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ABSTRACT

NUMERICAL SIMULATIONS ON PATTERNS OF ALLUVIATION

IN MIXED BEDROCK-ALLUVIAL CHANNELS

Mixed bedrock-alluvial rivers can exhibit partial alluvial cover, which may play an im-
portant role in controlling bedrock erosion rates and landscape evolution. However, numerical
morphodynamic models generally are unable to predict the pattern of alluviation in these channels.
Hence we present a new two-dimensional depth-averaged morphodynamic model that can be ap-
plied to both fully alluvial and mixed bedrock-alluvial channels, and we use the model to gain
insight into the mechanisms responsible for the development of sediment patches and patterns of
bedrock alluviation. The model computes hydrodynamics, sediment transport, and bed evolution,
using a roughness partitioning that accounts for differential roughness of sediment and bedrock,
roughness due to sediment transport, and form drag. The model successfully replicates observa-
tions of bar development and migration from a fully alluvial flume experiment, and it models
persistent sediment patches observed in a mixed bedrock-alluvial flume experiment. Numerical
experiments in which the form drag, sediment transport roughness, and ripple factor were ne-
glected did not successfully reproduce the observed persistent sediment cover in the mixed bed-
rock-alluvial case, suggesting that accounting for these different roughness components is critical
to successfully model sediment dynamics in bedrock channels.

Understanding the development and spatial distribution of alluvial patches in mixed bed-
rock-alluvial rivers is necessary to predict the mechanisms of the interactions between sediment

transport, alluvial cover, and bedrock erosion. This study aims to analyze patterns of bedrock
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alluviation using a 2D morphodynamic model, and to use the model results to better understand
the mechanisms responsible for alluvial patterns that have been observed experimentally. A series
of simulations are conducted to explore how alluvial patterns in mixed bedrock-alluvial channels
form and evolve for different channel slopes and antecedent sediment layer thicknesses. In initially
bare bedrock low-slope channels, the model predicts a linear relationship between sediment cover
and sediment supply because areas of subcritical flow enable sediment deposition, while in steep-
slope channels the flow remains fully supercritical and the model predicts so-called runaway allu-
viation in which the bedrock remains fully exposed at all sediment supplies below a threshold. For
channels that are initially covered with sediment, the model predicts a slope-dependent sediment
supply threshold above which a linear relationship between bedrock expo-sure and sediment sup-
ply develops, and below which the bedrock becomes fully exposed. For a given sediment supply,
the fraction of bedrock exposure and average alluvial thickness converge toward the equilibrium
value regardless of the initial cover thickness so long as it exceeds a minimum threshold. Steep
channels are able to maintain a continuous strip of sediment under sub-capacity sediment supply
conditions by achieving the balance between increased form drag as bedforms develop and reduced
surface roughness as the portion of alluvial cover decreases. In lower-slope channels, alluvial

patches are distributed sporadically in regions of the subcritical flow.
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CHAPTER 1

INTRODUCTION

River channels can be generally classified as either alluvial, bedrock, or mixed bedrock-
alluvial (Figure 1.1) [Howard, 1980, 1987, 1998; Howard et al., 1994; Knighton, 2014]. The beds
of alluvial rivers are entirely covered by the sediment of sufficient thickness that the underlying
bedrock is not exposed [Sklar and Dietrich, 1998; Whipple, 2004]. In contrast, bedrock channels
are characterized by frequently exposed bedrock and a lack of continuous alluvial cover in the
channel bed and banks. Mixed bedrock-alluvial channels feature areas of exposed bedrock inter-
spersed with patches of alluvial cover, potentially taking the form of alternate bars [e.g.,
Chatanantavet and Parker, 2008] or point bars at meander bends [Nittrouer et al., 2011; Nelson et
al., 2014].

Channels with low sediment supply can erode alluvial material in the bed to the point where
bedrock becomes exposed. River channel bedrock exposure is common in mountainous areas,
where the river channel slope is steep and the flow velocity is high. The mixed bedrock-alluvial
river channels are characterized by their excessive transport capacity compared to the in-channel
sediment source and sediment supply rate from the surrounding environment.

The connection between sediment supply, sediment cover, and bedrock erosion are primary
factors in understanding sediment transport mechanisms and the development of alluvial patches
in mixed-bedrock alluvial channels. A theoretical framework of the saltation-abrasion model
[Sklar and Dietrich, 2004] to predict bedrock erosion incorporates the erosional mechanisms of
saltating bed load particles impacting and eroding bedrock [Sklar and Dietrich, 1998, 2001, 2004;

Hartshorn et al., 2002; Demeter et al., 2005; Zhang et al., 2015].



(a) (b) (c)

R 3

Figure 1.1. Field photogaphs sowing (.:AhanAnel; ;norphology. (a) alluvial channel [ooth and
Bledsoe, 2009], (b) mixed bedrock-alluvial channel (Trail Canyon, Utah, U.S.) [Johnson et al.,
2009], and (c) bedrock channel, (Hanase River, Kagoshima, Japan) [Inoue et al., 2014].

The saltation-abrasion model related erosion rate to sediment supply through the ‘tools and
cover’ effect. The erosion rate is low at high sediment supply because the bedrock becomes ‘cov-
ered’ in alluvium. An alluvial deposit covering the bed protects the bedrock surface from abrasion
and plucking processes produced by erosive forces of flow and sediment impact. The erosion rate
is also low at low sediment supply because of lacking erosional ‘tools.” The mobile grains actively
collide with the exposed bedrock surface during the sediment transport processes by saltation and
rolling.

Competition between the tools and cover effects controls the spatial distribution of bedrock
erosion, resulting in lateral and vertical channel erosion and meandering [Finnegan et al., 2007,
Turowski et al., 2007, 2008a, b; Lamb et al., 2015]. These coupled effects are introduced to de-
velop mechanical bedrock erosion models where an increase in sediment flux intensifies the ero-
sion rate, but then builds up a larger fraction of the alluvial layer reducing the erosion rate
[Turowski and Rickenmann, 2009]. The cover effect is typically parameterized in models with

linear or exponential relations where fractional bedrock exposure is a function of sediment supply

to transport capacity ratio [Sklar and Dietrich, 1998, 2004; Turowski et al., 2007] (Figure 1.2).
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Figure 1.2. Relationships between fractional bedrock exposure (Fe), erosion rate (E), and relative
sediment flux (qsqc) as predicted by Sklar and Dietrich [2004] and Turowski et al. [2007]. For the
latter curve, @ = 1. E is calculated as by Sklar and Dietrich [2004]. Hodge and Hoey [2012]

Accurate prediction of the spatial pattern of alluvial cover in mixed bedrock-alluvial channels is
critical for modeling their patterns of erosion and evolution.

Experiments and modeling have demonstrated the dynamic relationship between the de-
velopment of alluvial cover in mixed bedrock-alluvial channels and the erosion and evolution of
the channel. Experiments have shown that sediment tends to collect within potholes [Goode and
Wohl, 2010a, b] and along the bottom of the incised inner bedrock channel [Finnegan et al., 2007;
Johnson and Whipple, 2007] (Figure 1.3). Meanwhile, the loose material is transported through
preferential routes [Nelson and Seminara, 2012], implying lateral erosion primarily at the higher
area of the bed and potential channel widening [Nelson and Seminara, 2011] (Figure 1.4a). In
some experiments, multiple sediment transport pathways have formed erosional longitudinal
grooves [Inoue et al., 2016; Inoue and Nelson, 2020]. The longitudinal grooves with high sediment
concentration underwent widening and merging with adjacent grooves over time (Figure 1.4b).

Bedrock channels play a critical role in the evolution of landscapes [Seidl and Dietrich,
1992; Wohl, 1993; Howard et al., 1994; Tinkler and Wohl, 1998; Whipple and Tucker, 2002;

Gasparini et al., 2007; Hodge and Hoey, 2012]. Bedrock channels provide a lower boundary
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Figure 1.3. Sediment deposition in bedrock channel (a) within potholes [Johnson and Whipple,
2007], (b) between the bedrock ribs [Goode and Wohl, 2010], and (c) bottom of the incised
inner bedrock channel [Finnegan et al., 2007].

condition by determining the landscape denudation rate and conveying climatic and tectonic per-
turbation signals for the rest of the landscapes [Whipple and Tucker, 1999; Whipple, 2001]. Given
the direct connection between patterns of alluvial sediment in the channel and the local erosion
rate, an improved understanding of the dynamics of alluviation in mixed bedrock-alluvial rivers
can lead to better landscape evolution models and a better understanding of the dynamics of the

overall landscape.
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Observations from flume experiments documenting the development of alluvial cover pat-
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Figure 1.4. Bedrock channel evolution (a) channel widening [Finnegan et al., 2007] and (b)

longitudinal groove widening and merging [Inoue and Nelson, 2020].

terns on bedrock beds have provided important insight into the dynamics of alluviation and raised
important questions which help to motivate this study. Chatanantavet and Parker [2008] conducted
a series of experiments in a straight flume where they varied the rate of sediment supply, the initial

cover of sediment on the bed, the slope, and the grain size. Hodge and Hoey [2016a, b] performed
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experiments in a 3D printed scale model of a jointed limestone bedrock river in which the patterns
of sediment deposits at different sediment supply rates were documented. Mishra and Inoue [2020]
performed flume experiments with varying bedrock roughness using different patterns of bedrock
configuration. These experiments have documented a range of dynamic behavior in mixed bed-
rock-alluvial rivers, where the location and amount of sediment cover are impacted by variables
such as the flow rate, sediment supply rate and grain size, channel slope, bedrock topography, and
antecedent bed sediment condition.

Given the range of observations from these flume experiments, a successful morphody-
namic model should be able to predict patterns of alluvial cover in a wide range of channel slopes,
variable initial alluvial thickness, spatial variation of local bed topography and flow velocity, dif-
ferential alluvial and bedrock roughness, and bed evolution with alternate bar development. Thus
far, morphodynamic models have been largely unsuccessful in replicating experimental observa-
tions, especially the development of persistent patches of sediment cover under sustained sediment
supply deficit. Among the more successful models, Hodge and Hoey [2012] developed a cellular
automaton model to simulate sediment transport in bedrock channels using different values of
grain entrainment probabilities in bedrock and alluvial surfaces. They replicated some of the dy-
namics observed in the experiments by Chatanantavet and Parker [2008]. A macro-roughness-
based model [Zhang et al., 2015] exhibited sediment stripping from the alluvial channel and the
bare bedrock bed emplacement. Inoue et al. [2016] presented a numerical prediction of bed evo-
lution and alternate bar formation.

Despite these recent advances in modeling the morphodynamics of mixed bedrock-alluvial
rivers, there remain uncertainties about how different sediment and bedrock roughness influences

sediment dynamics, what controls the development of bars and bedforms in mixed bedrock-



alluvial rivers, and how hydraulic features interact to potentially control alluvial patterns. Existing
models cannot resolve these issues because they are one-dimensional and unable to predict bars
and bedforms, or they do not fully account for roughness feedback depending on local sediment
cover. For example, current models of mixed bedrock-alluvial morphodynamics have not fully
replicated the relationship between overall sediment cover and the sediment supply to capacity
ratio, or the development of alternate bars as reported in Chatanantavet and Parker [2008] (Figure
L.5).

