 3.1 Vortex productionleddy shedding form the uid
Karman vortex street. (after PAOLA et a1 1986)-
R=Reattachment point.

Where there is local lift, an oscillation of the vortex
occurs, followed by bursting, ejection and a sweep (or
inrush) which e 'ects the entire boundary layer
(GRASS 1991, SUTHERLAND i967). The
movement of the vortex into a high velocity area
enhances vortex stretching. This process of vortex
development near an obstacle is the most likely cause
of regular ow structures. Large—scale turbulence Le.
ow cells are formed where small-scale vortices pull
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up. Particle entrainment has been used as a technique
for exploring the structure of these turbulent spots.
When roughness is very close to each other, the
eddies shed by roughness elements are con ned to
pockets between the elements and ow becomes
uniform outside (BAYAZIT 1982). But no
information is available on bursting phenomena near
large roughness elements.

Work has been carried out on the in uence of
turbulence on sediment transport in marine
environments but a discussion on this will be omitted
due to the uncon ned nature of marine ows. Also,
few experiments exist on the formation of bedforms
in coarse media but some data can be transferred
from sandy media. On sand beds ow can possess a
certain periodicity in crossstream direction due to the
in uence of secondary circulation (SPURK 1989,
YALIN 1992). Once a local discontinuity exists, the
behaviour of ow and its turbulent structure changes.
This process "promotes" eddy shedding and more
frequent burst-forming eddies. The break-up of one
burst triggers the formation of the next. The
bedforms that originate at the discontinuity sections
are the imprints of these burst sequences. Bedforms
are created by bursts effecting grain dislodgment. The
growth of bedforms causes the total growth of bed
roughness and thus a reduction of the Darcy-
Weissbach friction factor and Fronde number
(PARKER & SUTHERLAND 1990).

These burst-generated bedforms are perpetuated as
steps. The smaller their period (i.e. lesser bursts), the
smaller the bedform. In short, bedforms are produced
by the coalescence of a series of smaller bedforms.
The bedform growth terminates when the largest
bedform has been produced. The maximum width of
a vertical burst in plan is twice the bedform height.
Erosion occurs at the beginning of the bedform and
deposition at the end where a regulation of
streamlines is attempted by the ow. If standing
waves persist long enough, bedforms are initiated.
The steepness of the bedforms are of ow-induced
origin. Flow shapes its lower boundary until an ideal
steepness (imbrication) is reached. An increase of the
D/h (grain size/bedform height) can only be achieved
if there is a decrease in the imbrication angle.

3.3.1.2. Morphological adaptation of obstacles!
clusters to flow

The adaptation/organisation of particles on the river
bed into various types of bedforms is important when
considering their ability or disability to become
entrained. Of these the formation of clusters
(TEISSEYRE 1977, DAL CIN 1968, BRAYSHAW

1984, CLIFFORD 1992, DE JONG l992a, REID et
al 1992) in coarse environments has been most
neglected. FAHNSTOCK (1963) de nes clusters as
imbricated boulders that form at high ow during
high bedload transport, when large particles are set in
motion. These clusters become "islands" either due to
the scour of adjacent channels or due to decreases in
discharge. Few studies have described the process of
cluster break-up in detail. There is some evidence
that ow velocities can increase on the edges of
clusters during ood ows. This process can remove
stoss and lee particles effected by lift and drag forces
while the obstacle remains in place acting as locus for
sediment exchange (BILLI 1988, DE JONG 1992a).
This re ects the importance of near-bed turbulent
velocity effects on micro and macro-roughness.
Micro—form spacing is therefore a phenomenon of
microform geometry which in itself is effected by
eddy shedding and the deposition or erosion of single
particles.

The results from the natural experiments show that
coarser grain particles may actually be entrained at
lower shear stress (KOMAR 1987) and ner grain
sizes require higher shear stress due to hiding effects.
This has implications for the stability of bedforms,
since preferential entrainment of larger clasts may
even occur within cluster structures (BILLI 1988, DE
JONG 1992a). Individual interpretations on this
theme differ (BRAYSHAW et al 1983, CHURCH
1985) and measurement difficulties may obscure
some results.

KOMAR (1987) suggests nevertheless that ow
competence can be estimated from selective
entrainment relationships. Entrainment depends not
only on the particle size but also on their relation to
surrounding grains. This re-af rms the need for a
relative roughness co-ef cient. Particle arrangement
may cause a lowering of shear stress necessary for
entrainment, thus larger particles projecting further
into the eld of velocity and are more likely to be
subject to lift forces (ERGENZINGER & JÜPNER
1992).

