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Abstract Bedload transport rates for high-gradient gravel bed rivers has been studied through a
physical model that replicated the typical features of these channels. A stepwise regression was per-
formed to identify the best predictors from a set of independent variables. As independent variables
channel slope, the ratio of area occupied by large particles to the total plan area, flow discharge,
mean flow depth, mean flow velocity, water surface velocity, boundary shear stress, and shear veloc-
ity were considered. Different characteristic diameters (d;q, dso, dsa, and dyy) were used to nondimen-
sionalize the variables as well as to test the influence of grain size. A linear and a potential model
were obtained for each characteristic diameter. Based on the correlation coefficients (R*) with the
data used to build the models, the dsy and dg4 linear and potential models were selected to perform
further analysis. A set of independent data was used to verify the selected models. Better perfor-
mance was observed for the potential models with 96% of the data falling within ¢ order of the
magnitude bands both for ds, and dss . R* for the dsy and dy potential models were 0.63 and
0.76, respectively. Therefore, the dy4 potential model can be selected as the present study represen-

tative model.
© 2021 THE AUTHORS. Published by Elsevier BV on behalf of Faculty of Engineering, Alexandria
University. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/
licenses/by-nc-nd/4.0/).

1. Introduction

Mountainous drainage systems are composed mainly of steep
rough-bedded channels. It has been demonstrated that this
type of channel behaves differently from milder gradient
streams [42,44,67,66]. Specific features of high-gradient gravel
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Nomenclature

AIC Akaike-Information-Criterion

dy characteristic diameter (m)

die characteristic grain diameter for which 16% is fi-
ner by weight (m)

dso characteristic grain diameter for which 50% is fi-
ner by weight (m)

dga characteristic grain diameter for which 84% is fi-
ner by weight (m)

doo characteristic grain diameter for which 90% is fi-
ner by weight (m)

Fr Froude number

g gravity acceleration (m/s?)

GSD grain size distribution

L model length

Iy prototype length

q dimensionless volumetric bedload transport rate
per unit width

q, volumetric bedload transport rate per unit width

m’/s/m or m?/s

0 dimensionless flow discharge

0 flow discharge (m?/s)

R sediment submerged specific gravity R = *Tf"
Re Reynolds number

Rh Hydraulic radius (m)

So bed slope (m/m)

14 dimensionless velocity

V velocity (m/s)

Vm dimensionless mean flow velocity

Vi model mean flow velocity (m/s)

Vp prototype mean flow velocity (m/s)

Vws dimensionless water surface velocity

Vi dimensionless shear velocity

Wy settling velocity (m/s)

Y dimensionless flow depth

Y flow depth (m)

y specific weight of water (N/m?)

A geometric scale

Ay velocity scale

v kinematic viscosity (m?/s)

o density of water (kg/m?)

O sediment density (kg/m>)

T dimensionless boundary shear stress

T, boundary shear stress 7, = y¥So (N/m?)

%LP  ratio between large particles plan area and total
area

bed streams include the presence of coarse bed material, low
values of relative submergence, wide range of bed material par-
ticle sizes, high variation of channel slope as well as high slope
values, channel bed forms, and highly variable channel geom-
etry [26,31,41,42,45,66] . The accurate determination of bed-
load transport rates still remains a major concern in the
study of high-gradient rivers [3]. Processes such as the quantifi-
cation of sediment loads, channel evolution, and river manage-
ment depend on the ability to predict transport rates
accurately [40]. The high variability and complexity of the
parameters involved in sediment transport do not allow for
obtaining estimates of transport rates through theoretical or
semi-empirical models with a precision greater than within
an order of magnitude [54,53]. When general bedload trans-
port equations are applied to estimate fields or laboratory
transport rates, errors of several orders of magnitude are com-
mon. When models developed specifically for steep gravel bed
rivers are used, these errors are reduced. However, differences
up to three orders of magnitude are still present [27,42,51,54].

Many studies have been performed with the aim to develop
a physically-based model that accurately describes bedload
transport [5,8,20,37,48] . However, the complex interaction
between flow and sediment particles, highly variable flow con-
ditions due to turbulence and channel flow resistance, and the
presence of large particles that are immobile under certain
flows but become mobile above a flow threshold, make it dif-
ficult to include all the parameters and their variability (in time
and space) in a simplified model [4,3,15,25,54,53]. Recent stud-
ies have developed experimental procedures to incorporate
some of this variability [11]. Yager et al. [67] performed flume
experiments to test a modified equation that includes the
effects of the reduction of shear stress, available for sediment
transport, by the presence of large elements in the channel that

move only under extreme hydrological events. Yager et al. [66]
developed a correction to the Parker (1990) equation to
account for the effects of steps that absorb a part of the bound-
ary shear stress resulting in an increase in sediment flow resis-
tance. Frey and Church [25] performed an analysis of gravel
sediment transport in terms of a granular perspective to intro-
duce the particular physics of these types of flows to the eval-
uation of gravel transport. Ghilardi et al. [26] completed flume
experiments to demonstrate that the relation between sediment
diameter and large size particles distribution (in space) play an
important role in bedload transport. Moreover, they stated
that the transport process for steep gravel channels is better
described in terms of discharge rather than shear stress. They
also included the direct influence of bed slope, thus, affirming
that this parameter has the highest impact on transport
capacity.

As a step forward to the consideration of more general field
conditions, the present study developed an experimental anal-
ysis that included the simulation of bedload transport with
natural-shaped sediment particles with a grain size distribu-
tion, and randomly distributed (in space) large size sediment
particles based on what has been observed in typical high-
gradient rivers of Southern Ecuador. Specifically, the experi-
mental configuration and parameters considered for the pre-
sent study were based on the features observed in a high-
gradient river. The Tabacay River was selected because of its
high gradient and sediment transport features such as slope,
bed material sizes, and transport capacity. It is a mountainous
high-gradient river that originates in the Ecuadorian Andes.
Its drainage area is 66.5 km”. The river has a total length of
8 km. Thirteen cross sections were surveyed to characterize
the river throughout its length[11]. Measured longitudinal
slopes range from 2% to 10% with an average of 5%. The
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mean annual discharge is 1.5 m>/s [36]. Parameters such as bed
particle diameters and flow discharge were scaled from river
values (prototype) to flume values (model) and vice versa, to
relate the magnitude of the events performed in the flume
experiments with field values. The aim of the present study
was to obtain a bedload transport rate relation based on mea-
sured rates obtained from a laboratory experimental set up
that was intended to include most of the variability present
in field. Additionally, the obtained model was validated with
an independent data set to verify its applicability.

