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Abstract

Sediment supply is a key control on sediment transport rates and bed evolution in a stream. This
study examined the adjustment of a gravel-bed stream under episodic sediment supply regimes by
conducting a flume experiment in the Mountain Channel Hydraulic Experimental Laboratory at the
University of British Columbia. The experiment consisted of a sequence of runs with no feed,
constant feed and episodic supply regimes; but constant water discharge and feed texture. The
observations indicated that sediment transport rates, the texture of bedload and the bed surface,
sediment storage, bed slope, and bed topography adjusted to changes in sediment supply. The
relative mobility of sediment instead did not change significantly. Under constant feed, transport
rates showed a slow and small increase. The texture of the surface was fluctuating, the same as of
the bedload. Sediment storage was relatively large, and the bed slope presented small changes. If
the same amount of sediment entered in one or few pulses, transport rates and the texture of the
surface exhibited pronounced changes just after the pulse, and returned to conditions similar to
previous the pulse after some time. The size of the pulses influenced the results, and larger pulses
caused larger increases of transport rates and finer textures on the bed surface. Cumulative
storage, bed slope and bed morphology adjusted to episodic supply; but did not return to the
conditions before the pulse, revealing that the effects of sediment supply over the bed were
cumulative and persisted under periods of no feed. During these periods, transport rates
decreased, the bed texture coarsened, and there was little change in the bed slope. After few
hours of no feed, transport rates were relatively low and changes in elevation were small. Our
results suggested that episodic supply produced interesting patterns of channel adjustment

(different from constant feed regimes) that depend on the size and frequency of the supply.
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Chapter 1: Introduction
The transport patterns of stream bed sediment largely determine channel morphology and are
important for stream ecology and the maintenance of human infrastructures in fluvial
environments. Channel morphology is key in the suitability of benthic habitat for stream
organisms (Lisle, 1989), such as salmon and trout that build redds in specific locations of the
channel. Good knowledge of the processes of sediment transport is important for the planning
and safety of built environments in streams. For example, flow in culverts and around bridge piers
can cause erosion of the bed, damaging the environment and exposing the foundations of the
structure. Or, the discharge of sediment in a reservoir formed by a dam might cause filling,
requiring the removal of the dam. Sediment transport is also useful for quantifying changes in the
channel, i.e. bank erosion (Green et al., 1999), and at a larger scale for understanding landscape

evolution (Roering et al., 1999; Whipple & Tucker, 2002).

The transport of sediment in a stream bed is controlled by hydraulic conditions and the sediment
supply regime. The water flow distribution over the bed defines the pattern of sediment transport
rates, which changes the bed by erosion or deposition of sediment. In turn, changes in the bed
induce variations in the flow field and transport patterns. Estimations of transport rates using
hydraulically based relations in gravel-bed rivers are often inaccurate, primarily because models
are based on average hydraulic relations and do not consider the fluctuation in flow, patterns of
sediment supply and bed surface structuring. These effects are probably large because variations
of more than two orders of magnitude have been observed in transport rates under constant flow
(Hayward, 1980; Jackson & Beschta, 1982). Sediment inputs cause important changes in the bed
morphology and bed surface composition (texture and structure), affecting the availability of

sediment for transport, as well as the distribution of shear stress over the bed.

The transport-storage relations in a stream are controlled by sediment supply. The same flow
events can produce different transport rates due to changes in sediment storage and bed surface
composition (e.g. Buffington & Montgomery, 1999). When sediment supply is low, a coarse, well-
structured bed develops and sediment transport rates are low (Parker et al., 1982; Dietrich et al.,
1989; Church et al., 1998; Ryan, 2001; Church & Hassan, 2002; Hassan & Woodsmith, 2004).
Streams with relatively large sediment supply have finer bed surfaces with poorly developed

structures and higher transport rates ( Lisle & Madej, 1992).



The adjustment of a channel to changes in sediment supply is conditioned by the way in which the
sediment enters the system (i.e. supply rates and duration, size and frequency of the events).
Most experimental work has been conducted under a constant feed regime where sediment
supply is assumed steady over time. These conditions are not representative of mountain gravel
bed streams, which are likely to receive supply episodically from the adjacent slopes. These
episodes usually consist of large pulses caused by mass movement or large bank collapse.
Depending on the texture of the material and flow competence, the sediment can be transferred
immediately downstream and have little impact on channel morphology, or it may be stored
within the channel (Goff & Ashmore,1994; Lane et al., 1995; Reid & Dunne, 2003)for long periods
of time. These streams can shift from supply limited to transport limited depending on the amount
and the timing of the episodic supply (Hassan & Zimmermann, 2011). The grain size distribution
(GSD) of the sediment feed relatively to the GSD of the bed is important for sediment mobility and
the development of bed surface armouring. If a high proportion of relatively fine material is
supplied to a reach, sediment transport is likely to increase (Wilcock & Crowe, 2003; Venditti et al.,
2010). If the supply instead is composed mainly of coarse material, there could be coarsening of

the bed surface and further stabilization.

The main objective of this study is to examine the impact of episodic sediment supply on sediment

mobility, bed evolution and channel morphology.
Specifically, we are concerned about:

1. How sediment supply regime is likely to influence transport rates, relative mobility, the
texture of the bed surface, sediment storage, bed slope and bed morphology.

2. The implications of the magnitude and frequency of sediment episodes in the adjustment
of the variables mentioned above.

3. The importance of the initial bed for the adjustment of the channel to changes in

sediment supply.

To achieve the research goals we conducted a flume experiment that combined different feed
regimes, but had constant water discharge and feed GSD. The flume allowed us to take high
resolution measurements of sediment transport rate, bed elevation and bed surface texture, and

to explore patterns under the different supply conditions.



Chapter 2: Literature review

1.1 Sediment transport

Sediment can be transported in suspension, traction or saltation, depending on flow strength and
particle size. Very fine material, as silt and clay, are usually considered as wash material, that once
entrained is transported for long distances in suspension. Washload is found only in minor
quantities in the bed of the river, but may form a significant fraction of upper bank and floodplain
deposits. Coarse material as gravel, cobble or boulder, is mobilized by traction mechanisms and is
considered as bed material. Bed material load forms the bed and lower banks of a river, and

strongly influences the channel morphology.

The threshold for initial motion is needed for transport estimations and is usually represented in
the equations by a critical value of mean boundary shear stress. There are important challenges in
estimating this critical value of shear stress: (1)shear stress cannot be estimated directly and it has
to be back calculated from flow velocity, (2) the spatial variability of flow velocities over an area of
the bed is important and defining where to take measurements to get a representative average is
not simple task, (3) the threshold varies with particle size, (4) defining the threshold requires an
assumption of what will be considered as no motion or zero transport (because of the probabilistic
nature of sediment transport). In gravel bed rivers, this threshold has been estimated as a
reference shear stress that produces a very small reference transport rate (Parker et al., 1982;
Wilcock, 1992; Wilcock & McArdell, 1993) or inferred from the maximum particle size transported
under a given shear stress (Andrews, 1983; Ashworth & Ferguson, 1989). By this definition,

sediment transport starts when the boundary shear stress exceeds the reference shear stress.

Shields (1936) defined a dimensionless shear stress, known as Shields number (7*) that relates the
boundary shear stress to the gravity forces acting on a grain of a given size. This is shown in
Equation 0.1, where 7, is the boundary shear stress, ps is sediment density, p is water density, g is

gravitational acceleration, and D is particle size.

T

(ps —p)gD

Using uniform sediment, Shields observed that for particles larger than 5 mm (under fully

turbulent flow), the shear stress required to entrain a grain was proportional to the size of the



grain. For this reason, the critical Shields number for grains of different sizes was constant at a
value of 0.056. Shields approach is used, but the original critical Shields number did not produce
accurate predictions in poorly sorted beds, as it didn't consider the effects of sediment mixtures.
In sediment mixtures, the interactions of grains of different sizes produce significant effects on
entrainment. The relative exposure of grains affects the probability of entrainment as suggested
by Einstein (1950), who developed an empirical relation to describe the hiding effect that
relatively large particles produce on smaller particles. The hiding factor was a function of the
particle diameter to a characteristic diameter of the mixture, for example, the median particle size
(Dsg). The critical shear stress for entrainment can also decrease if particle exposure increases
(Fenton & Abott, 1977). If hiding and protrusion effects are strong, particles within a wide range of
sizes could be entrained at nearly the same critical shear stress. This form of transport has been
referred to as equal mobility (Parker & Klingeman, 1982; Andrews, 1983). When estimating the
critical shear stress for sediment mixtures a characteristic particle size needs to be specified (i.e.
geometric mean or Dsg) and a hiding function applied. A value of 0.045 has been suggested for the

entrainment of the Dsq in gravel beds.

A higher proportion of sand on the bed surface can reduce the critical shear stress for the
entrainment of gravels (Wilcock & Crowe, 2003; Curran & Wilcock, 2005). More recent studies
have shown the critical Shields stress for entrainment is also affected by channel slope. Grains of
the same size require a higher stress for entrainment at steeper slopes; grain emergence and
changes in local flow velocity and turbulent fluctuations are responsible for this slope dependency

(Lamb et al., 2008).

Spatial and temporal variability of bedload transport rates have been linked to sediment supply in
rivers (Trimble, 1981; Meade, 1982; Beschta, 1983). To address the issue of transport rate
variability, different stages related to the intensity of sediment transport have been recognized.
Two stage (Jackson & Beschta, 1982; Andrews, 1983) and three stage transport models have been
presented (Ashworth & Ferguson, 1989; Wilcock & McArdell, 1993). In stage | (Figure 0.1), fine
material is mobile over a static bed. This material could be stored in the system or supplied from
adjacent slopes. Stage 2 represents partial mobility. Sediment is locally mobilized and the intensity
of transport is relatively low. Size selective transport is important and mobility is highly influenced

by bed surface structuring. The third stage represents high sediment transport intensity during



relatively large events. Most of the bed surface moves and nearly equal mobility (Parker &

Klingeman, 1982; Andrews, 1983) is approximated.
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Figure 0.1. Stages of sediment transport. (a) Schematic diagram of sediment transport rate versus shear stress for
varying grain sizes (Hassan et al. 2005). (b) Domains of bedload transport defined in terms of shear stress versus grain
size (Wilcock & McArdell, 1993).

The different grain sizes on the bed surface can move in different proportions. To analyze the

relative mobility of grains in a sediment mixture, the limit between grains under partial transport



and those under full mobility can be identified using surface based fractional transport rates
(Wilcock & McArdell, 1993). A given grain size (D;) is under partial transport if the ratio between its
proportion in transport (P;) and its proportion on the bed surface (F)) is less than one. A grain size is
considered fully mobile if the transport ratio is equal to or larger than one. Wilcock & McArdell
observed that for a given size, the critical stress required for full mobility was about twice the
shear stress required for entrainment of the same size. The limit between partial and full mobility
can be significantly affected by changes in the flow (at higher discharges more sizes become fully
mobile), but the effects that changes in sediment supply (amounts and texture) produce on

relative mobility have not been studied.

1.2 Channel adjustment to changes in sediment supply

The temporal and spatial variation in the amount of within-channel sediment storage depends on
the supply from external sources (Swanson et al., 1982; Benda, 1990). Changes in the sediment
supply regime are followed by adjustments of the channel and sediment transport-storage
relations in the system. There are studies that suggest bed states (Church, 1978) and transport
regimes of a stream are controlled by the sediment supply regime (as summarized in Hassan et
al.,, 2008). When sediment supply is low, a coarse well-structured bed develops and sediment
transport rates are low (Parker & Klingeman, 1982; Dietrich et al., 1989; Church et al., 1998;
Hassan & Church, 2000; Ryan, 2001; Church & Hassan, 2002; Hassan & Woodsmith, 2004). Streams
with relatively large sediment supply have finer bed surfaces with poorly developed structures and
higher transport rates for a given discharge than channels with the same slope, but lower
sediment supply ( Lisle & Madej, 1992). Sediment inputs modify the channel morphology and bed
surface composition (texture and structure), which affects local sediment transport rates and the

distribution of shear stress acting on the bed.

Experimental observations in a stream table (model used to simulate river and watershed systems)
suggested that depending on the nature of stream boundaries, channels adjust differently to
changes in sediment supply (Eaton, 2004; Eaton & Church, 2009). Non-constrained channels
exhibited a primary adjustment of channel sinuosity and reach slope to changes in sediment
supply. These systems tended to find the minimum slope capable to transport the sediment
supply, which increased flow resistance in the system. An equilibrium range of slopes for a given
system could be predicted by a linear function of sediment concentration (Q,/Q), which is limited

by the minimum stream power capable of deforming the bed and the maximum sediment feed



that can be transported by the system. In constrained channels with non-erodible banks where

lateral migration is not allowed, the response was first by changes in the bed state.

