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CHAPTER 1

Introduction

The transport of sediment in irrigation canals influences to a great extent
the sustainability of an irrigation and drainage system. Unintentional or
unwanted erosion or deposition of sediment in canals will not only increase
the maintenance costs, but also leads to an unfair and inadequate distribu-
tion of irrigation water. Proper knowledge of the behaviour and transport of
sediment in these canals will help to plan efficient and reliable water deliv-
ery schedules to supply water at the required levels; to have a controlled
deposition of sediments, to estimate and arrange the required mainte-
nance activities, and to determine the type of desilting facilities and their
efficiency, etc.

The study of sediment transport in irrigation canals is mainly focused
on the sediment and erosion processes in canal networks. In view of main-
tenance activities the head works should be designed in such a way that
they prevent or limit the entrance of sediment into canals. In addition, the
design of the canal system should be based upon the transport of all the
sediment to the fields or to specific places in the canal system, where
the deposited sediment can be removed at minimum cost. Sedimentation
should be prevented in canals and near structures, as it will hamper and
endanger a correct irrigation management, the main objectives of which
are to deliver irrigation water in an adequate, reliable, fair and efficient
way to all the farmers at the required water level. Inadequate management
will result in low efficiency, unnecessary loss of the already scarce water
and low yields.

Irrigation canals are usually designed upon the assumption that the
water flow is uniform and steady and that the canals are able to carry the
water and sediments to the fields. The design supposes that an equilibrium
situation exists where the sediments and water entering into the irrigation
network will be transported to the fields without deposition or erosion.
However, a perfectly uniform and steady flow is seldom found. In the
operation of irrigation systems the flow is predominantly non-uniform,
with varying discharges and with a constant water level at the regulation
points where the water is supplied to the offtakes. The sediment trans-
port capacity of the canals greatly depends on the flow conditions and
is variable. Although the water flow can be modelled with a high degree
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of accuracy, sediment transport is only understood to a limited extent.
The predictability of sediment transport equations and models in view
of the quantity of sediment that needs to be removed is still rather poor.
Computations of the effects of the non-equilibrium flow conditions on
sediment transport are required to determine whether deposition and/or
entrainment will occur and to assess the amount and distribution of the
sediment deposition and/or entrainment along the canals. Mathematical
modelling of sediment transport offers the possibility of estimating the
distribution of sediment deposition or entrainment rates for a particular
flow and a specific situation.

The main criterion for a canal design is the need to convey different
amounts of water at a fixed level during the irrigation season in such a
way that the irrigation requirements are met. Furthermore, the design must
be compatible with the sediment load of a particular location in order to
avoid silting and/or scouring of the canal. The water supply should meet
the irrigation requirements and at the same time it should result in the least
possible deposition in and/or scouring of the canals. The design process
becomes more complicated when canals are unlined and pass through
alluvial soils.

The problems of design and maintenance of stable channels in alluvial
soils are fundamental to all irrigation schemes (Raudkivi, 1993). Stable or
regime canals present ideal conditions for non-scouring and non-silting
throughout the irrigation network after one or several seasons of oper-
ation. The search for the main characteristics of stable channels started
with the work of Kennedy between 1890 and 1894 (Mohammad, 1997).
Subsequently, different theories have been developed and are used around
the world. All of them assume uniform and steady flow conditions and try
to find those canal dimensions that are stable for a given discharge and
sediment load.

In the past the irrigation canals used to be designed for protective irri-
gation, where the government or an irrigation authority ran and maintained
the system. The available water was spread over as large an area as possible.
The canals carried an almost constant discharge without significant con-
trol structures and to some extent the assumption of a uniform and steady
flow was realised. In these situations a prediction of the behaviour of the
sediment in the canal could be made with some reliability. The growing
need for reducing the continually increasing governmental investments
in irrigation demand a more economical system, so that the farmers can
pay for the operational and maintenance costs with the return that they
get from irrigated agriculture. In addition, farmers would like to have a
more reliable and flexible water delivery. Flexibility in the delivery sys-
tem demands more frequent regulation of the water flow, which will create
unsteadiness in the flow. This unsteadiness will make all the assumptions
made in the original design imprecise and reduces the accuracy of the
already poor sediment transport predictors.
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Generally three methods for the design of irrigation canals are used:
namely Lacey’s regime method and the tractive force method for large
irrigation schemes, and the permissible velocity method for irrigation
systems in hilly areas. Sediment characteristics and coefficients are either
simply borrowed from literature or chosen based on the experience of
the designer. Hence, there exists a large difference in the design param-
eters from scheme to scheme and even from canal to canal within the
same scheme. Without incentives or obligations for any verification, most
designers do not investigate and evaluate the performance of their design
in the field.

At the moment, the improvement of the performance of existing
schemes is more pressing than the development of new irrigation sys-
tems, especially in view of the high investment costs required for the
construction and operation of new systems. Appropriate management of
sediment in canal networks is one of the major challenges of the improve-
ment works, as a major part of the available maintenance budgets is spent
annually on the removal of the sediment deposited. This type of schemes
imposes extra conditions on the designer as the canal slope, bed width,
structure control, and management practices already exist and in most
cases they cannot be changed due to economic resources and/or social
considerations. Hence, the selection of an appropriate design philosophy
and its applicability for these particular conditions is very important.

The design of irrigation canals is not as simple as normally perceived.
It is the final product of a merge of complex and undetermined parameters
such as water flows, sediment load, structure control and operation, and
management strategies. No design packages are available that deal with
all the parameters at the same time. To simplify the design process some
parameters are either disregarded or assumed to be constant, which con-
sequently will lead to a less adequate design. Many failures and problems
are caused by a design approach that pays insufficient attention to the
operational aspects (FAO, 2003). Considering the aforementioned param-
eters involved in the canal design and their importance in view of the
sustainability of the system, a numerical modelling may be one option
that can simultaneously simulate all the variables. However, the selec-
tion of a model to represent the system and its validity in the proposed
environment will have a major influence on the results.

Developments in the knowledge of sediment transport in open canals
have mainly been derived from natural channels such as rivers. So far
sediment transport theories, the development of bed forms, resistance
factors, etc. have been developed under assumptions applicable to the
particular conditions encountered in rivers. Even though certain similar-
ities between rivers and irrigation canals exist, the sediment concepts are
not entirely applicable to irrigation canals. Most of these irrigation canals
are man-made and the irrigation environment presents a number of typical
problems that are rarely encountered in rivers. The need to control water
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levels and discharges in the upstream and/or downstream direction, the
necessity to find an optimal cross section and the large influence of the side
banks on the velocity distribution normal to the flow direction create some
of the main differences in both kinds of channels. Other differences are the
presence of a large number of flow control structures, the occurrence of
submerged gate flow, the distinct flow characteristics of inverted siphons
and their multiple flow paths. Table 1.1 shows some of the main differences
between rivers and irrigation canals.

Irrigation canals are different from natural rivers in terms of hydraulics
and sediment characteristics. The computational environment for the mod-
elling of water flows in irrigation canals with sediment transport is much
more demanding than for river flows due to the extreme variability and
unsteadiness of the flow, the presence of numerous hydraulic structures,
dynamic gate movements and pump operations, and the existing topo-
graphical complexity. The methods to design stable canals are only useful
in very specific flow conditions. For large changes in discharge and
sediment inputs they are inadequate to describe the sediment transport

Table 1.1 Characteristics of water flow and sediment transport in rivers and irrigation canals.

Water flow and sediment transport

Characteristics Rivers Irrigation canals

Main function Conveyance of water and sediment Diversion, conveyance and distribution
of water for agriculture

Discharge Not controlled; increasing in Controlled by operation rules;
downstream direction Decreasing in downstream direction

Alignment Rarely straight, bends, sinusoidal Straight, wide bends
meanders and braids

Topology Convergent Divergent
Flow control (Almost) no control structures Several flow control structures for

water level and discharge
Water profiles Generally without water level Water level control: gradually varied

control: nearly steady flow flow and unsteady flow
Velocity distribution Nearly uniform velocity Distribution greatly affected by side

distribution in lateral direction walls and side slope
Froude number Wide range Restricted by the operation of flow

control structures (Fr < 0.4)
Width (B)/depth (h) B/h > 15 (wide canals) B/h < 7–8
Lining Alluvial river bed Man-made canals: lined or unlined
Sediment concentration Wide range Controlled at head works
Sediment size Wide range of sediment size Fine sediment
Size distribution Graded sediment Nearly uniform distribution
Sediment material River bed External sources
Sediment transportation Suspended and bed load Mainly suspended load
Bed forms Mostly dunes Mostly ripples and mega-ripples
Roughness Skin and form friction Form friction
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process. Under such conditions the process of sediment transport can best
be described by numerical modelling.

Irrigation canals form a complicated hydraulic system as they have
to handle the motion of water and sediment as well as the mutual inter-
action of both motions. The sediment transported by the flowing water
causes changes in the bed and sides of the canals and those changes will
also influence the water movement. Hence, sediment transport and water
flow are interrelated. However, the time scales of the flow of water and
the sediment transport are different in canals and therefore, the two pro-
cesses will be discussed separately to specify their particular properties
and characteristics.

The objective of these lecture notes is a description of the sediment
transport concepts in irrigation canals and, therefore, only those hydraulic
aspects necessary for a better understanding of the sediment transport
will be discussed in Chapter 2. This chapter will present a synopsis of the
main hydraulic principles in open channels together with a short descrip-
tion of the dimensionless numbers used in the sediment concepts and
a classification of flow types including uniform and non-uniform flow
theories.

Before discussing the concepts of sediment transport the main proper-
ties of sediment will be given. Sediments are fragmented material formed
by the physical and chemical disintegration of rocks and they can be
divided into cohesive and non-cohesive sediments. Non-cohesive sedi-
ments do not have physical-chemical interaction and their size and weight
are important in view of their behaviour. The total sediment transport
in rivers and canals can be divided in suspended load and bed load (see
Figure 1.1).

Chapter 3 will present the main characteristics of sediments including
density and porosity; particle size and size distribution; shape and fall
velocity and the main dimensionless parameters used in the sediment
transport theories.

Dahmen (1994) pointed out that an irrigation network should be
designed and operated in such a way that the required flow passes at the
design water level; no erosion of the canal bottom and banks occurs and
no deposition of sediment in the canal takes place. The design of a canal

Wash load
(direct erosion material)

Total suspended
load

Total sediment
transport

Suspended
bed-material

Bed load
(from bed)Figure 1.1. Classification of

sediment transport.
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requires a set of equations related to the water-sediment flow to provide
the unknown variables of the bottom slope and cross section. The geom-
etry of an irrigation canal that carries water and sediment will be the end
result of a design process in which the flow of water and the transport of
sediments interact. Chapter 4 outlines the main aspects of various design
methods of irrigation canals.

Mendez (1998) developed the SETRIC model to improve the under-
standing of sediment transport in irrigation canals under changing flow
conditions, sediment load and roughness conditions and for various oper-
ation and maintenance scenarios. SETRIC is a one-dimensional model,
where the water flow in the canal has been schematised as quasi-steady
and gradually varied. The one-dimensional flow equation is solved by
the predictor-corrector method and Galappatti’s (1983) depth integrated
model has been used to predict the actual sediment concentration at any
point under non-equilibrium conditions. Galappatti’s model is based on
the 2-D convection-diffusion equation. The mass balance equation for the
total sediment transport is solved by Lax’s modified method, assuming
steady conditions for the sediment concentration. The model including
the various calculation steps are presented in Chapter 6. For the predic-
tion of the equilibrium concentration four predictors have been evaluated
and the model uses the Brownlie, Engelund-Hansen, Ackers-White and
Modified Ackers-White methods. These sediment transport concepts are
extensively discussed in Chapter 5.

The SETRIC model can be applied to evaluate designs of an irriga-
tion network and to analyse the alternatives, but it can also be used as a
decision support tool in the operation and maintenance of a system and/or
to determine the efficiency of sediment removal facilities in an irrigation
system. In addition the model can be helpful for the training of engin-
eers to enhance their understanding of sediment transport in irrigation
canals. Some examples of the application of SETRIC for the design and
evaluation of irrigation canals are provided in Chapter 7.

In the past few years, SETRIC has been used to evaluate a large irriga-
tion system in Nepal (Paudel, 2002) and to assess its suitability to predict
non-equilibrium sediment transport (Ghimire, 2003). A special study ana-
lysed the applicability and versatility of the SETRIC model in an irrigation
canal for different conditions of operation and sediment inputs (Sherpa,
2005). Also, a one-dimensional convection diffusion module has been
developed to calculate the flow and sediment transport in both equilibrium
and non-equilibrium conditions (Timilsina, 2005). It transpired from the
previous studies that the SETRIC model still has some limitations and the
results obtained need careful and thorough verification. At the moment
the model is being used for a detailed analysis of field data and updated
design processes. The results of the analysis will be used to include neces-
sary modifications and improvements to make the model more compatible
with specific field conditions.
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A description and analysis of sediment transport concepts under the
specific conditions of irrigation canals will contribute to an improved
understanding of the behaviour of sediments in irrigation canals. It will
also help to decide on improved water delivery plans in view of the oper-
ation and maintenance concepts. Finally it will help to evaluate design
alternatives re minimal sedimentation and erosion, to maintain a fair,
adequate and reliable water supply to the farmers, and to decide on the
applicability of these concepts for the simulation of the sediment trans-
port processes under the particular conditions of water flow and sediment
inputs.





CHAPTER 2

Open Channel Flow

2.1 INTRODUCTION

Irrigation canals form a complicated hydraulic system as they have to
handle the motion of water and sediment as well as the mutual interaction
of both motions. Flowing water transports sediment, this sediment causes
changes in the bed and on the sides of the canal, which also influences
the water movement. Hence, sediment transport and water flow are inter-
related and cannot be separated; they influence each other in an implicit
manner. The time scales of the two processes in canals are different (see
Chapter 4) and therefore, the water flow and sediment transport can, in
the first instance, be treated separately to specify their specific properties
and characteristics.

However, to predict the topological changes in a canal the two phe-
nomena also have to be considered in conjunction. The objective of these
lecture notes is to present a description of the sediment transport concepts
in irrigation canals and, therefore, only those hydraulic aspects that are
necessary for a better understanding of the sediment transport will be dis-
cussed. This chapter will present a short overview of the main hydraulic
principles in open channel flow, a short description of the dimension-
less numbers used in the sediment concepts and a classification of flow
types. In addition, a summary of the uniform and non-uniform theories
for steady and unsteady flows is included. For more information on the
hydraulic theories, reference will be made to handbooks and lecture notes
on hydraulics.

2.2 FLOW TYPES AND CHARACTERISTICS

Phenomena in open channels that convey water may vary considerably
in magnitude and also sometimes in direction, both in terms of time and
space. This chapter will introduce some main aspects of open channel
hydraulics in order to be used as tools in the following chapters, which
will deal with the movement of sediments and water together. In some
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cases the water flow in canals varies over time and becomes unsteady.
For some applications the variation may be considered to be so slow that
a steady (or quasi steady) flow can be assumed. Considering the spa-
tial distribution, any flow is essentially three-dimensional, meaning that
the magnitude and direction of the flow vary from one point to another.
Knowledge of this three-dimensional flow behaviour is still limited; but
in many engineering applications it is often sufficient to know particular
mean or average values.

The average or mean value can be presented for:
• a two-dimensional flow situation by averaging the value over the canal

depth at a certain point; an example is the depth-averaged flow velocity
in a vertical;

• a two-dimensional flow condition by averaging the value over the width
of the canal (in a lateral direction); the resulting value depends on the
longitudinal coordinates; an example is the average water depth in a
cross-section;

• a one-dimensional flow situation by averaging the value over the
whole cross-section. The resulting values depend on the longitudinal
coordinate (the x-values); an example is the average velocity in a
cross-section.

It is important to remember that most of the two- and one-dimensional
flow problems are simplified by averaging the flow characteristics; some
information relating to the ‘un-averaged’ three-dimensional situation and
the consequences of the process of averaging should be considered when
the mean quantities are interpreted.

Open channel flow can be classified in many ways. A very common
classification of open channel (gravity) flow is according to the change
of flow depth with respect to time and space and is shown in Figure 2.1.
Steady flow means that the main flow variables do not change and are
steady with time; the variables at every point remain constant with time.
An example is the flow in a channel where the water depth either does not
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Figure 2.1. Classification of
flow types.
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change with time or can be assumed to be constant during the time interval
under consideration. In unsteady flow the flow variables (magnitude and
direction of the velocity, pressure, density, flow path, etc.) vary with time
at the spatial points in the flow. Examples are surge waves in irrigation
canals after a sudden opening or closing of a gate. In many open-channel
problems it is sufficient to study the flow behaviour under steady condi-
tions. However, when the change in flow condition with respect to time
is of major concern, the flow should be treated as unsteady. In surges,
for instance, the stage of flow will change instantaneously as the waves
pass by, and the time element becomes vitally important in the design of
control structures.

In uniform flow the cross section (shape, side slope and area) through
which water flows remains constant in the flow direction, the flow depth
is the same in every section. In addition, the velocity does not change
in magnitude and direction with distance. A uniform flow may be steady
or unsteady, depending on whether or not the depth changes with time
or during the time interval under consideration (see Figure 2.2). Steady
uniform flow is the fundamental flow in open channel hydraulics. The
establishment of unsteady, uniform flow would require that the water
surface fluctuates from time to time while remaining parallel to the channel
bottom. Obviously, this is a practically impossible condition.

Constant depth

Change from
time to time

Uniform flow Unsteady uniform flow
Figure 2.2. Steady and
unsteady, uniform flow.

In varied flow, the cross section (shape, side slope and area) changes in
the flow direction, the flow depth changes along the channel. Varied flow
may be either steady or unsteady. Since unsteady uniform flow is rare, the
term ‘unsteady flow’ is used exclusively for unsteady varied flow. Varied
flow may be further classified as either rapidly or gradually varied. The
flow varies rapidly if the depth changes abruptly over a relatively short
distance; otherwise, it varies gradually. Figure 2.3 shows an example of
unsteady, gradually and rapidly varied flow.

G.V.F. R.V.F.

Unsteady flow
Figure 2.3. Unsteady, gradually
and rapidly varied flow.
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A rapidly varied flow is also known as a local phenomenon; examples
are the hydraulic jump and the hydraulic drop. Spatially constant flow
occurs when the average velocity is the same in all points; when the
velocity changes along or across the flow, the flow is spatially variable.
A clear example of a spatially varied flow is the flow through a grad-
ual contraction or in a canal with a constant slope receiving inflow over
the full canal length. Discontinuous or spatially varied flow shows some
inflow and/or outflow of water along the reach under consideration; the
continuity equation should be adapted to this situation. Examples are side
channel spillways, main drainage canals and quaternary canals in irriga-
tion systems. Figure 2.4 gives some typical locations in canals and rivers
where gradually and rapidly varied flow might occur.

Uniform flow Unsteady uniform flow

R.V.F. G.V.F. G.V.F. G.V.F.R.V.F. R.V.F. R.V.F.

Sluice

Contraction

Hydraulic
jump

Varied flow

R.V.F. = Rapidly varied flow

G.V.F. = Gradually varied flow

Flow over
a weir

Hydraulic drop

Figure 2.4. Examples of
gradually and rapidly varied
flow (steady conditions).

Another flow classification is based on the dimensionless numbers
that describe the relative influence of either the force due to viscosity or
inertia in relation to the gravitational force. In hydraulics, the force due
to viscosity is described as the resistance of a fluid to flow. The resistance
acts against the motion of fluid when it passes fixed boundaries (e.g. the
canal bottom or walls), but it also acts internally between slower and faster
moving adjacent layers. Viscosity is the internal fluid friction that enables
the acceleration of one layer relative to the other; it resists the motion of
a layer but also makes it possible to accelerate a layer. Viscosity is the
principal means by which energy is dissipated in fluid motion, typically
as heat.

The difference in velocity between adjacent layers is known as a vel-
ocity gradient. To move one layer at a greater velocity than the adjacent
layer, a force is necessary; resulting in a shear stress τ. Newton mentioned
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Table 2.1. Kinematic viscosity of water as a function of the temperature T .

T (◦C) 0 5 10 14 20 25 30
ν (10−6 m2/s) 1.79 1.52 1.31 1.14 1.01 0.90 0.80

that for straight, parallel and uniform flow, the shear stress τ between
layers is proportional to the velocity gradient, ∂u/∂y, in the direction
perpendicular to the layers.

τ = µ
∂u
∂y

(2.1)

The constant µ is the dynamic viscosity. Fluids, such as water, that
satisfy Newton’s criterion are known as Newtonian fluids and show lin-
earity between shear stress and velocity gradient. When the viscous forces
are related to inertial forces, the ratio is characterized by the kinematic
viscosity ν.

ν = µ

ρ
(2.2)

The unit of dynamic viscosity is Pa·s (Pascal second) and is identical to
1 N/s m2. The unit of kinematic viscosity is m2/s. The viscosity of water
decreases with an increase in temperature.

Viscosity is the main factor resisting motion in laminar flow. However,
when the velocity has increased to the point at which the flow becomes
turbulent, pressure differences resulting from eddy currents rather than
viscosity provide the major resistance to motion.

Significant dimensionless numbers in open channels are the Froude
number and the Reynolds number. The Froude number gives the ratio
between the inertial force and the force due to the gravity and is
represented by:

Fr2 = ρL2v2

ρgL3 = v2

gL
(2.3)

Where:
v = mean velocity (m/s)
g = acceleration due to gravity (m/s2)
L = a characteristic length, e.g. water depth (m)
ρ = density (kg/m3)
ν = kinematic viscosity (m2/s)

The Froude number differentiates between sub- and supercritical flow.
When the Froude number is one, the flow is critical. For numbers larger
than one the flow is supercritical.
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The Reynolds number gives the ratio between the inertia force and the
viscous force and is represented by:

Re = ρv2L2

µvL
= vL

ν
(2.4)

Where:
v = mean velocity (m/s)
L = a characteristic length, e.g. water depth (m)
ν = kinematic viscosity (m2/s)

For low Reynolds numbers the flow is laminar and for large numbers
the flow is turbulent. An additional form of the Reynolds number that is
frequently used in the sediment transport theories is the Reynolds number
using the shear velocity:

Re∗ = ρu∗R
µ

= u∗R
ν

(2.5)

Where:
u∗ = √

gRSo = shear velocity (m/s)
g = acceleration due to gravity (m/s2)
R = hydraulic radius (m)

So = bottom slope (m/m)
ν = kinematic viscosity (m2/s)

2.3 GEOMETRY

Canals are man-made channels and their cross-section can be prismatic
(when A and So are constant) or non-prismatic. Moreover, the cross-section
can be either regular (e.g. circular, triangular, rectangular or trapezoidal)
or irregular. Figure 2.5 gives the main characteristics within a cross section
and a longitudinal section of a canal.

The cross-section is generally defined by the following geometrical
measures.
• Water depth y: vertical distance from the bottom to the water surface
• Section depth d: normal (perpendicular) distance from the bottom to

the water surface
• Surface or top width Bs: length of the channel width at the water

surface
• Area or wetted area A: area normal to the flow direction
• Wetted perimeter P: length of the wetted line of intersection
• Hydraulic radius R: wetted area A/wetted perimeter P
• Hydraulic depth D: wetted area A/top width Bs
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Figure 2.5. Main
characteristics of a canal.

Some other quantities that are related to a cross-section include:
• Discharge Q which is the total amount of water flowing through a

cross-section during the unit of time t; the unit of discharge is m3/s
• The average velocity is by definition: v = Q/A
• Total energy: E = z + d cos � + αv2/2g (for small slopes y = d cos �;

� is the bottom slope in radian)
• Specific energy: Es = y + αv2/2g (for small slopes cos � = 1)
• Average velocity: v = Q/A; where the discharge Q is the amount of

water in m3 flowing through a cross-section during the unit of time
• Velocity head: αv2/2g = αQ2/2g A2 (α is the Coriolis coefficient)
• Froude number: Fr = αQ2Bs/g A3

2.4 BASIC HYDRAULIC PRINCIPLES

The motion of water can be described by considering the conservation
of mass (continuity) and the conservation of momentum as expressed by
Newton’s second law. Sometimes the energy equation can also be helpful
to describe the motion of water, especially when all the energy losses are
known.

Continuity principle
The continuity equation is applicable for all flow types without any restric-
tion. By using an x-, y-, z-coordinate system that is fixed in space and
the velocity components u, v and w, respectively, the continuity equation
is obtained by considering a small fluid element and the net rate of mass
entering that element. The continuity equation for unsteady, compressible,
real or ideal (no friction) fluids reads:

δρu
δx

+ δρv
δy

+ δρw
δz

+ δρ

δt
= 0 (2.6)
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From this general, continuity equation follows the equation for three-
dimensional, steady and incompressible flow (ρ = constant):

δu
δx

+ δv
δy

+ δw
δz

= 0 (2.7)

In the most common case, namely a two-dimensional flow, the equation
becomes:

δu
δx

+ δv
δy

= 0 (2.8)

When δv/δy = 0, the flow is one-dimensional and the equation reads:

δu
δx

= 0 (2.9)

This equation results in the fact that the velocity u is constant and it
represents uniform flow; the direction and magnitude of the velocity in all
points are the same. For a steady flow, the discharge Q is constant along
the canal and the continuity principle reads:

Q =
∫ A

v dA = v̄A = constant

Q = v̄1A1 = v̄2A2 (2.10)

Where:
A = area of the cross section (m2)
v̄ = mean velocity perpendicular to cross-section (m/s)

When the mean velocity in an open channel is constant (v1 = v2) then the
area A = Q/v of the cross sections is the same; the channel has a prismatic
cross section. When the flow is uniform, the water depth will be the same
in all sections.

Conservation of momentum
The second law of Newton states that the sum of all external forces P
equals the rate of change of momentum. The change of momentum per
unit of time is equal to the resultant of all external forces (hydrostatic,
friction, weight) acting on the body of flowing water:

∑ �P = lim
	t → 0

	(m�v)
	t

(2.11)

∑ �P = d(m�v)out − d(m�v)in

dt
+ (m1 �v1)t+	t − (m1 �v1)t

dt
(2.12)
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The resultant of the external forces is equal to the rate of change of
momentum of that body. P and v represent vectors; hence the change
in momentum has the same direction as the resultant. Equation 2.12 states
that the forces acting on a fluid mass are equal to the rate of change of the
momentum of that mass. The first term on the right side represents the net
flow rate of momentum going out of the control volume and the second
term represents the rate of accumulation of momentum within the control
volume during the time interval 	t.

The direction of 
P is the same as that of 	v; 
P represents the vec-
torial summation of all forces on the mass, including the gravity forces,
shear forces, and pressure forces including those exerted by fluid sur-
rounding the mass as well as the pressure forces exerted by boundaries in
contact with the mass. The equation always applies.

In the case of steady flow, the last term in equation 2.10 is equal to
zero, the force is equal to the net momentum outflow across the control
surface and the equation becomes:

∑ �P = d(m�v)out − d(m�v)in

dt
= d(m�v)out

dt
− d(m�v)in

dt
(2.13)

∑ �P = ρQ(β2�v2 − β1�v1) (2.14)

Where:∑
P = sum of all external forces acting on the control body (N )
Q = discharge (m3/s)
A = area of the cross section (m2)
�v = mean velocity perpendicular to the cross-section (m/s)

m = mass of water passing a cross section (kg)
m = ρvA
β = Boussinesq coefficient (see Section 2.5)

In this equation, the factor β is the coefficient of Boussinesq, which
incorporates the effect of the velocity distribution on the average veloc-
ity. When there are no external friction forces, only the conditions at
the end sections of the control volume govern the impulse-momentum
principle.

Energy principle
The energy equation holds true as long as proper allowance is made for the
energy losses. The total energy of a fluid particle per unit of volume is
the sum of three types of energy (kinetic, potential and pressure). For an
open channel with steady flow, and with straight and parallel streamlines,
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the sum of the potential and pressure energy in the z-direction is:

ρgz + p = constant. The kinetic energy of a particle is equal to
1
2

ρv2

The total energy for an entire cross section is equal to the sum of the
energy of all the fluid particles. To find the total kinetic energy in this
particular cross section, the velocity is expressed by the mean velocity:
vmean = Q/A. However, in open channels the velocity is not uniformly
distributed over the depth and the width due to the presence of the free
water surface and the friction along the boundary (bottom and sides). The
true average kinetic energy across the cross-section per unit of volume is:
( 1

2ρv2)average = 1
2αρv̄2

For the total energy head this fact is taken into account by multiplying
the velocity head (v2/2g) by the coefficient α, the Coriolis coefficient (see
Section 2.5).

The total energy E passing through a cross section is:

E = 1
2
αρv̄2 + ρgz + p (2.15)

The total energy divided by the weight results in the energy head, being
the total energy per unit weight.

Etot = αv̄2

2g
+ p

ρg
+ z (2.16)

If you assume two cross sections perpendicular to straight and parallel
streamlines, and that the energy loss is negligible (the energy principle of
Bernoulli), then:

Etot = α1v2
1

2g
+ p1

ρg
+ z1 = α2v2

2
2g

+ p2

ρg
+ z2 (2.17)

Where:
z = height of the channel bottom in a section in m above a datum

p/ρg = pressure head in a cross-section in m
αv2/2g = velocity head in a cross-section (kinetic energy) in m

Etot = total energy head in a cross-section in m above a datum

In a real fluid (fluid with friction) there are always friction and/or local
losses (	E = hf )

α1v̄2
1

2g
+ p1

ρg
+ z1 = α2v̄2

2
2g

+ p2

ρg
+ z2 + hf (2.18)
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Critical flow
The specific energy (Bakhmeteff, 1912) is the energy per unit weight with
respect to the channel bottom. The piezometric head in a point of the cross
section is (p/ρg) + z, which is equal to the water depth y in that particular
cross section: (p/ρg) + z = y. For open channel flow, the piezometric head
in a vertical in a cross section is equal to the water depth. Therefore, the
specific energy Es is the sum of the water depth and the velocity head
(assuming that the streamlines are straight and parallel):

Es = y + αv̄2/2g (2.19)

Es = y + αQ2/2gA2 (2.20)

Where:
y = water depth (m)

Q = discharge (m3/s)
A = area of the cross section (m2)
v̄ = mean velocity in a cross-section (m/s)

V = v̄ = mean or average velocity (m/s)
Es = specific energy with respect to the bottom (m)

For a given cross-section and a constant discharge Q, the specific energy
is a function of the water-depth y only. Plotting this water-depth y against
the specific energy Es gives a specific energy curve for the discharge Q
(see Figure 2.6).

