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s u m m a r y

The aim of this study is to derive a new total sediment load formula which is more accurate and which
has less application constraints than the well-known formulae of the literature. 5 most known stream
power concept sediment formulae which are approved by ASCE are used for benchmarking on a wide
range of datasets that includes both field and flume (lab) observations. The dimensionless parameters
of these widely used formulae are used as inputs in a new regression approach. The new approach is
called Polynomial Best subset regression (PBSR) analysis. The aim of the PBRS analysis is fitting and
testing all possible combinations of the input variables and selecting the best subset. Whole the input
variables with their second and third powers are included in the regression to test the possible relation
between the explanatory variables and the dependent variable. While selecting the best subset a multi-
step approach is used that depends on significance values and also the multicollinearity degrees of inputs.
The new formula is compared to others in a holdout dataset and detailed performance investigations are
conducted for field and lab datasets within this holdout data. Different goodness of fit statistics are used
as they represent different perspectives of the model accuracy. After the detailed comparisons are carried
out we figured out the most accurate equation that is also applicable on both flume and river data.
Especially, on field dataset the prediction performance of the proposed formula outperformed the
benchmark formulations.

� 2016 Elsevier B.V. All rights reserved.

1. Introduction

Sediment transport is one of the most powerful agents on river
environment. It transfigures the river morphology by Long-term
degradation and aggradation of channel beds via erosion and depo-
sition. Such issues can have a direct effect on the level of the river
during flooding. A change in the morphology of a river can threaten
channel stability which can create local scour around hydraulic
installations. In addition, an accurate prediction of the total sedi-
ment load is a key factor in managing sedimentation in reservoirs.
Therefore, for almost a hundred years sediment transport predic-
tion is one of the most studied issues in different disciplines.

The total sediment load includes the wash load and the
bed-material load. The bed-material load consists of bed-load
and suspended load. Generally, two approaches are available for
predicting the bed-material load in a river. One is to estimate the

bed-load and suspended load in separate calculations. This is based
on the fact that the hydrodynamics of each mode of sediment
transport is different. The methods developed by Einstein (1950),
van Rijn (1984), and Toffaleti (1969) fall into this approach. The
other approach is to estimate the bed-material load directly with-
out dividing the transport mode into two parts (e.g. Engelund and
Hansen, 1967; Brownlie, 1981; Ackers and White, 1973; Karim and
Kennedy, 1990; Choi and Lee, 2015). This approach is simple and
sometimes preferred in the sense that the two modes of sediment
transport cannot easily be distinguished from one another, in
reality.

In fact, choosing the approach is constrained by the available
data, practical engineering purpose and the precision level of the
study. It can be asserted that if the data availability is not a con-
straint the appropriate approach can be selected by using the
Shields-Parker diagram. The Shields-Parker diagram (for more
details see García, 2008, p: 60–65) shows that in gravel bed rivers,
bed material is transported mainly as bed load. In this diagram the
critical condition for suspension is plotted with an additional
curve, which is derived from the ratio of shear velocity and the
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sediment fall velocity (also see, Niño and García, 1998; Lopez and
Garcia, 2001). On the other hand, in sand bed rivers, suspension
and bed load transport of bed material coexist, particularly at high
flows. So decision on the approach of the study if the bed load and
the suspended load are investigated separately or together can be
depend on the criteria that if the river bed type is gravel or sand.
However, there are some suggested empirical equations on the
decision of the river bed type (e.g. García et al., 2000), this decision
is a bit complicated and including the bed type in the formulation
(model) could add extra uncertainty to the applied numerical
model. In this study, the second approach is used to predict the
total sediment load. The flume and the field conditions are very dif-
ferent from each other and it is a big deal to find a model which
gives good performance for both situations. Therefore some studies
focused on only flume data. Smart (1984), Damgaard et al. (1997),
Ackers and White (1973). Dogan et al. (2009) investigated if the
sediment transport in natural alluvial channels can be predicted
from observations at the laboratory scale.

Tayfur et al. (2013) and Pektas (2015) used explanatory analysis
like principal component analysis or cluster analysis to identify the
significant non-dimensional parameters of sediment transport. In
recent studies most frequently Machine learning based models like
Neural networks, Fuzzy logic, Support vector machines, are used in
sediment modeling (e.g. Pektas and Dogan, 2013; Cigizoglu, 2002).
Kisi and Cigizoglu, 2007 studied to improve the neural network
performance in suspended sediment estimation. But machine
learning models have a black box nature, so very small amount
of information could be gained inside the model and most of these
models are not suitable to generate a formula. Therefore the
regression models are still popular.