The texture of the bed surface is sensitive to changes in sediment supply. Gravel beds under low
supply regimes often exhibit a relatively coarse grained bed surface layer (or armor) over a finer
bed subsurface. The degree of armoring is usually represented as the ratio between the median
particle size of the bed surface (Dsg.¢) and the median grain size of the subsurface (Dsgs) or bulk
material. Armored layers were described downstream of dams (Gessler, 1971; Little & Mayer,
1976) and documented at inactive transport stages in gravel streams, such as Oak Creek, Oregon
(Milhous, 1973). Armor can develop under low supply or starvation conditions due to winnowing
of fine material. Armour can also develop due to sediment mobility and vertical sorting (Parker &
Klingeman, 1982). The latter implies that the fine material goes below the surface while the coarse
material remains on the surface, providing an equalizing transport mechanism, by exposing
proportionally more the larger grains to the flow, and hiding the smaller ones. Experimental
studies suggest that the armor layer remains and varies little under a wide range of flow
conditions (Parker & Klingeman, 1982; Parker et al., 1982; Wilcock et al., 2001). Andrews & Erman
(1986) found that an armored surface, similar to the one observed at low flow, remained after a
snowmelt storm in Sagahen Creek, USA. Wilcock & Detemple (2005) noticed there was no
significant change in the bed surface grain size distribution before and after a flood in Oak Creek.
The issue was explored through a 1D numerical model in Parker et al., 2008. They observed that
over the great majority of the modelled reach, bed elevations and surface grain size distributions
were almost invariant at different flows (only a small area upstream exhibited significant change
on these variables), and the response to changes in the flow occurred in bedload transport rates

and GSDs.

Dietrich et al. (1989) proposed that the bed surface gets coarser when local bedload supply from
upstream is less than the capacity of the flow to transport that load. In flume experiments, they
observed that at higher transport rates, bedload sheets were present and an alternation of
congested (coarse), smooth (fine) and transitional zones migrating downstream. As supply was
reduced, the sheets became less frequent, coarser zones expanded, and transport was confined to
a progressively narrower fine-textured active zone. Similar results were obtained by Madej et al.
(2009) from a model of Redwood Creek that revealed that the bed surface texture got finer with

increasing feed rate and coarser if feed rate was decreased, and by Nelson et al. (2009) who



observed that a reduction in supply promoted the development of coarse fixed patches and the

reduction of finer mobile patches.

As degradation proceeds in a system, larger particles on the bed can be organized into structures
that limit sediment transport, such as stone cells (Hassan & Church, 2000). In natural channels,
bed structuring is considered as an evidence of low sediment supply regimes and stable bed
elevation (Church et al.,, 1998). The larger grains that remain on the surface because of the
armoring process are usually mobilized for very short distances and rearrange, forming stone
clusters (Brayshaw, 1984; Church et al.,, 1998; Oldmeadow & Church, 2006). Clusters can be
broadly defined as discrete, organized groupings of particles that sit above the average elevation
of the surrounding bed surface, and can be characterized in terms of their shape, geometric
properties and spatial arrangement on the horizontal plane (Strom & Papanicolaou, 2008).
Papanicolaou et al. (2012) applied the box-counting method for analyzing cluster morphology
from laboratory and field datasets. They suggested that fractals can be powerful and easy to use
descriptors of riverbed microforms. Strom & Papanicolaou (2007) observed through field studies
that clusters change the nature of turbulent energy production from that of standard boundary
layer theory by shifting the region of maximum production of turbulent kinetic energy from the

bed to the detached shear layer that is generated at the top of the cluster.

Transport-storage relations over a river reach are affected by changes in sediment supply. Any
change in the rate of sediment supply results in a change in stored volume as well as transport
rate, which is regulated by channel adjustments. Lisle & Church (2002) proposed a two phase
model to explain transport-storage relations in degrading gravel bed channels that was supported
with published field studies, flume experiments and simulations. In an initial phase, the primary
response of the channel to the reduction in sediment supply is through changes in storage
(reductions in sediment stored volume). Bed forms are still present (armoring is absent) and there
is no significant decrease in transport rates (sediment output is high and pulsating). During a
second phase, transport rates decline significantly and are less variable as the bed armors. The
transition to the second phase occurs when the development of bed forms stopped and all of

them had exited the flume.

More recently, Smith-Pryor et al. (2011), by modeling cycles in Cuneo Creek, observed that the
channel response to degradation was strongly influenced by the channel conditions achieved

during the previous aggradation period. If the channel was in equilibrium prior to a feed reduction

8



and sediment feed was low, degradation immediately transitioned to Lisle and Church’s second
phase of transport-storage relations; otherwise, the first phase was also present. Channel
degradation progressed through three stages: bar building and surface sorting, channel incision,
and lateral erosion. They suggested that slight changes in gradient indicate that the adjustment to
sediment supply can be mostly attributed to bed texture and channel morphology, as observed by

Lisle et al. (1993) and Nelson et al. (2009).

Changes in the grain size distribution (GSD) of sediment supply also produce adjustments in the
system. The GSD of feed material relative to the bed influences sediment mobility. A higher
proportion of sand in the feed reduces the shear stress required for the entrainment of gravels
(Wilcock & Crowe, 2003; Curran & Wilcock, 2005), and finer gravel shows the same effect over

coarser fractions (Venditti et al., 2010a, 2010b).

1.3 Episodic supply

Most of the experimental studies directed toward understanding the adjustment of fluvial
channels to changes in sediment supply have used constant feed regimes, but mountain gravel
bed streams usually receive episodic sediment supply. Large sediment pulses can occur through
anthropogenic disturbances (Gilbert, 1917, Wolman, 1967) or by natural geomorphic processes
such as landslides or debris flows from tributaries (Roberts & Church, 1986; Madej & Ozaki, 1996;
Lisle et al., 2001). The introduced material can be deposited (Goff & Ashmore, 1994; Lane et al.,
1995; Reid & Dunne, 2003) to be remobilized later (Jackson & Beschta, 1982; Sutherland et al.,
2002), or it can be transported and deposited further downstream. The dynamics of episodic
pulses of sediment control bed evolution and sediment transport in gravel-bed streams and are

key to understanding their long-term dynamics.

The transport capacity of a channel is highly variable at intermediate time scales that correspond
with the passage of sediment waves, which change transport capacity-storage relations (Lisle &
Church, 2002). Sediment waves are temporary zones of sediment accumulation created by large
sediment inputs. In gravel bed channels, their evolution is predominantly dispersive, but some
translation is likely to occur if the wave material is considerably finer than the bed material (Lisle
et al., 2001; Sklar et al., 2009). Low amplitude bedforms that develop by sediment sorting patterns
in poorly sorted sediment systems have been referred to as sediment sheets. They migrate

downstream and have been described by a catch and mobilize process in which large grains are



caught in the wakes of other large grains. This is followed by infilling of their interstices by smaller
particles, which can in turn smooth out hydraulic wakes causing large particles to be remobilized
(Whiting et al., 1988; Venditti et al., 2008). Experimental evidence suggests that the occurrence of
bedload sheets, their dimensions, and their dynamics are primarily controlled by sediment supply
(Venditti et al., 2008). The addition of sediment pulses to a river became a common practice in
rivers where dams and gravel mining eliminated sediment supply and lead to coarse immobile
beds of poor habitat quality (Bunte, 2004; Harvey et al., 2005). The importance of the GSD and size
of a pulse in mobilizing coarser sediment from the bed has been explored in flume experiments

(Sklar et al., 2009; Venditti et al., 2010a, 2010b).
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Chapter 3: Methods

2.1 Experimental design

The experiment was conducted in a flume in the Mountain Channel Hydraulic Experimental
Laboratory at the University of British Columbia (UBC). The flume is a generic 1:3 model of riffle-
pool reaches in East Creek, a mountain stream in UBC's Malcolm Knapp Research Forest. The
dimensions of the flume are: 18 m working length, 1 m wide and 1 m deep. The flume slope was
set constant at 0.0218 m/m. The grain size distribution (GSD) of the bed material was obtained
from two segments in East Creek. The sediment was poorly sorted and encompassed grains from
0.5 mm to 64 mm (Figure 2.1). Grains were classified in % phi intervals and painted different colors
to facilitate grain size identification on bed surface photos. Twelve meters of the flume were
covered with a 10 cm thick layer of sediment to create a well-mixed and leveled initial bed. Fixed
gravels epoxied to plywood were placed along four meters upstream of the bed, to condition the

flow before it acted on the bed.

100

75

wn
o

% finer than

N
(6]

0.1 1 10 100

Grain size mm

Figure 2.1. Cumulative grains size distribution of the bed material. The same GSD was used for the feed.

As the interest was to study channel adjustment to changes in sediment supply, water discharge
was set constant at 65 L/s, which was similar to bankfull discharge in the prototype stream. A
sequence of seven runs with no feed, constant feed and episodic feed regimes was conducted.
Each run lasted 40 hours and followed sequentially as presented in Figure 2.2. The initial bed at

Run 1 was a manually prepared, well-mixed and flat bed. For the rest of the runs, the initial bed

11



was the final bed of the previous run. The sequence of runs made comparisons more difficult than
if each run started from the same bed surface conditions, but it also gave time for the bed to
evolve and become more realistic. The texture of the feed was constant and had the same GSD of

the initial bed to reproduce the material from natural episodic inputs such as debris flow.

Run 1 Run 2 Run 3 Run 4 Run 5 Run 6 Run 7
No feed constant 1 pulse 4 pulses 2 pulses constant No feed
| | | | [ | |
0 410 80 120 160 200 240 280
Time (hours)

Figure 2.2. Sequence of runs and supply regimes. Horizontal lines represent constant feed. Vertical lines represent
pulses and the thickness of the line represents the size of the pulse.

Run 1 (R1) had no feed and was conducted to develop more realistic bed surface conditions. In
Run 2 (R2), 300 kg of sediment were introduced at a constant feed rate (2 g/ms) over the 40 hours.
To examine the response of the system to a large supply episode, in Run 3 (R3) the 300 kg of
material was dumped in just one big pulse at the beginning of the run. During Run 4 (R4), the 300
kg of sediment was divided in four 75 kg pulses that entered the flume every ten hours. To
produce supply conditions in between those of R3 and R4, in Run 5 (R5) the same material was
divided in two 150 kg pulses that entered the system every 20 hours. To explore the importance of
the initial bed state on transport adjustment and bed evolution, Run 6 had the same constant feed
regime as R2; and Run 7 had no feed as R1. All pulses were introduced at a rate of 83 g/ms, but
the feed duration was different. The 300 kg pulse lasted one hour, the 150 kg episodes lasted half
an hour each, and the 75 kg inputs had duration of 15 minutes. Supply conditions at each run are

presented in Table 2.1.

Run 1 2 3 4 5 6 7
Supply regime No feed Constant | Episodic Episodic Episodic Constant | No feed
N° of pulses 0 1 1 4 2 1 0
Feed rate (g/ms) 0 2.083 83.33 83.33 83.33 2.083 0
Feed duration (h) 0 40 1 0.25 0.5 40 0

Table 2.1. Supply conditions at each run.
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2.2 Data collection

During each run, data related to the flow, the bed and bedload were collected. The sequence of
measurements that was followed in most runs is presented in Figure 2.3. The exceptions were R4
and R5, which required measurements more often because of the way that the sediment was
introduced to the flume. In R4 the sequence of measurements from 0-10 hours was repeated after
each pulse. In R5, the sequence from 0-20 hours was repeated twice. Data regarding sediment
transport was collected at the downstream end of the flume. To collect data over different areas

of the bed (i.e. velocity profiles, elevations, texture), a motorized cart was used (Figure 2.4).

The flow had to be reduced or increased on many occasions. This was done to change the
sediment trap, scan the bed and take photos of the bed surface. It was also done each time the
experiment needed to be paused. Changes in water discharge were always conducted in the same
way. The flow was slowed down in a gentle way, and the bed had to be completely wet before

slowly increasing the flow again.

LT and LC

|
LS LS 55 55 55 LS 55 LS 55 LS
BS BS BS BS BS BS BS BS BS BS
TR TR TR TR TR TR TR TR TR
W w w w w w w w w w w

v v v v v v v
Ll | | | | | | | | |
T [ [ [ [ [ [ [ [ |
01 2 4 7 10 15 20 30 40

Time (hours)

$S:  Short bed scan conducted over a 2 m® section of the flume between 6and 8 m.
LS: Long scan conducted between ~2 and 12 m.

V:  Fourteen velocity profiles obtained with ADV.

W: Water and bed elevations observed in the side of the flume every 0.5m.

BS: Sequence of 16 photos of the bed surface over ~1-12 m.

TR: Limits for periods of bedload sampling given by changes of the sediment trap.
LC:  Recording cumulative weight of sediment with load cell

LT: Recording images of particles passing over the light table.

Figure 2.3. Data collection during an experimental run. In Run 4 the sequence of measurements between 0-10 hours
was repeated after each pulse. In Run 5 the sequence over 0-20 hours was repeated twice. Transport data was
recorded continuously with the load cell and light table methods.
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Figure 2.4. Motorized cart used for data collection along the flume. In the picture, the ADV (acoustic Doppler
Velocimeter) used to get velocity profiles and the camera used in bed scans are mounted on the cart.

2.2.1 Flow characteristics

Even though water discharge was set constant at 65 L/s during the experiment; water elevation
and water depth were measured every one to five hours to characterize the flow. Plastic rulers
were placed every 0.5 m on one side of the flume to visually estimate the three maximum and
three minimum values of water elevation over one minute periods (Figure 2.5). These values were
used to estimate representative averages of water elevation to obtain water surface slopes. Bed
elevation was indicated at the same points to estimate water depth by subtracting bed elevations
from water elevations. Mean depths along the flume and mean surface slopes were used for shear

stress estimations.

