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ABSTRACT

Characterization and Prediction of Fluvial Bank Retreat Using Novel Physical

Experiments

Emily Dickson

Understanding sediment transport and bank erosion in rivers has been a key area of active
research for many decades. This research project uses a unique new Outdoor Experimental River
Facility (OERF) located at the Université de Sherbrooke to run novel experiments to further our
fundamental understanding of fluvial bank retreat processes. The experimental river is unique in
that its floodplain is considerably larger (50 m by 20 m) than standard laboratory facilities and
allows for the channel to freely migrate laterally instead of being constrained by laboratory walls.
Three stages of progressively larger upstream disturbances consisting of sandbag perturbations
were added to a straight gravel-bed channel to determine if any morphological changes occurred.
Using an Acoustic Doppler Velocimeter (ADV), water velocity was measured to quantify the flow
field and calculate bank and bed shear stress for four experimental phases: 1) no disturbance, 2)
small, 3) medium and 4) large sandbag perturbations. Drone photogrammetry was used to generate
digital elevation models (DEMs) to visualize erosion and deposition. Bank shear stress
measurements were variable, and more research is needed to determine the optimal sampling
techniques. Overall, no meander formation occurred during the experiment, which can be
attributed to variables such as river armouring, lack of sediment input, and the time frame of the
experiment. This study helps provide an increased understanding of bank erosion which will be
useful for future bank stabilization projects related to meandering rivers in Quebec, and globally

around the world.
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1 Introduction

Rivers are intricate systems that have an important impact on the natural landscape and on
built environments (Rodriguez-Iturbe et al., 2009). They are essential to many different
ecoservices and are responsible for ecosystem health, economic prosperity, and human populations
around the world (Anderson et al., 2019). To determine how these river systems function, it is
vital to understand the complexity of river systems and the natural and human factors that act upon

them.

Human settlements are often built nearby to rivers (Macklin and Lewin, 2019). This
proximity allows for easier access to a water supply and more efficient trade and navigation routes
(Anderson et al., 2019; Macklin and Lewin, 2019). However, this close proximity between human-
made structures and the natural environment can have negative environmental repercussions
(Macklin and Lewin, 2019). These negative environmental repercussions can be seen to increase
over time, with the process of urbanization gradually moving settlements towards larger cities and
megacities (Fang et al., 2018). Anthropogenic impacts on urban rivers include higher runoff rates
caused by paved surfaces, as well as changes to natural sediment dynamics (Macklin and Lewin,
2019). Bank erosion and lateral migration of meandering rivers are frequently observed during
floods, and result in safety concerns to human settlements, as well as destruction to property.
Changes to catchment areas such as channelization and riverbank protection are often utilized to
protect urban areas from flooding and erosion, however they are not always successful (Reid and
Church et al., 2015, Liu et al., 2017b). There is thus a need for a more complete understanding of
erosional processes including planform evolution and meander formation, to help urban planners

and river managers anticipate and engineer solutions to bank erosion for public safety.

There are many different ways to study the planform evolution of rivers and to give
researchers a more complete understanding of erosional and meandering processes to assist with
the management of rivers. This can include collecting velocity data, estimating sediment transport,
using drones for photogrammetry and visual interpretation of rivers. These interpretation tools
coupled with other numerical and physical analytics of rivers provide a useful snapshot of the

functions of rivers.



Studying geomorphological and planform changes such as meander formation is complex
in nature and has been previously attempted using small-scale experimental work. This is because
experimental river systems allow for controlled small-scale experiments where artificial flow
events can be recreated. Laboratory experiments take advantage of precise measuring devices to
provide detailed information regarding the dynamics of streams (van Dijk et al., 2013). These
experimental facilities, however, have grain size constraints, as they are scaled down, simplified,
representations of rivers with narrower and shallower channels than observed in nature. For
sediment transport to occur in these flume channels, grain size must be limited in size, usually with
coarser particles corresponding to the sand size (< 2 mm) (Peakall et al., 1996). Therefore, flume
studies on meanders have so far been limited to sand-bedded environments whereas gravel-bed

rivers have been mostly studied in field settings (Carson, 1984; Ferguson, 1987; Church, 2002).

Most laboratory flumes are constrained by laboratory walls, which limits the size and
sinuosity of meanders that can be studied (Friedkin, 1945; Schumm and Kahn, 1972; Sahagian et
al., 2022). Flumes also normally have shallow depths in order to maintain an adequate width-to-
depth ratio (Wilcock et al., 2008). Because the length of indoor flumes is inevitably limited by
room dimensions, there are also scaling issues when a channel is too short to initiate meandering
downstream (Shuurman et al., 2016). Studying rivers in the field is also difficult, as natural
hazards, unsafe working conditions, unpredictable weather conditions, and time scales can make
1t difficult to collect data in natural rivers. Therefore, there needs to be an intermediate scale that
bridges the gap between natural rivers and small-scale flumes to further our understanding of river

systems.

My research project aims to fill in these gaps in current knowledge about bank erosion
processes by examining erosion at a new large-scale outdoor facility, the Outdoor Experimental
River Facility (OERF), located at the Université de Sherbrooke in Quebec (Figure 1). This research
will further knowledge about the processes that impact rivers, including erosion and how meanders
form, helping people to live more sustainably near rivers and understand more about river systems

and erosion.
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Figure 1: Birds eye view of the OERF facility at the Université de Sherbrooke.

2 Literature review

2.1 River processes

Riverbank processes including erosion is a natural procedure occurring in all river systems.
One of'the results of erosion, bank retreat, is generally impacted by a combination of fluvial erosion
and mass failure events (Semmad et al., 2021). Although erosion can cause adverse events for
infrastructures, it is also an essential process for forming and maintaining natural rivers (Nardi et
al., 2013). This process, when undisturbed, can result in dynamic equilibrium, the condition in

which steady state of the river has been reached (Bravard et al., 1986; Nardi et al., 2013).

Bank erosion, which contributes to this dynamic equilibrium, is important because it
promotes the diversification of habitats and aquatic environments, which can increase the stream
biodiversity (Piégay et al., 1997; Florsheim 2008; Choné & Biron 2016). Natural flood events are

the most significant drivers of sediment transport and erosion (Leyland et al., 2017). These



flooding events are part of the natural dynamic of river systems and have positive impacts on
aquatic ecosystems, which are adapted to large fluctuations in discharge and water levels. In
addition to habitat diversification, flooding can replenish nutrients in land ecosystems and
rejuvenate soil fertility (Talbot et al., 2018). It is also a valuable process in areas where there are
decreasing groundwater and river water levels (Brock et al., 2013) and it helps reconstruct
floodplains (Talbot et al., 2018). Despite these benefits, humans may actively work to prevent
erosional processes when they have the expectation that rivers should be immobile (Darby et al.,
2000). This works against the natural morphodynamic equilibrium of the river, which relies on

some level of lateral mobility of the sediments (Darby et al., 2000).

Changing climatic conditions also impact extreme river events, particularly in areas also
affected by land use changes such as deforestation or urban sprawl (Panagoulia, 1997; Piégay et
al, 1997; Wijeskara et al., 2012). Worldwide there have been increases in flooding events, and
there is a high likelihood that this trend will continue (Brock et al., 2013; Famiglietti, 2014; Talbot
et al., 2018; Tabari, 2020; Gori et al., 2022), with anticipated growing negative impacts on natural
and built environments (Tabari, 2020). Therefore, it is of utmost importance to gather a more
thorough understanding of the factors that explain erosion and sediment transport processes to

mitigate these negative impacts.

2.1.1 Bank erosion

As mentioned, bank erosion is essential for the creation and progression of channel
migration which leads to the long-term evolution of channel pattern and morphology (Florsheim
et al., 2008). Several variables influence the extent of bank erosion occurring in rivers, including
but not limited to river geometry, bank vegetation and sediment type (Florsheim et al., 2008;
Goharrokhi, 2015). For example, river geometry can influence if mass failure events will occur
(Goharrokhi, 2015). For vegetation, riparian vegetation stabilizes the bank and reduces the amount
of bank erosion occurring, as the roots create more cohesion between the soil particles (Florsheim
et al., 2008; Rey, 2009). The vegetation increases the soil shear strength, which is also dependent
on sediment type, through root systems that restrict soil particle movement on slopes (Li et al.,
2006). The river morphology is largely influenced by the vegetation as there is often increased

hydraulic resistance since vegetation decreases local flow velocities. That is, the earliest stages



towards the transformation of sediment deposits into bars, and subsequently into new islands and

floodplains, are pioneer plants (Vargas-Luna et al., 2019).

Cohesion force between the sediments is also an important factor in determining the
volume of bank erosion occurring. If the shear strength of the upper bank is lower than the
gravitational forces, mass failure events (i.e., bank erosion) will occur. These events are often
intensified by larger flow events such as flooding (Osman and Thorne, 1998; Rinaldi and Darby,
2007). This is because during high flow events the shear stress on banks increases, and the critical
shear stress due to higher flow velocity may be exceeded, thus mobilizing sediments and resulting
in erosional processes (Florsheim et al., 2008). Therefore, because of this, there is often a larger

amount of bank erosion that occurs in mass flow events.

Bank erosion occurs in highest frequency on the outer bank side of rivers and is a direct
result of mass wasting, fluvial processes, undercutting and basal erosion (Hupp and Osterkamp
1996; Duan, 2005; Florsheim et al., 2008). Bank failure often occurs when the bank resistance is
less than the gravity which causes the collapse of the banks (Duan, 2005). Basal erosion, defined
as the fluvial entrainment of bank material by flow-induced forces that act upon the bank surface
including the drag force, resistance force and lift force (Duan, 2005) also has a significant impact
on erosion. Deposition will occur if the rate of deposition exceeds the rate of entrainment, and
erosion will occur if the opposite is true (Duan, 2005). With flow-induced erosion, the steeper
banks will eventually lead to slope instability and cause bank failure (Osman and Thorne, 1998).
This is because the toe of the bank is scoured, which removes the sediment lower down the bank
and causes the upper part of the bank to collapse (Florsheim et al., 2008). There is a direct
relationship between bank retreat, rate of fluvial transportation and the sediment supply caused by
erosion. This process is extremely nonuniform and it is therefore difficult to make accurate

predictions of long-term erosion rates (Florsheim et al., 2008).

2.1.2 Meandering rivers

Meandering rivers occur in valleys with relatively shallow slopes which also happens to be
the ideal locations for many human settlements (Chang, 1984). Thus, there exists a high potential

for conflict between meeting human needs in these environments, and the fluvial processes that



occur in this type of channel. Notably, bank erosion is an important factor of meander dynamics,

and it is important to have further understanding of it (Braudrick et al., 2009).