Es

Energy Es in m
0

W
at

er
 d

ep
th

 in
 m

Specific energy E as function of water depth y

1:1 2:3

Figure 2.6. Specific energy as
function of the water depth y.

From this figure with Es = y + Q2/2gA2 follows that for a given dis-
charge Q and a specific energy Es, which should be larger than a certain
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threshold, there are two alternate water depths. For the threshold value, the
specific energy is the minimal energy needed to convey that discharge Q
through that specific cross section. In the case of the minimum energy the
two alternate depths coincide for the given discharge Q and the water depth
becomes the ‘critical depth’ (yc). The Froude number for that discharge
and water depth becomes 1 (Fr2 = 1). In other words, for this critical depth
the specific energy has a minimum value for the given discharge Q and
cross section A.

When the flow depth is greater than the critical depth, the flow is
subcritical; if it is less the flow is supercritical (see Table 2.2). For any
given discharge Q there are two possible flow regimes, but in reality
only one will occur. These two flow regimes are either a slow and deep
subcritical flow or a fast and shallow supercritical flow.

Table 2.2. Flow type as a function of the actual water depth.

Actual depth y in Froude number Flow type
relation to yc

y > yc Fr2 < 1 Subcritical
y = yc Fr2 = 1 Critical
y < yc Fr2 > 1 Supercritical

For critical flow conditions:
• and for a given discharge Q the specific energy Es has a minimum value:
• and for a given specific energy Es the discharge Q has a maximum

value;
• the velocity head is half the hydraulic depth D;
• the Froude number Fr2 is one (unity);
• and for a given discharge Q the specific force has a minimum value;
• the velocity of a disturbance in canals with a mild slope is equal to the

celerity of small gravity waves.

2.5 VELOCITY DISTRIBUTION

In the next chapters it will be shown that the average velocity v = Q/A,
and the deviation from this average velocity, are very important aspects
in hydraulics and sediment transport. Water flowing in a cross section
with a rigid or movable boundary (bottom and wall) will show a specific
velocity distribution across that section. The velocity will be zero at the
fixed boundary. Next, the velocity increases rapidly towards the middle
and upper part of the channel. The velocity in a specific point is a function
of the x, y and z coordinates (Figure 2.7).
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Figure 2.7. Distribution of
the velocity in a rectangular
channel.

The velocity profile in the vertical direction for a rectangular cross
section can be approximated by the logarithmic equation as given by
van Rijn (1984):

vz = u∗
κ

ln

(
z
z0

)
(2.21)

Where:
u∗ = shear velocity (m/s)
vz = the velocity at a point z (m/s)
κ = constant of von Karman (from measurements κ = 0.4)

z0 = level of the zero velocity (m)
z = the level of a point above a datum (m)

By definition the shear velocity u∗ = √
τ/ρ and it can be expressed as:

u∗ =
√

τ

ρ
= √

gRSo (2.22)

By using κ = 0.4 the relationship for vz becomes:

vz = 2.5u∗ ln

(
z
z0

)
(2.23)
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The velocity vz is equal to the average velocity v̄ for z = 0.4y.

v̄ = 2.5u∗ ln

(
0.4y
z0

)
= 5.75u∗ log

(
0.4y
z0

)
(2.24)

Results from measurements show that the logarithmic velocity profile
gives a good approximation for the full depth of the flow due to a simulta-
neous decrease both in shear stress and mixing length l with z. Values of
z0 were determined from experiments with smooth and rough boundaries.

For smooth boundaries, a viscous sub-layer exists in which viscous
effects predominate. The approximate thickness of this layer is δ = 10 ν/u∗
and z0 = 0.01δ = 0.1 ν/u∗. For rough boundaries with uniform roughness
Nikuradse has determined z0 = 0.03 ks, in which ks is the size of the sand
particles used as roughness in the experiments. This ks is also used as a
standard roughness for other types of roughness (see Figure 2.8).

Hydraulically smooth

Hydraulically rough

Viscous

u

u

δ k

δ
k

Figure 2.8. Hydraulically
rough and hydraulically
smooth boundary layers.

A boundary is:
• hydraulically rough for ks > 6 δ

• hydraulically smooth ks < 0.1 δ

• for intermediate values of ks, the boundary is in a transition region.
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White-Colebrook established an accurate good interpolation by taking
z0 = 0.03 ks + 0.01 δ For this transition region the equation reads:

v̄ = 5.75u∗ log

(
12y

ks + 0.03 δ

)
(2.25)

The last equation can be transformed to the uniform flow equation of the
de Chézy (see Section 2.6).

In the horizontal direction, the velocity distribution is influenced by the
B/y ratio. For a non-wide canal (B/y < 5), the velocity distribution is three-
dimensional. When the B/y ratio is larger than 5, the velocity distribution
becomes almost two-dimensional with the exception of a small region
near the vertical sidewalls.

Corrections in view of the average velocity
The velocity distribution in the vertical and width direction of a canal
incorporates the fact that the velocity is not the same in all the points of
the cross section. For that reason, the velocity in a point A (vA) is not equal
to the average velocity v̄ = Q/A, but it can be written as vA = v̄ ± 	v. The
discharge Q is by definition equal to the average velocity v̄ times the total
area A, but it is also the sum of the volumes of water passing the small
areas 	A with a velocity vA.

Q =
∑

vA 	A =
∑

(v̄ ± 	v) 	A =
∑

v̄ 	A ±
∑

	v 	A

By definition: Q = ∑
(v̄	A) and hence: ± ∑

(	v	A) = 0

The total energy in a cross section comprises the potential energy,
the pressure energy and the kinetic energy; the latter is expressed by the
velocity head v2/2g. The velocity head for the average velocity differs
from the summation of the velocity head for each point and, therefore, it
should be multiplied by the coefficient of Coriolis (α) to obtain the total
head.

The mass of water flowing with a velocity va through a small area
	A is ρva	A. The kinetic energy passing that area per unit of time is
the product of the mass and the velocity squared: ½ρv3

a	A and the total
kinetic energy for the whole cross section is: ½

∑
ρv3

A	A.
The total kinetic energy for the whole cross section can be expressed

as αρA(v̄3/2g)
Equating this quantity with ½

∑
ρv3

A	A results in

α =
∑

(v3
A ∗ 	A)

(v̄3 ∗ A)
=

∑
(v̄ ± 	v)3	A

(v̄3 ∗ A)

α =
∑

(v̄3	A ± 3v̄2	v	A + 3v̄	v2	A ± 	v3 ∗ 	A)
v̄3 ∗ A
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As shown before
∑

	v ∗	A = 0; also 	v2 is always larger than zero and
	v3 ∗ 	A can be ignored as it is very small. Hence, the coefficient of
Coriolis can be presented as:

α = 1 ± 3 ∗
∑

	v2 ∗ 	A
v̄2 ∗ A

(2.26)

Another example of the effect of the velocity distribution on a hydraulic
equation is the application of the second law of Newton in some hydraulic
problems. The law states that the sum of all external forces is equivalent
to the rate of change of momentum
∑ �P = 	m�v = (m�v)out − (m�v)in (2.27)

The mass of water flowing with a velocity va through an area 	A is ρva	A.
The momentum passing that area per unit of time is the product of the mass
and the velocity: ρv2

a 	A. The momentum for the whole cross section with
area A is:

∑
ρv2

A	A. The total momentum for the whole cross section can
also be expressed by the average velocity v̄ as: βρv̄2A.

Equating this quantity with
∑

ρv2
A 	A results in

β =
∑

v2
A ∗ 	A

(v̄2∗ A)

β =
∑

(v̄ ± 	v)2	A
v̄2 ∗ A

=
∑

(v̄2 ± 2v̄ ∗ 	v + 	v2)	A
v̄2 ∗ A

Where
∑

	v ∗ 	A = 0

β = 1 +
∑

	v2	A
v̄2A

(2.28)

Where β = coefficient of Boussinesq

2.6 UNIFORM FLOW

Uniform flow in open channels is characterized by:
a. the depth, cross section, velocity and discharge are constant in every

section;
b. the lines that represent the energy, water surface and channel bottom

are parallel; the slopes are So = Sf = Sw.

It is assumed that uniform flow in open channels is steady and turbulent
(meaning that Re >> 600). Flow in open channels encounters friction
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and for uniform flow (v = Q/A = constant) the component of gravity in
the flow direction balances the friction forces. These two assumptions
form the basis for the equations for uniform flow, including the de Chézy
formula.

When water flows in a channel, a force is developed that acts on the
bed in the flow direction and is called the tractive force. In uniform flow,
the tractive force is equal to the component of the gravity force acting on
the control body parallel to the bottom (Simons & Sentruk, 1992).

The tractive force follows from the product of the shear stress and
the contact area. Assume that the average shear stress on the perimeter
P is τ. Next, the balance between the component of the gravity force
and the frictional resistance (tractive force) is used to derive that average
shear stress (see Figure 2.9). The shear stress τ follows from the weight
component (= ρgALSo) and the frictional resistance (= τPL):

τ = ρgRSo (2.29)

Length L

F = ρgALSo

Gradient So W = ρgAL

Tractive force on reach Distribution of shear stress

τside = αside ρg y So
τside = αside ρg y So

τbed = αbed ρg y So

y (1)
(m)

Figure 2.9. Tractive force and
the distribution of the shear
stress in a trapezoidal channel.

By definition the shear velocity u∗ = √
τ/ρ and can be expressed as:

u∗ =
√

τ

ρ
= √

gRSo (2.30)

For fully turbulent flow Prandtl showed that the shear stress τ is a
function of v2 and the relationship between v and τ can be written as
τ = Kv2 =ρgRSo. From this relation follows:

v2 = ρg
K

R.So = C2RSo (2.31)

This relation is normally presented as the de Chézy equation:

v = C
√

RSo (2.32)
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Investigations in laboratories and measurements in the field have resulted
in the following expression, proposed by White and Colebrook, for the
coefficient C:

C = 18 log
12R

k + δ/3.5
(2.33)

Where:
k = length characterizing the roughness = 1/2 a (Nikuradse)
δ = thickness of the laminar sub-layer = 11.6 ν/v∗

v∗ = √
gRSo

ν = 10−6 m2/s (for T = 20◦C)

Values of the de Chézy coefficient as function of the hydraulic radius
R, the wall roughness k and the thickness of the laminar sub-layer δ are
presented in Figure 2.10.
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Figure 2.10. Values of the de
Chézy coefficient C as function
of the hydraulic radius R, the
wall roughness k and the
thickness of the laminar
sub-layer δ.

Another, frequently used, equation for uniform flow is the Manning
equation with n for the roughness:

v = 1
n

R2/3S1/2
o (2.34)

In some countries, the Strickler equation is preferred; this equation uses
ks for the roughness.

v = ksR2/3S1/2
o (2.35)



Open Channel Flow 27

The relationship between C of de Chézy and Manning’s n can be found
by taking the same average velocity v.

C = R1/6

n
(2.36)

2.7 NON-UNIFORM STEADY FLOW

A gradually varied flow is a steady flow, whose depth varies gradually
along the channel:
1. Hydraulic flow characteristics remain constant in time,
2. Streamlines are practically parallel; hydrostatic pressure prevails,
3. Bed friction is assumed to be equal to the friction in uniform flow (e.g.

as used in the equations of Manning and de Chézy).

Figure 2.11 gives the energy considerations for unsteady flow in open
channels, which also can be used for gradually varied flow (steady flow
with dv/dt = 0).

Datum

z

αv2/2g

dx

Horizontal
Acceleration line slope SaEnergy line slope Sf

Water surface slope Swy

Sodx
Bottom slope So

ha = Sa * dx
ha = 1/g dv/dt * dx
hf = Sf * dx

y + dy

z + dz

αv2/2g + d(αv2/2g)

Figure 2.11. Energy
considerations in a channel
with unsteady flow.

A gradually varied flow (wide rectangular channels) is based upon:

dy
dx

= So − Sf

1 − Fr2 (2.37)

Where:
dy/dx = change of the water depth in the x-direction;
dy/dx = slope of the water surface relative to the channel bottom

So = bottom slope
Sf = slope of the energy line

Fr2 = Froude number



28 A New Approach to Sediment Transport

Depending on whether dy/dx is negative or positive, the following water
surface profiles can be distinguished:

dy
dx

> 0 ==> Backwater curve

dy
dx

= 0 ==> Uniform flow

dy
dx

< 0 ==> Drawdown curve

The critical slope for a given discharge Q is by definition that bottom slope
for which the normal water depth is equal to the critical depth; So = Sc for
yn = yc. An actual bottom slope can be compared with this critical slope.
Table 2.3 gives a classification of the bottom slopes.

Table 2.3. Type of bottom slope.

Slope description Bottom slope Type of slope

Horizontal So = 0 H
Mild 0 < So < Sc M
Critical So = Sc C
Steep So > Sc S
Adverse or negative So < 0 A or N

A particular discharge Q in a canal gives a normal and a critical water
depth for a given bottom slope So. The actual water depth y in the canal
can be related to these two water depths, namely the actual water depth
can be either larger or smaller than the two water depths or is between the
two water depths (see Table 2.4).

Table 2.4. Flow types based on the energy line, bottom slope and Froude number.

Actual water depth y Relation energy line and Flow type
in relation to yn bottom slope

y > yn Sf < So or So − Sf > 0 Gradually varied
y = yn Sf = So or So − Sf = 0 Uniform
y < yn Sf > So or So − Sf < 0 Gradually varied

Actual water depth y Froude number Flow type
in relation to yc

y > yc Fr < 1 or 1 − Fr2 > 0 Subcritical
y = yc Fr = 1 or 1 − Fr2 = 0 Critical
y < yc Fr > 1 or 1 − Fr2 > 0 Supercritical
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Therefore, the actual water depth can be classified in one of the
following three water depth regions:
Region 1: y > yn and y > yc
Region 2: y between yn and yc
Region 3: y < yn and y < yc

Another classification of flow types is based on the relative bed slope
and the actual water depth (see Table 2.5). Table 2.5 gives a summary
of the most common water surface profiles in wide canals; a graphical
presentation of these water surface profiles is given in Figure 2.12. Fig-
ure 2.13 gives an overview of the most common water surface profiles
in wide canals. These canals are characterised by a large width B so that
the hydraulic radius R is equal to y and the normal and the critical water
depth are a function of the specific discharge q = Q/B and the bottom
roughness only.

Table 2.5. Summary of water surface profiles.

Bottom slope Water surface profile Depth range of y, yc and yn Type of Flow type
curve

1 2 3 Region 1 Region 2 Region 3

Steep S S1 y > yc > yn Backwater Subcritical
So > Sc S2 yc > y > yn Drawdown Supercritical
yn < yc S3 yc > yn > y Backwater Supercritical

Critical C C1 y > yc = yn Backwater Subcritical
So = Sc C2 yc = y = yn Uniform Critical
yn = yc C3 y < yc = yn Backwater Supercritical

Mild M M1 y > yn > yc Backwater Subcritical
0 < So < Sc M2 yn > y > yc Drawdown Subcritical
yn > yc M3 yn > yc > y Backwater Supercritical

Horizontal H n.a.
So = 0 H2 yn > y > yc Drawdown Subcritical
yn = infinite H3 yn > yc > y Backwater Supercritical

Adverse A n.a.
So < 0 A2 y > yn Drawdown Subcritical
yn = none A3 yn > y Backwater Supercritical
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Adverse slope
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A3

Horizontal bottom
yn = ∞

yc
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yn = yc

Figure 2.12. Summary of
water surface profiles in wide
canals (R = y and q = Q/B).
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Profiles in zone 1:
y > yn; y > yc

Profiles in zone 3:
y < yn; y < yc

Profiles in zone 2:
yn ≥ y ≥ yc; yc ≥ y ≥ yn
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Figure 2.13. Overview of the most common water surface profiles in wide canals.

Gradually varied flow can be computed by three methods: direct
integration; graphical integration and numerical integration. Some
characteristics of these methods are presented in Table 2.6.
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Table 2.6. Summary of the methods for computing gradually varied flow.

Method Distance Depth Cross Remarks
from from section
depth distance

Bresse O O Prismatic; Use of tables recommended
broad; Use of Chézy formula
rectangle Recommendation for computation steps:

In upstream direction for subcritical flow
In downstream direction for supercritical flow

Bakhmeteff O All shapes Use of tables recommended
Use of hydraulic exponents N and M

Graphical O Prismatic; For y → yn large errors may occur
integration non-prismatic
Direct step O Prismatic Recommendation for computation steps:

In upstream direction for subcritical flow
In downstream direction for supercritical flow

Standard O All shapes Iteration required
step Recommended for natural channels

Eddy and other losses can be included
Use of field data possible
Recommendation for computation steps:
In upstream direction for subcritical flow;
In downstream direction for supercritical flow

Predictor O All shapes Iteration not required
corrector Straightforward water depth computation

2.8 SOME GENERAL ASPECTS OF UNSTEADY FLOW

Unsteady flow in open channels occurs when the flow parameters change
with time at a fixed point, e.g. the water depth y or the discharge Q varies
at a certain point of the canal system with time. Waves travelling in canals
are examples of unsteadiness; they can be classified as:
• Translatory waves with a net transport of water in the direction of the

wave; translatory waves are the most common type of waves in open
channels.

• Oscillatory waves – a temporal variation in the water surface that is
propagated through water, for instance wind waves, without a net trans-
port of water. Oscillatory waves are normally ignored in the design and
operation of irrigation networks.

A translatory wave is a gravity wave with a substantial displacement of
water particles in the flow direction. The waves can be divided into grad-
ually and rapidly varied unsteady flow. In gradually varied flow, the wave
profile is gentle and the change in depth is gradual; examples are waves due
to a slow gate operation in a canal. Rapidly varied unsteady flow examples
are surges caused by the rapid opening or closing of regulating structures.
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A special wave is the solitary wave that is characterised by a rising limb
and a single peak, followed and preceded by steady flow. A downstream
solitary wave moves down and an upstream wave moves up a channel
slope.

A positive wave has an increase in water level and a negative wave has
a decrease in water level from a steady flow. A short wave is characterized
by a ratio of water depth and wave length smaller than 0.05 (y/L < 0.05).

The celerity of a wave is the speed of propagation of the disturbance
relative to the water flow. In general, the celerity c for a wave with small
amplitude and a two-dimensional flow follows from Airy’s theory, which
neglects the viscosity and surface tension: c2 = (gL/2π) tanh (2πy/L).

For short waves and small tanh the celerity become: c2 = gy (the
Lagrange equation).

These lecture notes will discuss the sediment transport in irrigation
canals in more detail. The criteria for the hydraulic design of a canal net-
work will include the requirement that the water level is kept as much as
possible at the required supply level and that the amount of water supplied
is in line with the changing water requirements during the growing sea-
son. Therefore, it is logical to present some unsteady flow concepts here,
especially in view of the impact of the schematisations of the sediment
transport and water flow as proposed in the next chapters.

As mentioned before, the flow in irrigation networks is usually con-
trolled for the optimal use of the available water, which will result in
variations in time. A fast control may even lead to unwanted results, such
as the development of hydraulic jumps. Although the design of many
irrigation networks is based upon steady flow concepts, the hydraulic per-
formance under operation usually requires a closer inspection based on
unsteady flow computations.

Unsteady flows are characterized by either more or less significant
variations in water depth and discharge, both in time and space. The
related hydraulic problems are governed by two concepts, namely storage
and conveyance. For an incompressible flow in canal networks the storage
concept deals with the conservation of water volume. The conveyance
concept deals with the balance of forces acting upon a water mass and their
effect on the momentum balance. In this context, the amount of momentum
loss due to channel friction relative to the increase of momentum due to
the gravity forces is an essential aspect.

One of the important parameters influencing the capability of a canal
network to adapt itself to changes is its storage capacity. If the storage
capacity in a canal reach is relatively large compared to the difference in
inflow and outflow, the time scale of adaptation is also large and the
changes in the canal will show a very unsteady flow behaviour. If the stor-
age capacity between the boundaries of the canal reach is small, the adap-
tation of the canal to the new boundary conditions may be fast and the flow
may pass through a series of almost steady state. This adaptation of the
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canal network also depends on the capability of the water flow to accelerate
or decelerate. If the adaptation of the velocity of the flow particles occurs
quickly, then the network will pass through a series of nearly steady states;
otherwise, the flow in the network will clearly show an unsteady behaviour.

An example is the flow through a hydraulic structure in an irrigation
canal. Usually this flow is assumed to be steady. The discharge through the
structure at any moment depends on the water level boundary conditions.
Although the water level may vary rapidly, the discharge generated will
respond more or less instantaneously. The immediate response of the flow
to the changing boundary conditions is due to lack of storage between the
upstream and downstream sections and the relatively small water mass to
be accelerated or decelerated. Generally a hydraulic structure is a steady
flow element in a network and how the network as a whole will behave
depends on the flow characteristics of the other elements in the network.

2.9 BASIC DIFFERENTIAL EQUATIONS FOR GRADUALLY
VARIED UNSTEADY FLOW

Unsteady flow equations will describe the dependent variables, namely
the velocity v and water depth y, as functions of the independent variables
x (space coordinate) and t (time coordinate). The definition of the two
dependent variables requires the formulation of two equations to solve
them. In open channel flow, they are usually based upon the mass (volume)
and momentum conservation. The conservation of mass assumes that the
fluid is incompressible and that the density is constant. The conservation
of mass leads to the continuity equation.

Gradually varied unsteady flow refers to an unsteady flow in which
the curvature of the wave profile is mild; the change of depth with time
is gradual; the vertical acceleration of the water particles is negligible
in comparison with the total acceleration and the effect of the boundary
friction can not be neglected. Figure 2.14 gives a schematized wave in the
x, t and y direction as an example of unsteady flow.

y

t

x

Figure 2.14. An unsteady flow
presented in the x, t and y
direction.
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Only a few gradually varied, unsteady flow problems can be solved
analytically; most problems require a numerical solution of the equations.
The gradually varied unsteady flow can be described by the de St. Venant
equations, which consist of the continuity and the dynamic equation.
Unsteady flow in open channels is assumed to be a one-dimensional flow
with straight and parallel flow lines. The dynamic equation includes the
change of velocity v with time and consequently the acceleration, which
produces the forces and causes the energy losses in the flow.

The dynamic equation
Unsteady flow analysis for open channels deals with the changes of dis-
charge Q and water depth y with position and time. Here the depth y and
velocity v are the dependent variables. Remember that in steady flow the
gradient dE/dx represents the total energy line and is equal, but opposite
in sign to the friction slope Sf = v2/C2R. When the increase in depth y
and the downstream distance x are taken as positive, the equation for the
total energy may be written as:

E = z + y + αv2

2g
dE
dx

= dz
dx

+ dy
dx

+ 2v
2g

dv
dx

Remember that v = f (x, t); hence the acceleration can be expressed by
partial differentials as:

dv
dx

= ∂v
∂x

+ ∂v
∂t

∂t
∂x

∂E
∂x

= ∂z
∂x

+ ∂y
∂x

+ v
g

(
∂v
∂x

+ ∂v
∂t

∂t
∂x

)

v = ∂x
∂t

or
∂t
δx

= 1
v

−Sf = −So + ∂y
∂x

+ v
g

∂v
∂x

+ 1
g

∂v
∂t

Thus:

Sf = So − ∂y
∂x

− v
g

∂v
∂x

− 1
g

∂v
∂t

(de Saint Venant equation) (2.38)

Sf = So − ∂y
∂x

− v
g

∂v
∂x

− 1
g

∂v
∂t

= v2

C2R
(2.39)
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This is the de Saint Venant equation, where:
y = water depth (m)
t = time (s)
v = average velocity of the flow (m/s)
x = longitudinal distance (m)

So = channel slope (m/m)
Sf = friction slope = slope of the energy line (m/m)

By definition Q = v A and v = Q/A

So − Sf − ∂y
∂x

− v
gA

∂Q
∂x

− 1
gA

∂Q
∂t

= 0 (2.40)

Dynamic equation for gradually varied unsteady flow
This general dynamic equation for gradually varied unsteady flow is only
true when the pressure is hydrostatic, meaning that the vertical com-
ponents of the acceleration are negligible and that the flow lines are straight
and parallel.

The first two terms on the right hand side (So − Sf = 0) signifies
steady uniform flow. The first four terms together [So −Sf − ∂y/∂x −
v/gA(∂Q/∂x) = 0] express a steady gradually varied flow.
The dynamic equation may also be written in another form:

∂y
∂x

+ v
g

∂v
∂x

+ 1
g

∂v
∂t

+ Sf − So = 0 (2.41)

g
∂y
∂x

+ v
∂v
∂x

+ ∂v
∂t

+ g(Sf − So) = 0 (2.42)

These equations clearly show the four variables in unsteady, open channel
flow, namely x, t, v and y.

Continuity equation
The law of continuity for an unsteady, one-dimensional flow can be found
by considering the conservation of mass of a small canal length (dx)
between two cross-sections. The difference in outflow and inflow in the
canal reach during a time step dt is equal to the change of storage over that
distance dx. Moreover, assume that the surface width over the distance dx
is constant (prismatic section) and that the water is incompressible. For
the unsteady flow conditions the discharge Q changes with distance dx,
namely dQ/dx and the water depth y changes with time: dy/dt. The change
of discharge Q through space in a small time-step dt is (dQ/dx) dx dt. The
corresponding change in storage in space is Bs dy/dt dx dt = (dA/dt) dx dt
(with dA = Bs dy). From continuity considerations (volumetric balance)
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follows that a change of discharge Q in 	x-direction must be accompanied
by a change in water depth y in time step 	t:

(
dQ
dx

)
dx dt + Bs

dy
dt

dx dt = 0

∂Q
∂x

+ Bs
∂y
∂t

= 0 Continuity equation for unsteady flow (2.43)

From this equation follows that the sign of the change in discharge Q in
the 	x-direction is opposite to the sign of the change in depth y during
time step 	t.

Assuming that there is no lateral discharge (no inflow or outflow:
	q = 0) in 	x and with Q = v A

∂Q
∂x

= ∂A·v
∂x

= v
∂A
∂x

+ A
∂v
∂x

A
∂v
∂x

+ v
∂A
∂x

+ Bs
∂y
∂t

= 0 Continuity equation for a channel
with a general shape (2.44)

The first term on the left-hand side represents the prism storage, the second
term represents the wedge storage and B∂y/∂t is the rate of rise of the water
level with time t.

Prism storage + wedge storage + rate of rise of water level = 0
With the hydraulic depth D = A/Bs and with dA = Bs dy, the continuity

equation becomes:

D
∂v
∂x

+ v
∂y
∂x

+ ∂y
∂t

= 0 Continuity equation for a channel
with a general shape (2.45)

For a rectangular channel with q = Q/B, v = q/y and A = By follows:

y
∂v
∂x

+ v
∂y
∂x

+ ∂y
∂t

= 0 Continuity equation for a
rectangular channel (2.46)

Where:
y = water depth (m)
t = time (s)
v = average velocity of the flow (m/s)
x = longitudinal distance (m)
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Summarising, the continuity and dynamic equations for unsteady flow in
open channels read:

v
∂A
∂x

+ A
∂v
∂x

+ Bs
∂y
∂t

= 0 Continuity equation for unsteady flow (2.47)

∂y
∂x

+ v
g

∂v
∂x

+ 1
g

∂v
∂t

+ Sf − So = 0 Dynamic equation for
unsteady flow (2.48)

The continuity and dynamic equation in this form are also known as the
de St. Venant equations.

From a combination of the dynamic equation and the continuity
equation follows:

∂Q
∂t

− 2QBs
A

∂y
∂t

+ gA
(

1 − Q2Bs

gA3

)
∂y
∂x

− gASo + gASf = 0 (2.49)

Combination of the dynamic and continuity equation for a canal with a
general shape.

2.10 SOLUTION OF THE DE ST. VENANT EQUATIONS

The continuity and dynamic equation compose a set of gradually var-
ied, unsteady flow equations, which together form a complete dynamic
model of the flow. This complete model can provide accurate results for
an unsteady flow, but at the same time, the model can be very demanding
in view of the required computations. Moreover, the model is limited by
the assumptions made in the deduction of the de St. Venant equations and
the suppositions required for their application for specific problems, e.g.
assumptions regarding channel irregularities. The set of the two simultan-
eous equations has to be solved for the two unknowns, v and y, given
appropriate boundary conditions and initial conditions. Nowadays this
set of equations can easily be solved with the aid of available computer
technology.

At present three main numerical methods are available to solve the
de St. Venant equations, namely:
• Finite differences (FD)
• Method of characteristics (MOC)
• Finite element method (FEM)

The solution of the de St. Venant equations is complicated, also for sim-
ple rectangular channels. General solutions are only possible by using one
of the numerical methods. The method with finite differences is the most
common one. The method of characteristics is adequate for waves due
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Table 2.7. Summary of the methods to solve the de St. Venant equations.

de St. Venant Equations

Numerical Approximate
Methods Methods

Direct Method of characteristics Finite
element
method

Implicit Explicit Characteristic nodes Rectangular grid Storage routing
Implicit Explicit Implicit Explicit Muskingum

Diffusion analogy
Kinematic wave

to sudden gate operations. The finite element method can accommodate
canals with irregular boundaries.

The solution method of the various methods can be explicit or
implicit:
• Explicit: the discharge Q and water depth y at the next time-step are

expressed in terms of the discharge Q and water depth y at the current
time step; this method is straightforward, but it must be in line with
the Courant stability criterion (c(	t/	x) < 1). This condition imposes
a severe limitation on the time-distance grid.

• Implicit: the discharge Q and water depth y are related to subsequent
and previous time steps, which is a more complex solution method, but
a stable one.

2.11 RECTANGULAR CHANNELS AND THE METHOD OF
CHARACTERISTICS

The set of continuity and momentum equations is very useful for the
formulation of solutions on the basis of finite differences, but a trans-
formation of the equations might help to understand the continuity and
dynamic equations more easily. For the transformation the auxiliary
variable c = √

g D will be used.
The transformation will use the de St. Venant equations and the

differential of the area A to x:

∂A
∂x

= ∂(αBsy)
∂x

= Bs
∂y
∂x

+ αy
∂Bs

∂x

The term αy(∂Bs/∂x) accounts for non-prismatic channels and ∂Bs/∂x is
the increase of the surface width in the flow direction. The coefficient α

is the Coriolis coefficient. The value of α depends on the geometry of the
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cross-section, but it is generally between 0.5 and 1.0. The value of α is
about 0.5 for triangular and about 1.0 for rectangular cross-sections.

