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Abstract Bedrock river lateral erosion plays a crucial role in landscape evolution, sediment transport
and deposition, and the occurrence of geohazards. Fluvial erosion of massive rock is largely driven

by impacts of bedload particles, which also drives crack propagation to prepare blocks for plucking.

In straight channels, bedload particles generally move parallel to the channel walls and thus need to

be deflected laterally to cause wall erosion. Sideward deflection of bedload particles occurs when they
interact with roughness elements fixed on the riverbed. Here, we isolated the interaction of moving
bedload particles with roughness elements in laboratory experiments. We conducted 21 sets of flume
experiments to systematically investigate how spacing (5, 10, 20, 30, 40, 50, and 60 mm) and size (5, 10,
and 20 mm) of roughness elements influence sideward deflection of bedload particles in straight channels
with relatively low flow depth and a localized roughness zone covering half of the channel width. Velocity
changes by the first impact increase with the size of roughness elements. The deflection length and
velocity peak at intermediate values of the spacing of roughness elements. The likelihood for a bedload
particle to leave the roughness zone decays with the bedload particle’s distance to its edge. Our results
suggest that lateral erosion rates in bedrock channels are dominantly controlled by the position of the
roughness zone within the channel and its relation to the particle path.

Plain Language Summary Erosion of the bedrock walls of a river gorge is driven by the
impact of sediment particles propelled by the water flow. Both water flow and sediment particles generally
move in parallel to the walls, and the particles need to be deflected laterally from their downstream path
to impact the walls. Sideward deflection occurs when the particles hit an obstacle on the river bed, such

as a boulder. We investigate the sideward deflected length and velocity of moving particles in a laboratory
flume experiment for various configurations of obstacles fixed to the bed. The spacing and size of
obstacles have a dual control on deflected length and velocity, making deflection possible in the first case,
but also limiting the free path until further impacts. Thus, there exists an optimal spacing of obstacles for
maximizing sideward deflection length and velocity.

1. Introduction

Fluvial bedrock erosion is a key component in landscape evolution, and thus a crucial process in shap-
ing the Earth's surface (e.g., Burbank et al., 1996; Cook et al., 2014; Scheingross et al., 2019; Turowski
et al., 2013). Bedrock erosion can be divided into the vertical incision and lateral erosion. Vertical incision
deepens the valleys, steepens the hillslopes, and is thus a primary process for landscapes to respond to spa-
tial-temporal variations of tectonic deformation (e.g., He et al., 2019, 2021; Lamb & Fonstad, 2010; Larsen
& Montgomery, 2012), rock resistance (e.g., Duvall et al., 2004; Sklar & Dietrich, 2001), and climate (e.g.,
Hartshorn et al., 2002; Murphy, et al., 2016). Compared to vertical incision, lateral erosion has received less
attention (e.g., Finnegan, et al., 2014; Hartshorn et al., 2002). However, an understanding of lateral erosion
is required to model important aspects of landscape evolution, including bedrock river response to tectonic
and climatic conditions (e.g., Turowski, 2020), and controls on channel and valley width and shape (e.g.,
Fuller et al., 2016; Langston & Tucker, 2018; Li et al., 2021; Turowski, 2018; Turowski et al., 2008), sediment
transport and deposition (e.g., Cook et al., 2020; Inoue et al., 2021; Mishra et al., 2018), hillslope stability
(e.g., Malatesta et al., 2017), and sinuosity (e.g., Inoue et al., 2021; Shepherd, 1972; Turowski, 2018).

Particle impact is an efficient way to transfer energy and momentum from the flow to the bedrock (Sklar
& Dietrich, 2004). Impacts by moving bedload particles play a crucial role in the two most common fluvial
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bedrock erosion processes, abrasion and plucking. In the abrasion process, the erosion rate is assumed to be
proportional to the energy delivered to the bedrock by the impacts of particles (Sklar & Dietrich, 2004). In
the plucking process, individual blocks are removed by hydraulic processes from the bedrock. Here, bedload
impacts drive crack propagation and therefore contribute to the preparation of blocks, a process known as
macro-abrasion (Chatanantavet & Parker, 2009). Gilbert (1877) suggested that lateral erosion happens when
the channel bed is covered by alluvial deposits, which inhibit vertical incision. Physical and numerical ex-
periments indicate that an increase in bedload particle supply can accelerate lateral erosion (e.g., Finnegan
et al., 2007; Inoue et al., 2021; Johnson & Whipple, 2010; Li et al., 2021; Mishra et al., 2018; Shepherd, 1972).