Meanders form when water in the river channel erodes sediments on the outer bank and
deposits these sediments downstream on the inner curve of the bank, in what is called a point bar
(Werner 1951; Lewin 1976; Rhoads and Welford 1991). Rivers that form meanders generally have
cohesive floodplain material that add strength to the banks (Kleinhans et al., 2009; van Dijk et al.,
2013). Without cohesive material or vegetation, the bank has limited strength, and this can cause
the river channel to widen and braid instead of meander (Braudrick et al., 2009; Parker et al., 2011;
van Dijk et al., 2013). Another requirement for the formation of meandering rivers is a single
threaded-channel without mid-channel bars that can be achieved with moderately low width-to-
depth ratios (Shuurman et al., 2016). The width-to-depth ratio is affected by the equilibrium
between bank erosion and inner bend accretion rates (Shuurman et al., 2016). This erosion that
occurs along one side of the riverbank is balanced by floodplain formation on the opposite side of

the channel, which allows the river to maintain its approximate width (van Dijk et al., 2012).

Meandering rivers generally consist of geomorphic units of pools and riffles which appear
in regular sequences. Riffles are characterized by high velocities, steeper slopes, coarser bed
material and intense turbulent mixing, whereas pools are generally deeper and slower (Kang &
Sotiropoulos, 2011). Meanders have three-dimensional flows that consist of secondary (helical)
flows, shear layers, vortices, and turbulent stresses, making the formation of meanders complex as
there are many variables to consider (Kang & Sotiropoulos, 2011). The curvature-driven and
topography-driven secondary flows are the main types of flows seen in a meander (He, 2018). The
curvature of a meanders causes centrifugal forces between flow layers, forming the secondary
(helical) flow (Stoesser et al., 2010; He, 2018), which are formed through an imbalance of inertial
and transverse pressure gradients and move toward the outer curve of the banks (Stoesser et al.,

2010; Riesterer et al., 2016).

From an initially straight channel, generally defined as a river with sinuosity of less than
1.5, (Chang, 1984) there are different stages of the evolution, and sinuosity of meandering rivers,
starting from stage 1 with the presence of alternating bars (Figure 2). In straight channels
alternating bars considerably impact water and sediment movement through the channel (Rhoads

and Welford, 1991). This causes the water in a straight channel to shift from straight movement to



increasingly more curved, with the amplitude of this shift increasing further downstream
(Knighton, 1998). In stage 2, erosion begins to occur on the opposite side of the banks which
increases the curvature of the river (Werner 1951; Lewin 1976; Rhoads and Welford, 1991). In
this second stage, incipient pools and riffles begin to form, which is the start of meander formation
(Knighton, 1998). Pools and riffles further develop in stage 3, with regular spacing of
approximately 5 to 7 channel widths. The final stage is when sinuosity increases and there is the
development of meandering channels with riffles at inflection points and pools at bend apices

(Knighton, 1998). At this stage, alternating bars are called point bars (Knighton, 1998).

As evidenced above, riverbank erosion is an essential process for the formation of
meandering systems (Werner, 1951; Lewin, 1976). For migration of bends to occur, there needs
to be bank erosion which is caused by the undercutting of the banks followed by bank retreat from
mass failure events (Darby et al., 2007; van Dijk et al., 2013). The eroded bank material protects
the banks against further erosion as it reduces the shear stress on the bank by shifting the focus of
the high velocity flow (van Dijk et al., 2013). As the bend begins to sharpen, the rate of bend
migration begins to increase; this is also impacted by the cohesiveness of the sediments (Kleinhans

et al., 2009; van Dijk et al., 2013).

STAGE 1 P R “‘~= . ~=— -~ Aftemnating bars dominant

STAGE2 % Tioinns '-' =) Incipient pools and riffles

Well-developed pools and
riffles with a mean spacing
of § to 7 channel widths

STAGE 3

Development of meandering
channel with riffles at
inflection points and pools
at bend apices where bank
erosion is concentrated

STAGE ¢4

‘F<= Riffle — Pool L gL Erosion

Figure 2: Stages of meandering of a river from a straight channel (Knighton, 1998).



2.1.3 Upstream disturbances for meander initiation

The formation of meandering rivers, as illustrated in Figure 2, generally occurs over long-
time scales that are not conducive to field studies. Therefore, the initiation of meandering has
primarily been studied using laboratory and numerical experiments where both spatial and
temporal scales can be reduced. In laboratory settings, initiating and maintaining meanders from
straight streams remains challenging (van Dijk et al., 2013, Sahagian et al., 2022). One issue noted
in past laboratory studies is that channels often began to develop bars and planform curves but
ended up braiding due to the erosion of weaker outer banks and the accretion on the inner banks

(Braudrick et al., 2009).

Early work has shown that oscillations in a straight river channel form meanders following
a disturbance in the river systems (Werner, 1951). Several subsequent flume experiments have
been successful in demonstrating that to produce river meandering from bank erosion, some sort
of continuous inflow perturbations or disturbance is required (van Dijk et al., 2012; Schuurman et
al., 2016). This includes water entering at an angle, creating a channel curvature or adding an
upstream obstruction or perturbation. There is evidence in a numerical modelling study that free
forming meanders can also form without an initial upstream disturbance however this has been

hard to achieve in flume studies (Riither & Olsen, 2007).

Creating an initial channel curvature by manually changing the shape of the initial design
has been successful in starting meandering in flume experiments (Shuurman et al., 2016; Sahagian
et al., 2022). The channel curvature introduces different flow patterns which cause increased
resistance and reduction in slope, thus initiating the start of a meander (Sahagian et al., 2022). An
increase in depth also causes the transport capacity to increase where the disturbance is located,
which means that the system is no longer stable (Eaton et al., 2006; Kang & Sotiropoulos, 2011).
Shear stress remains uniform downstream and lower flow rates typically cause deposition to occur,
which initiates the start of new deposition on the opposite side of the channel (Eaton et al., 2006).
This creates a positive feedback loop as the change in the flow of water creates a downstream
sinuous curve with decreasing magnitude (Eaton et al., 2006; Weisscher et al., 2019; Sahagian et

al., 2022).

Of the methods listed above to create meanders, there are several limitations to artificially

change the direction of the water flow. One limitation of these methods is that the obstructions
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used are not representative of field conditions that occur naturally and are hard to replicate in a
natural setting (Sahagian et al., 2022). For example, the instability that causes the formation of
meanders is often associated with structures, such as groins, that disrupt the flow (Shuurman et al.,
2016, Sahagian et al., 2022). However, such artificial structures do not represent natural field
conditions. Overall, it is challenging to replicate nature-based meander forming processes such as

large woody debris and natural blocks which divert the flow of water.

2.2 Methods to quantify flow dynamics and measure bank

erosion Processes

Quantifying bank erosion processes can help predict future bank erosion more precisely
and understand the dynamics that cause it. Controlled experiments provide the opportunity to
document the flow dynamics that are responsible for bank erosion processes using a variety of
methods including ADV (Acoustic Doppler Velocimeter) to measure in situ stream velocities by
providing 3D measurements of velocity at high temporal resolution which allows data to be

sampled with higher space and time resolution (Palmsten et al., 2015).

Other methods that are used to estimate the bank erosion in river systems include terrestrial
LiDAR (Light Detection and Ranging) and drone footage, used to produce repeated Digital
Elevation Models (DEMs). The latter technology allows researchers to repeat photos in the same
location over a period of time, which provides replicability and the opportunity to visualize where
erosion has occurred. Drone imagery can be processed using Structure from Motion (SfM)
software that creates 3D imagery from 2D photographs and provides high quality imagery of areas
where there have been changes to riverbeds. Thus, this allows for inferences to be made about the
amount of morphological change occurring in a fluvial system (Woodget and Austrums, 2017a).
This method is particularly useful in areas where there is terrain that is difficult to reach on foot
and has the potential to significantly decrease costs associated with field logistics and monitoring
(Carrivick and Smith, 2019). It also has the potential to assist with many different processing
techniques including change detection, grain size detection and topography (Woodget and
Austrums, 2017b; Carrivick and Smith, 2019; Maciel-Pearson et al. 2019). In particular, grain size
data mapping is a useful technique for studying fluvial processes and quantifying entrainment,

transfer and deposition (Woodget and Austrums, 2017a). SfM methods have made it possible to
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observe sediment transport, although larger-scale changes are easier to identify than small-scale
ones (Woodget and Austrums, 2017a) as only very high-resolution photographs can be used to
delineate individual surface grains (Woodget et al., 2018; Maciel-Pearson et al., 2019). Resolution
is dependent on several factors including flight elevation, camera resolution, external shadowing,
presence of water and motion blur from wind gusts (Woodget and Austrums, 2017a). Image blur
occurs due to the low flying altitudes of drones as well as the effectiveness of camera gimbals and,
hence, an appropriate height must be maintained (Woodget et al., 2017a; 2018). Therefore, the
accuracy of this method is contingent upon many factors including the resolution of the camera

and the grain size that the camera can capture.

2.2.1 Shear stress measurements

Shear stress (7) is the driving force for sediment transport and is a key parameter needed to
predict bank erosion and bend migration (Partheniades, 1965; Sin et al., 2012; Yu et al., 2015). In
general, higher bed stress results in an increase in the amount of transported sediments. In order
for sediment transport to occur, both friction and gravity needs to be overcome by flow and shear
stress to cause sediment movement. Increased slope and increased flow speed will cause the bed
shear stress to increase. A higher bed roughness also increases the amount of turbulence occurring

which increases the bed shear stress (Yu et al., 2015).

Shear stress, however, is a difficult variable to measure accurately in a river. Several
methods are used to estimate shear stress depending on the scale of the experiment (i.e., local
versus reach) and the type of velocity measurements available. At the reach scale, the depth-slope

product is computed as follows:

T = pgRS (1)

where p is water density, gis acceleration due to gravity, R is flow depth and S'is channel slope.
At the local scale, shear stress can be estimated using the velocity log profile, drag, Reynolds and

turbulent kinetic energy (TKE) methods (Biron et al., 2004).

The velocity log profile can be used as one factor that helps determine the amount of
sediment transport that occurs (van Rijn, 1984). The flow velocity increases as the height above
the bed increases, with the roughness layer estimated as two to five times the roughness height

(Figure 3). On rougher bed surfaces the roughness of the rocks may cause some diversion of flow.
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Figure 3: Illustration of velocity profile extrapolated into bed and showing nomenclature (not to scale) (from Smart, 1999).
The velocity gradient has a direct impact on bed shear stress and sediment transport. For
example, near a large rock, near-zero flow velocity may occur whereas the top of the rock
experiences a higher flow velocity (Guo and Zhang, 2016). This creates a difference of pressures,

called the Bernoulli effect, where the small amount of pressure on the top of the rock creates fluid

forces that allow for sediment transportation (Lucking et al., 2017).

The velocity log profile provides an estimate of the shear velocity (u*) which is
proportional to the slope between velocity and height above the bed and from which shear stress

1s obtained:
T=pu? (2)

This method requires that a sufficient number of measurements are taken in close proximity to the

bed (Biron et al., 1998).