2. Model identification for bedload transport rates

Bedload transport is a complex process that depends not only
on many hydraulic and geometric parameters and physical
properties, but also on the interaction between them. Hydrau-
lic parameters include parameters such as mean flow velocity,
mean water depth, boundary shear stress; geometric parame-
ters include channel slope, characteristic bed material diame-
ter. Water and sediment physical properties include density
and fluid viscosity. The interactions between these parameters
contribute to the high uncertainties reported in the estimation
of bedload transport rates [49,69] . To include the most rele-
vant variables involved in sediment transport mechanics,
dimensionless parameters are used to develop empirical or the-
oretical relations to estimate bedload transport rates [69]. For
the present study, the relations used to obtain dimensionless
hydraulic parameters as proposed by Parker [46] are presented
below.

_ qs
9= Rl/zgl/zds‘w (1)

o pl;;dx @
0= g .
Y :E): 4)

= T o

Where, ¢ is dimensionless volumetric bedload transport
rate per unit width, ¢, is volumetric bedload transport rate
per unit width (m’/s/m or m?/s), R is sediment submerged
specific gravity

R= %, p is water density (kg/m’), p, is sediment density
(kg/m?), g is gravity acceleration (m/s?), d, is characteristic
diameter (m), t is dimensionless boundary shear stress,
1, = 9YSo is boundary shear stress (N/m?), y is water specific
weight (N/m?®), Y is flow depth (m), S, is bed slope (m/m), Q
is dimensionless flow discharge, Q is flow discharge (m?/s), ¥
is dimensionless flow depth, V' is dimensionless velocity, and
V is velocity (m/s).

Commonly, equations for bedload transport rate are
expressed as functions of 7 . However, stream power, unit dis-
charge, and energy dissipation rates can be also used to
describe bedload transport rates [5,16,21,24.55,68] . Recent
studies have identified that for gravel bed rivers, there are addi-

tional parameters that impact transport rates. Even though
slope is indirectly considered through parameters such as
boundary shear stress or stream power, the direct inclusion
of slope in case of high-gradient rivers has improved the esti-
mates of transport rates [15,61] . Additionally, the presence
of large particles in the river bed has been demonstrated to
impact the transport capacity by decreasing the tractive force
(through boundary shear stress) available to transport sedi-
ment [26,67] . Therefore, with the aim to include most of the
variables and processes that define bedload transport rates,
the slope S,, ratio between large particles plan area and total

area %LP, dimensionless discharge @, dimensionless flow
depth Y, dimensionless mean velocity Vm, dimensionless water
surface velocity Vws, dimensionless boundary shear stress t,

and dimensionless shear velocity V'« were considered as appro-
priate independent variables. %LP has been selected as a
parameter to represent the influence of large particles on the
riverbed. The set of dimensionless variables has been selected
considering the inclusion of hydraulic and geometric parame-
ters, and physical sediment and fluid properties, and to repre-
sent the most common interaction between them.

An important parameter for both the sediment transport
process and to express variables in the dimensionless form is
the bed material characteristic diameter (d;). Characteristic
diameters djs (16% finer), dso (50% finer), dg4 (84% finer),
and dyy (90% finer) have been frequently used to represent
the grain size distribution (GSD) of riverbed material
[14,23,34,37,38,47,63,64,65] . Generally, a characteristic diam-
eter that represents the entire GSD is used to study the fluvio-
morphology of rivers to include the influence of the GSD and
to keep final models and relations as simple, practical, and
replicable as possible [29,32]. Depending on the process being
analyzed (bed roughness, flow resistance, sediment transport,
etc.), different grain diameters have been selected as character-
istic [7,23,57] . Therefore, for the purposes herein, the defini-
tion of a characteristic diameter was based on the bedload
transport conditions, whose selection criteria rely on each
diameter’s role on the estimation of transport rates [51]. Here;
dys, dso, dss, and doy were considered as potential characteristic
diameters and used to put the independent variables in dimen-
sionless forms. Thus, characteristic diameter was also consid-
ered an independent variable. Thereby, a more appropriate
characteristic diameter for bedload sediment transport can
be determined through a joint analysis with the other parame-
ters that determine transport rates.

Many studies have evaluated the prediction capacity of
bedload transport equations [27,30,35,54] . Among these stud-
ies, the only generalized conclusion is that there is no model or
equation that performs well consistently and that the degree of
model complexity and calibration is not always related with
the performance of the model. However, simpler models have
shown reasonable accuracy for the description of bedload
transport. Additionally, physically-based models may not be
able to account for the wide range of parameters and their fluc-
tuations [4,6,13.,49,52,60]. The inclusion of additional indepen-
dent variables in the bedload sediment transport has been
mostly applied as correction factors [15,26] . Therefore, it
has not been possible to identify whether the relationship of
each of these variables with bedload transport is linear [26].