Rolling, sliding, and saltation are common modes of bedload transport in natural rivers. All of these modes
can be expected to contribute to vertical and lateral erosion of bedrock channels. However, the relative
importance of these transport modes to total erosion is currently unclear. Flume experiments indicate that
rolling particles deliver more energy at low acoustic frequency, while saltating particles generate stronger
responses at a high acoustic frequency (Tsakiris et al., 2014). Turowski et al. (2015) studied energy delivery
to the channel bed by moving bedload particles in a natural stream and found that the largest particles de-
liver more energy than would be expected from a scaling just dependent on particle mass. They attributed
the larger energy delivered per mass to be due to their higher probability of roll or slide (Auel et al., 2017).
These transport modes deliver less energy per impact but impact the bed more frequently per unit travel
distance (cf. Turowski & Rickenmann, 2009).

In straight channels, bedload particles generally move parallel to the channel walls. To cause lateral erosion
of bedrock walls by impacts, bedload particles need to be sideward deflected and hit the riverbanks with
sufficient energy to cause damage. Following the lead of Gilbert (1877), previous research has established
the role of the interaction of moving bedload particles with roughness elements on the riverbed in setting
lateral bedrock erosion (e.g., Beer et al., 2017; Finnegan et al., 2007; Fuller et al., 2016; Li et al., 2020, 2021;
Mishra et al., 2018; Shepherd, 1972; Turowski, 2018). As bedload particles move downstream in fully allu-
viated channels, their cross-stream velocity fluctuates around zero due to sideward diffusion, with a sym-
metric exponential distribution (Fathel et al., 2015; Seizilles et al., 2014). In a series of experiments, Fuller
et al. (2016) demonstrated that roughness elements fixed on the channel bed show a dominant control on
lateral bedrock erosion, a notion that is supported by field observations in a bedrock gorge in the Swiss Alps
(Beer et al., 2017). They suggested that moving bedload particles are laterally deflected when interacting
with these roughness elements, thereby increasing the frequency of impacts on the walls and their erosion
rate. However, this interaction has not yet been systematically studied, because previous experiments (e.g.,
Finnegan et al., 2007; Fuller et al., 2016; Mishra et al., 2018; Shepherd, 1972) and field observations (e.g.,
Beer et al., 2017; Turowski et al., 2008) focused on reach-scale dynamics, where many processes are concur-
rently active and feedback on each other.

Within the present paper, we describe experiments designed to isolate the interaction of individual moving
bedload particles with roughness elements fixed on the channel bed. We released single bedload particles
into a flume channel with a rectangular roughness zone covering half of the channel width, within which
hemispherical roughness elements were fixed in a regular square pattern. We recorded individual particle
trajectories to systematically investigate how the spacing and size of immobile roughness elements affect
sideward deflection of bedload particles and discuss the implications to the lateral erosion of straight bed-
rock channels with a localized roughness zone.

2. Methods
2.1. Experimental Setup and Protocol

We are interested in the first-order relationship of sideward deflection of bedload particles with the size
and spacing of roughness elements. Our approach was to simplify processes and geometric patterns in the
experimental design. Therefore, we used single spherical bedload particles that interacted with hemispher-
ical roughness elements, placed in a rectangular pattern in the roughness zone that extends over half of the
width of the flume (Figure 1). As a result, our parameters were not scaled to a specific natural river channel.

The flume experiments were conducted at the German Research Center for Geosciences (Potsdam, Germa-
ny) in a wooden flume with a slope of 3% (Figure 1). The length and width of the flume were 150 and 40 cm,

HE ET AL.

20f15



AFI |
M\\JI Water Resources Research 10.1029/2021WR029717
BP: Bedload Particle
RE: Roughness Element
£
O
o
<

Pu

mp

Figure 1. Experimental flume schematic and photo. The flume was made of wooden plates with a thickness of 1.6 cm. The hemispheric roughness elements
were stuck on the riverbed with water-proof glue. The length and width of the roughness zone were about 70 and 20 cm, respectively. The pump was a DAB
ACTIV E140/80 M, with a power of 1.48 KW. The diameter of the water pipe was 32 mm. The camera was a Canon PowerShot D30, with a video resolution of
1,920%1,080 pixels. The red line marks the release line located 20 cm upstream of the roughness zone. The edge of the roughness zone was marked by green
roughness elements in the schematic illustration.

respectively. Black glass spheres with a diameter of 10 mm were used as bedload particles, while white
glass hemispheres with three diameters (5, 10, and 20 mm, Figure S1) were used as roughness elements.
The flume bed was painted white to allow easy tracing of the black bedload particles. Bedload particles and
roughness elements were produced by a glass bead manufacturer in Germany (Schifer Glas, https://www.
schaeferglas.com), and had a density of 2.54 g/cm3. For each size of the roughness element, we designed
seven rectangular roughness element patterns with an edge-to-edge spacing of 5, 10, 20, 30, 40, 50, and
60 mm. Accordingly, roughness elements were glued onto the riverbed with varying spacing and size in
different experiments (Table S1; Figure S2). Water was circulated at a constant discharge of 1.6 L/s for all the
21 sets of experiments, yielding a flow depth of ~1.5 cm in the bare flume. Based on the discharge, the flume
width of 40 cm, and the flow depth of 1.5 cm, we estimated the channel-averaged flow velocity at 26.7 cm/s.

