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Abstract

Empirical downstream hydraulic geometry equations for clay-dominated cohesive bed
(semi-alluvial) streams were derived using the data from five streams in eastern Ontario
and four streams from other regions. The width exponent (0.57) is comparable to the
exponents reported for previous studies; however, depth exponent (0.52) was greater for
clay-dominated cohesive bed than for typical gravel-bed and sand-bed rivers.
Furthermore, the recurrence intervals of bankfull discharges of those streams range from 1
to 2 years. To the author’s knowledge, this is the first study which related bankfull
hydraulic variables and discharges to derive downstream hydraulic geometry equations
specifically for clay-dominated cohesive bed streams. Assessment of width:depth ratio
depicted that large channels were deeper and narrower than comparable gravel-bed
channels, but small channels were actually wider and shallower than typical gravel-bed
rivers. This can likely be attributed to the resistance of stiff and consolidated cohesive-bed

to erosive effects of more frequent flows.
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Chapter One

1 Introduction

1.1 General Background

Natural river channels are thought to tend toward an equilibrium condition by changing
their geometric and hydraulic variables in response to changes of water and sediment
discharge. The adjustments of river channels take place by erosion and deposition as well
as by variation in bed forms, which affects the hydraulic resistance and thus the local
competence to carry sediment (Langbein and Leopold, 1966; Knighton, 1998). It is
commonly assumed that an alluvial channel adjusts particularly its width, depth, velocity,
slope and resistance to achieve a stable condition in which it can transport a certain
amount of water and sediment discharge (Langbein and Leopold, 1966; Phillips, 1990).
However, Hey (1978) argued that a natural channel possesses up to nine degrees of
freedom to adjust in response to the imbalance between sediment input and output.
Channel adjustments in response to water sediment discharge depend on several factors
along the river channel such as channel material, bank vegetation, and sediment supply
from the basin as well as basin characteristics (Church, 1992). A number of factors such
as basin topography, geographic location, geology, land use, climate and other hydrologic

factors could influence basin characteristics.

The observation of correlation among the hydraulic and geometric variables of regime
(stable) channels dates back more than one century. The regime theory of the behavior of
alluvial channels was fathered by Lindley (1919) and the complete theory was formulated
by Lacey in 1930 based on observations of irrigation channels in India (Henderson, 1966;
Hey, 1978; Stevens and Nordin, 1987). Several attempts have been made during the past
half century to predict the hydraulic and geometric parameters of stable alluvial river
channels. Hydraulic geometry is a relation between hydraulic and/or geometric variables
and discharge of stable or quasi-stable river channels. The concept of hydraulic geometry
was first introduced by Leopold and Maddock (1953) as empirical power equations 1.1 -

1.3. which relate the main hydraulic variables such as channel width, mean depth and
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mean velocity to water and sediment discharge. The relations are similar to the empirical
equations derived for regime irrigation canals (US-FISRWG, 1998) and intended to

extend the regime concept to natural rivers (Knighton, 1998).

Hydraulic geometry approaches can be divided in to two broad categories: the empirical
(regime) and theoretical (analytical) or semi-theoretical methods (White et al., 1982;
Knighton, 1998). The most widely used and reliable approach is the empirical one, which
stems directly from the observations of Leopold and Maddock (1953). The empirical
(regime) approach relies on collection and analysis of field data in order to establish
appropriate relations from the data (White et al., 1982; Knighton, 1998). The analytical
method, on the other hand, solves for river geometry from the basic equations for flow
continuity, sediment transport, and flow resistance, but requires postulation of an
additional hypothesis about river behaviour in order to generate sufficient equations
(White et al., 1982; Knighton, 1998). The empirical approach pioneered by Leopold and
Maddock (1953) provides a basis for analysing stream response to changing discharge,
both at particular cross-sections and in the downstream directions (Knigton, 1998). A
primary test of any theoretical formulation would be to replicate the values of the
exponents of the empirical approaches (Millar, 2004). More detailed reviews of both

approaches are presented in Chapter Two of this thesis.

The empirical hydraulic geometry equations of Leopold and Maddock take the following

form:
w=aQ" (1.1)
d= ch (1.2)
V= ka (1.3)
Where:

w, d, v and Q are water surface width, mean depth, mean velocity and discharge

respectively. a, b, ¢, f, k and m are constants.
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These equations must satisfy continuity:

Q=w-d-v (1.4)

Hence, the product of coefficients and sum of exponents of equations 1.1 - .1.3 must also

be unity:
a.c-k:l (1.5)
b+f+m=1 (1.6)

Generally, hydraulic geometry study of natural rivers is considered from two different
contexts: at-a-station and downstream hydraulic geometry (Maddock and Leopold, 1953;
Leopold et al., 1964; Knighton, 1998). At-a-station hydraulic geometry relates channel
geometry and flow hydraulics to the variation of discharge at a particular cross-section of
a river reach. Downstream hydraulic geometry relates channel geometry and flow
hydraulics to the spatial variation of discharge. It can be considered as an integration of
the individual adjustment of channel dimensions and shapes of cross-sections from
several reaches to accommodate some channel forming discharge (Rhodes, 1987).
Downstream hydraulic geometry can be thought of as a scaling relation of channel
variables with water and sediment discharge (Ellis and Church, 2005). Recently, reach
based hydraulic geometry has been also introduced as a third option (Stewardson, 2005).
Reach hydraulic geometry relates the reach-averaged parameters (width, mean depth and
mean velocity), instead of parameters at single point (at-a-station), to changes in discharge
with time. Reach hydraulic geometry is not a popular approach among hydraulic
geometry researchers; the term has been rarely used, perhaps because it is very similar to
at-a-station hydraulic geometry. Reviews of all kinds of hydraulic geometries are

presented in more detail in Chapter Two of this thesis.