Obstacles are important three-dimensional elements
in river bed microtopography (Fig. 3.1) since they
determine ow patterns and the subsequent
development or destruction of bedforms. The pattern
of erosion around obstacles depends on ow depth,
Reynolds numbers, orientation and position of the
obstacle to ow, obstacle size i.e. width, height and
percentage of total length of obstacle with maximum
protrusion, as well as shape (KARCZ, 1968, ALLEN
1982a, DE JONG 1991, 1992a, PAOLA et a1 1986,
STATZNER 1988). Skin friction accounts for
differential development of stoss and wake
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characteristics (PAOLA et al 1986). Downstream of
the obstacle's ow re-attachment area the skin-
friction magnitude is approx. 20% greater than its
adjacent free-stream value whilst to either side of the
obstacle, skin-friction values are lower. This explains
why the obstacle’s area of in uence to ow limits the
length- and width-wise development of scour hollows
and/or depositional tails.

Depositional and erosional processes downstream of
the obstacle depend on the obstacle height (PAOLO
et al 1986). Thus tall cylindrical obstacles will cause
scour pits rather than depositional tail ridges. In
biological experiments carried out with macro
invertebrates at quasi-natural ow conditions, bodies
that protruded furthest into the ow created the
steepest velocity gradients (STATZNER & HOLM,
1989). This region is associated with the highest rate
of abrasion and lift.

The area of scour around an obstacle does not extend
as far downstream under low ow as under high ow
(SPURK 1990, KARCZ 1968). Thus at low Reynolds
numbers (e.g. 20) the separation zone occurred at 1.8
times the obstacle height in length whereas under
high Reynolds numbers (e. g. 6500) ow separation
occurred only at 9 times the obstacle height
(STATZNER 1988). By comparison with his
biological obstacles, an optimally adapted shape to
ow would have low Reynolds numbers, high

protrusion and steep wake angles since this
combination would reduce friction drag, minimise lift
and maximise pressure drag.

Since the Reynolds number is related to particle size,
small obstacles acting as candidates for cluster
formation should have di ‘erent shapes and
imbrications to larger ones adapted to the three
potential forces acting on them. Traditionally it was
thought that the more streamlined the obstacle was,
the better the morphological adaptation to ow, the
more the reduction in drag and the smaller the scour.
LDA (Laser Doppler Anemometer) measurements
carried out by STATZNER (1988) showed that
streamlining was dependent on particle size, thus
small obstacles should be hemispherical in shape in
order to reduce friction drag whilst larger ones can be
streamlined to reduce pressure drag. This should
have implications for the natural shape of clusters.
If the obstacle lies normal to ow it will cause a U-
shaped scour crescent that begins with an upstream
scour slope and ends with long tapering tails that
form in conjunction with reduction in velocity
(KARCZ 1968). The upstream hollow often allows
material to rest against the particle’s obstacle i.e.
forming a cluster under coarse material conditions.
Cluster formation is strongly dependent on uid
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forces. The appearance and dimensions of the cluster
will depend on the spacing of the obstacles on the
river bed. There is considerable interference between
patterns of ow deformation around closely spaced
obstacles or bedforrns. When the ratio of inter-
obstacle distance to obstacle diameter exceeded 12,
no ow interference occurred. When this ratio
diminishes, the wake zone of the obstacles becomes
disturbed by the stoss zone of the obstacle
downstream of it, so that the scour crescent is
inhibited into a shallower and smaller shape than
normal. The geometrical length of scour depends on
the duration of scour i.e. after a certain period of
time, a maximum length of scour is achieved. The
geometry of the obstacle marks is determined by
secondary ow patterns induced by the obstacle itself.
In sandy gravel mixtures, obstacle shadows may
assume the shape of a longitudinal ridge produced by
deposition or a longitudinal furrow produced by
erosion or indeed a multiple arrangement of
ridges/furrows.

