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Abstract
Alluvial fans, conic depositional landforms that develop where headwater streams
outlet into a main valley, are desirable locations for development in mountainous
regions worldwide. Alluvial fans may become hazardous during high flow events;
the relatively high gradient and the abundance of loosely packed sediment allows
alluvial fan channels to undergo rapid morphodynamic change, putting bordering
infrastructure at great risk. Despite these hazards, our understanding of channel
dynamics on alluvial fans remains limited. Through physical modelling, this thesis
investigates the processes contributing to channel stability in such environments.
Using three sets of paired experiments, I show that channel stability is mediated by
the mobility of the largest grains in the channel. Pairs of experiments were identical
in all regards (i.e. discharge, sediment supply, gradient, median grain size), the
only difference was a slight increase in the proportion of large grains found in the
bed material, while the median sediment size for the experimental pairs remained
essentially the same. Overall, I found that channels with bed material containing
fewer large grains experienced two to four times as much erosion and deposition
across a range of discharges and rates of sediment supply.
These findings contradict the conventional models of channel stability, that use
the median grain size to represent the bed surface; these models commonly assume that streams undergo morphodynamic change once that grain size is mobile.
My experiments demonstrate that channel stability is linked to the mobility of the
largest grains, not the median size. Using high resolution models of the bed surface, I show that the channels containing the greater proportion of large grains
tend to be more stable due to their increased frequency at the bed surface. Based
on these results, I propose a three phase model of channel stability wherein the
iii

thresholds between stable/dynamically stable and dynamically stable/unstable are
governed by the thresholds of entrainment and full mobility of the largest grains,
respectively. This new model of channel stability could improve our capacity to
predict when catastrophic events may occur in steep, alluvial channels.
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Lay summary
Large flood events can have devastating consequences for nearby communities due
to rapid channel widening and overbank flooding. In this thesis I investigate what
processes control when steep, gravel-bed channels will undergo significant bank
erosion using a series of stream table experiments. By increasing the proportion of
large grains in the bed material of the channel I show that channel stability is linked
to the mobility of these grains; depending on the discharge and upstream sediment
supply, two to four times more erosion and deposition occurs when fewer large
grains are present on the bed surface. These results have important implications
for predicting under what flow conditions we may expect significant bank erosion
to occur in a given channel.
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Chapter 1

Introduction
1.1

Motivation

There are many aspects that make regions next to rivers appealing locations to
develop, from the natural beauty of these water corridors, to their source of freshwater, fish and other aquatic life, to the fact that they can be used to generate
hydro-power. However, like with any part of the natural landscape, they do come
with their share of hazards: while channels may behave in one way for a prolonged
period of time, when atmospheric and pre-existing ground conditions are just right,
they may change dramatically in a matter of hours due to high rates of runoff from
surrounding slopes. Such an event happened in western Alberta, Canada, in June
2013: two weather systems stabilized over the region, dropping over 30 cm of precipitation over three days in some areas onto already saturated and frozen ground
(e.g., Pomeroy et al., 2016; Teufel et al., 2017). While flows of such magnitude
may be of little concern to humans when they occur in uninhabited regions, they
can have devastating consequences where channels are bordered or bisected by
infrastructure, as was the case formany locations in the southeastern Rocky Mountains in June 2013, and especially in Canmore and the adjacent Municipal District
of Bighorn (Figure 1.1).
Cougar Creek, a channel which is dry for large portions of the year, flows
directly through the town of Canmore, Alberta. It is bordered primarily by residential neighbourhoods and runs under both the Trans-Canada Highway, Highway
1
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Figure 1.1: Cougar Creek before and after the June 2013 flooding. The top
image shows the view of Cougar Creek looking upstream from the edge
of the Trans-Canada Highway before the flood event. The image below
is an aerial shot of the flooding of Cougar Creek over the Trans-Canada
Highway and the upstream widening.
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1a and the Canadian National (CN) Railway line. During the storm event of June
2013, Cougar Creek experienced substantial flooding which resulted in dramatic
widening and flooding along its length, resulting in the damage of many private
properties and the shutdown of both the Trans-Canada Highway and the CN Rail
line (see Figure 1.1). The consequences of this event highlight a central question
which forms the basis for our ability to mitigate against such events: is it possible to predict the conditions under which a channel will experience substantial
morphologic change?
This applied question motivates my thesis, as it turns out that our understanding
of channel stability in steep, alluvial channels, such as those found on alluvial fans,
remains limited. Much of the existing work and models of channel response are
based on, and developed for, low gradient rivers with cohesive banks (e.g., Millar
and Quick, 1993; Darby et al., 2007, 2010; Eke et al., 2014). In these channels, the
primarily response of the channel to high flow conditions is for the water to flood
onto the surrounding low lying floodplain (Magilligan, 1992; Gomez et al., 1995);
when bank erosion does occur, the mechanism of erosion is typically slumping or
slab failure due to undercutting or oversteepening (Andrews, 1982; Darby et al.,
2007). Comparatively, the primary response of higher gradient channels formed in
material with little to no cohesion is to erode laterally (Magura and Wood, 1980;
Jakob et al., 2015), like what was seen at Cougar Creek and nearby channels in
the region in 2013. While overbank flooding does occur in these steeper systems,
it typically remains localized to areas of aggradations within the channel (Magura
and Wood, 1980). The mechanism of bank erosion in steep channels is also different from their lower gradient counterparts, as bank erosion occurs due to both
the entrainment of individual grains from the banks, as well as due to the failure
of the non-cohesive banks due to evacuation of material near the toe of the bank
(Andrews, 1982; Nanson and Hickin, 1986; Millar and Quick, 1993). Given the
discrepancies in both the response of the channel and mechanisms of bank erosion
between low gradient channels with cohesive banks (due to cohesion between fine
grain particles) and higher gradient channels with non-cohesive banks, it seems unlikely that the underlying physics of channel response to flood events are similar.
At the most basic level, nearly all models used to predict bank erosion are based
on the Relative Bank Stability (RBS) approach (e.g., Griffiths, 1981; Jowett, 1989;
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Millar and Quick, 1993). This approach compares the shear stress (or velocity)
in the channel to the critical shear stress (or velocity) required to entrain the bed
material. While the premise of this model is conceptually sound, in that we would
expect bank erosion to occur where forces acting on the bank are greater than what
the bank can withstand, it relies heavily on the value chosen to define the critical
threshold of entrainment. Based on seminal work on sediment transport conducted
in the 1980s (e.g., Parker et al., 1982b; Andrews, 1983), this threshold is widely
equated to the critical shear stress required to entrain the median grain size of
∗ ). Consequently, it has become standard practice to focus
the bed surface (τc50

on solely quantifying the size of the surface median grain size (D50 ) in channel
stability assessments. This is exacerbated by the fact that uncertainty in quantifying
the size of any grain size percentile other than the median is quite large using
standard Wolman pebble counts (Eaton et al., 2019); relatively large sample sizes
must be collected in order to precisely determine the size of grains associated with
higher percentiles of the grain size distribution. As such, it is more common to find
reported values of the D50 than it is to find data about larger grain size percentiles
in existing literature and reports.
But does the entrainment threshold of the median grain size correspond to the
dramatic changes seen in Cougar Creek or other similar creeks in the southwestern
Rockies? If not, what characteristics of a channel actually impart stability?
What began as a seemingly simple applied question has blossomed into an
exploration of the fundamental processes controlling channel morphodynamics in
steep alluvial gravel bed streams. This thesis tackles the issue of channel stability
by first defining what is actually implied by the term “stability” in the context of alluvial channels, and then investigating the fundamental processes behind this term
through a series of stream table experiments. The work presented in herein demonstrates that our traditional understanding of channel stability, wherein changes in
channel morphology coincide with the entrainment of the D50 , is fundamentally
flawed in the context of steep alluvial channels and instead, channel stability is
associated with the largest grains present in the channel.
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1.2

Thesis organization

The basic arguments for why the use of the median grain size as the characteristic
grain size for predicting channel response is questioned and why I propose using
some measure of the largest grains are laid out in Chapter 2. I look at how the D50
has been integrated into three important fields of fluvial geomorphology: flow resistance, sediment transport and channel stability. I demonstrate that, in the field of
flow resistance, most researchers have moved away from using the D50 to characterize surface in favour of some measure of the largest grains. In comparison, in the
fields of sediment transport and channel stability research, the use of the median
grain size to characterize sediment is still widely used. I point to new and existing research that indicates the importance of large grains in these processes and
suggest that further inquiry should be made into understanding these processes.
In this thesis, the primary evidence for the importance of large grains in channel
stability comes from a series of stream table experiments; Chapter 3 lays out the
experimental design used to produced and collect this data. In this chapter, I first
describe A-BES, the Adjustable-Boundary Experimental System, located in the
fluvial laboratory at UBC. I next lay out the experimental procedure and the methods of data collection employed. Model design and scaling is briefly discussed,
and the chapter ends with a description of the data processing methods used.
Chapter 4 summarizes the results from the two categories of experiments presented in this thesis: (1) the paired experiments, and (2) the pseudo-recirculating
sediment experiment. The paired experiments, which comprise three sets of pairs,
were run to test the effects of the addition of a small proportion of large grains
on channel morphodynamics. The results from these experiments are investigated
in-depth in Chapters 5 and 6. The pseudo-recirculating sediment experiment, run
to explore the evolution of the bed surface in relation to morphodynamic change,
is explored in Chapter 7.
To back up the arguments presented in Chapter 2, Chapter 5 uses data from a
single set of the paired experiments to show that a small change in the proportion of
large grains present in the bulk mixture of the bed material has a crucial effect on
channel morphodynamics, this despite no significant change in the median grain
size of the mixture. Building on these preliminary results, Chapter 6 aims to
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answer two arising questions: does the influence of large grains persist at higher
discharges? Does it persist with increased rates of upstream sediment supply?
In Chapter 6, I show that large grains control channel morphodynamics across
a range of discharge and sediment supply conditions; channels with fewer large
grains experience more morphologic change and degrade more than their paired
counterparts with slightly more large grains present. These results are used to
argue that our understanding of channel stability should be fundamentally shifted
to incorporate the role of large grains.
Chapter 7 investigates how large grains at the surface of the bed influence
channel morphodynamics using high spatial and temporal scale data collected during the pseudo-recirculating sediment experiment. In this chapter I take measures
of surface roughness, traditionally used to characterize flow resistance in channels,
and relate them to the morphologic change measured in the channel. While the results from this chapter generally support the assertion that large grains play a role
in channel dynamics, they do more to highlight how little is actually understood
regarding the interplay between the surface texture and morphologic change.
Lastly, Chapter 8 summarizes the contributions made, assesses the implications of this work on our understanding of gravel-bed systems and proposes future
related research directions.
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Chapter 2

Conceptual basis
2.1

Introduction

Developing any kind of quantitative geomorphic model requires that complex attributes of a system be described using a small number of representative parameters. For example: the time distribution of stream flow is most often reduced to
a single, so-called formative discharge; the spatial distribution of hydraulic head
within the channel is often reduced to a reach-average energy gradient; and the
range of grain sizes in the bed material is often reduced to a single, characteristic grain size. These assumptions were initially necessitated by practical data
collection and analysis constraints, and consequently, their validity can become
axiomatic without ever being rigorously tested. Accordingly, it is important to
periodically re-evaluate the parameters upon which our geomorphic models are
based. Here, I re-evaluate the use of the bed surface D50 as the characteristic grain
size and ask: is the reliance on the D50 justified, or merely convention; is there
widespread evidence to suggest that D50 is a physically meaningful characteristic
grain size in gravel bed channels? Or instead, can we find enough evidence to
suggest that large grain sizes – which is considered to be equal to or greater than
the size of the 84th percentile of the bed surface distribution (D84 ) – may actually
control channel dynamics in a more meaningful way?
The idea that the largest grains on the bed surface control important aspects of
channel morphodynamics in gravel bed channels is not new: many researchers have
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recognized the influence of large grains (Brayshaw et al., 1983; Hassan and Reid,
1990; Lisle et al., 1991; Church et al., 1998; Hassan and Church, 2000; Ferguson,
2012) and, surprisingly, the classic work that most steadfastly argues the importance of the D50 has also acknowledged the differing behaviour of large grains. For
example, following an argument for the ubiquity of equal mobility in gravel bed
channels, Andrews (1983) concludes that “all particle sizes, except the very largest,
were entrained at nearly the same discharge” [p.1229, emphasis added]. Similarly,
Parker and Klingeman (1982) observed from their experimental work that “apparently [the armour layer] cannot adjust to equalize the mobility of very rare, large
grains” [p. 1422]. The fact that entrainment of the largest grains deviates from the
general trend of the rest of the bed suggests that they may play an important role
in stabilizing the channel bed where fluvial processes are dominant.
In this chapter I highlight how large grains, rather than the median, have become widely accepted as the characteristic grain size for flow resistance equations.
I then proceed to argue that the continued use of the D50 as the characteristic grain
size in sediment transport and channel stability equations should be re-evaluated.
I conclude by proposing that our understanding of both channel stability and sediment entrainment/transport could be improved by explicitly recognizing the influence of large grains.

2.2

Flow resistance

Flow resistance equations allow reach-averaged flow velocity to be estimated for
a given flow depth, width and gradient (e.g., Ferguson, 2007; Rickenmann and
Recking, 2011). These equations include a measure of roughness imparted by the
channel surface determined either empirically (e.g. n in Manning’s equation), or
quantified directly from measurements of particles on the bed surface, as it is in
the Keulegan (1938) equation. Experiments by Nikuradse (1933) demonstrated
that the effect boundary roughness (ks ) is equal to the size of grains (i.e. ks = D)
when the sediment is uniform, but for poorly-sorted sediment in a natural river,
setting ks = D50 underestimates the roughness length and overestimates the mean
velocity (Bray, 1979). To account for this discrepancy, researchers have applied a
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correction factor to scale ks to the measure of the bed surface texture, as follows:
ks = Ci Di

(2.1)

Ci is the correction factor corresponding to grain size Di , wherein i signifies the
percentile of the cumulative GSD. Empirically, the best flow resistance relations are
associated not with the D50 , but with grains much larger than average – typically the
D84 (Hey, 1979) or the D90 (Bray, 1980) – as these grains most strongly influence
the near-bed channel hydraulics (Recking et al., 2009; Monsalve et al., 2017).
That a correction factor is necessary even when using the D84 or D90 is attributable to the fact that roughness in natural channels is imparted not only from
the surface of the bed but also from self-organizing bedforms and structures that develop within the channel (Clifford et al., 1992; Millar, 1999; Wilcox et al., 2006).
Large grains again play an important role in the development of bedforms that
make a contribution to overall channel resistance to flow: at the channel-width
scale, large grains make up the keystones around which riffles form (Church and
Jones, 1982; Grant et al., 1990; Montgomery and Buffington, 1997), while grainscale structures, such as clusters and stone cells, are created when finer, more mobile, grains accumulate around large, relatively immobile grains (Laronne and Carson, 1976; Brayshaw, 1985; Church et al., 1998; Strom and Papanicolaou, 2008).
Similarly, larger grain-scale bedforms, like stone lines and transverse ribs, are created when large particles interact during high flows, as they rotate and roll into contact with each other, forming long lines or reticulate structures (Tribe and Church,
1999).
Recent research on flow resistance provides an excellent example of the potential for re-evaluating our assumptions; instead of continuing to associate flow
resistance with a given characteristic grain size, researchers have shown that ks is
most accurately estimated from statistical descriptors of the bed topography, which
reflects both the role that individual large grains exert on resistance, as well the bed
structures that they are facilitate the formation of (e.g., Nikora et al., 1998; Smart
et al., 2002; Aberle and Nikora, 2006). Thus, researchers studying flow resistance
have readily accepted that larger than average grains control flow resistance by
influencing the roughness length, ks , and triggering the formation of bed and bar
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forms that further increase the flow resistance.

2.3

Sediment entrainment and transport

Developing an understanding of the entrainment and transport of bed material has
been an important research focus for geomorphologists and engineers for over a
century. A detailed review of the topic is beyond the scope of this chapter, and
excellent reviews have been published (e.g., Ferreira et al., 2015). In this chapter, I
identify some of the key milestones in the evolution of sediment transport studies of
gravel bed streams, that emphasize the assumptions made about the characteristic
grain size.
Perhaps the single most influential study was conducted by Shields (1936),
who developed a model for particle entrainment using unimodal sediment of size
D.
τc = θc (γs − γ)D

(2.2)

This equation predicts the minimum shear stress (τc ) required to entrain a particle
of size D as a function of its submerged unit weight (γs − γ), and an empirically
determined constant θc , found to vary between 0.03 and 0.06 for D larger than
about 3 mm.
One of the most influential bedload transport formulas was developed by MeyerPeter and Muller (1948) using the concept of excess shear stress (τ − τc , where τ
is the mean boundary shear stress), assuming that θc = 0.047. While most of the
data they used to develop their formula came from experiments with unimodal sediment, they did experiment with sediment mixtures and concluded that the median
size of the bulk material (d50 ) was approximately equivalent to D for unimodal
sediment. While many other transport models have been developed (see review
in Gomez, 1991), the work by Shields (1936) and Meyer-Peter and Muller (1948)
was fundamental to the early development of sediment transport theory for gravel
bed streams.
Seminal work from the early 1980s ultimately led to the adoption of the bed
surface median grain size (D50 ) as the most appropriate characteristic grain size,
as it is the surface layer, rather than the underlying bulk material, that the flow
interacts with (e.g., Parker, 1990). Although earlier researchers had recognized
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that sediment transport in mixed-size beds is influenced by relative-size effects
(e.g., Einstein, 1950; Egiazaroff, 1965), the observation by Parker and Klingeman
(1982) that the distribution of sediment in transport was similar to that of the bulk
material led researchers to focus on quantifying the role of relative particle size in
modifying the entrainment threshold (Parker et al., 1982a; Andrews, 1983; Komar,
1987; Ashworth and Ferguson, 1989). Initially, Parker et al. (1982b) developed a
sediment transport model using the bulk d50 which asserts that bed surface texture
adjusts so that all grain sizes are entrained at nearly the same shear stress. This
idea is referred to as the equal mobility hypothesis (Parker et al., 1982a). A revised
version of this model more explicitly recognizes the importance of the bed surface,
and is based on the surface D50 (Parker, 1990). Since this paper was published,
D50 has been almost exclusively used as the characteristic grain size in all types of
sediment transport studies (e.g., Buffington and Montgomery, 1997; Wilcock and
Crowe, 2003; Lamb et al., 2008; Prancevic and Lamb, 2015).
Currently, most commonly used bedload sediment transport models calculate
individual transport rates for each size fraction in a distribution (e.g., Parker, 1990;
Wilcock and Crowe, 2003). These models integrate a hiding function which accounts for the effect of relative grain size on particle entrainment:

τri = τr50

Di
D50

b
(2.3)

In this equation, the concept of a threshold shear stress is replaced by a reference
shear stress (τri ), following Parker (1990). The exponent b describes the degree to
which relative grain size (Di /D50 ) affects entrainment, with equal mobility associated with b = 0, and purely size-selective transport associated with b = 1. Wilcock
and Crowe (2003) concluded that particle entrainment is not well described by a
simple power law, and they showed that b approaches an exponent of 0.12 (i.e.,
near-equal mobility) for Di << D50 , and to an exponent of 0.67 (i.e., more sizeselective entrainment) for Di >> D50 .
Work by Wilcock and McArdell (1993) further emphasized the importance of
the surface grain size distribution, and refined our understanding of the entrainment
process by recognizing that entrainment is best conceptualized by a gradient, not
as a binary. They defined two conditions of mobility: that of partial mobility,
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during which a given grain size may be present in the bedload but will be underrepresented relative to its frequency on the bed surface; and that of full mobility,
during which a grain size fraction will be present in the bedload in direct proportion
to its frequency on the bed surface. They observed that the transition between
partial mobility and full mobility occurs gradually over the range τri < τ < 2τri .
Laboratory experiments and field data show that full mobility of many grain
size fractions does occur, but that the largest grains on the channel bed are nearly
always either immobile or only partially mobile (e.g., Komar, 1987; Ashworth
and Ferguson, 1989; Parker, 1990; Leopold, 1992; Wathen et al., 1995; Wilcock
and McArdell, 1993, 1997; Church, 2002), even during channel-forming flows
(Haschenburger and Wilcock, 2003; Eaton and Church, 2004). As a consequence,
the grain size distribution of bedload in gravel bed streams is often slightly but persistently finer than the bulk distribution (Lisle, 1995). It is only during exceptionally large flood events that the largest grains are fully mobilized and equal mobility
conditions are approached (e.g., Wathen et al., 1995; Eaton and Church, 2004),
however these events are rarer and typically only occur on the order of decades or
even centuries (e.g., Haschenburger and Wilcock, 2003; Tamminga et al., 2015).
Some researchers have argued that it is unnecessary to include large grains
in the formulation of sediment transport models as they make up only a small
part of the total sediment transported (e.g., Wilcock and Kenworthy, 2002). While
this may be true, what is not considered is the role that these large grains play
in forming the coarse surface layer that moderates the availability of the typically
finer bulk material beneath. Several studies have found that the mobility of large
grains controls the availability of bulk material (Warburton, 1992; Lenzi et al.,
1999; Masteller and Finnegan, 2016), as they act to trap mobile finer grains, thereby
decreasing their proportion in the bedload (Wilcock and McArdell, 1997). Thus,
when large grains become entrained, they are not only adding themselves to the
bedload but releasing a large amount of finer material below. This has important
implications for paleoflood analyses as we might expect that more fines should be
found in deposits from large flood events relative to those of smaller, more frequent
events.
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2.4