The continuity equation can be written as:

v Bs
∂y
∂x

+ αyv
∂Bs

∂x
+ A

∂v
∂x

+ Bs
∂y
∂t

= 0

v
Bs

A
∂y
∂x

+ αyv
A

∂Bs

∂x
+ ∂v

∂x
+ Bs

A
∂y
∂t

= 0

By definition the hydraulic depth D is A/Bs

v
D

∂y
∂x

+ ∂v
∂x

+ 1
D

∂y
∂t

+ αyv
A

∂Bs

∂x
= 0

v
∂y
∂x

+ D
∂v
∂x

+ ∂y
∂t

+ αyvD
A

∂Bs

∂x
= 0

Rearrange this equation and introduce the auxiliary variable c = √
g D

(Lagrange), where c is the velocity of a long wave in water depth y.
In other words c becomes a measure of y.

v
∂y
∂x

+ c2

g
∂v
∂x

+ ∂y
∂t

+ αvy
A

D
∂Bs

∂x
= 0

For a rectangular channel the surface width Bs and bottom width B
are equal and therefore dBs/dx = 0 and the hydraulic depth becomes
D = A/Bs = y. Substituting the Lagrange wave speed approximation,
namely gy = c2; dy = 2/gc dc and dy/dx = 2c/g dc/dx, the dynamic
equation Sf = So − (∂y/∂x) − v/g(∂v/∂x) − 1/g(∂v/∂t) will change into:

2c
∂c
∂x

+ v
∂v
∂x

+ ∂v
∂t

= g(So − Sf ) (2.50)

Dynamic equation for a rectangular channel

Substituting the Lagrange wave speed approximation in the continu-
ity equation for a rectangular channel, which is y(∂v/∂x) + v(∂y/∂x) +
(∂y/∂t) = 0, results in:

2v
∂c
∂x

+ c
∂v
∂x

+ 2
∂c
∂t

= 0 (2.51)

Continuity equation for a rectangular channel
By writing first the sum and then the difference of the two above given

equations, two new equations will be obtained. First, the addition will be
presented.
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1. The continuity equation divided by c/g and the dynamic equation
multiplied by g, results in:

2v
∂c
∂x

+ c
∂v
∂x

+ 2
∂c
∂t

+ 2c
∂c
∂x

+ v
∂v
∂x

+ ∂v
∂t

+ g(Sf − So) = 0

2(v + c)
∂c
∂x

+ 2
∂c
∂t

+ (v + c)
∂v
∂x

+ ∂v
∂t

+ g(Sf − So) = 0

(v + c)
∂(v + 2c)

∂x
+ ∂(v + 2c)

∂t
= g(So − Sf ) (2.52)

2. Similarly the continuity equation divided by c/g minus dynamic
equation multiplied by g:

(v − c)
∂(v − 2c)

∂x
+ ∂(v − 2c)

∂t
= g (So − Sf ) (2.53)

g (So − Sf ) is called the energy term.

Finally a combination of 2.47 and 2.48 results in a general equation for
non-steady flow:

(v ± c)
∂(v ± 2c)

∂x
+ ∂(v ± 2c)

∂t
− g (So − Sf ) = 0 (2.54)

General equation of non-steady flow in a rectangular channel

Remember that the general mathematical expression for a change of
a function f in the x-t-diagram when going from a given point 1 to a
neighbouring point 2 can be given by the partial derivatives of the function
in the t-direction and the x-direction.

df = ∂f
∂t

dt + ∂f
∂x

dx or
df
dt

= ∂f
∂x

dx
dt

+ ∂f
∂t

In this equation f is a variable dependent on the two independent variables
x and t, and the equations give the rate of change of f if x and t are
simultaneously varied in a prescribed manner, given by dx/dt. Assume
that the function f is, for example, the water depth y ( f = y(x, t)).

dy
dt

= ∂y
∂x

dx
dt

+ ∂y
∂t

Here we have assumed that the function y is the water depth and we may
think of the situation in the following way: to an observer walking with
a speed dx/dt along a dike of an open canal, the depth y will appear to
vary with time at the rate given by the equation for dy/dt. A similar result
would of course be true for any other parameter such as v, q, or c.
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The total differential du/dt for the function u = v + 2 c can be found
in the same way as dy/dt and will give:

du
dt

= ∂u
∂x

dx
dt

+ ∂u
∂t

with v = f (x, t) and
dx
dt

= v + c

Assume that So is constant and that So and Sf are both relatively small.
Then from this assumption follows that g(S0 − Sf ) is also very small and
a new set of equations for the unsteady flow can be written as:

(v ± c)
∂(v ± 2c)

∂x
+ ∂(v ± 2c)

∂t
= g (So − Sf ) (2.55)

(v ± c)
∂(v ± 2c)

∂x
+ ∂(v ± 2c)

∂t
= 0 (2.56)

Equation of non-steady flow in a rectangular channel

The first two terms at the left-hand side, namely (v ± c)
∂(v ± 2c)/∂x + ∂(v ± 2c)/∂t, represents the rate of change of (v ± 2c) from
the view point of two observers, one moving in the x−t plane with velocity
(v + c) and the other moving with a velocity (v − c).

The path of the two imaginary observers can be plotted on the x−t plane
and a complete solution will be obtained for any prescribed unsteady flow
situation. Only in simple cases does the process lead to explicit solutions,
but in more complex cases numerical methods may be used without any
great difficulty (see Figure 2.15).

t
A

B C

x

Figure 2.15. Method of
characteristics in the x and t
plane, with an explicit solution.

Along the line with the direction dx/dt = v + c, the expression
d(v + 2c)/dt = 0 holds and along the line with the direction dx/dt = v − c
the expression d(v − 2c)/dt = 0 holds. The line with the direction
dx/dt = v + c is called the positive characteristic (c+) and the other is
the negative characteristic (c−).
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Integration of d(v + 2c)/dt = 0 gives that v + 2c = constant. The equa-
tion d(v ± c)/dt = 0 means that v ∀ c can be treated as constant for 	t. If
dx/dt = (v ± c) then u = v ± 2c + g (Sf − So) t. The reciprocal value gives
dt/dx = 1/(v ± c) which defines two lines in x−t space.

Thus in this specific case that two observers move with two velocities,
namely (v ± c), the two velocities (v ± 2c) appear to remain constant. The
results are two families of curves in the x−t plane, which have inverse
slopes, namely (v + c) and (v − c). These lines are the characteristic lines.

Summary of the four characteristic equations of unsteady flow
in a rectangular channel
The method of characteristics gives two lines:
• one line has a slope 1/(v + c)
• the other line has a slope 1/(v − c)

Along these two lines
du
dt

= ∂u
∂x

dx
dt

+ ∂u
∂t

and
du
dt

= 0
dt
dx

= 1
v + c

defines a positive characteristic along which v + 2c is
constant
dt
dx

= 1
v − c

defines a negative characteristic along which v − 2c is
constant

In principle the terms v ± 2c and g (Sf − So) are constant

dt
dx

= 1
v ± c

(2.57)

d(v ± 2c + g (Sf − So) t)
dt

= 0 (2.58)

The solution of the method of characteristics is based on the construc-
tion of a network of points in the x−t plane where the dependent variables
are computed. From a given set of two points on the network, a new point
may be constructed by drawing a characteristic of one family from one
point that intersects with the characteristics of the other family drawn from
the other point. In general, these directions are not known initially as they
depend on the solution of the dependent variables at the intersection point
(see Figure 2.16). However, the solution of these variables can be found
through the Riemann invariants. The almost exact direction of these char-
acteristics can then be drawn based on the average characteristic direction
at the connecting points.

The significance of the method of characteristics lies in the fact that
the characteristics are to be seen as lines along which some information on
the state of the fluid propagates. Along the characteristic lines, a special
condition is valid, which implies that these lines are unique lines and that
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Domain of influence

Domain of dependence
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Forward
characteristic

Backward
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Figure 2.16. Characteristics in
the x and t plane with an
example of the domain of
influence and of the domain of
dependence.

information only travels along these characteristics. With the characteris-
tics, it is possible to compute solutions for v and y from known conditions
at an earlier point in time.

In the derivation of the method of characteristics, the auxiliary vari-
able c = √

g D (D = C2/g) has a special meaning as part of the direction
of the characteristics. For example when v = 0, the direction of both
characteristics is the same in magnitude, but they have a different, oppos-
ite sign. This means that the effect of any disturbance at a certain point in
a canal propagates in both directions (upstream and downstream) with the
same speed c, which is a function of the square root of the water depth.
The variable c here means the celerity with which disturbances propagate
in stagnant water.

When v > 0, the characteristic directions no longer have the same
magnitude and at a particular point information on the fluid state travels
faster in the downstream than in the upstream direction. For increasing
velocities this leads to the very specific case that no information is able to
travel in the upstream direction. This happens when the celerity is equal
to the velocity (v = c) or when the Froude number equals unity (Fr = 1).

For smaller velocities the flow is subcritical (the Froude number is less
than unity) and the state of flow at any point in time is controlled by both
the upstream and downstream conditions. In the case of supercritical flow,
the state of fluid is only controlled by upstream conditions.
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Wide rectangular channel
A very particular example of unsteady flow in a rectangular canal is a canal
with a relatively large width. For a wide rectangular canal, the hydraulic
radius is equal to the water depth (R = y) and the friction slope results
from:

d(v ± 2c)
dx

= g(So − Sf )

Sf = v2

C2R
∼= v2

C2y
and So = v2

o
C2

o R
= v2

o
C2

o yo

The water depth yo; the velocity vo and the Froude number Fro are the
values for normal (uniform) flow for the given discharge Q.

When we assume for this case that C is independent of the water depth
(constant), then:

C ∼= Co and Fr = v√gy

So − Sf = So

(
1 − v2

C2ySo

)
= So

(
1 − v2yo

v2
oy

)
= So

(
1 − Fr2

Fr2
o

)

Remember: v + 2c = c (v/c + 2) = c (Fr + 2), therefore:

d(v ± 2c)
dx

= g(So − Sf ) becomes:
d(c (Fr ± 2))

dt
= gSo

(
1 − Fr2

Fr2
o

)

The Froude number, Fr = 2, has a special significance. If g (So − Sf ) is
very small, then dc/dt and dFr/dt will have the same sign if Fr < 2. In
most cases Fr < 2 will apply.

Additional information
For a canal with a general shape the hydraulic depth is D = A/Bs and
c = √

g D
When introducing w = ∫ A

o cdA/A = ∫ y
o

√
gD dy, the following

equation can be derived:

(v ± c)
∂(v ± w)

∂x
+ ∂(v ± w)

∂t
= g(So − Sf ) (2.59)

Channels with a general shape
This equation is similar to the equation for a rectangular canal and the

velocity w corresponds to two times the celerity: 2c.
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Simple wave problem
An interesting example for the method of characteristics is the event of the
simple wave, which is characterised by the straight, positive characteris-
tics of one family. The simple wave and its region in the x−t plane will
help to understand the behaviour of complex waves and their region of
interaction.

When the flow path in the x−t plane is straight, meaning a line with a
slope dt/dx = 1/(v + c) that is constant, then the value of (v + c) is constant
for the positive characteristic. Moreover, for a horizontal bed without
friction (So = Sf ≈ 0), the value of (v + 2c) becomes constant along this
line and in this case both v and c are constant along the characteristic. This
case is called a simple wave.

From the statements v + c = constant and v + 2c = constant follows
that c is constant and v is constant. Furthermore, it can easily be shown
that if one characteristic line is a straight line all other characteristics (of
the same, positive or negative family) must also be straight lines (see
Henderson, 1966).

Consider an initially steady and uniform flow (v and y constant, for
example vo and yo, the latter gives c = co) that is then disturbed either in
discharge or in water depth y, resulting in an unsteady flow, which will
propagate into the initially steady region (e.g. after opening of a gate). The
undisturbed flow is also uniform; this property helps to define the simple
wave problem.

The acceleration terms in the dynamic equation are large compared
with Sf and So. The total derivates of (v ± 2c) in the equations are zero;
this means that the quantities (v ± 2c) appear to remain constant to two
observers moving with a velocity (v ± c).

(v ± c)
∂(v ± 2c)

∂x
+ ∂(v ± 2c)

∂t
= 0

The paths of these observers can be traced on the x−t plane, which gives
rise to two families of lines, the characteristics. Along each member of
the first family the inverse slope of the line dx/dt is (v + c) and its value
(v + 2c) is constant. Similarly along each member of the second group
the inverse slope of the line dx/dt is (v − c) and the quantity (v − 2c) is
constant.

Remember that in an unsteady flow problem there are four variables,
namely x, t, v and y (or c). Consider a point along the t-axis with x = 0
and t > T . For the undisturbed zone we assume that the uniform velocity
v = vo and c = co..

For any positive characteristic line dx/dt = v + c = constant. This
means that for t = 0, along the first positive characteristic line
dx/dt = vo + co = constant. This gives v + c = vo + co and here either
v or c can be expressed in the other parameters: v = −c + vo + co or
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c = −v + vo + co. For any negative characteristic line v − 2c = vo − 2co
as it must cut (dx/dt)t = 0 = vo + co; it follows that:
• dx/dt = (3/2)v − (1/2)vo + co; when c is eliminated in the inverse slope

dx/dt
• dx/dt = 3c + vo − 2co; when v is eliminated in the inverse slope dx/dt

One equation can be used to compute c for any given vo and co and
for vt at the origin (for x, t = 0). The other equation can be used to com-
pute v for any given vo and co and for c at the origin (for x, t = 0). From
the four parameters vo and co are known and one, either v or c, is given
as a boundary condition; the given change in flow. Movement along the
characteristics really represents the wave motion across the water sur-
face; (v + c) and (v − c) are velocities of the waves relative to a stationary
observer.

In a simple wave problem the term (v − 2c) appears to be constant in
the whole t−x plane. The negative characteristics actually denote, there-
fore, waves of zero amplitude (	y = 0). For negative waves (with y and
c decreasing with time) dx/dt decreases and therefore the characteristic
lines diverge; for positive waves the lines converge, which means that
they eventually intersect giving at the point of intersection two depths
i.e. a steep surge is formed with substantial energy losses. Therefore, the
simple wave approach cannot be used beyond this point.

Final comment
The main advantage of the method of characteristics is the possibility to
visualize the way in which flow disturbances or the effects of flow control
travel through a canal network. The structure of the net of characteristics is
also important in understanding the numerical procedures required for the
practical solution of hydraulic phenomena. A good understanding of the
physics of a hydraulic phenomenon will give guidance in the choice of
the most appropriate numerical solution techniques and their numerical
parameters. The characteristics will help to find the required initial (t = 0
and x = 0) and boundary (t = T and x = L) conditions in the x−t plane for
any engineering problem simulation.

The concept of characteristics is very important for the understanding
of unsteady hydraulic phenomena in canal networks; however, the method
of characteristics gives an algorithm for the computation of unsteady flow
only for simple cases. The inclusion of energy generating or dissipating
terms, such as gravity and bottom friction terms, lateral inflow or outflow,
and non-prismatic canal sections, is complicated for the method of char-
acteristics, but is much easier in programmable solution algorithms that
are based on the implicit finite difference schemes.





CHAPTER 3

Sediment Properties

3.1 INTRODUCTION

Sediments are fragmented material, primarily formed by the physical and
chemical disintegration of rocks from the earth’s crust; they can be divided
into cohesive and non-cohesive sediments. For non-cohesive sediments
there are no physical-chemical interactions between individual particles
and the size and weight of an individual particle are important factors in
their behaviour. In cohesive sediments the physical-chemical interactions
between particles are important factors in the initiation of motion (erosion)
and also in the transportation (flocculation); with cohesive sediments the
size and weight of a particle have less significance. Most of the discussion
on sediment transport in these lecture notes will deal with non-cohesive
sediments.

Some of the major features of the individual particles and the sediments
can be described by:
• Density and porosity
• Particle size and size distribution
• Shape
• Fall velocity
• Dimensionless parameters, such as the particle parameter, particle

mobility parameter, excess shear stress parameter, dimensionless
particle Reynolds number and transport rate parameter.

3.2 DENSITY AND POROSITY

The density of a sediment particle is the mass per unit of volume and
it primarily depends on the mineral composition. Non-cohesive material
originates generally from the disintegration or decomposition of quartz.
The density (ρs) of quartz is approximately 2650 kg/m3 and the density of
clay minerals ranges from 2500–2700 kg/m3.
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The relative density is often expressed as 	.

	 = (ρs − ρw)
ρw

(3.1)

The specific density s is expressed as:

s = ρs

ρw
(3.2)

	 = s − 1 = relative density

Where:
	 = relative density; the relative density of quartz in water equals 1.65
s = specific density; the specific density s of quartz in water equals

2.65
ρs = density of the sediment particle (kg/m3)
ρw = density of water (kg/m3)

The dry bulk density of sediment is the mass per unit of volume on a dry
weight basis and includes the pores between the particles. The bulk density
is equal to:

ρdry = (1 − p)ρs (3.3)

Where:
p = porosity (dimensionless)
p = the ratio of the volume pores and the total volume

of a sediment sample
ρs = density of the sediment particles (kg/m3)

ρdry = dry bulk density of the sediment (kg/m3)

The porosity p often depends on the deposition and erosion processes.
The bulk density of sand (ρs−dry) is approximately 1500–1550 kg/m3. For
silt the bulk density ranges between 1050 and 1320 kg/m3, while for clay
these value may range between 500 and 1250 kg/m3.

Sometimes the specific weight is still used and is expressed as γ = ρs g
with γ in Newtons per unit of volume (N/m3).

3.3 SIZE AND SIZE DISTRIBUTION

A first attempt to classify the individual, non-cohesive sediment particles,
is based on their size; more specifically their diameter. Usually, sediments
are referred to as gravel, sand, silt or clay, which refer to the size of the
individual particles; listed here in decreasing magnitude. Many attempts
have been made to describe the sediment by one distinct diameter and
a range of sizes has been suggested, but none of them has proven to be
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entirely suitable. Some of the main definitions for the diameter (Bogardi,
1974) include:
• Sieve diameter (d): diameter of the square mesh sieve, which will just

let the particle pass. The sieve diameter is generally used for fractions
greater than 0.1 mm.

• Settling or sedimentation diameter (ds): diameter of a sphere with the
same density and same fall velocity as the given particle in the same
fluid and at the same temperature.

• Nominal diameter (dn): diameter of a sphere or cube with the same
volume as the particle.

• Tri-axial dimensions (a, b, c): the dimensions of a particle in the direc-
tion of three orthogonal axes. The largest dimension is called ‘a’ and
the smallest dimension is called ‘c’.
The sizes can be determined by direct measurements, by sieving, by

sedimentation or by microscope analysis. Table 3.1 shows a classification
of sediments as recommended by the American Geophysical Union.

Table 3.1 The density of fresh water as a function of the temperature T .

T (◦C) 0 4 12 16 21 32
ρw (kg/m3) 999.87 1000.0 999.5 999.0 998.0 995.0

Table 3.2 Classification of sediments according to their size.

Classification mm = 10−3 m µm = 10−6 m

Very coarse gravel 64–32
Coarse gravel 32–16
Medium gravel 16–8
Fine gravel 8–4
Very fine gravel 4–2
Very coarse sand 2–1 2000–1000
Coarse sand 1.00–0.50 1000–500
Medium sand 0.50–0.25 500–250
Fine sand 0.25–0.125 250–125
Very fine sand 0.125–0.062 125–62
Coarse silt 0.062–0.031 62–31
Medium silt 0.031–0.016 31–16
Fine silt 0.016–0.008 16–8
Very fine silt 0.008–0.004 8–4
Coarse clay 0.004–0.002 4–2
Medium clay 0.002–0.001 2–1
Fine clay 0.001–0.0005 1–0.5
Very fine clay 0.0005–0.00024 0.5–0.24

Sediments normally have many particles with different sizes. The par-
ticle sizes result in a distribution, which is generally expressed as percent
by mass (weight) versus particle size. The most common method to deter-
mine the distribution of particle sizes (size frequency) is a sieve analysis,
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which can be used for particles larger than 74 µm. Next, the results are
presented as a cumulative size-frequency curve. The fraction or the per-
centage of the sediment (by mass) that is smaller than a given size is plotted
against the particle size (sometimes a fraction that is larger than a given
size is plotted). The cumulative size distribution of various sediment sizes
by mass can be approximated by a log-normal distribution, as shown in
Figure 3.1. A log-normal distribution might result in a straight line when
logarithmic probability paper is used.
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Figure 3.1. Example of particle
size distributions.

From this cumulative size distribution the following sediment charac-
teristics can be defined (van Rijn, 1993):
(a) Mean diameter (dm or d) is defined as:

dm = d =
∑

Pidi∑
Pi

(3.4)

Where:
Pi = fraction (percentage) with diameter di (%)
di = geometric mean of the size fraction limits = diameter for which

i % of the sample is finer than di (mm)

(b) The median diameter (d50) is assumed to give the best representation
of the sediment mixture and is described by the diameter ‘d’ for which
50% of the sample is finer than ‘d’. Sometimes other values than d50
are used in the sediment transport predictors; examples are d16, d35,
d65, d84

(c) The geometric mean diameter (dg) is defined as:

dg =
√

d84 d16 (3.5)

Where:
d84 = diameter for which 84% of the sample is finer than d84
d16 = diameter for which 16% of the sample is finer than d16
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(d) The standard deviation (σs) is described by:

σs = 0.5
(

d84

d50
+ d50

d16

)
(3.6)

Where:
d84 = diameter for which 84% of the sample is finer than d84
d16 = diameter for which 16% of the sample is finer than d16
d50 = diameter d for which 50% of the sample is finer than d50

e) The geometric standard deviation (σg) is given by:

σg =
√

d84

d16
(3.7)

Where:
d84 = diameter for which 84% of the sample is finer than d84
d16 = diameter for which 16% of the sample is finer than d16

3.4 SHAPE

In addition to the diameter the shape of the sediment particle is also an
important aspect. A flat particle will have a smaller fall velocity than a
rounded particle and it will be more difficult to transport a flat particle
as bed load. The shape of a particle can be characterized by sphericity,
roundness or shape factor.

Sphericity is the ratio between the surface area of a sphere and the
surface area of a particle at equal volume.

Roundness is the ratio of the average radius of the curvature of the
edges and the radius of a circle inscribed in the maximum-projected area
of the particle.

Sphericity and roundness are not used in sediment theories.
The shape factor is a useful definition that can be used to describe a

particle. The shape factor (s.f.) is defined by:

s.f . = c√
ab

(3.8)

Here a, b and c are the dimensions of a particle in the direction of three
axes. For spheres the shape factor is 1. For natural sand the shape factor
(s.f.) is approximately 0.7 and for gravel it is approximately 0.9.

3.5 FALL VELOCITY

The velocity of sediment particles settling in a liquid is called the fall
velocity ws. This velocity is an important physical value to describe the
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sedimentation and suspension behaviour of sediment particles. The basic
fall velocity of sediment particles is derived from a single sphere with
diameter d falling with a constant velocity in quiescent (quiet) water. At
the beginning of the settling process, the fall velocity is small and the
force of gravity is greater than the resistance. Hence, the sphere moves
with acceleration, and the resistance increases with the velocity. In time
the resistance equals the force of gravity and the sphere then falls with a
constant velocity. The force of gravity acting on the sphere is in equilibrium
with the resistance to the motion, which depends on the velocity and a
drag coefficient.

From resistance force = gravity force:

Cd
1
2
ρww2

s
π

4
d2 = π

6
d3g(ρs − ρw) (3.9)

ws =
√

4
3

gd	

Cd
(3.10)

The drag coefficient Cd is a function of the Reynolds number (ws d/ν).
For low Reynolds numbers Cd = 24/Re.

For natural sand, a Reynolds number lower than 0.1 and Cd = 24/Re,
Stokes law gives the fall velocity as:

ws = (s − 1)gd2

18ν
1 ≤ d ≤ 100 µm (3.11)

Where:
s = specific density of the sediment particle (dimensionless)
g = acceleration due to gravity (m/s2)
d = diameter of the particle (m)
ν = kinematic viscosity (m2/s)

ws = fall velocity in clear water (m/s)

During the settling process, the motion of a particle also causes the sur-
rounding fluid to move. If the Reynolds number is less than approximately
0.4, the effect of inertia forces induced in the fluid by the motion is much
less than those due to the fluid viscosity. The settling of a single particle
affects a large region of the surrounding fluid if the Reynolds number is
low. When the inertia forces in the fluid are negligible then the drag coef-
ficient is inversely proportional to the Reynolds number. The fall velocity
is proportional to the square of the sphere diameter and the density, but it
is inversely proportional to the viscosity of the fluid. Stokes law is valid
for Re < 0.4 and in water at normal temperature the fall velocity is valid
for particles smaller than d = 0.076 mm.
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For larger quartz particles Stokes law has to be adjusted and the fall
velocity reads:

ws = 10ν

d

[(
1 + 0.01(s − 1)gd3

ν2

)0.5

−1

]
100 ≤ d ≤ 1000 µm

(3.12)

ws = 1.1
√

(s − 1)gd d ≥ 1000 µm (3.13)

Where:
ws = fall velocity in clear water (m/s)

s = relative density of the sediment particles (dimensionless)
g = acceleration due to gravity (m/s2)
d = diameter (m)
ν = kinematic viscosity (m2/s)

Table 3.3 Fall velocity for sediment particles.

d (mm) 0.06 0.1 0.2 0.3 0.4 0.5 0.75 1.0 1.25 1.5 1.75 2.0 2.5
ws (mm/s) 3.2 8.9 25 44 59 72 98 140 156 171 185 198 221

The presence of a large number of other particles during the settling pro-
cess will decrease the fall velocity of a single particle. The fall velocity
of a single particle influenced by the presence of other particles follows
from:

ws,m = (1 − c)γws with 2.3 ≤ γ ≤ 4.6 and 0 ≤ c ≤ 0.3 (3.14)

Where:
ws,m = fall velocity influenced by other particles (m/s)

ws = fall velocity in clear water (m/s)
c = volumetric sediment concentration (percent)
γ = coefficient, which is a function of the Reynolds number

The coefficient γ is slightly dependent on the particle shape, but this
can be ignored. For fine sediments with a concentration of 1%, the reduc-
tion in fall velocity will be around 5%. The fall velocity of a particle in
turbulent water is different from the velocity in quiescent water. A cluster
of particles (cohesive sediments) will have a greater fall velocity.

Table 3.4 Coefficient γ as function of Reynolds number.

Reynolds number <0.2 0.2–1 1–200 >200
γ 4.65 4.35 Re−0.03 4.45 Re−0.1 2.39
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3.6 CHARACTERISTIC DIMENSIONLESS PARAMETERS

The equations of motion and continuity, both for water and sediment,
roughly define the transport of water and sediment in irrigation canals.
An analytical description of all the physical processes by the equations is
not yet possible and therefore, the sediment transport theories still rely on
data from field and experimental investigations and from dimensional
analysis. Based on dimensional analysis several processes related to
sediment transport can be expressed as a function of independent dimen-
sionless parameters. The following parameters are widely used to describe
the sediment transport in open channels (van Rijn, 1993).
Particle parameter (D∗) reflects the influence of gravity, density and
viscosity on sediment transport and is given by:

D∗ =
[

(s − 1)g
ν2

]1/3
d50 (3.15)

Where:
s = specific density of a sediment particle (dimensionless)
g = acceleration due to gravity (m/s2)

d50 = median diameter (m)
ν = kinematic viscosity (m2/s)

Particle mobility parameter (θ) is the ratio of the drag force and the weight
of the submerged particle and reads:

θcr = u2∗cr
(s − 1) g d50

= τcr

(s − 1)ρ g d50
(3.16)

Where:
τ = shear stress (N/m2)

τcr = critical shear stress according to Shields (N/m2)
u∗ = shear velocity (m/s)
u∗ = √

(τ/ρ)
u∗cr = critical shear velocity (m/s)

u∗crit = √
(τcrit/ρ)

ρ = density (kg/m3)
	 = relative density of the sediment (dimensionless)
g = acceleration due to gravity (m/s2)

d50 = median diameter (m)
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Excess bed shear stress parameter (T ) is defined as:

T = τ′ − τcr

τcr
(3.17)

Where:
τcr = critical shear stress according to Shields (N/m2)
τ′ = grain shear stress (N/m2), which is the skin resistance or the surface

drag due to the grain roughness (see Chapter 5 for more details)

The particle Reynolds number parameter (Re∗) is represented by

Re∗ = u∗ d50

ν
(3.18)

Where:
u∗ = shear velocity (m/s)

d50 = median diameter (m)
ν = kinematic viscosity (m2/s)

Transport rate parameter (φ) is represented by:

φ = qs

(s − 1)0.5 g0.5 d1.5
50

(3.19)

Where:
qs = volumetric sediment transport rate (m3/s per m width)
s = specific density of sediment (dimensionless)
g = acceleration due to gravity (m/s2)

d50 = median diameter (m)

The concentration (C) is the ratio between the sediment transport rate qs
and the discharge q per m width (both in volume). Here, qs is the volume of
sediment transported in 1 m3of water-sediment mixture. The volumetric
concentration reads as:

C = qs

q
(3.20)

Where:
C = concentration of sediment in the water by volume (percentage

or ppm)
qs = volumetric sediment transport rate (m3/s per m width)
q = discharge (m3/s per m width)

The concentration C can be also expressed as a percentage by mass
(Cg), which is the mass of sediment transported in a unit volume of a
water-sediment mixture. The concentration Cg is expressed as the mass
in kg per unit of volume in m3; the ratio of kg/m3 can also be expressed
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as ppm (parts per million). For concentrations lower than 16,000 ppm, it
can be assumed that 1 kg/m3 is equivalent to 1000 ppm.

Both concentrations (by volume and by mass) are related by:

Cg = 	C (3.21)

Where:
	 = relative density (dimensionless);
	 = 1.65 for quartz particles in water
C = concentration of sediment by volume (percentage or ppm)

Cg = concentration of sediment by mass (percentage or ppm)



CHAPTER 4

Design Criteria for Irrigation Canals

4.1 INTRODUCTION

The objective of an irrigation canal is to meet the varying irrigation require-
ments during the irrigation season at the individual farms and therefore
the canal design should preferably be based on the following criteria:
• Capacity: the capacity of an irrigation canal depends on the water

delivery method. The delivery methods differ from each other through
the scheduling of the water supply in time and place. The World Bank
(1986) classifies the following delivery methods:
– on demand: the water delivery reacts instantaneously to the water

demand;
– continuous: the irrigation canal supplies a continuous, either constant

or varying, but continuous flow during the whole irrigation season;
– fixed rotation: the water delivery is scheduled with a constant flow

and a regular pattern of rotation;
– variable rotation: the water delivery is programmed either for a fixed

supply with variables periods (rotation) or for a variable supply and
variable periods.