The Reynolds number Re (= puh/v = 4,005) quantifies the ratio of turbulent to viscous forces in the flow,
where p is the fluid density (1 g/cm?), u is the flow velocity, A is the flow depth, and v is the viscosity of water
(1073 Pa-s). Generally, Re > 1,000 represents fully turbulent flow (Lamb et al., 2015). The Froude number Fr
(=u/ \/g_h = 0.7) quantifies the ratio of inertial to gravitational forces, where g = 9.8 m/s? is the gravitational
acceleration (Johnson & Whipple, 2010; Lamb et al., 2015). The threshold value of Fr = 1 separates super-
critical flow (Fr > 1) from subcritical flow (Fr < 1) (Lamb et al., 2015). The values of Re and Fr indicate that
our flume experiments are in the turbulent and subcritical regimes.

A single bedload particle was released from the release line across the flume, 20 cm upstream of the rough-
ness zone (Figure 1). To ensure the impact of bedload particles with a roughness element at the edge of the
roughness zone, release locations were located directly upstream of the columns of roughness elements. As
a result, the number of release locations varied for different experiments (Table S1; Figures 2 and S2). From
each release location, 10 bedload particles were released (Figure S2). To ensure the presence of a single par-
ticle within the flume at each time, a subsequent bedload particle was released after the preceding bedload
particle was collected in a steel net fixed to the end of the flume. The movements of bedload particles were
recorded continuously with a video camera located above the flume (Figure 1).
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2.2. Data Processing

The path of bedload particles was recorded on video by the camera. The area captured by the camera was
the same for all the experiments. Pictures were extracted from the video every 0.1 s using a Python script.
Pictures have a resolution of 1920x1080, and each pixel corresponds to real size of 0.564 X 0.564 mm at the
flume bed. Using a MATLAB script (see Code Availability), the location of bedload particles was marked
manually on the pictures and the coordinates were extracted. From the time stamp of the picture and the
time series of coordinates, we rebuilt the trajectory, and calculated velocity, deflection distance, and times
of impacts.

2.3. Parameters Used to Describe the Motion of Bedload Particles

The lateral erosion rate is controlled by impact velocity, impact rate, the mass and shape of bedload parti-
cles, rock strength, weathering intensity, and fluid shear stress (Lamb et al., 2008, 2015; Li et al., 2020, 2021;
Sklar & Dietrich, 2004; Small et al., 2015; Turowski, 2020). The focus of our experiments is the interaction
of moving bedload particles with roughness elements. After the impacts with roughness elements, particles
slow down on the way to the banks due to the resistance from the water and flume bed. Thus, if the particle
moves unobstructed after interacting with a roughness element, the impact velocity relevant for lateral
bedrock erosion is determined by this interaction and the distance from the wall. To introduce measurable
parameters effectively, we name the direction along and perpendicular to the flume the X and Y direction,
respectively. We measured the number of Y-direction changes (a proxy of impact times), the maximum
travel distance in the Y-direction, the total distance traveled in the Y-direction, the total traveled distance,
as well as the maximal and average Y-direction velocity to learn about the deflection length and velocity.
Each of these parameters can easily be measured in our experiments and is explained in more detail in the
Supporting Information S1.