To estimate water velocities in three dimensions and observe variations in the flow field due to

changes on the bed surface composition, fourteen water velocity profiles were recorded using the
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Nortek Vectrino Il Acoustic Doppler Velocimeter (ADV). The Vectrino Il gives up to 3 cm velocity
profiles with a 1 mm cell resolution. Profiles were recorded for three minutes towards the center
of the flume, spaced 10 cm from each other at several times during the experiment (Figure 2.3).
Often, the flow was not deep enough to get a good signal because of a large particle sitting below

the ADV. These results are not presented in this thesis.

Figure 2.5. Plastic rulers on the sidewall of the flume used to observe bed and water elevations.

2.2.2 Sediment transport

Sediment transport was measured at the downstream end of the flume with three different
methods: video camera-light table, load cell and a sediment trap (Figure 2.6). In the first method,
a high resolution video camera captured images of particles passing over a light table at a rate of
27-32 frames per second. Recorded images (.tiff) were analyzed in Labview software that provided
output files (.txt) with transport data in grams and number of grains per second for each of the
fourteen grain size classes that composed the sediment mixture. The Labview code is designed to
identify particles by subtracting the recorded images from a background image, in which only flow
passes over the light table (no movement detected). It tracks grains coordinates from a calibration
image and estimate particle velocities to provide rates. This method was calibrated by comparing
results for individual particles with observations and getting a weight/area relation; and tested
with sieved samples from the sediment trap following the methods explained in (Zimmermann et
al.,, 2008). Paired sample T-tests between calibrated data and 15 sieved samples showed no

statistically significant difference between means at all size fractions (Table 2.2). The data from the
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light table was used to present results because of its higher resolution (see Chapter 5: Sediment

transport.

Grain size class mm | P-value
0.5-0.71 0.096
0.71-1 0.072
1-1.41 0.08
1.41-2 0.097
2-2.8 0.68
2.8-4 0.69
4-5.6 0.36
5.6-8 0.17
8-11 0.72
11-16 0.81
16-22 0.69
22-32 0.16
32-45 0.17

Table 2.2. P-values of paired sample T-tests between fractional transport from the light table and trap data. Fifteen
samples were used.

M

Figure 2.6. The light table and load cell used to collect sediment transport data, situated at the downstream end of
the flume.
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The second method consisted of a load cell that recorded the cumulative submerged weight of a
sediment trap. The trap was hanging from the load cell at the end of the flume. To calibrate these
data, a relation was established between scaled weights and the estimations done by the load cell
under the same water discharge that was used in the experiment. The standard deviation of load
cell estimations for a given weight was of ~ 0.5 kg. To estimate mean transport rates from the
cumulative data, the procedure explained in Marr et al. (2010) was used: (1) calibrated data was
filtered with a moving average window, and (2) flux was computed by subtracting filtered weights
lagged in time and dividing by the lag time. A window length of 3 minutes was used in the
calculations. Even though the standard error is important, trends due to changes in feed regime
were clear, and the data provided by the load cell was used to examine periods where the light

table data looked suspicious or was missing.

The third method consisted of weighing and sieving the material from the sediment trap at the
end of the flume. The trap was changed throughout the experiment, defining sampling periods as
presented in Figure 2.3. The sediment trap was essential for testing and calibrating the light table

method.

2.2.3 Bed elevation

Bed elevations were obtained by scanning the bed, using a video camera that recorded the
reflectance location of a green laser (Figure 2.7). The scanning was controlled in Labview image
processing software, where the data recorded was processed and calibrated. The outputs were
.txt files with 2d matrix of bed elevations relative to the floor of the flume. The scans had a 2 mm
resolution in the horizontal and longitudinal directions, and a 1 mm resolution in the vertical
direction. Some bed scans covered 11 m? of the bed (long scan), while others only covered 2 m*in
the center of the flume (short scan). The occurrence of one or the other was previously discussed
and designed systematically to allow comparisons (Figure 2.3). Elevation data were used in
different analyses regarding bed evolution. The data were used in estimating bed slope in the
thalweg and net changes in elevation (aggradation/degradation). The data were also used to
examine the spatial pattern of these changes, the bed topogaphy at the end of each run, and the
presence of bedforms. More details on how each analysis was done are provided in Chapter 6:

Bed evolution
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Figure 2.7. Green laser used for bed scans.

2.2.4 Bed texture

To collect information regarding bed textures, photos of the bed surface were taken every time
the bed was scanned (Figure 2.3). A camera (Canon PowerShot G12) mounted on the motorized
cart was used to take a sequence of 16 photos of the bed surface between ~1-12 m. Bed surface
grain size distributions (GSDs) were obtained using the point count method on the photos. The
method sampled a grid of 36 *14 points with a cell size of 65 mm (largest particle size) over each
photo. Grains larger than 2.8 mm were recognized. Because of time issues, pebble counts on
every photo were done only at hours when long scans were available. Mean grain size statistical
parameters were estimated for the 16 photos, but also for the 4 photos that covered the 2 m’
section where the short scans were conducted. As the results in both cases were almost the same,
the 2 m? section was used to obtain GSDs at each time photos were available. These data were
used to analyze the temporal adjustments of the bed surface texture and also to scale fractional
transport rates for mobility analysis (further details in these analyses are provided in Chapter 5:

Sediment transport. The GSDs estimated from the 16 photos were used to examine differences in

texture evolution with distance along the flume and the spatial adjustment of particle size.
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Chapter 4: Flow characteristics
The following results were obtained from bed and water surface elevations measured at the side
of the flume every few hours. Results for R1 are missing. Water elevations were corrected to take
into account the slope of the flume. Water surface slope was estimated as a best fit slope from
corrected water elevations. An average for water depth along the flume was computed during
each measurement time step. Data points situated less than 2 m from the downstream end were
excluded because of the influence of downstream boundary conditions (back water effects caused
by flow obstruction at the end of the flume). Data points upstream of 12 m were excluded because
of non-systematical measurements (during first runs those points were not measured), but also

because they were too close to the feeding area.

Mean boundary shear stress was calculated using equation 3.1, where T is boundary shear stress,
p is water density (1000 kg/m?), g is acceleration of gravity (9.81 m/s’), S,, is water surface slope,

and Y is water depth.

T, =pgSwY 3.1
The Shields number (T*) was estimated using equation 3.2, where p; is sediment density and Dy is

the geometric mean grain size of the bed surface.

T
r=— b 3.2

(ps —P)gDy
Longitudinal profiles of bed and water elevation at various time steps are presented in Figure 3.1
to characterize the flow during the experiment. As most results were similar, only profiles at the
beginning and near the end of each run are presented. A mean Froude number of 0.78 was
estimated by von Flotow (2013) during the experiment. The longitudinal profiles showed that the
flow was not uniform. Upstream a situation of trans-critical flow was observed, given by the
existence of subcritical and supercritical flow (due to changes in bed elevation). Towards
downstream the curve suggests subcritical flow that close to the downstream end is affected by an

increase in water depth (and consequently a reduction of water velocity) due to flow obstructions.
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Figure 3.1. Long profiles of water and bed elevations at different runs (R) and time in hours (H).
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Even though water discharge was set constant at 65 L/s during the experiment, flow parameters
exhibited changes probably related to changes in the bed elevations and bed surface composition
due to sediment supply. Mean parameters and standard deviations for each run are presented in

Table 3.1.

Run Water depth -m Water surface Mean boundary Shields number

slope - m/m shear stress - Pa

mean SD mean SD mean SD mean SD

R2 0.070 0.0031 | 0.0171 | 0.0009 | 11.66 1.09 0.051 0.003

R3 0.077 0.0031 | 0.0189 | 0.0004 | 14.29 0.71 0.066 0.013

R4 0.080 0.0015 | 0.0197 | 0.0004 | 15.57 0.50 0.070 0.004

R5 0.079 0.0032 | 0.0200 | 0.0006 | 15.47 0.93 0.069 0.004

R6 0.080 0.0046 | 0.0203 | 0.0008 | 16.03 1.43 0.072 0.009

R7 0.075 0.0017 | 0.0199 | 0.0002 | 14.55 0.38 0.064 0.004

Table 3.1. Mean values and standard deviations of water depth (m), water surface slope (m/m), mean boundary shear
stress (Pa), and Shields number during each run. Data for R1 is missing.

Water surface slope varied between 0.017 and 0.021 m/m and exhibited a slight increase from R2
to R6 (Figure 3.2.a). During R7, it showed a very small decrease. Mean water depth had values
between 0.07 and 0.08 (Figure 3.2.b). From R2 to R4 there was an increase in mean water depth.
During R5 water depth showed considerable variations, and during R6 the flow was relatively deep
during the first 20 hours, but after that water depth showed a decrease of ~1 cm. Since then, a
very slow decrease was observed towards the end of the experiment. Mean boundary shear stress
fluctuated between 11 and 16 Pa most of the time and showed a similar trend to water depth

(Figure 3.2.c).

The critical dimensionless shear stress for entrainment is commonly approached with the Shields
number. A wide range of values had been suggested in the literature, and a value close to 0.045 is
considered to be appropriate for the entrainment of the Dsy on gravel beds with poorly sorted
sediment like the bed used in this study. Shields numbers deviated from the 0.045 for poorly
sorted sediment, and fluctuated between 0.045 and 0.09 (Figure 3.3). This is consistent with
results for gravel beds showed in Parker (2007), which show a variability of Shields numbers

between 0.01 and 0.1, with no large deviations from the critical value.
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Figure 3.3. Shields number estimated for the geometric mean of the bed surface against time.
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Chapter 5: Sediment transport
Sediment transport data was analyzed to examine the temporal variability of the channel response
to sediment supply. Three different methods were used for data collection: a sediment trap, a
load cell, and a light table with a video camera (see Chapter 3: Methods for further details). Data
from the light table was chosen to present results because of its higher time resolution for total
and fractional transport (1 s), and because it had less noise than the data from the load cell. The
latter was used to support analysis when trends in the light table were suspicious or unclear (i.e.
the presence of extremely large values). To check if there was under/over sampling of any size

fractions, results from the light table were compared to those obtained from the trap.

There are few periods where data is missing due to file corruption after image processing in
Labview. These periods occurred between hours 15-20 in R1, and hours 10-15 in R2. Shorter
periods (< one hour) are due to sudden problems in data recording, or because of large particles
getting stuck in the outlet of the flume and causing bubbles that were detected as false particles.
These gaps had no serious implications for data analysis and temporal patterns of sediment

transport could be interpreted.

4.1 Transportrate time series

Temporal patterns of sediment transport rates were analyzed by looking at total transport rates,
but also at fractional transport rates to get better knowledge of the behavior of grains of different
sizes. Total transport rates were smoothed using a 30 second running mean and are presented in
g/ms. As the intensity of movement was different for finer and coarser grains, they were analyzed
in different ways. Finer grains (< 8 mm) moved constantly and in higher proportions. These sizes
were divided in two groups: sand (< 2 mm) and fine gravel (2-8 mm), and their time series were
smoothed in the same way as total transport rates. Grains coarser than 8 mm moved more
sporadically, and could become immobile for considerable periods of time. Because of this reason
a running mean was not adequate, and these fractions are presented separately in number of

grains per second. Feed rates are plotted with total transport rates for comparisons.

Results for Run 1 (R1) are plotted in Figure 4.1. Total transport rates were high at the beginning of
the run (~100 g/ms), and exhibited a fast decrease during the first hours. There is a gap in the data
from hour 10 to 15. After hour 20, the transport rate was asymptotic around 0.2 g/ms, value that

is about three orders of magnitude below initial transport rates. Bed load showed high variability.
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A few peaks can be observed in the plot at about hours 10, 15, 20, 26, 30 and 35. Peaks occurred
at almost regular intervals of time, in what reflects a certain pattern of behavior in sediment

transport. There was an increase in transport rates during the last two hours.

Sand (< 2 mm) and fine gravel (2-8 mm) exhibited similar trends to total transport rates, and the
occurrence of relatively large values was synchronized. Sand rates plotted about two orders of
magnitude below fine gravel rates. This could be influenced by under sampling of finer fractions

with the light table method, as shown in Figure 4.2.

The movement of coarse sediment was sporadic and less intense. Furthermore, the number of
mobile grains declined significantly with particle size. There was a decrease in the intensity of
movement of sizes up to 22 mm, because of bed surface structuring and armoring. The movement
of grains of 8-11 mm and 11-16 mm declined during the first five or ten hours. After that,
sediment transport intensity was low, and there were considerable periods of no movement,
especially for grains between 11-16 mm. Grains of 16-22 mm moved sporadic and mostly during
the first 10 or 12 hours. Only few grains of 22-32 mm moved during the first 15 hours, and no

grains coarser than 32 mm moved during the entire run.
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Figure 4.1. Sediment transport rate during Run 1. This run had no feed.
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Results for Run 2 (R2) are presented in Figure 4.3. This run had constant feed with a rate of 2 g/ms.
During the first hours, total transport rates were low and fluctuated around a mean value of ~0.2
g/ms. There was a spike at about hour four. Near hour seven, sediment transport rates increased
about one order of magnitude. After this increase, transport rates fluctuated around the same
values, which were slightly above transport rates at the beginning of the run. There is a gap in the
data from hour 10 to 15. Large peaks were observed at hours 20 and 30. After hour 30, there was
a gradual increase in transport rates, and towards the end of the run, they approached the feed

rate.
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Figure 4.3. Sediment transport rate during Run 2. This run had constant feed at 2 g/ms.