In the present study, linear and potential models (through
logarithmic transformation) were used to investigate the set
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of variables’ configurations that efficiently describe the trans-
port phenomenon. As a simplified alternative to the highly
complex theory of sediment transport, a more straightforward
multiple linear regression has been used as a surrogate frame-
work herein, which works under a proper stochastic formality
that helped to establish a set of parsimonious variables
describing the sediment transport rates. [4,22] . A metric for
measuring such parsimony into a linear model is the Akaike-
Information-Criterion (AIC), which determines the efficiency
of the model by rewarding the predictability and penalizing
the number of predictors included [1-2]. In an ideal case, opti-
mizing the AIC parameter by searching among all the combi-
nation spaces of variables into a linear model will establish the
desired set of most parsimonious predictors. Nonetheless, a
Stepwise regression technique could support such identifica-
tion more efficiently from the perspective of computing
requirements. Stepwise regression is an automatic procedure
for identifying the predictor variables through the addition/-
subtraction of explanatory variables until a desired criterion
has been reached (the AIC criterion, in this particular case)
[28]. Forward, backward, and bidirectional selection proce-
dures are frequently described as the most common algorithms
of searching, and for the purposes herein, we used the three of
them. The final model would be the one with the lowest AIC
performance. The methodology searches through a wide range
of variables’ combinations, from a model described by a single
constant to a model including all the available variables con-
sidered. The number of steps for the searching was established
as five thousand, as a maximum. The model was reported as
significative under a p-value less than 0.05 in the F-test.

Since some of the involved variables are certainly not inde-
pendent of each other, there is a latent risk of multicollinearity
and equifinality. To enhance this issue, an option could be the
inclusion of uncorrelated variables a priori, selected by using
some technique before the stepwise procedure — for example,
a Principal-Component-Analysis (PCA). However, with
respect to the authors’ criteria, the aforementioned would
not be convenient in this particular case because the linear
model is considered as a surrogating technique describing a
complex nonlinear phenomenon here. Thus, multiple linear
frameworks could be interpreted as the first term in Tylor’s
expansion, hopefully capturing the main variability of the ser-
ies as a joint contribution of all the predictors. In that sense,
although an individual ranking of the importance of the pre-
dictors has a meaning on the linear scheme, it would be less
meaningful in the phenomenon because of its nonlinear nature.
Moreover, some correlation between the predictors could
become conceptually substantial in a context beyond the linear
scheme.

Because of the above, it will be convenient to include all the
information available for the stepwise procedure. However, it
is not desirable to have predictors with a high degree of
collinearity. Therefore, the variance inflation factor, VIF (mea-
sure of the interaction and/or correlation between “indepen-
dent” variables) should be checked out [33]. We established a
VIF threshold as a maximum of ten (VIF,,.. = 10), which is
often considered reasonable [33]. Of course, another more
demanding criterion is also suggested by considering lower
VIF values [59]. However, the relaxation of this parameter
for the proposed value here allowed to avoid multicollinearity,
and at the same time, preserved important information in the
selected set of parameters, which was desirable for other pur-

poses such as conceptual or physical interpretations in a
broader range of analysis.

Moreover, because we used the model for identifying the set
of variables that most probably describe the phenomenon
jointly, we suggested checking out the presence of equifinality.
Conveniently, this is possible by applying the three stepwise
algorithms in this case (i.e., forward, backward, and bidirec-
tional algorithms). A different set of predictors may be chosen
by different stepwise strategies. In principle, the lower AIC
information would ultimately establish the best model option
among these. However, when the AIC parameter is similar
and the sets “‘seriously” differ among them, it constitutes the
evidence of equifinality. Thus, attention should be paid in that
regard because it means that multiple groups of parameters
can describe the phenomenon equally well, which would trivi-
alize the purpose of the linear model outlined herein.

Discerning the cases on which the set of parameters identi-
fied with each of the three methodologies (forward, backward,
and bidirectional) “significantly” differ among the three step-
wise procedures that have a similar AIC implies some degree
of subjective evaluation that entails the expert’s criteria. How-
ever, since the linear scheme has shown consistency in the con-
text of the sediment transport for certain experimental ranges
and definitions [49], we hypothesize that a non-trivial selection
will imply that the three models do not differ in more than two
parameters in their chosen sets. On the other hand, if the latter
criteria were not fulfilled, non-information could be excluded,
establishing the set as the union of all the sets of identified vari-
ables for further discussion. However, it should be noted that
the last established criterion is a suggestion in the context of
the problem being treated here. In the end, the output variable
g will be linearly approximated by some combination of vari-
ables. The algorithm to implement the stepwise procedure is
freely available in “R” [58].

Finally, the analysis was carried out considering both forms
(linear and potential) along with eq. (6) and eq. (7), and for
each representative diameter to construct the dimensionless
variables for the modeling. Since some evidence argues that
the sediment transport phenomenon could respond to a poten-
tial nature [60], expression (7) will also constitute a conceptual
validation of the simpler linear scheme used to identify the set
of parameters. In that context, we compared both framework
schemes to support the validity of the proposed methodology.

q=C+aS, +bW%LP +cQ+dY+eVm+fVws—+gt+hVx
(6)

q=C-S,“%LP"-Q° - Y - Vm® - Vws -1 V! (7

3. Experimental design

The experiments were performed in the Hydraulics and Fluid
Dynamics Laboratory of the Civil Engineering Department
of the University of Cuenca. A tilting flume, 0.30-m-wide
and 0.45-m-high, was used to create a mobile bed channel.
The flume had a total length of 12 m; however, a length of
3.0 m was used as the test zone to represent the mobile bed.
The test zone was located 5 m downstream from the entrance
weir. The end of the test zone was 4 m from the end of the
channel. Water was supplied to the flume channel through a
recirculation system. At the entrance of the flume, a V-notch
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weir allowed the estimation of the discharge. Discharge mea-
surements were estimated from the calibrated head-discharge
relationship (maximum error of 5%) and the measured water
depth (with a point gauge with a resolution of + 0.1 mm).
A schematic of the experimental setup is presented in Fig. 1.
The discharge range was defined based on the system capacity
but mainly considering events from low to moderate intensity,
corresponding to prototype values of 0.8 m’/s to 3 m?/s that
represent 50% to 200% of the mean annual discharge of the
Tabacay River. Moreover, these values represent events up
to bankfull conditions for most of the thirteen cross sections
that were analyzed. Bankfull discharge for the thirteen cross
sections varies from 5.84 to 0.28 m®/s and has a mean value
of 2.41 m?/s[11]. These types of events have been considered
because available bedload equations generally tend to show
poor performance under these conditions [6]. The range of
experimental discharges are presented in Table 1 as well as
their corresponding prototype values.