The quadratic stress law relates the average shear stress at the bed to the square of the average

fluid velocity (U) using a drag coefficient ((s) (Williams, 1995), i.e.:

T=p Cal? 3)
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The main challenge with this method is that the drag coefficient is not constant. Shear stress can
also be estimated from turbulent fluctuations, for example using the Reynolds shear stress,

estimated as:
T=-p<uw> 4)

where u’and w’are streamwise and vertical velocity fluctuations, respectively, and < > denotes a

time average (Babaeyan-Koopaei et al., 2002; Biron et al. 2004).

The TKE shear stress is also obtained from velocity fluctuations, this time including the lateral

component, V7, as:
T=C1[05 p(<u?>+ (<v2>+ (<w?>)] (5)
where (7 is a proportionality constant often estimated as 0.19 (Kim et al., 2000).

The TKE method has been shown to be most appropriate in complex flow fields since it is not

affected by streamline orientation (Biron et al., 2004).

An ADV can measure turbulent fluctuations in three components and can therefore be used
to estimate shear stress using the TKE method. The disadvantage is that since ADV's only measures
one point at a time (unlike other velocimeters which collect profiles), it takes time to cover an
entire river reach. There is also a need to stabilize the ADV to minimize noise present in the results
(Lane et al., 1998). Full turbulence profiles are thus not always possible to collect due to the
complex flow of natural rivers as well as the amount of time that it takes to measure. Therefore,
the height that the measurements should be taken is important to ensure that it represents the
appropriate shear stress, with a non-dimensional height of around 0.1 considered optimal (Biron

et al., 2004).

Accurately measuring and quantifying bank shear stress is clearly very important, but most
studies so far have focused on bed shear stress, with limited methodological guidance on bank
shear stress estimates. Previous studies have shown that shear stresses reach a maximum value on
the bed surface and a minimum value at top banks (Chow 1959; Osman and Thorne, 1988;
Goharrokhi, 2015). As bed shear stress is not equal to the shear stress on the banks, different
measurements need to be taken to appropriately quantify the difference. Bank shear stress has been

investigated in the studies of Hooke (1975), Hopkinson and Wynn-Thompson (2016) and Kozarek
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et al., (2023). Planform migration of the channel features impact the bank shear stress values and
therefore measurements need to be performed across multiple timeframes to increase the
replicability of the experiment (Hooke, 1975). When analyzing cross-sections compared with
Reynolds stresses, logarithmic methods, and the TKE methods, Hopkinson and Wynn-Thompson
(2016) have shown that the TKE method provides more accurate shear stress measurements when
the banks have limited amounts of vegetation, and that Reynolds stress and TKE should be used
together for vegetated slopes. They also concluded that the logarithmic method did not provide an
accurate estimate of shear stress which was the same findings as Kozarek et al., (2023) who found
that the logarithmic curve and time averaged velocity did not follow a logarithmic profile near
sloping banks. In all, there remains a scarcity of studies on the appropriate sampling design for
bank shear stress, including the distance to the bank to sample for ADV measurements, and the

sampling techniques.

2.2.2 Sediment transport in gravel bedded rivers

Sediment transport is mostly defined between three types of transport, suspended sediment,
wash load and bed load (van Rijn, 1984). Suspended sediment is predominantly comprised of clay,
silt and fine sand (<0.063 mm) (United States Environmental Protection Agency, 2003) whereas
washload is finer than bed load material and remains in suspension at all times (Biedenharn, 2006)
and bed load consists of coarser sediments that are too heavy to be suspended in the water column

(Brown, 2008).

For sediment transport to occur it is crucial to take into account how lift forces affect
sediment transport in comparison to gravitational force, which happens when bed shear velocity
exceeds fall velocity (van Rijn, 1984). This is impacted by many factors including the mobility of
sediments on a bed and the degree to which a river is armoured. In gravel-bedded rivers, coarser
armoured sediment layers are regularly observed (Whiting and King, 2003). Armoured rivers
occur when the size of the sediments is larger than the ability of the river to transport these
sediments (Whiting and King, 2003). As the river armours the amount of shear stress required to
move the sediments greatly increases (Whiting and King, 2003). The smaller sediments are
winnowed from the bed and the surface size distribution is truncated, meaning that the flow is only
able to transport a certain subset of the initial sediment size distribution. As this occurs more shear

stress is required to move the larger sediments that have armoured on the bed.
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3 Research question and hypothesis

The OERF provides a unique opportunity to further the understanding of river systems using a
real-world scale flume to answer additional questions regarding the evolution and functions of

rivers. Therefore, the research questions for my thesis proposal are:

1. What is the planform evolution of an initially straight gravel-bed experimental river

following an upstream disturbance?

Further to this question, the sub-questions will also be asked to understand more about the system

as a whole:

2. How will changing the size of an upstream disturbance impact the downstream planform
evolution?
3. What will be the timescale of geomorphological changes (if any) following an upstream

disturbance?
The study aims to fulfil the following three goals:

1. Perform novel physical experiments to better understand bank erosion processes in a large-
scale laboratory setting (i.e., OERF) and to apply the gained knowledge to real world
scenarios.

2. Quantify the formation of meanders (if any) and planform evolution of an initially straight
river.

3. Provide the framework to perform future experiments on the OERF to research bank

stabilization techniques.

The first hypothesis is that adding a sandbag perturbation to the experimental river will affect
the shear stress and velocity patterns compared to a straight river channel. It is also hypothesized
that the impact on these parameters will be observed at the outer bank as the perturbation increases
in size. To test these hypotheses and understand spatial variation between zones located upstream,
midstream and downstream of the perturbation, detailed ADV measurements will be taken at

different cross-sections and throughout different perturbation phases.
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The second hypothesis is that once the river reaches equilibrium there will be little
transportation of sediment in the straight river channel. Following the construction of the initial
perturbation, it is hypothesized that there will be increased erosion on the side opposite the sandbag
perturbation and this eroded sediment will be transported downstream. Finally, it is hypothesized
that the addition of a sandbag perturbation will cause geomorphological changes to the shape of
the river. To test these two hypotheses, drone footage will be taken between phases to assess if

any geomorphological changes occur.

4 Methods

4.1 Experimental design

This research was conducted at the Outdoor Experimental River Facility (OERF). The
OEREF is a 50-m-long by 20-m-wide floodplain that is built on a slope of 0.005 with a maximum
discharge capacity of the river being 0.75 m>®/s. Average flow depth for this maximum discharge
was 0.25 m, resulting in an average bed shear stress (equation 1) of 12.3 N/m?. The water is
pumped through the head basin, making its way into the experimental river after passing through
a sharp crested weir (Figure 4). At the downstream portion of the river a sluice gate controls flow
discharge into the downstream reservoir. As the OERF is a brand-new facility, initial experiments
and calculations were conducted during the period between May 2021 - November 2021, including
the creation of the river channel, with the experimental runs using an upstream perturbation starting

in May 2022.

4.1.1 Channel geometry

Migration of bars have been observed in channels where the width-to-depth ratio is large
enough for the promotion of meander development (Leopold and Wolman, 1957). Therefore, a
width-to-depth ratio of 12 was chosen for the OERF to obtain a geometry that represents gravel-
bedded rivers and the associated floodplain (Leopold and Wolman, 1957). As river patterns change
depending on width, flow rate, slope, grain size and sediment supply, the goal of the OERF was to
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create a river that meandered instead of braided (Leopold and Wolman, 1957) and thus specific

geometry was calculated based on this goal.

To determine the channel geometry of a meandering river, the transport stage (TS), which
is the optimal minimum value needed for sediment transportation, was calculated based on the

sediment size of the OERF. This was calculated with the following formula (Bagnold, 1966):
785 = T*/ T critical (5)

where T#critical 1S the dimensionless critical shear stress (0.045) and 7*is the dimensionless shear

stress computed as:

=1/ (ps—p) gD (6)
where psis the sediment density (kg/m?), and D is the median diameter (Dso) value (in m).

An optimal transport stage greater than 1.2 (above low to moderate transportation) was
chosen in combination with the width to depth ratio (Bagnold, 1966; Ceccheto, 2018). For
simplification, the initial calculations were based on a rectangular channel which was converted
to a simple trapezoidal shape. The channel geometry was initially calculated at 75% of the
maximum discharge to ensure there was room for error in case there were miscalculations based

on the theoretical numbers.

The optimum depth of the river was calculated to be 0.25 m, with a width of 2.5 m at the
base and 3.7 m at the water height. The channel width was built at 0.1 m higher than calculated
with a value of 3.9 m to account for any errors from the discharge of the pumps. The bank angle
was built at 25.6° (or 2:1) (Figure 4) to ensure that there would not be immediate bank collapse
and that bank stability would be maintained. The channel was dug with an excavator and a mold
made from plywood was built to check the accuracy of the channel. It was determined that the

accuracy was within 0.025 m.
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Figure 4: (A) Facility; (B) Channel measurements. Image created by André Renault 2021-07-01 (Renault, 2021); (C) view of

river from downstream to upstream.

4.1.2 Channel sediment and sediment transport

The OERF is composed of sediments that include both sand and gravel. The sediment size
ranged from 0.08 mm (very fine sand) to 80 mm (fine cobble gravel). For sediment distribution a
Dso of 10 mm was modelled after Oak Creek from the Parker and Klingeman (1984) study and
corresponds to a gravelbed stream. Assuming a dimensionless critical shear stress of 0.045, the
critical shear stress to mobilize this grain size is 7.1 N/m?, so less than the slope-depth average
shear stress of 12.3 N/m?. The Dsa, where 84% of the particles are smaller than that value, was 34

mm (Figure 5).
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Figure 5: Grain size distribution curve for the OERF.

In order to estimate the rate of sediment transport the Wilcock and Crowe (2003) equation
was used. It is designed for mixed-size sediment (poorly sorted) rivers containing both sand and
gravel, which corresponds well to the grain size distribution at OERF (Figure 5). There i1s always
a large uncertainty with bedload equations, but it provides a rough estimate of the anticipated

amount of sediment transport. The Wilcock and Crowe (2003) equation is as follows:

Wix = f(T/Tn) (7)

Where 7 = bed shear stress, 7iis the reference shear stress of the size fraction i and Wi+ is the

dimensionless sediment transport rate of size fraction i defined by the following equation:

Wix = (s—1) g qiv (Fi u3) (®)

Where s = ratio of sediment to water density, q»= volumetric transport rate per unit width of size

I, F=proportion of size i on the bed surface and u”is the shear velocity.

The hiding function equation was added as follows:

Trif Trsso = (Diy Dss0)? 9)

18



where the value of the exponent b is derived from the reference shear stress for each size fraction

(Wilcock and Crowe, 2003):

b=0.67/1+exp(1.5—Di/Dsm) (10)

The equation provides a rough estimate of how much sediment transport is expected to occur in
the experimental river. A sediment recirculation system is currently being planned to ensure that

sediments deposited downstream can be recirculated upstream.