Equations 1.1 -1.3 are the most commonly used hydraulic geometry relations. However,
the scope of hydraulic geometry study in the form of power equations has been expanded
to include several other kinds of river channel geometry and hydraulic variables such as

bed slope, meander length, suspended sediment load, dissolved load, resistances
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(Manning’s roughness or Darcy-Weisbach friction factor) and shear stress. Chiefly,
hydraulic geometry relations are described in the form of power equations with discharge.
In all kinds of hydraulic geometry approaches, discharge is assumed as a primary force
and hence the single independent variable by which much of the changes in channel
morphology are dictated. At-a-station and reach hydraulic geometry (a special case of at-
a-station) relations are derived from the ranges of discharge from minimum to bankfull
flow and the corresponding channel geometry and hydraulic variables. However,
downstream or regional hydraulic geometry relations are usually derived from geometric
and hydraulic variables corresponding to a morphologically significant water level in the
channel, such as bankfull or active channel depth, and the channel forming discharge.

Bankfull width shows one of the strongest basin scale relationships when it is related to
bankfull discharge (Annable, 1996; Ellis and Church, 2005). Channel forming discharge
is most commonly represented by bankfull discharge. Bankfull discharge is the flow that
completely fills the channel up to the elevation of the flood plain without overtopping the
channel banks. In fact, some workers such as Leopold and Maddock (1953), Jowett
(1998) and others used mean annual discharge and hydraulic variables computed from it
in order to derive the downstream hydraulic geometry equations. The mean annual
discharge usually fills a river channel to about one-third of its bankfull level (Leopold et
al., 1964). More detailed review of different approaches used to estimate channel-forming

discharge is presented in Chapter Two.

Types of bank and bed materials as well as types of sediment being transported highly'
inﬂuencé the level and mode of adjustments that a river channel undergoes in response to
variation of water and sediment discharge. River channels can be classified as alluvial,
semi-alluvial and non-alluvial based on the type of their channel material and sediment
load transported by the rivers. An alluvial channel has bed and banks composed of the
same material as sediment transported by the flow. Alluvial streams are free to adjust their
shape and dimensions, such as width, depth and slope, in response to changes in discharge
and watershed sediment (US-FISRWG, 1998; Trenhaile, 2005). However, semi-alluvial
channels have at least either one of their banks or a bed composed of a material resistant

to erosion and slightly or fully different from sediment that the river transports for most
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flow conditions of a year. The adjustment of the geometry of these channels to the
changes of discharge and sediment load may not be uniform over a cross-section or reach.
Semi-alluvial channels are expected to adjust slowly in comparison to that of fully alluvial
ones. Non-alluvial channels have banks and bed composed of materials that are
completely different from the materials that a river transports. They are highly resistant to
erosion or they are not active fluvial units. Non-aluvial channels are less sensitive to
disturbances than semi-alluvial or alluvial channels unless there are weak sections that
allow channel migration (Horel, 2006; FPBM, 2004; US-FISRWG, 1998). Non-alluvial
channel reaches are typically transport zones (Horel, 2006).

The majority of extant hydraulic geometry relations are derived for alluvial channels.
Moreover, hydraulic geometry research is lacking for rivers incising into different
sediment deposits of variable erodibility. This situation, in addition to the complex nature
of river systems, limits the validity of the hydraulic geometry application in areas where
rivers flow through a variety of complex geologic formations. Hydraulic geometry of
erosion resistant cohesive (clay-silt) river channels is the focus of this research. They are

treated as semi-alluvial channels.

1.2 Purpose and Scope of the Study

Hydraulic geometry (regime) theory is one of the simple but very useful approaches that
civil and environmental engineers, geomorphologists, and geologists employ to describe
and predict the complex nature of a river system. Hydraulic geometry represents one
methodology for studying the behavior of a complex river system with more unknowns
than independent equations (Knighton, 1998). The concept of hydraulic geometry is
applicable from small to big rivers; specifically, there is no particular drainage area or unit
discharge limit beyond which the concepts of downstream hydraulic geometry do not
apply (Wohl, 2004). In fact, the entire concept of downstream hydraulic geometry
relations depends upon the premise that the relations between channel geometry and

discharge are scale independent.
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Where the cost of obtaining actual channel data is prohibitive, Allen et al. (1994)
suggested that hydraulic geometry relationships are adequate to be used in planning-level
models such as for flow routing techniques, sediment routing models, or aquatic
production models. Combined with other analytical techniques such as site specific
hydraulic and sediment transport analysis, hydraulic geometry relations can result in a

cost-effective design method, which is adapted to site-specific conditions (Burns, 1998).

The material into which the channel incises is one of the most important factors in
determining fluvial morphology. Bed material composition dictates the degree and nature
of adjustment of stable channel geometry in response to change of water and/or sediment
discharge. The bed and bank material of the river is critical for sediment transport and
hydraulic influences, and thereby modifies the channel form, plan and profile of the river
(Rosgen, 1994). The cohesiveness (high percentage of silt-clay) of channel material
results in narrow channel geometry, but if the alluvium lacks cohesion (has a small
percentage of silt-clay) the channel will widen to a greater extent (Shumm, 1960;
Osterkamp and Hedman, 1982). Hydraulic geometry relations of stable channels derived
by regression analysis (empirical), available in the literature, are mostly from data
collected from alluvial streams. Moreover, theoretical or semi-analytical approaches used
to estimate stable channel parameters generally base their assumptions on granular

alluvial channel materials.

However, there are many rivers across the Canadian fluvial system which can be
classified as semi-alluvial because they are flowing over, and/or cuttin