• Command: the requirement that most of the area must be irrigated
(commanded) determines the water level in the canals. At any delivery
point, the water level in the canal must be above the ground surface. Due
to the presence of structures and the need to meet the varying irrigation
requirements during the irrigation season the flow in an irrigation canal
varies in time and space. The command level is also influenced by the
method of flow control. For instance, the water level for downstream
control and zero discharge in a canal is horizontal and above the level for
full discharge (see Figure 4.1); the downstream control requires canal
banks with a level top to facilitate the zero flow conditions (Ankum,
1995);

• Sedimentation and/or erosion: irrigation canals should be designed
based on the criterion that no sedimentation and no erosion occur during
a certain period. The design of a stable cross section will be the end
result of this criterion;

• Cost: the final result of the design of earthen and lined canals will
include the horizontal and vertical canal alignment and the cross
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Downstream control

Set point Top bank

Gate

Gate Gate

Gate

Water level

Water level

Bottom level

Bottom level

1

1

2

2

3

3

Upstream control

Top bank
Set point

1 Q = 0
2 0 < Q < Qmax

3 Q = Qmax

Figure 4.1. Example of a canal
with downstream control and a
canal with upstream control.

sections of the canal. Moreover, the canal design should give the best
performance at minimum cost, meaning that the final design should
result in a balanced earthwork (including cut and fill) as far as possible.

4.2 THE ROLE OF SEDIMENT TRANSPORT IN THE DESIGN OF
IRRIGATION CANALS

The design of irrigation canals for sediment-laden water should consider
aspects related to the conveyance of irrigation water as well as the transport
of sediments. The need to convey different quantities of water to meet the
irrigation requirements at the required water level is the main criterion for
canal design. Furthermore, the design must be compatible with a particu-
lar sediment load in order to avoid silting and/or scouring. The diverted
discharge should meet the irrigation requirements and at the same time it
should result in the least deposition and/or erosion in the canal network.

Vanoni (1975) stated that the canal design must be based on a compre-
hensive assessment of the canal operation to determine the future pattern
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of the water demand. In that way the sediment transport characteristics
along a canal network can be established in terms of place and time. Sedi-
ment may be deposited during one phase of operation and eroded during
another phase, resulting in a balanced or stabilized condition.

According to FAO (1981), the objective of a canal design is to select
the proper bottom slope and geometry of the cross section so that during
a certain period the sediment flowing in is equal to the sediment flowing
out of the canal. Changes that occur in the equilibrium conditions for
sediment transport will result in periods of deposition and/or erosion.

Chang (1985) suggested that in view of these sediment problems, the
bottom slope and the canal geometry must be interrelated in order to
maintain the best possible sediment transport equilibrium. He stated that
the sediment problem can be controlled by maintaining the continuity in
sediment transport in the irrigation canals during the design stage.

Dahmen (1994) pointed out that an irrigation network should be
designed and operated in such a way that:
• the required flow passes at the design water level;
• no erosion of the canal bottom and banks occurs;
• no deposition of sediment in the canal takes place.

The design of a canal that has to convey a certain sediment load
requires a set of equations related to the water-sediment flow to provide
the unknown variables of bottom slope and cross section (bottom width
and water depth). The geometry of an irrigation canal that carries water
and sediment will be the end result of a design process in which the flow
of water and the transport of sediments interact.

In view of the design, irrigation canals can be divided into three
categories (Ranga Raju, 1981) that can be described as follows:
• canals with a rigid boundary: the design is based on the determination

of the velocity at which any sediment entering into the canal will not
settle on the canal perimeter. High velocities are allowed, but they
should not damage the lining or create large disturbances in the water
surface. A numerical simulation of the most likely changes in the flow
conditions during the irrigation season becomes an important tool to
ensure that the sediment is not deposited, even when the velocity is low;

• canals with an erodible boundary and carrying clean water: the canal
design is based on the determination of the maximum velocity for which
the bed material in the cross section does not move. The minimum cross
section with a maximum velocity that does not result in scouring of the
bed should be the end result of the design;

• canals with an erodible boundary and carrying water with sediment:
the design principle assumes that the canal should transport the water
as well as the sediment. The cross section must ensure flow velocities
as large as possible to convey the sediment and at the same time not
too large to prevent scouring of the bed. It is evident that it is difficult
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to meet both restrictions simultaneously and for the whole irrigation
season. Therefore, the design must look for a stable canal over a longer
period and this means that the total sediment inflow during a certain
period must equal the total sediment outflow.

A major conclusion to be drawn from the previous section is the need
for the design of stable irrigation canals during the full operating life of
the irrigation network. Sediments may be deposited during one phase of
the irrigation season and be eroded during another phase, but for the total
operation period, there should be a balance between erosion and deposition
in the canal.

Chow (1983), Raudkivi (1990), HR Wallingford (1992), Simons and
Sentürk (1992), and others mention four methods for the design of stable
canals:
• the regime method;
• the tractive force method;
• the permissible velocity method;
• the rational method.

4.2.1 Regime method

For the regime theory a set of simple, but empirical, equations are avail-
able. The equations are derived from observations of alluvial canal systems
that are relatively stable or, in other words, are in regime (HR Wallingford,
1992). The regime method considers the three main features of a canal,
namely the perimeter of the open canal, the amount of water and the
sediment flowing in it, as a whole. It attempts to derive the most crucial
characteristics of a stable (non-silting and non-scouring) canal primarily
on the basis of field and laboratory studies that investigated the inter-
action of the above-mentioned factors (Naimed, 1990). The regime theory
originates from India and Pakistan and is completely empirical due to the
fact that it is based on data observed in canals in regime. Most of the
canal designs in these countries use this method, specifically the Lacey
regime theory. The regime equations are based on past and present obser-
vations and experiences and they present a long-term average rather than
an instantaneously variable state. Therefore, the regime method tries to
express the natural tendency of canals that convey sediment within alluvial
boundaries, in order to seek a dynamic stability.

Canals are described as in regime if they do not change over a period
of one or more typical water years. Within this period, scour and depos-
ition are allowed to occur as long as they do not interfere with canal
operations. Since the observed canals withdraw varying amounts of water
and sediment from different rivers and since sediment excluders may be
in operation at some of the head works, the regime theory can only pro-
vide some approximate average design values. Nevertheless, the adequate
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experience obtained from the design and operation of these canals give
some proficient guidance for the design of stable channels with erodible
banks and sediment transport. However, the applicability of this method
can be challenged in the case of highly time-dependent operational regimes
as practised in many irrigation systems at present (Bruk, 1986).

Some of the equations given by Lacey are (Ackers, 1992):

f = √
2520d (4.1)

P = 4.836Q0.5 (4.2)

v = 0.6459(fR)0.5 (4.3)

So = 0.000315
f 5/3

Q1/6 (4.4)

Where:
f = Lacey’s silt factor for a sediment size d
d = sediment size (m)
P = wetted perimeter (m)
Q = discharge (m3/s)
R = hydraulic radius (m)
v = mean velocity (m/s)

So = bottom slope

According to Lacey (1958) these equations are applicable within the
following range of flow and sediment characteristics:
• Discharge in the range of 0.15–150 m3/s;
• Bed material is non-cohesive;
• Bed form characterised by ripples;
• Bed material size in the range of 0.15–0.40 mm;
• Bed load is relatively small.

The following steps are recommended when using the Lacey equations
for the design of earthen canals for a given diameter d and discharge Q;
• Determine the factor f for the given diameter d;
• Find the bottom slope So and the perimeter P;
• By trial and error determine the velocity v and area A = Q/v and the

hydraulic radius R = A/P;
• Determine the full cross section both by using the perimeter P and the

hydraulic radius R and by assuming that the cross section is trapezoidal
with a side slope of 1 V : 2 H.

Table 4.1 gives an example of the main dimensions of an earthen
canal designed according to the Lacey method for a canal that conveys a
discharge in the range from 1–8 m3/s and that transports sediment with
a diameter d = 0.001 and 0.0005 m, respectively. The f -values for these
diameters are 1.58745 and 1.1225, respectively. The side slope m is 2.
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Table 4.1 Example of the design of earthen canals for two sediment diameters according to the Lacey method.

Lacey regime theory in SI-units

Q d in m m f So P v A R B-bottom y n
m3/s Manning

1 0.001 2 1.58745 0.000680 4.836 0.515 1.940 0.401 2.316 0.563 0.028
2 0.001 2 1.58745 0.000606 6.839 0.579 3.457 0.505 3.863 0.666 0.027
3 0.001 2 1.58745 0.000567 8.376 0.619 4.846 0.579 5.065 0.740 0.027
4 0.001 2 1.58745 0.000540 9.672 0.649 6.159 0.637 6.091 0.801 0.026
5 0.001 2 1.58745 0.000520 10.814 0.674 7.418 0.686 7.004 0.852 0.026
6 0.001 2 1.58745 0.000505 11.846 0.695 8.635 0.729 7.835 0.897 0.026
7 0.001 2 1.58745 0.000492 12.795 0.713 9.819 0.767 8.604 0.937 0.026
8 0.001 2 1.58745 0.000481 13.678 0.729 10.975 0.802 9.324 0.974 0.026

1 0.0005 2 1.12250 0.000382 4.836 0.459 2.178 0.450 1.693 0.703 0.025
2 0.0005 2 1.12250 0.000340 6.839 0.515 3.880 0.567 3.275 0.797 0.025
3 0.0005 2 1.12250 0.000318 8.376 0.551 5.440 0.649 4.459 0.876 0.024
4 0.0005 2 1.12250 0.000303 9.672 0.579 6.914 0.715 5.463 0.941 0.024
5 0.0005 2 1.12250 0.000292 10.814 0.600 8.327 0.770 6.353 0.997 0.024
6 0.0005 2 1.12250 0.000283 11.846 0.619 9.693 0.818 7.163 1.047 0.024
7 0.0005 2 1.12250 0.000276 12.795 0.635 11.021 0.861 7.913 1.092 0.024
8 0.0005 2 1.12250 0.000270 13.678 0.649 12.319 0.901 8.614 1.132 0.024

As an extra illustration, the table also gives the bottom width B and
the water depth y as well as the Manning’s roughness coefficient that has
been calculated from the equation

v = 1
n

R2/3S1/2
o

For increasing discharge Q, the bed width B, the water depth y and
the B/y-ratio will increase. The bottom slope So will decrease with an
increase of the discharge Q. The regime theory results in relatively wide
and shallow cross sections.

4.2.2 Tractive force method

The minimum velocity in an irrigation canal should not induce sedimen-
tation and at the same time the velocity should limit unwanted aquatic
weed growth and reduce health risks (for example, schistosomiasis). The
minimum velocity is a function of the shape of the canal. For large canals,
a velocity of 0.30 m/s is recommended (Dahmen, 1999). Smaller velocities
result in uneconomic large cross sections. A velocity of 0.10 to 0.15 m/s is
recommended for minor canals (for instance, tertiary and small secondary
canals); smaller velocities result in uneconomic wide sections.
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The maximum permissible velocity should not cause erosion of the
bottom and side slopes and a critical shear stress criterion is applied,
which is extremely dependent on the fact that:
• the resistance to erosion increases when smaller particles are

washed out;
• an aged canal has more resistance to erosion than a newly con-

structed one;
• colloidal matter in the water will increase the cohesion of the particles

that form the boundaries, resulting in a larger resistance;
• a higher ground water table than the canal water level will decrease the

resistance; a lower ground water level will increase the resistance.

The tractive force depends on the shear stress at the bottom, which can
be expressed as (Dahmen, 1994):

τ = cρgySo (4.5)

Where:
τ = tractive force (N/m2)
c = correction factor; the correction factor c depends on the B/y ratio:

for 1 < B/y < 4: c = 0.77 e0.065(B/y)

for B/y ≥ 4: c = 1

ρ = ρw = density of water (1000 kg/m3)
So = bed slope (m/m)
y = water depth (m)
g = acceleration due to gravity (m/s2)

The tractive force concept primarily originates from work carried out
by the U.S. Bureau of Reclamation (USBR) under the direction of Lane
(Raudkivi, 1990 and HR Wallingford, 1992). This method considers the
balance of forces acting on sediment grains and is only used to evaluate the
erosion limits. Since the method assumes no suspended and bed material
transport, it is only relevant for canals with coarse bed material and zero
or very small bed material input (HR Wallingford, 1992). Breusers (1993)
also supported the statement that the tractive force method is only suitable
when the water transports very little or no sediment.

The tractive force method was developed for the threshold condition
of sediment transport, which occurs for the critical boundary shear stress
along the canal’s perimeter. Field studies on very coarse material showed
that the ‘critical shear stress’, above which motion would start, is approxi-
mately 0.94∗D75 (N/m2). For the canal design a boundary shear stress
of 80% of the critical shear stress is recommended: τdesign = 0.75∗D75
(D75 in mm). The allowable shear stress is a function of the mean diameter
and the sediment concentration of the water; see Table 4.2.

Dahmen (1994) suggested as a rule of thumb for many irrigation
engineers, that the maximum boundary shear stress in ‘normal soil’,
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for a ‘normal canal’ and under ‘normal conditions’ can be between 3
and 5 N/m2. When the shear stress is too high, the most sensitive factor
to reduce this factor is a gentler bottom slope. Table 4.2 shows some rec-
ommended values for the critical shear stress (N/m2) along the boundary
for fine, non-cohesive sediment.

Table 4.2 Recommended critical shear stress (N/m2) for
fine, non-cohesive sediment (Dahmen, 1994).

Recommended critical boundary shear stress in N/m2

D50 (mm) Clear water Light load Heavy load

0.1 1.20 2.40 3.60
0.2 1.25 2.49 3.74
0.5 1.44 2.64 3.98

For cohesive soils no definite criteria exist, but based on field data,
the USBR gives the following values (see Table 4.3).

Table 4.3 Limiting boundary shear stress (N/m2) in cohesive material.

Compaction

Loose Fair Well Very well

Void ratio 2.0–1.2 1.2–0.6 0.6–0.3 0.3–0.2

Cohesive bed material Limiting boundary shear stress (N/m2)

Sandy clays 1.91 7.52 15.7 30.2
Heavy clay soils 1.48 6.75 14.6 27.0
Clays 1.15 5.94 13.5 25.4
Lean clayey soils 0.96 4.60 10.2 16.9

Note: the void ratio is the ratio of the volume of voids and the volume of the
solid particles.

The shear stress on the side slopes is only considered when the bed and
sides are covered with coarse, non-cohesive material. For this situation the
shear stress together with the angle of repose has to be taken into account.
For fine, non-cohesive material and for cohesive material the component
of the weight is small and can be ignored.

The values of the critical boundary shear stress are established for the
design of straight canals and they should be reduced for sinuous canals;
Table 4.4 presents some reduction values (in %) for non-straight canals.

Table 4.4 Reduction of the limiting boundary
shear stresses in non-straight canals.

Slightly sinuous 10%
Moderately sinuous 25%
Very sinuous 40%
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As discussed in this chapter, the design of irrigation canals needs
at least four equations to establish the main dimensions of the canal.
For earthen canals the side slope will be based on the (estimated) canal
depth and soil properties and therefore, three equations are required
to determine the remaining variables. Hence, the application of the
tractive force method requires two other equations: for example one
equation to compute the discharge (Manning, Strickler or de Chézy)
and another for the relationship between the bottom width and the water
depth (B/y).

The hydraulically optimal cross-section has a minimized perimeter P,
which results in a maximum flow velocity at minimum cost. However, the
optimum hydraulic section is hardly ever applied; this is because it will
not be stable due to relatively deep excavations and also any change in
discharge severely affects the water depth and the velocity. A deep section
is nevertheless applied wherever possible, because the expropriation costs
will be less, the velocity is higher in a deep than in a shallow canal and
the sediment transport capacity is larger in deeper canals (the transport
capacity is linear with the bottom width, but exponential with the water
depth). To limit the excavation and expropriation cost, canal side slopes
are designed to be as steep as possible. Soil material, canal depth and the
danger of seepage determine the maximum slope of a stable side slope.
The side slope has to be stable under normal conditions, also against ero-
sion. For deep excavations, an extra berm can be included to improve the
slope stability. Table 4.5 presents some values for side slopes in irrigation
canals.

Table 4.5 Recommended side slope (m) in canals.

Material Side slope 1 V : m H

Rock 0.0
Stiff clay 0.5
Cohesive medium soils 1.0–1.5
Sand 2.0
Fine, porous clay, soft peat 3.0

The top width of canal embankments depends on the soil type, the
side slope and special requirements in view of maintenance and operation.
Water levels may rise above the design water level due to deterioration of
the canal embankment, a sudden closure of a gate or unwanted drainage
inflow. A freeboard, being the distance between the design water level
and the canal bank, is provided to safeguard the canal against overflow-
ing during unexpected water level fluctuations and wave actions. USBR
recommends a freeboard F = C y, where the coefficient C varies between
0.5 to 0.6 with a minimum freeboard of 0.15 or 0.20 m.
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4.2.3 Permissible velocity method

Depending on the fact whether a canal will be erodible or non-erodible, the
permissible velocity concept can be used as a design criterion for stable
canals.
• The minimum permissible velocity is defined as that velocity that will

not result in sedimentation or induce the growth of aquatic weeds. This
velocity depends on the sediment transport capacity of the canal.

• The maximum permissible velocity is that velocity that will not cause
erosion. This velocity is difficult to ascertain and is very variable; it can
only be estimated with experience and sound judgment (Chow, 1983).
Table 4.6 presents some permissible velocities depending on the bed

material (Simons and Sentürk, 1992) together with the maximum per-
missible velocities recommended by Fortier and Scobey. The USBR
has derived from these velocities the corresponding tractive-force values
(Chow, 1983).

Table 4.6 Maximum permissible velocity (v) and the corresponding tractive-force value (τ).

Material Manning n Clear water Silt-loaded water

v (m/s) τ (N/m2) v (m/s) τ (N/m2)

Fine sand, colloidal 0.02 0.46 1.30 0.76 3.61
Sandy loam, non-colloidal 0.02 0.53 1.78 0.76 3.61
Silt loam, non-colloidal 0.02 0.61 2.31 0.91 5.29
Alluvial silts, non-colloidal 0.02 0.61 2.31 1.07 7.22
Ordinary firm load 0.02 0.76 3.61 1.07 7.22
Volcanic ash 0.02 0.76 3.61 1.07 7.22
Stiff clay, very colloidal 0.025 1.14 12.51 1.52 22.13
Alluvial silts, colloidal 0.025 1.14 12.51 1.52 22.13

4.2.4 Rational method

The design of irrigation canals typically tries to find the four unknown
dimensions, which include the bottom slope So, bottom width B, water
depth y and side slope m. The side slope m should be based on the soil
properties and the (estimated) canal depth y. Hence, three equations are
required to determine the remaining variables. They might include an
alluvial friction predictor (de Chézy, Manning, and Strickler), a sediment
transport predictor and a minimum stream power or maximum sediment
transport efficiency. Sometimes a regime relationship is used to provide
a relationship for bottom width and water depth (HR Wallingford, 1992).

The rational method includes, amongst others, the method of White,
Bettess and Paris (1982) and Chang (1985). The rational method is use-
ful for the design of stable canals with very specific flow conditions.
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For canals with large variations in discharge and sediment load the method
is inadequate to describe accurately the sediment transport process and the
conveyance of the sediment load through the whole canal network.

Transport of suspended load
To describe the conveyance of suspended sediment through the whole
network it is practical to assume that the fine particles in suspension
have an almost constant distribution over the full vertical. Normally the
sediment particles in suspension fall in the range ‘very fine’ and their
size is less than 50 to 70*10−3 mm. De Vos (1925) stated that the relative
transport capacity (T /Q) is proportional to the average energy dissipation
per unit of water volume.

T
Q

∝ ρw g vav So (4.6)

Where:
T/Q = relative transport capacity

T = sediment transport load (m3/s)
Q = discharge (m3/s)

ρw = density of water (kg/m3)
g = acceleration due to gravity (m/s2)

vav = average velocity (m/s)
So = bottom slope (m/m)

From energy considerations follows that the sediment particles will be
transported in any concentration by the flowing water when the fall
velocity w is smaller than a certain threshold.

w ≤
(

ρw

ρs − ρw

)
vavSo (4.7)

Where:
w = fall velocity (m/s)
ρs = density of the sediment particles (kg/m3)
ρw = density of water (kg/m3)
So = bottom slope (m/m)

To convey sediment in suspension the hydraulic characteristics of a
canal network should be such that ρw g vav So or vav So either remains
constant or does not decrease in a downstream direction. From vav = C
(y So)0.5 in which C is a general smoothness factor, follows that y S3

o
or y1/3So should be constant or non-decreasing in order to convey the
suspended load in wide canals.

Transport of bed load
For canal networks that transport some material as bed load, it is possible
to establish a comparable criterion as for the transport of suspended load.
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Irrigation canals that carry substantial sediment loads can not be treated
either by the rational method or in this way.

Bed load transport will mainly occur on or above the canal bottom;
almost no transport will occur on the banks. The bed load might be some
sediment with a diameter larger than 50 to 70*10−3 mm. The amount of
bed load transport mainly depends on the shear velocity v∗ = (g y So)0.5.
The continuous transport of bed load material can be described by one of
the various sediment transport formulae, for example Engelund Hansen,
Ackers-White, Brownlie, etc.

The relative transport capacity is:

T
Q

∝ B ∗ y3 ∗ S3
o

B ∗ y ∗ yx ∗ Sz
o

(4.8)

T
Q

∝ y2−xS3−z
o (4.9)

Where:
T/Q = relative transport capacity

T = sediment transport load (m3/s)
Q = discharge (m3/s)
B = bottom width (m)
y = water depth (m)

So = bottom slope (m/m)
x, z = exponents depending on the choice of the water flow equations,

for instance Manning, Strickler, de Chézy or Lacey.

For example, the exponents for the regime theory are x = 0.75 and
z = 0.5; for the Strickler equation they are x = 3/2 and z = 0.5.

To prevent sedimentation the relative transport capacity T/Q = y2−x

S3−z
o should either be constant or not decrease in the downstream direction

of the irrigation network. For x = 0.75 and z = 0.5 the relationship T/Q
is proportional with y0.5 So. Also with other flow equations (Manning,
Strickler or de Chézy) and sediment transport predictors (for instance,
Engelund-Hansen or Einstein-Brown) the relative sediment transport
capacity proves to be almost proportional with y0.5 So.

To prevent erosion the boundary shear stress or the shear vel-
ocity should not increase, but should remain constant or decrease in a
downstream direction.

The shear velocity follows from:

v∗ = √
gySo (4.10)

In order to have no erosion in the canal network the shear stress should
be constant or non-decreasing, meaning that y So should be constant or
non-decreasing.
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It might be expected that when a flow only transports a small amount of
bed load, the criterion for a continuous conveyance of bed load should be
somewhere in between the two values. The criterion to convey any non-
suspended (bed) material depends strongly on the water and sediment
equations. Therefore, the criterion is that the relative transport capacity
for bed load (T/Q) should be non-decreasing, or in the case of potential
erosion, should remain constant; the numeric approximation for this bed
load transport is that y1/2 So is constant or non-decreasing.

Summarizing the rational method criteria
The design criterion for the conveyance of sediment through a canal system
can be based on energy dissipation considerations; the relative sediment
transport capacity follows from these considerations and is given by de
Vos (1926) and Vlugter (1962).

Based on their works, Dahmen (1994) states that:
• for the conveyance of sediment in suspension, the hydraulic character-

istics of the canal system should be such that:

ρgvSo = constant or non-decreasing in downstream direction (4.11)

• for the conveyance of non-suspended sediments, the hydraulic charac-
teristics of the canal system should be such that:

y1/2 So = constant or non-decreasing in downstream direction (4.12)

4.3 FINAL COMMENTS

The preceding sections clearly show that the design of stable irrigation
canals should be based on irrigation considerations, including engineer-
ing, agricultural, management and economic aspects. An optimal canal
design is difficult to achieve and the final canal design will have to bal-
ance all these criteria to find the best solution for the explicit conditions
of a specific irrigation system.

The existing design methods are based on the interrelation of equations
for specific water flow and sediment transport conditions in an effort to
design stable canals. However, the input variables will vary widely during
the irrigation season and, moreover, during the lifetime of the irrigation
network. Most of the time, non-equilibrium conditions prevail in the irri-
gation networks and therefore, the initial assumptions for a stable canal
design are no longer valid. Also lined canals experience sedimentation
problems due to variations in either flow conditions or incoming sedi-
ment load that produce non-equilibrium conditions for the transport of the
sediment. Therefore, sediment problems in irrigation canals should be ana-
lysed in a more integrated context, including all the alternative operation
scenarios for water flow and sediment transport in time and space.
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The canal design methods as discussed above do not directly use avail-
able information on sediment characteristics, such as sediment size and
concentration. Nowadays the design of irrigation canals is the product of
complex and difficult to determine parameters such as water flow, required
water levels, sediment load, structure control and operation and manage-
ment strategies. No design packages are available that deal with all the
parameter at the same time. When analyzing one parameter, others are
either ignored or assumed to be constant. Therefore, it is obvious that a
mathematical model for the specific conditions of irrigation canals will
be an important tool for designers and managers of irrigation systems.



CHAPTER 5

Sediment Transport Concepts

5.1 INTRODUCTION

From a mathematical point of view, the interrelation between specific
water flow and sediment transport conditions for a one-dimensional
phenomenon without changes in the shape of the cross section can be
described by the following equations (Cunge, 1980):
• Continuity equation for water movement:

∂A
∂t

+ ∂Q
∂x

= 0 (5.1)

• Dynamic equation for water movement:

∂h
∂x

+ v2

C2R
+ ∂z

∂x
+ v

g
∂v
∂x

+ 1
g

∂v
∂t

= 0 (5.2)

• Friction factor predictor which can be given as a function of:

C = f (d50, v, h, So) (5.3)

• Continuity equation for sediment transport:

(1 − p)B
∂z
∂t

+ ∂Qs

∂x
= 0 (5.4)

• Sediment transport equation which can be given as a function of:

Qs = f (d50, v, h, So) (5.5)

Where:
Qs = sediment discharge (m3/s)
B = bottom width (m)

d50 = mean diameter of sediment (m)
p = porosity (dimensionless)
z = bottom level above datum (m)
v = average velocity (m/s)
h = y = water depth (m)

So = bottom slope (m/m)
R = hydraulic radius (m)



74 A New Approach to Sediment Transport

These five equations form a non-linear partial differential system,
which cannot be solved analytically, but instead by a numerical method
(Cunge, 1980). These implicit equations are not independent; they depend
on each other. For instance, the water flow influences the roughness coef-
ficient and, vice versa, the sediment transport depends strongly on the
water flow.

Many mathematical models are based on the finite difference method
in which the equations are replaced by a set of discrete numerical
equations, which can be solved by one of the following methods:
• Uncoupled solution: firstly, the equations related to the water move-

ment are separated from the total set of equations. Next, these equations
are solved and the results are used to solve the sediment transport equa-
tion and the continuity equation for sediment transport. The uncoupled
solution can be used for long-term simulations that experience gradual
changes (Chuang, 1989);

• Coupled solution: the equations for the water movement and sediment
transport are solved simultaneously, which requires general boundary
conditions for the water flow and the sediment transport. In this way,
numerical oscillations or instabilities are reduced. This method is rec-
ommended for short-term simulations that experience rapid changes
(Chuang, 1989).

Although one-dimensional flow is rarely found in nature, in this
book the water flow in an irrigation canal will be considered to be one-
dimensional. The main assumptions for a one-dimensional flow are that
the main flow direction is along the canal axis (x-direction), that the vel-
ocity is averaged over the cross section and that the water level perpen-
dicular to the flow direction is horizontal. Other assumptions are that the
effect of the boundary friction and turbulence are accounted for by the
resistance laws and that the curvature of the streamlines is small and has a
negligible vertical acceleration. For these assumptions, the general equa-
tions for one-dimensional flow can be described by the de Saint-Venant
equations, which read as (Cunge et al, 1980):

∂A
∂t

+ ∂Q
∂x

= 0 (5.6)

and

∂h
∂x

+ v2

C2R
+ ∂z

∂x
+ v

g
∂v
∂x

+ 1
g

∂v
∂t

= 0 (5.7)

The amount of water flowing into irrigation canals during the irrigation
season and moreover during the lifetime of the irrigation network is not
constant. Seasonal changes in crop water requirement, water supply and
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variation in size and type of the cropping pattern occur frequently during
the life of an irrigation canal. Hence, the canal must be designed and
constructed with a certain degree of flexibility to deliver different amounts
of water. Irrigation canals are designed for a specific design flow, but most
of the time they will convey a variety of discharges and therefore it is often
necessary to have a certain control to maintain the desired flow rates and
required water levels.

From a computational point of view, the significance of the unsteadi-
ness of the flow in irrigation canals must be considered from two
aspects:
• Firstly, the computation of the flow at any point of the system requires

a good knowledge of the response time in order to deliver the right
amount of water to the right place and at the right time. The water
delivery requires proper planning and operation and the flow has to be
controlled. The delivery methods will result in unsteady flow conditions
due to the initiation and termination of the water supply, changes in flow
rate, stoppage of lateral flows, changes in gate settings, etc. Unsteady
flow conditions exist most of the time and will seriously affect the water
distribution. The response time of an irrigation system is a function
of the distance between the origin of the disturbance and the point of
interest, the celerity of the wave propagation and the operation time of
the structures (see Figure 5.1). It is essential that the response time is
known in view of the various changes in flow conditions (Schuurmans,
1991).

• Secondly, the flow computations for the determination of the temporal
morphological changes in the canal can be based upon the assumption
that the flow can be easily schematised as quasi-steady. Observations
of the morphological changes in the canal bottom have shown them to
be so slow that for the computation of the water movement the bottom
can be considered to be fixed during a single time step (de Vries, 1965).

1 2
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Q0

Qn

Q0

time
Discharge at 1

time

Discharge at 2

Storage prism
Response

time Tr

Response
time Tr

Tw

Canal-reach

Figure 5.1. Hydro-dynamic
performance of an irrigation
canal with the intended and
actual flow at the cross-
sections 1 and 2.
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For the assumption as to whether the unsteady flow in the irrigation
canal may be treated as a quasi-steady flow, two facts are considered.
• In order to avoid a very wavy water surface in the canals, which will

affect the canal operation, it is recommended to maintain low Froude
numbers and to limit the number to a maximum of 0.30–0.40 (Ranga-
Raju, 1981). For Froude numbers smaller than 0.4 the celerity of a
disturbance along the water surface is not influenced by the mobility of
the bed. For this condition the wave celerity is about 200 times faster
than the celerity of the bed disturbances. The relative celerity of the
disturbances along the water surface, being the ratio between the wave
celerity and the flow velocity, is to a great extent larger than 1; while
the relative celerity of the bed disturbances, being the ratio between the
celerity of these disturbances and the flow velocity, is much smaller
than 0.005. When the wave celerity along the water surface is much
larger than the celerity of the bed disturbances it can be assumed that
the disturbances of the bed will have a negligible influence on the water
movement (de Vries, 1987).