Channel stability

Channel stability for gravel bed streams has primarily been approached by way
of analogy with sediment transport whereby the entrainment of the surface D50
is said to coincide with the loss of stability of the channel (e.g., Andrews, 1984).
While this approach has had some limited success (e.g., Millar and Quick, 1993),
the building evidence from previous studies (e.g., Brayshaw et al., 1983; Hassan
and Reid, 1990; Lisle et al., 1991; Church et al., 1998; Hassan and Church, 2000;
Ferguson, 2012), as well as results from experiments presented into the forthcoming chapters (Chapters 5 and 6), has led us to develop an alternative conceptual
model that is related to the proportion of the bed surface that remains stable at a
given flow, rather than the strength of the flow relative to the shear stress required
to entrain the D50 . While these two propositions are related, they represent two
distinct views of bed stability. The prevailing approach based on the mobility of
the D50 is inherently based on the premise that equal mobility is an appropriate (if
not exact) representation of the behaviour of the entire bed. However if – as has
been suggested by previous research – bed stability is strongly influenced by the
largest grains in the bed (e.g., Lisle, 1995; Olsen et al., 1997; Church et al., 1998;
Ferguson, 2012), then the mobility of the D50 is probably not a good representation
of the underlying physics.
I propose that the stability of a bed is related to the fraction of the bed area covered by immobile grains, and that these grains create a framework over which bed
material sediment transport may occur without significantly altering the channel
morphology, similar to what has been observed in steep step-pool channels (e.g.,
Phillips, 2002; Lenzi et al., 2006; Piton and Recking, 2017). Both immobile size
fractions and partially mobile size fractions contribute to stability, a nuance that
is lost when we simply focus our attention on a single grain size. My model is
cast in terms of the commonly accepted three-stage sediment transport model for
gravel bed streams, drawing largely on previously published ideas (Carling, 1988;
Ashworth and Ferguson, 1989; Warburton, 1992; Schneider et al., 2016). In this
model I assume, based on the work of Wilcock and McArdell (1997), that at τ = τci
10% of grains of a given size class on the bed surface are entrained and transported
while as τ approaches 2τci the proportion of this size class that is mobile increases,
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following a logistic curve, to 90%. Using this function, it is possible to estimate the
total fraction of a bed surface that will remain immobile for a given shear stress,
accounting for the differences in the entrainment threshold of different grain sizes
using the hiding function of Wilcock and Crowe (2003) (see Appendix E for a full
description of the model).
A
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Figure 2.1: Stable, dynamically stable and unstable channel definitions. A)
hydrographs typical of stable/dynamically stable/unstable channels. B)
Characteristic changes to channel cross sections associated with the
three flood hydrographs. C) Shear stress versus discharge for the three
flood hydrographs.
During small flood events (Hydrograph I, Figure 2.1A) the channel remains stable, in that both the bed topography and bank alignment are essentially unchanged
by the flow, and reach-averaged shear stress (τ) remains below some threshold (τ1 ).
For these events, the bedload is significantly finer than the surface material and is
made up primarily of sand-sized sediment, although material up to and slightly
larger than the D50 may also be entrained (Jackson and Beschta, 1982; Carling,
1988; Ashworth and Ferguson, 1989; Warburton, 1992). A typical gravel bed having D84 /D50 = 2.0 would experience entrainment over less than 5% of the bed
14

surface (by area) for flows at which τ = τc50 (Figure 2.2, see supplementary material for details). This estimate is produced by accounting for the stability of both
immobile and partially mobile grain size fractions (as described by Wilcock and
McArdell, 1997). Even when τ = τc84 , only 20% of the bed surface will be mobilized, with 80% of the surface remaining immobile (Figure 2.2); based on my
experimental observations, I choose τ1 = τc84 to represent a reasonable upper limit
for the stable channel condition, as the key stones that lend stability to the channel
begin to be mobilized at flows higher than this.
During moderate flood events, such as bankfull flow (Hydrograph II), τ likely
rises above τc84 and the channel enters the dynamically stable phase. While localized bank erosion and compensating bar building occurs during these flows, the
reach-average channel dimensions remain about the same. This phase is associated with the partial mobility of large grains (Andrews, 1984; Carling, 1988; Warburton, 1992; Haschenburger and Wilcock, 2003; MacKenzie and Eaton, 2017).
Under moderate flood events, the magnitude of morphologic changes may be mediated by bank strength; channels with well vegetated banks may undergo only
minor adjustments to channel alignment while systems lacking riparian vegetation
may experience more considerable bank erosion (e.g., Eaton and Giles, 2009). The
same is likely true for channels with cohesive (due to the presence of clays) or
cemented banks (due to calcium carbonate).
Only during large flood events (Hydrograph III), that typically exceed the capacity of the bankfull channel, does the D84 become fully mobile, and the channel
becomes unstable. The size of floods associated with instability depend largely on
the size of material composing the channel banks, gravel-beds streams are likely to
become unstable at lower flows than channels containing a cobbles and boulders.
During these large floods, a period of channel restructuring often occurs, involving widespread bank erosion and relocation of the bars, pools and riffles. Reachaverage characteristics also change as the channel widens, leading to a new channel
geometry for which τ is lower at a given discharge (Tamminga et al., 2015). Based
on observations documented in previous studies (Carling, 1987, 1988; Ashworth
and Ferguson, 1989; Eaton and Church, 2004; Tamminga et al., 2015), I propose
that the threshold between dynamically stable and unstable channels is characterized by the onset of full mobility of the D84 , which occurs at τ2 = 2τc84 . These
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flows can mobilize 85% or more of the surface of a typical gravel bed, leaving only
15% of the surface grains (by area) in place (Figure 2.2). For comparison, full
mobility of the D50 corresponds to the mobilization of only about half the grains
present at the bed surface, which is consistent with dynamic stability, but not with
unstable channel behaviour.
Existing models are at odds with our view of channel stability; almost all indices use the mobility threshold of the D50 (τc50 ) as that which controls the threshold of channel stability/instability (e.g., Dietrich et al., 1989; Buffington and Montgomery, 1999; Kaufmann et al., 2008; Kappesser, 2002; Jowett, 1989; Frothingham, 2008). To my knowledge only one study equates the stability threshold with
that of the entrainment threshold of the D84 (Olsen et al., 1997). The idea that
channel stability is related to the D50 can be traced to the modified concept of a
threshold channel proposed by Parker (1978), which asserts that self-formed channels will adjust such that their banks are at the threshold of motion of the D50 while
bedload is transported along the center of the channel. However, there is building
evidence to suggest that mobility of the D50 has little to do with the stability of a
channel.

2.5

Conclusion

In this chapter I argue that substantial evidence suggest that large grains play a more
fundamental role in controlling channel dynamics than any measure of the central
tendency of the GSD for processes related to flow resistance, sediment transport
and channel stability. While in the case of flow resistance equations it has been
widely accepted that the D84 is a better representative grain size than the D50 , there
has been a comparative lack of interest in alternative definitions for the characteristic grain size in the fields of sediment transport theory and channel stability.
In sediment transport equations, the shift from using the bulk d50 as a characteristic grain size to using the surface D50 was essentially driven by a preference for
a more physically meaningful index (Parker, 1990; Wilcock and McArdell, 1993).
Given the mounting evidence to suggest that it is the largest grains at the surface of
the channel that act to govern processes of entrainment and transport (e.g., Lenzi
et al., 1999; Masteller and Finnegan, 2016; MacKenzie and Eaton, 2017), I contend
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that the proposition to adopt the D84 as a fundamental reference grain size instead
of the D50 is simply another step along the same path towards more physically
meaningful models of sediment transport.
Lastly, I point to the mounting evidence that the entrainment of the D50 does not
coincide with the loss of channel stability (e.g., Brayshaw et al., 1983; Lisle et al.,
1991; Church et al., 1998; Ferguson, 2012) as is commonly assumed in models
of bank erosion. Instead, I propose that stability is imparted by large immobile,
or partially mobile, grains on the channel bed. I describe a three phase model of
channel stability wherein the transitions from a stable, to a dynamically stable, to
an unstable channel are defined by the threshold of entrainment and that of full
mobility of the D84 , respectively.
Continuing to question the fundamental components of equations in light of
new research is a key part of the scientific method as it allows us to refine the modelling of dynamic processes. The representation of a channel’s grain size distribution through the use of a characteristic grain size is integral to many calculations
within the field of fluvial geomorphology. The characteristic grain size should be
chosen on the basis of careful consideration and solid evidence of causal relationships rather than by immediately assuming that it is equivalent to some central
value of the GSD.
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Figure 2.2: Bed surface stability at the boundaries between channel stability
classes. The fraction of the bed surface that will be mobilized during
a flood applied to a generic gravel bed grain size distribution is calculated, accounting for the stable grains for all partially mobile size fractions (after Wilcock and McArdell, 1997). Assuming that the thresholds
correspond to τ = τc84 and τ = 2τc84 , I find that τ1 and τ2 correspond
to stable bed fractions of 78% and 15%, respectively. Although for this
figure I assume that the two thresholds correspond to some measure of
τc84 , further study may show that these thresholds are better described
by the critical shear stress associated with some percentile greater than
that of the 84th. The stable fractions for τ = τc50 and τ = 2τc50 are
shown for comparison.
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Chapter 3

Experimental design
3.1

Adjustable-Boundary Experimental System (A-BES)

Experiments were conducted using the Adjustable-Boundary Experimental System
(A-BES) at the University of British Columbia (Figure 3.1A). A-BES comprises a
1.75 m wide by 12.2 m long tilting stream table, a recirculating water pump, monitored by a flow gauge and connected to a series of water storage tanks (maximum
flow capacity of 5 L/s), and a computerized instrument cart that uses a laser scanning system, described below, to collect bed elevation data (Figure 3.1B). Both the
water pump and the instrument cart are run on LabVIEW software using code developed by Dr. Andre Zimmerman. Additional components of A-BES include: (a)
a bucket trap lined with wire mesh (Figure 3.1C) for collecting output sediment;
(b) a rotating-pipe sediment feeder (Figure 3.1E); (c) an iPad for capturing timelapse videos; and (d) a SONY DSC-RX100 camera used to collect images of the
bed surface.
Water enters the system across a weir connecting an upstream head tank to the
rest of the sediment-filled stream table. The water is dyed blue using a pond dye
so that the wetted extent of the channel can be clearly seen in timelapse videos collected by the iPad. The bulk material in the main portion of the stream table is hand
mixed and spread evenly to a depth of 10 cm. At the outlet, water and sediment
leaving the system flows over a 10 cm tall concrete barrier into the sediment bucket
trap lined with wire mesh. This bucket trap allows water to flow through freely but
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Figure 3.1: Images of the components of the Adjustable-Boundary Experimental System (A-BES) at the University of British Columbia
captures all sediment greater than 250 µm, which represents the smallest size class
of material used in the bulk mixture.

3.2

Experimental procedure and data collection

Prior to each experiment the bed is fully mixed to destroy any sedimentary units
formed during previous experiments and a 30 cm wide and 1.5 cm deep straight
rectangular channel is cut into the floodplain. Water is then run at a low flow of 0.2
L/s for a period of 15 to 20 minutes in order to fully saturate the bed, without initiating any sediment transport. Once the bed is saturated, flow is slowly increased to
the desired rate. Once that flow rate is attained, a timer is set, and the stream table
is run at a constant discharge for a pre-defined length of time. For experiments run
with sediment supplied to the channel at the upstream boundary, the rotating feeder
is turned on only once the chosen flow rate is reached. Once the desired length of
run-time has elapsed, both the water pump and the sediment feeder are turned off
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and the stream table drains.
Three primary sources of data are collected from A-BES: bed elevation data,
surface texture data and sediment output data. While sediment output data is collected while the stream table is running, it is necessary to drain the bed in order to
collect the bed elevation and surface texture data. Consequently, each experiment is
divided into a series of shorter runs between which the experiment timer is stopped,
and the bed is drained of water, but the entire channel is not re-templated (i.e. the
channel morphology is preserved). These periods of drainage are not included in
the total length of the experiment.
With the bed drained, bed elevation data is collected using the laser scanner cart
(Figure 3.1B). This cart uses a stepping motor to collect cross-section profiles of
the bed surface at 2 mm increments for the entire length of the stream table. These
profiles are compiled to create a Digital Elevation Model (DEM) of the entire bed
surface with a resolution of 2 mm in both the x and y directions. The area covered
by the DEM extends 12 m in the downstream direction and 1.6 m in the crossstream direction. The cross section elevation data is collected by capturing images
of a laser line pointed down at the bed using two inward facing cameras mounted
to the upstream and downstream ends of the scanner cart. In order for the laser line
to be isolated from the images, it is necessary to run the scans in partial darkness.
However, even when the scan in run under low light conditions, there are often
still small parts of the bed that are not captured at the edges of the stream table
due to shadowing effects. However, as the majority of missing data resulting from
shadowing along the edges of the stream table, it has little effect on calculations of
bed elevation as it is typically some distance away from where the main channel is
located. A more in-depth description of the technical aspects of the laser scanning
system can be found in Zimmermann (2009).
Images of the bed surface are also collected in between runs when the bed
is drained. These images are used to create orthomosaics and DEMs of the bed
surface using AgiSoft PhotoScan Professional (Version 1.4.5). Images of the bed
with >60% stereographic overlap are taken using a downward-facing SONY DSCRX100 camera at regular intervals (either 1 or 2 meter spacing) along the stream
table. Raw images of the bed are input into Photoscan and processed using the
workflow described below.
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Unlike bed elevation and surface texture data, sediment output data is collected
while the stream table is running. During each run, sediment output from the system is collected using the bucket trap (Figure 3.1C). This trap is emptied every 15
minutes into drying pans. Each pan is labeled and put into a drying oven until all
water is evaporated. The dried sediment is then weighed in order to determine the
sediment output rate for each 15-minute interval. Following that, the entire sample
is split in order to come up with a 100 g sample. This sample is sieved to determine
the grain size distribution of the bedload for the 15-minute interval.

3.3

Model design and scaling

The experiments presented here were run as generic Froude-scaled models of steep
alluvial gravel-bed streams. The dimensions of these models are based on streams
located on alluvial fans near Canmore, Alberta. Field measurements of these prototype streams were conducted by BGC Engineering in 2013. For all experiments
presented here, the stream table gradient was set to 2% which is consistent with
gradients of flood-dominated (rather than debris-flow-dominated) channels on fans
in that region. I estimate that these models represent 1:25 scale versions of the
prototype channels, which means that the initial templated channel used for all
experiments represents a 7.5 m wide and 0.4 m deep alluvial channel.
Two slightly different bulk material grain size distributions were used in the experiments presented here (see Figure 3.2). These distributions were derived based
on nine samples of bulk material collected by BGC Engineering on alluvial fans
in the Canmore area. Using the scale of 1:25, the largest grains used in the models (8 mm) correspond to 200 mm boulders in the prototype channels. The lower
end of the model sediment mixture is truncated at 0.25 mm in order to maintain
a hydraulically rough boundary. This corresponds to a field sediment distribution
truncated at 6.25 mm; consequently, these models ignore the dynamics of small
gravel and sand which constitutes about 15% of the bulk material in the prototype
channels.
Across all experiments I refer to the two grain size distributions as GSD1 and
GSD2. These distributions are nearly identical, however GSD1 contains approximately 4% less coarse material (i.e. greater than 4 mm) than GSD2. The median
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Figure 3.2: Grain size distributions of the two bulk mixtures used in the experiments.
grain sizes of the two bulk mixtures (d50 ) are approximately equivalent: the d50
of GSD1 is 1.60 mm and that of GSD2 is 1.63 mm. Comparatively, the size of
grain associated with the 84th percentile of the bulk distribution (d84 ) differs more
widely between the two: the d84 is GSD1 is 3.09 mm while that in GSD2 is 3.32
mm, with the difference increasing further at larger percentiles (Table 3.1). Both
bulk mixtures span the same range of grain sizes (0.25 to 8 mm).
Two sediment supply scenarios were used in my experiments. In the first,
which I refer to as the low sediment supply scenario, no sediment was fed in at
the upstream boundary meaning that the only sediment supplied to downstream
reaches originated from bed and bank erosion. In the second, referred to as the
high sediment supply scenario, sediment was fed directly into the channel at the
upstream boundary, thus sediment received by downstream reaches originated both
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d50
d84
d90
d95

GSD1
1.60
3.09
3.67
4.37

GSD2
1.63
3.32
3.94
5.09

Table 3.1: Grain sizes given in mm for the two bulk mixtures.
from the feed as well as due to vertical and lateral erosion. In the high sediment
feed scenario sediment was introduced to the top of the stream table using a rotating tube sediment feeder (Figure 3.1D). This set-up comprises a storage bin for
sediment and a small motor used to rotate a steel pipe that connects into the storage
bin; the rate of sediment supply is set by changing the slope of the apparatus. The
input rates of material, and their respective GSD, for the high supply scenarios are
summarized with the rest of the experimental conditions in a section below.

3.4

Data processing

The DEMs collected using the laser scanner are the primary data used to examine
morphodynamic change in these experiments. Prior to their use in analysis, all
of the raw DEM models are processed using code written in the R Programming
Language (R Core Team, 2018) in order to remove any erroneous peaks in the data
caused by light leaks and to fill in any areas of missing data due to shadows during
the scanning process. The processing of DEMs comprises three steps: first, all
unreasonably high elevations above a given value are filtered out; second, the bed
surface is smoothed using a 7 x 7 pixel (14 x 14 mm) averaging filter to eliminate
smaller specious bumps and dips; and lastly, a second 15 x 15 pixel (30 x 30 mm)
averaging filter is run to fill in any missing data.
DEMs of Difference (DoD) are created by subtracting subsequent DEMs in
order to examine channel change over time. From these, I calculate two primary
measures of morphodynamic change: the morphodynamic activity of the channel
(M) and the change in storage of sediment in the channel (∆S). M is calculated as
the total volume of erosion and deposition, in m3 , measured in the channel for a
given interval of time:
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M = Ve +Vd

(3.1)

where Ve is the volume of erosion (in m3 )and Vd is the volume of deposition
(in m3 ). Volume change is calculated as the elevation change of each cell times
the resolution of that cell squared (in m3 ). ∆S is calculated as the net volume of
channel change:
∆S = Ve −Vd

(3.2)

Compared to sediment output rates, both M and ∆S better represent the magnitude of morphologic change occurring along the entire length of the channel, as
sediment output rates are only indicative of the amount of erosion occurring in
proximity to the channel outlet.
To create high resolution orthomosaics and DEMs of the bed surface, images
of the bed taken at cross sections located at regular intervals along the length of
the stream table are input into Agisoft Photoscan. Images are georeferenced using
known distances and processed using the Photoscan workflow. The resulting 3-D
models of each cross section encompass the entire width of the wetted channel and
extend about 30 cm in the streamwise direction. The typical resolution for both the
orthomosaics and the DEMs is about 0.1 mm, which is less than the smallest grain
size present on the bed surface.
The grain size distribution (GSD) of bed surface is measured from orthomosaics using a Wolman count method wherein the b-axis of 200 grains are measured
off each image based on user input. Grain sizes are only measured for particles
found within the wetted area. The wetted area is determined by comparing the
orthomosaic image to the wetted area as calculated by the flow model discussed
below. Uncertainty for the surface GSD is calculated from a binomial distribution
and depends on the size of the sample used. For single cross sections where only
200 grains are measured, the uncertainty of the D50 and D84 is on the order of 0.2
mm and 0.5-0.9 mm, respectively, which is why surface GSD measurements are
never given for individual cross-sections. Only when the surface GSD is estimated
based measurements from all cross sections for a given time period that uncertainty
bounds are reduced to an average of 0.05 mm for the D50 and 0.2 mm for the D84 .
25

The flow conditions (water depth, velocity, shear stress) area reconstructed for
each DEM by applying a 2D numerical flow model (Nays2DH) to the bed surface
DEMs. Flow modelling rather than direct measurements were used, as it is difficult
to measure flow depth and velocity in stream table experiments due to the shallow
depths (Y ≈ 0.005 m) and a rapidly evolving channel bed (see time lapse videos
in the supplementary material). To minimize rounding errors associated with the
magnitude of depths being simulated and the size of the grid, the DEM size and
discharge are adjusted to prototype scale (i.e. using the length scale of 25) for input into the flow model. After running the model, the water depths, shear stresses
and velocities from Nays2DH are then back-transformed to the model scale. I have
validated the results of the flow model by overlaying maps of specific discharge
(e.g. Figure 4.2), which are derived from the flow model results, onto downlooking images of the bed taken during the run. The extent of the modelled wetted
area has been found to agree well with the observed wetted area during the runs.
However, as I cannot directly quantify the error associated this method, we only
present reach-averaged values in my analysis on the grounds that while local variations present in the models may not be wholly accurate, the flow model is able to
predict reach-averaged characteristics reasonably well. Further, the reach-averaged
hydraulic data is calculated only for “wetted areas” which had a specific discharge
(q) of 2.5x10−5 m2 /s or greater. This threshold was chosen as one which selected
only for areas within the channel where sediment transport could be expected to
occur (i.e. not areas of overbank flow).
Channel roughness is parameterized in the Nays2DH model using Manning’s
roughness coefficient (n). To most accurately characterize the channel rougness I
use a two-step method wherein Nays2DH was run twice on each DEM. In the first
run, a constant value of n = 0.05 is used for the entirety of the bed and floodplain
surface area. Then, using the modelled local water depths and energy gradients
output from the first model run, a spatially varying model of roughness is calculated for each cell using the continuously varying power law equation presented by
Ferguson (2007); at this stage, the reach-average D84 is used for the flow resistance
calculations. Nays2DH is then run a second time for each DEM using the spatially
varying values of n for areas within the channel. For those areas not covered by
flowing water during the first run, n is set to 0.2, which corresponds to the high26

est values computed for the smallest water depths using the Ferguson (2007) flow
resistance equation.
Using the reach-averaged shear stress output from the flow model, I calculate
reach-averaged dimensionless shear stress (τi∗ ) as:
τi∗ =

τ
g(ρ − ρs )Di

(3.3)

where τ is the reach-averaged shear stress (calculated in Nays2DH), g is gravitational acceleration, ρ is the density of water, ρs is the density of sediment and
Di is the size of material associated with the ith percentile. In my analysis I calculate reach-averaged dimensionless shear stress using both the Di = D50 , which
is the traditional way in which it is calculated, as well Di = D84 , which is more
uncommon.
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Chapter 4

Summary of experiments
This section provides a brief overview of all seven experiments presented in this
thesis. These experiments are grouped into two categories: (1) the paired experiments, and (2) the pseudo-recirculating experiment. DEMs of difference (DoD),
showing the total change in the channel morphology over the course of the entire
experiment, as well as maps of specific discharge, representing the flow pattern
at the culmination of the experiment, are presented for each experiment. Tables
summarizing the hourly changes in sediment and flow characteristics for each experiment are given in Appendices B and C, respectively.

4.1
4.1.1

Paired experiments (Chapter 5 and 6)
Overview of paired experiments

Chapter 5 and 6 use data collected from three sets of paired experiments. For each
pair, both experiments were run with the same channel bed gradient, discharge and
sediment supply scenarios but had different bulk mixtures (Table 4.1). As described
in Section 3.3, the two bulk mixtures used are referred to as GSD1 and GSD2
(Figure 3.2). The first pair of experiments, GSD1a and GSD2a, were run at low
discharge (0.7 L/s) following the low supply scenario, in which no sediment was
supplied at the upstream boundary. Low discharge approximates bankfull flow of
the channel as it is the discharge that fills the initial rectangular templated channel
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to the top. The second pair, GSD1b and GSD2b, were run at high discharge, double
the low discharge (1.4 L/s), again with the low sediment supply scenario. The last
pair, GSD1c and GSD2c, were run at high discharge (1.4 L/s) following the high
supply scenario with a sediment feed of 100 g/min at the upstream boundary. For
the high supply experiments, the material fed into the channel had the same size
distribution as the material output during the corresponding high discharge low
supply experiment. The sediment input rate was chosen based on trial experiments;
I chose the highest possible feed rate that did not produce aggradation and overbank
flooding at the inlet.
While sediment output data was collected every 15 minutes at the outlet of
the stream table, flow was only stopped to collect scans of the bed and images of
the surface texture every hour. As such, the temporal resolution of the sediment
output data is greater than that of the DEM, flow modelling and surface texture
data. Images of the bed surface were taken at 2 m intervals along the length of the
stream table to create a total of five high resolution models of the bed surface from
which surface grain sizes were digitized.
Exp
GSD1a
GSD2a
GSD1b
GSD2b
GSD1c
GSD2c

d50
1.60
1.63
1.60
1.63
1.60
1.63

d84
3.09
3.32
3.09
3.32
3.09
3.32

Q
0.7
0.7
1.4
1.4
1.4
1.4

Qb
0
0
0
0
100
100

Chapter
4, 5
4, 5
5
5
5
5

Table 4.1: Summary of the experimental conditions for the paired experiments. Where d50 is the median grain size of the bulk mixture, d84 is
the 84th percentile of the bulk mixture, Q is the discharge in L/s, Qb
is the sediment feed in g/min. The “Chapter” column indicates which
chapter(s) the experiments were used in.
Although the data used in Chapter 5 and some of the data used on Chapter
6 are from the same paired experiments (GSD1a and GSD2a), some of the values presented in the results differ slightly due to discrepancies in the data analysis
methods employed, although the data trends agree generally (see Tables D.4 and
D.1). The results presented in Chapter 5 are from a preliminary analysis of the
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data; the methods used in Chapter 5 tend to be simpler, while the results presented
in Chapter 6 are from derived more evolved methods of data processing. Overall,
differences exist for the following data: (1) the average values of bedload d50 and
d84 over the 8 hours, (2) the surface grain size distributions, and (3) the flow modelling results. The differences in the data analysis methods used as well as a short
description of the primary differences in the resulting data values are presented in
Table 4.2. The values presented in Tables B.1 and C.1 are those derived using the
data analysis methods from Chapter 6.
Data
Average values
of bedload d50
and d84

Chapter 5
Calculated as mean
of all d50 and d84
values from the
half-hour samples

Surface GSD

Measured
from
a
single
downlookingimage
of
the
bed
Constant value of
n = 0.05 across the
entire channel and
floodplain

Flow roughness
into Nays2DH

Chapter 6
Calculated as a
weighted
average of half-hour
samples, weighted
using the sediment
output for that time
period
Measured
from
an
orthomosaic
created of the bed
surface

Main differences
Values in Chapter 6
are slightly higher
than those in Chapter 5

n varies spatially
and is calculated
using
Ferguson
(2007)

Modelled
flows
have lower w : d ratios and higher values of τ in Chapter
6,
particularly
for
Experiment
GSD1a

Values in Chapter
6 are slightly lower
than those in Chapter 5

Table 4.2: Discrepancies in results for experiments GSD1a and GSD2a between Chapter 5 and 6.
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4.1.2

Channel evolution in the paired experiments

Low discharge, low supply (GSD1a and GSD2a)
For the experiments run at low discharge and low sediment supply, differences
in channel morphodynamics between the two bulk mixtures became immediately
apparent; during the first hour, the experiment run with the finer bulk material
(GDS1a) developed a meandering pattern while that run in the coarser material
(GSD2a) remained straight. In GSD1a banks eroded, forming the outside of the
bends and submersed point bars formed on the inside of these bends. Comparatively, in GSD2a bank erosion was minimal and sediment transported was limited
to a small amount of fine sediment winnowed from the bed surface. This material was not sufficient to form any significant bedforms, instead it was transported
through the system as fine bedload sheets. From hour 2 onwards, the channel in
GSD2a remained nearly entirely unchanged, although some fine sediment did exchange between submerged bars. Meanwhile in GSD1a, while bank erosion slowed
and the channel stabilized into a meandering pattern by the end of the second hour,
bank erosion on the outside of meander bends continued in the lower part of the
channel until the end of hour 6. Morphodynamic change had essentially ceased in
both experiments by the end of the last hour (hour 8).