The material used was prepared based on the material of
the thirteen cross sections characterized in the Tabacay River.
For each cross section, bathymetry and GSD for the mobile
bed material were obtained (without considering the large size
less-mobile particles). The differences reported between the
GSD obtained for each of the thirteen cross sections were
not of a considerable magnitude. Median characteristic diam-
eter dsy ranged from 10.8 to 38.6 mm. Therefore, the final GSD
to be used for the experiments was determined by a least
square regression based on all the thirteen GSDs measured
in field. For the experiments, the final GSD was scaled. To rep-
resent the bedload transport in a scaled model, the dimension-
less volumetric bedload transport rate ¢ for the model had to
be equal to the corresponding values in prototype [50]. This
was achieved for a Froude scaled undistorted model by deter-
mining the sediment size corresponding to the scaled sediment

settling velocity (through Froude scaling) rather than the geo-
metric scaled sediment size [50]. The following relation was
used to determine the settling velocity [19,62] .

W= [\/(10.362 +1.049d.%) — 10.36 (8)
1/3
gR
d. = <v_2> a ©)

Where, w; is the setting velocity (m/s) and v is the kinematic
viscosity (m?/s).

The geometric scale 4, = 1,//, (where /,and /, are model
length and prototype length, respectively) was defined based
on the characteristic channel width measured at the thirteen
cross sections to be modeled in a 0.3 m wide channel. Thus,
4 =0.12 . It has been shown that for high-gradient rivers,
the top width is not highly sensitive to changes in discharge
[11,18]. Therefore, the experiments in a rectangular channel
do not represent a simplification that can compromise the
accuracy of the model’s measurements as a representative of
the field parameters. Based on Froude scaling, the ratio
between the model and prototype velocities (4, = v,/v,) to
scale settling velocity 4, =0.35 . The original and scaled
GSD for the mobile bed material are presented in Fig. 2.

The model GSD was built with sediment extracted from the
field sites on the Tabacay River. This material has a specific
gravity of 2265 kg/m>. To prepare the mobile bed for the
experiments, first a fixed layer of the material with the model
GSD was placed at the base of the channel to represent the
roughness found in the natural river. The mobile bed for each
experiment was located on top of this fixed layer. The height of
this mobile bed was 12 times the dy, of the model GSD pre-
sented in Fig. 2. In addition to the mobile bed material, parti-
cles were also considered for the experiments. In order to

Fig. 1

Schematic of the experimental setup.
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Table 1 Experimental parameters variation.
Discharge Channel Mean flow depth  Froude Reynolds %LP(%) Relative
o(l/s) Slope Y(cm) Number Number Submergence
So(%) Fr! Re? Y/dyy
Model 0.44 — 13.50 4 0.70 — 3.80 0.24 — 3.06 49x10° — 1.4x10°  5,15,25,35 1.4-3.75
Prototype 87.83 — 2705.80 5.83 — 31.67 1.1x10° — 2.7x10° 0.89 — 3.87
Model 0.71 — 12.05 5 1.15-4.15 0.50 — 2.88 8.9x10° — 5, 15,25,35 1.25-4.40
91.0x10°
Prototype 141.79 —2415.31 9.58 — 34.58 2.1x10° — 2.4x10° 1.28 — 4.52
Model 0.72 - 15.34 6 1.43 — 4.00 0.57 — 2.48 9.0x10° — 1.2.10°  5,15,25,35 1.55-4.56
Prototype 143.53—3075.95 11.94 — 33.33 2.2x10° — 3.0x10° 1.60 — 4.69
Model 0.74 — 15.39 7 0.95-3.75 0.49 — 3.01 8.6x10° — 1.3x10° 5, 15,25,35 1.17—4.27
Prototype 149.00 — 3084.81 7.92 - 31.25 2.1x10° — 3.1x10° 1.21 — 4.39
Model 0.51 — 14.13 8 0.90 — 3.50 0.54 — 2.74 4.8x10° — 1.2x10° 5,15, 25,35 1.06 — 4.60
Prototype 101.67 —2832.23 7.50 — 29.17 1.2x10° — 2.9x10° 1.09 — 4.76
Model 0.54 — 14.67 9 0.90 — 4.50 0.46 — 2.55 5.1x10° — 1.2x10  5,15,25,35 0.97—5.17
Prototype 108.03 —2491.06 7.50 — 37.50 1.2x10° — 2.9x10° 1.00 — 5.32
Model 0.94 — 14.39 10 1.00 — 3.40 0.39 — 2.75 8.5x10° — 1.2x10° 5, 15,25,35 1.07 —3.93
Prototype 187.53 — 2885.69 8.33 — 28.33 2.0x10° — 2.9x10° 1.10 — 4.05
I ¥

Where, V is mean flow velocity and R# is the hydraulic radius.

100 Prototype GSD
9QF — - Model GSD k4
80t
70 ;
60 [ 7
50 K¢
40 s
30t ¥
20 4
101 -

% Finer

10" 10° 10" 102
Grain size (mm)

Fig. 2  Grain size distribution for prototype (field measured) and
model (scaled for laboratory experimentation).

consider a more general condition, random spatial distribution
and protrusion of these particles was considered. The criteria
used to determine the amount of the large particles was the
ratio between the area occupied by these particles and the total
plan area defined as %LP. The ratios considered for the exper-
iment developed in the present study varied from 0.05 to 0.35
with an increase of 0.10 representing 5%, 15%, 25% and 35%
of the plan area occupied by the large almost immobile parti-
cles. This range was determined from an analysis of the ratios
observed in each of the thirteen cross sections. An example of
this is shown in Fig. 3. For the section shown in Fig. 3, the per-
centage of plan area occupied by the large particles (hatched
area) is 16%. The size of the large particles varied from 8 to
12 times dyy (90% finer from the model GSD in Fig. 2). These
sizes were determined based on the large particles present in
the thirteen cross sections. An average range of the variation
identified from the thirteen cross sections was used for the lab-

Fig. 3  Schematic for the determination of the ratio between the
projected area occupied by large size particles and total plan area.
The hatched areas represent large, immobile particles. (ESC 1:20).

oratory experiments. Based on the %LP, a new GSD including
the large particles was obtained for each case.