The patterns in fractional transport rates differed with grain size. Sand (< 2 mm) and fine gravel (2-
8 mm) mimic total transport rate patterns. Peaks at hours 4, 7, 20 and 30 were also identified.
Transport rates of all grains > 8 mm were always sporadic and of low sediment transport intensity.

Grains of 8-11 mm followed the same trend as total transport series, exhibiting small peaks at

26



nearly the same time. Because of the low intensity of movements it was very difficult to identify
changes in the trend of grains > 11 mm. The movement of grains of 16-32 mm was insignificant

(few hours with no movement), and no grains larger than 32 mm exited the flume.

Run 3 (R3) had an episodic feed regime, in which a 300 kg pulse entered the system in one hour at

a feed rate of 83 g/ms (Figure 4.4).
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Figure 4.4. Sediment transport rate during Run 3. In this run one 300 kg pulse entered at a rate of 83.3 g/ms
during the first hour.

Total transport rates showed a sharp increase of two orders of magnitude after half an hour,
reaching similar values to the feed rate. After the largest peak, sediment transport rates decreased
monotonically and had considerable short term variation. Smaller peaks were observed at hours 2,
4 and 6.5. At roughly hour seven, sediment transport rates increased suddenly by one order of
magnitude. Then, transport rates started to decline, but slower than they did after the largest

peak at hour 0.5. Since hour 10 or 12, the decline was more gradual. Few significant peaks were
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observed at hours 10, 15, 20, 26 and 31. During the last ~seven hours, transport rate exhibited
little variation and was almost constant with a mean rate close to 0.1 g/ms. This value was similar
to the value obtained for the last hours of R1 (no feed), and it was below the transport rates

before the pulse.

Sand and fine gravel exhibited similar trends to total transport rate, showing peaks at similar
times. The largest peak occurred at hour 0.5 and it was more pronounced in fine gravel than in
sand. The rate of movement of size fractions from 8 to 32 mm increased at the beginning of the
run, which was consistent with the trend obtained for the total load. The intensity of movements
of grains 8-16 mm was significantly higher during 0.5 — 2 hours, suggesting the passage of a
‘sediment wave’. After a few hours transport intensity was low, and small peaks occurred at the
same time as in total transport rates. Even though grains of 16-32 mm always moved sporadically
and with low intensity, their movement is consistent with peaks observed in total transport rates.

Only three grains coarser than 32 mm were registered during this run.

Results from Run 4 (R4) are presented in Figure 4.5. This run had an episodic feed regime, in which
four small 75 kg pulses entered the system. Pulses were introduced every ten hours, at a rate of 83
g/ms, and lasted 15 minutes. Total transport rates exhibited similar behavior after each pulse
except for the third one. After each pulse, sediment transport rates increased about one order of
magnitude and then decreased towards values similar to those before the pulse. After the first
pulse, sediment transport rates started increasing in less than one hour, a trend that persisted for
~1.5 hours. At about hour 2, transport rates reached values of ~10 g/ms, and after that started to
decrease. Eight hours after the first pulse, transport rates varied around 0.5 g/ms. Peaks were
noticed at hours 4 and 10. After the second pulse, sediment transport rates started increasing
after one hour. The response was slightly slower than with the first pulse. At hour 12, transport
rates started to decrease until the values remained relatively low after hour 16. During this period,
peaks occurred at hours 11, 12, 14 and 17. After the third pulse, the transport rate response was
smaller and slower than with previous pulses. Two hours after the pulse, there was a slight
increase in transport rates, followed by gradual decrease. Peaks were observed at hours 20, 21,
22, and 24. After hour 25, the rates varied around the similar values, exhibiting a relatively large
peak at about hour 27, and a relatively small peak at hour 30. After the last pulse, a response in
transport rates is clear. About one hour after the fourth pulse, transport rates increased

significantly in almost two orders of magnitude. There was a large peak at hour 31 of more than 10
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g/ms. After this peak, transport rates remained relatively high for an hour or so and then gradually

decrease. During this period peaks were noticed at hours 31, 32, 34 and 37.
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Figure 4.5. Sediment transport rate during Run 4. In this run four 75 kg pulses entered every ten hours.

Sand transport rates didn’t increase significantly after each sediment pulse as total transport rates
did. Only after the last pulse there was a small but clear increase between hours 31-34. Despite
the latter, most of the peaks observed in total transport rates were also observed for sand. Fine
gravels showed the same trend as total transport rates. There was an increase 1 or 2 hours after
each pulse followed by decrease, and peaks were synchronized. Even though transport intensity
of grains of 8-11 mm was low, there was a small increase after each pulse except for the third one.
Grains coarser than 11 mm moved sporadically and with very low intensity. Because of the latter
no significant changes related to the sediment inputs were identified. Few grains of 22-32 mm

moved, and only four grains of 32-45 mm exited the flume during this run.
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Results from Run 5 (R5) are presented in Figure 4.6. In this run, two 150 kg pulses entered the
system at a feed rate of 83 g/ms. The first pulse entered at hour 0 and the second was introduced
at hour 20. Feed duration was half an hour for each pulse. Total transport rates exhibited a clear
response to both pulses as they did with the large pulse of R3. Thirty minutes after each pulse,
sediment transport rates increase rapidly by nearly two orders of magnitudes, reaching values of
~70 g/ms. Both large peaks were followed by monotonic decay in sediment transport rates; and
ten to twelve hours after each pulse, values were nearly constant at a low rate of ~0.2 g/ms.
Besides the two largest peaks, smaller peaks were observed at hours 4, 7, 10, 12.5, 14, 15, 20, 24,
27,30 and 35.
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Figure 4.6. Sediment transport rate during Run 5. In this run two 150 kg pulses entered every 20 hours.

Sand and fine gravels showed the same trends as total transport rates: clear response to feed and
synchronicity of the occasional large values. Grains of 8-11 mm showed a significant increase in

transport intensity half an hour after each pulse. After one or two hours, the movement became
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sporadic and uniform with low transport intensity. Grains coarser than 11 mm moved occasionally
and at a very low intensity. Grains up to 22 mm exhibited a slight response to each sediment
pulse. Very few grains of 22-32 mm moved, and only four grains coarser than 32 mm were tracked

during the entire run.

Run 6 had constant feed at a rate of 2 g/ms (Figure 4.7). Total transport rates were below the feed
rate and fluctuated around 0.1 g/ms during the first seven or eight hours. By this time, transport
rates exhibited a slight increase and started to show more short term variation. There were
relatively small peaks at hours 2, 10, 16, 20 and 26. The peak at hour 20 was suspicious because it
plotted close to 1000 g/ms (too large). Load cell data presented a peak at this time, but it was
close to 10 g/ms, which is a more realistic value. Towards the end of the run transport rates were

variable around ~1 g/ms, occasionally passing the feed rate.

Sand and fine gravel rates behaved very similar to total transport rates. There was an increase in
transport rates at about hour seven as a response to the feed. This response was also noted in
grains of 8-11 mm. The movement of grains of 11-22 mm was uniform with low intensity during
the entire run. Only few grains coarser than 22 mm moved during this run, from which only two

were coarser than 32 mm.
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Figure 4.7. Sediment transport rate during Run 6. This run had constant feed at 2 g/ms.

Results from R7 are presented in Figure 4.8. During the first four hours, total transport rates
exhibited a complex pattern. There were extremely large values at hour 3 (~1000 g/ms) that could
be errors because they were not present in load cell data. Since hour 5, transport rates varied
around ~0.3 g/ms. Distinctive peaks were observed at hours 4, 7, 10, 15, 20 and 28. Towards the
end of the run peaks were smaller and occurred less frequently. Though it was difficult to see, a
decrease in transport was suggested when values at the end of R7 were compared to those
towards the end of R6 (0.3 and 1 g/ms respectively). This idea was supported by time series from
the load cell that showed a slow decrease in transport rates until hour 10, and after that a more
uniform trend. Sand and fine gravels showed the same behavior as total transport rates. Grains
coarser than 8 mm moved with low intensity and only few grains coarser than 22 mm moved

during this run.
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Figure 4.8. Sediment transport rate during Run 7. This run had no feed.



4.2 Particle size adjustment
To examine the temporal adjustments on the texture of the bedload and bed surface in response
to changes in sediment supply, statistical parameters were estimated. The geometric mean (D),
the grain size at which 90 % of the material is finer (Dgg), and the grain size at which 16 % of the
material is finer (D) were computed over one hour periods for the bedload. One hour was
enough time to get rid of fluctuations due to errors, but long enough to keep variability and
identify changes in the trend. Grain size parameters for the bed surface were estimated each time
photos were available, using GSDs obtained from a 2m? area of the bed between ~6-8 m from
downstream (see section 2.2.4 for more details). This area was sampled with higher temporal
resolution than the rest of the bed, and it showed similar results to GSDs estimated over the entire
flume (Figure 4.9). The latter were used to analyze spatial patterns of bed surface texture (in the
longitudinal direction).
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Figure 4.9. Grain size statistical parameters of the bed surface estimated over the entire flume and over a 2m’ area
between 6 and 8 m from downstream.

The geometric mean (D), D1s and Dy of the bedload and bed surface are plotted against time in
Figure 4.10. For comparisons, values for the feed material are also displayed. Mean statistical

parameters and their standard deviation over the entire experiment are presented in Table 4.1.
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Figure 4.10. Geometric mean, D90 and D16 of bedload (blue dots), bed surface (red dots) and feed material
(horizontal line) against time.

Bedload Bed surface
D16 D, Do D16 D, Do
Mean 24 4.4 10.4 6.4 13.8 32.1
Standard deviation 0.3 0.7 3.2 0.9 1 1.1
Maximum size 34 6.4 22.6 8 15.7 35.2
Minimum size 1.5 21 34 2.9 9.4 30

Table 4.1. Mean value, standard deviation, and maximum and minimum size of grain size statistical parameters during
the experiment. All values are in mm.

The evolution of the bed surface texture during each run was conditioned by the final texture of
the previous run, feed texture and flow competence. Bedload textures were conditioned by the
evolution of the bed surface and flow competence. In general, the texture of the bed surface was
coarser than the bedload and feed. The Dy and D46 of the bed surface varied over a wider range of
sizes than Dg and D¢ of the bedload. The opposite happened with the Dqy that covered a relatively
narrow range of sizes for the surface and a wide range of sizes for the bedload. The D, of the
bedload fluctuated around a mean of 4.4 mm, which was smaller than D, of the feed material (5.7
mm), and considerably finer than the D, of the surface, in which the mean values were 13.8 mm.
Changes in the D, were primarily caused by changes in supply, and were more pronounced for the

surface than the bedload.
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The Dgg of the bedload oscillated between 3.4 and 23 mm, with a mean of 10.4 mm (slightly below
the mean D, of the surface). It was significantly finer than the Dgo of the feed and the surface. The
short term variation reflected the sporadic nature of the transport of coarse fractions. Fractional
transport rates revealed that grains coarser than 11 mm could become immobile for considerable
periods of time, so large values in the Dggcould be related to the movement of coarse grains. The
Dy, of the bed surface was coarser than the feed. The Dgexhibited clear responses to changes in
sediment supply. The D,s of the bedload oscillated between 1.5 and 3.4 mm. It could be
overestimated because of under sampling of fine material with the light table (Figure 4.2). It was
always coarser than D¢ of the feed (1.7 mm) and usually finer than Dy of the surface, except at
hour 81 (one hour after the large pulse of R3). In general, the Dy of the surface was coarser than

the Dgof the bedload,

During R1 when there was no sediment feed, D, of the bedload was fluctuating and always below
D, of the feed, whereas D, of the surface coarsened. The initial parameters were the same for the
mixture and the surface because of the well mixed bed. Significant coarsening occurred in the D,
of the surface during the first hours. After that, little changes were observed and the value was
always close to 14.5 mm. The Dy, of the bedload was fluctuating, while the Dgy of the surface
exhibited slow coarsening. The Dy of the bedload got finer slowly until hour 30, whereas the D,¢ of

the surface coarsened during this run.

During R2 data of the surface was missing at hour 70. All bedload parameters showed significant
variability; a similar behavior to R1. In R3, after the large sediment pulse there were no abrupt
changes in the D, of the bedload, which only showed gradual fining over the run. The D, of the bed
surface instead exhibited a clear response to the pulse. It got considerably finer one hour after the
pulse, and then it started coarsening. The coarsening was faster at the beginning of the run, but
after five or six hours it was very slow. The D¢ exhibited similar trends to the D,. It showed gradual
fining for bedload, but important changes for the surface in response to the feed. Regardless of
short term variations, the Dg of the bedload showed a slight fining trend during this run. The Dy, of

the surface didn’t show major changes.

In R4, the D, of the bedload coarsened significantly after the first pulse, reaching a value close to
the D, of the feed. Then, it exhibited gentle fining until the next pulse entered the system. After
the second pulse, a similar trend was observed, though initial coarsening was less pronounced.