Figure 4.1: DEMs of difference for GSD1a and GSD2a showing the difference in bed elevation (in m) between the initial templated channel and
the bed at the end of the 8th hour. Extent of initial templated channel is
indicated by the dashed grey lines. Flow is from right to left.
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0.0075
0.005
0.0025
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GSD1b

Figure 4.2: Specific discharge (in m2 /s) at hour 8 is overlaid on top of the
hillshaded DEM, shown for GSD1a and GSD2a. Flow is from right to
left.
High discharge, low supply (GSD1b and GSD2b)
Both experiments run at high discharge with low sediment supply saw channel
widening along the entire length of the stream table during the first hour with
greater lateral erosion occurring in the downstream half of the stream table. In
GSD1b, the initial rapid widening led to the formation of mid-channel bars and
coincided with extensive overbank flooding that continued until around hour 5.
During this period, the location of the channel shifted back and forth across the
floodplain, forming a braided pattern and eroding the banks on either side of the
channel. In contrast, in the experiment conducted with the coarser bulk material
(GSD2b), bank erosion was not as rapid or extensive during the first hour and
quickly became limited to localized areas on alternating banks, forming a fairly
stable meandering pattern by the end of the second hour. Some overbank flow did
occur at the beginning of GSD2a, however it was limited relative to that seen in
GSD1b.
Channel morphology and thalweg location never fully stabilized during the
duration of GSD1b as it did in the coarse bulk material. Instead, over the course
of the eight hours, the channel reworked almost the entirety of the floodplain in
the lower two thirds of the stream table, eroding to the stream table walls in two
locations, first near the outlet of the channel during hour 6 and again halfway up
the channel during hour 8. In contrast, in GSD2b the channel only encountered the

32

wall just above the outlet on right side of the stream table during hour 5. Bank and
bed erosion continued to occur up in both experiments until the end of the 8 hours
unlike in the low discharge experiments.

Figure 4.3: DEMs of difference for GSD1b and GSD2b showing the difference in bed elevation (in m) between the initial templated channel and
the bed at the end of the 8th hour. Extent of initial templated channel is
indicated by the dashed grey lines. Flow is from right to left.

High discharge, high supply (GSD1c and GSD2c)
The paired experiments run at high discharge with high sediment supply started out
similarly to the low supply runs; both saw rapid bank erosion and significant overbank flow during the first hour, with the lateral erosion rate in the finer bulk material
(GSD1c) elevated relative to that in the coarser bulk material (GSD2c). Following
the first hour, the rate of lateral erosion slowed in the coarser bulk material, however it did not develop the same meandering channel pattern as it did during the
low supply runs. Instead a series of irregularly spaced and shaped mid-channel
bars formed and persisted until the end of hour 7 at which point the channel finally
developed a meandering pattern, although this transformation was accompanied by
significant overbank flooding (as shown in Figure 4.6). By the end of the experiment, the channel in GSD2c had developed a morphology similar to that seen in
GSD2b, except with the meandering pattern beginning closer to the inlet than in the
experiment with low sediment supply. In GSD1c, the channel remained active and
multi-threaded throughout the entire experiment, much like in the GSD1b, however during the high sediment supply runs, lateral erosion occurred along the entire
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GSD2a

Figure 4.4: Specific discharge (in m2 /s) at hour 8 is overlaid on top of the
hillshaded DEM, shown for GSD1b and GSD2b. Flow is from right to
left.
length of the stream table, causing mid-channel bars to form all the way up to the
inlet. Bank erosion caused the channel to encounter the left side of the stream table
during the first hour, during hour 5 and again during hour 8. Further, beginning at
the end of hour 6 and progressing into hour 7, the channel began to rapidly incise
along the entire length of the stream table, resulting in the formation of an almost
entirely single thread meandering channel with very little overbank flow. This pattern persisted for the majority of hour 7, until bank erosion in the bottom half of
the channel widened it again enough that a mid-channel bar formed, and a multithread channel developed again, although overbank flow remained limited for the
rest of the experiment. Overall, during the high sediment supply runs, the channels
were more dynamic and laterally active along the entire length of the streamtable,
however the morphologies that developed remained distinct between the two bulk
materials.

4.2

4.2.1

Pseudo-recirculating sediment experiment (Chapter
7)
Overview of the pseudo-recirculating sediment experiment

Chapter 7 presents data collected from a pseudo-recirculating sediment experiment, separate from the series of paired experiments. Pseudo-recirculating sedi34

Figure 4.5: DEMs of difference for GSD1c and GSD2c showing the difference in bed elevation (in m) between the initial templated channel and
the bed at the end of the 8th hour. Extent of initial templated channel is
indicated by the dashed grey lines. Flow from right to left.

GSD2b

0.0125
0.01
0.0075
0.005
0.0025
0

GSD2c

0.5 m

Figure 4.6: Specific discharge (in m2 /s) at hour 8 is overlaid on top of the
hillshaded DEM, shown for GSD1c and GSD2c. Flow from right to
left.
ment conditions were set up to best model the conditions of sediment supply we
might expect in a natural channel. In natural channels, the supply into a given
reach comes from bank and bed erosion upstream, in a pseudo-recirculating system I aim to mimic the amount and the grain size distribution of material coming
from upstream by feeding in the output from the stream table during the previous
15-minute period. This method is preferable to constant feed systems as recirculation replicates the natural temporal variability in supply that could be expected in
nature.
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The pseudo-recirculating sediment experiment was conducted at the same gradient as the paired experiments, however it was only run for a total of two hours and
sediment was pseudo-recirculated through the system. Unlike true recirculating
sediment experiments, this one is referred to as “pseudo-recirculating” due to the
time lag in sediment feed: in pseudo-recirculating sediment conditions, sediment
output from the streamtable during each 15-minute interval was dried, weighed,
sieved and fed back in the system during the subsequent 15-minute run. The recirculated sediment was introduced at the top of the streamtable using a rotating
feeder set to input sediment at the average output rate from the previous 15 minutes. As the experiment was begun from a templated channel, zero sediment was
fed into the system during the first 15 minutes.
In order to establish the pseudo-recirculating sediment condition, it was necessary to stop the flow every 15 minutes to dry the sediment output during that period.
As such, both laser scans of bed elevation and surface texture data was collected at
a 15-minute temporal resolution, which is four times higher than that of the paired
experiments. Images of the bed surface were taken at 1 m intervals along the length
of the stream table to create a total of ten high resolution models of the bed surface
from which surface grain sizes were digitized, or twice the number collected in the
paired experiments. Consequently, this experiment provides a formidable dataset
for examining both morphodynamic and surface texture adjustments.
The description of channel evolution over the course of the pseudo-recirculating
sediment experiment is presented in Section 7.3, however Figure 4.7 shows the
change in bed elevation seen over the course of the two hour experiment as well as
the flow pattern that established.
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Figure 4.7: DEM of difference showing the difference in bed elevation (in
m) and specific discharge (in m2 /s) at the end of hour 2 overlaid on
top of the hillshaded DEM, shown the pseudo-recirculating sediment
experiment. Flow is from right to left.
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Chapter 5

Identifying the large grain effect
5.1

Introduction

While the stabilizing function of large grains in step-pool streams has long been
recognized, the role they play in gravel-bed streams is less clear. Most researchers
have ignored the role of large grains in gravel bed streams, and have assumed that
the median bed surface size controls the erodibility of alluvial boundaries. In this
chapter, I present the results from two stream table experiments that exhibit significant differences in sediment transport characteristics and channel morphology that
can only have been caused by the addition of a small amount of coarse sediment
to bed material. It is also demonstrated that the observed differences in channel
behaviour are inconsistent with the notion that the relative mobility of the median
grain size is a suitable index for channel stability.
Shields’ classic work on grain entrainment using a bed of uniform grain sizes
is a seminal contribution that strongly influenced the direction of future research in
fluvial geomorphology. Shields (1936) concluded that the onset of mobility of particles in a channel occurs when the dimensionless shear stress in a channel exceeds
a critical threshold (θc ). While Shields (1936) found θc to be a function of the
particle Reynolds number, subsequent researchers found that relative particle exposure (e.g., Fenton and Abbott, 1977) and grain hiding (e.g., Parker et al., 1982b)
also exert first-order control on the threshold of grain entrainment. Entrainment of
bed material can be further modified by the proportion of fine sediment on the bed
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surface (Ikeda et al., 1988; Wilcock et al., 2001; Venditti et al., 2010), as well as
by both channel gradient and relative roughness (Mueller et al., 2005; Bunte et al.,
2013; Scheingross et al., 2013; Prancevic and Lamb, 2015).
Investigations of entrainment from a bed composed of a mixture of grain sizes
have demonstrated that a wide range of particle sizes are entrained over a narrower
range of flows than predicted by Shields’ original work (Andrews, 1983; Brayshaw,
1985; Ashworth and Ferguson, 1989). Similarly, full mobility of most sediment
sizes in the bed corresponds to the onset of full mobility of the D50 (Wilcock and
McArdell, 1993, 1997). Such observations have led researchers to conclude that
the bed surface D50 exerts a first-order control on the entrainment of the entire
mixture (Komar, 1987; Parker, 1990; Buffington and Montgomery, 1997), even if
true equal mobility of all sediment sizes is seldom if ever observed (Church et al.,
1991; Wathen et al., 1995; Lisle, 1995; Parker and Toro-Escobar, 2002).
Researchers have made the logical association between D50 mobility and channel form stability. Stable channel geometry has been predicted assuming that the
average boundary shear stress is equal to the entrainment threshold for D50 (Li
et al., 1976; Parker, 1978; Diplas and Vigilar, 1992), or by estimating the shear
stress acting on channel banks and setting that equal to the threshold for D50 (Millar and Quick, 1993; Millar, 2005). The surface D50 is also incorporated into
equations predicting the meandering/braiding threshold (Henderson, 1961; Millar, 2000, 2005; Eaton and Giles, 2009; Eaton et al., 2010), as well as various
general frameworks for understanding fluvial mechanics (Andrews, 1984; Parker
et al., 1982b, 2007). Church (2006) advocates using the Shields parameter as the
key variable to distinguish between various channel morphologies, transport characteristics and stabilizing processes. Clearly, there is a great deal of evidence that
the D50 is a very useful index that captures many essential features of stream morphodynamics.
Some phenomena cannot be explained with reference to the D50 . For example,
Eaton and Church (2004) identified a threshold channel gradient above which their
experimental stream table channels failed to establish and maintain a steady state
condition. The only apparent difference between experiments above and below
this threshold was a change in the mobility for the largest sizes of sediment in the
bed material. Similarly, the initial setup phase of stream table experiments is often
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plagued by experiments that appear to defy expectations based on Froude scaling of
some known prototype; initial trials sometimes exhibit unexpected stability during
which bars and pools fail to form, despite their presence in the field prototypes, or
they develop an unstable, braided pattern where a stable, single thread pattern is
expected.

5.2

Summary of experimental design

This chapter presents the results from the paired experiments run at low discharge
(0.7 L/s) and low sediment supply: GSD1a and GSD2a. Overall, the only difference between this pair of experiments was the bulk material used; in all other
respects, the experiments were identical. The first experiment (GSD1a) was conducted using a bulk grain size distribution for which d50 = 1.60 mm, d90 = 3.67
mm, and d95 = 4.37 mm. For the second experiment (GSD2b) additional coarse
material ranging in size from 4 to 8 mm was added to GSD1, producing a distribution for which d50 = 1.63 mm, d90 = 3.94 mm, and d95 = 5.09 mm. Chapter 3
provides an in-depth explanation of the model design and set up, the experimental
procedure, as well as the data collection and processing used to produce the results
presented here, while Section 4.1 details the specific experimental procedures associated with paired experiments and provides an overview of the channel evolution
over the course of the experiments.
The primary data used in this chapter include: DEMs of bed elevations derived from the A-BES laser scanner, sediment output data (both flux and grain
size distribution) collected from the bucket trap at the outlet of the stream table,
flow modelling results derived from Nays2DH, and surface grain size distributions
measured from downlooking images of the bed. Although the experiments analyzed in this chapter are the same as the first pair analyzed in Chapter 6, there are
some small discrepancies in some of the data due to differences in the methods of
analysis. These differences are summarized in Table 4.2.

5.3

Results

Experiments GSD1a and GSD2a exhibited very different morphodynamics: GSD1a
developed a sinuous channel with distinct bars, riffles and pools while GSD2a
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GSD1

GSD2

Figure 5.1: Detail of hillshaded DEMs for GSD1a and GSD2a at 8 hrs.
remained straight, and only developed low-amplitude bars (Figures 4.2 and 5.1).
The reach-average channel geometry at the end of the experiments also varied
markedly: at the end of GSD1a, the average channel width (W ) and depth (Y )
were 0.65 m and 0.005 m, respectively, while for GSD2a, the values were 0.36 m
and 0.008 m, respectively. An overview of the channel evolution over the course
of the 8 hours in both experiments can be found in Section 4.1.2.
Both GSD1a and GSD2b experienced net degradation over the course of the 8
hours, since there was no sediment feed at the upstream end of the stream table.
The total volume of degradation during GSD1a (19.9 kg) was nearly four times
the total during GSD2a (5.2 kg) (Figure 5.2A). The sediment output rate during
GSD1a fluctuated over several orders of magnitude, reaching peak output rates of
178 and 206 g/min at 1 hr and 5 hrs, respectively (Figure 5.2B). In contrast, the
output rate during GSD2a reached a maximum of 54 g/min at 2 hrs and was less
variable over the course of the experiment.
During GSD1a, degradation resulted primarily from lateral erosion and evac-
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Figure 5.2: A) Cumulative sediment output; B) Bedload transport rate
through time.
uation of bank material (Figure 4.1). In fact, most areas within the original templated channel experienced net aggradation, raising the local bed elevation. During
GSD2a, almost no bank erosion occurred and the relatively small loss of sediment
that did occur resulted from vertical scour. During the last 2 hrs of both experiments, the channels became nearly static, and the average sediment output rate was
less than 10 g/min.
While bedload sediment texture did vary over the course of GSD1a and GSD2a,
the temporal trends were not significant (Table D.1). Despite slightly different bed
material distributions, the distribution of the transported load was nearly identical
for the two experiments. The range of values for the bedload median size (d50 ) and
the 90th percentile (d90 ) are shown in Figure 5.3A; the mean values of d50 and d90
are not statistically different for GSD1a and GSD2a at the 95% confidence level
(Table D.2).
The bed surface texture coarsened over time during both experiments (Figure
5.4), though the trends for D50 and D90 are not statistically significant for GSD1a
(Table D.1). The bed surface developed during GSD2a was slightly coarser than
that which developed during GSD1a (Figure 3.2) as both D50 and the D90 for
GSD2a were statistically larger than the values for GSD1a (Figure 5.3B; Table
D.2). Excluding data from the first hour of the experiment, the armour ratio calcu-
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Figure 5.3: Load and surface grain sizes for GSD1a and GSD2a.
lated from the surface D50 and the subsurface bulk d50 varied from about 1.00 to
1.18 for GSD1a, and from about 1.10 to 1.25 for GSD2a (Table B.1). These armour
ratios are lower than they would be in the field prototype, since the model grain size
distribution is truncated at 0.25 mm (equivalent to 6.25 mm in the prototype).
The flow modelling results indicate differences in the reach average flow conditions resulting from the different bed morphologies developed during GSD1a and
GSD2a. The distribution of τ is not a simple, normal distribution, because extensive areas of the channel bed during GSD1a were covered by slow moving, shallow
water, which dramatically reduces the reach-average shear stress (Figure 5.5). During the first hour, both GSD1a and GSD2a saw a decrease in reach-averaged shear
stress (τ) from that associated with the initial channel (for which τ = 2.2 Pa). The
magnitude of change was greater in the GSD1a experiment and τ continued to decrease until 3 hrs, at which point it stabilized at approximately 0.95 Pa. In the
GSD2a experiment, τ dropped to 1.68 Pa during the first hour and remained at
about this value for the rest of the experiment.
In order to make a more meaningful comparison of the shear stresses in the
main channel around the thalweg, the median shear stress (τ50 ) was estimated for
a flow field that excludes data from grid cells for which q < 0.0005 m2 /s (where q
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Figure 5.4: Mean surface D50 and D90 through time for the two experiments.
The solid lines represent the results of linear regressions conducted on
these mean values (Equations and R-squared values presented in Table
D.1). Whiskers show the standard error of the mean (n = 5).
is the specific discharge, calculated as Q/W ). An estimate of the 95th percentile
of the shear stress distribution in the main channels (τ95 ) was also used as an index
of the upper range of the shear stress distributions. For GSD1a, the values of τ50
oscillated about a mean value of approximately 1.6 ± 0.013 Pa, while they varied
about a mean of 1.9 ± 0.024 Pa for GSD2a. This comparison implies that the
typical bed shear stresses during GSD2a were systematically greater than those
acting on the bed during GSD1a, though the differences (in the main channel, at
least) are not as large as estimates of the mean reach-average τ would suggest. The
difference in the maximum bed shear stresses for the two experiments is not as
large; the values of τ95 for GSD1a and GSD2a varied about mean values of 2.6
± 0.011 Pa and 2.7 ± 0.041 Pa, respectively, suggesting that the peak bed shear
stresses were approximately the same in both experiments.
∗ varies from 0.052 to
Using Equation 2.2, it was determined that for GSD1a, τ50
∗ varies from 0.059 to 0.066
0.065 with a mean value of 0.056, while for GSD2a, τ50

with a mean of 0.063. So, not only are the reach-averaged shear stresses higher
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Figure 5.5: Histograms of shear stress values for GSD1a and GSD2a based
on Nays2DH modelling using the bed topography after 8 hrs. The histogram presents the number of grid cells having shear stress values in a
particular range, and the sum of all columns is proportional to the total
area covered by flowing water.
∗ is slightly higher, too. However, despite the higher τ ∗ values
for GSD2a, but τ50
50

during GSD2a, the channel was much less active and the sediment transport rates
were much lower, relative to GSD1a.

5.4

Discussion

These experiments demonstrate that the median surface grain size does not control
channel stability. Traditional approaches for predicting the threshold for channel
∗ ) to the entrainchange compare the reach-averaged dimensionless shear stress (τ50

ment threshold for the D50 (e.g., Li et al., 1976; Parker, 1978; Diplas and Vigilar,
1992; Millar and Quick, 1993). The current consensus on stream channel dynamics
∗ exceeds some critical value,
predicts that channel change should occur when τ50

with the magnitude of the changes proportional to the degree to which the threshold
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is exceeded. This premise appears to be incorrect, since the experiment with the
∗ remained stable while the one with the lower value widened, developed
higher τ50

a sinuous, riffle pool morphology and transported four times as much bed material. The results from this study suggest that the largest grains in the bed material
control channel stability, a phenomenon which I will refer to as the “large grain
effect”.
While some researchers have noted the importance of coarse material in bar
stabilization (Leopold and Wolman, 1957; Lewin, 1976; Lisle et al., 1991), others
have ignored the issue, conducting experiments that use very narrowly graded sediments to explore bar dynamics (Jaeggi, 1984; Ikeda, 1984; Termini, 2009), which
eliminates the potential effects described herein. Furthermore, the traditional use
of fixed-wall flumes (e.g., Lewin, 1976; Ikeda, 1984; Lisle et al., 1991; Lanzoni,
2000; Termini, 2009) to study sediment transport and bedform dynamics make it
impossible to study channel stability, since channel width and slope are fixed quantities, rather than adjustable properties of the system, as they are in the field. It is
only in stream table experiments (or in the field) that the full suite of processes controlling channel stability can be studied, which perhaps explains why the scientific
community has failed to make a distinction between sediment mobility (comprising the entrainment and transport of grains) and sediment stability (involving the
interactions between large bed particles, the near-bed flow structure, and other bed
particles).
For the two experiments studied herein, most of the channel adjustments took
place during the first hour. By the second hour, bed shear stress, wetted width,
∗ is different for the two
and depth reached reasonably stable values. While τ50

experiments, the reach-averaged dimensionless shear stress, when calculated in
Equation 2.2, using Di = D95 , is approximately the same for both GSD1a and
GSD2a, having an average of 0.022 (excluding data from the first hour), which
is consistent with the entrainment threshold of 0.02 for large grains, reported by
Andrews (1983). This suggests that, after the initial period of bank erosion, bed
deformation, bar deposition and/or surface coarsening during the first hour, both
experiments reached a stable state defined by the threshold of motion for the largest
∗ values.
grains on the bed, despite consistently different τ50

Although the stable channels developed by the end the experiments are both
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consistent with a threshold channel associated with the largest grains, the processes producing the threshold state were quite different. Despite the lower θ50
values during GSD1a, erosion of channel banks during that experiment triggered
a feedback mechanism between channel form and local transport capacity that led
to the development of a sinuous channel with a riffle-pool morphology, ultimately
resulting in a wider, shallower channel. This lateral instability also supplied the
system with sediment via extensive bank erosion, such that much of the initial
channel was subject to local net aggradation (GSD1a in Figure 4.1). In contrast,
during GSD2a, the initial channel degraded and coarsened, and did not receive any
significant sediment inputs due to lateral channel migration. In this circumstance,
only low amplitude, poorly developed bars formed (GSD2a in Figure 4.1). In light
of this, the explanation for such different response trajectories must relate to the
initial mobility of the largest grains, and through that, the capacity of the channel
to erode its banks.
At the beginning of both experiments, τ50 was approximately 2.2 Pa (see Table C.1). Assuming that the bed surface initially had the same median size as the
bulk sediment distribution, the values of τ50 were 0.082 and 0.085 for GSD1a and
GSD2a, respectively. According to these calculations and considering the relatively unstructured and unarmored state of the channel bed at the beginning of the
experiments, the bed surface D50 should have been fully mobile and both channels
should have been laterally active. Previous work summarized by Lisle et al. (1991)
suggests that alternate bars should form for these conditions, as well. Nevertheless,
the experiment with the slightly higher τ50 value (GSD2a) remained laterally stable
and did not develop a well-defined set of alternate bars, whereas that with the lower
value deformed its boundaries and developed a sinuous planform with prominent
bars, pools and riffles. The processes governing channel stability can clearly not be
associated with mobility of the D50 , even if mobility of the D50 is a useful index.
If the D50 is not controlling channel stability, then what is controlling it? An
analysis of relative mobility using the ratio of the bedload sediment size, output
from the stream table, (di ) to the bed surface sediment size (Di ) indicates that the
largest grains in the bed material were systematically underrepresented in the bedload for GSD2a (but not GSD1a), suggesting that they were only partially mobile
(Figure 5.6). Assuming that full mobility corresponds to di /Di ratios of between
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Figure 5.6: The ratio of the texture of the transported material to the bed surface is shown for the median (solid circles), the 90th percentile (open
circles) and the 95th percentile (plus signs) of each distribution for
GSD1a (red) and GSD2a (blue).
0.85 and 1.15, the bed surface D50 , D90 and D95 were all fully mobile for the duration of GSD1a. However, for GSD2a, the bed surface D50 was fully mobile, but
the larger size classes (i.e. D90 and D95 ) were not.
Perhaps the difference between the morphodynamics of GSD1a and GSD2a
can be associated with the areal concentration of stable grains on the bed surface.
According to Wilcock and McArdell (1997), grains in a given size class become
partially mobile once shear stress of the bed exceeds the critical shear stress of entrainment and become fully mobile at twice the critical shear stress of entrainment.
However, not all partially mobile grains contribute to channel stability (i.e., some
of those grains will have moved during the experiment). Work by Wilcock and
McArdell (1997) suggests that, for a size class at the threshold between stability
and partial mobility (i.e., τ = τci , where τci is the critical shear stress to entrain
that size class), 90% of the grains on the bed within that class will remain immobile; in contrast, for a size class at the threshold between partial mobility and full
mobility (i.e., τ = 2τci ), only 10% of the grains on the bed will remain immobile.
Assuming that the proportion of immobile grains on the bed decreases linearly as
τ increases from τ = τc to τ = 2τc , it is estimated that 3.5 ± 1% of the initial bed
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surface was immobile during GSD1a and 6.1 ± 1% of the initial bed was immobile
during GSD2a (the estimated error is based on uncertainty for the bed surface texture values). By the end of the experiments (when both channels had achieved a
stable configuration), it is estimated that the proportion of the bed that was stable
had increased for both experiments, reaching statistically similar values (12 ± 1%
for GSD1a and 13 ± 1% for GSD2a).
These results suggest that: (1) for channel planform to be stable (in the presence of bed material transport), approximately 5% of the bed must be immobile;
and (2) for a channel to reach a static state (i.e. having both a stable channel pattern
and experiencing transport rates close to zero) approximately 10% of the bed must
be immobile. While it may seem that an immobility threshold of 5% is small, this
value is comparable to the results reported by Gao et al. (2016), who found that
aeolian dunes do not form when the initial proportion of coarse (i.e. immobile)
grains within the bed is greater than 4-5%. While more work remains to be done
to explore the mechanisms by which these coarse grains stabilize a surface, there
is strong evidence to suggest that small changes to the coarse tail of a deposit can
play a significant role in altering the morphodynamics of a sedimentary surface.