For each experimental run, the sediment was not fed during
the experiment. A mobile sediment layer was located in the test
zone and allowed to be transported until all the material left
the test zone. This condition was considered because a set of
calibration experiments (performed in a preceding work[12]
demonstrated no dependence on the sediment feed rate for
the final transport rate. Each experiment was considered to
begin once the flow was established i.e., no variation in steady
parameters, such as discharge, above sediment flow depth was
registered. At this point, the time began to be registered. Some
sediment particles were transported before the flow was estab-
lished. However, these particles were not considered in deter-
mining the transport rates. Each run ended when the entire
mobile sediment layer was transported out of the test zone.

To determine the experimental transport rates, the trans-
ported material was collected in a sediment trap at the end
of the flume. The material was then dried and weighed. Trans-
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port rate was calculated as weight of the material transported
divided by the experiment time. Discharge, channel slope, and
percentage of large particles varied for the different experimen-
tal runs. With combinations of all the independent variables, a
total of 140 experiments were performed. In Table 1 presents
the range of these parameters. For each experiment, the dis-
charge, flow depth, surface velocity, and water temperature
were measured. Each combination of parameters was run three
times to ensure the validity of the flow hydraulics and trans-
port rates measured. Surface velocity measurements were per-
formed with a camera located on top of the channel and
tracers (plastic spheres), as observed in Fig. 1. A lateral camera
was also used to verify the flow depths throughout the exper-
iment. The flow depth measurements were made with a point
gauge (resolution of £ 0.1 mm) and verified with the values
observed in the videos. As observed in Table 1, relative sub-
mergence in the model and prototype are similar. The slight
differences that were observed were caused by the fact that sed-
iment diameter is not scaled directly with the geometric scale 4,

4. Model verification

To analyze the prediction capacity of the selected models, the
set of data developed by [61] was used. This data set is com-
prised of 77 sediment transport rates measurements and their
corresponding hydraulic parameters. Table 2 presents a sum-
mary of these hydraulic parameters. Vws and %LP are not
reported. However, these parameters are not commonly
reported for bedload transport datasets. A relation between
mean flow velocity and water surface velocity were obtained
based on the data of the present study. This relation was used
to estimate Vws based on Vm . For %LP, a value of 0.5 was
used. A value of fifty percent in area occupied by large parti-
cles could be considered relatively high. This can be seen as
a desirable condition to be tested. Since the presence of large
and almost immobile particles has been identified as one of
the reasons for inaccuracies in bedload transport rates predic-
tions [67], 2012), dg4 is not reported either. However, it was
estimated based on doy and dsg .

5. Results and discussion

Table 3 presents a summary of all the experimental runs (140
total). It presents the results corresponding to the minimum
and maximum discharge and the minimum and maximum %
LP for all the slopes analyzed. The table does not show inter-
mediate values of discharge and %LP. The experiment number
(# experiment) presented in Table 3 is referenced with the total

Table 2 Smart [61] experimental results.

number of experiments. Intermediate numbers such as 2, 3, 5 —
16, etc. correspond to the discharge and %LP intermediate
values. Therefore, they don’t appear in Table 3. The best pre-
dictors for bedload transport rate were determined through
stepwise regression. A linear and a potential model were deter-
mined for each characteristic diameter (dq, dso, dgs, and dyg)
with the most representative parameters. The resulting param-
eters for each model are presented in Table 4.

dy

q = —2.9723 4 11.4304S, + 0.0002 Q +0.0521 Vm +0.3073
X Vws+2.9343 Vx

g = 25.20418," 775 V!4 11863
dso

q = —1.1417 4 3.4858S, — 0.2188%LP + 0.0002 Q +0.0717
X Vm+0.128 Vws +1.9086 V'

q= 22.8516S01.7401 le,6447 V*1.244l
d84

q = —0.6420 + 0.4472S, — 0.0816%LP + 0.0632 Vim +0.0832
X Vws+1.7111 Vx

g = 0.6706S,%1940 08201 }5,,0.7001
d90

q = —0.5587 4+ 0.4985S, — 0.0814%LP + 0.0623 Vim +0.0641
X Vws+1.5789 Vx

g = 0.97218,%27°1 Q08048 [y, 07171

Slope (S,) and dimensionless mean flow velocity (¥Vm)
appear in all equations indicating that regardless of the form
of the equations and the characteristic diameter, these two
parameters have a strong influence on the final transport rate.
In high-gradient rivers, the influence of slope has been largely
proven [15.31,39,43,49,52,60,61,67,69] . V'm includes informa-
tion of discharge, cross section characteristics, and roughness
parameters that also define sediment transport. For %LP, no
influence was registered for the potential models. For the linear
models, as the %LP increases, the sediment transport rate

doo (mm) dso (mm) o(l/s) So(%) Y(em) q,(m*/s)
Near uniform GSD 5.20 4.20 4.84 — 25.86 3.00 — 20.00 3.10 — 6.80 0.46x10™ — 19.19x1073
12.10 10.50 9.32 —49.20 3.40 — 20.00 1.90 — 7.90 0.13x107 — 27.82x107
Non— uniform GSD 4.60 2.00 4.80 — 25.42 5.00 — 20.00 2.80 — 5.90 1.90x107 — 30-30x1073
11.00 4.30 4.80 — 28.12 3.00 — 20.00 2.90 — 8.40 0.34x10 — 33.00x107
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Table 3 Summary of the experimental results.