This study intends to resolve these limitations by developing a new numerical model for
mixed bedrock-alluvial morphodynamics that includes: (1) a multi-dimensional approach to ac-

count for the influence of potential 3D bedforms (e.g., alternate bars, antidunes, and dunes) in a

straight channel; (2) the effect of flow resistance partitioned into skin friction due to particles and
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Figure 1.5. Evolution of alluvial layer in mixed bedrock alluvial channels from (top) Run 1-A2 of
Chatanantavet and Parker [2008] flume experiment in 13 m long channel at 1.25, 2.25, and 4.25
hours from top to bottom and (bottom) corresponding numerical prediction from Inoue et al.
[2016]. The dark and light area indicate sediment and bedrock surface, respectively. The numerical
model predicts the washout of alluvial material from upstream to downstream.
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bedrock surface roughness, bed load transport roughness accounting for near-bed sediment
transport, and form drag associated with dimensions of alluvial cover and irregular bedrock topog-
raphy; (3) application of the ripple factor to take into account for an intermediate state between the
planar bed and small-scale bedforms. The model also incorporates recent advances in characteriz-
ing sediment continuity for bedrock-alluvial rivers, and it uses a shock-capturing numerical
scheme that maintains stability across subcritical and supercritical flows.

In this dissertation, Chapter 2 fully describes the new numerical model and tests it against
benchmark observations collected in fully alluvial and mixed bedrock-alluvial flume experiments.
The model is shown to successfully simulate observations for both experiments. Furthermore, nu-
merical simulations where the roughness submodels for form drag, transport roughness, and the
ripple factor are neglected are shown to produce incorrect results, indicating the importance of
fully accounting for each form of roughness when modeling conditions in mixed bedrock-alluvial
rivers.

In Chapter 3, the model is used to gain further insight on the dynamics of alluvial patterns
in mixed bedrock-alluvial channels. In order to investigate what controls morphological processes
in mixed bedrock-alluvial channels, we explore the effect of different channel characteristics, such
as channel slope, presence and absence of initial alluvial cover, and antecedent alluvial layer thick-
ness, with varying sediment supply rates. These simulations replicate, for the first time, observa-
tions collected in mixed bedrock-alluvial flume experiments, and provide mechanistic explana-

tions for the relationships between sediment cover and sediment supply.



CHAPTER 2
NUMERICAL MODELING PATTERNS OF ALLUVIATION IN MIXED BED-

ROCK-ALLUVIAL CHANNELS

2.1. Introduction

River channels can be classified as either alluvial, bedrock, or mixed bedrock-alluvial
[Howard, 1980, 1987, 1998; Howard et al., 1994; Knighton, 2014]. The beds of alluvial rivers are
entirely covered by sediment of sufficient thickness so that the underlying bedrock is not exposed
[Tinkler and Wohl, 1998; Whipple, 2004]. In contrast, bedrock channels are characterized by fre-
quently exposed bedrock and a lack of continuous alluvial cover in the channel bed and banks.
Mixed bedrock-alluvial channels tend to have sediment supply that is less than their sediment
transport capacity, and they feature the exposed bedrock interspersed with patches of alluvial
cover, potentially taking the form of alternate bars [e.g., Chatanantavet & Parker, 2008] or point
bars at meander bends [Nittrouer et al., 2011; Nelson et al., 2014].

The pattern of alluvial cover in mixed bedrock-alluvial channels likely plays a role in the
morphological evolution of those channels, and consequently on landscape evolution [Seidl and
Dietrich, 1992; Wohl, 1993; Howard et al., 1994; Tinkler and Wohl, 1998; Whipple and Tucker,
2002; Gasparini et al., 2007; Hodge and Hoey, 2012]. Bedrock channel erosion sets the lower
boundary condition for landscape evolution and bedrock channels convey climatic and tectonic
perturbation through the landscape [Whipple and Tucker, 1999; Whipple, 2001]. Alluvial cover is
an important component of mechanistic models of bedrock erosion; for example, the saltation-
abrasion model incorporates the erosional mechanism of saltating bed load particles impacting and

eroding bedrock [Sklar and Dietrich, 1998, 2001, 2004; Hartshorn et al., 2002; Demeter et al.,



2005; Zhang et al., 2015]. Competition between the tools and cover effects controls the spatial
distribution of the bedrock channel erosion that results in lateral and vertical channel erosion and
meandering [Finnegan et al., 2007; Turowski et al., 2008a, b, 2007; Lamb et al., 2015].

Observations from flume experiments documenting the development of alluvial cover pat-
terns on bedrock beds have shown that alluvial cover in these channels depends on channel slope,
the initial thickness of alluvial sediment, sediment supply, bedrock roughness, and channel topog-
raphy. Chatanantavet and Parker [2008] conducted a series of experiments in a straight flume
where they varied the rate of sediment supply, the initial cover of sediment on the bed, the slope,
and the grain size. Their experiments illuminated several exciting phenomena in mixed bedrock-
alluvial channels. First, the pattern and trajectory of the alluvial cover appear to be slope-depend-
ent, wherein at low slopes (S = 0.0115) the exposed bed fraction linearly decreases with increasing
sediment supply, akin to the linear relationship hypothesized by Sklar and Dietrich [2004]. How-
ever, at higher slopes (S = 0.02), experiments starting with a bare bed did not develop persistent
alluvial cover at any supplied rate until that rate exceeded the overall transport capacity of the
channel. At that point, “runaway alluviation” occurred, and the entire channel became covered in
sediment. Second, the thickness of the initial alluvial cover affected the dynamics of alluviation
on the bed, wherein at low initial alluvial thickness the bed was stripped clean, whereas thicker
initial sediment covers eventually reached a non-zero fraction of bedrock exposure. Third, some
of their experiments developed continuous strips of sediment moving from one side of the channel
to the other, akin to alternate bars.

Mishra and Inoue [2020] performed flume experiments with varying bedrock roughness.
Plotting the extent of alluvial cover, they observed against sediment supply shows a positive cor-

relation when the hydraulic roughness of the bedrock bed is larger than that of the alluvial surface.
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However, a sudden transition from bare bedrock bed to full alluviation was observed as sediment
supply momentarily exceeded the channel's transport capacity when the ratio of hydraulic rough-
ness height of bedrock to grain size (kg /d) is 1.9 or lower. They also proposed an approximation
of dimensionless critical shear stress for incipient particle motion over bedrock beds as a function
of relative roughness height.

Hodge and Hoey [2016a, b] performed experiments in a 3D printed scale model of a jointed
limestone bedrock river in which the patterns of sediment deposits at different sediment supply
rates were documented. Their experiments pointed out the importance of bedrock topography on
depositional patterns, as patches of sediment tended to form in the lowest portions of the bed, and
at higher discharge and sediment supply, the bed topography played a less important role than
sediment-sediment and sediment-flow interactions in stabilizing patches of alluvium.

Numerical models of sediment transport and bed evolution in mixed bedrock-alluvial chan-
nels have struggled to capture the dynamics of alluvial cover observed in experiments or in the
field. Morphodynamic models simulate river channel evolution by iteratively using hydraulic flow
field calculations to estimate sediment transport rates, which are then used in the conservation of
sediment mass (i.e., the Exner equation) to calculate bed erosion and deposition patterns. These
types of models have been used for decades to understand the dynamics of alluvial rivers, such as
the development and migration of alternate bars [e.g., Defina, 2003; Bernini et al., 2006; Qian et
al., 2017], sediment sorting [e.g., Nelson et al., 2015a, b], braiding [e.g., Murray and Paola, 1997,
Schuurman et al., 2013], meandering [e.g., Smith and Mclean, 1984; Nelson et al., 2003], and
armoring [e.g., Parker and Klingeman, 1982; Parker and Toro-Escobar, 2002]. However, alluvial
morphodynamic models generally assume that the sediment supply equals or exceeds the sediment

transport capacity, which is not the case for mixed bedrock-alluvial rivers.
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This assumption has only recently begun to be relaxed in attempts to use morphodynamic
models to better understand mixed bedrock-alluvial rivers [e.g., Nelson and Seminara, 2012]. Us-
ing a cellular automaton model governed by probabilities of individual grain movement, Hodge
and Hoey [2012] studied the relationship between the fraction of bedrock exposure and the ratio
of sediment supply to capacity on noneroding bedrock beds. Zhang et al. [2015] expressed bedrock
cover fraction as a ratio of vertical length scale between alluvial thickness and macro-roughness
of bedrock topography representing the statistical characteristics of bedrock surface fluctuations.
This MRSAA (macro-roughness saltation-abrasion-alluviation) model was later implemented to
investigate the knickpoint migration [Zhang et al., 2018; 2019] and formation of the cyclic steps
[Izumi et al., 2017] to spatiotemporal variation of sediment supply. Inoue et al. [2016] provided
an early attempt to investigate alternate bar formation and bedrock incision in mixed bedrock-
alluvial channels in response to the different ratio of sediment supply to channel’s transport capac-
ity.

Larger-than-grain-scale bedrock topography, sometimes called “macrotopography”, has
recently been incorporated into one-dimensional morphodynamic models [Zhang et al., 2015]. The
model solutions for alluvial response to sediment supply show that stripping of antecedent sedi-
ment from upstream to downstream occurs with the termination of sediment supply, and the de-
velopment of an alluvial layer with a thickness corresponding to the ratio of sediment supply to
transport capacity (gs/qc), which propagates downstream over bare bedrock when the sediment
supply is increased. Application of nonlinear wave speed to the alluvial layer predicted that allu-
vium over a bedrock surface with a small cover fraction migrated downstream much faster than

those consisting of a higher fraction cover.
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Despite these recent advances in modeling the morphodynamics of mixed bedrock-alluvial
rivers, there remain uncertainties about how different sediment and bedrock roughness influences
sediment dynamics, what controls the development of bars and bedforms in mixed bedrock-allu-
vial rivers, and how hydraulics and macroroughness features interact to control alluvial patterns.
Existing models are not able to resolve these issues because either they are one-dimensional and
unable to predict bars and bedforms, they do not fully account for roughness feedback depending
on local sediment cover, or the impact of hydraulic parameters including slope, roughness, and
shear stress on sediment transport are unclear. For example, current models of mixed bedrock-
alluvial morphodynamics have not been able to fully replicate the relationship between overall
sediment cover and the sediment supply to capacity ratio or the development of alternate bars, as
reported in Chatanantavet and Parker [2008].

We still generally do not have the ability to use morphodynamic models to predict patterns
of alluvial cover in mixed bedrock-alluvial channels or the dynamics of alternate bars in mixed
bedrock-alluvial channels. One reason we lack these modeling tools may be our general lack of
understanding of the effects of hydraulic parameters, such as the importance of hydraulic re-
sistance of alluvial patches and the consequent feedback on sediment transport and alluviation. We
hypothesize that accounting for differential bedrock and sediment roughness, roughness from sed-
iment transport, form drag, and a near-bed shear stress correction are necessary to capture sediment
dynamics in mixed bedrock-alluvial channels.

This study intends to resolve the limitations models encounter when attempting to simulate
sediment dynamics in a mixed bedrock-alluvial channel by developing a new model that uses: (1)
a two-dimensional approach to account for the influence of potential bedforms (e.g., alternate bars,

antidunes, and dunes) in a straight channel; (2) the effect of flow resistance partitioned into skin
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friction due to stationary particles and bedrock surface roughness, form drag associated with di-
mensions of alluvial cover and irregular bedrock topography, and bed load roughness produced by
saltating sediment; (3) application of a ripple factor to take into account for an intermediate state
between the planar bed and small-scale bedforms. The model also must be able to simulate super-
critical, subcritical, and transcritical flows, which often occur in bedrock channels [e.g., Tinkler
and Wohl, 1998; Kostic et al., 2010].

We use two experiments to demonstrate that our model can reproduce observations made
in fully alluvial and mixed bedrock-alluvial channels, and we explore the impact of eliminating
some roughness terms on mixed bedrock-alluvial dynamics and predictions of the alluvial cover.
To do so, we simulate an experiment of Lanzoni [2000a] for alternate bar formation in an alluvial
channel and an experiment of Chatanantavet and Parker [2008] for gravel patch development in a
mixed bedrock-alluvial channel to assess model performance. Our model successfully replicates
sediment dynamics in both experiments. The numerical experiments that neglect form drag and
transport components of the roughness do not reproduce observations from the Chatanantavet and
Parker [2008] experiment, indicating that those components play a critical role in mixed bedrock-

alluvial sediment dynamics.

