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a b s t r a c t

A set of experiments for the determination of flow characteristics at sediment incipient deposition has
been carried out in a trapezoidal cross-section channel. Using experimental data, a regression model is
developed for computing velocity of flow in a trapezoidal cross-section channel at the incipient deposi-
tion condition and is presented together with already available regression models of rectangular, circular,
and U-shape channels. A generalized regression model is also provided by combining the available data of
any cross-section. For comparison of the models, a powerful tool, the artificial neural network (ANN) is
used for modelling incipient deposition of sediment in rigid boundary channels. Three different ANN
techniques, namely, the feed-forward back propagation (FFBP), generalized regression (GR), and radial
basis function (RBF), are applied using six input variables; flow discharge, flow depth, channel bed slope,
hydraulic radius, relative specific mass of sediment and median size of sediment particles; all taken from
laboratory experiments. Hydrodynamic forces acting on sediment particles in the flow are considered in
the regression models indirectly for deriving particle Froude number and relative particle size, both being
dimensionless. The accuracy of the models is studied by the root mean square error (RMSE), the mean
absolute percentage error (MAPE), the discrepancy ratio (Dr) and the concordance coefficient (CC).
Evaluation of the models finds ANNmodels superior and some regression models with an acceptable per-
formance. Therefore, it is concluded that appropriately constructed ANN and regression models can be
developed and used for the rigid boundary channel design.

� 2016 Elsevier B.V. All rights reserved.

1. Introduction

Sediment transport is an important issue due to its tremendous
impact on the design of sediment carrying channels such as urban
drainage, sewer, and irrigation systems as well as power plant
intakes; rigid boundary channels in general. Deposition of sedi-
ment in such channels decreases the channel cross-section area
and changes the hydraulic resistance, velocity and wall shear stress
distribution of the channel (Ackers et al., 1996; Ota and Nalluri,
2003; De Sutter et al., 2003). Consequently, it substantially impacts
on the carrying capacity of a channel, and therefore additional
costs arise for cleaning the channel under the effect of sediment
deposition. The subject of sediment transport in rigid boundary
channels received interest also because of its environmental effects
such as the contamination of sediment with toxic substances due

to deposition of sediment in urban drainage channels and sewer
systems (Ashley et al., 1992). As an urban hydrology practice, the
drainage systems are designed to remove the runoff from urban-
ized areas to prevent flooding. However, in order to design a sus-
tainable drainage system with reliable efficiency, the sediment
transport process should be taken into account (Mays, 2001;
Butler and Davies, 2004). Therefore, sediment transport modelling
is a challenging task in the fields of urban hydrology and hydraulic
structures.

Linked to the sediment transport, sediment threshold is a con-
cept that can be evaluated by incipient motion and incipient depo-
sition (ASCE Task Force Committee, 1966; Loveless, 1992; Safari
et al., 2015). Incipient motion is the flow condition that is just
adequate to initiate sediment particles to move. Incipient deposi-
tion is defined as the flow condition when sediment particles in
suspension begin to deposition in which sediment particles either
continue their motion in the channel as bed load or they are accu-
mulated at the channel bed partially without making a deposited
bed (Safari et al., 2015).
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Two common approaches, critical velocity and critical shear
stress, are applied for evaluating the sediment threshold condition.
As examples to mention, incipient motion of sediment in rigid
boundary channels was investigated by Novak and Nalluri
(1984), El-Zaemey (1991), Ab Ghani et al. (1999), Mohammadi
(2005), Bong et al. (2013) and Safari et al. (2013a) who used the
critical velocity or critical shear stress approaches for developing
regression models by considering different sediment particle sizes
in various channels with particular cross-sections. Safari et al.
(2014, 2015) extended the experimental work of Loveless (1992)
to develop regression models for computing the critical flow veloc-
ity at the incipient deposition condition, and found higher critical
flow velocities for the incipient deposition than the incipient
motion under the same flow conditions when non-cohesive sedi-
ment is concerned.

Regression models are widely used because of their relatively
simple structure and their ability to work with limited input data,
however they are not able to represent the channel cross-section
and sediment particle size that influence the critical velocity of
flow. Such models succeeded in defining the essential factors of
the problem in one hand. To get a discrete formula, on the other
hand, some important variables were disregarded for simplicity,
dummy constants were added for consistency, and some boundary
conditions were considered for applicability. Consequently, it is
questionable whether any formula can be applied successfully or
not to the diversity of channel cross-sections and sediment sizes.