3. Results
3.1. Trajectories of Bedload Particles

Particles predominantly tended to roll in our experiments, with occasional small saltations. The trajectories
of bedload particles for all experiments are displayed in Figure 2. For the smallest roughness element spac-
ing of 5 mm, bedload particles were likely to be stopped by roughness elements, with stopping locations
moving upstream as roughness element size increased. Specifically, for a roughness element size of 5 mm,
more than half of the bedload particles moved through the entire length of the roughness zone (Figure 2a).
For a roughness element size of 10 mm, bedload particles reached the end of the flume if they laterally left
the roughness zone after the first impact with a roughness element. Bedload particles that remained in the
roughness zone eventually stopped (Figure 2a). For a roughness element size of 20 mm, 35 out of 40 bed-
load particles stopped upon the first impact with a roughness element, while the remainder laterally left the
roughness zone after the first impact (Figure 2a). For a roughness element spacing greater than 5 mm, all
bedload particles moved through the roughness zone and eventually left the flume. After the first impact
with a roughness element, the downstream velocity of bedload particles decreased rapidly (Figure 3). Bed-
load particles were deflected laterally, with an equal probability to be deflected to the left or right. As long as
bedload particles were in the roughness zone, they repeatedly collided with roughness elements, changing
their velocities upon impacts. By contrast, a fraction of bedload particles laterally left the roughness zone
after one or more impacts. The trajectories of these bedload particles follow a smooth curve after leaving
the roughness zone, with decreasing cross-channel velocity and increasing downstream velocity. About
half of the bedload particles that were released directly above the edge of the roughness zone laterally left
the roughness zone after the first impact with a roughness element. The remaining half moved to the left
into the roughness zone but showed an average probability of 17.1% of laterally leaving the roughness zone
after later impacts. The degree of concentration of trajectories is largely influenced by the spacing and size
of roughness elements. Trajectories tended to concentrate on small roughness element spacing and large
roughness element size.
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Figure 2. The trajectories and velocities of bedload particles for the 21 sets of experiments. The trajectories of 10 bedload particles were shown in the figure for
all the release locations, including the one above the edge of the roughness zone. Locations were mapped every 0.1 s. See Figure S2 for a detailed setup of the
roughness zone and the release locations for the 21 sets of experiments. The upper and lower boundary of the figure is channel walls.
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Figure 3. Boxplots show the velocity change of bedload particles after the first impact with roughness elements. Kolmogorov-Smirnov tests demonstrate that,
in many cases, the size of the roughness element has a significant influence on the velocity change after the first impact.

3.2. Sideward Deflection

When bedload particles interacted with roughness elements, their cross-channel direction of motion and
velocity changed (Figures 2-4). Velocity changes caused by the first impact increase with the size of rough-
ness elements (Figure 3). Except for three experiments (roughness element spacing of 5 mm, roughness
element sizes of 5, 10, and 20 mm) during which most bedload particles stopped within the roughness
zone, the normalized Y-direction change times decreased with increasing roughness element spacing (Fig-
ure 4a). For roughness element size of 10 mm, the maximal Y-direction distance peaks at roughness ele-
ment spacing of 50 mm and then decreases from spacing 50-60 mm. Meanwhile, for roughness element
sizes of 20 mm, the maximal Y-direction distances increased with the increasing spacing of roughness
elements (Figure 4b). The total Y-direction distances increased with increasing roughness element spacing
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Figure 4. Statistics of particle motion as a function of spacing and size of roughness elements. (a) Normalized Y-direction change times, (b) maximal
Y-distance, (c) total Y-distance, (d) maximal Y-velocity, (e) average Y-velocity, and (f) resultant velocity varies with the spacing of roughness elements. Errors
are the standard error of the mean. See methods for the definitions of the parameters.
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and reached the highest values at a spacing of 20 mm before it decreased again (Figure 4c). For a roughness
element size of 5 mm, when roughness element spacing was 5 and 10 mm, bedload particles frequently
jumped over roughness elements leading to large maximal Y-direction distance and total Y-direction dis-
tance (Figures 4b and 4c). The maximal Y-direction distance decreased with increasing spacing until spac-
ing reached 30 mm, then it increased with increasing spacing. Meanwhile, with the increase of roughness
element spacing, the probability of impact decreased rapidly (Figure 4a), decreasing the total Y-direction
distance (Figure 4c).

The experiments with the three different roughness element sizes show similar patterns in the maximal
Y-velocity, that is, an increase to peak values, then a decrease with increasing roughness element spacing
(Figure 4d). Peak values were reached at a roughness element spacing of 10 mm for a size of 5 mm, at a
spacing of 20 mm for a size of 10 mm, and at a spacing of 50 mm for a size of 20 mm. Overall, the average
Y-velocity shows a similar pattern as the maximal Y-velocity (Figure 4e). Resultant velocity increased with
increasing roughness element spacing (Figure 4f).

3.3. Escape From the Roughness Zone

Bedload particles released directly above the edge of the roughness zone showed the highest probability
(=50%) of laterally escaping from the roughness zone (Figures 5a and 5b). The probability decreased with
the increase of Y-direction distance between the edge of the roughness zone and release location. When
the distance reached 9 cm, only 1 out of 430 bedload particles was able to leave the roughness zone. The
Kolmogorov-Smirnov test shows that these observed differences are significant at the 1% level. There is a
lot of scattering for the different experimental configurations (Figure 5a), but a clear trend emerges when
all data are averaged (Figure 5b). If we assume that particle motion is analogous to Brownian motion with
diffusivity D in the transverse direction when inside the roughness zone, according to Balakrishnan (2021),
the probability density that a particle that started a distance x from the edge of the roughness zone exits
after a time ¢ is