2.2. Morphodynamic model

We have developed a new morphodynamic model that simulates sediment transport and
deposition in mixed bedrock-alluvial channels. The model used in this study consists of three com-
ponents: a hydrodynamic model describing the depth-averaged flow field, a sediment transport
model describing bed load sediment transport rate, and a bed evolution model updating bed eleva-

tion and the areal fraction of bedrock cover. Unlike previous models of mixed bedrock-alluvial
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morphodynamics, this new model accounts for form drag and sediment transport roughness, in
addition to surface (grain and bedrock) roughness and a roughness-dependent critical Shields
stress. In addition, the total shear stress is corrected with a ripple factor in the sediment transport

model, as the bedform drag does not contribute to the bed load transport.

2.2.1. Flow model
The governing equations for calculating flow depth and velocity are composed of the
depth-averaged form of mass continuity and momentum balance in a 2D Cartesian coordinate sys-

tem:

0Q 9F, 0E, aD, aD,
v I - 2.1
0t+6x+0y 6x+0y 5+ 55, @D

where t is time, x and y are Cartesian coordinates, @ are the conservative variables, F, and F, are
the convective fluxes, D, and D, are the diffusive fluxes, S}, are the bed slope terms, and Sy are

the friction slope:
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where h is the flow depth, u and v are the velocities in x- and y-directions, respectively, g is the
gravitational acceleration, v and v, are the kinematic viscosity of water and the turbulent eddy
viscosity, respectively, 77 is the water surface elevation, zj, is the bed elevation, and p is the density

of water. The bed shear stresses 7j,, and 75, in x- and y-direction are given by

(Toxr Toy) = PCrV U + V2 (0, ), (2.3)

where Cr is a friction coefficient estimated using the law of the wall as a function of the flow

depth h and total roughness height k:

-2

6 =[6+25m (kﬁo)] . @4

2.2.2. The depth-averaged mixing-length model
The calculation of the turbulent viscosity term is based on a mixing-length model with

depth-averaged terms developed by Stansby [2003]:

e R ) o, e

where [}, is a horizontal mixing length scale (I, ® 0.267kh), k is the von Karman constant (x =~

0.408), and y is a constant that accounts for vertical mixing (y = 0.067). u, is the local shear

velocity;
U, = V Tb/p ) (26)
where 7, = ’le,x + Tgy is the local bed shear stress vector, with components 7, and 75, in the x-

and y-directions, respectively.

16



2.2.3. Bed roughness
The total roughness height k is partitioned into three fractional roughness components,
including skin friction kg, form drag k¢, and bed load transport k;:
ko = ks + kf + k¢ . (2.7)
The skin friction is induced by the viscous shear stress and pressure force acting on the individual
grains on the bed, and it relates to the size of the bed material. The local skin friction roughness
height varies with surface particle size in the completely alluvial channel and the degree of irreg-
ularity of the bed surface in the bedrock channel. The calculation of skin friction in the mixed
bedrock-alluvial channel is based on the assumption that the skin friction is linearly associated
with the changes in the fraction of bedrock covered by alluvium:
ks = P.kgy + (1 — Pk, (2.8)
where kg, and kg, are the hydraulic roughness height of the alluvial bed and bedrock bed, respec-
tively. The local areal fraction of alluvial cover P, = min[n,/Cy,, 1], in which C,,, = wd /6 is the
maximum volume of monolayer that spherical sediment grains of constant diameter d are uni-
formly distributed over the bed surface [Nelson and Seminara, 2012] and 7, is the thickness of the
alluvial layer.
The form drag component of roughness results from the pressure force acting over entire
bedforms and is not responsible for the bed load motion of sediment particles [Maddux et al.,
2003a, b]. We calculate the form drag component of roughness as a function of bed morphology

through the empirical relation of Grant and Madsen [1982]:

nz
kr = 30a, (2.9)
T

Ar
where 17, and A, are bed form height and wavelength, and a, is a coefficient in the range from 0.3

to 3. Grant and Madsen [1982] suggested a,, = 0.923.
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For the sediment transport component of roughness, Wiberg and Rubin [1989] proposed
for the flat bed condition:

K, = 30, d—T" 2.10
t — aws 1+a2T* ( )

where T, = /1 is the transport stage, T* is the dimensionless shear stress, T is the critical di-
mensionless Shields stress, a; = 0.68, a, = 0.0204(In 100d)? + 0.0220(In 100d) + 0.0709,
and a,,; = 0.056. Here, the effect of local variation of bed topography is applied to the bed shear

stress to account for the gravity effect.

2.2.4. Bed deformation model
The local volumetric concentration of sediment per unit area is calculated using the sedi-
ment conservation model for mixed bedrock-alluvial channel beds proposed by Luu et al. [2004]:

0Vpq n 0qpx n aqby _
at dx ady

0, 2.11)

where Vj, is the total volume of sediment per unit area and g, and qy,,, are vectors of the bed load
transport rate per unit width in the x- and y-directions, respectively. The thickness of the alluvial
layer n, and the volume of sediment in the bed load layer V), are separately updated considering
the saturation volume of the bed load layer V.. This saturation volume is a threshold value that
determines whether the particles deposit on the bed or rapidly saltate over the surface without
resting on the bed. When V,, exceeds V., a volume of sediment equal to the difference between
Vya and Vj,. deposits on the bed as an alluvial layer. When V,, is less than V., the particles pass

over the bedrock surface as throughput load without deposition:

Vba = Vp
Ng = ;_AC for VbCSVba

0 for 0 < Vba < VbC

(2.12)
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where A represents the porosity of the bed and V. is the saturation volume of the bed load layer
per unit area. When the bedrock is wholly exposed (1, = 0), the volume of the throughput bed
load layer is lower than the saturation volume. When the bed is partially or fully covered with

sediment (n, > 0), V}, equates to V. because sediment particles exchange occurs between alluvial

and bed load layers:
_ Vbc for Vbc < Vba
Vb N {Vba for 0< Vba < Vbcl (213)
The saturation volume of bed load per unit area V. is defined by
Apc
Vpe = — ) .
bc U (2.14)

where ¢ is the bed load transport capacity per unit width and ug is the saltation velocity, calcu-

lated here with the empirical excess shear stress relation presented in [Sklar and Dietrich, 2004]:

u T* 0.56
> _ =156 (—* - 1) ) (2.15)

\/Rbgd Tc

where R, = (ps — p)/p denotes submerged specific gravity of sediment and p; is the density of

the sediment. The bed load transport capacity per unit width q;. is estimated using the relation

based on Ashida and Michiue [1972]:

Qbe R
ﬁ = 17(Jur* = &) (ur* = 77) (2.16)
VvV 'b

where dimensionless shear stress 7* is defined as

Tp

*

T =
pRygd

(2.17)

and p < 1 1s the ripple factor, the ratio of the grain roughness to bed roughness [Ribberink, 1987]

(discussed further in Section 2.2.5).
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The volumetric sediment transport rate per unit width in x- and y-direction is denoted

(qpxr 9by) = qp(cos a, sin a) (2.18)
where « is the angle of bed load transport and the sediment transport intensity, q;, depends on the
ratio of the volume of sediment and its saturation value. The bed load transport rate in bedrock
with a sufficient local volume of sediment equals the sediment transport capacity. However, in
bedrock rivers without sediment cover, the bed load transport rate is less than the bed load transport
capacity:

Vi
—(qp, for 0V, <V,
Ve )

a» = (2.19)

qpc  for Ve < Vp
When considering the effect of gravity acting on particles for gradually varying bed ele-
vation, the sediment transport direction deviates from the direction of the boundary shear stress.

Here we adopt the well-known relationship [Struiksma, 1985]:

1 0z
sin§ — o—<—=2
_ f(z*) dy
tana = T 0z, (2.20)

COSS_WW

where § is the near-bed flow direction estimated to account for the influence of spiral water motion

induced by bed topography as

§ =tan™?! (5) —tan™! (A ﬁ) ) (2.21)

Ts

where the local radius of depth-averaged stream curvature is

U3
SN (Qr-20) e 2 (222)
UWox 7w dy Ox v dy

where U = Vu? + v? is the local flow velocity and the coefficient weighting the intensity of heli-

cal flow is
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C
A= i<1 — Q) , (2.23)

and f(7*) is a function weighting the influence of the bed slope, following the form proposed by

Talmon et al. [1995]:

() =9(3) V& (2.24)

2.2.5. Ripple factor

The bed load sediment transport rate is expressed as a function of shear stress acting over
the channel bed. The presence of bedforms leads to a partial reduction of the total shear stress
related to the form drag, and the remainder is available for sediment transport. The Meyer-Peter
and Muller [1948] sediment transport relation accounted for the ripple roughness by correcting the
dimensionless shear stress with the ripple factor. Subsequently, several models for estimating the
ripple factor have been proposed as a function of the skin friction relative to the total friction

[Vermeer, 1986; Ribberink, 1987]:

/2
Crs\"
= (s 2.25
g <Cf> 22

where C, is the friction coefficient accounting for skin friction obtained by substituting ko with

ks + k; in equation (2.4), and the exponent n is defined by

n=18+0.27logq" (2.26)

where q* = qp./+/Rpgd3 is the dimensionless bed load transport rate. This relationship is valid

for 0.001 < g* < 1 [Vermeer, 1986].
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2.2.6. Critical dimensionless Shields stress

Flume experiments conducted in bedrock channels [Inoue et al., 2014; Mishra and Inoue,
2020] have related the channel roughness and dimensionless critical shear stress of sediment move-
ment. A power approximation proposed by Mishra and Inoue [2020] is applied to this model to
take into account the effect of total hydraulic roughness on critical shear stress:

To0 = Tea(ko/d)*® (2.27)
where ., is the critical Shields stress back-calculated from sediment transport capacity measured
from the experiment in the flat channel. In addition to the bed roughness, the local bed slope effect
on the initiation of particle motion can be added because the local bed slope provides a gravita-

tional component of the force exerted on the particle [Soulsby, 1997; Duan and Julien, 2005]:

7 sin(¢ + Bs) cos By,
T,  sing J1—tan? B, /tan? ¢

(2.28)

where ¢ is the grain angle of repose and [ and £3,, are the slope in the streamwise and cross-stream
direction of the sediment transport, respectively. A simple approach was proposed by Wiberg and
Smith [1987] for the treatment of heterogeneous bed conditions through the geometric relation of

friction angle as a function of particle size to the roughness length scale of the bed:

. (d/ks—0.02 590
¢=cos k¥ 1 2.29)
The bed slopes in the streamwise and cross-stream directions are
B =t _1(62 +az . > B =t _1(82 0z | ) (2.30)
s =tan™" | o-cosa aysmoc , Pn = tan aycosa 3 Sma). .
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2.2.7. Solution procedure

The morphodynamic model calculates the flow field variables, sediment transport rate, and
bed elevation. The model uses a decoupled approximation of the morphodynamic system by as-
suming that the response time of the bed evolution is relatively long compared to the time scale of
the hydraulic processes [De Vries, 1965; Nelson and Smith, 1989; Nelson, 1990; Defina, 2003].
Therefore the hydrodynamic solver is followed by the calculation of the modified Exner equation.

First, local water depth and flow velocity are calculated using the hydrodynamic model
(equation (2.1) - (2.2)). The friction term is estimated by taking into account the roughness of the
bedrock (ksp) and alluvial surfaces (kg ), topographic variability (kr), and the effect of saltating
grains during sediment transport (k). Flow-conservative variables (h, hu, and hv) at each cell
interface are calculated using the total variation diminishing (TVD) scheme [Toro, 2009] for cell-
centered advection terms (F, and F,).