# experiment So(%) S LP(%) o(1/s) Vm(m/s) Vs(m/s) Y(cm) q,(nm?/s)
1 4 0.05 0.44 0.13 0.38 1.55 6.92 x1077
4 0.35 0.47 0.10 0.42 1.85 6.65 x107°
17 4 0.05 13.39 131 1.02 3.40 1.14 x1073
20 4 0.35 13.35 1.27 0.93 3.50 1.01 x1073
21 5 0.05 0.72 0.22 0.22 1.75 1.92 x10°°
24 5 0.35 0.74 0.23 0.33 1.45 6.74 x10°°
37 5 0.05 11.99 1.11 0.91 3.60 1.38 x107
40 5 0.35 12.04 0.97 0.94 4.15 1.77 x1073
41 6 0.05 0.72 0.26 0.30 1.85 5.79 x10°°
44 6 0.35 0.76 0.23 0.25 1.55 222 x107
57 6 0.05 15.33 1.29 1.05 3.95 2.18 x107
60 6 0.35 15.24 1.27 1.01 4.00 1.84 x107°
61 7 0.05 0.77 0.25 0.36 1.25 1.29 x10™*
64 7 0.35 0.74 0.33 0.32 1.88 6.24 x107
77 7 0.05 15.37 1.58 1.23 3.25 2.21 x1073
80 7 0.35 15.37 1.44 1.15 3.55 2.33 x107
81 8 0.05 0.51 0.17 0.43 1.00 1.35x10™*
84 8 0.35 0.51 0.23 0.40 1.50 7.73 x10°7
97 8 0.05 14.13 1.50 1.54 3.15 2.52 x107
100 8 0.35 14.08 1.51 1.40 3.10 1.94 x1073
101 9 0.05 0.67 0.17 0.65 1.30 2.34 x107*
104 9 0.35 0.54 0.16 0.22 1.10 2.16 x107*
117 9 0.05 14.67 1.09 1.28 4.50 3.37 x107?
120 9 0.35 14.61 1.30 1.13 3.75 2.97 x107
121 10 0.05 0.99 0.18 0.59 1.80 5.58 x10™
124 10 0.35 0.94 0.17 0.54 1.85 3.74 x10™
137 10 0.05 14.38 1.41 2.12 3.40 4.40 x1073
140 10 0.35 14.36 1.50 2.08 3.20 3.33 x10°®

Table 4 Linear and potential model parameters for each characteristic diameter considered.

Characteristic Type of C a b c d e f g h Coefficient of
diameter model determination R?
diy linear’ —2.9723 11.4304  0.0000 0.0002 0.0000 0.0521 0.3073 0.0000 2.9343 0.938

potential®>  25.2041 1.7725  0.0000 0.0000 0.0000 1.6447 0.0000 0.0000 1.1863 0.883
ds linear’ —1.1417  3.4858 —0.2188 0.0002 0.0000 0.0717 0.1280 0.0000 1.9086 0.941

potential®>  22.8516 1.7401 0.0000 0.0000 0.0000 1.6447 0.0000 0.0000 1.2441 0.874
dgy linear’ —0.6420 0.4472 —0.0816 0.0000 0.0000 0.0632 0.0832 0.0000 1.7111 0.927

potential®>  0.6706 2.1940  0.0000 0.8201 0.0000 0.7001 0.0000 0.0000 0.0000 0.867
dy linear! —0.5587  0.4985 —0.0814 0.0000 0.0000 0.0623 0.0641 0.0000 1.5789 0.927

potential®>  0.9721 2.2791 0.0000 0.8048 0.0000 0.7171 0.0000 0.0000 0.0000 0.869

! The values presented correspond to the parameters of eq. (6).
2 The values presented correspond to the parameters of eq. (7).

decreases due to the negative coefficient. This is expected since
large particles absorb a portion of the total shear stress, leav-
ing less shear stress available for transporting smaller
sediment.

The influence of Q is almost negligible for smaller charac-
teristic diameters and linear models. As the characteristic
diameter increases for the potential models, the impact of dis-
charge became significant. This can be understood considering
that in order to put the discharge in a dimensionless form, the
characteristic diameter is used to the fifth power; and in high-
gradient rivers, large characteristic diameters become more sig-

nificant due to the low values of relative submergence [9]. Fur-
ther, Vws was present only in the linear models. As reported,

the impact of Vws on bedload transport decreases as the char-
acteristic diameter increases, indicating that as the roughness
increases (greater characteristic diameter), the water surface
velocity decreases its impact on sediment transport rates. In
the case of Vx for the potential models, it was present only
for the di4 and ds; models, and its exponents are similar. On
the other hand, V* for linear models had a higher impact on
smaller characteristic diameters. This impact decreases as the
characteristic diameter increases. Further, this is in accordance
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with the fact that for a larger bed material size, less shear stress
is available for sediment transport. Therefore, less transport
rate is obtained for larger characteristic diameter.

Dimensionless flow depth (also relative submergence) Y
and dimensionless boundary shear stress t didn’t appear in
any model. The influence of flow depth in bedload transport
rate may be included more efficiently in other variables such
as mean flow velocity, water surface velocity, and/or shear

velocity. Even though t is not included in any model, Vx
was present in almost all the models with the exception of
two potential models (dygs and dyy). Boundary shear stress
and shear velocity are equivalent parameters i.e., both include
the same information (flow parameters) but have different
forms. Additionally, the relation between the two variables is
not linear. Therefore, their contribution to the variation of
the independent variable (sediment transport rate) could be
different and one could be more relevant than the other. Shear
velocity can be seen as the transformed form of boundary
shear stress. Furthermore, since both variables include the
same information on the flow process and are highly corre-
lated, neither model includes both variables. This is the result
of defining a limit value of the VIF (VIF = 10). According to
the stepwise regression methodology, shear velocity is a better
predictor for bedload transport rate.