4.1.3 First river trials

The first trials of the river were started on low flow to flush out sediments loosened from
construction. The discharge was gradually increased until the full flow value of 0.72 m?/s to
understand more about the behaviour of the experimental river. After a large amount of the fine
sediments were washed away, sediment traps were placed mid-stream at 22.5 m (Figure 6). The
sediment bins were placed flush with the bottom of the river to collect sediments that were being
transported as bedload. The sediment traps consisted of a small wooden frame that was attached
to the riverbed with rebar and was used to prevent sediments from collapsing into the trap when
the bins are removed (Figure 6). A thin layer of mesh was placed on top of the bins to collect
smaller grain sizes (<2mm). Six bins were placed across the width of the river and were rotated
when they become full of sediments. Using these sediment traps, a greater understanding of what
size and volume of sediment transported was gained for future experiments (Figure 6). A final
experiment involving adding painted rocks to the river at approximately 3 kg per minute was
conducted to further understand sediment transport processes and determine the distance that
different sized sediments could travel. Additionally, some of the sediments were painted orange in
order to track the distance they travelled. This provided base information to assess if our initial
calculations on sediment transportation were correct and will help estimate the future amounts of

sediment that are needed to be added to the river.
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Figure 6: Sediment traps that added to the first trial of the rivers in June 2021 (located at 22.5 from upstream). Traps were

removed for the second set of experiments.

4.2 Flow dynamics linked to upstream perturbation

4.2.1 Upstream perturbation experiments

Starting in May 2022, the river was run to ensure that it was in equilibrium after being
turned off for the winter season. This included running the river at full discharge for the maximum
time (approximately 8 hours a day) at 0.72 m?/s, which results in an average velocity of
approximately 1.12 m/s based on a cross-sectional area of 0.8 m?. Pumps and equipment were

tested to ensure the river was ready for experiments by June.

There was no sediment recirculation system available at OERF at the time the experiments
were carried out (there should be one in place by 2024), which resulted in armouring of the bed.
Armouring occurs when the finer sediments are washed away and cause the riverbed to be
rearranged (Sieben, 1999; Pirkhoffer et al., 2021). It was seen that during the first trials the bed
surface exhibited the initial phases of armouring and was further armoured in subsequent trials

which limited the movement of sand.

Since the initial experiments resulted in only very minor morphological changes, it was
determined that a perturbation needed to be added to the river to try to force morphological
evolution towards a meandering pattern. The perturbation design was researched and created by

Basem Mahmoud, a PhD candidate at the Université de Sherbrooke (Civil Engineering). The goal

20



of the perturbations was to (1), cause morphological changes to the bed, (2) be based on theory
and literature, and (3) be repeatable (Mahmoud, 2022b). The design and MATLAB code was
based on previous work by Redolfi et al., (2020) and designed to be scaled to the OERF river. It
was modified by Mahmoud (2022b) to include multiple phases, and amplitudes of each Fourier

components (harmonics) as shown:
N(%,Y) = Linmo TrzolAnml cos (522) cos (B4 ) (11)

where 77 is bed elevation, x is the longitudinal coordinate, y is the transverse coordinate, Anm and
¢nm are the amplitude and phase of each Fourier components (harmonics), n and m are the
longitudinal and transverse modes of the harmonic component, W is the channel width, L is the
bar wavelength (Mahmoud, 2022b). From an original straight channel (phase 0), three upstream
bar and pool designs were defined using this equation, namely phase 1, phase 2 and phase 3 (Figure

7).
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Figure 7: Design specification for the three phases of bar and pool design. Phase 1 (4); phase 2 (B), phase 3 (C). From
Mahmoud (2022b).

The initial channel (phase 0) was built in 2021 and re-evaluated starting on May 18, 2022.
Phase 1 was built on July 28, 2022, followed by phase 2 (built on August 5, 2022) and phase 3
(built on August 22, 2022). Figure 8 illustrates the differences in size between the small (phase 1),
medium (phase 2) and large (phase 3) perturbations. For all phases, the perturbations were shaped
by filling sandbags with sediments less than 10 mm, although the sandbags were mostly composed
of sand. The length and width of the perturbation remained the same between phases with only the
height increasing from phase 1 to phase 3. The sandbag perturbation started 4 m from the rock

weir and ended 13.5 m from the rock weir, for a total length of 4 m. The perturbation was a half
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tear dropped shape, so the width varied with the widest point reaching half the width of the channel.
For each stage an equal sized pool was dug out on the opposite bank. In theory, by creating both
the incipient bar and the incipient pool there would be a vorticity imposed on the flow which
should drive bank erosion and channel evolution (Schwartz et al., 2015; Tokyay & Sinha, 2020).
The conveyance area of the river was kept approximately constant to reduce the amount of

constriction occurring and reduce the water surface slope upstream.

An incremental approach was followed for the construction of the perturbation. This
allowed us to determine if any morphological changes occurred at earlier phases, as well as the
duration that these changes occurred for. Phase 0 was run throughout the summer of 2021 and
rerun in 2022 for 50.4 hours to ensure armouring of the bed occurred. Phase 1 was run for 15.0
hours, phase 2 was run for 27.8 hours, and phase 3 for 204.8 hours. Phase 3 did not armour before
the end of the experimental period and changes were still occurring at the end of the experiment.
All phases were documented to determine the response of the river to the different perturbation

sizes, including ADV measurements and drone footage, which will be discussed below.

DR

Figure 8: Birds eye view (A) and cross-sectional (B) an of upstream perturbation of the three sizes of pools and bars. From

Mahmoud (2022a).

4.2.2 Velocity measurements and shear stress estimates

Following the implementation of each phase, 3D velocity measurements were collected
with an ADV near the bank to estimate shear stress and velocity with a variety of methods
(Babaeyan-Koopaei et al., 2002, Biron et al., 2004). A 4-m ladder was placed across the river with
a retrofitted mount that allowed the ADV to move horizontally across the river, and vertically

towards the riverbed (Figure 9a). As it was difficult to measure the precise distance from upstream
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due to the rock weir, distance measurements were (unconventionally) stated from the downstream
weir. For phase 0, three cross-sections were arbitrarily chosen based on the planned location of the
phase 1 perturbation. These cross-sections were measured at 41 m (upstream of the perturbation,
hereafter called UPP), 37 m (lower perturbation, LOWP) and 32 m (downstream of the
perturbation, DOWN) (Figure 9b). Following the construction of phase 1, it was determined based
on visual observations of the river flow that a fourth cross-section at 39 m (in the middle of the

perturbation, hereafter called MIDP) should be added (Figure 9b).

Figure 9: A) Ladder and ADV mount used to measure the ADV data points, and b) Diagram showing where the four cross-

sections, 41 m (upstream of the perturbation, UPP), 39 m (upper perturbation, MIDP), 37 m (lower perturbation, LOWP), & 32

m (downstream of the perturbation, DOWN) were measured. Flow direction is from right to left.
As was mentioned earlier, few studies have taken detailed shear stress measurements close
to mobile banks. In order to gather ADV measurements in close enough proximity to the bed and
bank to estimate shear stress and to provide comprehensive data on flow dynamics in these zones,

a grid was developed (Figure 10). Throughout the phases, the grid's design was slightly modified

to add points where needed.

The ADV data points were sampled on the same grid for each cross-section. The rows were

positioned at 2.5 cm, 5.0 cm, 7.5 cm, 10 cm, 15 cm, and 20 cm above the bed for the near-bank
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shear stress. For each row, the ADV data points were measured at 2.5 cm, 5.0 cm, 7.5 cm, 10 cm,
15 cm, and 20 cm from the bank. Three columns were measured for bed shear stress at distances
of 100 cm, 140 cm, and 180 cm from the banks. At each column ADV data points were measured
at 2.5 cm, 4.0 cm, 6.0 cm, 10 cm and 15 cm from the bed (Figure 10).
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Figure 10: Grid for ADV measurements. Note: They 7.5 cm and 20.0 cm were not taken for all cross-sections. Image produced
by André Renault 2023 (Renault, 2023). Dimensions are in cm. Image is to scale.

The ADV data points were recorded at 50 Hz for a duration of 120s. The velocity sensitivity
range was determined based on observed measurements. In general, near-bank measurements
were taken at + 1.0 m s™!, and then increased to 2.5 m s™! approximately 10 cm from the banks.
Occasionally when there was significant spiking the sensitivity range was increased to £4.0 m s,
although these points were mostly removed during post processing. In order to reduce the potential
of morphological changes affecting the ADV measurements, it was attempted to measure the four
cross-sections in the least amount of time possible. However, it was only possible to measure a
maximum of two cross-sections per day, and only one cross-section per day for phase 3 due to
limited resources. Therefore, the ADV measurements of each phase were collected after the river

ran for the same amount of time in order to provide a direct cross-section comparison.
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During the summer of 2022, chara algae were found in the downstream reservoirs and a
large amount of filamentous algae were found in the upstream basin during sampling (Figure 11).
As the chara algae was affixed to the reservoir bottoms, it had no effect on the measurements. The
filamentous algae, however, had a large negative influence on the tests at the OERF since it soon
overflowed the sediment traps and wrapped around the ADV while measurements were being
taken. To decrease the impact of the algae on the measurements, a fence with a fine mesh (1 cm x
1 cm) was constructed upstream of the river to allow water to still move through the system but
reduce the algae that entered the river. The fence was built far enough away from the entrance of
the river to ensure that flow velocity was not impacted, which was confirmed with pre- and post-
velocity measurements. The screen greatly reduced the amount of filamentous algae in the
sampling part of the river, however it was unable to completely eliminate it. Therefore, the ADV

was washed off in between measurements to remove any algae that got caught.

Fr

Figure 11: A) Filamentous algae wrapped around the pressure transducers; B) Chara and filamentous algae upstream of the

river; and C) Large quantity of filamentous algae upstream of the river.
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4.2.3 ADV data processing

To reduce any initial noise, the ADV data was processed with WinADV which uses a de-
spiking filter to remove some noise (Bureau of Reclamation's Water Resources Research
Laboratory, 1996). The data was then thoroughly examined to eliminate any suspicious data, such
as velocity measurements larger than 180 cm/s, which was far above the average data range and
far outside the range of the other data points. Investigation into these revealed issues with missing
w or v velocity components, and these data points were removed. Additionally, time series of each
ADYV point was scrutinised to check for any anomalies, specifically for data points with velocity
ranges outside of the typical range. Heat maps were also created to look at the overall pattern of
data and investigate any extreme outliers. Lastly, power spectra for each of the remaining data
points were examined in MATLAB to look for any suspicious time series and eliminate points if
they showed a flat power spectra, low correlation, or very high variance across the three velocity
components. It should be noted that earlier research has shown that consistent average velocities
can still be achieved even when correlation values are as low as 40 % (Martin et al., 2002). This
is provided that the sampling length of time is long enough to take an average of more than 60
seconds. For the ADV measurements at the OERF, a sampling interval of 120 seconds was
employed, and thus if all other tests and variables were successful, ADV data points with
correlation values above 60 % were often kept. If all other variables were excellent, data points
with correlation values between 50 % and 60 % were also kept; otherwise, if the other variables

were bad, they were eliminated.