The response to the third pulse was not clear, and D, exhibited regular spikes. After the last pulse,
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the behavior was the same as with the first two pulses. The response of the D, of the surface to
sediment supply was clear. One hour after each sediment input started, the bed surface got
considerably finer and then coarsened until reaching a value similar to that before the pulse. The
Dg, of the bedload was variable, but it didn’t change accordingly to the feed. The Dg, of the surface
showed little changes. The D¢ of the bedload coarsened during the first few hours after each
pulse, and then it got finer until a new pulse entered the system. The D, of the surface showed

opposite trends. It got finer just after each pulse and then coarsened.

There was no significant response in the D, of the bedload to the first sediment input in R5. It got
smaller gradually during ~20 hours. One hour after the second pulse entered the system at hour
180, the Dg had coarsened ~3 mm. Just after that, it became smaller, reaching values similar to
those before the pulse at the end of the run. The D, of the surface got finer during the first two
hours after each pulse and then it exhibited monotonic coarsening. There was no clear response of
Dgo to supply. The Dgy of the bedload had large variability. The Dgy of the surface slightly coarsened
after the first pulse. After the second one, it first got finer, and then showed nearly constant
values. The D showed the same response to supply as it did in R4. For the bedload, it coarsened
immediately after each pulse and then got finer. For the surface, it got finer just after each pulse,

and then it coarsened.

During R6, the D, of the bedload fluctuated around a mean of 4.8 mm. The D, of the surface got
finer during the first 15 hours. At hour 20 it slightly coarsened and no important changes were
observed during the rest of the run. The Dy, of the bedload coarsened relative to its values at the
end of the previous run, whereas the Do, of the surface was almost constant. The D5 of the
bedload during the first hours showed similar values to those at the end of R5. At hour eight, it
slightly coarsened, and since then it fluctuated around 2.4 mm. The D, of the surface became
smaller during the first 15 hours and then it coarsened. All bedload parameters got finer after the
feed was stopped at the beginning of R7. The bed surface tended to coarsen instead. This is better

appreciated in the Dyand D¢ because Dgy was nearly constant.

Even though mean statistical parameters estimated over the entire bed showed similar results as
those estimated over the 2 m?* section, bed surface texture was diverse along the flume (Figure
4.11).To examine this diversity and the spatial adjustments of particle size in the longitudinal

direction, temporal changes of grain size parameters were analyzed at different positions of the
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flume. Spatial segregation in other directions was observed (as shown in Figure 4.12), but is not

presented.

Figure 4.11. Bed surface at the end of the experiment (R7H40). The bed texture changed with distance from
downstream, being significantly coarser upstream (downstream fining trend).

|

Figure 4.12. Spatial grain size segregation at the end of Run. There is a large amount of fine material towards the left
side of the flume, suggesting the presence of a fine patch.

The evolution of D¢, Dy, Dggand geometric standard deviation at three different locations (at 4 m,
at 7 m, and at 10 m from the downstream end) are presented in Figure 4.13. In most cases, the
parameters showed the largest values upstream (at 10 m) and the smallest downstream (at 4 m),

insinuating general downstream fining. The D, showed that the bed was always armored and that
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armor ratios changed with distance downstream because of the downstream fining (Figure 4.13b

and Table 4.2).

The Dy, revealed important differences at each position (Figure 4.13c). Downstream (at 4 m) it

exhibited less variation than in the other positions, and it was similar to the Dyy of the bulk. The

geometric standard deviation at all locations was always smaller than the standard deviation of

the bulk and fluctuated between 2 and 2.5 (Figure 4.13d). There was no relation between its value

and the position in the flume, but it showed a small increase in response to sediment inputs.
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Distance from Mean Min Max
downstream (m)
4 2.3 1.8 2.6
7 2.5 1.7 3.2
10 2.9 2.2 3.6

Table 4.2. Statistics of armor ratios during the experiment at three different locations of the bed.

4.3 Relative mobility of sediment

To examine if there were changes in the relative mobility of grains of different sizes due to
changes in sediment supply regime, scaled fractional transport rates were analyzed. Scaling
fractional rates allow comparing the movement of different sizes relative to their availability in the
bed and defining a limit between fully mobilized transport and partial transport regimes. Wilcock
& McArdell (1993) defined this limit as the largest size at which the proportion in transport (Pi)
was about its proportion in the bed (Fi or fi). Graphically, it was identified by an inflection in the
trend of scaled fractional transport rates plotted against grain size. Grains smaller than the size at
the inflection point show a horizontal trend and are considered fully mobile. For coarser fractions,
the trend is declining (negative slope). Fractional transport rate decreases as grain size increases,

and these fractions are considered partially mobile.

The data collected during the experiment allowed scaled fractional transport rates to be analyzed
in four different ways: light table data scaled by the bed surface, light table data scaled by the
bulk, trap data scaled by the surface, and trap data scaled by the bulk. The same GSDs of the bed
surface that were used for grain size statistics were used for scaling. All rates are presented in
g/ms and represent mean values for periods of different duration given by trap data time
resolution (Figure 2.3). Results for R1 using each method are presented in Figure 4.14 for
comparisons. When scaled by the bed surface, results from the light table and trap show the same
trend (Figure 4.14.a and c). There is a relatively steep line with negative slope (fractional transport
rate decreases as grain size increases), and no evident inflection point. This situation could be due
to the truncation of the bed surface grain size distribution at 2.8 mm (limits identifying finer grains

on the photos).

40



Scaled by surface Scaled by bulk

10° 10°
a b
£
i o |[——no 5
é g 10" | —h12 10 -
S B ——h24 ol
- B, B
5 h.7-10 e O B
5 . n10-15 5
10" H ——h20-30 y i 107
h.30-40
10° 10 10° 10'
2 - 2
0 " L PR S S
AR bA—a s s TR
s u \&\5 o o EE A s TR \A
S gm W S 1 10 \f.\\ - &
a = ~ I~ = vy 4, 4 b
o & g = = M
10 107
10° 10’ 10° 10’
Grain size, mm Grain size, mm

Figure 4.14. Mean scaled fractional transport rates in Run 1 plotted against grain size. Fractional rates from the light
table scaled by bed surface (a), fractional rates from the light table scaled by de bulk (b), fractional rates from the
trap scaled by the bed surface (c), and fractional rates from the trap scaled by the bulk (d).

Scaling by the bulk allows the inclusion of finer fractions and identification of inflection points.
Bulk scaled fractional rates from the light table showed two inflection points: one in the fine
fractions at ~1.7 mm, and the second in the coarse fractions at ~6.7 mm (Figure 4.14b). For
particles finer than 1.7 mm, the fractional transport rate declined significantly, indicating an
underrepresentation in fractional transport rates of these sizes. The trap data yielded a horizontal
line, indicating that these sizes were fully mobile. Therefore, the underrepresentation of these
sizes in the light table was due to low detection of finer fractions as supported by Figure 4.2. The
second inflection point can be related to the limit between full mobility and partial transport.
Particles larger than 6.7 mm showed a declining trend in which transport rates decreased as
sediment size increases. This suggests that grains > 6.7 mm were partially mobile through the run,
implying full mobility for particles < 6.7 mm. The inflection point in the coarse fractions was not
clear in trap data (Figure 4.14d). Regardless of the method that is used, no significant change in
the relative mobility of sediment was observed during R1. There was a systematic decline in the
fractional transport rate due to the decline in the transport rate, but the relative proportion of
each fraction in movement remained about the same. The same analysis was done for the rest,

but results are not presented because they showed the same trends.

Finally, light table data scaled by grain size proportions of the bulk material was chosen to explore

temporal patterns of relative mobility during the entire experiment. The bulk was chosen because
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it allowed computing smaller sizes, but also because of the difficulty of matching bed surface
observations with transport measurements. Results are presented in Figure 4.15, which
summarizes changes in the relative mobility during the seven runs. The analysis was done for one
hour periods over the entire experiment, but as the trends were similar, only results at specific
times for each run are presented. For most of the runs, scaled fractional transport rates at hours 1,
10 and 40 are plotted. In R1, hour 38 was plotted instead, because of a questionable increase in
total transport rates towards the end of the run (Figure 4.1). In the case of R4, as small pulses of
sediment entered every ten hours, results are plotted at one and ten hours after each input. For

R5, as two pulses were fed, results are given at one, ten and twenty hours after each pulse.

Transport rates behaved differently during each run, but the trends in relative mobility are very
similar (Figure 4.15). R1 and R3 exhibit the same patterns, with high variability in transport rates,
which spanned more than two orders of magnitude. Transport rates showed a significant decrease
during R1 which was more pronounced between hours 1 and 10. There was a clear inflection in
the coarse fractions at ~¥6.7 mm in all the cases. During R3 fractional rates showed the same
inflection as R1 at hour 1 and 10, but at hour 40, the inflection in the coarse fractions was not

clear.

R2 and R6 received constant feed, and showed very little variation in total transport rates. R2
showed a small increase of total transport (less than one order of magnitude). Again, there was an
inflection point at ~6.7 mm at all times. In R6, there was a slight increase in transport rates of most
size fractions between hours 1 and 10, but between hours 10 and 40, no increase was observed.
This could be due to short term variation, as it was shown in (Figure 4.7). There was also an

inflection in the trend at 6.7 mm, but it was less clear (especially at hour 40).
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Figure 4.15. Bulk scaled fractional transport rates (g/ms) from light table data against grain size Di (mm), at different
hours of each run. Results at each time represent mean values over one hour periods. The specified time corresponds
to the time at the end of each period.

Results for R4 were very similar to those of runs with constant feed. There was no significant
variation in sediment transport rates, except for hour 31, which plotted considerably higher than
the others. This occurred right after the last pulse, which produced a larger response in transport
rates as it was observed in time series (Figure 4.5). There was a clear break in slope at about 6.7
mm. R5, in which two pulses entered the system, showed a similar behavior to R1 and R3, but with
less variability in transport rates that never reached values as high as in the beginning of R1 or R3.
One hour after each pulse (hour 1 and 21), transport rates were relatively high. Ten hours after

each pulse (hours 10 and 30) the rates had decreased by about one order of magnitude. Twenty
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hours after each pulse (hours 20 and 40), transport rates had decreased again, but not as much as
they did during the previous period. An inflection in the trend was observed at ~6.7 mm in most
cases, except hour 20. R7 showed a very similar trend to R1 and R3, but the decrease in transport
rates was moderate and gradual. There was also a break in slope at about the same size, but at

hour 1 it was less clear and could have occurred at a larger grain size.

4.4 Sediment storage

To examine the capacity of the system to transfer and store sediment during each run, net change
between sediment input and sediment output was computed (Table 4.3). Total sediment input
was either zero in runs with no feed, or 300 kg in runs with feed. Total sediment output was
estimated from light table data and was different at each run. The ratio between sediment input
and output is also presented to give an idea of the overall storage capacity of the system at each
run. If there is no feed, this ratio is zero. If it is larger than one, the system is able to store
sediment. A larger ratio implies more storage, and as the total input of sediment is constant, it

also implies a smaller sediment output.

Run Feed regime Net change Input/output ratio
(kg)
1 No feed -157.88 -
2 Constant feed 218.94 3.7
3 Episodic feed: one large pulse 77.48 1.3
4 Episodic feed: four small pulses 160.04 2.1
5 Episodic feed: two medium size pulses 131.80 1.8
6 Constant feed 122.07 1.7
7 No feed -58.94 -

Table 4.3. Net change over each run and ratio between total sediment input and total sediment output.

As the sediment stored during a run was a source for transport for later runs, cumulative storage
was estimated and plotted in Figure 4.16, together with net change at each run. However, it is
important to consider that the feed material had the same grain size distribution of the bed, and
one could expect a larger proportion of coarse material stored because of its partial mobility (as

shown in Figure 4.15).
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Figure 4.16. Cumulative storage and net change (difference between input and output) at each run. The dashed line
represents zero.

Cumulative storage showed a general increase through the experiment, with an overall net change
of 490 kg. As expected, R1 resulted in net degradation of 158 kg. The large amount of sediment
that exited the flume during this run was due to the initial well mixed bed, which had a higher
proportion of fines than the armored bed that developed during this run and persisted over the
experiment (as suggested by grain size statistical patterns in Figure 4.10). Time series for this run
showed that most of the sediment came out during the first hours (Figure 4.1). For R7, which also
had no feed, results were different and could be considered more realistic because this run started

from a conditioned bed. Sediment output was less than one third of that in R1 (59 kg).

Runs with feed resulted in net storage and overall aggradation. The two runs with constant feed
showed different results. This suggests that initial bed conditions played a major role in sediment
transport and storage. R2 was the run that stored more sediment (219 kg), with an input/output
ratio of 3.7. For R6 instead, the ratio was of 1.7, showing that sediment storage was less significant

than in R2 (roughly %) and more sediment left the flume.