Second, the local sediment transport rate (q,) is estimated considering the local circum-
stance of sediment deposition, which is determined by the fraction of bedrock cover (P,) (equation
(2.14) - (2.16)). The depth-averaged flow variables (h, u, v, and k) determine the threshold of
incipient sediment motion (t* and 7;), then the local bed load transport rate (q,), grain saltation
velocity (uy), and saturation volume of the bed load layer (V) are calculated.

Third, the sediment flux divergence updates the total sediment volume per unit area (equa-
tion (2.11)). Finally, the new alluvial layer thickness (17,) and the volume of bed load transport per
unit area (V) are determined by whether the bedrock is covered by alluvium or exposed (equation

(2.12) - (2.13)).
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2.3. Model validation

We set up two simulations to demonstrate the model’s ability to replicate observations in
both alluvial and mixed bedrock-alluvial conditions. These benchmark laboratory flume experi-
ments documented: (1) the development of alternate bars in fully alluvial channels [Lanzoni,
2000a, b]; and (2) flow and sediment transport in mixed bedrock-alluvial channels [Chatanantavet

and Parker, 2008]. Table 2.1 summarizes the conditions for each experiment.

2.3.1. Alternate bar formation in an alluvial channel

In the first experiment (Run P1505 [Lanzoni, 2000a, b]), a straight, flow- and sediment-
recirculating flume 1.5 m wide, 1 m deep with a 55 m long test section was supplied with a steady
water discharge of 30 1/s. The bed was composed of a uniform sand size of 0.48 mm and initially
screeded flat. At the upstream end of the channel, a 16 m long, 5 m wide stilling basin was installed
to ensure smooth and regular water and sediment discharge into the experimental channel. This
experiment stopped as it reached equilibrium after 28 hours of a run when the water surface slope
equated bed slope. A summary of reach-averaged measurements is reported in Table 2.1. Alternate
bars were formed with an average height of 7 cm, wavelength of 10 m, and celerity of 2.80 m/h.

The simulation modeling Run P1505 is conducted with some modification of experimental

conditions. First, a longer channel of 120 m was used to ensure the bar development to the

Table 2.1. Summary of experimental conditions. *

m m % 1/s g/s mm cm m/s hr

Run B L S Ow Oc D H U t
P1505° 1.5 55 0.452 30 28 0.48 4.4 0.45 28
2-B2°¢ 0.9 13 2 55 110 7 5.5 1.02 5

B is the channel width, L is the channel length, S is the channel slope, Q. is the water discharge,
Q. 1s the sediment transport capacity, D is the grain size, H is the averaged flow depth, U is the
averaged flow velocity, and 7 is the duration of the experiment.

® Run P1505 was performed by Lanzoni [2000a, b].

¢ Run 2-B2 (gs/qc = 0.56) was performed by Chatanantavet and Parker [2008].
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equilibrium state within the domain before leaving the channel reach [Defina, 2003]. Second, a
small bump of 0.6 m long, 0.75 m wide, and 5 mm high was introduced near the upper boundary,
left side (looking downstream), to create an initial disturbance to induce free bar development
because the arbitrarily distributed source of disturbances from the physical experiment was un-
known. Numerical models generally require perturbations such as a topographic bump [Defina,
2003; Wu et al., 2011] or a bend upstream of the straight channel [Mendoza et al., 2017] to develop
bars in uniform flow over flat-bed conditions. Third, the constant and uniform water discharge and

sediment feed rate were imposed at the inlet.

2.3.2. Patterns of bedrock alluviation with limited sediment supply

The second simulation Run 2-B2 (gs/g. = 0.56) [Chatanantavet and Parker, 2008], was car-
ried out on a non-erodible bedrock surface in a 13 m long and 0.9 m wide straight, rectangular
flume channel with a slope of 0.02. The bedrock bed was randomly abraded with a longitudinally
averaged standard deviation of 2.4 mm, and the distance between the lowest and highest points of
the profile is approximately 1 cm [Figure 1b and 3b, Chatanantavet and Parker, 2008].

The averaged values of initial experimental conditions are demonstrated in Table 2.1. The
representative hydraulic roughness of the bedrock surface was back-calculated from the Manning-
Strickler relation under the flow conditions measured from the experimental results conducted in
the channel slope of 0.0115. Initially, the bed was covered entirely with a 2-cm-thick layer of
uniform 7-mm sediment. The steady water discharge was 55 1/s, the constant sediment supply rate
was 62 g/s, and the sediment transport capacity was estimated at 110 g/s for a wholly covered bed.
The experiment stopped when the fraction of bedrock cover P. reached a steady state whose value

was approximately 0.59.
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The numerical model simulation of this experiment uses a 0.9 m wide, 20 m long bedrock
bed with randomly generated topographic perturbations with a standard deviation of 2.2 mm and
a peak-to-peak distance of bed elevation of 0.9 cm (Figure 2.1). The roughness height due to skin
friction (grain equivalent roughness height) used in the numerical simulation was back calculated
from equation (2.4) using experimentally measured average flow conditions for each case of bare
bedrock bed ks» and alluvial bed k.. In the channel fully covered with sediment H = 0.06 m and U
= 1.02 m/s, and in case of flow over bare bedrock bed H = 0.05 m and U = 1.22 m/s, hence ks, =7
mm and ks = 3 mm. The sediment supply to transport capacity ratio gs/qc is 0.6, which means the
steady sediment supply rate is 66 g/s assuming the sediment transport capacity of the alluvial bed
is 110 g/s. A small perturbation was given by changing sediment distribution patterns at the up-
stream end of the channel to prevent sediment and bedform from washing out from the upstream

end of the channel [e.g., Figure 14 in Inoue et al., 2016].

2.3.3. Simulations investigating impacts of roughness components on mixed bedrock-alluvial sed-
iment dynamics

In order to explore the effect of roughness components on the model’s performance of
predicting alluvial patterns, we conducted numerical simulations without bedform roughness or
ripple factor under the same conditions of Run 2-B2. The form drag effect on the flow is removed
by setting the bedform roughness to zero; hence the ripple factor is no longer influential. The effect

of bedform solely on sediment transport is removed by setting the ripple factor to unity.
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Figure 2.1. Plan view of bedrock topography. Colorbar scale indicates the detrended bed elevation.
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We also conducted a simulation where the sediment transport roughness was set to zero, to
explore how that component influences morphodynamic predictions in mixed bedrock-alluvial
channels. For this simulation, the total roughness consisted of bedform and grain roughness, the
latter of which was increased relative to the base scenario so that overall flow depths and velocities

still matched experimental observations.

2.4. Results
2.4.1. Simulation of alluvial alternate bars (Run P1505)

Figure 2.2 shows the plan views of the evolution of detrended bed surface elevation in Run
P1505. The initial upstream bump (¢ = 0 h) deflects flow and sediment transport. The sediment
eroded from the bump forms the first bar and triggers the development of smaller bars downstream
(t =2 - 4 h). The bars migrate downstream as their size grows and lengthens, and pools deepen.
When they reach equilibrium, their downstream migration and growth rate vary slowly and be-
come stable. The initially flat alluvial bed, during the bedform formation and migration process,
develops into a clear pattern of alternate bars. The initial disturbance gradually spreads out by
decreasing height and stretching in the flow direction, prompting new bars to develop downstream

[e.g., Figure 3 in Defina, 2003].
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Figure 2.2. Detrended plan view of modeled bed evolution for the alluvial bar flume experiment
(P1505) with the same longitudinal and transverse scale. Colorbar shows detrended bed elevation
at the same scale for all plots.
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The longitudinal bed profiles and the bed elevation difference between the right- and left-
side walls from the numerical results (Figure 2.3) can be compared to the measured data at the
equilibrium state from Lanzoni [2000a, Figure 1g] (Figure 2.4). Bar amplitudes are calculated as
the difference between the right and left side of the bed elevation, measured 20 cm from each side
wall (Figure 2.3a, b). The amplitude and wavelength are calculated using half the vertical and
twice the horizontal peak-to-peak distances of the detrended profile. The celerity of migrating bars
is calculated as the distance of the peaks from the different times divided by the time lag. The
longitudinal bed profiles from numerical experiments exhibit highly-ordered wave patterns. The
axis bed profiles in numerical simulation and experiment indicate the transversally maximum

value of bed elevation.
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Figure 2.3. Modeled longitudinal bed profiles along the left- and right-side wall and axis at (a) 6
h and (b) 12 h and the difference between right- and left-side bed elevation at (c) 6 h and (d) 12h.
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Figure 2.4. Measured (a) longitudinal bed profiles along the left- and right-side wall and (b) the

difference between right- and left-side bed elevation at equilibrium [Figure 1g, Lanzoni (2000a)].

As the calculated time changes in bar celerity (Figure 2.5a, b), wavelength (Figure 2.5c,
d), and amplitude (Figure 2.5¢e, f) are small, and we consider the bed condition at near equilibrium.
The mean characteristics of the bar (bar height, wavelength, and celerity) near equilibrium are
compared and reported in Table 2.2. The computed bar wavelength, height, and celerity are ap-
proximately 14 m, 7 cm, and 3.2 m/s, respectively. The computed bar height and celerity show
reasonably good agreement with observations of Lanzoni [2000a], but the wavelength is slightly
overestimated. However, the computed alternate bar wavelength is approximately nine times the
channel width showing good agreement with Defina’s [2003] numerical result and laboratory data

of alternate bar wavelength prediction [Ikeda, 1984].

Table 2.2. Comparison of bar characteristics from measured data and computed results.

m/h m cm

Run Cp Ab Hy
P1505 2.8 10 7

Computed 3.240.5 1412 7£1
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Figure 2.5. Computed time evolution of bar characteristics; celerity, wavelength, and amplitude
(from top to bottom) on the left (a, ¢, and e) and right (b, d, and f) side of the channel.
2.4.2. Simulation of mixed bedrock-alluvial experiment (Run 2-B2)

Figure 2.6 shows a series of numerical results illustrating the time evolution bed configu-
ration for the mixed bedrock-alluvial experiment (Run 2-B2) commencing from a 2 cm thick allu-
vial cover (¢ = 0 h). The non-uniform sediment distribution, feeding more sediment at one side
than the other, causes flow deflection induced by a laterally sloping bed at the upstream end (¢ =
0.5 h). At an early stage, this disturbance quickly erodes sediment on the right side of the channel
down to the bedrock bed and creates pools and bars downstream. Then the exposed bedrock bed
area, indicated as a white area, increases as the pools deepen and bars grow taller ( = 1 h). The
sediment on the bed forms a strip of sediment shifting from one side to the other side of the channel
through time while maintaining the area fraction of bedrock cover. Similar patterns were observed

in the Chatanantavet and Parker [2008] experiments; for example, Figure 2.7 shows the time

30



evolution of bedrock exposure from Run 2-B4 [Table 1 in Chatanantavet and Parker, 2008] with
Qs =97 g/s, gs/qc = 0.88, and P. = 0.78 at equilibrium phase. Again, a continuous band of sediment
forms comparable to Figure 2.6. However, the sediment cover is more expansive, and the bed
sediment shifting from one to the other side is less sensitive because of the higher sediment supply

rate than what was provided in Run 2-B2 modeled here.

0 1 2 3 4 {cm)

Figure 2.6. Simulated bed evolution of Run 2-B2. Colorbar shows the thickness of the sediment
cover, and white areas correspond to the exposed bedrock surface.

Figure 2.7. Time evolution of bedrock exposure Run 2-B4: Q; =97 g/s, gs/q. = 0.88, and P. =0.78
[Chatanantavet and Parker, 2008 (personal communication)]. The channel is 0.9 m wide, 13 m
long, water and sediment flow from left to right, and light and dark areas correspond to bedrock
and sediment, respectively.
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Figure 2.8 shows the computed flow variables, bed topography, and sediment transport
capacity at equilibrium (¢ = Sh). The flow depth and velocity over the exposed bedrock area are
higher than on the alluvial bed. However, calculated shear stress is lower in exposed bedrock areas
due to the smaller roughness and higher flow depth. The critical dimensionless shear stress is gen-
erally higher on the alluvial bed but smaller over the lee side of the bedforms. The sediment
transport capacity tends to be higher over the exposed bedrock surface and stoss side of the bed-
form and lower on lee slopes.