2
£(13) - Wp(mj W

The cumulative exit probability given the particle started a distance x from the edge of the roughness zone
for any available travel time T is then

y= Igf(t,x)dt = erfc[\/‘lxﬁ]. (2)

Therefore, we can fit the exit probability data with a complementary error function y = Aerfc(Bx) in analogy
to the exit probabilities of diffusing particles. We obtain values of A = 58.18 and B = 0.17, with R?> = 0.85
(Figure 5a). In general, the probability of leaving the roughness zone increases with the spacing of rough-
ness elements (Figure 5c). For small roughness elements with a diameter of 5 mm, there is a significantly
higher probability of leaving the roughness zone compared with larger roughness elements (Figure 5d).

A total of 158 bedload particles left the roughness zone after one or more impacts with roughness ele-
ments. Figure 6 demonstrated the Y-velocity characteristics of these particles. Within the roughness zone,
the Y-velocity of these particles changed randomly. In contrast, it declined systematically after leaving the
roughness zone (Figures 6a-6i). Particles released above the edge of the roughness zone had a Y-velocity
of 15.2 £+ 0.6 cm/s when leaving the roughness zone (Figure 6j). At the time of leaving the roughness zone,
the Y-velocity increased to its peak value of 17.2 &+ 1.6 cm/s for the particles released near the edge of the
roughness zone. Then, Y-velocity decreased with the Y-distance between the release location and the edge
of the roughness zone.

4. Discussion
4.1. Controls on the Sideward Deflection of Bedload Particles

Except for the case of roughness elements of the size of 20 mm, in which the maximum Y-distance increased
with spacing, we observed non-monotonic relationships between the Y-direction change times (Figure 4a),
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Figure 5. The probability of bedload particles leaving the roughness zone. (a) The probability of leaving the roughness zone decreases with the distance from
the edge of the roughness zone for each experimental configuration. (b) Boxplots summarize data. (c) Boxplots show the probability of leaving the roughness
zone in the different spacing of roughness elements. We randomly sampled five values of the seven datasets individually and calculated the average of five
values. This was repeated 10,000 times to construct the plots. (d) Boxplots show the probability of leaving the roughness zone in different sizes of roughness
elements. We randomly sampled 15 values of the three datasets individually and calculated the average of the 15 values. This was repeated 10,000 times to

construct the plots.

the maximal and total motion in the cross-channel direction (Figures 4b and 4c), and the maximum and
average cross-channel velocity (Figures 4d and 4e) with roughness element spacing. The observed humped
function arises out of the competition between the length of the free path, which increases with increasing
roughness element spacing, and the probability of a bedload particle to impact a roughness element per
unit length, which decreases with increasing roughness element spacing. As such, roughness element spac-
ing has a dual role. Roughness elements make sideward motion possible in the first place, but also inhibit
further lateral motion due to the limited free path. For large roughness spacing, the path is free for lateral
movement, but low impact probability per unit length limits the chance for sideward deflection in the first
place. As an example, in our experiments, for roughness element sizes of 10 and 20 mm, the probability of
impact is high for small roughness element spacing (Figure 4a). However, the sideward deflection of bed-
load particles is limited by the small distance available for lateral motion. As a result, the overall sideward
deflection distance is small (Figures 4b and 4c). With the increase of spacing, the total Y-direction distance
increased (Figure 4c), despite the decrease of the impact probability (Figure 4a). Then, even though the
spacing increased further, the total Y-direction distance decreased (Figure 4c) as does the decrease of impact
probability (Figure 4a).
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Figure 6. (a)-(i) The Y-velocities of the representative bedload particles that leave the roughness zone. Positive Y-velocity means moving toward the right
channel wall (looking downstream). (j)-(1) The Y-velocity when leaving the roughness zone and Y-velocity loss between leaving the roughness zone and leaving
the flume.

A similar dual role of the influence of roughness on particle sideward deflection has been suggested by
Turowski (2018, 2020), who argued that sideward deflection is most efficient at the edge of alluvial de-
posits into the direction of the bare bedrock. There, roughness elements facilitate sideward deflection of
moving particles, but because bare bedrock is smooth, sideward motion is not hindered and lateral motion
distances and velocities are maximized. The existence of an optimal roughness element spacing and size to
achieve maximal lateral erosion rate agrees with predictions by Li et al. (2020), who modeled the deflection
of individual particles by roughness elements and their effect on lateral erosion. Flume experiments also
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demonstrate a roughly parabolic relation between the roughness element size/space and lateral erosion rate
(Fuller et al., 2016). We expect that this optimal spacing is a function of the hydraulics, morphology, and
sediment characteristics of a particular river. Further research is necessary to fully unravel these controls.