5.5

Conclusions

The results of two experiments conducted with nearly identical bed material distributions demonstrate an incomplete understanding of the factors controlling channel
stability. The experiments suggest that channel stability is most likely controlled
by the large grain effect: stability does not seem to be controlled by the median surface grain size, which is fully mobile during floods, instead it is the largest grains
that remain immobile and impart stability to the channel. It was found that adding
a relatively small volume of coarse sediment to the bed material (which produced
only a 15% increase of the d95 of the bulk material) resulted in a 48% decrease in
channel width and a 75% decrease in average sediment transport rate. The addition
of coarse material also produced a transition from a lateral style of channel adjustment, in which bank erosion allows for the development of a sinuous channel and
pool-riffle morphology, to a primarily vertical style of adjustment involving essentially no bank erosion. Given the design of the models used in these experiments,
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results from this study are strictly applicable to relatively small, sediment supply
limited threshold channels. However, observations from related experiments, presented in the next chapter, using the same grain size distributions seem to confirm
that large grain sizes control channel stability over a wide range of discharge values
and sediment supply rates.
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Chapter 6

Validating the large grain effect
6.1

Introduction

In Chapter 5, I describe “the large grain effect”, an phenomenon named for the
small proportion of large grains that appear to exert a surprising influence on morphodynamics in an alluvial channel. With the only difference between a paired
experiments being a slightly greater (< 5%) proportion of large grains in the bulk
material, I find that the channel with the coarser bulk material output four times
less sediment and experienced only half as much bank erosion of that run in the
finer material. Given that the median grain size of the surface was approximately
the same in both experiments, I infer that the processes driving the difference in
morphodynamics between the two systems are controlled not by behaviour of the
the median grain size, as it has commonly been accepted (e.g., Parker et al., 1982a;
Andrews, 1983), but instead by the coarse tail of the distribution. Further, these
∗ )
differences cannot be accounted for by the average dimensionless shear stress (τ50
∗ was actually higher in the more stable channel. These results lead us to
as τ50

re-examine our understanding of channel stability in alluvial systems and to look
deeper into the influence of the large grain effect on channel morphodynamics
across a wide range of conditions.
Some literature supports the observation that large grains play a role in channel
morphodynamics, particularily in regards to their influence on flow resistance (e.g.,
Hey, 1979; Recking et al., 2009; Monsalve et al., 2017); however most researchers
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have done little to study their role in sediment transport and channel stability (see
Chapter 4). Large grains influence flow resistance by disrupting the velocity profile near the bed, dissipating the energy available for work (Monsalve et al., 2017).
These grains do not always do so individually, instead it is well documented that
large grains interact to form structures, such as stone cells, clusters and ribs, that to
further increase bed roughness and increase flow resistance (Clifford et al., 1992).
However, these structures also influence sediment transport and channel stability
(Hassan and Church, 2000); groupings of large grains act to shelter smaller surrounding grains, thus limiting sediment entrainment and increasing the surface stability. Consequently, these large grains can be thought of as forming a framework
over which finer material is transported and by which a stable channel geometry is
able to persist (MacKenzie et al., 2018), much in the way that it has been observed
in steeper channels (Phillips, 2002; Piton and Recking, 2017).
Channel stability has traditionally been assessed by comparing the threshold
shear stress of the median grain size to the shear stress in the channel (e.g., Jowett,
1989; Kaufmann et al., 2008). The experiments presented in Chapter 5 disrupt this
notion, as the dimensionless shear stress was higher in the more stable channel (i.e.
with more large grains present). Further, studies have observed multiple “stages” of
channel stability, which suggests that there may not be a single threshold of channel
stability that can be defined. These studies tend to distinguish between annual peak
flows in which the transport of material around the median size occurs, but the
channel geometry remains fairly constant, and infrequent flood flows for which
all grains are entrained and significant channel restructuring occurs (Jackson and
Beschta, 1982; Carling, 1988; Ashworth and Ferguson, 1989; Warburton, 1992).
These observations, in concert with my own experiments, point to the role of large
grains in providing channel stability and has lead to development to a multi-phased
model of channel stability based on the entrainment threshold of some measure of
the largest grains in a channel (see Chapter 2).
The results of Chapter 5, in conjunction with the in-depth review of literature
presented in Chapter 4, provide evidence for the large grain effect, however, there
remains a lack of evidence that large grains remain influential across different conditions, particularly at higher discharges and sediment supply rates. In this study
I present three pairs of experiments which aim to answer two important questions:
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(1) Does the difference between the two grain size distributions persist at higher
discharges where a greater fraction of the bed is mobile? (2) Does the difference
persist at high sediment supply where the development of armouring is suppressed?

6.2

Summary of experimental design

This chapter presents the results from all three sets of paired experiments: those
run at low discharge (0.7 L/s) without feed (GSD1a and GSD2a), those run at high
discharge (1.4 L/s) without feed (GSD1b and GSD2b), and those run at high discharge with feed (100 g/min) (GSD1c and GSD2c). Overall, the only difference
between each pair of experiments was the bulk material used; in all other respects,
the experiments were identical. Chapter 3 provides an in-depth explanation of the
model design and set up, the experimental procedure, as well as the data collection
and processing used to produce the results presented here, while Section 4.1 details
the specific experimental procedures associated with paired experiments and provides an overview of the channel evolution over the course of the experiments. The
primary data used in this chapter include: DEMs of bed elevations derived from
the A-BES laser scanner, sediment output data (both flux and grain size distribution) collected from the bucket trap at the outlet of the stream table, flow modelling
results derived from Nays2DH, and surface grain size distributions measured from
orthomosaics of the bed surface created using Photoscan.

6.3
6.3.1

Results
Channel evolution

In nearly all experiments the stream channel widened relative to the initial rectangular channel and developed bars, pools and riffles 1 . In general, widening was
greatest in the downstream half of the channel for experiments following the low
sediment supply scenario, and fairly equal along the length of the channel for experiments following the high sediment supply scenario. These trends are exemplified in Figures 4.1, 4.3, and 4.5 which show the difference in elevation, and thus
1 The

only experiment to not change notably from initial templated channel was GSD2a, run in
the coarser bulk material at low discharge with low sediment supply.
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morphology, between the initial channel and that at the end of the 8 hours for each
of the paired experiments.
Distinct differences in flow patterns developed between paired experiments.
At low discharge, the channel developed a meandering pattern in the finer bulk
material (GSD1a) while flow remained straight in the coarse material (GSD2a).
This is demonstrated in Figure 4.2 which shows the modelled flow in the channel
(represented by the specific discharge) at the end of hour 8 for the pair run at low
discharge and low sediment supply. In experimental pairs run at high discharge
(with both high and low sediment supply), experiments using GSD1 developed
a braided pattern, whereas the experiments using GSD2 developed a meandering
pattern (Figures 4.4 and 4.6).
In-depth summaries of channel evolution in each paired experiment can be
found in Section 4.1.2. Further, additional DoDs showing the change in morphology between subsequent hours for each experiment can be found in the Appendix
(Figures A.1, A.2, A.3, A.4, A.5, A.6).

6.3.2

Morphodynamic change

The differences in channel evolution described in Chapter 4 (Section 4.1.1) are
quantified using indices of morphodynamic change derived from the DEMs of difference. In all experiments, the magnitude of change seen over the course of the
8 hours was strongly controlled by the bulk mixture in which it was run. Between
paired experiments, morphodynamic activity was always much greater in the experiments run with the finer bulk material (Figure 6.1).
Morphodynamic activity (M) was greatest during the first hour for all experiments. M subsequently tended towards zero in the low discharge experiments
(GSD1a and GSD2a) but remained relatively high for the other experiments (GSD1b,
GSD1c, GSD2b and GSD2c; see Figure 6.2). Comparing the experimental pairs
with the same discharge and sediment supply, it is clear that those run with GSD1
had relatively greater values of M relative to their GSD2 counterparts (Figure
6.1B). The greatest cumulative difference between pairs was for those run at low
discharge (Table 6.1). GSD1a experienced 3.6 times more cumulative morphodynamic change than did GSD2a, while GSD1b and GSD1c experienced approxi-
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mately twice the morphodynamic activity of GSD2b and GSD2c.
Doubling the discharge for the low sediment supply scenario increased M in
both bulk mixtures. However, M differed by a factor of 10 for the high and low
discharge experiments in GSD2, while M differed by only a factor of 4 for the
corresponding experiments using GSD1. Increased rates of sediment supply (i.e.
the high sediment supply scenario) did not exert a large influence on M for experiments conducted in either bulk mixture, although total cumulative M was slightly
higher under the high supply scenario with the difference between low and high
supply experiments being slightly greater in the finer bulk mixture.
Changes in sediment storage (∆S) are used to determine whether a channel is
degradational (∆S < 0), aggradational (∆S > 0) or at equilibrium (∆S ≈ 0). My
results show that all experiments were degradational as they experienced a net loss
of sediment over the course of the 8 hours (Figure 6.1) with the greatest loss occurring during the first hour (Figure 6.2). Between paired experiments, those run with
the finer bulk material (GSD1) lost more sediment than those run with the coarser
material (GSD2). Like with M, the greatest difference in total cumulative ∆S between pairs was seen at low discharge, as GSD1a was 4 times more degradational
than GSD2a (Table 6.1). A notable difference exists between the experiments run
at high discharge and high sediment supply (GSD1c and GSD2c): although GSD1c
remained degradational throughout the entire 8 hours, in GSD2c, ∆S approached
zero following the first hour, suggesting that the channel evolved towards sediment
transport equilibrium. In general, the high supply scenario was associated with less
negative values of ∆S, however the high sediment supply scenario seems to have
had a greater influence on the morphodynamics for the experiment run with the
coarser bulk material.
The sediment output rates are consistent with those of M and ∆S as experiments
run in GSD1 output more than those run in GSD2 and the high discharge experiments output more sediment than those run at low discharge (Figure 6.3, Table
6.1). The cumulative difference between the sediment input and the sediment output for the two experiments run with high sediment supply are consistent with the
observed changes in sediment storage (∆S); experiment GSD1c remained degradational while that of GSD2c evolved towards a more equilibrium system a total
cumulative net value of near 0.
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Figure 6.3: Cumulative sediment output (Qb,out ) and cumulative net sediment
output (Qb,out Net) over time.

GSD1a
GSD2a
GSD1b
GSD2b
GSD1c
GSD2c

ΣM
0.091
0.025
0.385
0.197
0.451
0.220

ΣS
-0.03
-0.01
-0.14
-0.07
-0.11
-0.03

ΣQb,out
19916.0
5182.8
132269.0
73692.0
126750.0
54497.0

ΣQb,out Net
19916.0
5182.8
132269.0
73692.0
78750.0
6497.0

Table 6.1: Summary of total cumulative morphodynamic change for each experiment. Where ΣM is the total cumulative morphodynamic activity in
m3 , ΣS is the total cumulative storage in m3 , ΣQb,out is the total cumulative sediment output in g and ΣQb,out Net is the total cumulative net
sediment output in g.

6.3.3

Bedload and surface grain size distributions

We present the bedload grain size data as time-averaged distributions (weighted by
the sediment output rate for that given time period) for each experiment (Figure
6.4). This is because while many experiments exhibited a slight fining trend over
the course of the 8 hours (Figure 6.5), the trend was only statistically significant
for the bedload d50 the d84 in GSD1c and the bedload d84 in GSD1b (Table D.3).
Comparing then the average bedload GSD between pairs, the material transported
was surprisingly similar for the two bulk mixtures, there was no statistical difference in average bedload transported between any of the pairs (Figure 6.4 and Table
D.5).
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Figure 6.5: Bedload d50 and d84 over time for all experiments. Experiments
with significant temporal trends in bedload grain size are shown in bold.
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polygons to show the range of uncertainty associated with a sample of
200 grains.
The bed surface tended to coarsen slightly during nearly all experiments; the
only experiments with significant temporal trends were GSD2a (for the D50 and the
D84 ) and GSD2b (for the D50 only)(Figure 6.7 and Table D.4). Thus, the surface
GSDs for each experiment are calculated using all measurements of surface grains
from all eight hours (Figure 6.6). Overall, experiments run in the coarser bulk material (GSD2) consistently have a greater proportion of large grains present on the
surface. Further, the differences in surface texture were greater at high discharge,
under both high and low sediment supply scenarios, as GSD2b and GSD2c had
significantly larger values of D50 and D84 than GSD1b and GSD1c, respectively.
At low discharge, there was only a significant difference for the D84 .
In all experiments, large grains were overrepresented at the surface of the bed
relative to their proportion in the bedload, whereas the median size of material on
surface was more comparable to that transported as bedload (Figure 6.8). Between
paired experiments, the ratio of D84 /d84 was significantly greater in the GSD2
experiments than it was in those conducted with GSD1. In comparison, there was
no significant difference between the ratios of D50 /d50 between any of the paired
experiments.
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Figure 6.7: Surface D50 and D84 over time for all experiments. Experiments
with significant temporal trends in bedload grain size are shown in bold.
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to demonstrate the range of uncertainty for a sample of approximately
3500 grains.
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6.3.4

Shear stress and stream power

We found that reach-averaged dimensionless shear stress normalized using the D50
∗ ) was on average higher for experiments conducted in the coarser bulk material
(τ50

(GSD2), although the difference was only significant for the pair run at high discharge and low sediment supply. The relationship between the two bulk mixtures
reversed when the reach-averaged dimensionless shear stress was calculated using
∗ ); those run with the finer bulk material tended to have higher values of
the D84 (τ84
∗ than their pair run with the coarser bulk material, however the differences were
τ84
∗ , the change in τ ∗ between high and low
not statistically significant. Like with τ50
84
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Figure 6.9: A) Boxplot comprising all measurements of dimensionless shear
stress calculated with D50 for each experiment, except the initial value
(i.e. that associated with the templated bed); B) Boxplot comprising
all measurements of dimensionless shear stress calculated with D84 for
each experiment.
∗ there was less of a difference
discharge was greater with GSD2, however, with τ84
∗ .
between GSD2b and GSD2c than what was seen for τ50

Between paired experiments, unit stream power (ω) was higher in experiments
conducted with the coarse bulk material (GSD2). For the low sediment supply
scenarios (both high and low discharges) the temporally-averaged value of ω was
sigificantly higher in GSD2 than in GSD1. For the high sediment supply scenario,
while ω was higher in GSD2c than in GSD1c, it was not significantly different.
∗ , although the differences between the two
These results are similar to those of τ50

bulk mixtures are slightly greater for ω.

6.4

Discussion

Differences in channel morphodynamics persist between two nearly identical experiments even with the doubling of discharge and under high and low sediment
supply scenarios; all experiments run in the finer bulk material (GSD1) were consistently more morphodynamically active than their counterparts run with the slightly
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Figure 6.10: Boxplot comprising all measurements of unit stream power, except the initial value (i.e. that associated with the templated bed).
coarser bulk material (GSD2; Figure 6.1 and Table 6.1). These results indicate that
channel response may be largely governed by the behaviour of a small volume of
coarse grains and thus suggest that the large grain effect persists across a range of
conditions.

6.4.1

Persistence across discharges

In my experiments, increasing the discharge caused greater morphodynamic activity (M) and more degradation (-∆S) in both bulk mixtures, however the difference
in response was larger in the coarser bulk material. I measured eight times the
morphodynamic activity at high discharge relative to low discharge in experiments
run with GSD2, whereas doubling the discharge resulted in just under four times
the morphodynamic activity in the finer bulk material (Table 6.1). Likewise, the
change in ∆S with discharge was greater for GSD2 than it was for GSD1; GSD2b
experienced nearly ten times times as much degradation as GSD2a, while GSD1b
experienced five times much degradation as GSD1a.
Doubling the discharge reduced differences between the two bulk mixtures; at
low discharge, cumulative morphodynamic activity was over 3.5 times greater in
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GSD1a than in GSD2a, whereas at high discharge, it was only two times greater in
GSD1b than in GSD2b. The value of ∆S for GSD2b was four times that for GSD2a,
while ∆S for GSD1b was about twice that for GSD1a. Overall, these results suggest
that while discharge exerts a significant influence on channel morphodynamics, the
magnitude of response is mediated by the bulk mixture.
Differences in morphodynamic activity between the two bulk mixtures across
discharges (Figure 6.1) be considered from the perspective of the channel stability
model presented in Chapter 2. This conceptual model groups channel response
into three stability phases: 1) stable, wherein the channel undergoes little to no
morphodynamic change; 2) dynamically stable, wherein localized bank erosion
and compensating bar deposition occur; and 3) unstable, wherein significant bank
erosion causes the channel to widen. Based on these definitions, I broadly classify
GSD2a as stable, GSD1a and GSD2b as dynamically stable and GSD1b as unstable, although in all cases the channels transition across these phases over the course
of the 8 hours (see DoD Figures in Appendix A). Considering GSD2, the large shift
in morphodynamic activity between high and low discharge can be attributed to the
transition from a stable channel, where bed and bank erosion is almost negligible,
to a morphodynamically active one where erosion and deposition occurs for the
entire 8 hours. Comparatively, because GSD1 is already morphodynamically active at low discharge, the increase in discharge simply increases the rate at which
banks are eroded and the length of time for which this high rate of morphodynamic
change is sustained.
Many studies have observed that the size of material transported as bedload increases with discharge (Lisle, 1995; Lanzoni, 2000; Haschenburger and Wilcock,
2003), however in my experiments, the grain size distribution of bedload transported at high discharge is not remarkably different from that transported at low
discharge in either bulk mixture (Figure 6.5). The same is true for the surface texture (Figure 6.7). Comparing the ratios of the size of material left on the surface to
that transported as bedload for the low sediment supply scenarios (Figure 6.8), it
can be seen that differences between D84 /d84 across the bulk mixtures are significant (i.e. between GSD1 and GSD2) while those between high and low discharge
for a given bulk mixture are not (e.g. GSD1a and GSD1b); D50 /d50 is not statistically different between any of these experiments. These results suggest that, while
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increasing the discharge causes more of the channel to experience erosion and deposition, the ultimate magnitude of that change is governed by the relative stability
of large grains. When a greater proportion of large grains are left on the surface
(i.e. are immobile or partially mobile), as is the case in the GSD2 experiments, they
act to stabilize both the bed and banks. Conversely, where large grains are close to
full mobility, as in the in the GSD1, they are not present in sufficient amounts at the
surface to stabilize the channel. Consequently, it can be concluded that the large
grain effect is mediated by the relative stability of such grains in the channel; the
effect will be strong where large grains are immobile or partially mobile, and will
be weak where they are close to full mobility. Thus, channels with a wider range
of grain sizes will likely be more stable across discharges, while those composed
of a narrow range may experience instability at a lower discharge.

6.4.2

Persistence across rates of sediment supply

Sediment supply acts to suppress the formation of the armour layer (Dietrich et al.,
1989) and thus limit the presence of large grains at the channel surface. Changes in
sediment supply have been linked to changes in reach-scale attributes, such as bed
surface texture and channel geometry (e.g., Montgomery et al., 1999; Eaton and
Church, 2004), as well as to larger scale processes such as the transition between
channel patterns (e.g., Eaton and Church, 2009; Mueller et al., 2014). In this study,
I find that while increasing the rate of sediment supply does increase the morphodynamic activity of the channel, overall differences between the two bulk distributions persist even in the high sediment supply scenario. The change in M between
the low and high sediment supply scenarios was roughly similar between the two
bulk mixtures, as with those at high sediment supply were roughly twice as morphodynamically active as those run at low (Table 6.1). In comparison, the change
in sediment storage between low and high sediment supply deviated between the
two bulk mixtures; while GSD1c remained a degradational system for the entire
experiment, GSD1c started as degradational but then evolved towards a sediment
transport equilibrium. This is shown by the temporal evolution of ∆S (Figure 6.2),
as while ∆S remained negative for GSD1c, in GSD2c ∆S tended towards zero and
even became positive for a period of time. Consequently, the difference in total
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cumulative ∆S due to the increase in sediment supply was twice as great in GSD2
as it was in GSD1. These results suggest that the presence of a greater number
of large grains may influence how sediment is transmitted through a reach, more
sediment input from upstream can be stored where more large grains are present,
possibily due to the stabilizing effect that these harder-to-move grains exert. Consequently, it may be important to integrate the role of these large grains into models
of sediment flux.
The role of sediment supply on morphodynamics can be seen in the DoD showing the hourly evolution of the bed under low sediment supply conditions (Figure
A.1, A.4, A.3); in three of the experiments run under the low sediment supply
scenario (i.e. all except GSD2a), the channel stabilized from the inlet downward.
This is particularly notable for GSD1a where downstream meanders become progressively stable as the supply from upstream becomes limited. Comparatively,
the areas near the inlet remained active throughout the entire experiment with feed
present (Figure A.5, A.6), however the activity in the lower half of the stream table does not deviate notably from the experiments run at high discharge with feed.
This suggests that, where banks are erodible, the input of sediment from upstream
(or from a feeder) has a relatively localized effect on channel morphology, as the
input sediment drops out of transport to forms bars, however because bank erosion
rates are increased due to the diverted flow around these bar, an elevated amount
of sediment is available for transport to the downstream areas. Consequently, the
rates of morphodynamic change are sustained for the entire channel over the course
of the experiments run with feed (Figure 6.2).