Figure 2.9 shows the time evolution of channel averaged fraction of bedrock exposure F,
=1 - P, alluvial thickness, relative Shields parameter, and bed load transport rate. A ratio of allu-
vial coverage of bed surface in the area of interest determines the fraction of bedrock covered with
sediment P. = A. / A; [Johnson, 2014], where A. is the area covered with sediment and A; is the
total area of interest, or numerically P. = )'P.; / N, where P, is the local fraction of bedrock cover
(equation 2.8) and N is the total number of cells in the domain. The fraction of bedrock exposure
is initially zero when the bed is entirely covered by sediment and quickly converges toward a near-
equilibrium state where F. is 0.4 at = 1 h (Figure 2.9a). The numerical result of the degree of
bedrock exposure presents a similar value of F. to the experimental observation. The averaged
sediment cover thickness over an alluvial area varies little in the range of the length of one grain
sizes (Figure 2.9b). The relative Shields parameter 7"/t (Figure 2.9c) and bed load transport rate
(Figure 2.9d) decrease from an initially higher value to approximate equilibrium and vary around
1.2 and 70 g/s, respectively.

The comparison between the computed and measured quantities available from experi-
mental observations is presented in Table 2.3. The agreement is reasonably good in predicting the

fraction of bedrock cover, but higher flow depth and lower velocity in the experiment result in a
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lower Froude number and lower dimensionless shear stress. The model predicted less shear stress
over the bare bedrock areas than the alluvial areas because the bedform developed during the sim-
ulation. The alluvial bars form where flow depth is low and velocity is high, and pools exist over

the bare bedrock area with deep flow depth and low velocity.
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Figure 2.8. Plan view of (a) alluvial thickness, (b) flow depth. (c) flow velocity, (d) dimensionless
shear stress, (e) critical Shields parameter, and (f) dimensionless bed load transport capacity at ¢ =
5 h. Colorbars indicate the scale of computed values, respectively, and white areas correspond to
(a) the exposed bedrock surface and (e) zero sediment transport rate.
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Figure 2.9. The time evolution of the (a) fraction of bedrock exposure from numerical and exper-
imental results, (b) averaged alluvial thickness over the part of the bed covered with sediment, (c)
relative Shields parameter, and(d) sediment transport rate.

Table 2.3. Summary of numerical results

cm m/s
Run P H U Fr T
2-B2 [C&P]? 0.59 5.5+1.5 1.11 1.51 0.11
2-B2° 0.60 6.0 1.00 1.32 0.10
2-B2 (covered zones) © 5.6 0.95 1.31 0.10
2-B2 (exposed zones) ¢ 7.5 1.07 1.26 0.08

? Experimental results from Chatanantavet and Parker [2008].

® Reach averaged numerical results.

¢ Reach averaged numerical results only over the alluviated zones.

4 Reach averaged numerical results only over the exposed bedrock zones.
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2.5. Discussion

The present study shows the results that bed topography comparable to experimental ob-
servations from (1) free bar formation in a mild slope alluvial channel with fine grains [Lanzoni,
2000a] and; (2) alluvial pattern in the mixed bedrock-alluvial channel in a steep slope channel with
coarse grains [Chatanantavet and Parker, 2008]. These suggest that the model can simulate com-
plex flow and sediment transport to gain insight into mechanisms of the bedform development and
alluviation patterns in mixed bedrock-alluvial channels.

The discrepancies between the numerical and experimental results are mainly associated
with the initial and boundary conditions, which are not successfully reflected in the numerical
models, such as the size of the initial disturbances and patterns of flow and sediment distribution
at the channel inlet. In addition, the empirical parameters assumed and employed in the numerical

model lead to an inability to predict bed evolution accurately.

2.5.1. Discussion on ripple factor and form drag

Only a few studies have attempted to simulate sediment transport in a straight mixed bed-
rock-alluvial channel using a 2D numerical model [Nelson and Seminara, 2012; Inoue et al., 2016].
These models estimated bed resistance to the flow using the grain roughness and bedrock surface
irregularity which is applicable to the plane bed. Our model includes the effect of bedform gener-
ation in roughness estimation since alternate bars often form in mixed bedrock-alluvial channels
[Chatanantavet and Parker, 2008; Nelson and Seminara, 2012; Inoue et al., 2016]. The hydraulic
roughness height of alluvial bed changes according to the size of bedforms (i.e., dunes and ripples)
[Vanoui and Hwang, 1967; Engelund, 1977; Van Rijn, 1982, 1984; Wiberg and Nelson, 1992;

Raudkivi, 1997].
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Figure 2.10 shows the time evolution of bed topography with the same condition applied
in Run 2-B2 without including the bedform effect in the roughness calculation, and hence the
ineffective ripple factor. This simulation undergoes sediment washing out from the upstream end
of the channel while forming a bar-like bedform downstream. This result is comparable with the
results provided by Inoue et al. [Figure 14, 2016].

The prediction of bed load transport is based on the corrected dimensionless shear stress
for bedform roughness with a ripple factor [Meyer-Peter and Mueller, 1948]. The value of the
ripple factor has not been reported explicitly but empirically estimated as a ratio of grain shear
stress to the total bed shear stress [Vermeer, 1986; Ribberink, 1987]. Nevertheless, the ripple factor
is often applied to sediment transport models to generate bedforms in alluvial channels with a
constant value of less than 1 [Defina, 2003; Van der Meer et al., 2011].

Figure 2.11 shows the plan view of the bed topography of Run 2-B2 without the dimen-
sionless shear stress correction by using a ripple factor equal to 1 in equation (2.16). The upstream
sediment erodes slower than the bed evolution in Figure 2.10, and the morphodynamic process has
enough time to form a longitudinal sediment strip because the form drag generates higher flow
resistance. However, larger dimensionless shear stress due to the absence of the ripple factor in the
supply-limited channel causes a thin layer of sediment at the upstream end and a narrow strip of
sediment. The strip of sediment is cut off at the narrowed section, and the sediment is eventually
washed out.

Comparing Figures 2.6 and 2.10-11, it can be seen that introducing both form drag to the
roughness and ripple factor of the shear stress in bed load transport is critical in developing bed-
forms and persistent alluviation in bedrock channels where the sediment supply is less than the

capacity of the channel. Results from previous models attempting to replicate these experiments
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[Inoue et al., 2014] show alternate bar development over the alluvial surface, but sediment supply
less than the transport capacity decreases the thickness of the alluvial layer leading to sediment

washing out from upstream and exposure of the entire bedrock.
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Figure 2.10. The time evolution of bed exposure for run 2-B2 without form drag effect (kr = 0).
Colorbar means alluvial cover thickness, and white area is exposed bedrock surface.
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Figure 2.11. The time evolution of bed exposure for Run 2-B2 without ripple factor (1= 1). Color-
bar indicates alluvial cover thickness, and the white area is exposed to the bedrock surface.



The roughness component for form drag effectively increases drag and reduces flow ve-
locity, whereas the ripple factor reduces shear stress in bedform-developed areas. Unlike the form
drag acting on entire bedform fields, skin friction is responsible for the local bed surface roughness
only. The smaller surface roughness over the exposed bedrock area than over the alluvial area
produces higher shear stress. Therefore the model absent of form drag and ripple factor predicts a
higher sediment transport rate as the fraction of sediment cover decreases in limited sediment sup-

ply conditions result in a total washout of the sediment from the channel.

2.5.2. The impact of sediment transport roughness

Our model explicitly accounts for both the grain roughness and roughness produced by
moving particles [Smith and McLean, 1977; Grant and Madsen, 1982; Dietrich, 1982; Wiberg and
Rubin, 1989]. To explore the importance of accounting for each of these components individually,
we conducted a simulation where we ignored sediment transport roughness and increased the grain
roughness to compensate for reduced bed roughness caused by the absence of sediment transport
roughness.

Figure 2.12 shows the time evolution of bed topography for this simulation of Run 2-B2,
excluding sediment transport roughness. A strip of sediment forms shifting from one side to the
other side of the channel momentarily (# = 0.5 h), but then washes out from the upstream end of
the channel (z = 2 h), with a small residual alluvial patch persisting only in a topographic low area
in the bedrock (¢ = 4 h). The flow resistance decreases as bedrock gets exposed because of the
underlying linear relationship between the fraction of bedrock cover and grain roughness. Unlike
grain roughness, the sediment transport roughness is larger where grain movements actively take

place. The sediment transport roughness tends to be higher over the bedrock surface partially
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Figure 2.12. The time evolution of bed exposure for Run 2-B2 without sediment transport rough-
ness from flow resistance (k; = 0). Colorbar indicates alluvial cover thickness, and the white area
is exposed to the bedrock surface.

covered with sediment because the sediment transport rate over the smoother bedrock surface,
where the flow velocity is faster, is higher than over the rougher alluvial surface. The sediment
transport roughness contributes to the formation of alluvial patches in the bedrock channel by re-
ducing grain entrainment over the mixed bedrock-alluvial surface. These results indicate that sep-

arate accounting of grain and sediment transport roughness produces morphodynamic predictions

that better match observations of persistent alluvial patterns in mixed bedrock-alluvial channels.

2.6. Conclusions

In this study, we have developed a two-dimensional morphodynamic model to explore bar
formation and migration in an alluvial channel and sediment transport mechanisms in a mixed
bedrock-alluvial channel without sufficient sediment supply. Comparisons of model predictions
with experimental observations from the free bar test show that the model predicts bed morphology
and bedform development similar to the observations of the flume experiment. However, some

discrepancies raise the need for proper tuning of model parameters and initial bottom perturbation.
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The model predicts the flow field and sediment distribution patterns in mixed bedrock al-
luvial channels reasonably well. Numerical experiments show that the inclusion of bedform rough-
ness and a shear stress correction for near-bed sediment transport is critical to be able to replicate
the alluvial patterns over bare bedrock observed in flume experiments. The evolving interactions
between the alluvial and bedrock bed surface, flow field, and sediment transport simultaneously
modify the degree of sediment cover and bed topography. The numerical model presented in this
study captures the behavior associated with the bedrock alluviation process and can be used to
extend its applicability to various flow and sediment supply conditions with different channel
slopes and antecedent topography.

Future work could explore the mechanisms of sediment pattern formation in mixed bed-
rock-alluvial rivers and characterize the effects of the channel slope, initial sediment cover thick-

ness, difference between the grain and bedrock roughness, and bedrock configuration.
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CHAPTER 3
CONTROLS ON PATTERNS OF ALLUVIATION IN MIXED BEDROCK-

ALLUVIAL CHANNELS

3.1. Introduction

Bedrock channels are characterized by occasional or continuous exposures of nonalluvi-
ated bedrock, which is a consequence of these channels receiving a sediment supply that is less
than their transport capacity. A wide variety of models for drainage network evolution distinguish
between bedrock and alluvial reaches [Howard, 1980; Howard and Kerby, 1983; Howard et al.,
1994; Montgomery et al., 1996] by using channel slope and discharge to express channel transport
capacity. Field investigations [Montgomery et al., 1996; Montgomery and Buffington, 1997; Mas-
song and Montgomery, 2000; Lamb et al., 2008] demonstrate that bedrock channels occur at slopes
greater than a critical value (S > S¢), and alluvial channels form at a slope less than the critical
value (S <= S5,).