Different parameters were selected as the best predictors to
represent bedload transport rates based on the results from the
stepwise regression for the two types of models (linear and
potential) and the characteristic diameter. Differences were
observed between potential and linear models. However, all
the dimensionless variables in the potential models for each
characteristic diameter are also present in the linear models.
The linear methodology can, thus, be seen as a preselection
methodology to perform a more conceptual (potential) analy-
sis with less variables. Based on characteristic diameters,
changes were mostly registered for the parameters exponents,/-
coefficients magnitudes. However, the differences observed
between dyy and dyy models could be negligible in both poten-
tial and linear models. Potential models could be seen as more
compact and concise models. As it is observed in Table 4, all
potential models included only three representative parame-
ters. The linear models included five or six parameters. This
could be due to the nonlinear nature of sediment transport.
For linear models to represent a nonlinear process, they may
require more variables. As a measure of each model’s predic-
tion capacity, their corresponding determination coefficients
(R?) were obtained (see Table 3). Linear models for all charac-
teristic diameters report higher determination coefficients. For
the linear models, the highest R*> was obtained for the ds,
model.

Data from measurements and predicted values (for each
model developed) are plotted in Fig. 4 for each one of the mod-
els determined. The figure presents the equality line as well as
one order and o order of magnitude bands. In general, less
scatter is seen for linear models, compared to the potential
models. However, linear models show larger scatter for the
lower transport rates. Previously developed models are
believed to be less accurate at lower transport rates
[10,17,56]. Generally, they tend to overpredict measured rates.
Here, the observed scatter did not present a tendency to either
overestimate or underestimate the measured values. Moreover,
most of the data—with few exceptions—fell within the o order

of magnitude bands. In the case of potential models, the scat-
ter was high but more uniformly distributed throughout the
range of transport rate values. No differences were reported
between high and low transport rates. For potential models,
the data mostly fell within the o order of magnitude bands.
Based on the determination coefficients and the comparison
between measured and calculated bedload transport rates pre-
sented in Fig. 4, the linear model developed with dsy could be
seen as the model that better describes the measured data.
However, the linear model developed with dy4 present less scat-
ter for the lower transport rates. Moreover, dg4 is commonly
used as the characteristic diameter for gravel bed rivers
[14,51,65] . Additionally, considering that the potential models
for dsy and dg4 didn’t present a tendency to have a higher scat-
ter for lower dimensionless transport rates and that this can
give the potential models a wider range of application, the
dsy and dg4 linear and potential models were selected to per-
form additional verification.

Considering that bedload transport is a complex and highly
variable process, the accuracy within one order of magnitude
has been defined as an acceptable reference to verify a trans-
port rate prediction [3,42,51] . Fig. 5 presents the comparison
between measured and calculated transport rates for dsy and
dgq linear and potential models with the data from Smart
[61] (Table 2). The line of equality and the lines defining one
and o orders of magnitude are also presented to verify the level
of accuracy of each model. As observed in Fig. 5, for the ds,
linear model, 3% of the total measurements (2 measurements)
fell out of the one order of magnitude bands. Therefore, 97%
of the data were within the one order of magnitude range.
Considering the ¢ order of magnitude range, 27% of the mea-
surements fell out of the range. Therefore, 73% of the data fell
within @ order of magnitude. For the ds, potential model, 96%
of the data were within the one order of magnitude range. A
considerable difference was reported for the ¢ order of magni-
tude range. For the (ds)) potential model, 96% of the total
measurements fell within the o order of magnitude range. This
represents an advantage of the potential model over the linear
model.

For the dg4 linear model, 5% of the total measurements (4
measurements) fell out of the one order of magnitude bands.
Therefore, 95% of the data fell within the one order of magni-
tude range. Considering the o order of magnitude range, 32%
of the measurements fell out of the range. Thus, 68% of the
data fell within the ¢ order of magnitude range. For the dg4
potential model, 96% of the data were within the one order
of magnitude range. As observed for the ds, model, a consid-
erably higher prediction capacity was observed for the o order
of magnitude range for dg4 potential model. 96% of the total
measurements fell within the ¢ order of magnitude range.
The R? obtained for Smart [61] data and the predicted values
with ds linear and potential models were 0.58 and 0.63, respec-
tively. For the dg, linear and potential models, R*> were 0.28
and 0.76, respectively. Considering the inherent fluctuation
of bedload sediment transport, being able to predict a set of
data within a @ order of magnitude is an encouraging result.

For both linear models, the percentage of the underestima-
tion of measured transport rates was higher than the percent-
age of overestimation. The percentage of underestimation for
the dsy model, was 69%. For the dg4 model the percentage of
underestimation was 73%. Additionally, the data appeared
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to cluster around a line with a slope greater than 1 (line of
equality). Even though, for potential models, most of the data
were below line of equality (79% of the data for dsp and 81%
for dyy) representing higher calculated transport rates, the
behavior (around the line of equality) was better for the poten-
tial models, compared to the linear models.

Bedload sediment transport has been proven to present a
nonlinear relation with the independent variables that pro-
duces it[53]. As observed for the measured data, a linear rela-
tion performed better than the exponential data in terms of the
determination coefficient R> . However, a difference on the
goodness of fit is observed between the lower and higher trans-
port rates. The weakest performance was registered for lower
transport rates that could be associated with stronger nonlin-
ear effects. Therefore, a range of applicability can be defined
for the linear models (dsp and dg4). Considering the ¢ order
of magnitude, linear models can be appropriate to determinate
dimensionless transport rates from 107! to 4 for the dsy linear
model and from 107 to 2 for the dgs linear model. When inde-
pendent data were used to verify the models obtained, the per-
formance of the potential model increased considerably with
respect to linear models, making the nonlinearity effects more
apparent. Considering the @ order of magnitude, it can be said
that the potential model performed appropriately for the entire
range of the data analyzed (107> < ¢ < 107 for ds, and dy,).