• On the other hand, control structures in irrigation networks are operated
in a very slow but sure way to avoid surges with steep wave fronts.
This means that changes in discharge are very gradual over time and
therefore the unsteady flow in an irrigation system can be approximated
by a quasi-steady flow (Mahmood, 1975).

This text focuses on sediment transport processes in irrigation canals
and not on water delivery; therefore, the flow will be schematised as a
quasi-steady flow. Hence, the terms δv/δt and δA/δt in the continuity and

Q

Q
(a)

Steady

Unsteady

(b)

t

t

Figure 5.2. Hydrographs in an
irrigation canal: (a) typical,
(b) schematised.
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dynamic equation can be ignored. Figure 5.2 shows two hydrographs in an
irrigation canal: (a) a typical one; (b) a schematised one for a quasi-steady
state.

Based on these considerations the flow equations can be simplified as:
• Continuity equation:

∂Q
∂x

= 0 (5.8)

Q is constant for steady flow.
• Dynamic equation:

dh
dx

= So − Sf

1 − Fr2 with Fr = v√
gh

for gradually varied flow (5.9)

5.2 FRICTION FACTOR PREDICTORS

The hydraulic resistance of water flowing in open canals is also influenced
by the development of bed forms such as ripples, mega-ripples and dunes.
This resistance is measured in terms of a friction factor, for instance, the
de Chézy coefficient. Other examples of friction factors are the Darcy-
Weisbach and the Manning/Strickler coefficients.

The determination of the de Chézy coefficient of a movable bed is
complex and requires knowledge of the implicit process of flow condi-
tions and bed form development. The hydraulic resistance or roughness
depends on the flow conditions, such as velocity, water depth and sedi-
ment transport rate, but these conditions also strongly affect the bed form
development and hence the roughness. In fact, the dynamics of the bed
form development and the variety of bed configurations that may simul-
taneously occur obstruct the development of an equation that accurately
describes the roughness and the related friction factor.

Another important feature that determines the flow in canals is the
correct estimation of the composite roughness. In many canals the flow
very often encounters a roughness along the bottom that is different from
the roughness of the sides. Also the development of bed forms on the
bottom; different roughness along the bottom and the sides; and vegetation
on the side banks are some of the characteristic conditions in irrigation
canals that might influence the flow of water and sediment. Canals with
different roughness along the perimeter need a composite roughness that
should be based on the weighted roughness of the various components. In
the past, several methods have been developed to compute the composite
roughness from some basic assumptions concerning the flow in the canal.
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5.2.1 Bed form development

The flow in most irrigation canals is sub-critical, meaning that the Froude
number is smaller than 1. More especially the flow in irrigation canals is
found in the lower flow region with Froude numbers smaller than 0.7 and
even smaller than 0.4 (Ranga-Raju, 1981). Bed features for these low flow
regimes can be described as a flat bed, as ripples or as dunes. The latter
two forms are characterized by rough triangles in the longitudinal profile
with a gentle sloping upstream face and a more inclined downstream face
(see Figure 5.3).

∆ = Wave height
λ = Wave length

Water flow

Water flow

∆

λ

h

Figure 5.3. Schematic
representation of bed forms for
the low flow regime.

No sharp distinction exists between ripples and dunes, but they show
some subtle differences. ASCE (1966b) described these bed forms as:
• flat bed: a flat bed is a surface without any bed form. There is no motion

of the sediment on flat beds;
• ripples: ripples are a bed form to be found in canals with bed material

smaller than 0.6 mm; the wave length is shorter than 30 cm and the
wave height is a few centimetres. When the velocity is slightly greater
than the threshold value several ripples will be formed in the bed. The
ripple geometry is almost independent of the flow conditions;

• dunes: dunes are a bed form that occurs in flows with a larger velocity.
Dunes develop for all sizes of bed sediment and their length and height
are greater than those of ripples. Moreover, the sediment transport in



Sediment Transport Concepts 79

canals with dunes is larger than in canals with ripples. The geometry
of the dunes strongly depends on the flow depth.

Several authors have analysed the bed forms as observed under flume
and field conditions and tried to explain the type of bed forms for certain
flow conditions. They presented graphical solutions for the prediction of
bed forms by using dimensional and non-dimensional plots. Some of these
authors are Liu (1957), Simons and Richardsons (1966), Bogardi (1974)
and van Rijn (1993). Each theory is based on a particular classification
parameter as presented in Table 5.1.

Table 5.1. Classification parameter used in bed form theories.

Author Classification parameter

Liu (1957) u∗/ws and u∗d50/v
Simons & Richardson (1966) τv and d50
Bogardi (1974) gd50/u2∗
van Rijn (1993) T and D∗

In order to find an appropriate theory to describe and predict the type
of bed forms in irrigation canals the theories developed by Liu (1957),
Simons and Richardsons (1966), Bogardi (1974) and van Rijn (1984c)
have been compared on the basis of field and laboratory data. These theor-
ies explain the bed forms for one-directional flows and for homogeneous
conditions, both in time and space (Jansen, 1994). Brownlie compiled
an extensive set of data on sediment transport and bed forms from the
laboratory and field data available at that time. For the development of
the computer program SETRIC (see Chapter 6), a selection of data was
made from the compilation that was published in 1981 and this data was
used to compare the various theories on bed forms.

The selection of the data was based on the flow conditions and the
sediment characteristics that are normally encountered in irrigation canals.
The selection criteria included:
• the compiled data had to comprise all the quantities necessary to

compute the four classification parameters as mentioned in Table 5.1;
• the sediment size d50 had to be smaller than 0.5 mm;
• the Froude number had to be smaller than 0.5;
• the shear stress on the bottom had to be smaller than 5 N/m2;
• the B/h ratio had to be larger than 10 in order to minimize the influence

of the sides;
• the compiled data had to include a detailed description of the bed forms.

The theories were compared on a relative basis, which means that
the number of relatively accurately predicted (well-predicted) bed forms
according to each theory was related to the total number of observed
bed forms. The predictability of each of the four theories was measured
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Figure 5.4. Comparison of theories for predicting bed forms for lower flow regimes.

in terms of accuracy (number of well-predicted values), which is
represented by:

Accuracy (%) = number of well-predicted values
total number of data

× 100 (5.10)

The accuracy of each method to predict the bed forms has been used to
draw some conclusions:
• the theories presented by van Rijn (1984c) and Simons and Richardson

(1966) appear to be the best theories to predict the bed form in irrigation
canals. The accuracy shows that approximately 82% and 77% respec-
tively of the observed bed forms are predicted in a relatively accurate
way (well predicted) by the two theories;
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• all the bed forms described for the lower flow regime (ripples, mega-
ripples and dunes) can be expected in irrigation canals.

According to van Rijn (1993), bed forms can be classified by the
following parameters:
• particle parameter D∗, which reflects the influence of density and

diameter of the particle, gravity and viscosity:

D∗ =
[

(s − 1)g
ν2

]1/3
d50 (5.11)

Characteristic values for the particle parameter D∗ in irrigation canals
are in the range of 1.5 to 7.3 (Table 5.2).

Table 5.2. D∗ parameter for sediment sizes encountered in irrigation canals.

d50 (mm) 0.05 0.1 0.15 0.20 0.25 0.30 0.35 0.40 0.45 0.50
D∗ 1.2 2.5 3.7 5.0 6.2 7.5 8.7 10.0 11.2 12.5

• Excess bed shear stress parameter T which is defined by:

T = τ′ − τcr

τcr
(5.12)

Where

τ′ = ρg
( v

C ′
)2

and C ′ = 18 log

(
12h

4.5d90

)
(5.13)

The ranges described by van Rijn (1993) are shown in Table 5.3.

Table 5.3. Classification of bed forms according to van Rijn (1984c).

Particle parameter

1 ≤ D∗ ≤ 10 D∗ > 10

Lower transport regime 0 ≤ T ≤ 3 Mini-ripples Dunes
3 ≤ T ≤ 10 Mega-ripples Dunes
10 ≤ T ≤ 15 Dunes Dunes

T = transport stage parameter = excess bed shear stress parameter.

Figure 5.5 shows the ranges established by van Rijn (1984c) to distin-
guish ripples, mega-ripples and dunes. The curves of the maximum values
of the classification parameter T for small irrigation canals (hydraulic
radius R = 0.5 m) are given for Froude numbers of 0.15, 0.25, 0.35 and
0.45. For larger irrigation canals (R ≈ 4 m), the curves are for Froude num-
bers of 0.08, 0.12 and 0.16. Higher Froude numbers in large canals show
that the actual shear stress on the bottom is larger than the approximate
4–5 N/m2 allowed.
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in irrigation canals.

5.2.2 Effect of bed forms on the flow resistance

The hydraulic resistance to flowing water in open channels is affected by
the development of bed forms such as ripples, mega-ripples and dunes.
The hydraulic resistance due to the bed roughness is expressed by a friction
factor. Most common friction factors are:
• the Darcy-Weisbach friction factor f :

f = 8gRSf

v2 from f = 8g
C2 (5.14)

the de Chézy coefficient:

C = v√
Sf R

(5.15)
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• the Manning (n) or Strickler (k) roughness coefficient:

n = R2/3 S1/2
f

v
for Manning (5.16)

k = v
R2/3 S1/2

f

for Strickler with n = 1/k (5.17)

The Manning coefficient can be related to the de Chézy coefficient by:

C = R1/6

n
(5.18)

In these notes, mainly the de Chézy coefficient will be used to describe the
friction in irrigation canals. The use of the roughness coefficients accord-
ing to the Darcy-Weisbach and Manning/Strickler coefficients follows
from the equations above described.

Not only the wall (grain) roughness, but also the bed forms, are elem-
ents that resist the flow in open channels and the total resistance in channels
with a movable bed consists of two components:
• the surface or skin resistance due to the grain roughness; the resistance

has a grain-related shear stress τ′;
• the form resistance due to hydrodynamic forces acting on the macro

scale of the bed forms has a form-related shear stress τ′′.

Figure 5.6 presents the total shear stress due to skin and form resist-
ance for different velocities. For low velocities, the bed shear stress is
smaller than the threshold value and no motion of particles occurs: the bed
remains flat and the total bed shear stress is represented by the grain related
shear stress τ′. For increasing velocity, especially beyond the threshold,
transport of sediment will start, the bed becomes unstable and some bed
configuration takes place. For velocities that are slightly larger then the
threshold value small disturbances in the form of ripples will develop.
Higher velocities will produce dunes and at this stage, the total bed shear
stress consists of the two above-mentioned components, namely the skin
and the form resistance. The total shear stress is:

τ = τ′ + τ′′ (5.19)

The definition of the Darcy-Weisbach friction factor gives:

τ = ρgRS (5.20)

τ = fρv2

8
(5.21)

f = 8gRS
v2 (5.22)
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In the same way, the total friction factor f can be considered to have two
components:

f = f ′ + f ′′ (5.23)

Using f = 8 g/C2 results in:

1
C2 = 1

(C ′)2 + 1
(C ′′)2 (5.24)

When using the same reasoning Manning’s n results in:

n = n′ + n′′ (5.25)

5.2.3 Determination of the friction factor

A summary of the most widely used methods to predict the friction factor
includes the methods:
• van Rijn (1984c);
• Brownlie (1983);
• White, Bettess and Paris (1979);
• Engelund (1966).

The methods of Engelund, White et al and Brownlie predict the fric-
tion factor as a function of the flow condition and sediment size. No
explicit bed form characteristics are required. The van Rijn method is
based on flow conditions and sediment size as well as on bed form and
grain related parameters such as bed form length and height. More details
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about the methods that can be used to predict the friction factor are given
in appendix B.

The four methods to predict the flow resistance have been compared to
find the most appropriate method for situations similar to those encoun-
tered in irrigation canals. The comparison has been based on field and
flume data, and includes:
• RIJ (van Rijn, 1984c);
• BRO (Brownlie, 1983);
• WBP (White, Bettess and Paris, 1979);
• ENG (Engelund, 1966).

The accuracy of the prediction methods is evaluated by:

Cmeasured

f
≤ Cpredicted ≤ C∗

measured f (5.26)

Accuracy = Number of well predicted values
Total number of values

(5.27)

Where:
Cmeasured = measured de Chézy coefficients from the data set compiled

by Brownlie (1981)
Cpredicted = predicted de Chézy coefficients as determined by one of the

four methods
f = error factor.

The overall accuracy of each prediction method is used to draw some
conclusions concerning the applicability of each method:
• the four methods use only the bottom friction for the prediction of the

friction factor. The B/h ratio of all the data used is larger than 10 and
the effect of the sidewall is considered to be negligible. However, for
a non-wide canal the sidewalls will have a significant effect on the
friction factor. Especially, the varying water depth above the sidewall
and the roughness of the sidewall without any bed form will require a
weighted friction factor;

• the van Rijn method (1984c) to predict the friction factor appears to
give the best results when compared with the data from the Brownlie
set. About 41%, 71%, 88%, 97% and 98% of well-predicted bed forms
for an error factor ( f ) of 1.1, 1.2, 1.3, 1.4 and 1.5 respectively are
obtained (Figure 5.7). The van Rijn method shows good results over
the whole range of measured friction factors.

5.2.4 Composite roughness for non-wide irrigation canals

The most common cross section of an irrigation canal has a trapezoidal
shape with a relatively small bottom width-water depth ratio. In this



86 A New Approach to Sediment Transport

Error factor

A
cc

ur
ac

y

1.1 1.2 1.3 1.4 1.5
0

20

40

60

80

100

WBP

BRO

ENG

RIJFigure 5.7. Accuracy of the
methods to predict the friction
factor for different error
factors f .

type of cross section, the velocity distribution is strongly affected by the
varying water depth perpendicular to the sidewall and by the boundary
condition imposed to the velocity by the sidewall. An important inter-
action and transfer of momentum between the side parts and the central
part of the canal will take place. The existing methods to estimate the
composite roughness were developed for rivers in which the cross sec-
tion is divided into a main canal and two flood plains. The assumptions
made are not valid for non-wide, trapezoidal or rectangular canals. The
main shortcomings are firstly, the lack of attention to the effect of the
varying water depth on the friction and secondly, the hypothesis that
the mean velocity and/or the hydraulic radius is the same in all the
sub-sections.

Normally, the flow in irrigation canals is turbulent and it can be
assumed that the lateral velocity distribution in a trapezoidal canal is more
governed by the varying water depth above the sides than by the boundary
condition imposed by the wall. Based on this hypothesis, the composite
roughness can be derived by assuming that the cross section consists of
an infinite number of stream tubes (slices). The water depth and the local
friction of each stream tube govern the resistance in the stream tube. To
evaluate the resistance it is assumed that there is no transfer of momentum
between the stream tubes and that the local resistance can be expressed
by the de Chézy coefficient (see Figure 5.8).

In irrigation canals the roughness of the bottom and the sides are often
different. Several cases of composite roughness in an irrigation canal can
be distinguished:
• Rigid boundaries: When the boundary is rigid and unchanging then

the resistance only depends on the skin roughness. The composite
roughness depends on the material of the wall and bottom. Rough-
ness coefficients for the walls and bottom follows from recommended
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Figure 5.8. Composite
roughness in a trapezoidal canal.

values for the type of material on the bottom and walls, respectively.
Chow (1983) gives an extensive list of roughness coefficients.

• Movable bed: When the canal bed is movable then the roughness may
change through the development of bed forms on the bottom, but not
on the sides. The sediment particles on the sides are subject to the
fluid force and to the gravity force. Therefore, the critical shear stress
for the initiation of motion of these particles is much smaller due to
the component of the gravity force along the slope. For slopes that are
steeper than the angle of repose the critical shear stress for the initiation
of motion is reduced to zero (Ikeda, 1982b). Recommended slopes for
unlined irrigation canals are between 1 and 3. For most cases the slope
angle is between 45◦ and 18.5◦ and exceeds the natural angle of repose
of wet sand, which is between 15◦ and 25◦ (Kinori, 1970). Due to
this fact, it is expected that sediment particles will be deposited on the
bottom and not on the slopes.

The two most common cases for composite roughness of canals with
a movable bed are:
• Bed forms on the bottom and flat sidewalls: the roughness of the bottom

follows from the bed form characteristics and the roughness of the
sidewall follows from the type of material.

• Bed forms on the bottom and vegetation on the sidewalls: vegetation on
the sidewalls is a type of roughness (Chow, 1983) and this roughness
is often given by a single value drawn from field measurements. How-
ever, the roughness of canals with vegetation is more complex and is a
function of many variables related to the flow conditions and vegeta-
tion characteristics, which cannot be expressed by a single value. The
flow resistance for a canal with vegetation is difficult to determine and
requires ample research before the phenomena involved are completely
understood (Kouwen, 1969 and 1992). So far, it is almost impos-
sible to make a proper estimate of the resistance based on analytical
or theoretical considerations only (Querner, 1993).

In the past several methods have been developed to describe the com-
posite roughness in open channels. The methods are based on a number of
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assumptions for the flow conditions in a cross section. One of the assump-
tions is that a trapezoidal cross section can be divided into a number of
sub-sections (see Figure 5.8) and that the Manning coefficient can be used
to express the resistance. Below the most accurate methods (methods 1,
2, 3a, 3b, and 4) will be discussed.

Method 1: Vanoni (1975), Chow (1983), and Raudkivi (1990) have
stated that the composite roughness of a cross section can be found
by considering the total cross section as an area composed by a num-
ber of sub-sections. The mean velocity and energy gradient of each
sub-section is the same as the velocity and energy gradient of the entire
cross section. The composite roughness for the whole cross section is then
determined by:

A =
N∑

i=1
Ai ∴

(
v P2/3ne

S1/2

)3/2

=
N∑

i=1

(
v P2/3

i ni

S1/2

)3/2

(5.28)

ne =
( N∑

i=1

Pi n3/2
i

P

)2/3

(5.29)

Method 2: Chow (1983), Krishnamurthy and Christensen (1972),
Motayed and Krishnamurthy (1980) assumed that the total hydraulic
resistance in a cross section is equal to the summation of the flow-resisting
forces in each sub-section and that the hydraulic radius of each sub-section
is equal to the radius of the whole cross section.

τP =
N∑

i=1
τi Pi with τ = ρgRS and S = v2n2

R4/3 (5.30)

Replacing and rearranging:

ne =
( N∑

i=1

Pin2
i

P

)1/2

(5.31)

Method 3a: The same authors described another method, which
assumed that the total discharge in the whole cross section is equal to
the summation of the discharges in the specific subsections:

A R2/3S1/2

ne
=

N∑
i=1

Ai R2/3
i S1/2

i
ni

(5.32)
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ne = PR5/3

N∑
i=1

PiR
5/3
i

ni

(5.33)

Method 3b: Asano et al (1985) modified the above method by replacing
the hydraulic radius R by a composite hydraulic radius Re, which is
given by:

Re =
( N∑

i=1

PiR
5/3
i

P

)3/5

(5.34)

ne =

N∑
i=1

PiR
5/3
i

N∑
i=1

PiR
5/3
i

ni

(5.35)

Method 4: Krishnamurthy and Christensen (1972) proposed that
the summation of the discharges in the sub-sections with roughness
coefficient ksi is equal to the sum of the discharges in the sub-sections
with a composite roughness kse. The flow in each section is assumed to
be turbulent and the velocity distribution is logarithmic. This method is
similar to the one described byAsano (1985) and differs only in the descrip-
tion of the mean velocity in the sub-sections. The composite roughness
follows from:

qi = vihi dy (5.36)
(

vi

u∗i

)
= 8.48 + 2.5 ln

(
0.368hi

ksi

)
(5.37)

Expressed in terms of the composite equivalent hydraulic roughness, kse
gives:

(
vi

u∗i

)
= 8.48 + 2.5 ln

(
0.368hi

kse

)
(5.38)

The hydraulic roughness is related to Manning’s roughness coefficient by
(Henderson, 1966):

n = 0.034 k1/6
s (5.39)
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Equating the discharges gives:

ln ne =

N∑
i=1

PiR
3/2
i ln ni

N∑
i=1

PiR
3/2
i

(5.40)

Where:
ne = composite Manning’s roughness coefficient for the whole cross

section
ni = Manning’s roughness coefficient in sub-section i

u∗i = shear velocity in sub-section i
vi = mean velocity in sub-section i
A = area of the entire cross section

Ai = area of sub-section i
S = energy gradient

qi = discharge in sub-section i
τe = shear stress for the whole cross section
τi = shear stress in sub-section i
P = wetted perimeter of the whole cross section
Pi = wetted perimeter of sub-section i
R = hydraulic radius for the whole cross section

Ri = hydraulic radius for the sub-section i
Re = composite hydraulic radius
hi = water depth of sub-section i
ksi = composite hydraulic roughness in each sub-section i
kse = composite equivalent hydraulic roughness
dy = width of sub-section i.

5.2.5 A recommended method for the prediction of composite roughness
in trapezoidal canals

This section will propose a new method (Method 5) for the predic-
tion of composite roughness in trapezoidal cross sections. The total
discharge in an open channel with the same roughness along the bot-
tom and sides of the wetted perimeter is computed by the de Chézy
equation:

v = C
√

R Sf and Q = Av (5.41)

C = 18 log

(
12R
ks

)
(5.42)
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In an open channel with composite roughness along the wetted perimeter,
the de Chézy coefficient is described by:

Ce = 18 log

(
12R
kse

)
(5.43)

Where:
Ce = effective de Chézy coefficient for the entire cross section
kse = effective hydraulic roughness for the entire cross section

R = hydraulic radius.

It is more difficult to compute the discharge in a trapezoidal canal with
different roughness along the bottom and the sides. The total discharge
depends on an accurate estimate of the de Chézy coefficient and of the
effective hydraulic roughness for the entire cross section (Equation 5.44).
The de Chézy coefficient for the whole cross section is a function of the
effective hydraulic roughness for the entire cross section (kse). The latter
depends on the composite hydraulic roughness of each stream tube i (ksl
and ksb in Figure 5.8).

The method used to estimate the effective hydraulic roughness and de
Chézy coefficient in trapezoidal channels with composite roughness along
the wetted perimeter assumes that the total discharge in the whole cross
section is the summation of the discharge of each individual stream tube:

Q = Qlat + Qcen = 2
mh∫
0

Cihi
√

hiSf dy +
B∫

0

Cihi
√

hiSf dy (5.44)

With

Ci = 18 log

(
12hi

ksi

)
(5.45)

Where:
Q = total discharge

Qlat = discharge in the lateral part
Qcen = discharge in the central part

hi = water depth in each stream tube i
Ci = Chézy coefficient in each stream tube i
B = bottom width
m = side slope

ksi = hydraulic roughness in each stream tube i
Sf = energy slope
dy = stream tube width.
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Rearranging the terms gives:

ln kse = 0.8 m ln ksl + (B/h) ln ksb

0.8 m + (B/h)
(5.46)

Where:
m = side slope
h = water depth in m
B = bottom width in m

kse = effective hydraulic roughness in each stream tube i
ksl = hydraulic roughness along the sides
ksb = hydraulic roughness along the bottom.

This equation clearly shows the influence of the side slope ‘m’ and the
bottom width B (the central part) of a trapezoidal canal on the effective
roughness of the whole cross section. For small B/h-ratios the effect of
the lateral part on the flow becomes as important as the central part. The
influence of the lateral part in canals with large B/h-ratios can be ignored
and the effective roughness of the entire cross section is mainly controlled
by the roughness of the bottom.

5.2.6 Comparison of the composite roughness predictors in a
trapezoidal canal

In order to predict the composite roughness in a trapezoidal canal the
previously described methods 1, 2, 3a, 3b and 4 and the recommended
method 5 have been compared with the results of laboratory tests carried
out at Wageningen University (WUR). The aim of the experiments was
to investigate the composite roughness in non-wide canals with a strong
influence of the sidewalls on the roughness and the velocity distribution.

The accuracy of the predictor methods has been established by the
following criteria:
• the number of relatively accurately predicted values that are within an

error band, which is given by:

Measured value
K

≤ Predicted value ≤ Measured value ∗ K (5.47)

The predictability of each of the predictor methods was measured in terms
of accuracy (number of well-predicted values), which is represented by:

Accuracy = number of well predicted values
number of total values

∗ 100 (5.48)

Where:
K = error factor (the aim of this factor is the same as the one of the error

factor f ).
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The computation results of the various methods and the values meas-
ured in the laboratory are compared in Figure 5.9, which shows the
number of well-predicted values for several error factors K . Details of
the comparison of each method for an error factor of 1.15 are shown in
Figure 5.10.
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Figure 5.9. Comparison of predicted values for various error factors by using the WUR data.

The prediction methods 1, 2, 3a, 3b, 4 and 5 were also compared with
a set of data from Krüger (1988). The criteria for the selection of data
from the Krüger set were to obtain the results of tests in non-wide canals
only and included the following:
• a trapezoidal cross section;
• a Froude number less than 0.5;
• a bottom width-water depth ratio smaller than 8.

The five prediction methods and the specific data from Krüger (1988)
have been compared in a similar way to the comparison of the five methods
with the WUR data. Figure 5.11 shows the accuracy of the methods when
compared with the Krüger data for several different values of error factor
(1.05, 1.10, 1.15 and 1.20). Details of the comparison for the methods and
for an error factor of 1.15 are shown in Figure 5.12.

The comparison of the five methods to predict the composite roughness
in a trapezoidal cross section with laboratory data from Wageningen and
Krüger results in the following conclusions:
• comparison of the overall performance of the five methods with the

two experimental data sets shows that the methods can be ranked in
descending order, namely 5, 1, 2, 4, 3a and 3b;

• methods 1, 2, 3a, 3b and 4 were developed for river conditions, in which
the channel consists of a main canal and two parallel flood plains. The
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Figure 5.10. Comparison of the results of the five prediction methods for composite roughness with the measured WUR
data at an error factor of 1.15.
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Figure 5.11. Comparison of predicted values for various error factors by using the Krüger data.

water depths in both main canal and flood plains do not vary in a lateral
direction;

• method 5 takes into account the effect of the varying water depth on
the roughness coefficient; it does not take into account any transfer of
momentum;

• method 5 appears to give better results for error factors smaller than
1.2. This method predicts the two measured data sets with an accuracy
larger than 90% for an error factor of 1.15. The minimum standard error
of the predicted values was also observed for method 5;

• methods 1 and 2 behave similarly. The assumptions for both methods
give similar results; they weigh the side parts in the same way as the cen-
tral part without considering the differences in velocity and water depth.

• methods 3b and 4 are rather similar; they differ in the description of
the mean velocity in the sub-sections.

5.2.7 Prediction of composite roughness in a rectangular canal

For canals with a rectangular cross section, the existing methods to find the
composite roughness can not be directly used. Rectangular cross-sections
do not have a clearly defined area that can be associated with each type
of roughness along the wetted perimeter. Therefore, the estimate of the
composite roughness follows the same principles as used for the sidewall
correction method, which is a calculation procedure initially proposed
by Einstein (1942) to determine the shear stress at the bottom as well as
the shear velocity, friction factor, etc. The method does not include any
correction for the effect of the sidewalls on the velocity distribution and
sediment transport (ASCE, 1977).

A non-wide rectangular canal with bottom width B and water depth h
can be replaced by another canal, namely a wide canal with a bottom width
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Figure 5.12. Comparison of the results of the five prediction methods for composite roughness with the measured Krüger
data at an error factor of 1.15.
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B∗ (B∗ = B + 2 h) and a water depth R (R = A/P) as shown in Figure 5.13.
The area A = R ∗ (B + 2h) and the total discharge of the wide, rectangular
canal is expressed by:

Q = vA = 2CLh R
√

RSf + Cb BR
√

RSf (5.49)

ksl

ksl ksb ksl

ksl

ksb

h

B

R

h hB

Figure 5.13. Non-wide
rectangular canal schematised as
a wide canal.

Replacing the de Chézy coefficients in the equation (5.49) by a function
of the surface roughness and water depth gives:

Q = 2
(

18 log
12R
ksl

)
hR

√
RSf +

(
18 log

12R
ksb

)
BR

√
RSf (5.50)

Expressing the discharge in terms of the equivalent composite surface
roughness gives:

Q =
(

18 log
12R
kse

)
(B + 2h)R

√
RSf (5.51)

Equating both equations and rearranging the terms gives:

log kse = 2 log ksl + (B/h) log ksb

2 + (B/h)
(5.52)

Where:
h = water depth in m
B = bottom width in m

kse = effective hydraulic roughness in each stream tube i
ksl = hydraulic roughness along the sides
ksb = hydraulic roughness along the bottom.
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Expressed in terms of the Manning’s coefficient results in:

ne = 2 + B
h

2
nl

+ B
h

1
nb

(5.53)

The method to estimate the composite roughness in rectangular canals has
been tested with a selected set of laboratory data from Krüger (1988). The
selection criteria for the data were similar to those used for the trapezoidal
canals and the comparison of the prediction method for the composite
roughness in rectangular canals with the selected data is similar to the one
given earlier in Section 5.2.6. Manning’s coefficient is used to evaluate
the roughness coefficient and the results of that comparison are given in
the next figure. The method predicts about 92% of the measured values
of the composite roughness in rectangular canals with an error smaller
than 7.5%.
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Figure 5.14. Accuracy for
several error factors and the
predictability at an error factor
of 1.075 of the prediction
method for composite roughness
in rectangular canals.

5.3 GOVERNING EQUATIONS FOR SEDIMENT TRANSPORT

Sediment can be transported in equilibrium or non-equilibrium conditions.
Equilibrium conditions mean that for specific hydraulic conditions the
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flow conveys a certain amount of sediment without deposition or erosion.
Sediment transport predictors are supposed to describe the transport for
equilibrium conditions. The sediment transport under non-equilibrium
conditions describes how the flow conveys a certain amount of sediment,
as well as the erosion and deposition that take place at the same time.

The aim of sediment research is to predict the sediment transport
capacity in relation to known sediment input values. Three modes of
motion can be distinguished in the sediment transport induced by flow-
ing water: rolling and sliding, saltation and suspension. The modes of
motion are related to the flow conditions and the bed material, specially
the hydrodynamic forces, which are expressed in terms of mean velocity
or bottom shear stress acting on a bed of sediments. Firstly, the hydrody-
namic forces have to reach a critical or threshold value for the initiation
of motion, before a small increase of the forces will put the grain or
aggregate into motion by irregular jumps or by rolling of the particles.
Secondly, when the hydrodynamic forces reach a threshold value for the
initiation of suspension then the sediment particles start to diffuse into the
water flow.