The spatial distribution of alluvial cover in mixed bedrock-alluvial channels has im-
portance for determining rates and patterns of bedrock erosion, hydrodynamics, and aquatic habi-
tat. Mechanistic models of bedrock erosion incorporate the erosional mechanism of saltating bed
load particles impacting and eroding bedrock [e.g., Sklar and Dietrich, 1998, 2001, 2004; Harts-
horn et al., 2002; Demeter et al., 2005; Zhang et al., 2015], implicitly introducing dependence on
sediment supply and bedrock exposure into the calculation of erosion rates. Competition between
the tools and cover effects controls the spatial distribution of the bedrock channel erosion, resulting
in lateral and vertical channel erosion and meandering [Finnegan et al., 2007; Turowski et al.,

2007, 2008a, b; Lamb et al., 2015]. The cover effect is typically demonstrated by linear or
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exponential relations of fractional bedrock exposure as a function of sediment supply to transport
capacity ratio [Sklar and Dietrich, 1998, 2004; Turowski et al., 2007]. Additionally, sediment sup-
ply and alluvial cover impact the maintenance and distribution of aquatic habitat and attached
micro-organisms [Lisle and Hilton, 1992; Lisle and Lewis, 1992; Madej, 2001; Buffington et al.,
2004; Detert and Parker, 2010; Kuhnle et al., 2013; Huston and Fox, 2015, 2016].

Alluvial patterns in bedrock channels are controlled by spatial and temporal variations in
sediment flux, transport capacity, and bed topography. These channels can exhibit alluvial patterns
ranging from continuous and concentrated longitudinal strips of sediment to spatially discontinu-
ous patches of sediment. Experiments in mixed bedrock-alluvial channels have observed spatially
concentrated sediment cover and storage in low parts of the underlying bedrock topography [Fin-
negan et al., 2007; Johnson and Whipple, 2007], indicating that topographic roughness induces
changes in local flow properties and threshold of sediment motion. Inoue et al. [2014] observed
inconsistent development of alluvial cover in the inner channel through their field experiments.
Hodge and Hoey's [2016a, b] experiments show that velocity is an important control on sediment
deposition, as they did not observe sediment cover at low areas of the bed where the flow velocity
remained high. The results from several experimental studies [Sklar and Dietrich, 2004; Turowski
et al., 2007; Chatanantavet and Parker, 2008; Johnson and Whipple, 2010] suggest a few major
factors control grain entrainment and bedrock exposure, such as sediment supply rate, channel
slope, material size, and bed roughness.

A set of flume experiments [Chatanantavet and Parker, 2008] using different channel bed
slopes has shown that for lower slopes (S < 0.0115) bedrock exposure decreased more or less
linearly with increasing the ratio of sediment supply rate to capacity transport rate. However, for

sufficiently higher slopes (S > 0.0115), the bedrock remained fully exposed when the ratio of
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sediment supply to transport capacity is less than a critical value, while a linear relationship be-
tween the degree of bedrock exposure and sediment supply rate to transport capacity ratio prevailed
when the sediment supply exceeds transport capacity. These experiments also documented a slope-
dependent “runaway alluviation,” where for initially bare-bedrock conditions, low-slope channels
develop linearly increasing sediment cover with increasing sediment supply, while high-slope
channels remain completely exposed until sediment supply exceeds the transport capacity, beyond
which the channel becomes fully alluviated. Chatanantavet and Parker [2008] suggested this may
be a result of slope-dependent grain interactions; later experiments by Mishra and Inoue [2020]
indicated that runaway alluviation occurred when the bedrock roughness was lower than the sedi-
ment roughness, but the gradual alluvial cover could develop when the bedrock roughness was
higher than that of the sediment. A full explanation of the slope-dependent behavior of sediment
dynamics in mixed bedrock-alluvial channels is still needed.

Morphodynamic models have struggled to replicate the types of observations made in
mixed bedrock-alluvial experiments. Promising results have been presented by Hodge and Hoey
[2012], who developed a cellular automaton (CA) model where the probability of entrainment of
individual grains was specified for bedrock or alluvial areas. Their model found relationships be-
tween bedrock exposure and the ratio of sediment supply to transport capacity (gs/qc) similar to
those observed by Chatanantavet and Parker [2008], but in contrast to the experimental observa-
tions, the majority of their CA model runs predicted that the presence or absence of sediment cover
on the bed at the beginning of the run did not affect the steady state sediment cover. Additionally,
the entrainment probabilities needed to change from run to run for their results to achieve the
diversity of findings Chatanantavet and Parker [2008] reported. While CA models like this provide

interesting insight on the potential importance of grain dynamics for alluvial patterns in bedrock-
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alluvial channels, the absence of a flow model makes connecting probabilities of sediment entrain-
ment and deposition to physical mechanisms of sediment transport and alluviation challenging.
Because of the complexity inherent in the roughness relationship incorporated to the flow
resistance and sediment transport, evaluating the relative influence of different roughness mecha-
nisms for channel evolution is currently a challenging problem. The patterns of sediment cover
over the bedrock bed affect the spatial distribution of local roughness, flow rate, and sediment
transport. Here we use a new morphodynamic model to reproduce many of the phenomena that
have been observed in mixed bedrock-alluvial channels, and we use the model predictions to un-
tangle the mechanisms responsible for the range of dynamic sediment behavior in these environ-
ments. In particular, we use the model to investigate the following questions: 1) what explains the
apparent slope dependence for runaway alluviation? 2) How can mixed bedrock-alluvial channels
maintain alluvial cover when the sediment supply is less than the transport capacity? 3) How do
initial conditions of sediment cover affect the temporal development of alluvial cover, and the
overall relationship between bedrock exposure and sediment supply? Our results reveal the im-
portant interactions between dynamic channel roughness, flow patterns, sediment transport rates,

bedform development, and alluvial cover.

3.2. Methods
3.2.1. Morphodynamic model

We have developed a two-dimensional numerical morphodynamic model for mixed bed-
rock-alluvial channels. The model consists of three major components: (1) the 2D shallow water
equations (SWE) in the depth-averaged form are applied to solve the hydrodynamical component,

(2) a sediment transport model calculates bed load transport rates associated with the
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hydrodynamic variables and topographic variation, and (3) the modified Exner equation is appro-
priately adopted to bed level changes due to the sediment transport processes. The novel aspects
of this model, compared to previous models applied to mixed bedrock-alluvial morphodynamics,
are 1) the Exner equation of sediment continuity accounts for the volume of bed load in transport
and the fraction of bed covered in sediment, 2) a composite alluvial and bedrock roughness is used
in the flow calculation, 3) the friction for sediment transport is modified to account for the effects
of bedforms, and 4) the numerical scheme is robust and capable of handling Froude transitions and
capturing shocks. We summarize the key components of the model below, but a complete descrip-
tion can be found in Chapter 2.2.

A key assumption in most numerical models combining water flow, sediment transport,
and morphological evolution is that the response time of bed evolution is relatively long compared
to the timescales of relevance to the flow of water [McLean et al., 1994; Tubino et al., 1999; Nelson
et al., 2003]. This allows a decoupling between the water flow computation and the sediment equa-
tion by assuming a quasi-steady approximation of morphodynamic process that the bed level does
not change rapidly during an infinitesimal time interval while the flow field adapts instantaneously.
Thus, the decoupled model practically solves for the flow field and topographic evolution using
an iterative procedure.

The numerical model regarding hydro- and morphodynamic processes in mixed bedrock-
alluvial channels must deal with the roughness difference between alluvium and bedrock surface
and the effect of form drag of bedforms on the flow resistance and bed shear stress for sediment
transport predictions. To account for this, we adopt composite roughness partitioned into surface

roughness of alluvial and bedrock bed, sediment transport roughness, and form drag. The ripple
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factor is applied to the shear stress to remove the form drag of the bedforms assuming the remain-
ing part is responsible for sediment transport.

The water flow depth and flux are calculated using the weighted average flux (WAF) dis-
cretization with Harten-Lax-van Leer-Contract (HLLC) solver [Toro, 1992a, b] and an explicit
application of the central difference of the viscous and friction terms at each computational cell
center in a 2D domain. Because of the local and global change in flow resistance associated with
different substrate roughness between the bedrock and bed material and bedform evolution, a treat-
ment of transcritical flow is necessary. The flow resistance consists of skin friction, form drag, and
bed load transport roughness. The linear cover fraction model representing the relation between
the alluvial bed and bare bedrock bed, the volume of local bed material per volume of a monolayer
of sediment grains, is used to calculate local skin friction. The form drag effect is determined using
the local bed slope and topographic variation averaged over the area of interest. Additionally, the
bed load layer thickness is added to the total roughness where the sediment transport occurs. In
Chapter 2.2.3, we demonstrated that explicit calculation of each of these components of roughness
was critical to be able to replicate observations of persistent sediment cover in mixed bedrock-
alluvial channels.

The bed morphology is updated using the modified Exner equation for sediment continuity
[Luu et al., 2004; Inoue et al., 2014, 2016]. The sediment transport capacity on the alluvial bed is
estimated from Wong et al. [2007]. A correction of the bed load transport rate on the pure bedrock
bed is necessary considering a relatively small volume of bed load transport (equation 2.19). When
the bed is completely bare, only the volume of sediment in the bed load layer is brought into bed
load transport without resting on the bed, referred to as the throughput bed load. When the volume

of the bed load layer exceeds the saturation value, sediment starts to deposit on the bed and the
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linear cover fraction model is utilized to determine whether the bed is in the state of partial or
complete cover (equations 2.12-2.14).

The skin friction is used for the calculation of dimensionless shear stress to account for the
fact that only the near-bed grain roughness is responsible for the sediment transport, using a cor-
rection referred as to the ripple factor [Vermeer, 1986; Ribberink, 1987]. The dimensionless shear
stress [Struiksma, 1985; Talmon et al., 1995] and critical Shields number [Soulsby, 1997; Calan-
toni, 2002; Duan and Julien, 2005] are corrected for spatially varying bed topography in the direc-
tion of flow.

The critical Shields parameter calculated as a function of the ratio of the bedrock hydraulic
roughness to the grain size [Inoue et al., 2014; Johnson, 2014; Mishra et al., 2020] is adopted
instead of constant value for bedrock and alluvial surfaces. We use a modified dimensionless crit-

ical shear stress model (equation 3.1) to simulate bed evolution in different channel slopes:
e = ac(ko/d)*, (3.31)

where a. is the correction factor for different channel slope, k is the hydraulic roughness height,

and d is the grain size.

3.2.2. Simulation conditions

We conducted a set of numerical experiments to explore how patterns of alluvial cover in
a mixed bedrock-alluvial channel evolve for different channel slopes, initial cover thicknesses, and
varying sediment supply rates. The simulations were designed to complement the experiments of
Chatanantavet and Parker [2008] and provide mechanistic insight into controls on alluvial patterns
in bedrock channels. Table 3.1 summarizes the initial flow and sediment condition used in each

experiment based on the flume experiments conducted by Chatanantavet and Parker [2008]. The
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computational channel is straight and longer than the experimental channel to avoid possible prob-
lems regarding bedform development sensitive to boundary disturbances. This study focuses on
the morphodynamic mechanisms responsible for sediment cover patterns and bed evolution. We
adopt simplified analysis conditions such as the constant influx of water and sediment at the up-
stream boundary, uniform sediment size, and non-erodible bedrock to exclude potential disturb-
ances to bed topography created by unsteady conditions. The computations are stopped when near
equilibrium conditions of bed topography are achieved, in which the average sediment cover thick-

ness and the fraction of bedrock cover vary around stable values.