Most data points that were removed from the ADV analysis were located near the bed and
bank. To guarantee that the results adhered to a pre-set grid, the ADV was mounted on a stationary
pulley system. As a result, the placement of ADV data points could not be changed. This meant
that some data points were not collected in the most optimal places. This was particularly evident
at the near bed and bank locations, as there was more noise in the data due to the presence of large
rock when compared to data points taken further from the bed and the bank. The ADV results and,
consequently, the shear stress estimations may have been affected by turbulence around larger

particles.

Due to the presence of filamentous algae that frequently got caught on the ADV during

sampling, several measurements had to be repeated after cleaning off the algae. It is highly likely
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that some ADV measurements still had algae on the measuring equipment, affecting the quality of

the signal. This is one of the sources of error that is present in the data.

Following the elimination of problematic ADV samples, velocity patterns were examined
by comparing phases and cross-sections. The planar (UV) near-bank velocity vectors were
calculated for all four phases and cross-sections at a height of 15 cm above the bed. For each cross-
section, secondary flow (VW) vectors were also computed. Velocity magnitudes were interpolated

using spline (with tension) in GIS (ArcGIS).

Bed and bank shear stress was computed using the different methods. Equation 5 and 3
were used to compute TKE (at points within 0.1 of the flow height) and Reynolds shear stress
(based on the projection of the graph) for all midstream bed points. Shear stress was also estimated
using the quadratic law based on the drag coefficient (equation 4) and the log profile (equation 2).
The three midstream positions were than averaged together (100 cm, 140 cm and 180 cm). For
bank shear stress, as it is difficult to quantity what constitutes the ‘height of water’, the first four
points (within 10 cm of the banks) were used for the calculations. To calculate the logarithmic
profile for the ‘height of water’, the nearest distance to the banks were calculated using similar
triangles (2:1 angle) to best estimate the ‘perpendicular’ line to the banks. In addition, a series of
ADV data points that were actually perpendicular to the bank were taken to compare the results of
the grid ADV points to the perpendicular points. As the nearest distance and perpendicular line
gave significantly different shear stress values, and not normal log profiles, it was determined that
the log law varied too much to be used with confidence. Furthering this, since the near bank
measurements did not follow the logarithmic profile, it was difficult to calculate shear stress using

logarithmic curves and time averaged shear stress.

Finally, statistics were calculated to determine if any of the results were significant. As
both the bed and bank shear results were nonparametric and assumptions of normality and
homoscedasticity were not met, the Kruskal Wallace test was used to test significance. A further
multiple comparison Kruskal Wallace test was used to test for specific difference between phases

and cross-sections (Siegel and Castellan, 1988).
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4.3 Drone and visual observations

4.3.1 Visual observations

Visual observations were completed pre- and post- river run. These observations included
a walkthrough of the entire experimental river to note any changes that occurred. Manual
photographs and videos of the bed and bank were taken by camera and drone and compared at

every phase.

4.3.2 Digital Elevation Models and visually observed erosion

Drone footage using a DJI Mavic 2 Pro was taken at elevations of 30 m, 20 m, 15 m and
10 m to determine the best spatial resolution. Based on these initial tests, it was determined that
the drone would be flown at elevations of 30 m and 10 m as they gave the best results. Once the
water was drained at the end of each phase, drone footage was used to produce DEMs (Digital

Elevation Models) using SfM (Structure for Motion) software (Pix4D).

The drone was flown pre-, during and post-development of the bar phases to process any
planform changes that might occur. Unfortunately, due to equipment failure, phase 1 final, phase
2 pre-bar, and phase 2 final could not be photographed with the DJI Mavic 2 Pro, so a DJI Mavic
Mini drone was used instead. Although DEMs were still acquired, due to the lower resolution and
weight which caused shakiness of the DJI Mavic Mini, the post processed DEMs exhibited
increased noise compared to the flights flown with the DJI Mavic 2 Pro. It was also found that
flights that used two different drone models exhibited increased noise when difference models

were created.

A total station and DGPS were used to precisely measure the coordinates of the
permanent ground control points (GCPs), which were laid out in a zigzag pattern. Every time the
drone was flown, these GCPs were taken and calibrated with Pix4D to guarantee spatial accuracy.

The drone georeferencing was validated using a minimum of 6 and a maximum of 12GCPs.

Prior to processing the drone images, a manual review of the photos was performed to
remove any photos that were blurry and would affect the final DEM quality. When the upstream

water basin was included in the post-processing of the drone footage, there was a significant
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amount of noise, especially present when processing the images taken by the DJI Mavic Mini. In
order to reduce the amount of noise present, the DEM border was restricted to include only the
river and not the upstream or downstream basin. The structure of the OERF, however, made it
impossible to entirely remove all the water, and as a result, there was more noise at both ends of
the river. Due to the fact that these photos were frequently found at the grid's boundary, this had
no effect on the study area. In addition to accuracy, the smaller processing area allowed the DEMs

to be processed in a more time efficient manner.

DoD (DEMs of Differences) calculations were performed using ArcGIS to identify
any bathymetric changes in the river, including erosion and deposition. The DEMs solely depict
changes caused naturally by the river as modifications brought about by human intervention, such
as building the bar and digging the pool, were removed from the DEMs. As there is noise present
in the DEMs, only changes greater than 2.5 cm were analyzed. To illustrate the changes that
occurred in the bed and banks during the different phases, cross-sections were extracted from the

DEMs in GIS.

5 ADYV results

5.1 Velocity

5.1.1 Near-bank velocity measurements

Near-bank average velocities (within 0.25 m of the right bank) are presented first in Figure
12. Table 1 shows the near bank spatially averaged water velocities. In phase 0, no difference in
near-bank velocity was expected between cross-sections. However, the mean velocity at LOWP
cross-section was faster than at the two other cross-sections, although not statistically significant

(p>0.05) (Table 1, Figure 12).

The highest mean velocity (0.91 m/s) was measured in phase 3 at the LOWP cross-section.
This was significantly different (p<0.05) as it was more than twice as fast as the velocity measured
at UPP (0.43 m/s), indicating an acceleration of the flow as it is constricted by the perturbation.

There was also a significant difference in phase 3 between cross-section LOWP which had a higher
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velocity and DOWN which had a lower velocity (p<0.05). For the other phases (smaller or absent
perturbations), there were no significant differences in mean velocity (p>0.05) between cross-
sections with the exception of phase 2 between UPP (lower velocity) and MIDP (p<0.05) which
was mostly likely due to deeper water caused by the backwater effect. The water surface levels

were measured and verified with the total station, confirming the increase in depth.

Phase 1 exhibited only small differences (0.08 m/s) in mean velocity between the MIDP
(0.71 m/s) and UPP cross-sections (0.63 m/s) and no statistical difference (p>0.05). Spatially, the
average velocities were similar between the four cross sections. When compared to phase 0, phase

1 shows an overall increase in velocity although no significance in noted (p>0.05).

For a given cross-sections located upstream of the perturbation (UPP), there was a marked
significant decrease (p<0.05) between phase 2 (0.70 m/s) and phase 3 (0.43 m/s) which may be
attributed to the increase in water depth due to the backwater effect. The second largest difference
(0.22 m/s) in mean velocities was at LOWP between phase 3 (0.91 m/s) and phase 0 and 1 (0.69
m/s) although not significant (p>0.05). Downstream of the perturbation (DOWN), velocity was
also unexpectedly reduced between phase 2 (0.70 m/s) and phase 3 (0.52 m/s) but was also not
significant (p>0.05). Although this was unexpected, drone video of the river shows the flow
moving away from the right bank (following the perturbation) and this might have contributed to

local velocity decreases.
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Table 1: Average velocities of the near bank locations categorized by the four phases and four cross-sections.

Phase Cross Mean Min Max Standard N
-section Velocity Velocity Velocity Deviation
(m/s) (m/s) (m/s) (m/s)
0 DOWN 0.54 0.41 0.75 0.11 15
0 LOWP 0.69 0.51 0.87 0.12 14
0 UPP 0.57 0.14 0.93 0.22 14
1 DOWN 0.65 0.35 0.85 0.16 22
1 LOWP 0.69 0.32 1.04 0.18 26
1 MIDP 0.71 0.41 1.02 0.17 19
1 UPP 0.63 0.35 0.90 0.18 18
2 DOWN 0.70 0.37 1.00 0.17 25
2 LOWP 0.72 0.08 1.07 0.25 30
2 MIDP 0.56 0.08 1.00 0.26 24
2 UPP 0.70 0.35 0.97 0.16 32
3 DOWN 0.52 0.18 1.00 0.26 22
3 LOWP 0.91 0.49 1.21 0.21 19
3 MIDP 0.63 0.31 0.94 0.20 19
3 UPP 0.43 0.14 0.82 0.18 25
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Figure 12: Average velocity (m/s) of the near bank measurements shown by phase and sub-divided by cross-section. Vertical

bars represent standard deviations. An * represents if one cross-section has a signifigant difference from the other cross-sections

of a given phase. In phase 3 LOWP had a significant difference from the other cross-sections with the exception of MIDP where

there was no statistical difference.
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When viewing individual data measurements, LOWP had the highest mean velocity in
phase 3 for every height above the bed (Figure 13). This pattern is repeated in phase 2, but only
for the two highest heights above the bed (for 0.10 and 0.15 cm). In phase 3, there is a larger
difference in velocity between the points closer to the bank and those further away. This difference
between near-bank velocities gradually decreases in phase 2 (for elevations below 0.10 m above
the bed) and becomes even less pronounced in phase 1. Phase 0 shows the smallest difference in

near-bank velocities.
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Figure 13: Average velocity for bank velocity measurements at different heights above the bed and different distances from the

banks for phase 0, 1, 2 and 3 for the different surveyed cross-sections.
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5.1.2 Midstream bed velocity measurements

The spatially average velocities measured in the centre of the channel (at 1.0, 1.4 and 1.8
m from the right bank) are shown in Table 2. The cross-section LOWP, which was where the
perturbation was widest, was systematically faster than the other cross-sections, for all phases
(Figure 14). For both phase 2 and 3 the cross-section LOWP was significantly faster than the UPP
cross-section (p<0.05). There is a general trend of increasing velocity from phase 1 to phase 3 for
each cross-section although it is not statistically significant (p>0.05). The highest mean velocity
(1.40 m/s) was in phase 3 at LOWP (Figure 14) whereas the lowest mean velocity (0.95 m/s) was
observed in phase 2 at cross-section UPP. The maximum velocity (1.76 m/s) was measured at the

LOWP cross-section 37 in phase 3 (Table 2).