Based on the three modes of motion two different types of sediment
transport can be defined:
• bed load;
• suspended load.

Bed load is that part of the sediment transport that is in contact with
the bed during the transport and it includes the rolling and sliding and the
saltation modes.

Suspended load is that part of the sediment transport that moves with
the water flow without contact with the bottom. It includes the suspen-
sion mode and the wash load, which consists of cohesive and very fine
sediments (smaller than 0.05 mm) and which tends to be suspended by
Brownian motion (Raudkivi, 1990).

Due to the fact that the sediments entering irrigation canals are from
external sources (for instance, rivers), the particle size of the sediment
is usually different from the parent bed material. The particle size of the
sediment depends on the operation of the sediment trap or intake structure
at the head of the canal network. Normally the sediments entering into
the irrigation canals are in the range of fine sand, silt and clay (Wora-
pansopak, 1992). Bigger particles have preferably been excluded from
entering the canal system by a careful skimming of the water at the intake
or have been allowed to settle in a sediment trap in the first reach of the
canal system (Dahmen, 1994). In view of these provisions at the head of
an irrigation network the sediment sizes are assumed to be in the range
of 0.05 mm < d50 < 0.5 mm. It is also assumed that only non-cohesive
material will be present in the irrigation system, despite some degree of
cohesion that is present for the smaller particle sizes.
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Yalin (1977) expressed that process by:

τ < τcr no motion (5.54)
τcr ≤ τ ≤ τ′

cr bed load transport (5.55)
τ ≥ τ′

cr bed and suspended load transport (5.56)

Where:
τ = bottom shear stress

τcr = critical shear stress for initiation of motion
τ′

cr = critical shear stress for initiation of suspension.

In reality, there is not one critical value at which the motion and sus-
pension suddenly begins, but it fluctuates around an average value. The
movement of the particles is highly unsteady and depends on the turbu-
lence of the flow. It is not possible to give a single value that presents zero
movement and for that reason it is easier to define the condition for initi-
ation of motion as the one below a certain value for which the sediment
transport rate has no practical meaning (Paintal, 1971).

Initiation of motion: Several authors have developed theories to explain
the initiation of motion. Most of them are based either on a critical depth-
averaged velocity or on a critical bed shear stress. The theories based
on critical velocity require water depths that completely satisfy the flow
condition at which the initiation of motion occurs, whereas the theories
based on critical shear stress describe the flow condition for the initiation
of motion by using a single critical value for the shear stress. ASCE
(1966a) recommends that data on critical shear stress should be used
wherever possible. Among the theories based on critical shear stress, the
Shields’ diagram is the most widely accepted criterion to describe the
conditions for initiation of motion of uniform and non-cohesive sediment
on a horizontal bed.

The Shields’ diagram (see Figure 5.15) offers the relation between the
critical mobility Shields’ parameter (θcr) and the dimensionless particle
Reynold’s number (Re∗). The particle Reynold’s number represents the
hydraulic condition on the bed and is based on the grain size and the shear
velocity. The initiation of motion will occur when the mobility Shields’
parameter (θ) is greater than the critical mobility Shields’ parameter (θcr).

These parameters are expressed by:

θcr = u2∗,cr

(s − 1)g d50
= τcr

(s − 1)ρgd50
(5.57)

Re∗ = u∗,crd50

v
(5.58)

θ = u2∗
(s − 1)gd50

= τ

(s − 1)ρgd50
with u∗ = √

ghS0 (5.59)
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Figure 5.15. Shields’ diagram
for initiation of motion (after
van Rijn, 1993).

The use of the Shields’ diagram is not very practical, since the u∗ value
appears in both parameters and in both axes of the diagram, and can only
be solved by trial and error. This imperfection of the Shields’ diagram is
eliminated by introducing the particle parameter D∗ which is represented
by (Yalin, 1977):

D∗ = Re2∗
θ

=
[

(s − 1)g
v2

]1/3
d50 (5.60)

In this way the critical mobility parameter θcr will be expressed as a func-
tion of D∗ and van Rijn (1993) presents the relationship between θcr and
D∗ as:

θcr = 0.24 D−1∗ for 1 < D∗ ≤ 4 (5.61)

θcr = 0.14 D−0.64∗ for 4 < D∗ ≤ 10 (5.62)

θcr = 0.04 D−0.1∗ for 10 ≤ D∗ ≤ 20 (5.63)

θcr = 0.013 D0.29∗ for 20 ≤ D∗ ≤ 150 (5.64)

θcr = 0.055 for D∗ > 20 (5.65)

Initiation of suspension: van Rijn (1984b) describes the initiation of
suspension by:

θcr = 16
D2∗

w2
s

(s − 1)gd50
for 1 < D∗ ≤ 10 (5.66)

θcr = 16
w2

s
(s − 1)gd50

for D∗ > 10 (5.67)
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Where:
θ = mobility Shields’ parameter (dimensionless)

θcr = critical mobility Shields’ parameter (dimensionless)
Re∗ = particle Reynolds number (dimensionless)

s = relative density (ρs/ρ)
u∗ = local shear velocity (m/s)
ws = fall velocity (m/s)
D∗ = particle parameter (dimensionless)
d50 = median diameter (m)

g = acceleration due to gravity (m/s2).

Irrigation canals are man-made canals and their design takes into
account aspects related to the irrigation criteria and sediment transport.
On the one hand, the canals should meet the irrigation requirements and
on the other hand, no deposition of the sediment entering into the system
or scouring of the parent material should occur. Suggested values for non-
scouring bottom shear stress are available in the literature. Kinori (1970)
and Chow (1983) give minimum values for the non-scouring shear stress
for water containing fine sediments in the range between 1.5 N/m2 (fine
sand, sandy loam) and 15 N/m2 (hard clay and gravel). Dahmen (1994)
suggests a maximum value for the design of irrigation canals of 3–4 N/m2.
Even though the design values for the shear stress can be reduced due to
changes in the operation strategies during the irrigation season, the value
of the remaining shear stress is still high enough to initiate motion and
further suspension of the previously deposited sediment. However, it is no
longer so high as to produce scouring of the parent material of the canal.

Figure 5.16 shows the Shields’ curve for initiation of motion and the
criteria used by van Rijn (1993) to initiate suspension. This figure presents
a range of shear stresses between 1 N/m2 and 4 N/m2, which is a range of
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Figure 5.16. Initiation of motion, initiation of suspension and values of shear stress commonly used in irrigation canals as
function of D∗.
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shear stress commonly used for the design of irrigation canals. In addition
it clearly shows that typical flow conditions in irrigation canals are large
enough to produce suspension of sediment particles. The sediment in
irrigation canals is transported in two modes: suspended load and bed
load.

The flow conditions prevailing in irrigation canals clearly show that
the sediment is transported both as bed load and as suspended load. There-
fore, any predictor to estimate the sediment transport in irrigation canals
should consider this fact and the predictor should be able to compute
either implicitly the total transport (bed load + suspended load) or the
bed load and suspended load separately. Only for very fine sediment
(d50 < 0.1 mm) can a suspended sediment transport predictor be used to
estimate the sediment transport capacity of irrigation canals.

5.3.1 Sediment transport capacity

There is no universally accepted predictor to estimate the total sediment
transport capacity of irrigation canals. Many methods have been proposed
to predict the transport rate under a large range of flow conditions and
sediment characteristics. The total sediment transport can be found either
in an indirect way by summation of the bed load and the suspended load or
by a direct determination of the total sediment transport. The first group
of indirect summation includes the theories of Einstein (1950), Bagnold
(1966), Toffaletti (1969), and van Rijn (1984a and 1984b). The theories of
Colby (1964), Bishop et al. (1965), Engelund and Hansen (1967), Ackers
and White (1973), Yang (1973) and Brownlie (1981) directly determine
the total sediment transport. However, the predictability of all of them is
still rather poor and van Rijn (1984a) stated that it is almost impossible
to predict the sediment transport rate with an accuracy of less than 100%.
A brief description of some of the most widely known sediment transport
predictors is presented in Appendix A.

The sediment transport predictors are established for very diverse and
miscellaneous conditions and the use of the equations should be restricted
to the conditions for which they were tested. However, a comparison of the
various methods for similar flow conditions and sediment characteristics,
both in irrigation canals and from field and laboratory data, will result in
a very useful tool to evaluate the suitability of each method under these
specific conditions.

5.3.2 Comparison of sediment transport capacity

A way to evaluate the predictor methods for sediment transport is to com-
pare the results to measured sediment transport rates. Once the hydraulic
and sediment characteristics (e.g. mean velocity, flow depth, sediment
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size, etc) are known, each of the selected methods can predict the sediment
transport. Next, the predicted rates will be compared with the measured
values of the sediment transport. Therefore, five of the most widely
used methods to compute sediment transport will be briefly described.
They are:
• Ackers and White;
• Brownlie;
• Engelund and Hansen;
• van Rijn;
• Yang.

The Ackers and White (A-W), Brownlie (BRO), Engelund-Hansen
(E-H), van Rijn (RIJ) and Yang (YAN) methods to predict sediment trans-
port have been evaluated and compared to field and laboratory data, in
which the flow conditions and sediment characteristics are similar to those
prevailing in irrigation canals. From the evaluation some conclusions can
be drawn:
• a prediction of the sediment transport in irrigation canals within an error

factor smaller than 2 is often impossible. Even in the case of the most
reliable method, only 61% of the measured values are predicted with
an error factor of 2. For error factors smaller than 2, the predictability
of the methods is considerably less. Figure 5.17 shows the results of
the comparison for an error factor of 1.1, 1.50, 1.75, 2, 2.5, and 3.00;

• the Brownlie predictor has a tendency to underpredict the sediment
transport, while the Engelund-Hansen predictor overpredicts in most
cases;

• these theories have a general tendency to overpredict the sediment
transport for low concentrations. In terms of goodness to fit to the
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measured low concentrations, most methods do not perform well.
Ackers and White, and Brownlie are the best methods to predict the
sediment transport for concentrations smaller than 500 ppm;

• based on the overall performance of each method according to all
the evaluation criteria, the Ackers and White, and Brownlie methods
appear to be the best methods to predict sediment transport in irrigation
canals.

5.3.3 Sediment transport computation in non-wide canals

The use of a sediment transport relationship that implies the velocity as
variable has often been applied without considering the variation in chan-
nel geometry, distribution of the flow velocity and/or sediment transport
in the cross section (Simons and Senturk, 1992). Sediment transport pre-
dictors have been developed for wide canals and they consider a channel
with an infinite width without taking into account the effect of the side
walls on the water flow and sediment transport. The effect of the side
walls on the velocity distribution in the lateral direction is ignored and
consequently the velocity and the sediment transport are considered to be
constant in any point of the cross section. Under these assumptions a uni-
formly distributed shear stress on the bottom and an identical velocity and
sediment transport in any point over the width of the canal are assumed. In
this way, these variables can be easily expressed per unit width. For other,
non-wide channels, the shape will have an important impact on the water
flow and sediment transport. The existence of sidewalls and the varying
water depth on the sides will cause a non-uniform distribution over the
width for both the shear stress and the velocity and, as a consequence for
the sediment transport.

Generally, the most common shape of an irrigation canal is a trapez-
oidal cross section. Most of these canals can not be considered as a
wide canal; recommended values for the ratio of bottom width and water
depth (B/h) are smaller than 8 (Dahmen, 1994). For this cross section,
the imposed boundary condition for the velocity and the varying water
depth on the sides will affect the shear stress and the velocity and sed-
iment distribution in the y-direction (lateral direction). In other words,
the variables related to the water flow and the sediment transport, vary
in the y-direction. These impacts will be larger for smaller values of the
B/h ratio.

The cross section integrated approach is based on the assumption of
a quasi two-dimensional model and the cross section is composed by a
series of parallel stream tubes (Figure 5.18). Within each stream tube,
the velocity distribution is considered to be uniform and therefore can
be described in a one-dimensional way. The sediment transport in each
stream tube is considered as a function of the flow in that stream tube only
without taking into account the diffusion in the y-direction.
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u, qsFigure 5.18. Schematization of
stream tubes in a trapezoidal
cross section.

The total sediment transport in a trapezoidal cross section can be
calculated by:

Qs =
∑

(qs)i dy (5.68)

Where:
Qs = total sediment discharge
qs = sediment discharge of the stream tube i per unit width
dy = width of the stream tube.

This cross section integrated approach will be named Procedure 3.
In most empirical equations for one-dimensional, uniform flow in

non-wide channels, the hydraulic radius is universally used as the sin-
gle quantity to describe the geometry of the cross section and the mean
velocity. The mean velocity over the whole cross section (Figure 5.19)
will replace the non-uniform distribution of the velocity (ui). However,
the sediment transport per unit width given by qs = MV N is not the aver-
age of the sediment transport of each local velocity in the cross section
qs = MuN

i . The difference between the two transport values is due to the
non-linear relationship between the sediment transport and the velocity,
so that a correction factor α for the sediment transport must be introduced
in order to equal both values for the sediment transport capacity.
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Figure 5.19. Velocity
distribution in a non-wide canal.
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The total sediment transport for the total cross section is estimated by:

Qs = αBqs with qs = f (V ) (5.69)

Where:
α = correction factor for calculating the total sediment transport in a

non-wide canal
B = bottom width (m)
V = mean velocity (m/s)

Qs = sediment transport capacity for the whole cross section (m3/s)
qs = sediment transport capacity per unit width (m3/s.m)

Referring to the Figure 5.20, the sediment transport passing through
the whole cross section can also be computed by:

Qs =
∫

T
MuN dy (5.70)

Equating the equations gives:

α =
∫

T MuN dy
BMV N (5.71)

By assuming constant coefficients M and N for the entire cross section
then the equation becomes:

α =
∑ ( u

V
)N

	y
B

(5.72)
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Qs � Σ qs∆y � α B M VN

Figure 5.20. Velocity
distribution in a non-wide
trapezoidal canal.
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The correction factor α for the computation of the total sediment trans-
port is a function of the velocity distribution in the cross section and the
exponent N in the relationship of the velocity and the sediment transport
predictor.

The sediment transport predictors can be schematized by using a simple
relation between qs and V in the following way:

qs = MV N (5.73)

Where:
qs = sediment transport per unit width (m3/s.m)
V = mean velocity (m/s)

M , N = exponents depending on water flow and sediment characteristics.

Derivation of the exponent N can be done by:

d qs

dV
= M N V N−1

N = dqs

dV
1

MV N−1 = V
qs

dqs

dV
(5.74)

and therefore,

N = V
qs

dqs

dV
(5.75)

The sediment transport predictors of Ackers-White, Brownlie and
Engelund-Hansen are used to derive the values of the exponent N .
• The Ackers-White sediment transport predictor gives:

N = 1 + mFgr

Fgr − A
(5.76)

• The Brownlie sediment transport predictor gives:

N = 1 + 1.978 Fg

Fg − Fgcr
(5.77)

• The Engelund-Hansen sediment transport predictor gives:

N = 5 (5.78)

Figure 5.21 shows the relationship between the correction factor α and
the exponent N for non-wide channels.
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Figure 5.21. Relationship between the correction factor α and the exponent N .

5.3.4 Comparison of the procedures for computing the total sediment
transport

Several procedures have been developed to compute the total sediment dis-
charge in open channels and they will be named here procedures 1, 2 and 3.

Procedure 1: the sediment discharge per unit width (qs) is calculated
by using the hydraulic radius as a characteristic variable for the water
flow. The average width of the canal represents the width of the canal and
the total sediment transport is determined by the multiplication of these
variables:

Qs = qs ∗ Bav. with qs = f (R) (5.79)
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Procedure 2: the sediment transport per unit width (qs) is calculated
by using the water depth as characteristic variable for the water flow. Next,
the total sediment transport Qs is calculated by multiplying the sediment
transport per unit width (qs) and the bottom width (B):

Qs = qs ∗ B with qs = f (h) (5.80)

Procedure 3: the total sediment transport is determined by using the
procedure described in the previous section, which is based on the com-
putation of the sediment transport in the stream tubes (the cross section
integrated approach):

Qs =
n∫

i=1

qs(i) dy (5.81)

In order to compare the three procedures in terms of the ability to compute
the total sediment transport in non-wide canals, these procedures have
been applied to a selected set of laboratory data. A correct method to
compute the sediment transport should take into account the effect of the
cross section on the velocity distribution and the non-linear relationship
between the velocity and the sediment transport. In the comparison, the
Ackers and White, the Brownlie and Engelund and Hansen methods have
been applied to compute the sediment transport.

The sediment transport as calculated by the procedures 1, 2 and
3 has been compared with the measured sediment transport. The pre-
dictability of each procedure is measured in terms of accuracy, the
well-predicted values of the sediment transport with a certain accuracy
and is expressed as:

Measured value
f

≤ Predicted value ≤ Measured value ∗ f (5.82)

Accuracy = number of well-predicted values
total values

(5.83)

Where f = error factor.
Figure 5.22 shows the results of the accuracy for all three procedures,

for the sediment transport predictors and for different levels of error factor
( f ), when compared with the selected data. The comparison shows that
the prediction of the procedure 3 is closer to the measured values than the
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predicted values of the other two procedures for all the sediment transport
theories.

5.3.5 Sediment transport in non-equilibrium conditions

Sediment transport in a long, steady and uniform flow has a unique equilib-
rium transport rate, but the transport rate under variable conditions differs
from this steady uniform and equilibrium case. Non-equilibrium condi-
tions are very significant for suspended load because the travel length of a
suspended particle is in general much longer that the step length of a bed
load motion (Nagakawa, 1989). While it is possible to relate the bed load
transport to the local and instantaneous characteristics of water flow and
bottom composition, no distinct relation can be established for the sus-
pended load transport since this part of the transport mode is substantially
influenced by upstream conditions (Armanini and Di Silvio, 1988).

Mathematical models for the simulation of non-equilibrium, sus-
pended sediment transport in open canals might be based on the
solution of:
1) the 1-D, 2-D or 3-D convection-diffusion equations;
2) depth integrated models.

1-D, 2-D or 3-D Convection-diffusion equations: they are based on
the solution of the diffusion-convection equation that for two-dimensional
problems can be written as:

∂c
∂t

+ u
∂c
∂x

+ w
∂c
∂z

= ws
∂c
∂z

+ ∂

∂z

(
εx

∂c
∂x

)
+ ∂

∂z

(
εz

∂c
∂z

)
(5.84)

Where:
c = sediment concentration

ws = fall velocity (m/s)
t = time coordinate (s)

x, z = length coordinates (m)
u, w = velocity components in x and z direction (m/s)

εx, εz = sediment-mixing coefficient in x and z direction (m2/s).

The equation can be solved when the mean velocity components, the
fall velocity and the mixing coefficients εx and εz are known.

Depth integrated models: the models are based on a depth-integrated
approach; the model describes how the mean concentration adapts in time
and space towards the local mean equilibrium concentration. The resulting
model for the suspended sediment transport can be used together with the
depth-averaged hydrodynamic equations.

Galappatti (1983) developed a depth-integrated model for suspended
sediment transport in unsteady and non-uniform flow based on the 2-D
convection-diffusion equation. In his model the vertical dimensions are
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eliminated by means of an asymptotic solution in which the concentration
c(x, z, and t) is expressed in terms of the depth-averaged concentration
c(x, t). The latter concentration is represented by a series of previously
determined profile functions.

Wang and Ribberink (1986) have studied the validity of the Galappatti
model and they concluded that the use of the model is not suitable for
large deviations of the concentration profile from the equilibrium pro-
file. They recommended some specific requirements to be applied in the
Galappatti model for the computation of suspended sediment transport.
These requirements are:
• the Galappatti model is only valid for fine sediment. The factor ws/u∗

should be much smaller than unity; recommended values of ws/u∗ are
between 0.3 and 0.4;

• the time scale of the flow variations should be much larger than h/u∗;
• the length scale of the flow variations should be larger than Vh/u∗.

Where:
u∗ = local shear velocity (m/s)
ws = fall velocity (m/s)

h = water depth (m)
V = mean velocity (m/s).

The main concepts, on which the depth-integrated model of Galappatti
is based, include:
• the horizontal diffusive transport (εx) and the vertical component of the

velocity (w) are ignored. Hence, the 2-D convection-diffusion equation
reduces to:
∂c
∂t

+ u
∂c
∂x

= ws
∂c
∂z

+ ∂

∂z

(
εz

∂c
∂z

)
(5.85)

• the concentration cx,z,t (Figure 5.23) is expressed in a depth-averaged
concentration cx,t (Figure 5.24).

Z

X

Cx,z,t Cx,z,t

Figure 5.23. Schematization of
the 2-D suspended sediment
transport model.
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Figure 5.24. Schematization of
a depth-integrated model.

In a uniform flow carrying sediments in non-equilibrium conditions,
the variation in concentration can be written according to the Galappatti’s
depth-integrated model as:

ce = c + TA
∂c
∂t

+ LA
∂c
∂x

(5.86)

With

TA = ws

u∗
h

ws
exp ( f ) (5.87)

TA u∗
h

= exp ( f ) (5.88)

LA = ws

u∗
Vh
ws

exp ( f ) (5.89)

LA

h
= ws

u∗
V
ws

exp ( f ) (5.90)

f =
4∑

i=1

(
ai + bi

u∗
V

) (
ws

u∗

)i−1
(5.91)

Where:
ce = concentration of suspended load in equilibrium condition
c = concentration of suspended load at distance x

TA = adaptation time (s)
LA = adaptation length (m)
ws = fall velocity (m/s)
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u∗ = shear velocity (m/s)
V = mean velocity (m/s)
h = water depth (m)

ai, bi = constants.

The adaptation length (LA) and adaptation time (TA) are constant for
uniform flow. They are defined as the interval (both in length and in
time) required for the mean actual concentration to approach the mean
equilibrium concentration. The adaptation length represents the length
scale and the adaptation time represents the time scale (Ribberink, 1986).

Values of ai and bi for za/h = 0.01 are given in Table 5.4 (Galappatti,
1983). For values of za/h less than 0.01, the same values of ai and bi will
be used, because for smaller values the influence of za/h on the adaptation
time and length is insignificant (Kerssens, 1979).

Table 5.4. Values of ai and bi for za/h = 0.01 (after Galappatti, 1983).

a1 b1 a2 b2 a3 b3 a4 b4

TA 1.978 0.000 −6.321 0.000 3.256 0.000 0.193 0.000
LA 1.978 0.543 −6.326 −3.331 3.272 0.400 0.181 1.790

For a steady sediment flow:

ce − c = LA
∂c
∂x

(5.92)

After integration the equation results in:

c = ce − (ce − c0) exp

(
x

LA

)
(5.93)

Where:
ce = concentration of suspended load in equilibrium condition
c0 = concentration of suspended load at distance x = 0
c = concentration of suspended load at distance x

LA = adaptation length (m)
x = length coordinate (m).

In the introductory sections of this chapter it was shown that the
rates of suspended load and bed load transport of particles larger than
0.3 mm are comparable and the more reliable sediment transport predict-
ors in irrigation canals computes the total load (suspended and bed load).
For that reason, it will be essential to consider the sediment transport
in non-equilibrium conditions as a whole. Although the bed load reacts
instantaneously from a non-equilibrium condition to an equilibrium condi-
tion, it is assumed that the characteristic adaptation length for the bed load
is the same adaptation length as for suspended load. Therefore, the total
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sediment transport under non-equilibrium conditions can be described by
using the total sediment concentration (bed and suspended load) instead
of a suspended sediment concentration.

This leads to:

C = Ce − (Ce − C0) exp
x

LA
(5.94)

Where:
C = total sediment concentration at distance x

Ce = total sediment concentration in equilibrium condition
C0 = total sediment concentration at distance x = 0
LA = adaptation length (m)

x = length coordinate (m).

5.4 MORPHOLOGICAL CHANGES OF THE BOTTOM LEVEL

The one-dimensional computation assumes fixed sidewalls and the occur-
rence of deposited or entrained sediments on the bottom of the irrigation
canals. The interrelation between the water movement and the mor-
phological changes on the bottom can be summarized by the following
equations:

dh
dx

= So − Sf

1 − Fr2 (5.95)

∂Qs

∂x
+ B(1 − p)

∂z
∂t

= 0 (5.96)

These equations will be solved in sequence. First, the gradually varied
flow equation is solved to determine the flow profile for given boundary
conditions for water level and discharge. Details of that procedure were
discussed in Chapter 2. Next, the output values of the hydraulic equation
are used to solve the equation of the mass balance for the total sediment
transport. The first term (dQs/dx) represents either the total entrainment
or deposition rate between two sections (points) along the x-axis of the
canal. It will depend on a balance between the canal transport capacity and
the existing sediment load along the x-axis. The second term represents
the net flux of sediment across a horizontal plane near the bed that will
lead to a change of the bottom level (see Figure 5.25).

Several finite difference methods based on explicit and implicit
schemes have been used to solve the equation of the mass balance for
the total sediment transport. Cunge (1980), de Vries (1987) and Vreug-
denhil (1982 and 1989) describe the Lax, modified Lax, Lax-Wendroff
and the 4-points implicit scheme as methods to solve the morphological



Sediment Transport Concepts 117

D E

B

dz = Zi,j+1− Zi,j

Xi−1 Xi Xi+1

Qsi−1
Qsi+1

D
E

dz = Zi,j+1− Zi,j

Figure 5.25. Schematization of
computations of changes in the
bottom level.

equation. The modified Lax scheme can be used quite successfully, though
it is not claimed to be the best method (Abbot & Cunge, 1982).

The modified Lax method can be expressed as:

zi,j+1 = zi,j − 1
B(1 − p)

[
Qsi+1, j − Qsi−1, j

2	x
− 1

2	t
[(αi+1, j + αi, j)

× (zi+1, j − zi, j) − (αi, j + αi−1, j)(zi, j − zi−1, j)]
]

(5.97)

The numerical scheme cannot be applied to the downstream and
upstream boundaries. An adapted scheme for the downstream boundary
is described by:

zi, j+1 = zi, j − 1
B(1 − p)

[
Qsi+1, j − Qsi−1, j

2	x
+ 1

2	t
[(αi,j + αi−1,j)

× (zi, j − zi−1, j)]
]

(5.98)

And for the upstream boundary by:

zi, j+1 = zi, j − 1
B(1 − p)

[
Qsi+1, j − Qsi−1, j

2	x
− 1

2	t
[(αi+1, j + αi, j)

× (zi+1, j − zi, j)]
]

(5.99)
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In which the subscripts i and j mean:

i ≡ i	x
j ≡ j	t

And where:
Qs = sediment discharge (m3/s)

p = porosity (dimensionless)
B = bottom width (m)

	x = distance (m)
z = bottom level (m)

	t = time step (m)
α = parameter used for stability and accuracy of the numerical scheme.

The stability of the scheme is given by (Vreugdenhil, 1989):

σ2 ≤ α ≤ 1 (5.100)

Accuracy of this scheme is increased if (Vreugdenhil, 1989):

α ≈ σ2 + 0.01 (5.101)

σ = NV
Qs/Q

1 − Fr2
	t
	x

(5.102)

Where:
σ = the Courant number
N = exponent of the velocity in the sediment transport equations
Q = discharge (m3/s)

Qs = sediment discharge (m3/s)
V = mean velocity (m/s)

	t = time interval (s)
	x = distance (m)
Fr = Froude number.

Figure 5.25 shows a schematization of the deposition or entrainment
computation at the bottom of the canal and Figure 5.26 shows the cal-
culation of changes in the bottom level according to the modified Lax
method.

Figures 5.27 to 5.29 show some schematizations for different flow
conditions in a canal and they illustrate the procedure to compute the
sediment mass balance after one time step. Let us take a uniform flow
as an example. When the sediment transport capacity Qse is smaller than
the actual sediment transport Qs (	Qs/	x < 0), deposition is expected
up to the point where Qs reaches the equilibrium sediment transport. An
adaptation length will occur for the adjustment of the actual sediment
transport to the equilibrium sediment transport capacity. From this point
onwards, the sediment transport will remain constant. For Qse larger than
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Figure 5.26. Calculation of the change in the bottom level using the modified Lax method.
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Figure 5.28. Sediment transport
for gradually varied flow
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Qs two possibilities can occur depending on whether there is any sediment
motion on the bottom or not. Motion of sediment is evaluated in terms
of the mobility parameter θ and the critical mobility parameter θcr. In
the first case (θ > θcr) entrainment of particles and increasing sediment
transport occurs until adaptation to the sediment transport capacity of
the canal has occurred. In the second case, without motion of sediment
along the bottom (θ < θcr), the actual sediment load is conveyed without
changes.

For gradually varied flows, a distinction between backwater and draw-
down effects has to be made. Figure 5.27 shows the effect of a backwater
profile on the sediment transport in a canal. For Qs larger than the Qse
(	Qs/	x < 0) deposition will occur to reach adaptation to the equilib-
rium sediment transport capacity of the canal (Qse = Qs). From that
point onward a continuous deposition in a downstream direction may
be expected. For Qs lower than the Qse (	Qs/	x > 0), the actual sedi-
ment transport can either remain constant along the canal (θ < θcr) or
increase up to Qse equal to Qs (θ > θcr). A continuous deposition in down-
stream direction is expected. The effect for a drawdown profile is shown in
Figure 5.28. For Qs larger than Qse deposition will occur up to the
equilibrium condition (Qse = Qs). From that point onwards a continu-
ous entrainment is expected. When Qse is larger than Qs either the
latter remains constant (θ < θcr) or increases to reach Qs (θ > θcr) and
a continuous entrainment in the downstream direction will occur.

5.5 CONCLUSIONS

Applications of the existing sediment transport concepts under flow con-
ditions and sediment characteristics encountered in irrigation canals were
analysed in the previous sections. Those applications were intended to
evaluate the suitability of those concepts in particular conditions. In that
way any increase in unavoidable uncertainties and inaccuracies during the
computations of the sediment transport in irrigation canals can be kept to
a minimum.

From the applications of the sediment transport concepts for the
conditions prevailing in irrigation canals some conclusions can be
drawn.

General
• there are several theories to estimate friction factors and sediment trans-

port rates (equilibrium and non-equilibrium conditions). These theories
rely on field and laboratory observations, but they are not able to explain
with a very high degree of accuracy the friction factors and sediment
transport rates in irrigation canals;
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Bed forms
• for the lower flow regime in irrigation canals all types of bed forms

(ripples, mega-ripples and dunes) can be expected;
• the van Rijn method describes the bed forms more accurately than

other methods; more than 75% of the observed bed form types were
well-predicted by the van Rijn method.