Table 3.1. Summary of flow, sediment transport, and topographic conditions

mm % cm 1/s g/ls gls mm cm cm/s
RUN kp a. S Zoi Ow QO Os 0OJ0. d H U F.
2-Al 04 003 1.15 15 24 25 5 0.2 2 4.3 62 0.78
2-A2 04 003 1.15 15 24 25 10 0.4 2 4.3 62 0.6
2-A3 04 003 115 15 24 25 15 0.6 2 43 62 0.41
2-A4 04 003 1.15 15 24 25 20 0.8 2 4.3 62 0.27
2-A5 04 003 1.15 15 24 25 25 1.0 2 4.5 59 0
2-B1 4 0.05 2 2 55 110 44 0.4 7 5 122 1
2-B2 4 0.05 2 2 55 110 66 0.6 7 5.5 111 0.4
2-B3 4 0.05 2 2 55 110 88 0.8 7 55 111  0.25
2-B4 4 0.05 2 2 55 110 110 1.0 7 6 102 0
2-B2-a 4 0.05 2 1 55 110 66 0.6 7 5 122 1
2-B2-b 4 0.05 2 4 55 110 66 0.6 7 6 102 0.4
2-B2-c 4 0.05 2 6 55 110 66 0.6 7 6 102 0.4
2-Ax 04 003 115 O 24 150 150 1.0 2 29 92 0
2-Bx 4 0.05 2 0 55 350 350 1.0 7 5 122 0
2-Dx-a 02 008 03 0 55 8 2 0.25 2 7.5 81 0.7
2-Dx-b 02 008 03 0 55 8 4 0.5 2 7.5 81 0.6
2-Dx-c 02 008 03 0 55 8 6 0.75 2 7.5 81 0.52
2-Dx-d 02 008 03 0 55 8 8 1.0 2 7.5 81 0

The run names correspond to Chatanantavet and Parker’s [2008] experimental conditions. &
denotes bedrock roughness height, a. denotes Shields number correction coefficient, S denotes
channel slope, Z; denotes initial sediment cover thickness, Q,, denotes water discharge, Q. de-
notes sediment transport capacity, Qs denotes sediment supply rate, gs/g. denotes the ratio of
sediment supply to transport capacity, d denotes grain size, H denotes flow depth, U denotes
flow velocity, and F. denotes the fraction of bedrock exposure, respectively.
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All simulations are performed in a planar bedrock bed channel having a length of 20 m and
a width of 0.9 m. A small perturbation of topographic variation with a standard deviation of 2.2
mm and peak-to-peak bed elevation of 9 mm is applied to the bedrock bed. Various hydraulic
conditions are considered, for example, a broad range of sediment supply, bed slope, hydraulic
roughness of bed surface, and antecedent alluvial layer thickness. First, two sets of simulations are
performed: (1) with some initial cover thickness with different channel slopes (Runs 2-AS5 and 2-
B5) and (2) without antecedent sediment cover (Runs 2-Ax, 2-Bx, and 2-Dx) to explore the effect
of channel slopes. Second, a set of Run 2-B is conducted with the gs/q. = 0.6 and various initial
sediment cover thicknesses of 1, 4, and 6 cm. Two types of uniform grains, fine 2 mm and coarse
7 mm gravels, are employed in the experiments with mild slope channel (S < 0.0115) and with
steep slope channel (S = 0.02), respectively.

The bedrock and grain roughness heights are back-calculated from the logarithmic law
depending on the channel slope and corresponding hydraulic conditions. The spatially varying
friction coefficient is then calculated as a function of the flow depth and composite roughness,
which depends upon the local status of fraction cover, bedform dimension, and bed load transport
rate. The critical Shields parameters for each channel slope are back-calculated by equating the
sediment transport capacity from our numerical simulations and experimental runs of Chatanan-
tavet and Parker [2008] conducted in bedrock channels, and adjustment to the correction coeffi-
cient o is employed.

In each simulation, the sediment supply gs was specified as a target fraction of the transport
capacity ¢.. To determine ¢., we conducted simulations for each run, assuming that the initial bed
is nearly flat for either with initial sediment cover (Runs 2-A and 2-B) or bare bedrock surface

(Runs 2-Ax, 2-Bx, and 2-Dx) without the presence of bedforms. The bedrock transport capacity is
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the amount of sediment input per unit width fed into the initially bare bedrock bed equivalent when
the channel bed is thoroughly covered with sediment. The alluvial transport capacity is the channel

averaged sediment transport rate in the alluvial channel.

3.3. Results
3.3.1. Simulations with no initial alluvial cover

Runs 2-Ax, 2-Bx, and 2-Dx all commenced with a bare bedrock bed, and are used to in-
vestigate how channel slope affects sudden vs. gradual alluviation as sediment supply increases.
The lowest-slope simulations (S = 0.003) of Run 2-Dx exhibited a gradual decrease in bedrock
exposure at increasing sediment supplies. An example of bed evolution for these runs is shown in
Figure 3.1 for Run 2-Dx-a. The initial flow depth of 7 cm and constant water flux of 55 1/s over a
bare bedrock bed calculate 0.2 mm of bedrock surface roughness. The amount of sediment flux
with a uniform grain size of 2 mm constantly supplied into the channel at the inlet is 2 g/s corre-
sponding gs/g. = 0.25. The time evolution of bed topography illustrates that the sediment grains
start to settle and scatter in the lower topography areas than their surroundings. The extent of sed-
iment patches gradually grows thicker and expands toward the upstream direction.

Figure 3.2 shows the final state of alluviation for all of the low-slope 2-Dx runs. As sedi-
ment supply (i.e., gs/qc) increases, the alluviated patches grow in size and the overall fraction of
exposed bedrock (F.) decreases.

Figure 3.3 shows the time evolution of the alluvial patch formation for the simulation of
Run 2-Bx commenced from the bare bedrock bed in a channel with a slope of 0.02. The initial
flow depth of 5 cm and constant water flux of 55 1/s over a bare bedrock bed calculate 4 mm of

bedrock surface roughness. A uniform 7 mm sediment is supplied into the channel at the upstream
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Figure 3.1. Simulated bed evolution of Run 2-Dx-a, which began with a bare bedrock bed and
sediment supplied at gs/g. = 0.25. Colorbar shows the thickness of the sediment cover, and white
areas correspond to the exposed bedrock surface.
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Figure 3.2. Plan view of Runs 2-Dx at equilibrium. The sediment is supplied at gs/q. = 0.25, 0.5,
0.75, and 1.0, from top to bottom. Colorbar shows the thickness of the sediment cover, and white
areas correspond to the exposed bedrock surface.

end at the constant flux of 350 g/s, equating to the channel sediment transport capacity. The sedi-
ment tends to deposit on the stoss side of the bedrock mounds where low flow velocity results in
low Froude number, shear stress, and sediment transport capacity. The gravels deposited on the
bed form small patches which grow in size as they move downstream. The migrating alluvial

patches bypass the high bedrock peaks by moving through the topographic lows. The upstream

perturbation of sediment distribution triggers the formation of a sediment strip shifting from one
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Figure 3.3. Plan view of bedrock topography (top). Colorbar scale indicates the detrended bed

elevation. Simulated bed evolution of Run 2-Bx with gs/g. =1 (bottom). Colorbar shows the thick-
ness of the sediment cover, and white areas correspond to the exposed bedrock surface.

side to the other side of the channel, and the entire channel bed is covered with sediment eventu-
ally. Complete alluviation of the bedrock bed begins from the upstream end of the channel, and
alternate bar patterns form as sediment moves across the channel.

Unlike the lower-slope runs of 2-Dx, simulations for 2-Ax (§=0.0115) and 2-Bx (§ =0.02)
were not able to achieve persistent alluvial cover for sediment supplies less than the transport
capacity. Figure 3.4a demonstrates that the fraction of exposed bedrock surface varies with the
sediment supply to transport capacity ratio in the initially bare bedrock channel. In steep-slope
channels (S > 0.0115) without preexisting sediment, the bedrock bed remains fully exposed until
the sediment supply rate is less than the channel sediment transport capacity. When the sediment
supply momentarily exceeds the threshold value, the entire bedrock bed is completely covered by

sediment, so-called runaway alluviation. In contrast, in the lower slope channel (S = 0.003, Run 2-
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Dx), an increase in the sediment supply results in the expansion of the alluvial area, thus the grad-
ual decrease in the fraction of bedrock exposure. These results are qualitatively and quantitatively
similar to the observations of Chatanantavet and Parker [2008], whose experimental results are

plotted alongside ours on the same figure (Figure 3.4).

3.3.2. Simulations with initial alluvial cover and varying slope

Figure 3.4b presents the agreement between the model-predicted and experimentally ob-
served relationships between bedrock exposure fraction and sediment supply in channels with in-
itial sediment cover. In a steeper slope channel (S = 0.02, Run 2-B), the bedrock is completely
exposed when the sediment supply to transport capacity rate is less than 0.4. However, a linear
relationship between the extent of sediment cover and sediment supply is exhibited when the sed-
iment supply exceeds the threshold value (gs/q. > 0.6). As the channel slope decreases (Run 2-A),
the threshold sediment capacity that triggers the linear relationship between sediment cover frac-
tion and sediment supply ratio decreases. In a channel slope of 0.0115, the linear relationship is
observed throughout the entire range of gs/q. that the fraction of bedrock exposure increases grad-

ually as the sediment supply to capacity ratio decreases.

3.3.3. Simulations with various initial sediment layer thickness

The simulations of Runs 2-B2 and 2-B2-a to 2-B2-c are conducted to explore the effect of
antecedent sediment layer thickness on alluvial patterns. Figure 3.5 shows the time evolution of
(a) bedrock exposure and (b) averaged alluvial thickness in the 2 % slope channel. The initial
sediment cover thickness varies between 1 to 6 cm while the sediment flux of 66 g/s is constantly

supplied. In the simulation starting with 1 cm sediment cover thickness, the sediment quickly
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erodes and washes out from the channel. The simulations with 2 cm or higher initial alluvial thick-
ness present that the fraction of bedrock exposure increases gradually and converges approxi-
mately at 0.4. The mean alluvial layer thickness calculated from the area covered with sediment

only tends to move toward 2 cm when the initial cover thickness equals or exceeds 2 cm.
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Figure 3.4. Results from the numerical simulations and flume experiments [Chatanantavet and
Parker, 2008] of the fraction of bedrock exposure with varying sediment supply to transport ca-
pacity ratio for the simulations commenced from (a) bare bedrock channel and (b) alluvial channel.
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Figure 3.5. The time evolution of the (a) fraction of bedrock exposure from numerical simulations,
(b) flume experiments [Chatanantavet and Parker, 2008], and (c) alluvial cover thickness averaged
over the covered area only. The Runs of 2-B2-a, 2-B2, 2-B2-b, and 2-B2-c correspond to the initial
cover thickness of 1, 2, 4, and 6 cm, respectively.
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3.4. Discussion

Our results replicated several phenomena observed in the Chatanantavet and Parker [2008]
experiments: 1) runaway alluviation for high-slope channels with no initial sediment cover, and
gradual alluviation for low-slope channels with no initial sediment cover (Figure 3.4a), 2) a thresh-
old sediment supply for higher-slope channels with the initial cover below which sediment washes
out, but above which a linear relationship between sediment supply and fraction exposure develops
(Figure 3.4b), and 3) a threshold initial sediment cover thickness above which quasi-steady sedi-
ment cover develops, but below which full bedrock exposure and sediment washout occurs. Here,
we would like to use the model’s complete description of the hydrodynamic and sediment transport
conditions throughout the experiments to explain why these phenomena occurred.

Previous studies on sediment transport in the mixed bedrock-alluvial channel have focused
on the fraction of bedrock exposure as an indicator of alluvial patterns [Chatanantavet and Parker,
2008; Hodge and Hoey, 2012; Johnson, 2014; Mishra and Inoue, 2020]. Research has shown that
the channel slope, bedrock configuration and roughness, and antecedent channel alluviation con-
dition affect the fraction of bedrock exposure. In our simulations, we explore the known drivers to
investigate the root cause and detailed mechanisms of bedrock alluviation patterns using the flow

field and sediment transport variables.