Based on the comparisons developed between model per-
formance for the data used to build the models as well as inde-
pendent data and the fact that bedload sediment transport is a
nonlinear process, both the linear and potential models per-
formed considerably well under determined conditions. For
the data used to develop the models, linear models performed
better for narrower intervals. Based on the fact that a higher
level of the models’ complexity doesn’t always represent a
higher level of the models’ performance, linear models have
been proposed as simplified relations to describe experimental
data [49]. Therefore, for the intervals defined by the data con-
sidered in the present study (107! < ¢ < 4 for ds, linear model
and from 1072 < q <2 for dg, linear model), the dsy and dgy
linear models can be used to estimate bedload transport rates.
For the potential models (dsy and dg4), slightly lower values of
the R* were registered (for the data used to develop the mod-
els). However, the data scatter is uniform along the range of
data variation. Furthermore, the data mostly fell within the
o order of magnitude bands. For the independent set of data,
linear models reported considerably lower R than the poten-
tial models. Even though the data fell within one order of mag-
nitude bands, the tendency observed for linear models doesn’t
adjust the line of equality. Moreover, the potential models
showed a better behavior around the line of equality and cause
almost all data (96%) to fall within ¢ order of magnitude
bands.

As observed, differences were obtained in the performance
of the linear and potential models. Linear models can be used
within the range in which their performance has been verified
as satisfactory. Potential models have been verified with an
appropriate level of accuracy for the entire range of variation
of the two sets of data considered in the present study. There-
fore, if a single model should be selected, based on the overall
behavior in terms of accuracy and ranges of application, the
dg4 potential model could be assumed as the most adequate
model.

6. Conclusions

An experimental study was performed to establish a relation to
estimate bedload sediment transport rates based on the features
of a high-gradient gravel bed river. To ensure that most of the
parameters that define bedload transport rates were included
in the model, the following were considered as independent vari-
ables: channel slope (S,), area occupied by large particles/total
plan area (%LP), dimensionless form of flow discharge (Q),
mean flow depth (Y), mean flow velocity (Vm), water surface
velocity (Vws), boundary shear stress (t), and shear velocity

(V). To express the variables in their dimensionless form, par-
ticle diameters d,4, dsg, dgs, and dyy were considered as the char-
acteristic diameters. A Stepwise regression analysis was
performed to determine the best predictors from the set of inde-
pendent variables. Through the AIC parameter, simple but
accurate models were obtained based on the determination of
relevant parameters and their most efficient combination. The
use of the AIC favors the optimization of computational calcu-
lations. This can be an efficient methodology to apply in data
sets with an extensive number of parameters. While the set of
independent variables used in the present work was not too
large, this study can nevertheless be used to verify that a physical
process can be characterized with a model built based on data
through the inclusion of the relevant variables.

Based on the best predictors, linear and potential models with
d\4, dso, dgg, and dyy were obtained from the experimental data.
The linear models had higher determination coefficients that
reflected less scatter around the equality line when measured
and the calculated rates were compared (R? = 0.94 for ds, and
R* = 0.93 for dg). However, higher scatter was observed for
the lower values of dimensionless transport rates. Regardless
of the scatter, most of the data were within @ order of magnitude
bands. This is encouraging considering that one order of magni-
tude have been defined as the limit for an acceptable prediction
of bedload transport rates due to their complexity and inherent
fluctuations [3,51]). An applicability range could be defined for
the linear models. When 107'<¢<4 (for dy) and
1072 < q < 2 (for dg4), the linear models could be used to esti-
mate dimensionless bedload transport rates. The potential mod-
els presented more scatter (R*> = 0.87 for dsy and ds,, however, it
was uniformly distributed throughout the range of dimension-
less transport rates values, i.e., no different scattering was
observed between low and high dimensionless transport rates.

The linear and potential models for the dsy, and dg4 charac-
teristic diameters were selected to verify these models with an
independent set of data from Smart [61]. Encouraging results
were obtained from this verification; 73% and 68% of the data
fell within @ order of magnitude bands for the ds ; and dg lin-
ear models, respectively. For the ds, linear model, 97% of the
data fell within one order of magnitude. In the case of the dg,
linear model, 95% of the data was within one order of magni-
tude. However, the tendency observed for the linear models
did not agree well with the equality line. A slope greater than
unity was sharply defined by the data. For the potential mod-
els, the results were even more encouraging, as 96% of the data
were within ¢ and one order of magnitude bands for both dsy
and dg,, with the data clustering around the equality line. The
R? for the potential models were higher than those for the lin-
ear models. Therefore, for the range of the data from Smart
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[61], the potential models reported better performance. Thus,
the range for acceptable performance for the potential models
could be defined for the entire dimensionless transport rate
variation, i.e., 107 < q < 10" .

Even though bedload transport has been identified to be
nonlinear, discrete parts of the function can be approximated
by lines because the interaction between variables may include
the nonlinearity of the process. This can lead to the conclusion
that linear methodology can be used as a first approximation
for the model build process, which may be updated as nonlin-
ear based just on the parameters determined as significant in
the linear analysis. Thus, the use of resources (time and com-
putational expenses) can be optimized.

Considering that potential models have a wider range of
applications and that their R*> were not considerably smaller
than the linear models through the model building process,
while also factoring in that sediment transport has been char-
acterized as nonlinear, the dss potential model (with R? higher
than the dsp for the validation data) can be considered as the
one with the higher overall performance. However, for the
ranges 107! < ¢ < 4 (for dsp) and 1072 < ¢ < 2 (for dy), the
linear models presented here can be used to estimate transport
rates with a slightly higher accuracy.

The methodology developed in the present study has allowed
the determination of a bedload transport rate model. From the
several possible variables that can impact the final rates, the
most relevant were selected in their most efficient combination
to keep the final model sufficiently simple but accurate. Linear
methodology can be seen as a preselection step to optimize the
parameters used for a more conceptual potential model determi-
nation. Moreover, parsimonious models were obtained and
proved to perform considerably well for an independent set of
data, thereby verifying that the procedure applied was able to
obtain a model that could capture—at least on some level—
the nature of the phenomenon analyzed. Since this methodology
has given encouraging results with experimental data, it can be
applied to analyze field data as well.

7. Data availability

The data presented in this study are available on request from
the corresponding author, V.C.
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