In our experiments, for the smallest roughness element size of 5 mm and a roughness element spacing of 5
and 10 mm, bedload particles frequently jumped over roughness elements to achieve maximal Y-direction
distances (Figures 4b and 4c) and a relatively high probability of leaving the roughness zone (Figure 5d).
The occurrence of this behavior thus seems to depend on the relative size of bedload particles and rough-
ness elements, but also on the relative flow depth, which limits the space bedload particles have available for
motion in the vertical direction. The relatively low flow depth of ~1.5 cm in our experiments, implying that
the size of bedload particles and roughness elements is similar to flow depth, which inhibits the saltation of
bedload particles. For deep rivers, especially those with high flow velocity and thus high transport stage, a
large fraction of bedload particles may be saltating downstream (Auel et al., 2017). This is likely especially
important for steep mountain rivers during floods. However, how the possibility of saltation affects the
sideward deflection of bedload particles in deep bedrock rivers requires further research. Flow velocity
and channel slope also impact the likelihood of saltation and particle trajectories, with saltation becoming
more frequent as flow velocity or slope increase (Auel et al., 2017). The low flume-averaged flow velocity of
26.7 cm/s and a fixed flow depth and flume slope prevent us from systematically investigating these controls
and further experiments will be necessary.

The Y-velocity when leaving the roughness zone is crucial for wall erosion. When leaving the roughness
zone, it is determined by the inherited Y-velocity and the Y-velocity gain from the last impact with rough-
ness elements at the edge of the roughness zone. It can be expected that the larger the distance between the
release location and the edge of the roughness zone is, the lower will be the resultant velocity and inherited
Y-velocity when reaching the edge of the roughness zone. This is because particles need more impacts to
reach the edge of the roughness zone, and each impact will reduce the resultant velocity. For particles re-
leased above the edge of the roughness zone, most of the Y-velocity when leaving the roughness zone came
from the last impact with roughness elements, because their inherited Y-velocity is negligible. However,
for particles released 2—4 cm from the edge of the roughness zone, they have the largest inherited Y-veloc-
ity and high Y-velocity gain from the last impact, thus, they have the highest Y-velocity when leaving the
roughness zone (Figure 6j). For particles released far away (>4 cm) from the edge of the roughness zone, the
inherited Y-velocity and Y-velocity gain from the last impact are low, because the resultant velocity is low
due to frequent impacts before reaching the edge of the roughness zone.

Y-velocity when leaving the roughness zone increased from 14.6 + 0.7 cm/s for roughness elements size of
5mm to 16.1 + 0.9 cm/s for roughness elements size of 20 mm (Figure 6k). The reason that Y-velocity when
leaving the roughness zone increased with the size of roughness elements is that the smaller the roughness
elements, the more likely the particles can jump over the roughness elements, and thus lower Y-velocity
gain. When the roughness element spacing is 30 mm, the Y-velocity when leaving the roughness zone
reached the peak value of 17.1 + 1.4 cm/s. For all the 158 particles that left the roughness zone, 114 parti-
cles were released above the edge of the roughness zone. For these 114 particles, the Y-velocity gain from
the last impact was not influenced by the spacing of roughness elements, and this is the reason why there
is a lack of systematic relationship between roughness element spacing and Y-velocity when leaving the
roughness zone (Figure 61). Y-velocity loss has a similar trend as the Y-velocity when leaving the roughness
zone (Figures 6j-61). The relatively low video frame rate (10 Hz) is expected to induce additional uncertainty
contributed by localization error, which we consider not a major issue, as the focus of this work is exploring
first-order characteristics of bedload sideward deflection.

4.2. Upscaling to Natural Rivers

In a natural stream, roughness elements are unlikely to be regularly spaced, or have uniform sizes, as in our
experiments and in the model of Li et al. (2020). Roughness element size and spacing are determined by the
feedback between bedrock erosion, hydraulics, and sediment transport, and are likely strongly determined
by lithological properties (e.g., Richardson & Carling, 2005). This feedback, the physical details of the for-
mation of bedrock bedforms, and their lithological controls are still poorly understood (e.g., Richardson &
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15 25 Carling, 2005; Wilson et al., 2013). Alluvial deposits self-organize in re-
sponse to local conditions, including flow velocity, turbulence, and chan-
Y-distance 1% nel morphology (e.g., Dreano et al., 2010; Hodge et al., 2016; Johnson
gm— _15§ & Whipple, 2010; Mishra et al., 2018). Similar to the simulation experi-
= g ments by Li et al. (2020), we used spherical bedload particles and hemi-
:§ 1 og spherical roughness elements in our flume experiments. Given that the
E 5- 3 simulation experiments by Li et al. (2020) have well reproduced the later-
15 al erosion patterns observed in flume experiments by Fuller et al. (2016),
Y-velocity which used nonspherical roughness elements, the influence of nonspher-
0 ‘ ' : ' 29 ical natural particles on lateral erosion patterns may be negligible (e.g., Li

Figure 7. The Y-distance and Y-velocity varied with time since bedload
particles leaving the roughness zone, based on the drag equation.