The largest difference between cross-section velocities occurred between the slower UPP
and faster LOWP (Figure 14). In phase 1, this difference was less (0.24 m/s) but all three phases
follow the same trend of a progressive acceleration of the flow from upstream of the perturbation
(UPP) to the middle (MIDP) and lower perturbation (LOWP). Finally, in phase 0, where no
significant differences between cross-sections are expected, the downstream cross-section
(DOWN) was slightly slower from cross-section LOWP (p>0.05). The increase in velocity for the
midstream positions from phase 1 to 3 was in the range of 0.25 m/s for all cross-sections (Table

2).
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Table 2: Average velocities of the midstream near bed locations categorized by the four phases and four cross-sections.

Phase Cross Mean Min Max Standard N
-section Velocity Velocity Velocity Deviation
(m/s) (m/s) (m/s) (m/s)
0 DOWN 1.04 0.85 1.24 0.14 12
0 LOWP 1.17 0.98 1.41 0.14 12
0 UPP 1.17 1.03 1.32 0.10 7
1 DOWN 1.13 0.87 1.50 0.19 16
1 LOWP 1.20 0.87 1.50 0.19 14
1 MIDP 1.06 0.70 1.33 0.22 13
1 UPP 0.96 0.68 1.25 0.18 13
2 DOWN 1.15 0.66 1.67 0.29 15
2 LOWP 1.31 0.97 1.56 0.17 14
2 MIDP 1.16 0.86 1.44 0.17 16
2 UPP 0.95 0.73 1.18 0.14 15
3 DOWN 1.30 1.05 1.67 0.22 13
3 LOWP 1.40 1.01 1.76 0.23 21
3 MIDP 1.30 0.96 1.58 0.17 21
3 UPP 1.06 0.74 1.42 0.21 18
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Figure 14: Average velocity (m/s) of the near bed midstream measurements shown by phase and sub-divided by cross-section.

Vertical bars represent standard deviations.
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More trends can be observed when individual velocity profiles measurements are

investigated (Figure 15). As expected, there are no marked differences between the three

midstream positions. Most profiles exhibit a logarithmic increase in velocity with height above

the bed.
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Figure 15: Average velocity for bed velocity measurements at different heights above the bed and different distances from the

banks (midstream) for phase 0,1,2 and 3 for the different surveyed cross-sections.
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5.1.3 Near-bank velocity vectors

5.1.3.1 Planar velocity vectors

Overall, the presence of a perturbation had only a minor effect on the flow vectors, with
the planform angle around 1 to 8 degrees directed towards the right bank at the LOWP cross-
section from phase 1 (Figure 16). In phase 2, and even more so in phase 3, the planform angle
becomes more pronounced towards the right bank when compared to the previous phase. The
vectors of phase 3 are 4 to 12 degrees angled towards the right bank at the LOWP cross-section.
The highest flow deflection is noted at the MIDP cross-section for phase 3, with angles of 15-30
degrees towards the right bank, specifically seen at the close to bank points (Figure 16).
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Figure 16: Velocity vectors showing direction and magnitude of the water velocities for the four phases at 15 cm above the bed.
The yellow highlighted area (see bottom right-hand map) shows the sampling distance from the right bank.
Drone footage from phase 3 revealed that the surface water flow pattern began to shift
towards the right bank. When the water encountered the perturbation, it was diverted from largely
straight flow towards the right bank, as was also seen in the results shown by the planform velocity

vectors. Following the perturbation, the water is seen directed from the right bank towards to the
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left bank, indicating that the addition of the perturbation caused the flow to become slightly
sinuous. The supplementary videos “OEREF river flow upstream” and “OERF birds eye view” both

showcase the water surface patterns.

Videos of the river flow patterns can be found at the following link:
https://drive.google.com/drive/folders/IM8AyFKrNzIEJITS-M-
mkGQZKwO0BJ8pmZ?usp=sharing

5.1.3.2 Near-bank secondary velocity vectors

The near-bank secondary flow vectors (VW) are presented on top of interpolated maps of
the velocity magnitude in Figure 17. The maximum lateral velocity was 0.21 m/s for phase 2, and

the average lateral velocity of all phases was 0.071 m/s.

In phase 0, very limited secondary flow is expected since the channel is straight. The mean
lateral and vertical velocity for this phase are 0.07 m/s and 0.03 m/s, respectively, indicating that
there was nevertheless some cross-stream circulation near the bank. For phase 1, the overall pattern
is oriented towards the left bank. However, at the LOWP cross section, flow higher up in the water
column is oriented towards the right bank, with near-bed flow towards the left bank, indicating a
possible spiral motion. In phases 2 and 3, the orientation of VW vectors is highly variable, but is
predominantly oriented towards the right bank for cross-sections UPP, MIDP and LOWP (Figure
17). Overall, the vectors show no evidence of secondary flow currents, which could be due to the
fact that the sampled region only encompasses a very small portion of the cross-sectional area, as

well as no meander formation occurred.
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Figure 17: Cross-sectional (VW) vectors superimposed on interpolated velocity magnitude for each phase and each sampled

cross-section. An example of the sampled area in each phase is provided for one of the cross-sections at the top.
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5.2 Shear stress

5.2.1 Bank shear stress measurements

The bank shear stress measurements are shown in Table 3. Bank shear stress estimated
using the log method (horizontal ‘perpendicular’ near bed measurements) were systematically
larger, than for the other methods (Figure 18). However, the log method was only significantly
different (p<0.05) from the quadratic and Reynolds method but did not show significant
differences from the TKE method (p>0.05). The TKE method was also significantly different than
the quadratic and Reynolds shear stress (p<0.05). Between the individual phases and individual
cross-sections there were no significant differences (p>0.05). Since, as highlighted in Figure 13,
velocity increased the most with distance from the bank in phase 3, it is not surprising that the
highest log shear stress measurement (28.3 N/m?) was found for this phase, at cross-section
LOWP. The highest log shear stress value was also observed at LOWP cross-section in phase 2
(23.9 N/m?). With the TKE method, the highest shear stress values were always observed at cross-
sections MIDP and LOWP. Larger Reynolds shear stress values were also observed at LOWP and
MIDP, but in the range of 6.0 N/m? for phase 2 and 3 (thus lower than with the TKE method).
There are not marked differences in Reynolds shear stress between phase 0 and phase 1 for these
two cross-sections. Similar shear stress values were obtained for all phases using the quadratic
method. It should be noted that the logarithmic curve did not follow the logarithmic profile, and

so it was difficult to calculate shear stress using the log and Reynolds methods.
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Table 3: Shear stress values for the near bank measurements of the four phases and four cross-sections estimated with different

methods.
Phase Cross Log method Quadratic Reynolds TKE
-section N/m? N/m? N/m? N/m?

0 DOWN 12.8 2.1 3.7 5.7
0 LOWP 9.1 34 3.9 54
0 UPP 20.3 2.6 3.8 7.1
1 DOWN 6.8 3.1 3.0 5.7
1 LOWP 9.7 3.6 3.7 7.0
1 MIDP 10.4 3.7 3.6 9.0
1 UPP 13.1 3.0 2.9 6.9
2 DOWN 16.1 3.6 3.8 6.9
2 LOWP 239 4.0 4.9 8.2
2 MIDP 12.1 2.2 6.4 8.6
2 UPP 6.8 3.6 4.3 6.9
3 DOWN 222 23 3.9 5.7
3 LOWP 28.3 5.2 6.8 8.1
3 MIDP 223 2.9 5.6 8.2
3 UPP 14.0 1.5 3.8 5.1
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Figure 18: Average shear stress for near bank measurements shown by phase estimated with different methods. Vertical bars

represent standard deviations.
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There is no obvious way to determine the optimal distance from the bank to estimate bank
shear stress using the TKE method. Figure 19 presents individual TKE shear stress estimates for
various heights above the bed and from the banks. The shear stress of the UPP cross-section
sometimes decreases as the distance from the banks increases, which is expected, but
unexpectedly, there are some opposite patterns visible. Overall, it is difficult to identify a clear
pattern and determine at what distance from the bank velocity measurements should be taken to

obtain reliable bank shear stress estimates.
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Figure 1919: TKE shear stress for bank velocity measurements at different heights above the bed and different distances from

banks for phase 0, 1, 2 and 3 for the different surveyed cross-sections.
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5.2.2 Midstream bed shear stress measurements

The midstream bed shear stress measurements are shown in Table 4, with average values
per phase presented in Figure 20. There were significant differences between the methods,
including between the log method and both the quadratic and Reynolds methods (p<0.05), as well
as the TKE method and the Reynolds method (p<0.05). There were, however, no significant
differences between the individual phases and individual cross-sections (p>0.05). For the log
method, there are small differences between phases and between cross-sections which may be due
to the presence of an obstacle. The log bed shear stress for phase 0 is on average 12.5 N/m?, which
is very similar to the slope-depth average bed shear stress of 12.3 N/m? (equation 1). The other
methods which give markedly lower values of bed shear stress for phase 0 (an average of 6.9 N/m?
for TKE and only 0.9 N/m? for Reynolds), may indicate some limitations in the ADV turbulence
measurements. The highest shear stress was measured in phase 1 at cross-section UPP (23.4 N/m?).
With TKE, the highest mean shear stress (10.1 N/m2) was in phase 2 at the DOWN cross-section.
For Reynold’s shear stress the highest shear stress (5.0 N/m?) was in phase 3 at the LOWP cross-

section.

Table 4: Shear stress estimates for the midstream near bed measurements of the four phases and four cross-sections estimated
with different methods.

Phase Cross Log Quadratic Reynolds TKE

-section N/m? N/m? N/m? N/m?

0 DOWN 14.9 3.8 1.6 6.7
0 LOWP 10.1 4.2 2.3 7.1
0 UPP 12.5 4.1 1.0 7.0
1 DOWN 10.8 4.4 4.4 9.1
1 LOWP 17.3 4.8 2.9 5.7
1 MIDP 13.6 4.2 2.3 9.2
1 UPP 23.4 3.8 3.6 6.5
2 DOWN 2.5 4.7 2.0 10.1
2 LOWP 15.3 4.8 1.8 4.1
2 MIDP 6.2 42 35 5.8
2 UPP 14.3 3.6 3.2 7.2
3 DOWN 11.1 5.1 3.1 9.9
3 LOWP 6.2 5.0 5.0 6.7
3 MIDP 22.3 4.6 1.9 5.9
3 UPP 14.0 4.3 4.2 6.7
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Figure 20: Shear stress for near bed measurements shown by phase and sub-divided by cross- section estimated with different

methods. Vertical bars represent standard deviations.

6 Drones and visual observation results

The DEMs created from drone imagery with SfM reveal that relatively minor changes have
occurred with each phase (Figure 21). As expected, phase 3 was more dynamic than the previous
phases, with signs of erosion and deposition (Figures 21c). The upper part of the bank exhibits a
vertical edge (top 0.05 m) that was eroded (Figure 22a and b). Downstream of the perturbation,

these vertical edges continued for another 2 m before gradually decreasing (Figure 22a and b).