The natural diversity of clusters has not been
examined very closely up to now. Comparison with
ne-grained media show that depositional ridges can

form under various conditions (PAOLA et al 1986),
although they may be more limited in coarse-grained
environments. In the tested relationships, tail lengths
are usually not longer than 2-10 obstacle heights.
One possible reason for deposition of ridges longer
than assumed from the obstacle-wake relationships
may be changes in current direction as a result of
bedload deposition. STATZNER & HOLM (1989)
also found in their experiments that in streamlined
obstacles, the orientation of the obstacle to ow
in uenced the extent of the dead water zone, whereby
the greatest extent was achieved when ow came
from the side. Another explanation could be obtained
from changes in the wake structure induced by small
ow depths or strong sediment transport (ALLEN

1982a). Changes in ow depth will bring about
alterations in the vorticity i.e. vorticity will become
predominantly vertical and elongate the depositional
zone. The strength of sediment transport alone may
not be as decisive in extending the ridge as the
modi cation of the unknown skin-friction patterns.

3.3.1.3. Turbulent fluctuations
varying roughness scales

in response to

Although the in uence of obstacles on ow cannot be
directly measured in the field during oods, micro-
pro ling of the river bed supplies important
parameters with which to de ne the stability of
individual particles, their in uence on surrounding
bed arrangement and ow. VON KARMAN &
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RUBACH (1912) pioneered work on the creation of
ow separation and uid vortex streets in relation to

obstacles in the ume. Nearly 80 years later, three-
dimensional eld analysed velocities provide some
indirect identi cation of eddy shedding and energy
loss produced from large grains and micro-forms
(CLIFFORD et al 1992). Velocity measurements
were analysed by stochastic modelling of periodic
oscillation frequencies. Both short and longer interval
uctuations were present. The frequency of eddy

shedding is not only dependt on the near velocity
eld but more importantly on the diameter of the

obstacle (SCHLICHTING 1970, SPURK 1989).
Under increasingly higher Reynolds numbers the
length of the eddy produced increases (SPURK
1989). In addition the micro-form element height has
a more signi cant in uence than ow depth. In
ume experiments, the lift force was found to be

dependent on the gap ratio between particles i.e. the
distribution and spacing of roughness. (WILLETTS
& NADDEH, 1987).

3.4 Temporal variations of rough-
ness and geometry

3.4.1 Temporal ‘variation of rough-
ness

Temporal variability of roughness is very rapid and
extreme during the passage of ood events
(ERGENZINGER & STÜVE 1989, DE JONG &
ERGENZINGER 1992, DE JONG l992c). This
change, along with uid turbulence and bed sediment
transport, causes roughness measurement problems.
The grain coe icients are not invariant during the
course of a ood (WHITING & DIETRICH 1990),
since there is an increase in resistance due to moving
grains and an associated energy loss. Pioneering
studies by LEOPOLD & MADDOCK (1953) found
that changes in channel geometry, average velocity
and the Darcy-Weissbach friction factor correlated
well with the discharge. Results of average K3
roughness values from the Lainbach (in 1988, see
ERGENZINGER & STUVE 1989) support this
conclusion and indicate that increases in ow depth
and ow velocity are related to discharge.

At the Lainbach, decreases in the K3 co-ef cient
occurred in the main channel with increasing
discharges but on the bar, roughness increased during
decreasing discharges (ERGENZINGER & STÜVE
1989, ERGENZINGER 1992). With an increase in
discharge, there was an increase in energy and
power, reconstructed from the relationship between

gradient and ow resistance. In energy terms, high
discharges with low roughness conditions have a
tendency to become more equilibrated than low ows
with high roughness.

HAIZHOU & GRAF (1993) determined ways in
which to measure friction velocities and applied them
to natural hydrographs using Coleman's 1962 data.
The friction velocity was usually higher on the rising
ood limb with a maximum immediately before the

peak followed by descending values on the falling
limb. This may be of importance when considering
phases of bedload transport. Since the peak amount
of sediment transport is usually reached on the rising
ood limb, this may be an interactive process with

correspondingly high friction velocities. In addition
roughness values as measured in ume and natural
studies usually sink to their lowest values during this
phase (VINCENT 1967).

3.4.2 Temporal variation of channel
geometry

Unfortunately analyses of channel geometry in
straight reaches are generally lacking and what
literature there is, is con ned to sand-silt channel
bends. Nevertheless bed topography is generally
related to the amount of bedload throughput, the
bedload transport rate and direction, each of which is
governed by the three-dimensional ow
(ENGELUND 1974, IKEDA & NTSHIMURA 1985).
Models of bed- ow interactions in the ume are
limited in that they consider bed material transport as
a continuity instead of an sporadic pulsed process
(ERGENZINGER et al 1994). Modelling of bed
topography should integrate the following variables:
1) geometrical properties of channel form i.e.
hydraulic radius, slope and roughness, 2) mean
hydraulic variables i.e. velocity, critical velocity,
depth and 3) properties of bed material i.e. particle
diameters, roughness co-ef cient-e icient (IKEDA &
NISHIMURA 1985).