Sinnakaudan et al. (2006) developed a total bed material for-
mula by using multiple linear regression model. The authors
focused on high gradient river sediment transport (Sinnakaudan
et al., 2010) by using Regression models. Neter et al. (1989) dis-
cussed the use of all-possible-subset regression (Best Subset
regression) in conjunction with stepwise regression. Howard
et al. (2010) used best subset regression in their rainfall-runoff
response models. Loomis et al. (2012) developed a new calibration
that used best subsets regression model on lake sediment. Recently
Lacombe et al. (2014) used best subset regression model for stream
flow prediction. At the same time there is no sediment transport
study using best subset regression model.

In the present study Best subset regression technique is modi-
fied and used to find the optimum input combination that keeps
the nonlinear relationships. The aim to obtain the most parsimo-
nious and the most accurate model to predict the total bed mate-
rial concentration by considering the nonlinear relationships.
Then we compare the new generated formula with the well-
known and widely used traditional formulas of the literature. All
the benchmark formulations are referenced by ASCE (2008). These
are The Yang (1979), The Karim (1998), The Engelund and Hansen
(1967), The Ackers and White (1973), The Molinas and Wu (2001)
formulas. The Yang (1979) and The Karim (1998) regression based
formulas.

2. Total bed material load sediment transport formulas

In the literature, there are many sediment transport formulas
which have different specifications. Therefore many studies have
attempted to find the best performing formulas for determining
the total sediment load in rivers. Alonso (1980) compared eight
formulas using both flume and field data and concluded that
Yang’s (1973), Ackers and White’s (1973), Engelund and Hansen’s
(1967), and Laursen’s (1958) formulas are all reliable. Brownlie
(1981) compared 14 formulas using a compendium of sediment

transport data from the laboratory and field records. He concluded
that Brownlie’s (1981), Ackers and White’s (1973), and Engelund
and Hansen’s (1967) formulas are acceptable. Woo and Yoo
(1991) carried out extensive performance tests with 10 selected
sediment transport formulas and found that Engelund and
Hansen’s (1967), Ackers and White’s (1973), and van Rijn’s
(1984) formulas are more reliable than the others. Nakato (1990)
tested 11 total sediment load formulas using field data. Wu and
Wang (2003) tested Engelund and Hansen’s (1967), Ackers and
White’s (1973), Yang’s (1979), Wu et al.’s (2000) formulas and
found that the performance of all of these formulas are compara-
ble, when uniform sediment is being considered. García (2008) rec-
ommended six total sediment load formulas, namely the Engelund
and Hansen’s (1967), Brownlie’s (1981), Karim and Kennedy
(1983), Ackers and White’s (1973), Yang’s (1973), and Molinas
and Wu’s (2001) formulas. Recently, Yang et al. (2009) compared
the predictive performance of neural networks and the selected
sediment formulas.

In this study, five total sediment load formulas, including
Engelund and Hansen’s (1967), Ackers and White’s (1973), Yang’s
(1979), Brownlie’s (1981), and Karim’s (1998) formulas, are used.
Hereafter, they are referred to as EH, AW, YANG, PBSR, and KARIM
formulas, respectively. Although data used for development of
some of these formulas include gravel, the formulas are designed
for use in sand-bed rivers. Herein, the total sediment load formulas
estimate either total sediment load per unit width (qt) or total bed-
material concentration in parts per million by weight (flux based
mass concentration) (C) and are related by

qt ¼
1

ðGsÞ
C

ð1� CÞ qw ð1Þ

where qw is water discharge per unit width, Gs is specific gravity of
sediment.

Each formulation has special constraints and in comparison part
these constraints are applied.

2.1. The Engelund and Hansen Formula (EH-1967)

The Engelund and Hansen (1967) Relation is a semi-empirical
equation based on energy concepts. It is derived for sandy streams.
This relation was developed from a small set of laboratory data
(ASCE, 2008).

qtffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðGs � 1Þd3

50

q ¼ 1
C
0:05ðs�Þ2:5 ð2Þ

where qt is total sediment load per unit width, Gs � 1 is the sub-
merged specific gravity, and s⁄ is dimensionless Shields stress.

The equation can be determined in another form:

C ¼ 0:05
Gs

Gs � 1

� �
USffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

ðGs � 1Þgd50

p rS
ðGs � 1Þd50

ð3Þ

where C is flux-based mass Concentration, d50 is the median size of
particle diameter, Gs is specific weight of sediment, U is velocity of
water, S is slope, r is hydraulic radius.

The Engelund and Hansen equation ðEHÞ is applicable to :

d50 P 0:15mm
Re� P 12
GradationðrsÞ 6 2

8><
>:
Implicitly, The EH formula can be written as a function of

dimensionless parameters:
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