Nowadays, the artificial neural network (ANN) approach has
been applied to many branches of engineering. The ANN approach
is becoming a strong tool for providing hydraulic, hydrology and
environmental engineers with sufficient details for the design pur-
poses and management practices (Nagy et al., 2002; Tsai et al.,
2015; Chang and Tsai, 2016; Chang et al., 2016). ANNs have many
distinct advantages. For example, they can approximate any arbi-
trary continuous function and simulate a nonlinear systemwithout
a priori assumption of processes involved (ASCE Task Committee,
2000a,b). Although ANNs have been widely used for modelling
sediment transport in alluvial channels (Nagy et al., 2002; Zhu
et al., 2007; Wang et al., 2008; Yang et al., 2009; Kakaei Lafdani
et al., 2013; Atieh et al., 2015; Thompson et al., 2016), there is no
study on incipient deposition of sediment using ANN techniques
other than Safari et al. (2013b) who did a preliminary analysis. Also
Ab Ghani and Azamathulla (2010), Azamathulla et al. (2012) and
Ebtehaj and Bonakdari (2013, 2014) can be mentioned as examples
for use of artificial intelligence techniques, such as gene-expression
programming and adaptive neural fuzzy inference system in the
sediment transport problem without considering incipient deposi-
tion in sewer systems.

This study is an attempt for providing incipient deposition
model for trapezoidal cross-section channel. Moreover, no study
exists in the literature yet to model the incipient deposition using
ANN techniques. Experimentally investigating sediment incipient
deposition in rigid boundary channels this study aims to estimate
velocity of flow at the incipient deposition condition by comparing
different ANN and regression models. The architecture of ANN
models, decided after several trials, are trained with experimental
data composed of fluid, flow and sediment characteristics while
dimensionless variables based on the hydrodynamics of flow at
the sediment incipient deposition is considered in the regression
models.

2. Experimental data

Data compiled from the literature and data from an experimen-
tal study performed within this study are used jointly. Following
sub-sections explain details of the data.

2.1. Experimental data from the literature

Sediment transport in rigid boundary channels was studied
experimentally by Loveless (1992) at the incipient deposition con-
dition where sediment is about to deposit. Experiments were
performed at University of London, UK, in circular, rectangular
and U-shape cross-section channels. It is seen from the experimen-
tal characteristics given in Table 1 that the rectangular and circular
channels have a cross-section area of approximately 60 cm2 each
while the cross-section of the U-shape channel is more than one
order of magnitude bigger. Although the cross-sections are not
comparable in terms of their size, granular sand with the same size
is used as sediment in the three channels. Experiments were
designed by Loveless (1992) as follows:

At the beginning of each experiment, channel slope and flow
discharge were set to provide the non-deposition flow condition.
Next, the slope was gradually reduced until local deposition of sed-
iment began to occur. This procedure was applied to identify the
incipient deposition condition which occurred in 77 experiments
out of 208.

2.2. Experimental data of this study

An experimental apparatus was constructed in Hydraulics
Laboratory of Istanbul Technical University, Turkey to conduct
experiments in this study (Aksoy and Safari, 2014). The apparatus
is composed of a support structure, channel, fluctuation prevention
tank, sediment feeder, tailgate and sand trap at the downstream
section of the channel (Fig. 1). Mounted on the support structure
the channel is 12 m-long and has a trapezoidal cross-section with
30 cm-bottom width and 60�-outer angle for the side walls each
300 mm-long. Water is supplied from the constant head-storage
of the laboratory through a pipe into the fluctuation prevention
tank before it enters the channel. Flow discharge into the channel
was adjusted by a valve on the pipe. Sediment was poured into the
channel using the vibrant sediment feeder. Uniform flow was
established in the channel by adjusting the tailgate at the channel
downstream outlet. The utilized sediment was accumulated in the
sand trap tank at the end of the channel; water was cleaned from
the sediment before it returned back to the laboratory water stor-
age tank.

In order to identify incipient deposition, 132 experiments were
carried out for certain sizes of sand and channel bed slopes. The
bed slope was adjusted using a hydraulic jack placed under the sup-
port structure, determined using amapping camera, and checked by
a digital inclinometer. In the experiments, channel bed was given

Table 1
Channel and sediment characteristics of experimental data.

Data source Channel characteristics Sediment

Cross-section Geometry d (mm)

Loveless (1992) Rectangular Width = 5.9 cm 0.45
Height = 10 cm
Length = 7.2 m
Width = 10 cm 1.30
Height = 5.9 cm
Length = 7.2 m

Circular Diameter = 8.8 cm 0.45
Length = 7.2 m 1.30

U-shape Width = 22 cm 0.45
Height = 40 cm 1.30
Length = 7 m 6.00

Present study Trapezoidal Bottom width = 30 cm
Inclined length = 30 cm 0.15
Outer angle = 60� 0.83
Length = 12 m
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