Erosional lines were observed on the left bank upstream of the disturbance, where there
was a clear thin line of erosion at the waterline (3-5 m upstream of the MIDP cross-section) (Figure
22¢). On the left bank downstream of the perturbation, there was a buildup of fine sediments
starting in phase 2 (Figure 21c and 22d). This area corresponds to much slower velocity and
recirculation flow, as noted in drone video footages. Although not as marked as upstream, the
water began to cut into the left bank again midstream (22.5 m) (Figure 22¢).
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In phase 1, erosion was minor across the perturbation on the right bank, ranging from
0.025 to 0.05 m (Figure 21a). Throughout the river there was a minor amount of deposition (2.5 to
5.0 cm). In the center of the river downstream from the perturbation, deposition ranging between
0.025 and 0.075 m was noted in an area of roughly 3 m? (Figure 21a). Further downstream, where
sediment traps once stood (22.5 m), approximately 0.025 to 0.05 m of deposition occurred over an

area of 0.5 m?.

In phase 2, between 0.025 and 0.075 m of erosion occurred on the right bank across
from the perturbation. A small area (0.94 m?) with erosion ranging between 0.05 and 0.075 m took
place on the right bank; it began at the end of the perturbation and lasted for the following 2 m (37
to 35 metre mark). The erosion on the right bank continued downstream of the perturbation, (from
the 34 to 22 metre mark), although to a lesser degree. Between 35 and 31 m, a small amount of

erosion (0.025 to 0.05 m; around 1.2 m?) occurred in the centre of the river (Figure 21b).

For phase 3, on the right bank across from the perturbation, erosion ranged between
0.025 and 0.05 m (Figure 21c). The erosion continued diagonally across the river channel, covering
an area of approximately 0.68 m?. Adjacent to the perturbation, there was a midstream deposit of
an area of 0.76 m? with an elevation change of 0.025 to 0.075 m. Directly beside the perturbation
was a noticeably scour area, with the greatest scour occurring at the lower end of the perturbation.
Further downstream, along the left bank between 31 and 22.5 m there was a narrow line of erosion
(0.025 to 0.075 m). Where the sediment trap was initially situated (22.5 metre mark), there was a
limited amount of deposition (0.025 to 0.075 m; 0.35 m?).
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Distance upstream

Change in elevation (m)
B +0.101 - +0.125
B +0.076 - +0.100
[ +0.051 - +0.075
+0.026 - +0.050
~ -0.025 - +0.025 (No Change)
B -0.026 - -0.050
B -0.051 - -0.075
I -0.076 - -0.100
I -0.101 - -0.125

Figure 21: DEM showing the differences in elevation difference before and after for the three phases with perturbation A)
difference between phase 1 and phase 0; B) difference between phase 2 and phase 1; C) difference between phase 3 and phase 2.
Modifications brought about by human intervention, such as building the bar and digging the pool, were removed from the

DEMs.
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Figure 22: Photograph of the drained river after phase 3. A) upper right bank opposite the perturbation showing visible erosion,
B) lower right bank opposite the perturbation showing visible erosion, C) the left riverbank just above the perturbation, and D)
the lefi riverbank just below the perturbation, while E) the midstream left bank (22.5 m), and f) the entire right bank shown from

upstream. G) Map represents locations photographs were taken.
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6.1 Cross-sectional analysis

Cross-sections extracted from the DEMs (phases 0 to 3) reveal that although there was
erosion and deposition, it was minimal in areas without the perturbation (Figure 23). Limited
erosion is observed for cross sections, UPP, which is above the perturbation, and DOWN, which
is further downstream of the perturbation (Figure 23a and d). The cross-sections at the
perturbation, MIDP and LOWP, exhibit more erosion on the right bank (Figure 23b, c, e, and f).
The right banks show a continuous amount of erosion occurring between the four phases. This is

unlike UPP and DOWN, which only show a small amount of erosion between phases.
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Figure 23: Cross-sections taken from the DEMs A) UPP B) MIDP C) LOWP D) DOWN E) Zoomed in on MIDP right bank and

F) Zoomed in on LOWP right bank.
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7 Discussion

7.1 Quantifying flow dynamics

There was no meander formation and limited planform evolution changes at the OERF
following the addition of an upstream disturbance. There was, however, changes in erosion and
deposition patterns as the perturbation sizes increased. The most complex changes to the river were
observed in phase 3 (largest perturbation). Phases 1 and 2 saw rapid armouring of the river, where
initial erosion and deposition were detected but stopped as the river became armoured. Phase 3 did
not armour right away and experienced erosion and deposition for a longer period of time than
phase 1 and 2. Phase 3 eventually grew more armoured (although it did not completely armour in
the course of the experiments) and therefore only a small amount of erosion continued, albeit at a
considerably slower rate as the river become increasingly armoured. Key findings about the

geomorphological developments that took place at the experimental river will be discussed below.

7.1.1 Velocity and bank shear stress

In meandering rivers, the highest velocities are observed closer to the inner bend (at the
beginning of the meander) with a gradual shift towards the outer bend as the meander progresses
downstream (Blanckaert et al., 2012; Pradham et al., 2018,). In a straight river such as at the OERF,
the highest velocities are observed in the centre of the channel (Pradham et al., 2018). These
expected velocities were similar to the results observed at the OERF with the highest velocity
occurring in the centre of the channel. Pradham et al. (2018) found that the narrower cross-
sectional area of meanders increases the velocity and drives more water through a smaller area.
The results seen at the OERF generally support this, which was specifically evident in phase 3, at

the lower perturbation where there was an increase in local velocity compared to the other phases.

From velocity, shear stress is also a key parameter to understand planform evolution. The
expectation in this study was that shear stress near the right bank would increase following the
addition of the upstream perturbation and would exhibit more spatial variability than for the phase
0 (straight) channel. Indeed, shear stress has been shown to vary depending on the location in a

meandering stream (Lin et al., 2021). Higher bank shear stresses are generally found near the outer
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curve of a river meander (Stoesser et al., 2010). However, even though the OERF experienced
erosion and deposition and some planform evolution, it is still classified as a straight river channel
as no sinuosity developed and therefore, the theoretical expected meander shear stress values were

not observed.

Eventually, it would be anticipated that if a meander formed at the OERF, the area just
downstream of the apex of the bend would experience the largest shear stress on the banks
(Stoesser et al., 2010). If the OERF had shown meandering, this would be expected to occur
somewhere between the 36 and 39 m mark, just at the end of the perturbation. However, it is
challenging to draw any firm conclusions about shear stress readings since the patterns between
the four shear stress measuring techniques vary. There is relatively little difference in the shear
stress across phases, with the exception of log shear stress which is the only approach that results
in estimates substantially larger than the critical shear stress of 7.1 N/m? (based on Dsy=10mm
from the initial river). Since very little bank erosion was noted in the DEM analysis, it would
appear as though the log method overestimates bank shear stress. TKE measurements are closer to
the critical shear stress measurement with only a few values reaching or coming close to 7.1 N/m?.
Initially, there was movement on the bed and banks as shear stress values were close to the critical
shear stress. However, as the river armoured, the Dso increased from 10 to 23 mm, and thus critical
shear stress increased to a value of 16.4 N/m?. Consequently, the movement on the bed decreased

as the river became more armoured.

Previous studies have found similar difficulty in appropriately measuring and quantifying
bank shear stress. The impact of spatial and temporal distribution on near bank shear stress and
the subsequent bank erosion is poorly understood (Kozarek et al., 2023). In fact, research on
calculating bed shear stress is far more advanced than current research on bank shear stress. Using
the logarithmic profile with time-averaged velocities to determine bank shear stress near banks,
for example, has proven tricky since sloped banks do not follow a logarithmic curve (Hopkinson
and Wynn-Thompson, 2016; Kozarek et al., 2023). These findings are comparable to those
obtained at the OERF, where the flow field along the banks did not follow a logarithmic profile.
Kozarek et al. (2023), when comparing different shear stress estimates on sloped banks at the
Outdoor StreamLab (St Anthony Falls Laboratory, University of Minnesota), found no consistent

relationship between near bank shear stress calculations and individual turbulent flow statistics. In
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addition, there was significant variation between shear stress estimates, a conclusion that was also
observed at the OERF. Due to the three-dimensional flow structure generated by the sloped banks,
they observed great variability when utilizing turbulent characteristics to predict near bank shear
stress in both meandering and straight sections of their experimental channel (Kozarek et al.,
2023). Combined with our findings at the OERF, it is clear that quantifying bank shear stress still

requires additional research.

7.1.2 Artificial perturbations and meandering rivers

Lewin (1976) investigated an artificially straightened gravel-bed channel with a trapezoidal
cross-sectional shape and found that the river channel was only active during high-flow events
which enhanced bank erosion. The meander platforms that were created at regularly spaced
intervals were mainly a result of secondary flow motions. Following the formation of a sinuous
channel, flow patterns became less dependent on the original meander formations, and lateral
accretion was observed as a result rather than a precursor to the erosion (Lewin, 1976). This is in
contrast to the OERF that did not experience high-flow events as the river maintained a constant

flow.

Planform meandering is closely tied to the development of bars and pools, which can be
understood as a resonance phenomenon. Blondeaux and Seminara (1985) performed a linear
stability analysis of flow in straight erodible channels and found that the wavelength of the
instability that leads to alternate bar formation is similar in size to the wavelength at which bends
tend to amplify. Their analysis showed that at resonant conditions, curvature of flow in sinuous
channels reinforces perturbations of the alternate bar type. They concluded that if bend
amplification is allowed to develop, the transient process that begins with an initially straight
configuration perturbed by the existence of alternate bars will eventually reach steady state
(Blondeaux and Seminara, 1985).

Few studies have looked at the flow dynamic effects of adding a perturbation to a straight
river channel. Numerical and physical modelling have shown that the development of chute cutoffs
eventually has a substantial impact on the formation of meanders (Braudrick et al., 2009; van Dijk
et al., 2013; Weisscher et al., 2019). According to Weisscher et al. (2019), only the first bend of
meander development was impacted by the initial inflow perturbation. This might be because the

perturbations become dampened as they moved downstream (Zolezzi and Seminara, 2001).
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The numerical model of Schuurman et al. (2016) showed that bends and alternate bars were
necessary for the downstream propagation of a perturbation in order for sustained meander
formation. They also found that grain size, channel curvature perturbation, and width-to-depth
ratio were crucial to create high sinuosity meandering. Their numerical model supports the view
that maximum velocities occur at channel inflection points rather than at bend apexes (Schuurman
et al., 2016). These previous numerical and physical models illustrate, along with the OERF

findings, that meander creation is still a challenging issue to study, particularly at larger scales.

7.1.3 ADV sampling limitations

Although ADVs are intended to study turbulent flow, if there is too much turbulence,
problems of low correlation can occur. While this does not necessarily result in bad data, it can
increase the noise and quality of the ADV data (Doroudian et al., 2010; Martin et al., 2012; Wahl
et al., 2012). Random spikes and Doppler noise affect the precision of the ADV and the accuracy
of the measured data (Doroudian et al., 2010). Measurements close to the bed are especially
challenging to quantify as there is often large spatial average differences due to the non uniformity

(Doroudian et al., 2010).