Run 3, in which sediment entered in just one large pulse, had an input/output ratio of 1.3. This
indicates that storage was smaller than in all other feed runs and sediment output was more
significant (it approached the sediment input). Sediment transport time series (Figure 4.4)
revealed that a large amount of material came out during the first ten hours. With four pulses of

sediment (R4), the input/output ratio was 2.1, suggesting that sediment input was twice the
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sediment output, which was roughly the same amount as stored material (140 kg and 160 kg
respectively). In R5, when two pulses entered the system, the input/output ratio was 1.8.
Sediment storage was slightly smaller than in R4, and very similar to R6. In spite of these
differences in the yield among runs, it was shown that there were little changes in the mobility of
sediment and in the particle size of the bed material. It is interesting then to analyze the response

of bed slope and channel morphology.
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Chapter 6: Bed evolution
Bed elevations were obtained by scanning the bed several times during each run (see Chapter 3:
Methods for more details). These data were used to estimate bed slopes, analyze the temporal
and spatial patterns of changes in bed elevation, describe bed topography at the end of each run,

and delineate bedforms.

5.1 Bedslope

Changes in the slope of the bed were analyzed to identify general trends of aggradation and
degradation over the flume during the seven runs. Elevation data was measured relative to the
floor of the flume, so it had to be corrected before estimations were done, to add the slope of the
flume. A straight line along the flume is not appropriate for bed slope calculations because of the
presence of bars and elevated areas. To provide consistent results, a best fit slope was estimated
from the thalweg or minimum elevations, as it is done in the field. Minimum elevations were
computed at cross sections every 2 mm, which was the resolution obtained from scans. Bed slopes

were estimated between 4 and 11.8 m from downstream.

There are no measurements of initial bed slope, but as the bed was flat, it could be assumed that
the initial slope was close to 0.0218 m/m (flume slope). The slope showed a slight decrease during
the first hour of experiment, reaching 0.0181 m/m (Figure 5.1). During the rest of R1, there were
small changes that suggest a very slow decrease towards the end of the run. In R2 there is an
increase in slope during the first 20 hours, but at the end of the run (hour 80), the slope was lower

than when the feed was started at hour 40.

In R3 there was an increase in bed slope during the first 20 hours, but it was more pronounced
than in R2. At hour 120 (end of the run), the slope had decreased, but it was still considerably
steeper than the initial slope at that run. The largest variations in bed slope were observed for R4,
the run with four small pulses. Slope increased one hour after a pulse, and could remain constant
(as with the second and third pulses) or have decreased ten hours after the pulse (as with the first
pulse). An increase in slope was noticed overall the run. In R5, there was a pronounced increase in
slope one hour after the first pulse. After that, slope continued to increase gradually. After the
second pulse there was little change in slope, and this nearly constant trend persisted during R6
and R7. At the end of the experiment, bed slope approached 0.023. This value is very close to the

flume slope and well above the slope after the first hour of the experiment. These results are
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consistent with net changes obtained in Chapter 5: Sediment transport that showed there was

significant net aggradation over the runs that received sediment supply.
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Figure 5.1. The evolution of bed slope in the thalweg.

5.2 Patterns of aggradation and degradation

Patterns of aggradation and degradation were analyzed by estimating changes in elevation for
different periods by subtracting Digital Elevation Models (DEMs). Total aggradation, total
degradation and the mean change in bed elevation for periods between two consecutive bed
scans were computed to analyze temporal patterns over a relatively large area of the bed (2-11.8
m from downstream). The periods had different lengths depending on scan frequency (one, nine,
ten or twenty hours). The net differences estimated over this area do not represent the entire bed
and do not match exactly with net changes estimated from the difference between total input and
total output. The area upstream of 11.8 m could act as a source of sediment inputs for the
analyzed area, so aggradation could be detected during periods of no feed. Mean changes in bed
elevation were computed to have an idea of net changes over the studied area. Total aggradation

and total degradation provided information about sediment mobilization and re-accommodation.

Degradation was larger than aggradation in all periods of R1 (Figure 5.2). There was a negative
mean change in bed elevation, and it was more intense between hours 1-10. Between hours 20-
40, the mean change in bed elevation was close to zero (~-0.8 mm). During R2, aggradation was

greater than degradation for all periods.
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Figure 5.2. Total aggradation and degradation (a), and mean change in elevation (b) at different periods
over the experiment. Estimations were done in the area between 2 and 11.8 from downstream.

During the large sediment pulse (R3h.0-1), aggradation was significant (6.4 times more than
degradation), and mean change in elevation was 8 mm. The following period (hours 1-10)
exhibited net degradation (negative mean change). Between hours 10-20 and hours 20-40,
aggradation and degradation were small, suggesting low intensity in sediment transport. The

mean change in elevation approached zero.

In Run 4, the same behavior was observed after each small pulse. One hour after a pulse started,
aggradation was predominant. For the period between one and ten hours after each pulse, there
was net degradation. During R5, there was considerable aggradation one hour after each pulse.
From hour one to ten after each pulse, aggradation dropped and degradation increased. Finally,
10-20 hours after each pulse, aggradation and degradation were very similar, and the mean
change approached zero. In R6, between hours 0-1, changes were also insignificant. After that,
aggradation was larger than degradation for all periods. In R7 when the feed was stopped, results
showed net aggradation during all periods. This is because the sediment stored upstream in the
excluded area acted as a sediment source for the studied area. Even though the mean change in

bed elevation was always positive, it showed a decrease and approached zero towards the end of

the run.
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Overall changes in bed elevations at each run were examined to compare them to the results
obtained of net changes between total sediment input and total sediment output. Because initial
elevations were missing, in R1 the differences were computed between hours 1-40. In all the runs
that had feed, total aggradation was three to four times larger than total degradation (Figure 5.3a)
and the mean change exceeded 5 mm (Figure 5.3b). In runs with no feed, there was more
degradation, but in R1 the ratio between aggradation and degradation was considerably larger
than in R7. In this last run, aggradation and degradation had similar absolute values and mean

change was close to zero.
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Figure 5.3. Total aggradation and degradation (a), and mean change in elevation (b) between the beginning and the
end of each run.

Maps showing the spatial pattern of changes in bed elevation are displayed in Figure 5.4. To
examine the pattern over each run, changes in elevation were estimated by subtracting elevations
at hour 40 (final elevations) from elevations at hour zero (initial elevation). To simplify the
observations, changes in elevation were grouped in seven classes: <-30 mm, -10 - -30 mm, -10 - -1
mm, -1 -1 mm, 1-10 mm, 10-30 mm, >30 mm. The resolution of the scan data in the vertical

direction is 1 mm. For this reason, values between -1-1 mm were considered as no change.

After R1, most of the bed degraded (Figure 5.4a), and degradation was more intense towards the

center of the flume. Aggraded areas were small and well spread. Changes after R2 were more
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significant than after R1, especially upstream (Figure 5.4b). Aggraded areas were well
differentiated from those that predominantly degraded, and tended to occur at opposite sides.
For example, upstream between ~8.5-11.8m, considerable aggradation occurred towards the left
side of the flume, where a large area aggraded in more than 30 mm. On the other hand, mainly
degradation was observed near the right side of the flume. Between 7-8.5 m, aggradation
predominated across the entire channel with moderate (10 - 30 mm) to high values (>30 mm).
Downstream between 3-7 m, aggradation occurred towards the right side, but it was less intense

than upstream.

In R3 aggradation occurred over similar areas of the bed to R2, but there were important changes
upstream of 10 m (Figure 5.4.c). In this area, there was intensive degradation towards the center
of the flume (<-30 mm), while both sides mostly aggraded. Downstream, between 2-7 m,

aggradation was more extensive than in the previous run.

After Run 4, the pattern was different (Figure 5.4.d). Upstream of 8 m there was degradation
towards the center (a little bit shifted to left), and aggradation towards the sides, being especially
important on the right side (>30 mm). Downstream of ~8 m the pattern was complex, with
intercalation of aggraded and degraded areas with transverse orientations. In R5, it is possible to
see what happened upstream (up to 13 m). Over this area the bed probably aggraded because of
the sediment supply (Figure 5.4.e). From 7 to 11.5 m, significant aggradation occurred towards the
right, whereas the left side mostly degraded (except for a narrow area just beside the flume wall).

Downstream, the pattern remained complex, but not exactly the same as in R4.

After R6, the spatial pattern of changes in elevations is complex (Figure 5.4.f). General lateral
differentiation between aggraded and degraded areas is appreciated, but it is overlapped with the
intercalation of smaller aggraded and degraded areas. Downstream degradation extends over a
larger area than after R5. Results for R7 are presented in Figure 5.4.g, and show that changes in
elevation are less pronounced. Most of the bed went under moderate aggradation or degradation
(-10-10 mm). There were some specific areas that aggraded more intensively, usually closer to

areas that degraded more intensively.
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Figure 5.4. Spatial pattern of changes in elevation, between the beginning and the end of each run. R: right,

L: left. Distance in the longitudinal direction is given relative to the downstream end of the flume.
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5.3 Bed topography

In the literature, the presence of bedforms has been linked to sediment supply and transport
regimes, and attributed important functions in flow resistance and sediment storage. At smaller
scales, bed structures such as clusters, ribs and stone cells might increase flow resistance and
energy dissipation, and reduce sediment mobility. At larger scales, bedforms like riffle-pool
sequences and bars are very important for flow resistance and sediment storage. To identify and
describe the presence of bedforms in the flume, bed elevations were used. The spatial resolution
of the data (2 mm) allowed the analysis of bed structures, but the evolution of microtopography
was not analyzed (see von Flotow, 2013 for results regarding microtopography). The classification
provided by Hassan et al. (2008) was used as a guide and the focus was on macroforms and

mesoforms like bars and riffle- pool sequences.

To reduce the variations caused by the presence of particles of different sizes and better identify
trends due to bed morphology at a larger scale, the DEMs were smoothed in the transverse
direction. A running mean with a window length of roughly the maximum particle size in the bed
(70 mm=35 points) was applied. Smoothed elevations were displayed in different ways (stretched,
and classified with different ranges from 10 mm to 20 mm). Classified data was better at
identifying changes between runs, and a range of 15 mm was enough to observe small differences
due to bedforms. All elevations below 50 mm were considered low and grouped in one class. All
elevations higher than 140 mm were rare, so they were grouped. Minimum elevations were

displayed with a specific color for an easier identification of the thalweg.

In the field, large scale bedforms such as bars are defined relative to the flow (exposed area at a
given flow, usually base flow). However, no objective method for the delineation of bars is
available. As an alternative, bedforms were defined from the DEMs, using slope inflections in the
transverse direction to delineate the boundaries. Cross sections of raw and smoothed elevations
were plotted every 100 mm to identify major inflection points that could be used to delineate the
bedforms. Inflection points were displayed on top of the DEMs and bedforms were delineated,
also taking into consideration the trends at a larger scale than the cross section. Even though the
method was done in a systematic way, there was subjectivity delineating the bedforms. Some

cross sections are plotted as examples in Figure 5.5.
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Figure 5.5. Cross sections of bed elevations used for bedforms identification. The black line corresponds to raw data

and the red line to smoothed elevations. Arrows point out inflection (Inf).
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There were cross sections that exhibited a well differentiated topography with clear inflections,
suggesting the presence of well-developed bedforms, as the one in Figure 5.5.a. In this cross
section there is a base level (low flow channel level), and towards the left side, there are two
inflections that mark relatively elevated areas. There is a small step with elevation only a few cms
above the base level, and a large step or upper level where elevations are significantly higher (~7
cms above the base). In some cases, cross sections exhibited just one infection in its lowest point
and an increasing trend towards one of the sides (Figure 5.5.b.), or just an increasing trend with no
inflection (Figure 5.5.e). If the differences in elevation were significant and the same trend was
observed over a few meters, a bar or wedge was delineated over the side where elevations
increased. In another cases, inflections defined elevated areas towards the center of the flume. If
this trend was repeated in cross sections along a few meters, a bar in the middle of the channel
was delineated as in Figure 5.5.d. If the trends were local (only occurred in few sections),
mesoforms such as riffle-pools were noticed, but not necessarily delineated in the maps (Figure

5.5.).

Maps with elevations and bedforms at the end of each run are presented in Figure 5.6. Distances
in the longitudinal direction are relative to the downstream end of the flume. At the end of R1
(after 40 hours of no feed), the thalweg plotted towards the center of the flume upstream, and
was surrounded by a large area that had very low elevations (<50 mm). Downstream, between 2

and 4 m the bed was relatively elevated and the thalweg suggested more than one low flow path.

Different patterns of bed elevations and channel morphology were obtained at the end of R2
(Figure 5.6b). The thalweg was situated in the right side upstream and shifted towards the left side
downstream. Important transverse differentiation of bed elevations were observed in the map
due to the presence of bedforms. Upstream of 8 m, a sediment bar appeared in the left side of the
flume. It was relatively high and well defined as seen in Figure 5.5.a. A second bar developed
downstream on the opposite side between 2 and 5 m. The differences in elevation between this
bar and the rest of the channel were not as significant as for the upstream bar, and the bedform
was poorly developed (possibly under formation). The pattern of elevations over the central area
of the flume (6-8 m) was complex, suggesting a transition zone with alternation of elevated and

depressed areas that could be related to mesoforms.
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Figure 5.6. Spatial patterns of bed elevation at the end of each run.