6.4.3

Factors governing stability

A Relative Bank Stability (RBS) calculation is the most commonly used approach
to estimate channel stability. It is calculated as either the ratio of critical velocity of
entrainment to velocity in the channel (Vcritical /V ) or as the ratio of the critical shear
stress of entrainment to the shear stress in the channel (τcritical /τ) (e.g., Biedenharn
et al., 1997; Olsen et al., 1997). Of the two, the critical shear stress, also called
tractive force, is more conventionally used. According to the RBS analysis (e.g.,
Millar and Quick, 1993; Kaufmann et al., 2008), channels are unstable when the
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shear stress of the channel exceeds the critical shear stress of the median grain
size of the bed surface (τ > τc50 ). Based on this, I would expect there to be a
connection between channel stability and shear stress in the channel. My results do
not show this; within the paired experiments I do not find a predictable relationship
between shear stress and channel stability. Instead, the reach-averaged shear stress,
τ, is consistently higher for the more stable experiments, those run with GSD2
(Table 4.1). The RBS analysis can also be conducted using the dimensionless
∗ is greater in the
form of shear stress (Millar and Quick, 1993). I find that τ50

GSD2 experiments (Figure 6.9), which is again inconsistent with our observations
of channel stability. When shear stress is normalized using the D84 , however, I find
∗ is slightly greater in experiments conducted with GSD1, which is
that average τ84

what I would expect. This suggests that my estimates of shear stress are highly
variable, and that those local estimates are not well paired with the local grain
size, however these results indicate that large grains are much more important than
previously recognized, even if the differences are not statistically significant.
These trends hold true across experiments conducted with varying governing
conditions by comparing measurements of morphodynamic change (M) from all
∗ and τ ∗ calculated for those same periods (Figure
hours of all experiments to τ50
84

6.11). I use M to represent channel stability, as channels that are more stable
will have little to no morphodynamic change while those that are less stable will
have more. Based on this data, I find no significant relationship between M and
∗ . This finding contradicts much of the existing literature which tends to show
τ50

a significant positive relationship between rates of sediment transport and shear
stress (e.g., Wilcock, 1997b; Mueller et al., 2005). I do, however, find a significant
∗ . This suggests that the D
positive relationship between M and τ84
84 is a better

representative grain size than the median when non-dimentionalizing shear stress
for use in a stability analysis.
That sediment transport is only tangentially related to the processes driving
channel stability is supported by my finding that the bedload material transported
is roughly similar between paired experiments (Figure 6.4). Thus, it is not necessarily the capacity for the channel to carry a given grain size that dictates stability.
So, if neither the reach-averaged shear stress nor the bedload GSD can be alone
used as an index to differentiate between varying degrees of channel stability, it is
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necessary to look to other variables that differ between pairs. In my experiments,
one characteristic that is consistently different between bulk mixtures is the surface
GSD; I find that the surface is significantly coarser in experiments run with GSD2,
particularly for the coarse end of the GSD (Figure 6.6). Building on this, if I compare the size of material in transport to the size of material that is left on the bed
surface between pairs, we find the ratio between the size of bedload and surface
material is greater for those run with GSD2, with the difference being significant
for the D84 . The relationship between the bedload and the surface has been used to
some success in other studies to characterize channel stability, however these studies have employed the ratio of D50 /d50 (Dietrich et al., 1989; Montgomery et al.,
1999; Bunte et al., 2013). In this study, I find that D50 /d50 does not vary significantly between pairs (Figure 6.8). In contrast, there are clear differences in the
ratio of D84 /d84 ; for all pairs D84 /d84 is significantly higher for experiments run in
GSD2, regardless of the discharge or sediment supply conditions.
Stepping back to consider the results of all experiments together, I find that
there is no significant relationship between D50 /d50 and M; instead, while M varies
widely, D50 /d50 only varies between about 0.8 and 1.2, with most observations
falling near 1. This suggests that the median grain size of the bedload is approximately equal to that of the surface, regardless of the amount of morphodynamic
change occurring. In comparison, I find a significant negative relationship between
D84 /d84 and M, meaning that channels are less morphodynamically active when
the size of grains on the surface are large relative to those transported as bedload.
These results suggest that the process of partial mobility plays an important
role in channel stability for alluvial gravel-bed channels. Channels are more stable when large grains are disproportionally left (i.e. partially mobile) on the bed
surface and less stable when nearly all grain sizes are entrained (i.e. fully mobile).
Consequently, channels are more stable when there are more large grains present
within the bulk mixture or when the range of grain sizes is greater. When there are
greater numbers of large grains, which remain stable or partially mobile across a
wider range of conditions, they can interact the form stabilizing structures, for example stone cells, which reduce sediment transport and promote stability (Church
et al., 1998). Thus not only do large grains themselves limit the number of grains
entrained by the flow, they also act to stabilize other surrounding grains that may
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Figure 6.12: Morphodynamic change as a function of relative roughness.
otherwise be entrained (Mueller et al., 2005). Conversely, in channels where there
is only a narrow range of grain sizes, the largest grains are less effective at imparting stability to the channel as they are entrained at approximately the same flow as
the median grain size. As a result, the transitions from stable to dynamically stable
to unstable occur across a narrower range of flows.
One more variable is considered in relation to the morphodynamic activity in
the channel: relative roughness. It is widely accepted that large grains, rather than
the median, exert a significant control on flow resistance in gravel-bed channels
(e.g., Hey, 1979; Recking et al., 2009; Monsalve et al., 2017). Flow resistance is
controlled in part by the relative roughness of the bed (Ferguson, 2012), which is
given as the ratio between the height of the largest grains on the bed surface and
the average depth of flow in the channel, or the relative roughness (D84 /d). Higher
bed roughness creates greater resistance which slows the flow and thus limits the
energy available for entrainment and transport of sediment from the bed (Nitsche
et al., 2011). Consequently, I propose that channel stabilization may also be related
to the flow resistance in the channel as the more stable channels tend to have more
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large grains present at the surface. In Figure 6.12, there is a significant negative
relationship between M and D84 /d; in fact, with a R2 value of 0.433, D84 /d has the
strongest relationship with M out of all the variables considered. This is interest∗ , without the
ing considering that relative roughness is essentially the same as τ84

component of slope (S). The data presented here shows that the greatest morphodynamic activity occurs where the size of grains on the surface are smaller relative
to the depth of flow, thus where roughness is lower. Consequently, understanding
what characteristics of the bed surface contribute to flow resistance may also help
to understand the dynamics that underlie channel stability. For example, studies
have found that the way large roughness elements (i.e. grains) are distributed on
the bed influence resistance; resistance is elevated when large grains organize into
clusters, stone cells and other structures (Clifford et al., 1992; Wilcox et al., 2006).
Based on the relationship between M and D84 /d, I propose that these resistance
structures may also be key in channel stability.

6.5

Conclusion

Three sets of paired experiments were run following up on the results of Chapter
5 to further explore the role that large grains play in channel morphodynamics in
alluvial gravel-bed channels. The results presented in Chapter 5 demonstrate that
adding a small amount large grains to a channel can significantly increase channel
stability. However, the data presented in that chapter comes from a single set of
paired experiments with flows near the threshold of entrainment, conducted under low sediment supply conditions. In this chapter I expand on these results to
test show that large grains exert a significant stabilizing influence across a range
of conditions, more similar to those found in natural channels. Overall, these experiments show that a small proportion of large grains influence channel dynamics
even under a doubling of discharge and with the addition of sediment feed.
Two different grain size distributions (GSD) of bulk materials were used in
the paired experiments: GSD1 and GSD2. Of the two, GSD2 contained a slightly
greater proportion of large grains, however the two had nearly identical median
grain sizes. In all paired experiments, those run with the finer bulk material, GSD1,
were significantly more morphodynamically active, as measured by hourly volu-
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metric changes within the channel calculated using DEMs of the bed. The greatest
difference in morphodynamic activity between pairs was seen at low discharge
(0.7 L/s), as the experiment run with GSD1 was cumulatively 4 times as active
as that run with GSD2. Differences were still significant even at high discharge
(for both high and low sediment supply scenarios) as the GSD1 experiments saw
approximately twice as much morphodynamic change. Surprisingly, despite being
the more active of the two, experiments conducted with GSD1 had lower reach∗ ) than those run with GSD2. This
average dimensionless shear stress values (τ50

result is inconsistent with our current paradigm of channel stability, where chan∗ are less stable. Consequently, we must
nels experiencing greater values of τ50

re-evaluate our understanding of how channels achieve and maximize stability.
Another surprising finding was that the size of material transported as bedload
was approximately similar between paired experiments regardless of discharge and
sediment supply conditions. Instead, there was only a difference in the size of material composing the bed surface; the size of material left on the bed surface was
significantly coarser in the experiments run with GSD2. Consequently, a notable
difference between the paired experiments was the ratio of the size of surface material to the the surface material. Between experiments this difference was only
significant for the largest grains, as represented by the D84 , the ratio of D50 /d50
was not statistically different between pairs.
These results lead us to believe that differences in the morphodynamics of the
paired experiments must be related to thresholds of partial/full mobility of material, particularly for grains near the top end of the distribution; channels are less
stable when the majority of the largest grains can be transported as bedload and
more stable when a greater fraction of the large grains remain on the bed surface.
Traditionally in studies exploring the role of selective transport the behaviour of
the largest material is not given much consideration; throwaway lines such as ”all
grains but the largest were entrained” are common. I argue that it is the relative
stability of these largest grains, even when all other size classes are mobile, that
allow channels to maintain their form.
While the majority of existing models use the mobility of the median grain
size to predict channel instability, I propose that using the partial and full mobility
thresholds of the largest grains (i.e. ≥ D84 ) may better represent under what flows
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channels will remain stable. Using the mobility threshold of the largest grains still
presents an issue however, as I show in this study that is not actually the entrainment of the largest grains that imbues stability to a channel, it is the amount of
large, immobile grains left on the bed surface that act to stabilize the channel. The
issue with using a shear stress threshold is highlighted by the results that show
higher values of shear stress in more stable channels, and even if it is normalized
using the D84 , no significant difference exists between the two. This suggests that
large grains act to stabilize the channel to an extent where the entrainment threshold of the bed is actually elevated over what it would be if the larger grains were
less populous. These complicated dynamics between the bed surface texture and
the hydraulics within the channel show that significantly more work must be completed in order to improve our understanding of channel stability. However, most
importantly, what these experiments show is that it is large grains, rather than the
median, that control channel stability, even across a range of conditions.
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Chapter 7

Characterizing the large grain
effect
7.1

Introduction

The ability to predict channel stability has many applications. For one, it is important that engineers have the capacity to anticipate when significant bank erosion may occur in order to prevent the damage or destruction of infrastructure. It
also useful in protecting and rehabilitating aquatic and riparian habitat, as large
changes in channel morphology greatly alter the availability of certain types of environments (Tamminga et al., 2015). Despite the need for accurate predictions of
channel response, we still do not have a strong understanding of what processes
govern stability in alluvial, gravel bed channels. The term stability itself is poorly
defined and has been applied at different times to a wide range of channel behaviours; for example, the term “unstable” has been used both to describe channels
where there is significant bedload moving but where adjustments to channel form
is minimal (e.g., Carling, 1988), as well as channels that have undergone tens of
meters of bank erosion (e.g., Surian et al., 2016). Part of the issue with our definition of channel stability is that the processes driving channel stability largely
depend on type of material composing the channel bed and banks; channels with
cohesive banks formed from silt and clay will fail under different conditions and by
different processes than those with sand or gravel banks (Millar and Quick, 1993).
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That channel stability differs depending on the bulk material of the channel gives
some insight into the processes driving it: specifically, that stability must be related in some way to erodibility of the bed and banks. In cohesive channels, bank
erodibility depends on the material strength of the bed and bank material (van Dijk
et al., 2013) which is imparted by the chemical and physical bonds between the
grains. In gravel-bed streams there must be a completely different set of processes
that impart stability to the channel, as true cohesion is typically negligible in these
systems. In this chapter, I consider exclusively the processes driving stability in
alluvial gravel-bed channels; approaches to understanding channel stability in cohesive or fine-grained channels have been addressed in other studies (e.g., Darby
et al., 2010; van Dijk et al., 2013).
The most widely used method of estimating channel stability is the Relative
Bank Stability (RBS) model which compares the shear stress (or velocity) available in the channel to that required to transport the bed material, which is typically
characterized by the median grain size of the bed surface (Griffiths, 1981; Jowett,
1989). This model is limited in three notable ways: first, using the entrainment
threshold of the median grain size poorly represents the point at which significant
change occurs in a channel as majority of the bed surface may be stable even under
conditions where the median grain size is fully mobile, as seen in Chapters 5 and 6;
secondly, there is evidence to suggest that channel stability in gravel-bed channels
cannot be defined by a single threshold (e.g., Carling, 1988; Ashworth and Ferguson, 1989); and lastly, the reach-averaged shear stress often does not accurately
represent that which is available for sediment transport, as the energy available for
transport is often significantly reduced by form drag (Church et al., 1998). The
role of form drag in limiting sediment transport has been integrated into the channel stability model of Darby et al. (2010), however, this model is formulated for
fine-grained, cohesive channels where block failures of the bank are the primary
form of bank erosion, and consequently cannot be directly applied to gravel-bed
channels.
In Chapter 2 I propose that stability is defined by two thresholds: that between
stable and dynamically stable channels, and that between dynamically stable and
unstable channels. These phases of channel stability are related to the modes of
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sediment transport described by Wilcock and McArdell (1997) 1 . The first phase
of channel stability (i.e. the stable channel phase) is associated with a channel in
which there is very little sediment transport occurring and geometry and location of
the channel remains the same throughout the flood event. The second phase (i.e. the
dynamically stable phase) is when the channel is dynamically stable, meaning that
the geometry of the channel remains roughly the same due to compensating erosion
and deposition, however the location of the banks can shift over a flood event. The
median grain size may be fully mobile in this phase; however the largest grains
remain only partially mobile. The last phase (i.e. the unstable channel phase) is
when the channel experiences a rapid channel widening due to bank erosion on
both sides of the channel. Based on observations from studies such as Eaton and
Church (2004) and from experimental work presented in Chapters 5 and 6, the
model of channel instability presented in Chapter 2, the threshold of instability is
linked to full mobility of the largest grains. Based on this, I suggest that simple
models of channel stability, such as the RBS, should at least employ a measure of
the mobility of the largest grains rather than the median, similar to what is done in
Olsen et al. (1997).
Although experimental work presented in Chapters 5 and 6 indicate that a small
fraction of large grains can significantly influence channel morphodynamics, we
are still far from being able to properly define the processes that act to stabilize
gravel-bed stream. If energy available for transport is mediated by form drag, it is
logical to propose that that stability is related to bed surface roughness. Surface
roughness, like channel stability, is a widely defined term, that has been used to
represent a property of the surface (i.e. the relief and/or structure of the surface), a
property of the flow (i.e. the flow resistance or roughness height), and the property
of a model (i.e. as a calibration variable) (Smith, 2014). For the purposes of this
chapter I employ the first definition which is that roughness is a physical, quantifiable property of the bed surface. Studies have generally agreed that roughness is
not well represented by a single grain size index for many reasons (e.g., Aberle and
1 The

modes of sediment transport described by Wilcock and McArdell (1997) are: (1) immobile,
where all grains of a given size class remain stable on the bed (τ < τci ); (2) partially mobile, where
some grains of a given size class are transported by the flow (τci ≤ τ < 2τci ); and (3) fully mobile,
where all grains of a given size class are transported by the flow (τ ≥ 2τci ).
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Nikora, 2006; Smith, 2014): first, grain size does not necessarily determine its protrusion from the bed; second, grain size does not account for differences in grain
shape and angularity and how they may influence roughness, and lastly, clusters
of smaller grains may interact to form roughness elements which influence channel roughness similarly to individual protruding large grains. Consequently, recent
studies have started to investigate other measures that can be used to approximate
surface roughness in gravel-bed streams.
In this chapter I explore the relationship between surface roughness and channel stability by comparing a variety of surface roughness indices to rates of morphodynamic change measured over the course of a two hour stream table experiment. The goal of this work is to develop a better understanding of how surface
roughness may influence morphodynamic response by investigating the conditions
of surface texture that coincide with higher and lower rates of morphologic change.
By doing this we can evaluate the use of characteristic surface grain sizes to predict
channel stability thresholds and potentially propose other indices that may be better
suited to more accurately describe the processes that contribute to channel stability. To date, no other studies have directly related measures of surface roughness to
morphodynamic change. Most studies of surface roughness are interested primarily in evaluating the use of different indices of roughness and comparing between
surfaces that have evolved under different flow conditions (e.g., Aberle and Nikora,
2006; Qin and Ng, 2012). Fewer studies have attempted to link surface roughness
to actual in channel processes, for example there are a couple studies that have explored the relationship between shear stress and surface roughness (Vericat et al.,
2008; Aberle et al., 2010). Through this chapter I hope to broaden our understanding of the conditions that impart stability to a channel in order to build a better
model of channel response in alluvial gravel-bed streams by using high resolution
digital elevation models of the bed surface taken at 15-minute intervals.
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7.2
7.2.1

Methods
Characterizing roughness

In this chapter I explore three commonly used methods of characterizing surface
roughness: (1) the surface grain size distribution (GSD); (2) the distribution of
surface elevations; and (3) variograms of bed surface elevations.
The surface GSD represents the size of material present at the interface between the bed and the water and comparing between distributions shows whether
the surface has fewer or more large grains present. The surface GSD is typically
characterized using grain size percentiles; the most commonly reported percentiles
are the 50th (i.e. the median grain size) and the 84th, denoted as D50 and D84 ,
respectively. The distribution of the surface material can also be characterized by
the sorting of grains; here I use a sorting index (σ ) defined in Hodge et al. (2009):

σ = 3.32

log(D84 /D0 ) − log(D16 /D0 )
log(D95 /D0 ) − log(D5 /D0 )
+ 3.32
(7.1)
4
6.6

where D0 is a reference diameter, equal to 1 mm (to make the equation dimensionally consistent) and Di represents the grain size associated with the ith
percentile of the distribution. Greater values of the sorting index are associated
with bed surfaces that have a wider range of grain sizes present, and are thus more
poorly sorted, while smaller values of σ are associated with well sorted beds.
Although surface grain size is the most widely used measure to characterize
the bed surface, recently this approach has come under scrutiny as it has been
pointed out that the grain size distribution of the surface does a poor job actually
characterizing the texture of the surface as it gives no indication of grain packing or
the shape and orientation of grains (e.g., Gomez, 1993; Nikora et al., 1998; Smart
et al., 2004; Hodge et al., 2009). Consequently, many studies have turned to other
measures of surface roughness.
One of the newer and more widely used measures of bed roughness is the distribution of bed elevations. Unlike the GSD, the distribution of bed elevations gives
a better indication of the bed state, as it factors in the effects of grain packing as
well as grain orientation and shape. Additionally, it incorporates the effects of
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clusters of grains on surface roughness, as these groupings, like large grains, can
protrude into the flow thereby increasing the roughness of the bed. The distribution of bed elevations is typically presented as a probability distribution function
(PDF) and typical indices used to compare between PDFs include standard devation (σz ), skewness and kurtosis. The standard deviation is a representation of
the range of bed elevations at the surface and has been taken to be indicative of
the surface roughness and armour layer development (Aberle and Smart, 2003;
Aberle and Nikora, 2006). Several studies have found that the standard deviation
can be correlated with the size of grains found at the surface (Aberle and Nikora,
2006), meaning that grain packing is roughly similar between patches, however
not all studies have found such a relationship (Aberle and Smart, 2003; Hodge
et al., 2009). The skewness of the distribution of bed elevations (Sk ) indicates the
degree of distortion of the distribution from a symmetrical bell curve (which has
a skewness of 0). Positive values of Sk are associated with bed surfaces where
most hollows between larger grains are filled with smaller grains, which reduces
the magnitude of surface elevations below the mean elevation, while negative values of Sk are associated with a surface displaying more protrusions and hollows
and less infilling of finer grains between large grains (Aberle and Nikora, 2006).
The kurtosis of a distribution (Ku ) gives an indication of the number of outliers
present; a normal distribution has Ks value of 3, values above that indicate that the
distribution has a large number of outliers, while low kurtosis indicates that there
are few. In distributions of elevations from gravel-bed rivers, high values of Ku are
taken to represent the presence of rare large particles on the bed surface (Aberle
and Nikora, 2006).
Variograms are another method that has been used to characterize bed roughness as they show the correlation between bed elevations on a surface at different
lag lengths (e.g., Robert, 1991; Nikora et al., 1998; Butler et al., 2001; Qin and
Ng, 2012). Variograms ultimately represent the fractal behaviour of the surface, or
how “self-similar” that surface is. Here I utilize the Hurst Exponent (H = 4 − b/2,
where b is the slope of the variogram on a log-log plot), which has been found to
well describe differences bed roughness (e.g., Robert, 1991; Butler et al., 2001).
Previous studies have observed that there are two distinct slopes in the variograms
of waterworked gravel beds; these two slopes have been interpreted to represent
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the grain and bedform scales (e.g., Robert, 1988). By comparing the Hurst Exponent of these two slopes, it has been found that the fractal behaviour of these two
scales differ; the surface is smoother at the grain scale and rougher at the form scale
(Hg > H f , where Hg is the Hurst exponent associated with the grain scale and H f
is that associated with the bedform scale), which suggests that bedforms contribute
to a greater proportion of roughness in gravel-bed channels (Robert, 1988).

7.2.2

Summary of experimental design

In this chapter I use data collected during the two-hour pseudo-recirculating sediment experiment described in Chapter 4 (Section 4.2). Chapter 3 provides an
in-depth explanation of the model design and set up, the experimental procedure,
as well as the data collection and processing used to produce the results presented
here. The primary data used in this chapter are the DEMs of bed elevations derived
from the A-BES laser scanner as well as the high-resolution DEMS and orthomosaics of the bed surface created using Photoscan. The locations of where the
images were taken of the bed surface to create the models of surface texture are
shown in Figure 7.1.
The bulk mixture used in this experiment was GSD2, which had a D50 of 1.63
mm and a D84 of 3.32 mm. The experiment was run under pseudo-recirculating
sediment conditions, as described in Section 3.5.2, and the sediment output and
input rates over the course of the experiment are shown in Figure 7.2A.

7.2.3

Surface texture analysis

Images taken of the bed at each of the cross sections were input into Agisoft Photoscan in order to create high resolution DEMs and orthomosaics with typical resolutions for both of approximately 0.1 mm (Figure 7.3). As this resolution is slightly
smaller than the size of the smallest sediment in the streamtable (i.e. 0.25 mm), it
was possible to isolate all grains present on the bed surface. The scale of the Photoscan models were determined using known distances in the cross section photos,
however the models themselves are not georeferenced in space; as a result it is not
possible to quantify morphologic changes through time from these models. Consequently, it was necessary to estimate the morphologic change from the lower
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were created.