3.4.1. Runaway alluviation vs. gradual alluviation

The gradual decrease in the fraction of bedrock exposed with increasing sediment supply
at the low-slope (2-Dx) condition, and the runaway alluviation at higher slopes where persistent
(total) sediment cover occurred only at sediment supply greater than the transport capacity, with

complete bedrock exposure at sediment supplies below that value, was observed in both our
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numerical simulations and in the experiments of Chatanantavet and Parker [2008]. Chatanantavet
and Parker [2008] suggested that this phenomenon may be in part due to sediment grain interac-
tions, such that at low slopes, frequent grain collisions lead to the development of alluvial patches,
which then increase local roughness and grow in size, whereas at higher slopes those collisions
may be less frequent and less likely to develop incipient patches. A series of CA model runs with
varying grain entrainment probability on bedrock and alluvial surfaces suggest that the much
higher grain entrainment probability on the bedrock surface than the alluvial surface is a key factor
of runaway alluviation [Hodge and Hoey, 2012].

Our model treats sediment transport as a continuum and is therefore not able to model grain
interactions directly, but it still exhibited the same sort of slope-dependent relationship between
gradual vs. runaway alluviation. Here, we suggest this is a result of the development of transcritical
flows over bare low-slope beds, but not in higher-slope channels.

Figure 3.6 shows the Froude numbers calculated in the bare bedrock channel before feeding
sediment at the inlet for the Runs 2-Ax, 2-Bx, and 2-Dx. The flow is supercritical in steep slope
channels (2-Ax and 2-Bx), while locally subcritical flow is observed in lower slope channels (2-
Dx). The flow field variables and shear stress result in a low sediment transport capacity where
the flow is subcritical in the low-slope channel (Figure 3.7). These subcritical zones become areas
of deposition, inducing a cascade of local changes in roughness, velocity, shear stress, and critical
dimensionless shear stress which permit the growth of alluvial patches. However, in the steep slope
channels, the large sediment transport capacity produced by high flow velocity and shear stress
results in the particles passing through the channel reach without ever residing on the bed when

the sediment supply is less than the transport capacity (Figure 3.4a).
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Figure 3.6. Initially calculated Froude number for Runs (a) 2-Dx, (b) 2-Ax, and (c) 2-Bx in bare
bedrock channel. Colorbars indicate the scale of computed values, respectively.

Thus, while grain interactions and roughness feedbacks may play a role in developing per-
sistent alluvial sediment cover at below-capacity sediment supply in low-slope channels, the spe-
cific flow field — especially the presence of regions of transcritical flow — can be an important

control on this behavior.

3.4.2. Sediment supply threshold for persistent alluvial patches

The 2 % slope channel simulations with 2 cm initial cover thickness (Runs 2-B1, 2-B2, 2-
B3, and 2-B4) show sediment washing out when the sediment supply rate is less than the threshold
capacity of about gs/q. = 0.4. The sediment forms alternate bars that produce additional resistance
to the flow. The increased form drag roughness competes with decreased bed surface roughness
due to exposed bedrock beds. The channel experiences complete bedrock exposure when the sed-
iment supply does not meet the required amount to maintain the bedform. In other words, the

sediment supplied to the system is redistributed to create bedforms which increase overall
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Figure 3.7. Initially calculated variables in bare bedrock channel for the Run 2-Dx: (a) flow depth,
(b) flow velocity, (c) flow discharge, (d) dimensionless shear stress, (e) critical Shields parameter,

and (f) dimensionless bed load transport capacity. Colorbars indicate the scale of computed values,
respectively.

roughness and encourage sediment deposition and persistence of the alluvial cover; if the supply
is insufficient to build the bedforms, the overall roughness decreases as bedrock becomes exposed
and all of the sediment washes out (Figure 3.8).

Similar mechanisms explain the relationship between the initial thickness of sediment
cover and the development of persistent alluvial cover as opposed to sediment washout at below-

threshold initial thicknesses (Figure 3.5). The 1.15 % slope channel simulations with 1.5 cm initial
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Figure 3.8. Simulated bed evolution of Run 2-B1 with ¢s/g. = 0.4. Colorbar shows the thickness
of the sediment cover, and white areas correspond to the exposed bedrock surface.

cover thickness (Runs 2-A1 through 2-AS5) show the linear relationship between the fraction cover
and sediment supply to transport capacity. Transcritical flow is observed in this simulation (Figure
3.9). The flow is subcritical in the alluvial area and supercritical over the bedrock surface. The
sediment forms a series of discrete sediment patches with a thin layer rather than a continuous strip
of sediment. The subcritical flow promotes the thin layer of alluvial patches to form even in low
sediment supply channels.

Figure 3.10 shows how roughness changes from the initial value of grain and sediment
transport roughness, form drag, and total hydraulic roughness through time. The non-bedform
roughness gradually decreases as bedrock exposure increases for all Runs of 2-B2. However, the
bedform roughness of Runs 2-B2, 2-B2-b, and 2-B2-c increases to 5 mm at the equilibrium state,
whereas the bedform roughness of Run 2-B2-a increases at the early stage and decreases back to
0. The changes in total roughness height indicate that the channel initially requires a thicker sedi-
ment cover layer than the minimum value to develop bars and maintain alluvial strips, or sediment

washing out occurs.
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Figure 3.9. Simulation results commenced from alluvial channel for the Run 2-A2 at =5 h: (a)
alluvial thickness, (b) flow depth, (c) flow velocity, (d) Froude number, (e) dimensionless shear
stress, (f) critical Shields parameter, and (g) dimensionless bed load transport capacity. Colorbars
indicate the scale of computed values, respectively. White areas correspond to (a) the exposed
bedrock surface and (g) no bed load transport.
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Figure 3.10. The time evolution of roughness difference from the initial roughness value: (a) bed
surface roughness, (b) bedform roughness, and (c) total hydraulic roughness. The Runs of 2-B2-a,
2-B2,2-B2-b, and 2-B2-c correspond to the initial cover thickness of 1, 2, 4, and 6 cm, respectively.

3.5. Conclusions

We used a two-dimensional morphodynamic model to conduct a series of numerical ex-
periments in the mixed bedrock-alluvial channel. This study explores the interaction between bed-
rock alluviation and morphological evolution. Simulations with varying sediment supply are con-
ducted in different slope and antecedent channel conditions. The model replicated observations
from a mixed bedrock-alluvial experiment [Chatanantavet and Parker, 2008], including a) the re-
lationship between channel slope and gradual vs. runaway alluviation, b) the slope-dependent sed-
iment supply threshold for development of persistent alluvial cover, c) the relationship between
decreasing bedrock exposure and increasing sediment supply, and d) the development of constant
alluvial cover thickness regardless of initial sediment thickness, provided the initial thickness ex-
ceeds a minimum value necessary to maintain bedform dimensions.

The model results provide physical insight on the mechanisms responsible for these phe-
nomena. Transcritical flow plays an important role in initiating sediment deposition over initially

bare bedrock, and the development of transcritical zones in low-slope simulations but not high-
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slope simulations may explain the apparent slope dependence of runaway alluviation. Persistent
sediment cover in high-slope channels is possible when rough alluvial surfaces balance the extent
of lower-roughness bedrock surfaces, and steeper channels require higher sediment supply to ex-

ceed an apparent threshold where that balance can occur.
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CHAPTER 4

CONCLUSIONS

In this study, a morphodynamic model is developed to explore the dynamics and mecha-
nisms of sediment transport and alluvial cover in mixed bedrock-alluvial channels. The new 2D
morphodynamic model overcomes limitations present in existing models and employs composite
roughness, partitioned into surface roughness, form drag, near-bed sediment transport roughness,
and ripple factor. Our model tested its capability to predict the flow field, sediment transport, and
bed evolution in alluvial and bedrock channels. The computed results of alternate bar characteris-
tics and alluvial patterns are compared to the observed laboratory data. The model performs well
for bedform development and migration in the alluvial channel and alluvial patch formation and
evolution in mixed-bedrock alluvial channels. Additional simulations showed that fully accounting
for form drag, sediment transport roughness, grain roughness, and correcting stress with a ripple
factor are critical when modeling conditions in mixed bedrock-alluvial rivers.

Beyond reproducing flume experiments, the present work provides important insight on
morphodynamic processes in mixed bedrock-alluvial channels. Simulations conducted in bare
bedrock steep slope channels (S = 0.0115 and 0.02) show runaway alluviation as sediment supply
momentarily exceeds transport capacity. In contrast, a gradual alluviation pattern is observed as
the ratio of sediment supply to sediment transport increases in the low slope channel (S = 0.003).
However, the simulations commenced from the alluvial channel display a linear relationship be-
tween the amount of bedrock exposed and sediment supply to transport capacity ratio in the low
slope channel (S = 0.0115). The sediment is stripped in the steep slope channel (S = 0.02), and the

bedrock becomes completely exposed where the sediment supply is less than the threshold
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sediment transport. The linear relationship holds where the sediment supply exceeds the threshold
transport capacity. The simulations performed in a steep slope channel (S = 0.02) with a thicker
than threshold initial sediment cover layer exhibits the convergence of fraction bedrock covered
(P: = 0.6) approximately the sediment supply to transport capacity ratio (gs/q. = 0.6). The mean
sediment cover thickness becomes 2 cm when the initial cover layer is thicker than the threshold
thickness.

These phenomena, which have been observed in flume experiments and have now been
numerically simulated, result from the combined effects of the flow pattern, the roughness differ-
ence between the bedrock and alluvial surfaces, roughness patterns produced by the channel, bed-
forms, and bed load transport, and the preexisting channel alluviation condition. Numerical simu-
lations with the direct linkage between the flow fields, sediment transport, and bed evolution pro-
vide advanced explanations of where and how much sediment is deposited on the bedrock bed. In
addition, the characterization of 3D bedforms and their effects on flow resistance, roughness in-
duced by the grain movements, and correction to the shear stress to account for reduced form drag
effects on near-bed sediment transport promote the model predictability in a wide range of slope,
sediment supply, and antecedent channel alluviation condition.

In low slope channels, near-critical and transcritical flows are generated and form local
low-stress regions that enable deposition and growth of alluvial patches, where the downstream
flow velocity is low and bed elevation is low. These patches expand with increasing sediment
supply, producing a linear relationship between the fraction of bedrock exposure and the ratio of
sediment supply to transport capacity.

In the threshold slope channel (S = 0.0115), the roughness difference between the bedrock

and alluvial surface exhibits a distinctive alluviation pattern depending on the antecedent channel
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condition. The higher grain roughness generates subcritical flows in the initial alluvial channel.
Transcritical flow develops as bedrock is exposed at low sediment supply, and a linear relationship
between the fraction of bedrock exposure and sediment supply to transport capacity ratio is pre-
sented. However, the initial bedrock channel maintains supercritical flow until the bed is com-
pletely alluviated due to the high bed load transport rate in the bedrock surface.

The roughness between the bedrock and the alluvial surface is a primary driver of the allu-
vial pattern in steeper slope channels. When starting with an initially bare bed, the shear stress and
sediment transport capacity over the bedrock produce throughput bed load, such that sediment
particles saltate without ever residing on the bed until the sediment supply exceeds the transport
capacity, when runaway alluviation occurs. In order to attain a persistent strip of alluvial cover in
the steep slope channel, a sufficient amount of preexisting alluvium and sediment supply is neces-
sary to develop incipient bedforms. These then generate increasing bedform roughness, which
counteracts the reduced surface roughness due to the exposed bedrock surface and creates a deli-
cate balance where sediment cover can persist.

In the numerical simulations bed roughness and critical shear stress are adjusted depending
on the flow discharge and sediment transport capacity measured from the flume experiments. Fur-
ther studies to explore the dynamics and mechanisms of sediment transport and alluviation pattern
in field sites can be conducted with field measurements of flow discharge and sediment transport
capacity.

The model has provided mechanistic insight on the development of alluvial patterns in
mixed bedrock-alluvial channels. It therefore provides a foundation for future research, which may
include incorporation of 3D nature of flow fields, suspended sediment transport, models for bed-

rock erosion by bed load and suspended load, and/or transport of sediment mixtures.
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