After R3, spatial patterns of bed elevation were similar to those of R2 (Figure 5.6c). The thalweg
showed the same path as in R2, except upstream of 10 m. Here, it shifted towards the center of
the flume because of the appearance of a new elevated area in the right side. This area was

defined as a sediment wedge because subsequent observations gave information of what was
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happening further upstream. The bar on the left side upstream lengthened in the downstream
direction. The elevation of the bar downstream increased significantly relative to the end of the

previous run. The same occurred in the transition zone.

At the end of R4, the configuration of bed elevations was similar to the end of R3 (Figure 5.6d).
Data from upstream revealed the presence of a large sediment wedge that projected downstream
until ~11 m. In this area, the thalweg moved towards the left side. The upstream bar on the left
side didn’t exhibit important changes, while the transition zone and the bar downstream clearly
aggraded. At the end of R5, the spatial pattern of bed elevation was significantly different from
previous runs as seen in Figure 5.6.e. The thalweg suggested a bifurcation of low flow paths
between ~6-10 m because of the appearance of a bar in the middle of the channel, as it was
shown in Figure 5.5.d. It also suggested the presence of pools. The sediment wedge extended
downstream. The upstream bar in the left side was significantly smaller than before, whereas the

downstream bar persisted and aggraded.

Results at the end of R6 reveal interesting changes in bed morphology and are presented in Figure
5.6.f. Upstream, the thalweg was located in the left side. At about 10 m it shifted to the right, and
at 5 m, it shifted to the left again. The wedge of sediment upstream aggraded significantly.
Aggradation was also important between 5-10 m, transforming the mid channel bar in a very large
elevated area that extended almost across the entire channel. Here, low elevations were confined
to a narrow zone towards the right or gathered over small areas, suggesting the presence of
depressions or pools. The upstream bar at the left side of the flume disappeared and morphology
of more like riffle-pool sequences was built. The downstream lateral bar persisted and aggraded.
Little changes in elevation were observed after R7, and spatial patterns of bed elevation at the end

of the run were very similar to those at the end of R6 (Figure 5.6g).
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Chapter 7: Discussion
The main objective of this study was to examine the impact of episodic sediment supply regimes
on sediment mobility, bed evolution and channel morphology. High spatial and temporal
variability was expected during the experiment due to changing sediment supply. Runs with no
feed were expected to behave as low supply regimes (Parker & Klingeman, 1982; Dietrich et al.,
1989; Church et al., 1998; Hassan & Church, 2000; Ryan, 2001; Church & Hassan, 2002; Hassan &
Woodsmith, 2004), and it was expected that each time the feed was stopped there would be a
decrease in transport rates due to bed surface structuring, and/or a decrease in slope due to
degradation. Each time sediment entered the system, it was expected to produce aggradation,
fining of the bed surface and an increase in transport rates. A rare large sediment pulse could
produce a significant increase in the intensity of sediment transport over a relatively short period
of time (passage of a sediment wave) that could change significantly the bed surface composition
(surface fining and destroy bed structures), increasing transport rates in the outlet of the flume.
After some time, the system could behave as under no feed (coarsening and/or slope decrease,
reduction of transport rates). If the pulses were smaller and entered more frequently, the system

could behave similar to constant feed regimes.

The discussion is divided in two sections. The first one attempts to answer how important the way
in which the sediment entered the system was for the adjusting sediment mobility, GSD of the
bedload and the bed surface, bed slope, net changes in bed elevations and the bed macro
topography. The idea is to compare constant feed and episodic regimes, as well as comment on
the importance of pulse size and frequency in the episodic regimes. As the initial bed was different
for each run, it is interesting to explore the importance of the initial conditions (bed history) in the
results. For this reason, in the second section the adjustments of the variables discussed in the

first section are commented in detail for runs with the same feed conditions.

6.1 Channel adjustment under different supply regimes
Changes in sediment supply produced adjustments in the channel, which were conditioned by the
way in which the sediment entered the system. A summary of adjustments under each run is

presented in Table 6.1.
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Run Feed Channel adjustments to changes in sediment supply
regime Sediment mobility Particle size Bed elevations
Transport Relative Bedload Bed surface Bed slope Net changes | Bedforms at
rates mobility the end
1 No feed General No Slight Coarsening Small changes | Net Central
decrease, very | significant | fining. degradation | channel, lack
pronounced changes. of bedforms.
during the first
hours and
then gradual.
2 Constant | Relatively slow | No Oscillating | Oscillating Increase Net Alternated
feed response. significant during 20 aggradation | lateral bars
Small and changes. hours and and a
gradual then transition
increase and decreased. zone in
high between.
variability.
3 One Significant No Fining (no Significant Increase Aggradation | Similar
pulse increase in less | significant | coarsening | fining after followed by after the bedforms as
than one hour | changes. after the the pulse slow pulse in R2, but
since the feed pulse). followed by | decrease. followed by | more
followed by Similar to coarsening degradation | elevated.
monotonic R7. . Little
decrease with changes
sporadic towards the
spikes. end of the
run.
4 Four Increase after No Coarsening | Same Increase one Aggradation | Similar to R3,
pulses each pulse. significant | after each response as | hour after after each Sediment
The response changes. pulse R3 after each pulse. pulse wedge
was smaller followed each pulse, Ten hours followed by | upstream
thanin R3. by fining. but fining after the first degradation | because of
Similarities was less pulse the the feed has
with constant significant. slope expanded.
feed (i.e. in the decreased,
variability) but with the
others it
remained high
after ten
hours.
5 Two Similar No Similar to Similar to Increase after | Same Lateral bars
pulses response to R3 | significant | R4 R4 the first pulse. | pattern as and mid-
after each changes. Nearly R3 after channel bar,
pulse. constant each pulse. riffle pool
values after sequences.
the second
pulse.
6 Constant | Sametrendas | No Oscillating, | Fining and Nearly Net Riffle pool
feed R2, but higher | significant | small then constant. aggradation | sequences
values. changes. coarsening | coarsening upstream.
~7 hours Persistence of
after the the lateral
feed bar
started. downstream.
7 No feed Small decrease | No Gradual Coarsening Nearly Net Almost the
significant | fining constant degradation | same as R6
changes

Table 6.1 Summary of channel adjustments under seven runs with different sediment supply regime.
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As expected, total transport rates were significantly affected by the changes in sediment supply.
Each time the feed was started, transport rates increased, and then decreased after the feed was
stopped. The way in which transport rates changed was different for each run, and it was strongly
related to the way in which supply entered the system. Under constant feed (R2, R6), transport
rates showed a moderate increase at the outlet of the flume seven or eight hours after the feed
was started. Under episodic supply (R3, R4, R5), the increase in transport rates occurred faster
(less than one hour) and it was followed by a decrease until transport rates were similar to those
before the pulse or a new episode entered the system. The fast response could be due to piling of
sediment upstream with each pulse and an increase in slope, but also to a larger amount of fine
material available to be easily transported. Fractional transport rates showed that smaller grains
(<8 mm) moved with higher intensities and were more affected by the changes in supply than
coarser fractions. During periods of no feed (i.e. between pulses), the availability of smaller

fractions on the bed surface was reduced because of winnowing, infiltration or structuring.

The size of the pulse was important for the response of transport rates. The 300 kg pulse produced
the largest increase in transport rates and it even showed a secondary response at about the same
time as the response under constant feed (seven hours). This could be due to sediment that
moved more slowly through the system. After fifteen hours, transport rates were low as in no feed
regimes and towards the end of the run. The response in sediment transport rates to the 150 kg
pulses was similar to the response to the 300 kg pulse. The increase in transport rates produced by
each 75 kg pulse was considerably smaller, especially after the third pulse. The frequency of
sediment inputs was important and the run with the four pulses showed some similarities to
constant feed regimes as in the short term variation. In general, five to ten hours after each pulse
(no matter the pulse magnitude), transport rates presented similar values to those before the
pulse. This doesn’t mean that the channel recovered from the effects of the pulse. As it will be
discussed later, cumulative storage, bed slope and bed morphology showed that the effects of

sediment supply persisted over the bed and were cumulative during the experiment.

The bed surface and the bedload textures showed opposite trends to changes in supply as
expected. The textural adjustment of the bed surface was conditioned by the initial bed, flow
competence and supply regime. When there was feed, the regular transport of fine material could
produce fining of the surface. It has been suggested that a higher proportion of fines on the

surface affects entrainment conditions, promoting the transport of coarser material (Wilcock &
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Crowe, 2003; Venditti et al., 2010). In our experiment, the coarsest values of the D, and D;¢ of the
bedload were obtained when the bed surface was relatively fine. After the feed was stopped, fine
material winnowed or infiltrated, and transport rates declined as the bed surface got coarser and

the bedload got finer.

Particle size adjustments of the bed surface and bedload were different under episodic and
constant feed regimes. Under constant feed, the bed surface’s texture showed a complex
temporal pattern and fining was not always evident. For example, in R2 the D, and Dy of the
surface were fluctuating and small coarsening was observed towards the end of the run. In R6, the
surface got finer during the first fifteen hours, but then it coarsened and remained almost
constant towards the end of the run. The bedload textures under constant feed exhibited
variation and small coarsening. It has been mentioned that in sediment feed flumes the GSD of the
bedload should approach the GSD of the feed when equilibrium is achieved (Parker & Wilcock,
1993), but in our constant feed runs the bedload GSD was always finer than the GSD of the feed.
This suggests no equilibrium was reached during these runs and that a longer period of constant
feed might be necessary to coarsen the GSD of the bedload until it approaches the GSD of the
feed.

Under episodic regimes, bed surface texture showed a clear inflection related to each pulse. One
hour after each pulse, the surface got finer and then it coarsened as fines winnowed and
infiltrated under no feed conditions. The texture of the bedload was coarse right after each pulse
and it got finer as the surface coarsened under no feed conditions. The size of a pulse was
important for the rate of change on the bed surface. For example, the fining was more
pronounced with the largest pulse, and the following coarsening was faster. The rate of change in
bedload texture was less dependent on the size of the pulse. For example, with the largest pulse
the texture remained unchanged, while with the first of the smallest pulses the response was

significant. These reflected the importance of initial conditions.

As explained before, sediment pulses increased the proportion of fine material on the surface over
a short period of time. As the proportion of fines on the bed surface is important for gravel
entrainment (Curran & Wilcock, 2005; Venditti et al., 2010), one could expect the intensity of
transport of coarser fractions to increase. Our experiment showed that regardless of small
changes in fractional transport rates, the movement of coarser fractions was always of low

intensity and sporadic. Most of the time, the limit between partial transport and fully mobilized
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transport occurred at 6.7 mm. The occasional movement of grains and fluctuations in transport
rates produced small changes that could not be explained by changes in transport rates due to
supply regimes. For example, during R3 fractional transport rates spanned over two orders of
magnitude due to changes caused by the large pulse, but the limit of partial mobility remained
constant. This suggested that the effects caused by fining and smoothing of the bed surface by the

pulses were not strong enough to change the relative mobility of coarse fractions.

To explore the system’s overall storage capacity during each run, net changes in the bed were
presented in two ways: net storage estimated as the difference between sediment input and
sediment output (Figure 4.16); and net changes in bed elevations over a large area of the bed
(Figure 5.3). As the area considered in each method was not exactly the same, there were some
differences in the results, but the trends were consistent. As expected, runs with no sediment
supply resulted in net degradation. All runs with sediment feed showed net aggradation, and the
cumulative storage over the entire experiment was close to 500 kg. The large amount of stored
sediment could be due to the relatively coarse and poorly sorted texture of the feed material.
Fractional transport rates during the experiment showed that coarser fractions moved with low
intensity. The results of relative mobility analysis suggested grains larger than ~8 mm were
partially mobile and the texture of the bedload was finer than the feed texture. All these suggest

that a large proportion of the coarse fractions that were supplied remained in the bed.

The way in which the sediment entered the system influenced the storage capacity. As the 300 kg
pulse generated a large output of sediment, the sediment stored over this run was considerably
less than with constant feed regimes when the sediment entered slowly and the bed had more
time to adjust. Runs with smaller and more frequent pulses showed more storage, similar to
constant feed regimes. The interesting difference noticed between the two runs with constant
feed suggested that the initial conditions were important for storage capacity. Cumulative storage

revealed that the effects of sediment supply in the bed were persistent.

The thalweg slope was sensitive to changes in sediment supply, but there were also cases in which
it remained constant after feed input (e.g. after the second 150 kg pulse in R5 or during R6).
During runs with no feed, there were little changes in slope and during runs with feed a general
increase was noticed, probably due to net aggradation in the bed throughout the experiment.
Runs with constant feed showed different adjustments (in R2 there was a small increase in slope

during the first 20 hours and then it decreased, while in R6 it was almost constant during the
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entire run), but in both cases, the final slope was close to the initial slope. Under episodic supply,
there were larger increases in slope after each pulse than under constant feed (except after the
second 150 kg pulse in R5, in which the slope remained constant) and the final slope at each run
was steeper than the initial slope. After the 300 kg pulse, the increase in slope was slower than
after 75 kg pulses (one hour after the large pulse the slope had not changed). After sediment
pulses the bed slope never went back to the values previous to the pulse. The only exception was
after the first of the 75 kg pulses. These results showed that the effects of episodic sediment
supply in the bed slope could be persistent and no recovery was observed after starvation periods.
This brings up the question of how long would it have taken the bed to get the same slope as

before a sediment episode, or if it is likely to happen.