Several ADV points needed to be removed from the analysis in this study. One possible
explanation of the decreased quality in the measured ADV data of the OERF was the high
roughness on the bed, which led to increased turbulence (Engel and Rhoads, 2017). Although there
have been successful cases of ADV used in higher roughness environments (Biron et al., 1998),
the OERF locations where measurements were taken may have impacted the quality of results. In
phase 0, when the ADV ladder positions were selected, an effort was made to position the ladder
where upstream disturbances, such as jutting rocks, would have the least impact. As the sediments
of the OERF are naturally sorted there is a considerable variation across the riverbed, as is typical
of a gravel-bedded river. The bed topography therefore varied along the cross-sections, and some
ADV measurements were measured in less desirable locations, due to interactions with protruding
rocks. Although this reduced bias, the result quality may have been nevertheless affected.
Additionally, as the river evolved, erosion on the right bank led to even more protruding rocks
which can impact mean and turbulent flow fields. Studies have shown that boulders and their
resultant vortices can affect momentum exchange (Buffin-Bélanger and Roy, 1998), and erosional

and depositional patterns (Liu et al., 2017a) which can impact ADV results.
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In addition to the above point, large individual rocks have the ability to degrade the quality
of the ADV signal which may be reflected back, adding noise to the measured velocities (Engel
and Rhoads, 2012; Martin et al., 2012). At the OERF, some large, isolated rocks could be seen
protruding from the banks, and as the banks eroded additional large rocks were further exposed.
In areas closer to the banks, this can cause backscattering which can increase the noise and cause
data spikes, subsequently decreasing the quality of ADV data measured. This was clear when the
ADV was measured physically and found to be a particular distance from the banks, but the
computer reading revealed the distance to be continually changing, indicating the presence of
phase shifting (Doroudian et al., 2010). This backscattering effect may indicate why many of the

data points close to the bank had to be removed in post processing.

Finally, as the ADV has a sampling volume of 1 c¢m?®, protruding rocks may have
contributed negatively to the precision of the data. The OERF has a large flow area compared to
flumes, and therefore the ADV values only show a small proportion of the area. In addition, the
OERF's bed and banks exhibit a wide range of sediment size and variability. Consequently, many
more data points would be needed to adequately reflect the complexity of the flow field. Due to
the length of time required to sample ADV data and the size of the OERF, increasing the number
of data points sampled was not feasible in this study. It should be noted that the OERF is much
less complex to sample than a natural river, and even under these “ideal” sampling conditions it
remained challenging to use ADV measurements to determine bank shear stress, as was also noted
by Kozarek et al. (2023). Natural rivers are much larger in size than the OERF and will exhibit
even more wide ranges of sediment size and variability as well as bank vegetation and irregular
bank topography, making it even harder to quantify bank shear stress from point velocity

measurements.

7.1.4 Algae complications

Algae present in the system may have had a major impact on measurements of velocity and
therefore on the estimation of both bed and bank shear stress. Although every effort was made to
mitigate their negative impacts, there was still often algae present on the sampling equipment and
therefore the ADV results may have been impacted. Filamentous algae are very fine and stringy,
and can easily attach themselves to equipment and rocks. If a larger piece of algae attached itself

to the ADV during measurements, a spike could be observed in real time, and as a result the ADV
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was cleaned, and a fresh measurement was recorded. Small pieces of algae, however, were difficult
to see and might have adhered themselves to the instrument in the middle of a reading, leading to
possible data inaccuracies. In order to reduce the impact of algae for future experiments, it is

advised that mitigation techniques be attempted before collecting additional ADV measurements.

7.2 Planform evolution and meander formation

The river's visual appearance indicates that during each of the experiments four stages,
there was sediment transport, erosion and deposition. Phases 1 and 2 achieved an armoured state
more quickly (within one day) than phase 3, which had not yet reached a complete armoured state
by the end of the experiments. Once the initial erosion and deposition had taken place during
phases 1 and 2, the river appeared visually stable. This was most likely caused by the small size
of the pool and bar in phases 1 and 2. That is, during phases 1 and 2, there was sufficient instability
to cause initial local adjustments, but the river quickly stabilized, and no further changes occurred.
Erosion and deposition were also rapidly observed at the beginning of phase 3. However, unlike
phase 1 and 2, the changes persisted even after the river had been run for days, albeit at a slower
rate. As a result, it can be concluded that in phase 3, the size of the perturbation decreased the

stability of the channel bank, resulting in erosion on the opposite side of the disturbance.

The river started to show very slight sinuous flow as a result of the increasing perturbation
sizes. This is suggested by the minor signs of erosion observed on the left bank several metres
downstream the perturbation, as well as the videos showing sinuous flow, and the velocity vectors
which became more angled towards the right bank as the phases progressed. Even though the
OEREF is still classified as a straight river channel, this increased erosion (and sinuosity) from the

perturbation could start to be seen.

Although there were geomorphological changes that occurred during the experiments,
meander formation and large geomorphological changes did not occur. Several factors may explain
the lack of meander formation in this study, including 1) the grain size distribution had fractions
to large to be mobilized (Turowski et al., 2015) with the maximum flow rate allowed by the OERF
pumps; 2) the amount of bank erosion that occurred was limited by cohesive material, sediment
composition, and rock placement (Thorne and Tovey, 1981); 3) the experiment was not run for a

sufficient amount of time (Braudrick et al., 2009; Kleinham et al., 2009; Salas and Rhoads, 2022);
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and finally 4) armouring of the bed without the addition of sediments left the river ‘starved’ of a
sediment supply, which limited erosion and deposition and, consequently, the planform evolution

(Braudrick et al., 2009).

At the end of the experiments, many large-sized sediments did not move, indicating that
the flow was insufficient to move the entire distribution of sediments. Thus, bank and bed shear
stress did not surpass the critical shear stress required for sediment transport (van Rijn, 1984). This
meant that there was limited erosion and deposition at the OERF due to the smaller amount of

transportation that could take place.

Critical shear stress could have been influenced by high friction angles, cohesion, and
instream vegetation. Larger rocks were partially held in place by the banks, as well as by the
rocks underneath, which prevented erosion. Very small plants (2 cm) with roots up to 7 cm long
were found on the banks, particularly on the left bank (Figure 24). Roots of plants are known to
increase cohesion between soil particles, and thus shear strength, restricting the movement of
larger particles (Li et al., 2006, Florsheim et al., 2008; Rey, 2009). However, the degree to which

the plants limited bank erosion at the OERF remains unknown.

Figure 24: A) Rooted plants in the drained river. Plants were observed on the left and right banks B) Close up of a small-rooted

plant growing in the riverbed.

The time frame of the experiment played a key role in the amount of geomorphological
evolution that took place. In phase 3, it was possible to detect the beginning of a sinuous curve.
However, because of the experiments limited runtime which was constrained due to weather, and
costs of running the system, phase 3 was only run for 17 days. The timescales of geomorphological
evolution, in particular meanders are difficult to quantify (Hooke, 2007). Small-scaled rivers that

experience big events such as flooding often have immediate changes to channel pattern and the
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formation of meanders can develop rapidly (Hooke, 2007; Salas and Rhoads, 2022). Other
additional elements, including slope, substrate, sinuosity, vegetation and the development of bars
also impact the time it takes for meander formation (Hooke, 2007; Braudrick et al., 2009; Kleinham
et al., 2009; Salas and Rhoads, 2022). Smaller rivers with higher sediment loads generally develop
meanders at a faster rate, while larger rivers with smaller sediment loads take a longer amount of
time (Hooke, 2007). The formation of meanders can be highly determinant on pre-existing factors,
and it is difficult to quantify the exact timeframe at which meanders will form. At the OERF, the
installation of a bar perturbation was an attempt to speed up the geomorphological changes.
However, in combination with the conditions previously discussed the runtime was perhaps not

sufficient to have significant geomorphological change.

The OERF did not have an influx of continuous sediment supply, and in the absence of
this, as the OERF armoured, and sediment transport and morphological changes became limited.
The development of bar growth is greatly related to and dependent on the upstream sediment influx
(Braudrick et al., 2009). For example, in Braudrick et al. (2009)’s small-scale flume study, for
rapid bar development to occur, fine sediments were needed. This is because the fine sediments
filled in the voids of the coarser material and enabled the growth of the bars (Braudrick et al.,
2009). Their study found that when the banks were strengthened with alfalfa, the channel migrated
downstream and developed bars in a small-scale flume (Dso = 0.8 mm). Similarly, Van Dijk et al.
(2013) found that the sedimentation of fine cohesive sediments on the floodplain were a necessary
condition to stimulate meanders because the channel experienced fewer cutoffs. Without these
cohesive fines the river generally formed a braided pattern (Van Dijk et al., 2013). Tal and Paola
(2010) found that the most likely reasons for the lack of true meander formation was that sediment
supply was not adapted to the rate of transport. Therefore, it is likely that since the OERF showed
signs of armouring it had limited bar formation because sediment was not constantly entering the

system.

Furthering this, in gravel bed rivers, without the addition of sediments, there is a
downstream winnowing effect where the surface size is truncated and preferential fractions are
removed (Whiting and King, 2023). This was seen at the OERF where the bed armoured and the
Dsochanged from 10 mm to 23 mm following phase 3. Without the addition of new sediments, the

river is “supply-limited” (Whiting and King, 2003), and as such bar development and meandering
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formation will also be limited (Braudrick et al., 2009; Van Dijk et al., 2013). Armouring of the
bed, coupled with the factors already mentioned, such as, limited timescales and too large

sediments for the flow rate will reduce the geomorphological changes that can occur to the OERF.

8 Conclusion

Although large geomorphological planform evolution of the OERF did not occur, results
of the initial experiments conducted at this new facility provided valuable findings that will be
helpful for planning future experiments. Data from the velocity measurement showed that when
the perturbation phases were added, there was an overall local velocity increase at the perturbation
sites. As the phases progressed, the vectors became increasingly angled towards the banks. At
these locations, there was evidence of increased erosion on the banks, which was also observed
using the DEMs and through visual observations. In phases 2 and 3, the DEMs showed the most
pronounced bank erosion in the area opposing the perturbation. The start of the formation of
sinuous curves could be observed by increased erosion on opposite banks. However, the study did
not establish the length of time required for the development of meanders or substantial
geomorphological changes. It is suggested that in order to speed up morphological change,

stronger flows, sediment feed and/or smaller sediment sizes are needed.

The estimation of bank shear stress proved complex even in the relatively simple channel
of the OERF, which highlights how challenging quantifying this variable can be in a natural
context. Additional research is required to better understand bank shear stress and to determine a

robust sampling technique.

This study provides initial insights into the operation of the outdoor experimental river and
will pave the way for further initiatives that would deepen our understanding of fluvial processes.
With evidence of a changing climate and an increase in flooding incidents, the projects relevance
to sustainable river management becomes paramount. The future experiments at the OERF will be

instrumental in learning more about rivers at larger scales.
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