4 6 8
Time since leaving the roughness zone (s)

et al., 2020), although they can be expected to affect erosion rates. Scale
effects arise due to force ratios that are not identical between a model and
its real-world prototype and result in deviations between the model and
prototype observations (Heller, 2011). Scaling behavior and the evolution
of Y-distance and Y-velocity after leaving the roughness zone can be esti-
mated by a simple force balance between inertia and drag. The drag force
(F) can be described by the drag equation as

1
F= ‘EPWACVZ, 3)

where p_ is water density (1 g/cm?), A is the cross-sectional area of the particle (0.79 cm?), C is a drag coeffi-
cient with a value of 0.47 for spheres in water, and V is the Y-velocity. The acceleration (a) of the particle is

L4V _F _ pACY?

A @)
dt m 2m
where m is the mass of bedload particle (1.32 g). Then we have
4 1 _ t pAC
o yrdV =lo-7, . )
where V, is the initial Y-velocity when leaving the roughness zone. Accordingly, the Y-velocity is given by
_ Yo _ Yo
1+ prCVO t 1+ é prVO t (6)
m 4 p,d

In Equation 6, p, is the density of bedload particle (2.54 g/cm?), and the right-hand equality gives the equa-
tion for a sphere with diameter d. Integrating a second time, the Y-distance (S) can be described as

s =1, Yo dt = 20| LAY, | 2o 1300y
1+ prCVOt prC 2m 3 pr 4 pbd
m

(7

When written in terms of particle diameter, the particle trajectory depends only on the initial velocity, the
particle diameter, the drag coefficient, and the density ratio of water and bedload (Equations 6 and 7).
The drag coefficient can be considered to be constant for fully turbulent flow with a Reynolds number
Re > 1,000 (e.g., Timmerman & van der Weele, 1999), which is the case both for our experiments and
most natural rivers. The deflection velocity, V,, likely depends on particle speed before impact, which is
determined by hydraulics, and roughness size and shape. Some scaling can be expected for this parameter,
however, the densities of the fluid and the particles, as well as the particle velocities in our experiments are
similar to those observed in natural flows.

Based on Equations 6 and 7, the Y-velocity decreases over time (Figure 7), comparable with our results (Fig-
ures 6a-6i). In our experiments, the average V,, when leaving the roughness zone for the 158 particles that
left the roughness zone was 15 cm/s. Thus, the Y-distance is predicted to be 22 cm at 10 s (Figure 7), similar
to the value measured in our experiments (Figure 2). The observed (Figure 2) and predicted (Figure 7) tra-
jectories indicate that a larger distance between the edge of the roughness zone and the channel wall causes
wall erosion to be located further downstream from the point of deflection, as more time is needed to reach
and impact the wall, a phenomenon also shown by Li et al. (2020).
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Figure 8. Illustration of how bedrock channels are laterally eroded in different settings of roughness zone under the condition that bedload particles cannot
jump over roughness elements. The white area within the riverbed is a bare bedrock riverbed, and the gray area depicts stationary alluvial cover. (a) The
riverbed is fully covered by alluvial deposits, except a small area of the bare riverbed. (b) The roughness zone is located at the center of the riverbed. (c) The
roughness zone is located closer to one of the riverbanks than to the other. (d) Schematic relationship between lateral erosion rate and the distance between the
riverbank and the edge of the roughness zone.

4.3. Implications for Lateral Erosion

For straight partially alluviated bedrock channels, there are two options for the deflected bedload particles to
cause bedrock wall erosion. First, they may move on the alluvial deposit close to a bedrock wall (Figure 8a).
Second, they may escape from the roughness zone to travel laterally over smooth bedrock (Figures 8a-8c)
(cf. Turowski, 2018, 2020). In natural rivers, bedload transport is not uniform across the channel but is con-
centrated along a sinusoidal path in the downstream direction (Bunte et al., 2006; Dietrich & Smith, 1984;
Julien & Anthony, 2002). As a consequence, sideward deflection and lateral erosion can be expected to be
effective at the locations where the bedload path interacts with stationary alluvial patches, in particular
where it crosses from an alluvial patch onto the bare bedrock bed (cf. Turowski, 2018). Our flume experi-
ments show that the probability of leaving the roughness zone decreases with the distance between the edge
of the roughness zone and the release location (Figure 5). After being deflected by a roughness element,
bedload particles need to travel laterally to impact the riverbank. The cross-channel velocity decreases due
to drag (Figures 2 and 7). The larger the distance is between the riverbank and the edge of the roughness
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zone, the less remnant cross-channel energy is available to cause lateral erosion, as demonstrated by recent
numerical simulations (Li et al., 2020) (see also Equation 6). Particularly, if the distance between the edge of
the roughness zone and the channel wall exceeds a certain value, wall erosion may never happen, because
bedload particles cannot reach the walls. As a result, the increase of the distance between the edge of the
roughness zone and the wall not only decreases the number of particles impacting the wall but also reduces
the lateral momentum of particles (Figures 7 and 8).