20

40

60

80

100

120

20

Time (min)

40

60

80

100

Time (min)

Figure 7.2: A) Sediment input and output; B) Morphologic activity
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resolution DEMs of the entire bed; this was done by delineating the approximate
range of the Photoscan models (see Figure 7.1) and estimating the magnitude of
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Figure 7.3: Examples of original DEM (left) and orthomosaic (right) for XS5
after 15 minutes of flow.
Grain size distributions were determined from orthomosaics of the bed surface
at each cross-section. Each distribution was determined from data collected using
a Wolman-style sampling technique, wherein the b-axis of 200 randomly chosen
grains were measured at the given cross section.
The two types of DEMs were used to calculate bed elevation distributions:
the DEMs of the entire bed collected using the laser scanner, and DEMs of the
individual cross sections created using Agisoft Photoscan. Most studies do not
take elevations directly from the original DEM of the bed surface, instead they
use a detrended DEM to determine the distribution; some have detrended using a
linear surface in order to normalize for the slope of the bed (e.g., Aberle and Smart,
2003; Hodge et al., 2009; Aberle et al., 2010), while others have used an average
smoothed surface to eliminate the influence of larger bedforms on the distribution
(e.g., Smart et al., 2002, 2004). For the DEMs of the entire bed, it is not necessary
to detrend the data as slope of the stream table is already removed by the method in
which it is collected (i.e. the laser scanner collected detrended DEMs of the bed),
however I do subtract the mean elevation from all elevation values to facilitate
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comparison between cross sections. For the DEMs of the individual cross sections,
I experiment with detrending the bed using a range of smoothing filter sizes. The
first step of detrending the surface is to run a filter over the original bed surface
to create a smoothed bed surface, to do this I use the focal filter which is part
of the raster package in R (Hijmans, 2017). This smoothed bed surface is then
subtracted from the original DEM to create the detrended surface from which the
distribution of elevations is determined.
Variograms were created of the bed surface for each of the cross sections using
the variogram function in the gstat package in R (Pebesma, 2004). Since
variance is greatest in the streamwise direction versus in the cross-flow direction
(Butler et al., 2001), in this study, I derive variograms from profiles oriented in the
predominant flow direction. Variogram analysis is most successfully conducted on
datasets with no spatial trends, thus prior to creating a variogram it is common to
detrend the surface of interest (Butler et al., 2001); here I use an averaging filter
equivalent to 10 times the average D84 .

7.3

Results: Morphologic change

Over two hours the templated straight rectangle channel evolved into a meandering channel (Figure 7.1). The width of bank erosion was approximately constant
along the length of the stream table with slightly more widening near the inlet
and near the outlet. During the first 15 minutes the channel did not erode laterally but did incise vertically. During this period erosion rates were highest while
deposition rates were lowest. Lateral bank erosion was first observed between 15
and 30 minutes of run time as the thalweg developed a meandering pattern. This
period corresponds to the highest rate of morphologic activity, with high rates of
both erosion and deposition. This period also represents the first in which sediment
was fed in at the inlet. For the second half of the first hour, bank erosion continued gradually at regular intervals at the outside of bends, while mid-channel bars
and point bars formed within the channel. Following the peak in morphodynamic
activity between 15 and 30 min, M began to drop gradually, with rates of both
erosion and deposition decreasing. Overbank flooding, caused by the formation
of a large mid-channel bar that developed right near the inlet, started at the begin-
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Figure 7.4: Total morphologic activity for each cross section through time
ning of the second hour and continued until the end of the experiment, meanwhile
bank erosion near the outside of meander bends continued along the length of the
channel. As seen from the DoD showing the change in morphology across the two
hours (Figure 7.1), erosion was concentrated along the edges of the channel, where
bank erosion occurred and near the outlet, while deposition was limited to the areas
within the initial templated channel and near the inlet.
Most cross sections echoed the same trend in morphologic change with time
seen for the stream table as a whole, with a slight increase in M during the first
30 minutes followed by a slowly decreasing trend (Figure 7.4). Some exceptions
to this were seen for cross sections closer to the middle of the stream table; at
these locations there was no initial increase in M and the rate of change remained
more constant throughout the entire experiment, rather than decreasing slowly over
time. Another exception was the first cross section (XS1) which, although it followed the trend of M seen more generally across the entire bed, experienced much
greater values of M than all other cross sections for the first hour, resulting in a cumulative M value about twice what other cross sections experienced. This is likely
associated with the fact that sediment was fed directly into this cross section.
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7.4
7.4.1

Results: Surface texture
Grain size distribution

The bed surface tended to coarsened over time, although besides the surface GSD
of the first 15 minutes, none of the GSD are significantly different from one another
(Figure 7.5). The temporal coarsening trend was more apparent for the larger grain
sizes than for the median grain size, as was there was a significant coarsening trend
for the average D84 but not for the average D50 (Figure 7.6). In general, the median
grain size did not deviate largely through time at any given cross section (i.e. less
than 0.5 mm change), whereas the size of the D84 varied widely at each cross
section, fluctuating upwards of 1 mm over the two hour experiment. Consequently,
the D50 was more similar between cross sections than the D84 .
Compared to the sorting index of the bulk mixture (σ = 2.6) the surface remained relatively more sorted than the underlying bulk material throughout the
entire experiment. The average value of σ for all cross sections increased significantly over time (Figure 7.6), although the magnitude of this change was not large.
This increase can be attributed to the median grain size remaining approximately
constant through time while the size of the D84 increased (Figure 7.6).

7.4.2

Bed elevations

The distribution of elevations for the entire bed evolved over the course of the
experiment (Figure 7.7A). The initial templated bed is associated with a narrow
distribution with most bed elevations found around the mean, and the peak of the
distribution just slightly less than the mean. During the first half of the experiment
(15 to 60 minutes), the bed rapidly evolved such that elevations were more widely
distributed, while the peak of the distribution shifted more to the mean. During
the second half of the experiment (75 to 120 minutes), the range of elevations
continued to widen, although more slowly than during the first hour, while the
peak of the distribution shifted towards a higher elevation.
I quantify these changes in the distribution of elevations from the entire bed using the measures of standard deviation, skewness and kurtosis (Table 7.1). These
variables show three distinct trends with time: σz increases, Sk becomes more neg85
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ative and Ku decreases over time. The increase in σz indicates that the range of elevations present at the bed surface becomes wider, which is consistent with a roughening of the bed surface. The transition toward more negative Sk values means
a larger proportion of the bed is found at higher elevations, presumably due to a
higher proportion of large grains at the surface. Lastly, the values of Ku transition
across the threshold of 3, which represents a normal distribution, between 30 and
45 minutes of run time, meaning that while the distribution began with a greater
number of outliers, by the end the more extreme values became more common.
This suggests a transition from only isolated large grains present at the surface to
large grains and clusters becoming more common.
Although σz , when calculated from DEMs of the entire bed, increases over
time, the results from the individual cross sections show that the changes in σz
are quite variable along the length of the stream table, although their average is
comparable to that of the entire bed (Figure 7.7B). In Figure 7.7B, the values of σz
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Table 7.1: Standard deviation (in m), skewness and kurtosis for the entire bed
over time
Time
15
30
45
60
75
90
105
120

Std.Dev.
0.0036
0.0048
0.0051
0.0054
0.0055
0.0059
0.0059
0.0060

Skewness
-0.29
-0.54
-0.41
-0.52
-0.49
-0.79
-0.80
-0.66

Kurtosis
3.75
3.09
2.84
2.89
2.81
3.42
3.29
2.78

presented for the cross sections are calculated from cross sectional DEMs that have
be normalized by the mean elevation but have not been detrended. While normalizing the cross sectional DEMs by their mean elevation allows direct comparison
between them, the fact that they range so widely suggests that their values of σz still
encompass the range of elevations associated with larger bedforms, such as bars,
pools and riffles. Consequently, I could hypothesize that the wide range in values
of σz between cross-sections could in part be due to the differences in bedforms
present at the locations at which the cross sections are taken. This is consistent
with what is seen when examining the range of bedforms that fall at each of the
cross-sectional locations when they are mapped onto the DEM of the whole bed
(Figure 7.1). To minimize the effects of differences in larger scale bedforms on σz
between cross sections and thus allow for direct comparison of bed surface roughness, I compare between distributions of elevations that have been derived from
detrended DEMs, using averaging filters, from the cross sections.
The size of averaging filter used to detrend the bed surface plays an important
role in the representation of the surface elevation distribution. When a small filter
size is used, for example one equal to the size of the D84 (Figure 7.8), all bedforms
larger than the size of individual grains are removed, resulting in a very narrow distribution of elevations. Further, with such a filter there is very little difference in the
distributions at a given cross section over time as the range of elevations possible
are essentially limited to the grain sizes present on the bed. In comparison, using a
filter approximately equal to 5 times the size of D84 , both large grains and smaller
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grains deposited around them are discernable (Figure 7.8) and the distribution of
elevations is wider. With this size of averaging filter, the most apparent bedforms
are linear clusters of grains, about 5 cm long that form around one or two large
grain nuclei and run parallel to the direction of flow. With this size filter, the main
change in the elevations over time is again the peak of the distribution, although
there is slightly more variability in elevation near the upper and lower ranges. The
DEMs created using averaging filters of 10 and 15 times the D84 create surfaces
that are roughly similar (Figure 7.8): individual grains are no longer discrete and
clusters of grains create bedforms that are not quite as large or as organized as bars
and are still typically formed around one or more larger grains. The distributions
of elevations for these two larger filters are quite wide and it is possible to visibly distinguish differences in the shape of the distributions over time, unlike with
the finer filters. With a larger filter the distributions begin narrower and widen out
over time, becoming slightly more skewed to the right, although the distribution
associated with the last 15 minutes is more normally distributed.
The influence of the size of the averaging filter on the portrayal of the bed
roughness is illustrated by the change in the standard deviation of bed elevations
(σz ) across a range of averaging filter sizes: Figure 7.9 shows the change in σz with
averaging filter size for all cross sections at the end of the experiment. Overall,
standard deviation is lowest for filter lengths less than or equal to the size of the
D84 but increases rapidly until the averaging filter is approximately twice the D84 ,
after which point the rate of increase of σz lowers until a filter size of about 10
times the D84 where it again starts to increase rapidly. The standard deviation of
the bed elevation distribution is highest (approximately 0.5) when no averaging
filter is used and the DEM is only normalized by the mean elevation (Figure 7.7B).
For the rest of this study I utilize filtered DEMs created using an averaging filter of
10 times the size of the average D84 (i.e. 3.6 cm). I believe that this filter size does
a good job representing the structure of the surface as both individual grains as well
as clusters less than the size of channel-spanning bedforms are still included.
Examining the values of σz , Sk and Ku for all cross sections over time (Figure
7.10), it can be seen that trends in these values are less distinct than trends in these
same variables when calculated for the bed as a whole (i.e. Table 7.1). It should
be noted again that while the DEMs of the entire bed are only normalized by the
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Figure 7.8: Examples of detrended DEMs of XS5 after the first 15 min created using a range of averaging filter sizes (size of filter indicated in
the upper left hand corner). Probability distribution functions (PDFs) of
bed elevations for that cross section at each time step created using the
given filter size are shown in the lower right corner.
mean elevation, the DEMs from the cross sections analyzed here are detrended
using an averaging filter of 10D84 . The σz measured at all cross sections remains
nearly constant over time, other than a slight, but not significant, increase during
the first 30 minutes of the experiment. This is basically consistent with the results
for the entire bed, although the actual values of σz are lower for the individual cross
sections. The Sk values from the cross sections vary widely and irregularly with
time and there is no discernible temporal trend in either the average values or the
range of values seen between cross sections. One important thing to note is that,
unlike negative values of Sk calculated from the DEMs of the entire bed, the values
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Figure 7.9: Standard deviation at end of experiment for all cross sections
across a range of averaging filter sizes.
of Sk for the individual cross sections are positive. This discrepancy may be due
to the detrending of the cross sections, which tends to remove the effects of large
bedforms on bed elevations. Lastly, the values of Ku from the cross sections are
overall higher than those calculated for the bed as a whole, however, like for the
entire bed, the average values of kurtosis decline over time, although this change is
not significant. Overall, these results are broadly in line with those from the bed as
a whole as they suggest that large grains become more common at the bed surface,
as indicated by increasing values of σz and decreasing values of Ku .

7.4.3

Variograms

The results from the variogram analysis show that surface roughness variability increased across all scales during the first 30 minutes after which point it remained
relatively constant (Figure 7.11). The increase in variability is illustrated by the
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Figure 7.10: Temporal trends of the standard deviation (σz ), skewness (Sk )
and kurtosis (Ku ) values from bed elevations distributions (using a focal window of approximately 10D84 ) of all cross sections over time.
The average trend for for all cross sections for each grain size index
are given as a solid black lines and the results of the linear regression
model created for the average values are given in the lower left hand
corner of each plot.
upward shift of the points during this period. The variograms of bed surface elevations also show two distinct linear trends, similar to what has been observed
in previous studies (e.g., Butler et al., 2001; Qin and Ng, 2012). These two linear segments represent two distinct fractal bands which I equate to the grain and
bedform scales. The transition from grain to bedform scale occurs at a lag length
somewhere between 0.5D84 and D84 , while the transition from bedform scale to
the saturation zone (where variance does not change with increasing lag length)
occurs just below 5 times the D84 . It is possible to fit linear trends through the
points at the grain and bedform scales and use the slopes of these lines to calculate
the Hurst Exponents for these two scales (Figure 7.12).
Within the grain scale, the slope of the linear trendlines do not vary much over
time, instead the main difference is that lines from later on in the experiment plot
higher than those from earlier on (Figure 7.11), meaning that variability increases
slightly at the grain scale over the experiment. Another thing to note is that the location of the lowest point of the variogram (i.e. the nugget height) also increases;
this suggests that variability is also increasing at lag sizes smaller than what is
shown on the variogram. As there is very little difference in slope between lines,
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the Hurst Exponent for the grain scale (Hg ) is nearly constant over time (Figure
7.12); further the range of Hg for all cross sections at any given time is quite small.
On average, the Hurst Exponent for the grain scale is 0.75 which represents a tendency of the surface towards positive autocorrelation.
Like at the grain scale, there is little visible difference in the slope of lines
at the bedform scale, however a slight trend downward of Hurst Exponent values
for the bedform scale (H f ) indicates that there is some change in slope over time
(Figure 7.12), although the actual magnitude of change is not great. Again, from
the variograms, the main discernible change at the bedform scale is an increase
in variance, particularly for the first 30 minutes. The range of H f values between
cross sections at any given time is slightly greater for the bedform scale than for
the grain scale, which suggests that bed surfaces are structured slightly differently
between cross sections at this scale. The average value of H f is just over 0.3 which
means that the bed surface structure is negatively correlated at the bedform scale.
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7.5

Surface texture and morphologic activity

In comparing all measures of surface roughness explored in this chapter to the
magnitudes of morphodynamic change measured from the DoDs, it can be seen
that there is very little correlation between the two. First, considering the relationships between average surface roughness values across all cross sections and M for
the entire bed we see that there are no significant correlations at a significance level
of α = 0.05 between M and any of the reach-averaged surface roughness indices
(Figure 7.13 and Table D.7). However, a slightly higher significance level (i.e.
α = 0.1) is chosen, three roughness indices become significant: grain sorting (σ ),
standard deviation of the bed elevations (σz ) and the Hurst Exponent of the bedform scale (H f ). My data shows that M decreases rapidly with increasing surface
sorting of surface grain sizes, meaning that well-sorted beds are more stable than
poorly sorted ones. The data also suggests that stable beds are rougher, as indicated
by both the relationship of σz and H f with M, as there is a negative relationship
between M and σz and a positive relationship between M and H f . Rougher beds are
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associated with higher values of σz and lower values of H f ; at higher σz , a wider
range of elevations are present, while lower values of H f indicate more irregular
surface where the bed alternated rapidly between high and low points. The rest
of the roughness indices examined in this chapter show no significant correlations
with M.
Next, considering the relationships between values of M and roughness indices
measured at each of the cross sections over time, it can be seen that again, there
is very little correlation between the two (Figure 7.14 and Table D.8). The only
three roughness indices to show a significant correlation (α = 0.05) with M are
Ku , Hg and H f . However, again it must be noted that these linear models, while
significant, do not actually explain very much of the variation in the data, as the
R2 value are all less than 0.1. Consequently, I am hesitant to put much trust into
these results. The “significant” relationships that seen between these roughness
indices and M at individual cross sections suggest that large grains are influential
in channel stability. There is positive correlation between M and Ku , meaning that
the channel is more stable at individual cross sections when there are more outliers
present at the surface. For the two Hurst Exponents, there is a negative relationship
between M and Hg and a positive relationship between M and H f , meaning that
channels are more stable when the grain scale is smoother and the bedform scale
is rougher. The only other roughness index to come close to having a significant
relationship with M is skewness. Again, although the p-value is close to 0.05, I
have very little confidence in this positive relationship as the linear model has an
extremely low R2 value (i.e. less than 0.05).

7.6

Discussion

There is not one particular index of surface roughness that stands out as universally effective at predicting channel morphodynamic change (M) in my experiment.
There is only a significant relationships between indices of surface roughness and
M at the cross sectional scale (Figure 7.14), none of the indices show significant
correlation with M at the reach scale (Figure 7.13). However, all three variables
that show a significant correlations with M at the cross sectional scale (Ku , Hg and
H f ) can be understood to show that large grains are a primary contributing factor to
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stability (Figure 7.14). This finding is consistent with the model of channel stability presented in Chapter 2 and the results from stream table experiments presented
in Chapters 5 and 6.
To understand how the data in this chapter supports the assertion that large
grains play a role in channel morphodynamics, it is necessary to explore the indices of surface roughness that are found to significant correlate with M at the
cross sections, namely the kurtosis of the PDF of surface elevations and the Hurst
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Exponents of the grain and bedform scales. Kurtosis is an indication of the number
of outliers in a distribution; higher values of Ku indicate the presence of a greater
number of outliers. Given that the distributions are of surface elevations, high values of Ku suggest that large grains protruding above the level of the surrounding
grains are more rare, while lower values indicate that a greater proportion of the
bed surface lies above the mean elevation, which is consistent with what is shown
in Figure 7.7. In my data I find that higher values of M are associated with higher
values of Ku , which I take to mean that more morphodynamic change occurs when
there are fewer large grains at the surface, and thus roughness is minimized.
The Hurst Exponents of the grain and bedform scale are derived from variograms of surface elevations and are indicative of the spatial variability and organization of the surface; higher values of the Hurst Exponent are associated with
smoother, more organized surfaces, while lower values indicate surfaces that are
rougher and more variable in elevation. When considering the actual spatial scales
associated with the grain and bedform scales, it is possible to see that they are misnomers from the perspective of my data: the grain scale doesn’t even extend to
the average size of the D84 , meaning that large grains are considered to be part of
the bedform scale. Although individual grains are not, by definition, bedforms it
is interesting that they are grouped with larger cluster bedforms as part of the variogram analysis. This suggests that the fractal characteristics of these large grains
are actually more similar to multigrain clusters than they are to smaller individual grains on the bed surface. This observation may be integral to understanding
how and why large grains play such an important role in flow resistance (Recking
et al., 2009) and channel stability (MacKenzie and Eaton, 2017) and is deserving
of deeper investigation.
At the grain scale, higher values of M are associated with lower values of Hg ,
meaning that the channel was more stable when the surface of the grain scale was
smoother. I interpret a smoother grain scale to mean that a greater number of larger
grains are present at the surface as larger grains have longer axes and thus appear
”smoother” from the perspective of a variogram. However, it should be noted that
in the case of the grain scale, these ”larger” grains are not what would typically
consider to be ”large” grains, as the grain scale for my data does not extend up to
the D84 . Consequently, from the perspective of Hg I can only link an decrease in
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M to an increase in the number of grains in the size range of D50 and D84 at the
surface. Considering the bedform scale, H f shows a positive relationship with M,
meaning that increased channel stability is associated with rougher surfaces. The
roughening of the bedform scale is interpreted to indicate the presence of more
large grains and clusters of grains at the surface, which is consistent with my interpretation of the relationship of Ku with M.
It may be possible to attribute the fact that there are only significant correlations between surface roughness and morphodynamic change at the cross-sectional
scale, and not at the reach-averaged scale, to the fact that the channel dynamics
seen in this experiment fall within the dynamically stable phase of channel stability. As this phase of channel stability is associated with compensating erosion and
deposition, we expect only localized morphodynamic change under conditions of
dynamic stability; consequently individual cross sectional scale will tend to only
encompass areas that are experiencing a consistent type of localized change; for
example on Figure 7.1, XS2 falls on the area of maximum curvature of a meander
bend, whereas XS3 lands on a riffle. Each feature is likely to experience slightly
different values of M and surface roughness over time, but ultimately, we would
expect the two to be related at each point. On the other hand, if we consider the
reach scale, the values of M and surface roughness are averaged across all types
of bedforms and are less descriptive of the processes occurring at any given time,
but instead represent more the general state of the channel. We might expect to see
a greater relationship between M and surface roughness at the reach scale for unstable channels, as morphologic change, in the form of channel widening, is more
evenly distributed along the length of the entire reach. Thus, while reach-scale
analysis of surface roughness may be suitable for unstable channels, my results
suggest that further inquiry into the relationship between channel stability and surface roughness may be best explored at a bedform scale.
Another factor that influences my analysis of surface roughness is method chosen to detrend the DEM. The most basic and widely used method of detrending a
DEM is to remove the linear trend, which in the case of fluvial data corresponds to
the slope of the stream (e.g., Aberle and Smart, 2003; Hodge et al., 2009; Aberle
et al., 2010). Removing the linear trend of the data assures that all differences in
elevation are due to variability associated with in-stream features, but preserves
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elevational differences associated with larger scale features such as bars and pools.
Consequently, the values of standard deviation derived from linearly detrended
DEMs best describe the variability of bed elevations associated with these larger
bedforms; planar beds will tend to have lower values of σz , while beds with high
amplitude bars and deep pools will have much higher values of σz . This increase in
σz associated with bedforms is illustrated by noting the increase in σz over time as
the entire bed transitions from a flat surface associated with the templated channel
to one where there are well developed bedforms (Figure 7.7 and Table 7.1).
To quantify differences in surface roughness at a finer scale it is necessary to
employ another type of spatial filtering to remove changes in elevation associated
with larger bedforms. As shown in Figure 7.9, the size of the spatial averaging
filter has a large effect on the resulting values of standard deviation: larger filter
sizes preserve a greater amount of the surface variability, while smaller filters will
removes all variability in elevation except those associated with individual grains
(Smith, 2014). The use of smaller filters have been shown to be effective for determining surface roughness values for use in flow resistance equations, for example
Smart et al. (2002) used an averaging filter with a diameter of 2.5D90 to remove all
differences in elevation except those associated with individual grains and small
clusters. An example of what a DEM surface looks like following the use of a
small spatial averaging filter is shown in the top left panel of Figure 7.8. The resulting PDF of elevations for such a surface is quite narrow and there are very little
changes in values of σz , Sk and Ku over time for the same bed, as the PDF is limited in extent to the range of grain sizes present in the bulk mixture. In this chapter
I choose to employ a spatial averaging filter equal to approximately 10D84 (see
bottom left panel in Figure 7.8) as I find that this size filter strikes the right balance between preserving the roughness associated with both individual grains and
small clusters while removing the differences in elevation associated with larger
bedforms. In the case of my analysis, I deem it necessary to remove the influence
of larger bedforms on the PDFs of elevation in order to compare directly between
cross sections that are taken at different locations along the channel. Considering
the change in σz with averaging filter shown in Figure 7.9, for this data there is no
“right” filter size to use as there is no distinct range of filter size for which there is
no change in σz . In light of this, I suggest that future studies of surface roughness
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choose a filter size that is justified given the type of data to be analyzed and the goal
of the research; the use of small filters is reasonable for studying grain roughness
alone, while larger filters are more appropriate for characterizing roughness at a
wider range of scales.