Processes of erosion and deposition are key factors in
controlling adjustments in channel geometry. The
instability of hydraulic geometry (PHILLIPS 1990)
has been recognised but only at at-a—point positions
and with data based on the Darcy-Weissbach
coef cient. The three-dimensional interrelationships
between hydraulic geometry and sediment transfer
are not yet fully understood (PHILLIPS 1990,
KNIGHT 1989). In order to understand these
adjustments, high-resolution temporal investigations
are necessary. Such measurements have been
exclusively carried out in the laboratory ume.
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Simulations of high gradient, step-pool mountain
streams have revealed that the erosive capacity of the
system reaches a maximum when the pools are
almost full of sediment (WHITI‘AKER à JAEGGI
1982). Energy dissipation is at its lowest during this
phase, enabling high ow velocities and
consequentially high sediment transport and erosive
capacities to develop. This would be similar to peak
sediment transport phases in natural streams.
HAYWARD (1980) describes this as the period when
the pools are drowned and most lateral channel
adjustment is occurring.

No studies so far have correlated the geometry and
valley shape to the individual development of
roughness elements as this is not possible in the
ame. It is unknown for example how the water

surface gradient during changing ood discharges
correlates with the bed gradient. Such measurements
are necessary since it is under particular Fronde
numbers (<1 l) (ERGENZINGER 1987, DE JONG
i992e) and water/bed states that certain types of
roughness develoP. Neither have studies attempted to
describe how amounts of erosion and deposition can
change over individual segments of the river bed and
how this in uences not only roughness but also how
these in turn are in uenced by bedload transporting
processes.

Sediment supply is an important determinant of the
stability of river beds. Thus as sediment supply
declines, river geometry will tend to stabilise itself
(HEY 1987). Periods of erosion and deposition cause
ow regimes and sediment transport to change in

response to temporal and spatial changes in channel
geometry and bed material size. Reach processes that
have been developed for ow resistance and sediment
transport apply to average channells (HEY 1987). In
these models xed width and plan shapes have been
assumed independent of changing input conditions.
When sediment supply decreases the bed will erode,
whilst increases causes aggradation.

3.5 Flow dynamics

3.5.1 Flume measurements and theory

Open-channel ow behaves critically, subcritically or
supercritically. This state is determined by the
distribution and expenditure of energy (PRESS &
SCHRÖDER 1966). Froude numbers are used in this
context as a dimensionless criterion for ow
description. When the Fraude number =1, a
minimum of energy is expended and ow is critical.
Studies of the effects of roughness on ow structure
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and degree of turbulence through time and space
have been adequately investigated in the ame.
Pioneer studies on the in uence of smooth and rough
walls on the ow were made by NIKURADSE
(1933). Investigations followed on in uences of
boundary roughness on turbulent intensities of open
channel ow by RICHARDSON ä. MCQUIVEY
(1968) among others. NAKAGAWA et al (1988)
found that turbulence was not signi cantly in uenced
by boundary roughness once measured at su icicnt
vertical distance from the bed. This is due to the
differential subdivision of the vertical velocity pro le.
The region closest to the bed consists of a viscous
sub-layer, followed by a transition region and the
turbulent zone. To explore these ideas, WANG et al
(1993) carried out experiments on a fully rough bed
at Reynolds numbers higher than 80 (Fig. 3.2). When
H/ks was less than one over a uniform gravel bed,
where H was the water depth and ks was the
roughness height, roughness was large and the
vertical distribution of "7": was shown to be uniform
(BATHURST 1985), where n' stands for the rrns
value of the streamwise uctuation velocity and u...
for the friction velocity. As expected, roughness
caused the flow turbulence to increase.

With decreasing roughness height relative to water
depth however, roughness has far less in uence on
the velocity distribution and the vertical velocity
distribution does in fact become similar to that of a
smooth bed. On non-uniform beds, a similar vertical
velocity distribution is obtained for the longitudinal
turbulent intensity. The uVa =|= distribution is primarily
e ‘ected by the maximum gravel size rather than by
the type of gravel bed. This has to be kept in mind for
the interpretation of investigations over natural
gravel beds in the Results Chapter.
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