On the condition that bedload particles are unable to jump over roughness elements and there is a bare riv-
erbed between the riverbank and the edge of the roughness zone for bedload particles to move, we expect a
negative correlation between lateral erosion rate and the distance between the riverbank and the edge of the
roughness zone (Figure 8d), a similar result has been observed in simulation experiments (Li et al., 2020).
Accordingly, we can distinguish three major cases in a simplified concept for the interplay between alluvial
cover and bedrock river lateral erosion. First, a riverbed is fully covered by alluvial deposits, except for a
small area of bare riverbed (Figure 8a). Bedload particles near the riverbank on the uncovered side can im-
pact the wall frequently, and the majority of their kinetic energy can be expended in lateral bedrock erosion.
In contrast, bedload particles near the riverbank on the covered side can hardly impact the wall, because the
roughness elements that contact the wall can protect the wall from impacts, and diffusive motion over the
alluvium leads to small lateral particle velocities (cf. Seizilles et al., 2014). In this case, the two banks experi-
ence different erosion rates. Second, when the roughness zone is located at the center of the riverbed, both
riverbanks are eroded at a similar rate (Figure 8b). Third, when the roughness zone is located closer to one
of the riverbanks, this bank will experience a higher erosion rate, provided that the bedload concentration
is symmetric across the channel. In this case, due to the erosion rate difference between the two riverbanks,
the channel evolves such that the roughness zone is located at its center (Figure 8c). The erosional adjust-
ment of channel morphology, in turn, changes flow patterns, and therefore the location of the bedload path
and alluvial deposits (e.g., Finnegan et al., 2007; Mishra et al., 2018). The formation of alluvial bedforms
and the bedload path on partially covered beds are incompletely understood and need further research (e.g.,
Dreano et al., 2010; Hodge et al., 2016; Jafarinik et al., 2019; Johnson & Whipple, 2010; Mishra et al., 2018).
Therefore, the simplified first-order model of channel widening in response to the size and location of
the roughness zone suggested here (Figure 8) needs to be validated with laboratory experiments and field
observations.

5. Conclusions

The sideward deflection distance and velocity of bedload particles were explored by 21 sets of flume experi-
ments with different spacings and sizes of roughness elements. Velocity changes caused by the first impact
increase with the size of roughness elements. The length of the free path available for bedload particles to
move and the impact probability between bedload particle and roughness element are two main factors
that determine the sideward motion of bedload particles. Both of these two factors are necessary for bed-
load particles to achieve a high deflection length and velocity. The length of the free path increases with
increasing roughness element spacing, while the impact probability decreases with increasing roughness
element spacing. The optimal spacing to gain the maximal sideward deflection length and velocity can be
expected to be a function of hydraulics, morphology, and the sediment characteristics of a particular river.
Further research is necessary to unravel these controls. The size of roughness elements affects the sideward
deflection of bedload particles in two ways. First, in combination with the size of the roughness elements,
the roughness element spacing determines the length of the free path. Second, the relative size of bedload
particles and roughness elements determines whether bedload particles can jump over or are stopped by
roughness elements. The relative flow depth and flow velocity can also be expected to affect this behavior,
which deserves further experiments. The Y-velocity declined after leaving the roughness zone. Y-velocity
when leaving the roughness zone reached the peak value for the particles released near the edge of the
roughness zone, and it increased with the size of roughness elements.

In straight partially alluviated bedrock channels, there are two ways for deflected bedload particles to cause
lateral erosion. First, they may move on the alluvial deposit close to a bedrock wall. Second, they may es-
cape from the roughness zone to travel laterally over smooth bedrock. Given our observations on a sideward
deflection in a straight channel with a localized roughness zone, the lateral erosion rate should show a
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negative relationship with the distance between the riverbank and the edge of the roughness zone. As a re-
sult, the evolution of such bedrock rivers and their widening rates largely depend on the location and size of
roughness zones. However, the formation of alluvial deposits on bedrock beds, the evolution of roughness
zones in response to hydraulics, and the bedload path within such a channel need further investigation.
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