Mean changes in bed elevations were influenced by the area of the bed covered by the scans that
didn’t include the upstream end; but in general, net degradation under no feed conditions and net
aggradation over periods with feed was observed. As expected, runs under constant feed showed
aggradation, and episodic regimes presented short periods of relatively large aggradation
determined by feed duration and longer periods of degradation given by the pulse frequency. In all
the cases, degradation during no feed periods was less significant than the aggradation during
feeding periods and the changes were very small ten or twenty hours after each sediment
episode. One hour after the 300 kg pulse, aggradation was larger than after smaller pulses, but it
was commented before that net storage was considerably more over the runs with more frequent

and smaller pulses.

The initial bed and flow configuration strongly influenced the spatial distribution of changes in
elevation. Aggraded and degraded areas of the bed presented well differentiated patterns
consistent with the development of bedforms. During R2 and R3, aggradation occurred mostly
towards one side of the flume and shifted in the downstream direction. This was probably related
to the formation and accretion of lateral bars. Towards the opposite side of the flume,
degradation predominated. After R4 (four pulses), the pattern changed. The intercalation of
aggraded and degraded areas with transverse orientations that could be related to the formation
of riffle-pool sequences or other transverse features was observed. During the last run, as there

was no sediment feed, changes were relatively low.

The configuration of bed elevations at the end of each run showed that the bed morphology

evolved from a featureless state during no feed in R1 to well-developed bars and riffle-pool
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sequences that persisted after no feed conditions in R7. As expected, most interesting changes
occurred after runs that received sediment feed. The changes implied the appearance of new
bedforms (i.e. after R2), the accretion of the existing features (i.e. after R3), or their disappearance
and transformation (i.e. after R5). The evolution of the bed topography can be summarized as
follows. At the end of R1 the bed lacked features and the thalweg plotted towards the center of
the channel. After R2 lateral sediment bars were insinuated in the bed and the thalweg switched
to the opposite side of each bar. The formation of bars could be explained by the spatial variability
in sediment transport rates (suggested by the spatial patterns of aggradation and degradation), as
a result of the way in which the sediment entered the system and affected the distribution of the
flow. Even though it did not appear in the scan, a sediment wedge was created upstream due to
the feed. The wedge consisted mostly of the coarse material that was difficult to be transported.
The wedge expanded downstream during the experiment and became larger each time that
supply entered the system. After R3, bed elevations increased and the final bed morphology at R2
conditioned the evolution of the bed during R3. The bars observed after R2 persisted and grew,
and the sediment wedge extended downstream. After R4 the bars persisted, but the bar upstream

degraded (bar 1 in Figure 5.6). The sediment wedge upstream aggraded.

After R5, the topography exhibited interesting changes. The thalweg changed significantly,
insinuating a divergence of low flow paths in the center of the flume and the presence of pools.
Also, a mid-channel bar was identified. It is unlikely that the interesting topography after R5 could
be explained by the sediment supply regime (two 150 kg pulses). These results were probably
conditioned by the initial bed, which was the result of the history of supply episodes and their
cumulative effects over the channel. After R6 there was important filling of the bed and only the
downstream bar persisted. The sediment wedge expanded, and downstream of it, riffle-pool
sequences were insinuated. After R7 (no feed) changes in elevations were very small, and the

topography was almost the same as after R6.

Even though it was commented that the way in which the sediment entered the system was
important for net changes in elevations (amount of sediment accumulated over a run), the bed
morphology could not be explained by the supply regimes. The spatial variability of sediment
transport rates and the evolution of topography during a run were conditioned by the initial bed.

For this reason, it was observed that runs with the same supply regimes exhibited final bed
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morphologies that were significantly different. This idea will be discussed with more detail in the

following section.

6.2 The importance of the initial conditions

The initial bed at each run was different because of the way in which the experiment was
conducted and influenced the results at each run. It was observed that runs with same feed
regimes presented differences in transport rates, the amount of sediment stored, ranges of bed
slope, and bed morphology. Differences were also noticed after sediment pulses of the same size
and were attributed to the conditions of the bed at the moment that the pulse entered the flume.
The idea of this section is to discuss the importance of the initial bed in the adjustment of the
variables presented above. To do this, the adjustments under the same feed conditions will be

compared in detail in an attempt to explain their differences.

Run 2 and Run 6 had a constant feed regime and provide a good opportunity to discuss the
importance of the initial bed. The initial bed at R2 was the result of 40 hours of no feed and had a
slope of ~0.018 m/m. The surface was relatively coarse (D, of ~15 mm) and no macroforms due to
sediment accumulation were present. The initial bed in R6 was conditioned by the supply history
and bed evolution during all the previous runs. It also had a relatively coarse surface (D, of ~15
mm), but it also exhibited a more complex morphology with bedforms at different scales. The bed
slope was ~0.023 m/m, very different from the initial slope in R2 and suggestive of aggradation

during previous runs.

The temporal patterns of transport rates in both runs were similar (response to the feed at
roughly seven hours, large variability, small increase towards the end of the run), but transport
rates didn’t exhibit the same values. The values plotted slightly higher during R6, which could be
related to the large amount of sediment accumulated during previous runs that generated steeper
slopes during this run, and a smaller storage capacity than in R2. R2 stored 219 kg, with a sediment
input/output ratio of 3.7. The ratio for R6 was 1.7, showing that sediment storage was roughly half

the storage in R2.

The bed surface was relatively coarse in both cases (D, between ~13-15 mm), but it was slightly
finer in R6 and textural adjustments were different at each run. In R2, there was significant
fluctuation, and a small coarsening in the D, was noticed towards the end of the run. In R6 the

pattern was different and there was fining during the first fifteen hours. At hour 20 the surface

65



coarsened and remained nearly constant towards the end of the run. As it was already mentioned,
bed slope was steeper during R6. During R2, there was small increase in slope as a response to
sediment supply. During R6, bed slope was almost constant, suggesting there were no important

adjustments of the slope due to the changes in sediment supply.

In addition to the interesting differences in bed elevations because of cumulative storage during
the experiment (the bed was significantly more elevated after R6 than after R2); there were
significant differences in the bed morphology. The wedge of sediment that started forming
upstream in R2 due to the sediment feed had increased considerably after R6 and expanded in the
downstream direction. The well-developed bar that was observed upstream in the right side of the
flume after R2 had disappeared after R6, and riffle-pool sequences developed in its place. The bar
that was identified downstream on the right side after R2 was still present in R6, but it was
significantly more elevated. The thalweg did not exhibit the same path after each run. In R2 it
shifted from the right side upstream to the left downstream. In R6 instead it shifted twice: from

the left upstream to the right in the middle, and then to the left downstream again.

Significant differences were also observed under no feed conditions (R1 and R7) due to differences
in the initial bed. R1 started from a well-mixed leveled bed with high proportions of fine material
available for transport and no bed structures. Because of the winnowing of fines, transport rates in
the beginning of the run were high and exhibited rapid decrease during the first hours. The initial
bed for R7 had a complex morphology with riffle-pool sequences, a bar downstream, and a
relatively large sediment wedge upstream. The initial bed surface was coarser (armor ratios: 2-4),
exhibited structures, and had a lower proportion of fine material than in R1. For this reason,
transport rates were considerably lower during the first hours, showing slow and gradual decrease
over the run. Regardless the first hours, R1 exhibited important variability. R7 instead exhibited
small variability and slightly higher rates. This could be related to steeper slopes and the large

wedge of sediment upstream, due to net aggradation that occurred during the past runs.

Because of differences in the initial conditions, total sediment output in R1 was almost three times
more than in R7, which had steeper bed slopes. As expected, the bed topography was also
significantly different. In R1, the relatively flat initial bed degraded upstream and at the end of the
run it was more elevated downstream. In R7, changes in bed elevations were relatively small and
the bed exhibited a complex topography very similar to the topography at the end of R6 with

riffle-pool sequences and a bar downstream.
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Pulses of the same size provide an opportunity to analyze the importance of the bed conditions
under episodic supply regimes. There were interesting differences in the temporal patterns of
transport rates after each small pulse. For example, the increase in transport rates at the end of
the flume after the third pulse was very small, while after the last pulse it was relatively large. For
example, after the first pulse an increasing trend persisted over one or two hours before it started
to decline; whereas with the last pulse, there was significant increase in transport rates and

immediately after that, the rates started to decrease.

A good example of the importance of the initial conditions was observed in the textural
adjustment of the bedload. The degree of coarsening that followed a supply episode could not
always be explained by the size of the pulse, showing a strong relation with bedload textures
previous to the pulse. This could be controlled by the previous feed conditions. If before the pulse
there was feed and the texture of the bedload was relatively coarse, the pulse slightly changed the
texture, like in R3. If the pulse came after a long starvation period and the texture of the bedload
was relatively fine, the effect of the pulse on the texture was significant. For example, after the
first of small pulses in R4 that came after 39 hours of no feed, the texture of the bedload

coarsened significantly.
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Chapter 8: Conclusions and future work
The goal of this study was to analyze channel adjustments under episodic supply regimes. This
objective was achieved by conducting a flume experiment that combined a sequence of runs with
different sediment feed regimes, but constant feed GSD and water discharge. From the

observations and analysis the following conclusions can be drawn:

¢ Changes in sediment supply produced interesting effects in sediment transport rates, the
texture of the bedload and the bed surface, sediment storage, bed slope, and bed
topography. The way in which the changes occurred was different between constant feed
and episodic regimes. Under constant feed, all variables adjusted slowly and gradually.
Episodic supply instead could produce pronounced changes just after a pulse, depending
on the size of the pulse and the conditions of the bed.

¢ The results indicate that sediment transport rates are affected by episodic supply. Soon
after each pulse, transport rates at the end of the flume increased, and after some time,
started to decrease until reaching values similar to those before the pulse. The size of the
pulse was important and largest pulses produced considerably larger increases. The
frequency was also important because the run with small pulses every ten hours (R4)
showed more short term variation as constant feed regimes did.

¢ The temporal adjustment of the texture of the bed surface and bedload had a similar
pattern to transport rates. A pulse produced significant changes; but after some hours, the
variation was small and conditions similar to those before the pulse were observed. The
bed surface texture got finer just after each pulse, and then it coarsened. The texture of
the bedload showed the opposite trend. It was coarser when the surface was finer, and
became finer when the surface coarsened. The fining of the bed surface was more
significant after larger pulses. The degree of coarsening in the bedload was not related to
the size of the pulse, and it depended on the initial bedload texture, which was influenced
by the previous feed regime. For this reason, the largest sediment pulse, which came after
a run with constant feed, did not have a coarsening effect on the bedload.

¢ The relative mobility of sediment was not significantly affected by changes in sediment
supply and the limit between partial transport and full mobility remained almost constant

at 6.7 mm. This suggests that fining and smoothing of the bed surface caused by sediment
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pulses was not strong enough to change the relative mobility of coarse fractions and make
them fully mobile.

Sediment storage was significant during all runs with feed, revealing that the effects of
sediment supply over the bed were cumulative. The size and frequency of the inputs
under episodic regimes was important. The largest pulse caused considerably less storage
due to the large response in transport rates. The storage under runs with smaller and
more frequent pulses was more similar to constant feed regimes.

The bed slope did not always adjust to the changes in sediment supply. Under runs with
constant feed, the slope was nearly constant or exhibited few changes. Under episodic
regimes, in most cases the slope increased after a pulse, and then remained constant or
slightly decreased until a new pulse entered the system. The increase in slope could not be
explained by the size of the pulse and after the second 150 kg pulse, the slope remained
constant. It is concluded that the effects of sediment supply on slope were persistent
without recovery of slope under periods of no feed.

The bed topography evolved during the experiment, showing most changes during runs
with sediment feed. Changes in bed elevations were relatively small when there was no
feed. The bed morphology at the end of each run was strongly conditioned by the initial
bed, which dictated flow resistance and the spatial variability of sediment mobility. During
the first run with feed (R2), lateral bars developed and dictated the evolution of bed
topography during the next runs. First, the bed aggraded over the existing bars, but as
sediment storage increased and the bed filled, riffle-pool sequences were insinuated
upstream.

The initial conditions of the bed (bed topography and composition) influenced channel
adjustments during each run. For example, the two runs with constant feed exhibited
similar temporal patterns of sediment transport rates and bed surface textural
parameters, but important differences in bed slope, overall storage capacity and final bed

morphology.

In the future, it would be interesting to do frequency analysis of total and fractional transport

rates, as well as of bed elevations to obtain statistics. It would also be interesting to analyze the

evolution of bed morphology during each run (not only at the end) and estimate textural and

roughness parameters over areas of the bed related to the bedforms identified. The data collected
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during the experiment can also be used to test the performance of available transport models for

sediment mixtures, such as those of Parker (1990) or Wilcock & Crowe (2003).
Future experimental work could be conducted to explore the following ideas:

¢ Could the results obtained in this study be reproduced or how different will they be if the
same experiment is repeated?

¢ Analyze the effects of supply under different hydrographs. This would be very important
because natural streams are usually subjected to changes in both feed and flow regime.

e Examine channel adjustments under different feed GSDs. This would be interesting given
the importance of the GSD of supply relative to the bed.

e Explore the adjustments under different sequences of runs. This would be interesting

given the significance of the initial bed for the results.
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