7.6.1

Surface roughness and flow characteristics

One future promising avenue of investigation is the relationship between surface
roughness, flow dynamics and morphologic change. One notable relevant finding
presented in the discussion of Chapter 6 is the significant relationship between relative roughness, given as D84 /d, where d is the reach-averaged flow depth, and
morphodynamic change; results from those experiments showed that morphodynamic change was greatest where depths were large relative to the size of grains
at the surface (see Figure 6.12). To test whether this relationship holds for the
experiment presented in this chapter, I created flow models in Nays2DH for the
bed at each 15-minute interval. The methods by which this were done are given
in-depth in Chapter 3, Section 3.4. The reach-averaged channel geometry derived
from these flow models (Table C.4) show that reach-averaged flow widths (w) increased by 20 cm over time, while reach-averaged flow depths (d) decreased by 3.5
mm.
I compare morphodynamic change to two slightly different methods of calculating relative roughness: that calculated using the reach-averaged D84 (i.e. D84 /d)
and that calculated using σz derived from the PDF of bed elevations for the entire
channel (i.e. σz /d). I find that there are significant negative correlations between
both indices of relative roughness and M (Figure 7.15), which is consistent with the
trend seen in Chapter 6 (Figure 6.12). Compared to all other variables considered
in this chapter, relative roughness has the strongest correlation with M, particularly when relative roughness is calculated as σz /d. These results demonstrate that
surface roughness alone, to the extent that it can be described using relatively simple indices, is not what imparts stability to the channel. Instead, to understand
and predict morphodynamic change it appears necessary to consider the role of
width adjustments on channel stability; channels stabilize as the depth of flow decreases relative to the size of grains at the surface, which occurs as the channel
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Figure 7.15: Total morphologic activity versus relative roughness, shown as
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widens. Thus, in channels where bank erosion can occur (i.e. unstable or dynamically stable channels), the primary stabilizing mechanism may actually be width
adjustment; it is only in channels where bank erosion is limited or not possible
(i.e. dynamically stable or stable channels) that textural changes to the bed surface
dominate the channel response and act to further stabilize the bed.
Although not possible here due to the uncertainty of the flow model results at
spatial scales less than that of the reach scale, I recommend that the fundamental
processes underlying channel stability be investigated at the bedform-scale using
high resolution photogrametry of the bed in conjunction with measurements of
flow. While it is difficult to gather such measurements from stream table experiments using in-channel means of measuring (i.e. rulers) as flow depths are on
the order of millimeters, new research into using colour shifts in remotely sensed
images to determine flow depths in channels may prove applicable and useful in
laboratory studies using stream tables.
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7.7

Conclusion

The results of paired stream table experiments presented in Chapters 5 and 6 unequivocally show that the addition of a small proportion of large grains dramatically decreases the amount of morphodynamic change that occurs within the channel. One of the most consistent differences between experiments run with finer
(GSD1) and coarser (GSD2) bulk material is the surface GSD that evolves; in all
pairs, there is a greater proportion of large grains present at the surface in the
coarser bulk material. These results suggest that the presence of large grains at the
surface acts to stabilize the channel and limit rates of both erosion and deposition.
In this chapter I investigate the relationship between characteristics of the surface
texture and rates of morphodynamic change using high spatial and temporal resolution data of the bed collected during a pseudo-recirculating sediment experiment.
Here I apply three commonly used methods of characterizing surface roughness – the surface grain size distribution, the distribution of surface elevations and
variograms of bed surface elevations – to cross sectional DEMs of the bed and compare it to the magnitude of morphodynamic change measured in the same region
in order to determine whether any of these indices can be used to predict channel
response. I find that although my data confirms the results of previous chapters by
showing that the presence of a greater number of large grains on the surface act
to stabilize the channel, none of the indices of bed surface roughness alone can be
used to predict M, particularly at the reach-scale.
In this chapter I find that while the GSD, as determined using Wolman-style
pebble counts of surface grains off of orthomosaics of the bed, does coarsen to
a certain extent over the course of the experiment, the indices of D50 , D84 and
size sorting (σ ) do not statistically predict M at either the reach- or cross-sectional
scale. The use of grain size percentiles to characterize the bed surface texture has
been critiqued by several researchers, particularly in the field of flow resistance, as
it is noted that an index of grain size alone does not take into account differences in
the bed structure, such as grain shape, orientation and packing, between channels
that may exert significant influence on the actual surface texture that interacts with
the flow (e.g., Gomez, 1993; Nikora et al., 1998; Smart et al., 2004; Hodge et al.,
2009). Consequently, it is not unexpected that measures of grain size alone are
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poorly correlated with M.
With increasing capacity to quickly develop high resolution models of a channel surface using photogrammetry, surface elevation distributions are quickly becoming one of the most widely used methods of interpreting surface texture besides grain sizes measurements (e.g., Aberle and Nikora, 2006; Hodge et al., 2009).
While several studies have found strong relationships between the standard deviation of surface elevations and flow roughness (e.g., Smart et al., 2002; Aberle
and Nikora, 2006), results from this experiment suggest that the relationship between the distribution of surface elevations and morphodynamic change may be
less straight-forward. In my analysis, after removing variations in elevation associated with larger bedforms, I find no relationship between the standard deviation,
the skewness or the kurtosis of the distribution of surface elevations with M at
the reach-scale. At the cross-section scale, while there is a significant correlation
between kurtosis, which is indicative of the number of outliers present in the distribution, and morphodynamic change, the model only accounts for about 10% of
the variability in the observations. I interpret the relationship between M and kurtosis to suggest that channels are more stable with a greater number of large grains
present on the surface, however the weakness of the correlation means that this
relationship should not be used to predict morphodynamic change.
The last indices used in this chapter are the grain and bedform Hurst Exponents,
derived from variograms of the bed surface elevations. Variograms are used to
examine how surface texture changes spatially, with two Hurst Exponents used
as indices of this variation at the grain and bedform scales. Although there is no
statistical relationship between the Hurst Exponents and M at the reach-scale, both
are significantly correlated with M at the cross-sectional scale, although the R2
values of both linear regression models are very low. My interpretation of these
results further supports the assertion that the presence of a greater number of large
grains at the surface lower rates of morphodynamic change, however, like with
kurtosis, neither of these relationships are strong enough to form the basis of a
model for predicting channel response.
The most promising path forward in regards to predicting morphodynamic
change in alluvial channels seems to be in considering the relationship between surface texture and flow, as the two measures of relative roughness (D84 /d and σz /d)
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have the strongest relationships with M out of all variables considered (Figure 7.15.
This is consistent with the experimental results from the paired experiments presented in Chapter 6 (Figure 6.12). These results suggest that width adjustments,
which cause changes to the relative roughness, are the primary stabilizing mechanism in laterally active channels. Unfortunately, the means of estimating flow depth
used in this analysis are not accurate enough to sample at any spatial scale below
the reach-scale so these results are preliminary and limited in scope. I propose that
further investigation into the relationship between flow dynamics, surface texture
and morphodynamic change may prove to be integral to developing a strong model
of channel response.
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Chapter 8

Conclusions
Destructive events, such as the flooding seen in Alberta in 2013 (Figure 1.1),
highlight weaknesses in our understanding of earth systems; they happen so infrequently it makes them hard to study in nature, but yet they are something that
communities must constantly be prepared for, particularly in face of climate change
where such events are likely to increase in frequency. The rapid bank erosion experienced at Cougar Creek is an example where the majority of existing models of
bank stability are not sufficient to explain the dramatic change in morphology experienced in these channels. This thesis takes the question of ”what controls channel
stability in alluvial gravel-bed streams?” and considers it both from a theoretical
standpoint, as well as through the use of experimental data from a series of stream
table experiments. Together these investigations are used to show that channel stability it governed by a small proportion of large grains. While the extent to which
this small population of large grains exerts an effect on channel morphodynamics
is remarkable, this result is not unforeseen: a thorough investigating of existing literature reveals that many studies have previously observed that the behaviour and
presence of large grains plays an influential role in a range of channel processes.
This thesis opens up a new path of investigation into the role of large grains in
channel response.
To date, the most widely used grain size to characterize the sediment in gravelbed channels is the median grain size of the surface (D50 ); it has been used in all
types of equations, from flow resistance, to sediment transport, to channel stability
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(e.g., Millar and Quick, 1993). However, despite its ubiquity, its use is often unfounded; in fact, there is building evidence to suggest that grain sizes larger than the
median play a more central role in many of the processes operating in gravel-bed
channels. This is particularly true in the field of flow resistance: while early researchers used the median grain size to approximate surface roughness (e.g., Bray,
1979), its use within that field is now nearly obsolete with most studies using some
measure of the largest grains to define roughness height (e.g., Hey, 1979; Bray,
1980). Comparatively, the most widely used models of sediment transport (e.g.,
Meyer-Peter and Muller, 1948) and channel stability (e.g., Millar and Quick, 1993)
still use the median grain size as the characteristic grain size. While the mobilization of the median grain size does seem to correlate with the mobility of much
of the bed surface (e.g., Parker et al., 1982a), it is widely observed (but typically
overlooked) that the largest grains present in the channel do not comply; instead
they remain stable at a much wider range of flows (Parker and Klingeman, 1982;
Andrews, 1983). While in the case of sediment transport, this fact can be ignored
as large grains only constitute a small proportion of the material present in the
channel and thus do not add significantly to the measurements of bedload flux.
Comparatively, in the case of channel stability, these large grains must undoubtedly play an important role, as in this case we are interested not by the material
transported, but instead by the material that stays in place. Despite this, the most
widely used basic model of channel stability, the Relative Bank Stability Model
(Griffiths, 1981; Jowett, 1989) does not consider the effect that these relatively
immobile large grains have on the stability of the channel as a whole.
In light of this, a new conceptual model of channel stability is presented in
Chapter 2. This model defines three phases of channel stability: stable, dynamically stable and unstable (Figure 2.1). These phases are based roughly on the
phased model of sediment transport described in previous studies (Carling, 1988;
Ashworth and Ferguson, 1989; Warburton, 1992; Schneider et al., 2016), but instead links these stability thresholds to the phases of mobility of the largest grains.
That these thresholds are linked to mobility of the largest grains, rather than the
median, is supported by estimates of the fraction of the bed surface that remains
stable at a given shear stress. These estimates are based on the experimental results
of Wilcock and McArdell (1993) who documented the amount of grains in a given
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size class left on the bed surface at the threshold of entrainment and that of full mobility. Employing a grain size distribution characteristic of an alluvial gravel-bed
channel, we show that only 5% of the bed is mobile at the entrainment threshold of
the median grain size (Figure 2.2), which is deemed to be insufficient to drive any
significant morphologic change. Instead, the stability thresholds between stable/dynamically stable and dynamically stable/unstable are linked to the entrainment
and full mobility thresholds of the D84 , respectively (Figure 2.2). It is necessary to
note that in this model I use the D84 as the characteristic percentile, however future
work may show that these thresholds are more closely related to some percentile
greater than this (e.g. D90 or D95 ).
Unlike in a straight-walled flume, it possible to test the influence of large grains
on channel stability in a stream table as channel boundaries can adjust both vertically and laterally to the flow. Chapter 5 presents a pair of nearly identical experiments, run at the same discharge, gradient, sediment supply and with the same median grain size; the only difference between the two is the proportion of large grains
present in the bulk material (Figure 3.2). Given the existing paradigm of channel
response wherein processes are driven by the behaviour of the median grain size,
we would expect that the two channels should respond in a similar manner to the
same governing conditions; instead we found that the channel containing about 4%
more large grains (GSD2a) was significantly more stable than its counterpart run in
with the finer bulk material (GSD1a). With fewer large grains present, the channel
output nearly four times as much sediment (Figure 5.2) and transformed into a sinuous channel with well-developed pools, bars and riffles (Figure 5.1). Although the
differences in channel response in themselves were remarkable given the relatively
small proportion of large grains added, one of the most striking findings from this
pair of experiments was that the values of shear stress modelled in the two channels conflicts with our current understanding of sediment transport: reach-averaged
shear stress was found to be higher in the experiment run with coarser bulk material
(GSD2a), despite the fact that it was the more stable of the two. Instead of shear
stress, it is the proportion of large grains left on the bed surface appears to drive the
differences in channel response observed between the pair of experiments – while
even the largest grains (i.e. up to the D95 ) were fully mobile throughout the experiment in the finer bulk material, large grains remained consistently overrepresented
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on the bed surface relative to the bedload in the coarser bulk material (Figure 5.6).
The results of the preliminary set of paired experiments were striking and
brought up more questions than they answered. Given they were run under a single discharge and under low sediment supply conditions, the next logical step was
to address whether differences in discharge and sediment supply would modify or
even suppress the stabilizing effects of the small proportion of large grains. Two additional sets of paired experiments addressing these issues are presented in Chapter
6: one pair run under high discharge (i.e. twice the discharge of those presented in
Chapter 5) low sediment supply conditions, and another run at this high discharge
with sediment supplied at the upstream end. First, considering the role that discharge plays in relation to channel stability and large grains, it is predicted that the
effects of large grains in mediating channel stability are minimized at higher discharges as the size of material that can be transported increases (e.g., Lisle, 1995).
If a greater proportion of the larger grains are mobilized, fewer of these stabilizing
grains are left at the channel surface to impart stability. Results from the pair of
experiments run at high discharge demonstrate that while the differences between
the two bulk mixtures is reduced at higher discharge, in that the finer bulk mixture
only saw a doubling, rather than a quadrupling, of morphodynamic change (i.e.
total volume of erosion and deposition) relative to the coarser bulk mixture (Figure 6.1), differences between the pair remained considerable. Considering next the
influence of sediment supply on channel stability, it is predicted that the influence
of large grains may be reduced where more sediment is available for transport as
the development of an armoured surface is suppressed and the surface texture fines
(e.g., Dietrich et al., 1989), thus potentially limiting the influence of larger grains
on channel morphodynamics. Instead, the difference in channel morphodynamics
between the paired experiments persists even under high sediment supply; the experiment run in the finer bulk material (GSD1c) still experienced about twice as
much morphodynamic change as that run in the coarser material (GSD2c; Figure
6.1).
Overall, the results from these three sets of paired experiments demonstrate that
the greater representation of large grains at the surface of the bed influences channel
morphodynamics across a range of discharges and sediment supply rates. Differences between the two bulk mixtures can not be explained using traditional models
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of channel stability that rely on shear stress, as dimensionless reach-averaged shear
stress, when normalizing by the D50 , are on average higher in the more stable channels (Figure 6.9). Instead, the primary difference between all pairs of experiments
was the relative size of D84 on the surface compared to the d84 of the bedload:
the ratio of D84 /d84 was significantly higher in all experiments conducted with the
coarse material (Figure 6.8). These findings suggest that the presence of a slightly
greater proportion of large grains at the surface of a channel act to diminish the
ability of the channel to erode and transport sediment. One mechanism by which
this may be achieved is through the modification of relative roughness within the
channel as data collected from all three pairs of experiments show that there is a
significant relationship between relative roughness (D84 /d) and morphodynamic
change (Figure 6.12) – channels tend to be more stable where values of relative
roughness are low and more dynamic where they are high.
Building on the premise that surface roughness exerts a significant control on
channel morphodynamics, in Chapter 7 I quantify characteristics of surface texture
and documenting how it evolves relative to morphodynamic change measured in
the channel. Three common measures of surface texture are examined: (1) the
surface grain size distribution; (2) the distribution of surface elevations; and (3)
variograms of the bed surface elevations. Unfortunately, none of these indices
of channel roughness stood out as particularly effective for predicting morphodynamic change, particularly at the reach scale (Figure 7.13). At a more local scale,
both the grain and bedform the Hurst Exponents, derived from variograms of the
bed surface, and the kurtosis of the distribution of bed elevations show a significant relationship with morphologic change, although in all cases the linear model
used to describe the relationship explains only a very small amount of variance in
the data (Figure 7.14). In the case of all three significant relationships, the results
are interpreted to show that the presence of large grains at the surface plays an
important role in channel morphodynamics. In the case of the Hurst Exponents,
results associated with the grain scale index indicate that channels are less stable
where fewer large grains are present at the surface, while results from the bedform
scale suggest that the channel is more stable when a greater number of large grains
and clusters are present at the surface. Likewise, the relationship between morphodynamic change and kurtosis is understood to mean that channels are less stable
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when fewer elevation outliers, or large grains, are present at the surface. These relationships between indices of surface texture and morphodynamic response, while
consistent with the experimental results, are tenuous and require further study.
To fully understand what processes contribute to the large grain effect documented in this thesis it is necessary to dive deeper into the relationships between
bed surface texture, flow hydraulics and channel morphodynamics. While Chapter 7 provides a preliminary examination of the link between surface texture and
channel stability, somewhat surprisingly, the results suggest that surface texture
adjustments may actually trail behind overall channel width adjustments in mediating channel response. Where flows are sufficient to erode banks, a change in
channel geometry, and thus relative roughness, is the first step in re-establishing
a stable channel morphology; changes in surface texture may become more important as bank erosion slows and channels become dynamically stable or stable.
Future work on this issue will involve the collection of high resolution spatial data
from experiments that can be used to examine both surface texture and morphodynamic change and to produce flow modelling data used to understand hydraulics at
a smaller spatial scale (i.e. one to two channel widths).
In order to widely convince researchers in the field of fluvial geomorphology
to rethink using the median grain size as the default characteristic grain size, it is
imperative to collect enough data from a wide range of environments, conditions
and sources that there can be no question that large grains control channel morphodynamics in alluvial, gravel-bed rivers. While physical modelling is unparalleled
in its capability to allow researchers to manipulate governing conditions and to see
how such changes influence channel response, there are certain limitations that researchers must be aware of. First of all, scaling down any system will change or
eliminate certain processes that exist in the prototype systems. For example, in the
models presented here, the grain size distribution of the bulk mixture is truncated at
250 µm; while this is done in order to avoid issues of entrainment associated with
hydraulically smooth surfaces, it means that the sand fraction of the bed material
of the prototype channel is omitted from the experiments. Similarly, in modelling
much of the complexity of real-world systems is ignored; for example, in the case
of these experiments, the influence of vegetation, both along the banks and within
the channel (i.e. large wood pieces), is neglected despite the fact that such vegeta111

tion has been found to have significant effects on channel morphodynamics (e.g.,
Abbe and Montgomery, 1996; Eaton and Giles, 2009). These limitations, and others like them, make it imperative to collect data from real-world systems in order
to support and validate the results derived from physical modelling. One relatively
new method of field data collection that may prove to be invaluable for amassing
the necessary datasets to validate the experimental results presented here is drone
photography; using drones and photogrammetry software it is easy to collect high
resolution, repeat data on channel morphology that can be used to investigate channel response to a range of flow conditions through time.
The large grain effect documented here has potentially important implications
for both hazard mitigation and stream restoration. The results of this work suggest that channel stability can be significantly modified by adding or removing
a small fraction of the bed material from the coarse tail of the distribution. In
the case of stream restoration, it is often desirable to increase the level of channel stability without imposing hard engineering solutions (e.g. rip rap) in order
to maintain some habitat diversity. This is often the case in urban streams where
peak flows have been increased and the channel has been de-stabilized. In such circumstances, the addition of a relatively small number of large grains may help to
restabilize the channel without having to completely immobilize it in place. Conversely, stream managers may also attempt to restore natural channel dynamics in
regulated streams where upstream dams have significantly reduced the available
peak flows, resulting in channels that are no longer capable of eroding their banks,
building bars or scouring pools, thereby reducing the complexity of in-stream and
riparian habitat. In this case, removing some of the coarse sediment from the bed, it
may help the stream to re-establish its pre-disturbance morphology and function. In
both circumstances it is necessary to acknowledge that the results presented in this
thesis represent only one line of evidence demonstrating the importance of large
grains in channel stability, it is recommended that more work be done to evaluate
the effectiveness of large grain addition/removal as a mitigation/restoration tool
prior to its implementation in real-world streams. Further experimental work on
the subject should examine how the addition or removal of large grains to a “natural” (i.e. non-templated) channel affects not only the treated area, but as well the
reaches upstream and downstream. Stream managers looking to eventually employ
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this technique should be wary in their selection of sites; early applications should
be done in locations where there is only minimal risk to surrounding infrastructure,
for example in parklands or forested areas. Further, it would be beneficial for these
sites to be monitored in the years and even decades following the implementation
of this technique in order to evaluate how effective the addition/removal of large
grains is in real channels.
The research presented here opens up several new paths of investigation. For
example, the observation that large grains play a governing role in channel stability
has important implications for paleoflood analysis and reconstruction; understanding that the onset of full mobility of the largest grains, rather than the median,
coincides with dramatic channel widening will help in the interpretation of past
events that exist in the sediment record. Another intriguing avenue of future investigation is the role of that channel gradient plays in modifying how, as well as the
extent to which, large grains control channel stability. At the steepest gradients,
such as those of headwater channels, it has been well established that large grains
are the keystones that interact to form highly stable steps (e.g., Zimmermann and
Church, 2001). Comparatively, in low-gradient valley channels, large grains play
much less of an important role, as it is bank cohesion, associated with presence of
a greater proportion of fine particles, that is instead the primary control on bank
erosion (e.g., Darby et al., 2007). Understanding how channel stability changes
between these two extremes will overall improve our ability to make predictions of
channel response and will ultimately help us to mitigate against undesired shifts in
channel dynamics.
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Appendix A

DEMs of difference
DEMs of difference (DoDs) are created by subtracting two DEMs from one another. The DoDs presented in this appendix show the difference in elevation between subsequent hourly runs in each experiment.
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Figure A.1: Hourly DEMs of difference for GSD1a showing the difference
in bed elevation (in m) between the initial templated channel and the
bed at the end of the 8th hour. Flow from right to left.
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Figure A.2: Hourly DEMs of difference for GSD2a showing the difference
in bed elevation (in m) between the initial templated channel and the
bed at the end of the 8th hour. Flow from right to left.
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Figure A.3: Hourly DEMs of difference for GSD1b showing the difference
in bed elevation (in m) between the initial templated channel and the
bed at the end of the 8th hour. Flow from right to left.
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Figure A.4: Hourly DEMs of difference for GSD2b showing the difference
in bed elevation (in m) between the initial templated channel and the
bed at the end of the 8th hour. Flow from right to left.
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Figure A.5: Hourly DEMs of difference for GSD1c showing the difference
in bed elevation (in m) between the initial templated channel and the
bed at the end of the 8th hour. Flow from right to left.
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Figure A.6: Hourly DEMs of difference for GSD2c showing the difference
in bed elevation (in m) between the initial templated channel and the
bed at the end of the 8th hour. Flow from right to left.
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Appendix B

Sediment properties tables
Table B.1: Sediment properties of GSD1a and GSD2a

GSD1a

GSD2a

Hour
1
2
3
4
5
6
7
8
1
2
3
4
5
6
7
8

Output Rate
(g/min)
26.3
75.4
1.8
43.0
138.2
32.5
8.5
6.2
7.2
27.2
19.7
5.0
10.1
11.2
4.2
1.9

Load (mm)
d50
d84
1.82 3.30
1.89 3.46
1.50 2.24
1.80 3.22
1.78 3.32
1.77 3.19
1.70 3.09
1.69 2.87
1.80 2.98
1.82 3.09
1.67 2.65
1.64 2.73
1.75 3.03
1.73 3.06
1.72 3.13
1.79 3.18

Surface (mm)
D50
D84
1.54
3.06
1.73
3.24
1.62
3.19
1.77
3.44
1.63
3.19
1.74
3.09
1.73
3.14
These values are
1.73
3.57
1.47
2.89
1.67
3.31
1.62
3.29
1.72
3.67
1.73
3.60
1.84
3.75
1.79
3.79
2.02
3.86

derived from the data analysis methods used in Chapter 6 and thus may vary slightly from the
values presented in Chapter 5.
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Table B.2: Sediment properties of GSD1b and GSD2b

GSD1a

GSD2a

Hour
1
2
3
4
5
6
7
8
1
2
3
4
5
6
7
8

Output Rate
(g/min)
522.6
274.7
125.4
358.3
237.5
267.3
266.9
151.8
368.5
260.9
196.7
134.4
36.2
171.1
30.1
30.2
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Load (mm)
d50
d84
1.76 3.30
1.71 3.19
1.60 2.85
1.76 3.26
1.77 3.24
1.72 2.96
1.65 2.83
1.52 2.61
1.86 3.60
1.73 3.07
1.76 3.22
1.70 3.07
1.54 2.66
1.77 3.38
1.59 2.69
1.75 3.07

Surface (mm)
D50
D84
1.59
3.02
1.71
3.25
1.70
2.93
1.84
3.50
1.68
3.42
1.71
3.13
1.71
3.28
1.63
3.18
1.81
3.84
1.70
3.69
1.76
3.83
1.67
3.66
1.77
3.55
1.83
4.05
1.87
4.23
1.99
4.68

Table B.3: Sediment properties of GSD1c and GSD2c

GSD1a

GSD2a

Hour
1
2
3
4
5
6
7
8
1
2
3
4
5
6
7
8

Output Rate
(g/min)
563.8
306.3
277.4
207.2
218.0
282.3
173.4
84.1
305.3
95.6
51.5
150.5
19.4
54.0
68.8
163.2

Load (mm)
d50
d84
1.79 3.27
1.71 3.12
1.58 2.95
1.67 2.92
1.60 2.85
1.45 2.63
1.52 2.59
1.53 2.70
1.81 3.32
1.59 2.81
1.75 3.12
1.68 3.11
1.59 2.99
1.59 2.87
1.57 2.83
1.75 3.30

Surface (mm)
D50
D84
1.55
2.79
1.60
2.70
1.76
3.25
1.81
3.40
1.50
3.10
1.61
2.97
1.79
3.20
1.74
3.00
1.73
3.68
1.95
3.58
1.99
3.68
1.81
3.67
1.73
3.86
1.82
3.79
1.90
3.68
1.61
3.27

Table B.4: Sediment properties of the pseudo-recirculating experiment.