Friction factor predictors
• the van Rijn method for predicting the friction factor gives good results

when compared with measured values of the friction factor. This method
was able to predict more than 90% of the measured values within an
error band of 30%;

• existing friction factor predictors only consider the bottom friction. For
non-wide canals the sidewalls have an important impact on the friction
factor. Therefore, a weighted value of the friction factor is required; the
proposed method for predicting the effective roughness in a trapezoidal
canal with different roughness along the wetted perimeter appears to
give better results than the existing methods. More than 90% of the
measured values were well predicted by this method. Also the minimum
value of the standard error and the narrowest range of variation of the
predicted values were observed for the proposed method;

• the existing methods for predicting the effective roughness in a
rectangular canal with different roughness along the wetted perime-
ter cannot be explicitly applied; the proposed method to estimate the
effective roughness in a rectangular canal with composite roughness
along the wetted perimeter predicted more than 95% of the measured
values within a error band of 15%.

Sediment transport predictors
• based on the characteristic flow conditions and the sediment sizes usu-

ally encountered in irrigation canals, the sediment could be transported
as bed load and as suspended load. Therefore the sediment transport
predictors should be able to compute both types of sediment transport;

• existing predictors of the sediment transport capacity of wide canals
do not take into account the geometry and its effect on the velocity dis-
tribution over the cross section; the existing predictors do not reliably
describe the sediment transport capacity in canals. For the best predic-
tion methods, only 60% of the measured values were well-predicted
within an error band of 100%;

• the Ackers and White and the Brownlie method provide more accurate
estimates of the sediment transport capacity under the prevailing flow
conditions and sediment characteristics in irrigation canals.



CHAPTER 6

SETRIC, a Mathematical Model for
Sediment Transport in Irrigation Canals

6.1 INTRODUCTION

Clogging of the structures that supply water to secondary and tertiary
units, and sedimentation of the canal network are some of the main prob-
lems in the operation and maintenance of irrigation systems. High annual
investments are required for rehabilitation and maintenance to keep the
systems suitable for their purpose. To reduce these expenses and to pre-
serve and sometimes improve the performance of the irrigation networks,
the sediment transport should be properly estimated in terms of time and
space. An accurate prediction of the sediment deposition along the entire
canal network during the irrigation season will contribute to an improved
operation of the canals in such a way that the irrigation needs are fully
met and at the same time a minimum deposition might be expected.

Although it is difficult to predict the quantity of sediment that will
be deposited in irrigation canals (Brabben, 1990), numerical modelling
of sediment transport offers the possibility to predict and evaluate the
sediment transport under very general flow conditions (Lyn, 1987).
A mathematical model, which includes the latest sediment transport con-
cepts for the specific conditions of irrigation canals, will be an important
and helpful tool for the designers and managers of these systems. This
chapter will describe the computer model SETRIC, which has been in
development at UNESCO-IHE since 1994 and which includes some of
the specific characteristics of sediment transport in irrigation canals, as
discussed in the previous chapter.

6.2 WATER FLOW EQUATIONS

Water flow in irrigation canals will be schematised as quasi-steady flow
in which the governing equations are represented as:
• Continuity equation:

–
∂Q
∂x

= 0 ∴ Q = constant (6.1)
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• Continuity equation at confluences and/or bifurcations:
– Q ± ql = 0 (6.2)

• Dynamic equation:

–
dh
dx

= So − Sf

1 − Fr2 (6.3)

Several methods are available to solve the dynamic equation of grad-
ually varied flow for prismatic canals. Henderson (1966), Chow (1983),
Depeweg (1993) and Rhodes (1995) present a comprehensive description
of the available methods, including graphical-integration, direct integra-
tion, direct step, standard step, the Newton-Raphson solution and the
predictor-corrector method. A summary of those methods is given in
Chapter 2.

6.3 SEDIMENT TRANSPORT EQUATIONS

The numerical solution of the one-dimensional sediment equations that
include the friction factor predictor, continuity equation for sediment
and the sediment transport predictor (see Chapter 5) requires boundary
conditions for water flow and sediment transport. These conditions are:
• description of the geometrical variables of the canal during a time step:

width, slope and level of the bottom;
• description of the flow conditions along the entire canal during a time

step: discharge, velocity, roughness, water depth and slope of the energy
line;

• the characteristics of the incoming sediment, namely the sediment load
and sediment size at the upstream boundary;

• the sediment transport rate along the entire canal;
• the changes in bottom level and/or bottom width;
• specific confluences and bifurcations can be incorporated by applying

continuity for water flow and sediment load.
In order to compute the sediment transport along the entire canal, it is
necessary to consider how the sediment load that is entering the canal
adapts to the sediment transport capacity of the reaches; this is given in
terms of the sediment concentration C, which follows from Galappatti’s
depth-integrated model:

C = Ce − (Ce − C0)e− x
LA with LA = f

(
u∗
v

,
ws

u∗
, y

)
(6.4)

Where:
C = actual concentration

Ce = equilibrium concentration
C0 = initial concentration

x = distance along the canal
LA = adaptation length



SETRIC, a Mathematical Model for Sediment Transport in Irrigation Canals 125

In order to determine the actual sediment concentration in the x-direction
of the canal, the values of the variables C0, LA, 	x and Ce have to be
known. The first one, the initial concentration C0, does not depend on
the local flow condition, but instead depends on the source of water and
sediment and on whether a sediment-trap is located at the head of the
irrigation network. At boundaries between canal reaches, the sediment
load passing through the downstream boundary of the upstream reach
will become C0 for the next canal reach.

In a gradually varied flow the values of Ce, y, v, u∗ and f are functions
of x. These variables may be known in advance at any point along the
canal network if the flow equations are solved first (using the uncoupled
technique). That means that in any point of the canal, i = 0, 1, 2, . . . n are
given Ce, y, v, u∗ and the dimensionless parameters u∗/v and ws/u∗. These
variables are determined according to the following procedure:
• the 	x-value is fixed according to the required degree of accuracy

for the numerical solutions and the need for representing the adapta-
tion of the actual non-equilibrium condition to the sediment transport
capacity (the equilibrium condition) of the canal. The 	x-value should
be much smaller than the adaptation length (LA) of the actual sediment
transport to the sediment transport capacity of the canal;

• computation of the LA-value. For the local flow conditions the values of
ws/u∗, u∗/v and the water depth are known in advance. The maximum
values of the parameter ws/u∗ should satisfy the requirements for the
validity of the depth-integrated model (Ribberink, 1986);

• once the motion of sediment has been initiated, the values of the
de Chézy coefficient can be estimated depending on the type of
roughness along the wetted perimeter of the canal by:

C = 18 log
12R
ks

for single roughness (6.5)

C ′
e = 18 log

12R
kse

for composite roughness (6.6)

• the value of the depth-averaged equilibrium concentration Ce will be
determined by one of the sediment transport predictors, such asAckers-
White, Brownlie or Engelund-Hansen. The predictors compute the
sediment transport per unit width (qs), which is determined by the
local flow conditions and the sediment properties. The total sediment
transport across the whole canal section Qse is calculated by:

Qse = αBqs (6.7)

• Next, the equilibrium concentration Ce is calculated by:

Ce =
(

ρs

ρ

Qs

Q

)
∗ 1, 000, 000 (in ppm) (6.8)
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• Some internal conditions along the canal can be taken into account for
the computation of the sediment transport distribution either at bound-
aries between canal reaches or at boundaries at branches (bifurcations
or confluences). Application of the continuity for the water flow and
for the sediment transport rate is helpful when changes either in bot-
tom width or bottom level, or at bifurcations or confluences have to be
incorporated in the model. The distribution of water and sediment at
bifurcations will depend on the local flow pattern at the branches.

6.4 GENERAL DESCRIPTION OF THE MATHEMATICAL MODEL

The computer program SETRIC simulates the water flow, sediment trans-
port and changes of bottom level in an open network with a main canal and
several laterals with or without tertiary outlets. Various flow conditions
along the canal network and during the irrigation season can be simu-
lated. Figure 6.1 shows the flow diagram for calculating the change of
the bottom level in a canal reach during one time step. Flow diagrams of
the computer program SETRIC for the water flow and sediment transport
calculations in a canal reach are shown in Figures 6.2 and 6.3.

The background for the hydraulic and sediment transport computations
was described in the previous chapter.

The general framework of the computer program consists of:

Hydraulic aspects
• The water flow can be modelled as a sub-critical, quasi-steady, uniform

or gradually varied flow (backwater as well as drawdown curves). The
water profiles for the subcritical, gradually varied flow include: H2,
M1, M2, C1, S1 and A2;

• The water flow is in open channels with a rectangular or trapezoidal
cross section; only friction losses are considered: no local losses due
to changes in the bottom level, cross section or discharge will be taken
into account. The canal sections are characterized by the following
geometrical dimensions, namely:
– length (l) presents the length of a canal section (m);
– bottom width (B);
– side slope (1 vertical : m horizontal);
– the roughness is defined by the equivalent roughness coefficient (ks);

the total friction factor follows from the composite roughness for the
entire cross section;

– coordinates to give the relative location of a canal section; the most
upstream boundary is defined as x = 0 m;

– bottom slope (So in m/m);
– bottom elevation above a reference level (datum) at the beginning of

each canal section (zb).
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Figure 6.1. Flow diagram of SETRIC for calculating the water flow, sediment transport and changes in bottom level
in main and/or lateral canals (after Paudel, 2002).
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Figure 6.2. Flow diagram of SETRIC for calculating the water flow in main and lateral canals during a time step (after
Paudel, 2002).
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Figure 6.3. Flow diagram of SETRIC for calculating the sediment transport in the main canal and lateral canals during
a time step.

Sediment aspects
• The sediment is characterized by:

– sediment concentration (ppm) at the furthest upstream boundary of
the main canal;

– sediment size by the mean diameter d50.
• Variations of the roughness conditions over time are incorporated in the

model; sedimentation during the irrigation season will induce the devel-
opment of bed forms, which depend on the flow conditions (different
flow conditions will produce different types of bed form). The friction
factor is computed for every time step and for each flow condition in
each cross section of the schematisation.

Irrigation aspects
• The model of the irrigation network can be most simply composed of

a main canal and secondary canals with tertiary outlets. Each canal is
divided into several reaches or sections;
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• the model can include changes in the bottom level at the upstream
boundary of a canal section;

• control sections can be set at the downstream end of the main canal or
secondary canals; the type of structure located at the downstream end
of a section sets the water level;

• the network might include lateral inflow or outflow; these lateral flows
should be located at the end of a canal section;

• the flow control structures that can be incorporated, include:
– overflow type: crest width, crest level;
– undershot type: width and height of the rectangular opening;
– submerged culverts and inverted siphons: number and diameter of

pipes;
– flumes: constants of the upstream head-discharge relationship;
– drops: incorporated as a different bottom level at the boundary

between two reaches;
• the variation in crop water requirement during the irrigation season

can be incorporated and mainly depends on the climate, cropping pat-
tern, stage of the crops, leaching requirement and water losses. The
growing season is divided into four stages depending on the crop devel-
opment and climate (FAO, 1984). The water supply in the model can
be attuned to the varying water requirement and follows the changes in
area and time;

• maintenance activities in view of weed growth on the banks can also
be included and the growth is referred to by an obstruction degree. The
effect of maintenance on the roughness can be expressed by:
– ideally maintained: negligible obstruction degree over time;
– well maintained: a maximum obstruction degree of 10% is assumed;
– poorly maintained: more than 75% obstruction degree is assumed.

6.5 INPUT AND OUTPUT DATA

Input data
For the computation of the water flow and sediment transport, the program
requires several input data, which include:
• Simulation period: characteristics of the period to be simulated include:

– number of periods in which the irrigation season is divided;
– type of maintenance to be expected during each period of the

irrigation season;
– number of days for each period and the number of irrigation hours

per day.
• Canal dimensions: the geometrical dimensions of main and secondary

canals contain:
– for each canal: number of sections, type of roughness data;
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– for each section: location from upstream boundary, length, slope,
width and elevation of the bottom; roughness coefficient, side
slope.

• Main and lateral discharges: the schedule of irrigation flows (inflow
(+) and outflow (−)) during each period of the irrigation season; the
discharge entering the main canal for each period together with the
lateral flows at the furthest upstream boundary of each lateral and for
each period.

• Sediment data: mean sediment concentration and mean diameter of
the sediment particles entering the main canal; SETRIC computes the
sediment concentration flowing to the laterals.

• Control sections: the control section at the downstream end of the
main canal and at each lateral has to be specified and they include
the water level and the location of each control section. Control struc-
tures at the boundaries between canal-reaches are specified by the type
of structure and its main hydraulic characteristics. SETRIC computes
the upstream water level that will act as a control level for the next
canal-reach.

Output data
The computer program is able to present the results of the water flow and
suspended sediment transport calculations in tables or graphs depending
on the selected option. Moreover, the results can be presented on the
monitor or on paper. The program can show the following tables:
• General information:

– results related to the water flow: normal and critical depth, discharge;
– results related to the sediment transport: fall velocity, length step,

minimum and maximum shear stress, shear velocity.
• Concentrations: table with the water depth, equilibrium concentration

and actual concentration for the entire canal.
• Bottom level: the initial bottom level and the change in bottom level at

the end of the period are presented.

6.6 CONCLUSIONS

The mathematical model SETRIC for predicting the water flow and the
sediment transport together with the variation in bottom level of the
canal is based on an uncoupled solution of the water flow and sediment
transport equations. The model can be used for simulating the sediment
deposition in an irrigation network under changing flow conditions and
sediment characteristics during the whole irrigation season and over one
or more years. The model can be used for evaluating the effects of the
interrelation between irrigation practice (operation and maintenance) and
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sediment deposition. The direct effect of irrigation practices on the sedi-
ment deposition may include changes in discharge, changes in sediment
load, flow control structures, controlled deposition, operation and main-
tenance activities, diverted sediment load to the farmlands, etc. Sediment
deposition in the canal reaches may affect the following hydraulic aspects,
such as water level variation (overtopping of canals), water distribution at
outlets and flow control structures.



CHAPTER 7

The Sediment Transport Model SETRIC and
its Applications

7.1 INTRODUCTION

The amount of water and sediment that enters into an irrigation canal
will vary during the growing season and, moreover, throughout the entire
life of an irrigation system. Variations in crop water requirement, water
supply, size of the irrigation area, planned cropping pattern and sediment
concentration frequently occur during the lifetime of irrigation systems.
The design of canals and flow control structures incorporates a certain
degree of flexibility in the delivery of different irrigation flows at fixed
or variable supply levels. This design approach also assumes that the con-
veyance of the incoming sediment is, for the given design conditions, in
a state of equilibrium. Once the flow conditions diverge from the design
values, the flow velocity and thus the capacity to transport the sediment
load will vary in time and space along the irrigation network. Then, the
initial assumptions related to the conveyance of the sediment load in equi-
librium conditions are no longer valid for these changed flow conditions.
Due to these changes, the sediment transport in the irrigation canal will
essentially be under non-equilibrium conditions. Therefore, the transport
will strongly depend on the variation of the initial flow and the changes in
the incoming sediment load during the irrigation season and the lifetime
of the canal. For that reason sediment transport should be viewed in a
more general context, which should take into account the time and place
of the varying operation requirements of the irrigation system.

The sediment transport model SETRIC offers the possibility of pre-
dicting the sediment deposition and erosion in time and space, and for
particular flow conditions and incoming sediment loads. This chapter
will present some examples of sediment transport modelling in irrigation
canals with the aim of showing the possible applications of the developed
model and of improving the understanding of sediment transport processes
for situations commonly encountered in irrigation systems.

Sediment that enters a canal network can either be transported without
any deposition along the canal or the sediment concentration can adapt
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itself from a non-equilibrium condition to the transport capacity of the
canal. The adjustment towards the sediment transport capacity is assumed
to follow Galappatti’s depth-integrated model. A mass sediment balance
in each canal reach will result in either net deposition or net entrainment.
When the incoming sediment load is larger than the transport capacity
of the reach, deposition will occur. When the incoming sediment load is
less than the transport capacity two possibilities can be identified. In the
first case entrainment of previously deposited sediment occurs until the
sediment transport is fully adapted to the transport capacity. In the second
case, no entrainment takes place and the sediment load is conveyed without
any change.

The sediment deposition over a certain irrigation period will be simu-
lated for an irrigation canal, for which the geometrical and hydraulic
design data and the incoming sediment characteristics will be described
in details.

The SETRIC model will be used to evaluate the effects of the following
strategies on the sediment behaviour:
1. Changes in the discharges;
2. Changes in the incoming sediment load;
3. Controlled sediment deposition;
4. Flow control structures;
5. Operation activities.

The five cases of simulation will take place in a single, straight irrigation
canal composed of a few reaches. Some other assumptions include the
hydraulic conditions and sediment characteristics during the simulation
period:
• the sediment size and sediment concentration are kept constant during

the whole simulation period;
• erosion of the original bottom is not possible; only previously deposited

sediment can be entrained during the simulation period;
• the side slopes are stable;
• the initial roughness of the canal will be characterized by one single

roughness along the wetted perimeter;
• variations of the roughness conditions might occur over time due to

changes in flow conditions, the occurrence of bed forms and the
obstruction by aquatic weed (if applicable);

• the water level at the downstream end of the main canal is kept
constant;

• the water level at the downstream end of a canal reach is managed either
by a control structure or by the water level of the downstream reach;

• the sediment transport capacity and the actual sediment load are the
equilibrium concentration and actual sediment concentration respect-
ively; these concentrations are expressed in ppm by weight (parts per
million).
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The geometrical, hydraulic and sediment characteristics of the irriga-
tion canal are:
length (L) = 10,000 m
bottom width (B) = 10 m
side slope (m) = 2
equivalent roughness (ks) = 0.01 m
bottom slope (So) = 0.00008 (0.08 m/km)
bottom level (begin) = +40.00 m
bottom level (end) = +39.20 m
design discharge (Q) = 25.75 m3/s
sediment size (d50) = 0.15 mm
equilibrium sediment concentration at the inlet = 253 ppm
simulation period = 90 days
flow control structure = undershot type
water level at the end of the canal = +41.65 m
flow condition = nearly uniform flow
water depth = 2.45 m

7.2 CASE 1 – CHANGES IN THE DISCHARGES

A key problem in the operation of irrigation canals is to find the correct
flow conditions for which the water requirements are met for minimum
sediment deposition in those canals.

A reduction in the irrigation supply, caused either by a drop in crop
water requirements or in water availability or by a variation in cropping
pattern and the need to deliver water at a certain supply level to the com-
mand area, is the most important cause of sediment deposition in the
canals. The effect of a reduction in water supply for a constant water level
at the downstream canal end on the sediment transport and hence, on the
deposition, will be presented in Case 1 (see figure 7.1).

The reduction of the discharge is specified in terms of a relative
discharge (Rd), which reads:

Rd = actual discharge
design discharge (Q = 25.75 m3/s)

(7.1)

The canal has been designed in such a way that no deposition and erosion
will take place for the design flow. The design discharge, which has a
relative discharge Rd equal to 1, transports the sediment in equilibrium
conditions; the sediment transport capacity of the canal is equal to, or
larger than, the incoming sediment load and remains constant during the
whole simulation period. Once the discharge decreases from the design
discharge to a smaller one, a gradually varied flow will develop due to
the fact that the water level (set point) at the downstream end remains
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Figure 7.1. Equilibrium and
actual concentration at the
beginning and at the end of the
simulation for a relative
discharge of 0.74 and 0.88.

constant. The sediment transport capacity at the head will decrease due to
the reduction in discharge; in addition, this transport capacity shows a con-
tinuous decrease in the downstream direction. Due to this decrease in the
transport rate, deposition will occur along the canal due to the backwater
curve caused by the downstream structure (actual water depth > normal
water depth).

Figure 7.1 shows the equilibrium and actual concentration for a relative
discharge of Rd = 0.74 and Rd = 0.88, respectively. At the end of the
simulation period of 90 days, the equilibrium concentration for Rd = 0.74
is much smaller than for Rd = 0.88, which means that the deposition for
Rd = 0.71 is much larger than for Rd = 0.88. The difference between the
actual and equilibrium concentration is larger for a smaller Rd than for a
large Rd.
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In this case, the sediment concentration (ppm) entering the canal
remains constant over the simulation period, which means that the vol-
ume of sediment entering the system will decrease with the discharge.
However, smaller discharges result in smaller velocities and the sediment
deposition in the canal is considerably larger for these discharges. Due to
the fact that the total incoming sediment load during the simulation period
is different for each relative discharge Rd, a relative deposition has been
introduced to describe the sediment deposition in a comparable way. This
relative deposition is the ratio of the sediment deposited in the entire canal
and the total sediment load entered at the head of the canal, both during
the simulation period:

Relative deposition (%) = total deposition
total incoming sediment load

∗ 100 (7.2)

Figure 7.2 shows the amount of total deposited sediment in m3 and the
relative deposition (%) for a range of relative discharges (Rd = 0.71–1)
after the simulation period of 90 days.
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Figure 7.2. Sediment deposition
and relative sediment deposition
along the irrigation canal at the
end of the simulation period as a
function of the relative
discharge.

7.3 CASE 2 – CHANGES IN THE INCOMING SEDIMENT LOAD

The sediment load entering an irrigation network depends on the specific
conditions of the river and it is evident that the sediment concentration



138 A New Approach to Sediment Transport

will vary during an irrigation season and even more during the life of an
irrigation system. The changes in incoming sediment load will include
the variation in concentration as well as in the median sediment size. For
Case 2, the changes will be related to the concentration (236 ppm) and to
the sediment size (0.15 mm) as assumed for the equilibrium conditions.

To estimate the deposition, the sediment concentration and the median
size will be changed during an irrigation period of 90 days. Variations in
the sediment characteristics are expressed in terms of the ratio between
the actual sediment load and the sediment transport capacity of the canal
(equilibrium condition) and the ratio between the actual median size and
the design value of the median diameter of the sediment (0.15 mm):

Relative sediment load = actual sediment load
equilibrium sediment load (236 ppm)

(7.3)

Relative median sediment size = actual median sediment
equilibrium median sediment
size(d50 = 0.15 mm)

(7.4)

In view of the fact that the total incoming sediment during the simulation
period is different for each relative sediment load, a relative deposition
value has been used to describe the deposition in the entire irrigation
canal. The relative deposition is expressed in terms of the ratio of the total
sediment deposited and the total sediment load entering the canal both
during the simulation period. It is expressed as:

Relative deposition(%) = total deposition
total incoming sediment load

∗ 100(%) (7.5)

The deposition in an irrigation canal depends very much on the char-
acteristics of the incoming sediment. A relatively small deviation from
the design equilibrium concentration results in a larger sediment load per
unit length and a considerable deposition in the entire canal (Figure 7.3).
The changes in the relative sediment size have an even larger impact on
the deposition as shown in Figure 7.4.

7.4 CASE 3 – CONTROLLED SEDIMENT DEPOSITION

Uncontrolled sediment deposition in the canals may result in clogging
(obstruction) of tertiary turnouts, reduction of the conveyance capacity,
large variation in water levels, unpredictability of the relationship between
water depth and discharge for structures, and high costs for canal desilting.
Once the sediment enters a canal network it can be conveyed by the canals
to the farm plots or it can be removed from the water, for example, either
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Figure 7.3. Total sediment
deposition and relative sediment
deposition after 90 days as a
function of the variation in the
relative sediment load.

by deposition along the entire canal or by deposition in a sediment-trap
within some of the canal reaches where it can be periodically removed at
minimum cost. Controlled deposition can be obtained by the design of a
sediment trap in the network by deepening or widening one or more canal
reaches. This solution can be an attractive alternative for controlling the
deposition, but making a careful selection for the location of the sediment
trap during the design phase is a very important requirement in view of
the future operation costs.

Two scenarios will be presented to show how the deposition can be
controlled and how a major part of the sediment load can be deposited in
some modified canal reaches. When the actual sediment load is larger than
the equilibrium load during the irrigation season, a change in the cross
section might reduce the transport capacity in such a way that part of the
sediment will be deposited. In the scenarios that have been presented the
canal receives a sediment load of 300 ppm at the entrance and is unable to
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Figure 7.4. Total sediment
deposition and relative sediment
deposition after 90 days as a
function of the variation in
relative median sediment size.

transport the sediments to the fields for the duration of the entire irrigation
season. Therefore, when no special measures are taken to control the
deposition, it will occur along the entire length of the network.

The aim of the scenarios is to control the deposition in the head reach by
reducing the transport capacity in that reach only. The head of the irrigation
canal will be converted into a settling basin that can be described as:
1. Scenario 1: widening of the bottom width from 10 m to 14 m for the

first 1000 m;
2. Scenario 2: deepening of the design canal bottom by 0.50 m for the

first 1000 m.

No other alternatives will be evaluated for additional optimization of
costs and/or sediment deposition. The previously mentioned geometrical
and hydraulics canal data will be kept constant for both scenarios.
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The simulation results of the two scenarios will be compared with
the simulation result of the irrigation canal without any provision to
trap the sediment in the first 1000 m. A relative deposition will be
used for comparison of the simulation cases. The relative deposition is
expressed as:

Relative deposition =
volume of deposited sediment in
the first 1000 m
total volume of entering sediment

(7.6)

Results of the simulations are compared in figure 7.5. Scenario 2 (deep-
ening) holds more sediment than Scenario 1 (widening) for the same flow
and sediment transport conditions. Scenario 2 has even accumulated four
times more sediment than the canal without any sediment control. The
controlled deposition by the two scenarios is very effective for the whole
simulation period.
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Figure 7.5. Relative sediment
deposition of the two scenarios
for controlling the sediment
deposition.

The simulation results of the deposition due to the deepening of the
canal are shown in figure 7.6. The figure gives the actual and equilib-
rium concentration at the beginning of the simulation period and after
90 days. The sediment trap gives very small equilibrium concentra-
tions and a high deposition during the simulation period. At the end
of the 90 days the equilibrium concentration rises to the actual con-
centration and the point at which the sediment trap is cleaned becomes
critical.

The simulation results of the deposition due to the widening of the first
canal reach are shown in figure 7.7. The behaviour of the actual and equi-
librium concentration is rather similar to the one previously described.
The widening shows much less deposition than the deepening of the
canal.
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Figure 7.6. Sediment transport
and sediment deposition in an
irrigation canal with controlled
deposition (a deepening of
0.50 m of the bottom over the
first 1000 m of the canal).
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irrigation canal with controlled
deposition (by widening the
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7.5 CASE 4 – FLOW CONTROL STRUCTURES

One of the main design criteria for irrigation canals is the command
level, which states that the canals should be able to deliver irrigation
water at the right elevation to the command area. In view of this cri-
terion flow control structures are needed to keep the water level at the
command or target level for any discharge during the irrigation season.
Two cases with a different type of control structure will be considered;
namely:
• a structure with undershot flow (Case 4.1);
• a structure with overflow (Case 4.2).

Here the ability of structures to convey sediments will be evaluated; other
(operational) aspects that might influence the selection of a structure will
not be considered. Bed load and suspended load are conveyed by all
structures with undershot flow; structures with overflow are also able
to convey the suspended load, but any bed load will be trapped. To com-
pare both control structures, they are placed at the downstream end of
the canal and will maintain the water level at +41.65 m above reference
level.

To compare the two structures the total deposition in the two cases is
used on a relative basis:

Relative sediment deposition =
total sediment deposition
in Case 4.2
total sediment deposition
in Case 4.1

(7.7)

The distribution of the deposition along the canal is evaluated by a relative
change in bottom level, which is expressed as:

Relative change in bottom level =
variation of bottom level
in Case 4.2
variation of bottom level
in Case 4.1

(7.8)

Figure 7.8 shows the simulation results after 90 days, namely the volume
of sediment deposited before each structure and the relative deposi-
tion according to equation 7.7. The relative deposition shows that the
deposition in Case 4.2 (overflow) is always larger than in Case 4.1 (under-
shot). The bed load passing the undershot structure is larger than the
capacity of the overflow structure. In this Case 4 the three sediment
predictors have also been compared. The Engelund-Hansen gives the
largest sedimentation and the Ackers-White method gives the smallest



144 A New Approach to Sediment Transport

Sediment deposition

Sediment deposition

Relative sediment deposition

Undershot control

Overflow control

Bro

E-H

A-W

Bro

Bro

E-H

E-H

A-W

A-W

Days

30 45 60 75 9015

Days

30 45 60 75 9015

Days

30 45 60 75 9015

14

10
8
6
4
2
0

12

D
ep

os
iti

on
 (

10
3  

m
3 )

14

10
8
6
4
2
0

1.2

1.1

0

12

D
ep

os
iti

on
 (

10
3  

m
3 )

R
el

at
iv

e 
de

po
si

tio
n

Figure 7.8. Total sediment
deposition and relative sediment
deposition for the two types of
flow control structures.

sedimentation; these observations are in line with the discussions in
Chapter 5.

Figure 7.9 shows the variation in bottom level for both structures along
the entire canal. The graph presents an important difference in the distri-
bution of the deposition before the two structures. The overflow structure
shows a clear increase in sedimentation for the last 400 m upstream of the
structure. The deposition in the reach from 0 m–9000 m is comparable for
both structures. The relative change in bottom level in both cases is shown
in figure 7.9.
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7.6 CASE 5 – OPERATION ACTIVITIES

Sustainable management of an irrigation system comprises all the
necessary operation and maintenance activities to deliver water to the users
at the right time, at the correct level and with the proper discharge. Each
irrigation scheme is operated in a different way. The operation depends
on various factors, such as the water availability, management of the
water supply, scheduling of water delivery, control of water levels and
discharges, water measurement, qualification of the operation personal,
institutional limitations, field water requirements, water rights, evaluation
and monitoring and maintenance activities. This large range of miscel-
laneous options and constraints makes it difficult to develop a general
selection procedure for the most effective operation (Walker, 1993). For-
mulation of an operation plan for a certain system requires the evaluation
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of several scenarios in view of the reliability of the water delivery. One
of the aspects related to the reliability is the risk of sediment deposition
in the system. The simulation of several operation scenarios will support
the evaluation of various effects of the operation on the deposition in a
canal network. In order to assess these effects a canal network will be
schematized and the main data include the irrigation requirements, the
geometrical and hydraulic data and incoming sediment characteristics.
The network consists of a 16 km long main canal that delivers water to
two laterals and to a reach downstream of the main canal. The main canal
has three reaches, namely AB, BC and CD. The lateral B1 delivers water to
the area B that is 5 km from the head of the main canal. The second lateral
C1 conveys water to the area C and is about 11 km downstream of the
intake. The reach CD conveys water to the canal downstream of D, which
will irrigate the area D. Long crested weirs at the division points B, C and
D control the water flow. One drop of 0.66 m is integrated in the struc-
ture at node B and another drop of 0.60 m is located at node C. Table 7.1
shows the geometrical and hydraulic characteristics of the reaches AB,
BC and CD. Figure 7.10 shows the schematization of the network and the
longitudinal profile of the main canal.