Minutes
15
30
45
60
75
90
105
120

Output Rate
(g/min)
254.8
259.7
181.7
150.5
165.5
136.9
79.4
38.1

Load (mm)
d50
d84
1.76 3.32
1.64 2.97
1.74 3.28
1.62 2.84
1.74 3.40
1.81 3.41
1.54 2.72
1.76 3.12
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Surface (mm)
D50
D84
1.72
3.59
1.82
3.83
1.83
3.73
1.83
3.89
1.90
4.20
1.97
4.35
1.87
4.47
1.75
4.38

Appendix C

Flow modelling results tables
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Table C.1: Hydraulic properties of GSD1a and GSD2a
Hour

GSD1a

GSD2a

0
1
2
3
4
5
6
7
8
AVG
0
1
2
3
4
5
6
7
8
AVG

W
(m)
0.30
0.29
0.30
0.30
0.30
0.27
0.28
0.28
0.28
0.29
0.30
0.31
0.29
0.30
0.29
0.29
0.29
0.29
0.29
0.29

d
(m)
8.93E-03
9.35E-03
9.69E-03
9.95E-03
9.83E-03
1.01E-02
1.01E-02
1.01E-02
1.03E-02
9.82E-03
9.81E-03
8.96E-03
9.47E-03
9.28E-03
9.61E-03
9.49E-03
9.51E-03
9.39E-03
9.90E-03
9.49E-03

U
(m/s)
8.51E-03
9.48E-03
8.91E-03
8.85E-03
8.77E-03
9.43E-03
9.25E-03
9.13E-03
8.87E-03
9.02E-03
9.02E-03
9.73E-03
9.52E-03
9.66E-03
9.52E-03
9.55E-03
9.47E-03
9.66E-03
9.22E-03
9.48E-03

τ
(Pa)
1.60
1.69
1.71
1.67
1.72
1.77
1.73
1.73
1.76
1.71
1.87
1.74
1.82
1.80
1.86
1.83
1.84
1.81
1.91
1.83

∗
τ50

∗
τ84

0.062
0.068
0.061
0.064
0.060
0.067
0.061
0.062
0.063
0.063
0.071
0.073
0.068
0.069
0.067
0.065
0.062
0.062
0.059
0.066

0.032
0.034
0.033
0.032
0.031
0.034
0.035
0.034
0.030
0.033
0.035
0.037
0.034
0.034
0.031
0.031
0.030
0.029
0.031
0.032

Ω
(W/m)
1.42E-02
1.74E-02
1.65E-02
1.60E-02
1.61E-02
1.80E-02
1.73E-02
1.70E-02
1.68E-02
1.66E-02
1.77E-02
1.78E-02
1.85E-02
1.85E-02
1.88E-02
1.87E-02
1.86E-02
1.88E-02
1.89E-02
1.85E-02

These values are derived from the data analysis methods used in Chapter 6 and thus may vary
slightly from the values presented in Chapter 5.
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Table C.2: Hydraulic properties of GSD1b and GSD2b
Hour

GSD1a

GSD2a

0
1
2
3
4
5
6
7
8
AVG
0
1
2
3
4
5
6
7
8
AVG

W
(m)
0.33
0.52
0.54
0.53
0.47
0.42
0.49
0.45
0.49
0.47
0.32
0.42
0.39
0.36
0.36
0.38
0.35
0.39
0.38
0.37

d
(m)
1.39E-02
9.78E-03
1.01E-02
1.02E-02
1.10E-02
1.16E-02
1.08E-02
1.14E-02
1.12E-02
1.11E-02
1.40E-02
1.08E-02
1.15E-02
1.18E-02
1.22E-02
1.19E-02
1.25E-02
1.19E-02
1.23E-02
1.21E-02

U
(m/s)
1.22E-02
9.99E-03
9.24E-03
9.36E-03
9.89E-03
1.05E-02
9.62E-03
1.00E-02
9.15E-03
1.00E-02
1.25E-02
1.11E-02
1.12E-02
1.20E-02
1.17E-02
1.15E-02
1.16E-02
1.10E-02
1.09E-02
1.15E-02
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τ
(Pa)
2.59
1.80
1.79
1.72
1.86
1.91
1.83
1.85
1.87
1.91
2.66
1.95
2.08
2.13
2.21
2.11
2.19
2.05
2.13
2.17

∗
τ50

∗
τ84

0.093
0.073
0.067
0.063
0.065
0.073
0.067
0.069
0.070
0.071
0.101
0.076
0.073
0.075
0.086
0.077
0.081
0.076
0.082
0.081

0.048
0.038
0.035
0.037
0.034
0.036
0.037
0.036
0.036
0.037
0.050
0.036
0.035
0.034
0.039
0.038
0.037
0.034
0.035
0.037

Ω
(W/m)
3.35E-02
1.98E-02
1.84E-02
1.76E-02
2.00E-02
2.28E-02
1.95E-02
2.08E-02
1.94E-02
2.13E-02
3.43E-02
2.42E-02
2.60E-02
2.84E-02
2.85E-02
2.66E-02
2.81E-02
2.48E-02
2.59E-02
2.74E-02

Table C.3: Hydraulic properties of GSD1c and GSD2c
Hour

GSD1a

GSD2a

0
1
2
3
4
5
6
7
8
AVG
0
1
2
3
4
5
6
7
8
AVG

W
(m)
0.35
0.49
0.55
0.60
0.59
0.53
0.42
0.52
0.59
0.52
0.33
0.43
0.45
0.44
0.51
0.57
0.60
0.56
0.50
0.49

d
(m)
1.29E-02
1.04E-02
9.77E-03
9.99E-03
1.02E-02
1.04E-02
1.14E-02
1.06E-02
1.07E-02
1.07E-02
1.36E-02
1.19E-02
1.16E-02
1.16E-02
1.09E-02
1.06E-02
1.03E-02
1.05E-02
1.05E-02
1.13E-02

U
(m/s)
1.23E-02
1.01E-02
9.23E-03
8.29E-03
8.36E-03
8.87E-03
1.07E-02
9.14E-03
8.42E-03
9.49E-03
1.24E-02
1.00E-02
9.80E-03
9.89E-03
9.01E-03
8.23E-03
8.01E-03
8.50E-03
9.23E-03
9.46E-03

τ
(Pa)
2.40
1.88
1.69
1.73
1.79
1.72
1.98
1.83
1.89
1.88
2.60
2.22
2.19
2.17
2.00
1.92
1.87
1.93
1.93
2.09

∗
τ50

∗
τ84

0.093
0.075
0.065
0.061
0.061
0.071
0.076
0.063
0.067
0.070
0.098
0.079
0.069
0.067
0.068
0.069
0.063
0.063
0.074
0.072

0.048
0.042
0.039
0.033
0.033
0.034
0.041
0.035
0.039
0.038
0.048
0.037
0.038
0.036
0.034
0.031
0.030
0.032
0.036
0.036

Ω
(W/m)
3.13E-02
2.11E-02
1.76E-02
1.62E-02
1.67E-02
1.73E-02
2.39E-02
1.86E-02
1.72E-02
2.00E-02
3.36E-02
2.43E-02
2.36E-02
2.38E-02
2.04E-02
1.78E-02
1.68E-02
1.86E-02
2.06E-02
2.22E-02

Table C.4: Hydraulic properties of the pseudo-recirculating experiment
Minutes
0
15
30
45
60
75
90
105
120
AVG

W
(m)
0.30
0.31
0.34
0.37
0.39
0.44
0.48
0.52
0.50
0.41

d
(m)
1.26E-02
1.24E-02
1.17E-02
1.09E-02
1.05E-02
9.85E-03
9.34E-03
8.88E-03
9.06E-03
1.06E-02

U
(m/s)
1.01E-02
1.01E-02
9.72E-03
9.32E-03
9.02E-03
8.65E-03
8.28E-03
7.97E-03
8.04E-03
9.02E-03
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τ
(Pa)
2.33
2.36
2.26
2.14
2.04
1.92
1.80
1.70
1.72
2.03

∗
τ50

∗
τ84

0.088
0.088
0.080
0.072
0.069
0.062
0.056
0.056
0.059
0.070

0.043
0.048
0.040
0.036
0.036
0.031
0.029
0.028
0.029
0.036

Ω
(W/m)
2.42E-02
2.49E-02
2.36E-02
2.15E-02
2.01E-02
1.83E-02
1.66E-02
1.52E-02
1.55E-02
2.00E-02

Appendix D

Statistical results tables
Table D.1: Linear regression results for temporal trends in bedload and bed
surface grain sizes for GSD1a and GSD2a using the data processing
techniques of Chapter 5 (the difference in data processing techniques
used between Chapter 5 and 6 are given in Table 4.2). Although the values of the equations are slightly different than those in Tables D.3 and
D.4, the same variables show significant trends (i.e. D50 and D84 /D90 of
GSD2a).
Linear Regression
Time ∼ GSD1a d50
Time ∼ GSD1a d90
Time ∼ GSD2a d50
Time ∼ GSD2a d90
Time ∼ GSD1a D50
Time ∼ GSD1a D90
Time ∼ GSD2a D50
Time ∼ GSD2a D90
a

Equation
y = −0.0119x + 1.797
y = −0.0211x + 3.688
y = −0.0054x + 1.759
y = 0.0344x + 3.347
y = 0.0389x + 1.593
y = 0.0361x + 3.531
y = 0.0492x + 1.708
y = 0.0808x + 3.998

R2
0.0831
0.0294
0.0289
0.1210
0.4794
0.2314
0.8807
0.6548

Pa
0.2976
0.5415
0.5294
0.1868
0.0570
0.2276
5.56e-04
5.11e-08

P < 0.05 indicates a statistically significant trend, shown in bold.
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Table D.2: T-test results comparing grain sizes of bedload and surface between paired experiments using the data processing techniques of Chapter 5 (the difference in data processing techniques used between Chapter
5 and 6 are given in Table 4.2).
T-Test
GSD1a d50 ∼ GSD2a d50
GSD1a d90 ∼ GSD2a d90
GSD1a D50 ∼ GSD2a D50
GSD1a D90 ∼ GSD2a D90
a

X¯1
1.75
3.60
1.77
3.69

X¯2
1.74
3.49
1.93
4.36

ta
0.284
1.067
-2.427
-6.171

negative t values indicates X¯1 < X¯2 . Statistically
significant differences are shown in bold.

Table D.3: Linear regression results for temporal trends in bedload grain sizes
for all paired experiments.
Linear Regression
Time ∼ GSD1a d50
Time ∼ GSD1a d84
Time ∼ GSD2a d50
Time ∼ GSD2a d84
Time ∼ GSD1b d50
Time ∼ GSD1b d84
Time ∼ GSD2b d50
Time ∼ GSD2b d84
Time ∼ GSD1c d50
Time ∼ GSD1c d84
Time ∼ GSD2c d50
Time ∼ GSD2c d84
a

Equation
y = −0.0064x + 1.757
y = −0.0169x + 3.156
y = −0.0054x + 1.774
y = 0.0266x + 2.862
y = −0.0210x + 1.774
y = −0.0787x + 3.357
y = −0.0230x + 1.798
y = −0.0716x + 3.374
y = −0.0402x + 1.764
y = −0.0883x + 3.242
y = −0.0102x + 1.719
y = −0.0053x + 3.084

R2
0.02
0.01
0.03
0.08
0.21
0.39
0.13
0.18
0.42
0.46
0.05
0.00

Pa
0.62
0.66
0.53
0.30
0.07
9.18e-03
0.16
0.11
6.60e-03
3.73e-03
0.38
0.85

P < 0.05 indicates a statistically significant trend, shown in bold.
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Table D.4: Linear regression results for temporal trends in surface grain sizes
for all paired experiments.
Linear Regression
Time ∼ GSD1a D50
Time ∼ GSD1a D84
Time ∼ GSD2a D50
Time ∼ GSD2a D84
Time ∼ GSD1b D50
Time ∼ GSD1b D84
Time ∼ GSD2b D50
Time ∼ GSD2b D84
Time ∼ GSD1c D50
Time ∼ GSD1c D84
Time ∼ GSD2c d50
Time ∼ GSD2c d84
a

Equation
y = 0.0190x + 1.602
y = 0.0293x + 3.108
y = 0.0607x + 1.459
y = 0.1248x + 2.961
y = 0.0014x + 1.459
y = 0.0213x + 3.121
y = 0.0266x + 1.688
y = 0.1083x + 3.455
y = 0.0180x + 1.592
y = 0.0333x + 2.901
y = −0.0196x + 1.906
y = −0.0277x + 3.755

R2
0.33
0.17
0.86
0.86
0.00
0.07
0.47
0.51
0.14
0.12
0.14
0.10

Pa
0.14
0.31
9.90e-04
9.962e-04
0.91
0.51
0.06
4.56e-02
0.36
0.40
0.36
0.45

P < 0.05 indicates a statistically significant trend, shown in bold.

Table D.5: T-test results comparing grain sizes of bedload and surface between paired experiments.
T-Test
GSD1a d50 ∼ GSD2a d50
GSD1a d84 ∼ GSD2a d84
GSD1b d50 ∼ GSD2b d50
GSD1b d84 ∼ GSD2b d84
GSD1c d50 ∼ GSD2c d50
GSD1c d84 ∼ GSD2c d84
GSD1a D50 ∼ GSD2a D50
GSD1a D84 ∼ GSD2a D84
GSD1b D50 ∼ GSD2b D50
GSD1b D84 ∼ GSD2b D84
GSD1c D50 ∼ GSD2c D50
GSD1c D84 ∼ GSD2c D84
a

X¯1
1.73
3.08
1.68
3.02
1.59
2.87
1.69
3.24
1.69
3.22
1.67
3.05

X¯2
1.74
2.98
1.70
3.07
1.68
3.06
1.73
3.52
1.81
3.94
1.82
3.65

ta
-0.177
1.065
-0.336
0.711
-1.828
-1.979
-0.700
-2.134
-2.686
-4.912
-2.352
-5.816

negative t values indicates X¯1 < X¯2 . Statistically
significant differences are shown in bold.
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Table D.6: Linear regression results for temporal trends in surface texture
variables. Trends are plotted in Figures 7.6 and 7.7
Linear Regression
Time ∼ D50
Time ∼ D84
Time ∼ σ
Time ∼ σz
Time ∼ Sk
Time ∼ Ku
a

Equation
y = 0.0018x + 1.709
y = 0.0049x + 3.270
y = 0.0016x + 1.873
y = 6.9e − 07x + 9.75e − 04
y = −6.80e − 04x + 0.395
y = −3.40e − 03x + 4.127

R2
0.46
0.50
0.60
0.34
0.29
0.91

Pa
0.07
0.05
0.02
0.13
0.16
2.49e-4

P < 0.05 indicates a statistically significant trend, shown in bold.

Table D.7: Linear regression models results for reach-averaged morphodynamic change versus surface texture indices. Plots with linear regression
models shown in Figure 7.13.
Linear Regression
M ∼ D50
M ∼ D84
M∼σ
M ∼ σz
M ∼ Sk
M ∼ Ku
M ∼ Hg
M ∼ Hf
M ∼ D84 /d
M ∼ σz /d
a

Equation
y = −0.0215x + 0.051
y = −0.0074x + 0.038
y = −0.0358x + 0.083
y = −3.6393x + 0.031
y = 0.0131x + 0.019
y = 0.0020x + 0.005
y = −0.1154x + 0.098
y = 0.2556x − 0.069
y = −0.0516x + 0.030
y = −0.0257x + 0.025

R2
0.26
0.21
0.45
0.46
0.32
0.03
0.03
0.44
0.59
0.65

Pa
0.20
0.26
0.07
0.07
0.15
0.68
0.68
0.07
0.03
0.02

P < 0.05 indicates a statistically significant trend, shown in bold.
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Table D.8: Linear regression models results for morphodynamic change versus surface texture indices at each cross section. Plots with linear regression models shown in Figure 7.14.
Linear Regression
M ∼ D50
M ∼ D84
M∼σ
M ∼ σz
M ∼ Sk
M ∼ Ku
M ∼ Hg
M ∼ Hf
a

Equation
y = −1.73e − 04x + 7.61e − 04
y = −8.33e − 05x + 7.43e − 04
y = −9.93e − 05x + 6.38e − 04
y = 0.3294x + 1.08e − 04
y = 4.42e − 04x + 2.97e − 04
y = 2.35e − 04x − 4.71e − 04
y = −0.0055x + 4.55e − 03
y = 0.0029x − 4.78e − 04

R2
0.02
0.02
4.24e-03
0.02
0.04
0.10
0.07
0.07

P < 0.05 indicates a statistically significant trend, shown in bold.
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Pa
0.26
0.20
0.57
0.20
0.06
3.44e-03
0.02
0.02

Appendix E

Model of stability
E.1

Overview

When considering bed entrainment and sediment transport, it makes sense to associate the threshold(s) with grain size. But bed entrainment and the stability of a
stream’s channel morphology are not the same thing. In fact, we often use the analogy of a ”dynamic equilibrium” to describe channels that maintain their general
shape while transporting sediment and migrating laterally. However, the analogy
was made in the past primarily out of necessity, and does not represent the behavior
of most natural streams (even those built in laboratories). In particular, gravel bed
streams are characterized by highly non-linear processes, and exhibit both complex
and chaotic dynamics which, while deterministic, are not amenable to prediction.
One important aspect of this non-linearity is that field and laboratory evidence
demonstrates that there exists a threshold for gravel bed rivers above which the
channel form changes dramatically and quickly. This kind of threshold behavior
as long been acknowledged by geomorphologists (e.g., Schumm, 1969), and has
been describe conceptually, but attempts to numerically model this threshold have
simply relied upon analogy with the entrainment threshold; the nature of geomorphic thresholds in gravel bed streams does not seem to have been seriously studied
in its own right.
Rather than being linked to entrainment of a given particle size (Andrews,
1982; Henderson, 1961; Kaufmann et al., 2008; Olsen et al., 1997)], we believe
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Figure E.1: A plot of the function which predicts the fraction of a sediment in
a give size class that will remain on the bed as a function of the relative
shear stress, based on Wilcock (1997a).
that the threshold for morphologic stability could just as easily be linked to the
fraction of the bed surface that remains stable during a given flow. That is, stability
may be attributable to the fraction of the bed covered by imobile particles, which
is slighlty different than saying it is related to a particular grain size.

E.2

Predicting the immobile fraction

One issue that seems to be often overlooked when thinking about bed stability is
that, even once a grain size begins to move, most of the particles of that size on the
bed will not be moved. It is only when the shear stresses approach two times the
threshold for entrainment that nearly all particles of a given size can be mobilized
and transported. We can use the experimental work done by Wilcock in the 1990’s
to constrain the problem, and to estimate the the fraction of the bed surface that is
immobile for a given bed surface grain size distribution and shear stress (Wilcock
and McArdell, 1993; Wilcock, 1997a,b).
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Based on Wilcock’s work (Wilcock, 1997a), we can generally say that, for
τ ≈ τc , only about 10% of the grains on the bed surface are likely to be entrained
and transported. We can also posit that, for τ ≈ 2τc , about 90% of the grains
are likely to be transported. We can approximate the underlying physics using a
logistic equation, which predicts the fraction of a sediment in a give size class that
will remain on the bed as a function of the relative shear stress (which we take to
be the shear stress divided by the entrainment shear stress). The value the function
at the threshold for entrainment is 0.9, while the value at twice the threshold is 0.1.
These values are indicated on Figure E.1 using dotted red lines. While the details
of this approximation curve could obviously be refined, the function captures the
transition from immobility to partial mobility to full mobility in a general way. It
also makes clear that equating channel instability to the shear stress required to
entrain the D50 is probably not a good assumption, since:
1. 90% of the size class containing the D50 will not be entrained by that flow
2. all the sediment coarser than the D50 will be at least that stable, and
3. a large fraction of the grain sizes smaller than D50 will also remain immobile

E.3

Integrating the immobile fraction

We can use the function shown in Figure E.1 to estimate the total fraction of a
bed surface that will remain immobile for a given grain size distribution at any
given shear stress. For example, consider a bed surface with a log-distribution of
sediment sizes, and a D84 /D50 ratio of 2 (Figure E.2). We can estimate the critical
shear stress for entrainment using the hiding function proposed by Wilcock and
Crowe (2003) to account for relative grain size:
τci
=
τc50



Di
D50

b
(E.1)

Where Di is the grain size of fraction i, and b = 0.12 for Di /D50 < 1 and
b = 0.67 for Di /D50 > 1. For our grain size distribution, the critical shear stress
values are shown in Figure E.3. Using these data, we can estimate the proportion
of the bed surface that would be stable for a given shear stress.
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Figure E.2: Example of a bed surface grain size distribution with a logdistribution of sediment sizes, and a D84 /D50 ratio of 2.

E.4

Calculating the immobile fraction

For example, assume that τ = 25 Pa then we can calculate the fraction of the bed
that would remain immobile (Figure E.4). The total fraction of the bed surface that
would be immobile under these conditions (and given the above assumptions) is as
the area under the red curve, which is about 0.92. The stress required to entrain
the bed surface D50 is about 26 Pa, so the above curve represents the bed stability
at flows close to that required to entrain the bed surface, which some would have
use believe represents the formative flow! We know from experiments that shear
stresses of this magnitude do little to affect stream channel morphology in gravel
bed rivers.
But what about for conditions that should fully mobilize the D50 (i.e. 2τc50 )?
Figure E.5 shows that at the shear stress required to fully mobilize the D50 (i.e. 52
Pa), flows mobilize quite a bit more of the bed, but leave 0.29 of the bed immobile. Note that the stable fraction for the entrainment of the D50 is also shown for
comparison on this figure, in red.
149

Figure E.3: Critical shear stress values calculated using the hiding function
proposed by Wilcock and Crowe (2003) for the grain size distribution
shown in Figure E.2.
In the paired experiments presented in Chapter 4, it is observed that morphologic instability occurs when the fraction of the bed that is immobile falls below
about 0.1. This value corresponds to roughly to the full mobility of something like
the D84 . When the D84 is fully mobile, only 0.07 of the bed is likely to remain immobile. This is a much higher threshold than is usually discussed when considering
the thresholds for geomorphic change in gravel bed rivers.
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Figure E.4: Fraction of the bed immobile at the entrainment threshold of the
D50 . The grain size distribution of the surface is shown as the dashed
blue line, while the red line shows the distribution the stable fraction at
the bed surface at the entrainment threshold of the D50 .
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Figure E.5: Fraction of the bed immobile at the threshold of full mobility
of the D50 . The grain size distribution of the surface is shown as the
dashed blue line, the green line shows the distribution the stable fraction
at the bed surface at the threshold of full mobility of the D50 and the red
line shows the distribution the stable fraction at the bed surface at the
entrainment threshold of the D50 .
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Figure E.6: Fraction of the bed immobile at the threshold of full mobility of
the D84 . The grain size distribution of the surface is shown as the dashed
blue line, the orange line shows the distribution the stable fraction at the
bed surface at the threshold of full mobility of the D84 , the green line
shows the distribution the stable fraction at the bed surface at the threshold of full mobility of the D50 and the red line shows the distribution
the stable fraction at the bed surface at the entrainment threshold of the
D50 .
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