Table 7.1 Geometrical characteristics of a main irrigation canal.

Reach Length Width Roughness Side slope Bottom slope
(−) L (m) B (m) ks (m) m (−) S0 (10−3)

A–B 5000 10 0.03 2 0.08
B–C 6000 10 0.03 2 0.08
C–D 5000 8 0.03 2 0.10

A B

B1 C1

C D
Area D

Area B Area C

(a) Schematization of an irrigation system

A B C
D

(b) Longitudinal profile of a main canal

Figure 7.10. Schematization of
an irrigation system and
longitudinal profile of the main
canal.

The irrigation season is characterized by three periods in which the
water requirement for each area is given in Table 7.2.

For the simulation of the effects of the operation plan on the depos-
ition in the main canal, four scenarios are analyzed. All of them comply
with the water requirements and the water supply for the irrigated areas.
The Ackers-White sediment transport predictor is used to compute the
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Table 7.2 Water needs during the irrigation season of the irrigated area.

Irrigated area Period

Area ha 1 2 3

Duration in Needs in Duration in Needs in Duration in Needs in
days l/s.ha days l/s.ha days l/s.ha

B 5000 28 0.8 28 1 28 0.8
C 5000 28 0.8 28 1 28 0.8
D 15000 28 0.8 28 1 28 0.8

sediment transport capacity. In this hypothetical case the distribution
efficiency of the main canal is assumed to be 100%. The incoming
sediment load at the head A during the whole irrigation season is
characterized by:
• median diameter d50 = 0.15 mm
• sediment concentration = 300 ppm

The four scenarios are:
• Scenario 1 (continuous flow): a continuous flow to all canals during the

whole season;
• Scenario 2 (rotational flow by hour): the rotational flow during a day

towards the lateral B1 and C1; each lateral receives water for 12 hours
every 24 hours;

• Scenario 3 (rotational flow by day): a rotational flow on a daily basis
for the lateral B1 and C1; each lateral receives water for every other day;

• Scenario 4 (rotational flow by week): a rotational flow on a weekly
basis for the lateral B1 and C1; each lateral receives water for every
other week.

The deposition during the season is determined for the entire canal ABCD
for each scenario. The equilibrium sediment concentration for Scenario
1 (continuous flow) is always smaller than the incoming, the actual sed-
iment load, in terms of time as well as space (see figure 7.11). Only at
the downstream end of the canal reaches is the equilibrium concentra-
tion (sediment transport capacity) larger than the actual concentration;
this is due to the local hydraulic aspects of the overflow structures (see
the previous case). The mean velocities at these structures are increased
due to the contraction at, and the drop downstream of, the structures.
Although the transport capacity increases to some extent during the sec-
ond period, a decreasing sediment transport capacity can still be observed
in the downstream direction and along the entire main canal. As the actual
load is larger than the transport capacity of the canal, sediment deposi-
tion occurs during all the periods and in the entire canal. Details of the
sediment concentration at the end of each irrigation period (periods 1, 2
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and 3) are shown for a continuous flow in figure 7.11. The figure at the
bottom of Figure 7.11 shows the variation in bottom level at the end of
Period 3. At the head of the canal the deposition is about 0.30 m, which
decreases in the downstream direction; at the downstream end, in the reach
CD, the deposition is about 0.10–0.15 m. The overflow structure clearly
increases the sediment deposition.
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Figure 7.11. Equilibrium and
actual concentration at the end
of the irrigation periods 1, 2 and
3 and variation of the bottom
level at the end of the simulation
(continuous flow).

Figures 7.12 and 7.13 shows the sediment transport on the last day at
the end of the three simulation periods, when the water has been diverted
to the lateral B1 and lateral C1 respectively on a rotational 12-hourly basis.
The transport capacity changes over time. The first change is due to the
varying flow condition in the reach BC that follows from the rotational
flow to either B or C. The second change is due to the varying irrigation
requirements during the three irrigation periods that result in changing
discharges. These changes in canal flow produce alternatively deposition
and entrainment.
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Figure 7.12. Equilibrium and
actual concentration at the end of
the irrigation periods 1, 2 and 3
during the first turn of irrigation
(rotational flow by hour).
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In the reach AB the incoming concentration is always larger than
the equilibrium concentration during Period 1 and deposition will occur.
During the second period the discharge and the equilibrium concentration
increase and the sediment load in reachAB is conveyed in a nearly equilib-
rium condition and with a minimum of deposition to the second reach BC.

The flow in reach BC is characterized by a gradually varied flow (back-
water curve) with a very low velocity decreasing in downstream direction.
In the first half of the day (fig. 7.12) the lateral B1 is open and the lateral
C1 is closed. Deposition is observed in the reach BC during that part of
the day. The increase of the discharge during the second period is not
large enough to convey the sediment load entering reach BC. The con-
centration entering the next reach CD is small due to the large deposition
in the previous reach and the sediment load is transported to the end of
the canal with only very small deposition in reach CD. In the second half
of the day (fig. 7.13), the lateral B1 is closed and the lateral C1 is open.
The reach AB behaves rather similarly to the previous turn, but with a
lower equilibrium concentration due to the fact that the water level over
the weir crest is slightly higher than in the previous turn. The sediment
transport capacity in reach BC is larger than the actual sediment load. In
the second irrigation period the increase of the discharge in the reach BC
produces a gradually varied flow (drawdown curve). Therefore an increas-
ing transport capacity in the downstream direction and the entrainment of
the previous deposited sediment are observed. The sediment load entering
the next reach (reach CD) is larger due to the entrained sediment in the
previous reach. For this flow condition, sediment deposition is observed
throughout the whole season in the reach CD.

The variation of the bottom level at the end of the simulation period
for this operation scenario (2) is shown in figure 7.14. The figure clearly
shows that the main depositions occur in the reach AB and CD, while the
deposition in reach BC is limited due to the rotational flow.
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Figure 7.14. Variation of the
bottom level during the
simulation period (rotational
flow by hour).

In scenarios 3 and 4 (rotational flow either by day or by week) the
sediment transport behaves completely similarly to Scenario 2, but with
other time intervals for the deposition and entrainment due to the different
irrigation intervals for the three scenarios. Figures 7.15 and 7.16 shows
the variation in the equilibrium and actual concentration at the end of
the three periods (periods 1, 2 and 3) during the second turn of irrigation,
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actual concentration at the end
of the irrigation periods 1, 2 and
3 and variation of the bottom
level at the end of the simulation
period (rotational flow by day).

namely after the rotational flow to branch C1. As explained in the previous
scenario (2) the transport capacity during the second period reaches values
larger than the incoming sediment load, and deposition and erosion of the
previously deposited sediment is observed. The total sediment deposition
for the three scenarios is almost the same and the observed differences
mainly occur in the location of the deposition in each of the reaches.

In order to compare the deposition for each scenario, a relative sedi-
ment deposition is used that is related to the deposition observed for
continuous flow (Scenario 1) and is expressed as:

Relative deposition =
computed sediment deposition by
scenario 1
computed sediment deposition by
scenarios 2, 3, or 4

(7.9)
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Figure 7.16. Equilibrium and
actual concentration at the end
of the irrigation periods 1, 2 and
3 and variation of the bottom
level at the end of the simulation
(rotational flow by week).

Figure 7.17 gives the relative deposition for each scenario and the
following conclusions:
• the largest deposition in the entire canal (all reaches together) is

observed for Scenario 1. The deposition for this scenario is about 20%
larger than for the other scenarios; the relative deposition is about 1.2.
The sediment depositions in scenarios 2, 3 and 4 are almost the same;

• in the reach AB the deposition in all the scenarios is about the same; the
differences are less than 5% . These small differences can be explained
by the different time intervals that a specific head occurs on the weir
during each of the four scenarios;

• the deposition in reach BC for Scenario 1 is 2–3.5 times the deposition
for Scenario 2, 3 and 4. In the latter scenarios, the equilibrium con-
centration increases during the time that lateral C1 is open and lateral
B1 is closed and during the second period. This increase is beyond the
incoming sediment load and produces entrainment of the previously
deposited sediment;
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• in reach CD the deposition of Scenario 1 is approximately half the
deposition of scenarios 2, 3 and 4. In the scenarios 2, 3 and 4 the
sediment load leaving reach BC is very small due to the relative large
deposition in that reach and therefore the sediment load entering reach
CD can be transported with a minimum of deposition;
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• the total deposition in and its distribution over the canals are important
aspects in the selection of the optimal operation strategy for the water
delivery by an irrigation network.

7.7 CONCLUSIONS

Reflecting on the previously presented simulation results for the differ-
ent scenarios, it can be concluded that the SETRIC model is a useful
tool for a qualitatively assessment of the sediment deposition within
irrigation canals under diverse flow conditions and sediment character-
istics. Nonetheless, the mathematical model still has to be calibrated and
validated before the model can be fully used as a simulation tool. The per-
formance of the model has to be confirmed by field measurements that
should prove whether the physical processes are well represented by the
model or whether there are some deficiencies as a result of the assumptions
used to describe those processes. Monitoring of the sediment deposition
in an irrigation network is needed to evaluate the model and to investigate
the response of the bottom level in time and space to determine water flows
and sediment characteristics. Influences such as the type and operation
of flow control structures, geometrical characteristics of the canals, water
flow and the incoming sediment characteristics on the deposition, which
the mathematical model predicts, will contribute to an enhanced under-
standing of the sediment transport processes under the flow conditions
prevailing in irrigation canals.
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Symbols

SI-UNITS

Basic units

Quantity Unit SI symbol

Length meter m
Mass kilogram kg
Time second s
Plane angle radian rad

Derived units

Quantity Unit SI symbol

Acceleration meter per second squared m/s2

Area square meter m2

Density kilogram per cubic meter kg/m3

Discharge cubic meter per second m3/s
Energy Joule J = N · m
Force Newton N = kg · m/s2

Pressure Pascal Pa = N/m2

Power Watt W = Nm/s
Velocity meter per second m/s
Viscosity, dynamic Pascal-second Pa · s
Viscosity, kinematic square meter per second m2/s
Volume cubic meter m3
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SYMBOLS

Symbol Quantity Unit Dimension

A Area, cross section area (m2) L2

a Height of half roughness k/2 (m) L
B Channel bottom width (m) L
Bo Channel width; bed width (m) L
Bs Water surface width (m) L
Bs Sediment transport width (m) L
Bs Water surface width (m) L
C de Chézy resistance coefficient (m1/2/s) L1/2T−1

C ′ de Chézy coefficient due to skin resistance (m1/2/s) L1/2T−1

C ′′ de Chézy coefficient due to form resistance (m1/2/s) L1/2T−1

c Sediment concentration (%, ppm by mass) –
C Sediment concentration (%, ppm by mass) –
c0 Concentration at length x = 0 (%, ppm by mass) –
C0 Total sediment concentration at x = 0 (%, ppm by mass) –
ca Reference concentration at level ‘a’ from the bottom (%, ppm by mass) –
cb Bed load concentration (%, ppm by mass) –
Cc Contraction coefficient (−) –
Cd Discharge coefficient (−) –
CD Drag coefficient (−) –
ce Equilibrium concentration (%, ppm by mass) –
Ce Total equilibrium sediment concentration (%, ppm by mass) –
Ce Effective Chézy coefficient (m1/2/s) L1/2T−1

C ′
e Modified effective Chézy coefficient (m1/2/s) L1/2T−1

Cf Friction coefficient, (u∗/v)2 (−) –
ct or Ct Total sediment concentration (%, ppm by mass) –
Cv Velocity coefficient (−) –
d Particle diameter (m) L
D Diameter (m) L
d∗ Dimensionless particle diameter (−) –
D∗ Dimensionless particle parameter (−) –
d50 Median particle diameter (m) L
di Diameter of i-percent finer than di (m) L
di Representative particle diameter (m) L
dr Discrepancy ratio (−) –
e Exponential number; e = 2.71828 (−) –
E Total energy in relation to a horizontal datum (J/N)
Es Specific energy in relation to lowest point of (Nm/N) L

a cross-section
f Darcy-Weisbach resistance coefficient (−) –
f Friction factor (−) –
f Lacey’s silt factor (−) –
F Shape factor (−) –
f (…) Function of (−) –
Fg Grain Froude number (−) –
Fg Weed factor (−) –
Fgcr Critical grain Froude number (−) –
Fgr Dimensionless mobility parameter (−) –
Fr Froude number (−) –

(Continued )
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Symbol Quantity Unit Dimension

g Acceleration due to gravity (m/s2) LT−2

Ggr Dimensionless mobility parameter (−) –
h Water depth (m) L
K Error factor (−) –
k Roughness height (m) L
ks Roughness height of Nikuradse (m) L
k ′

s Grain roughness height (m) L
k ′′

s Bed form roughness height (m) L
kse Effective equivalent roughness (m) L
ks Strickler coefficient (m1/3/s) L1/3T−1

km,d Modified km for a canal depth d (Strickler) (m1/3/s) L1/3T−1

km,1m Reference km for a canal depth of 1.0 m (Strickler) (m1/3/s) L1/3T−1

l, L Length (m) L
LA Adaptation length (m) L
m Side slope (1:m) (−) –
M Momentum function (−) –
n Manning resistance coefficient (s/m1/6) L1/6

ne Equivalent Manning coefficient (s/m1/6) L1/6

P Wetted perimeter (m) L
p Porosity (−) –
P Power (W) –
Q Discharge; water discharge, flow discharge (m3/s) L3T−1

q Discharge per unit width of flow (m3/s/m) L2T−1

q∗ Dimensionless unit discharge (−) –
qb Bed load transport rate per unit width (m3/s/m) L2T−1

qe Equilibrium sediment discharge (m3/s/m) L2T−1

qs Volumetric rate of sediment transport per unit (m3/s/m) L2T−1

width of flow
qs Sediment discharge per unit width (m3/s/m) L2T−1

Qs Total sediment discharge (m3/s) L3T−1

Qso Sediment discharge at upstream point (m3/s) L3T−1

qst Flow discharge in a stream tube (m3/s) L3T−1

qsus Suspended load transport per unit width (m3/s/m) L2T−1

r Radius (m) L
R Hydraulic radius (m) L
Re Reynolds number (−) –
Re∗ Particle Reynolds number (−) –
Rg Grain Reynolds number (−) –
Rv Velocity ratio (−) –
S Slope (−) –
s Relative density (−) –
s.f. Shape factor (−) –
Sf Friction slope (−) –
So Bed slope (−) –
t Time coordinate (s) T
T Excess bed shear stress parameter (−) –
TA Adaptation time (s) T
T /Q Relative transport capacity (−) –
u∗ Shear velocity (m/s) LT−1

u∗,cr Critical shear velocity (m/s) LT−1

u, v, w Component of velocity in the X , Y and Z direction (m/s) LT−1

(Continued )



166 A New Approach to Sediment Transport

Symbol Quantity Unit Dimension

v Local velocity in x direction (m/s) LT−1

V Volume (m3) L3

V Mean velocity of flow (m/s) LT−1

v∗ Shear velocity (m/s) LT−1

v∗C Critical value of v∗ associated with incipient motion of (m/s) LT−1

bed particles
Vcr Critical mean velocity (m/s) LT−1

vy Local velocity in y direction (m/s) LT−1

vav Average velocity of the water (m/s) LT−1

w Local velocity in z direction; (m/s) LT−1

ws Fall velocity of a sediment particle (m/s) LT−1

x, y, z Cartesian coordinates (m) L
y Flow depth; vertical scale; water depth (m) L
yc Critical depth (m) L
yn Normal depth (m) L
z Bed elevation above datum (m) L
Z Suspension number (−) –
∞ Infinite (−) –

GREEK SYMBOLS

Symbol Quantity Unit Dimension

α Correction factor (−) –
α Angle radian –
β Momentum correction factor (Boussinesq) (−) –
γ Specific weight (N/m3) FL−3

γd Form factor (−) –
γr Ripple presence (−) –
δb Saltation height (m) L
δ Boundary layer thickness (m) L
	 Increment (−) –
	 Relative density: 	 = (ρs − ρ)/ρ (−) –
	 Bed form height (m) L
λ Bed form length (m) L
ε Mixing coefficient (m2/s) L2T−1

η Eddy viscosity (kgs/m2) FTL−2

σs Geometric standard deviation (−) –
ρ Density (kg/m3) FT2L−4

ρs Density of the sediment particles (kg/m3) FT2L−4

ρw Density of water (kg/m3) FT2L−4

θ Shields parameter (−) –
θ Dimensionless mobility parameter (−) –
θcr Dimensionless critical mobility parameter (−) –

(Continued )
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Symbol Quantity Unit Dimension

κ von Karman’s constant; 0.4 (−) –
φ Dimensionless bed load sediment transport rate (−) –
φ Functional relationship among non-dimensional parameters (−) –
ψ Stratification correction (−) –
ν Kinematic viscosity ν = µ/ρ (m2/s) L2T−1

νt Effective viscosity (m2/s) L2T−1

µ Absolute viscosity or dynamic viscosity (Pa · s)
π Ratio of circular circumference and diameter; π = 3.14159 (−) –
τ Shear stress (N/m2 or Pa) FL−2

τ Tractive force (N/m2 or Pa) FL−2

τbx Bottom shear stress (N/m2) FL−2

τcr Critical shear stress (N/m2) FL−2

τ ′
cr Critical shear stress for initiation of suspension (N/m2) FL−2

τ ′ Grain shear stress (N/m2) FL−2

τxy Effective shear stress (N/m2) FL−2

σ Standard deviation (−) –

 Summation symbol (−) –





APPENDIX A

Methods to Estimate the Total Sediment
Transport Capacity in Irrigation Canals

A.1 INTRODUCTION

The design and operation of irrigation canals are based on the prin-
ciple that no deposition or erosion occurs during certain periods. Good
designs of an irrigation network as well as a well-operated irrigation sys-
tem require an accurate prediction of the sediment transport of irrigation
canals.

There is no universally accepted equation to determine the total trans-
port capacity of sediment in irrigation canals. Many methods predict the
sediment transport under a large range of flow conditions and sediment
characteristics. The available prediction methods include the methods of
Lane-Kalinski (1941), Einstein (1950), Colby (1964), Bishop et al. (1965),
Bagnold (1966), Engelund-Hansen (1967), Chang et al. (1967), Toffaletti
(1969), Ackers-White (1973), Yang (1979), Brownlie (1981), van Rijn
(1984), etc. However, the predictability of all of them is still poor. Van
Rijn (1984) stated that it is impossible to predict sediment transport with
an accuracy of less than 100%. Therefore, it is quite difficult to make firm
recommendations about which method to use in practice. Nevertheless,
a comparison of sediment transport methods under the typical flow con-
ditions and sediment characteristics of irrigation canals could become a
powerful tool to reduce inevitable errors and inaccuracy. It is not possible
to check all the existing methods to predict sediment transport. In these
notes five of the most widely used methods to compute sediment transport
will be presented. These methods are:
• Ackers-White;
• Brownlie;
• Engelund-Hansen;
• Van Rijn;
• Yang.
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A.2 ACKERS AND WHITE METHOD

The method as developed by Ackers and White (1973) is based on
flume experiments with sediment with a uniform or nearly uniform size
distribution, with fully established flow conditions including bed forms,
for water depths smaller than 0.4 m and for flows in the lower flow regime
with Fr < 0.8. The method uses three dimensionless parameters, namely
the grain size sediment parameter D∗, the mobility parameter Fgr and the
transport parameter Ggr to describe the sediment transport.
• The grain size sediment parameter D∗ reflects the influence of gravity,

density and viscosity:

D∗ =
[

(s − 1)g
ν2

]1/3
d35 (A.1)

• The mobility parameter Fgr is the ratio of the shear force on a unit area
of the bed to the immersed weight of a layer of grains. The equation for
the transitional range (1 < D∗ < 60) is:

Fgr = un∗√
g d35(s − 1)

⎡
⎣ V√

32log
(

10 h
d35

)
⎤
⎦

1−n

(A.2)

Where:

n = 1.00 − 0.56 log D∗ (A.3)

• The transport parameter Ggr is based on the stream power concept and
the equation reads:

Ggr = c
(

Fgr

A
− 1

)m
(A.4)

With

A = 0.23√
D∗

+ 0.14 (A.5)

m = 9.66
D∗

+ 1.334 (A.6)

log c = 2.86 log D∗ − ( log D∗)2 − 3.53 (A.7)

TheAckers and White function for the total sediment transport reads as:

qs = Ggr v d35

(
V
u∗

)n
(A.8)

Where:
D∗ = grain parameter (dimensionless)
d35 = representative particle diameter (m)
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h = water depth (m)
ν = kinematic viscosity (m2/s)

Fgr = mobility parameter (dimensionless)
A = value of Fgr at the nominal, initial movement

Ggr = transport parameter (dimensionless)
c = coefficient in the transport parameter Ggr

m = exponent in the transport parameter Ggr
n = exponent in the mobility parameter Fgr

u∗ = shear velocity (m/s)
V = mean velocity (m/s)
qs = total sediment transport per unit width (m2/s)

A.3 BROWNLIE METHOD

The Brownlie method (1981) to compute the sediment transport is based
on a dimensional analysis and calibration of a wide range of field and
laboratory data, where uniform conditions prevailed. The transport (in
ppm by weight) is calculated by:

qs = 727.6 cf (Fg − Fgcr)1.978 S0.6601
(

R
d50

)−0.3301
(A.9)

• grain Froude number:

Fg = V
[(s − 1)g d50]0.5 (A.10)

• critical grain Froude number:

Fgcr = 4.596τ0.5293∗o
S−0.1405 σ−0.1606

s (A.11)

• critical shear stress

τ∗o = 0.22Y + 0.06(10)−7.7Y (A.12)

The value of Y follows from:

Y = (
√

s − 1Rg)−0.6 (A.13)

• grain Reynolds number:

Rg = (g d3
50)0.5

31620 ν
(A.14)

Where:
cf = coefficient for the transport rate;

for laboratory conditions: cf = 1
for field conditions: cf = 1.268

Fg = grain Froude number (dimensionless)
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Fgcr = critical grain Froude number (dimensionless)
τ∗o = critical shear stress
σs = geometric standard deviation
S = bottom slope (dimensionless)

d50 = median diameter (mm)
Rg = grain Reynolds number (dimensionless)
R = hydraulic radius (m)
ν = kinematic viscosity (m2/s)

A.4 ENGELUND AND HANSEN METHOD

The method of Engelund and Hansen (1967) is based on energy consider-
ations and a relationship between the transport and mobility parameters.
The total sediment transport is calculated by:
• Transport parameter φ

φ = qs√
(s − 1)g d3

50

(A.15)

• Mobility parameter θ

θ = u2∗
(s − 1)g d50

(A.16)

The relationship between the parameters is expressed by:

φ = 0.1θ2.5 C2

2g
(A.17)

The total sediment transport is expressed by:

qs = 0.05 V 5

(s − 1)2 g0.5 d50 C3 (A.18)

Where:
qs = total sediment transport (m3/s.m)
θ = mobility parameter
φ = transport parameter
V = mean velocity (m/s)
C = de Chézy coefficient (m1/2/s)
u∗ = shear velocity (m/s)

d50 = mean diameter (m)

The Engelund and Hansen function for the total sediment transport has
been evaluated with laboratory data that were characterized by graded
sediment (σs < 1.6) with median diameters d50 of 0.19 mm, 0.27 mm,
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0.45 mm and 0.93 mm. The method is not recommended for the cases, in
which the median size of the sediment is smaller than 0.15 mm and the
geometric standard deviation is greater than 2.

A.5 VAN RIJN METHOD

The van Rijn method (1984a and 1984b) computes the total sediment
transport. The total transport is the summation of the bed and suspended
load transport (qs = qb + qsus). The bed load transport qb is given by the
product of the saltation height, the particle velocity and bed load concen-
tration. The method assumes that the gravity forces dominate the motion
of the bed particles. The method of van Rijn has been evaluated with data
from tests that had the following characteristics:
• mean velocity = 0.31−1.29 m/s
• flow depth = 0.1−1.0 m
• median diameter = 0.32−1.5 mm

The bed load transport follows from:

qb = ub δb cb (A.19)

• Particle velocity ub

ub = 1.5T 0.6[(s − 1) g d50]0.5 (A.20)

• Saltation height δb:

δb = 0.3 D0.7∗ T 0.5 d50 (A.21)

• Bed load concentration cb:

cb = 0.18 co
T
D∗

(A.22)

With:

T = (u′∗)2 − (u∗,cr)2

(u∗,cr)2 (A.23)

u′∗ = g0.5V
C ′ (A.24)

D∗ =
[

(s − 1)g
ν2

]1/3
d50 (A.25)

Replacing equations A.20 to A.25 in equation A.19 gives:

qb = 0.053(s − 1)0.5 g0.5 d1.5
50 D−0.3∗ T 2.1 (A.26)
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Where:
qb = bed load transport (m2/s)
ub = particle velocity (m/s)
cb = bed load concentration
c0 = maximum volumetric concentration = 0.65
T = bed shear parameter

D∗ = particle parameter
u′∗ = bed shear velocity related to grains (m/s)
C ′ = de Chézy coefficient related to grains (m1/2/s)
C = 18 log (12 h/3d90)
δb = saltation height (m)

d50 = median diameter (m)

The suspended load transport follows from:

qsus = F V h ca (A.27)

The suspended sediment transport qsus, is the depth integrated product
of the local concentration and the flow velocity. The method of van Rijn
(1984b) is based on the computation of the reference concentration from
the bed load transport.

The field and laboratory data came from tests with the following
characteristics:
• mean velocity = 0.4−2.4 m/s
• flow depth = 0.1−17 m
• median diameter = 0.1−0.4 mm

With:
• shape factor F :

F = (a/h)Z ′ − (a/h)1.2

(1 − a/h)Z ′ (1.2 − Z ′)
(A.28)

• suspension parameter Z

Z = ws

β κ u∗
(A.29)

β = 1 + 2
(

ws

u∗

)2
(A.30)

• modified suspension parameter Z ′

Z ′ = Z + ψ (A.31)

ψ = 2.5
(

ws

u∗

)0.8 (
ca

c0

)0.4
(A.32)
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• reference concentration ca

ca = 0.015 d50 T 1.5

a D0.3∗
(A.33)

• reference level a

a = 0.5 	 or a = ks with amin = 0.01 h (A.34)

• representative particle size of suspended sediment ds

ds = [1 + 0.011(σs − 1)(T − 25)]d50 (A.35)

Where:
F = shape factor
V = mean velocity (m/s)
u∗ = shear velocity (m/s)
ca = reference concentration
h = water depth (m)

D∗ = particle parameter
a = reference level (m)
Z = suspension number

Z ′ = modified suspension number
β = ratio of sediment and fluid mixing coefficient
ψ = stratification correction
κ = constant of von Karman

σs = geometric standard deviation
d50 = median diameter (mm)
ds = representative particle size of suspended sediment (m)
ws = fall velocity of representative particle size (m/s)
T = transport stage parameter
	 = bed form height (m)
ks = equivalent roughness height (m)

u∗,cr = critical bed shear velocity (m/s)

A.6 YANG METHOD

The method proposed by Yang (1973) is based on the hypothesis that the
sediment transport in a flow should be related to the rate of energy dissi-
pation. The rate of energy dissipation is defined as the unit stream power
and can be expressed by the velocity times slope (V ∗ S). The theoretical
basis for Yang’s unit stream power is provided by the turbulence theory.
By integrating the rate of turbulence energy production over the depth,
the suspended sediment transport can be expressed as function of the unit
stream power.
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The total sediment transport can be expressed in ppm by mass as a
function of the unit stream power by:

log ct = I + J log

(
VS − VcrS

ws

)
(A.36)

Yangs coefficients are:

I = 5.435 − 0.286 log

(
ws d50

ν

)
− 0.457 log

(
u∗
ws

)
(A.37)

J = 1.799 − 0.409 log

(
ws d50

ν

)
− 0.314 log

(
u∗
ws

)
(A.38)

• critical velocity for initiation of motion Vcr:

Vcr = 2.05 ws (A.39)

The total load transport is calculated by:

qs = 0.001ct V h (A.40)

Where:
qs = total load transport (kg/s.m)
ct = total sediment transport expressed in ppm by mass
V = mean velocity (m/s)

Vcr = velocity for initiation of motion (m/s)
h = water depth (m)
S = bottom slope

I , J = coefficients in Yang’s function for the total sediment transport
ws = fall velocity (m/s)

d50 = median diameter (m)
u∗ = shear velocity (m/s)
v = kinematic viscosity (m2/s)

EquationsA.36 andA.40 have been verified with laboratory and field data
from tests within the following ranges:
• sediment size = 0.15–1.71 mm
• mean velocity = 0.23–1.97 m/s
• water depth = 0.01–15.2 m
• concentration = 10–585,000 ppm
• bottom slope = 0.043 ∗ 10−3−27.9 ∗ 10−3



APPENDIX B

Methods to Predict the Friction Factor

The selection of methods to predict the friction factor in irrigation canals
include:
• van Rijn (1984c);
• Brownlie (1983);
• White, Bettess & Paris (1979);
• Engelund (1966).

The methods to estimate the friction factor in irrigation canals will make
use of the de Chézy coefficient. The Darcy-Weisbach friction factor f as
well as the coefficients of Manning (n) and Strickler (ks) can be applied
when the following relationships are used:

C =
√

8 g
f

or C = R1/6

n
(B.1)

Where:
C = de Chézy coefficient (m1/2/s)
f = Darcy-Weisbach’s friction factor
n = Manning’s coefficient (m1/3/s)

ks = Strickler coefficient (s/m1/3)
R = hydraulic radius (m)
g = gravity acceleration (m/s2)

B.1 VAN RIJN

The de Chézy coefficient depends on the type of flow regime. Based on
the bed-roughness condition the flow regime in open canals can be divided
in: smooth, rough and a transition regime. Roughness conditions on the
bottom are simulated by using an equivalent height of the sand roughness
ks, which is equal to the roughness of sand that gives a resistance similar to
the resistance of the bed form. The dimensionless value of u∗ks/v is used
as the classification parameter to distinguish the type of flow regime. Van
Rijn (1993) described the type of flow regimes as presented in table B.1.
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Table B.1. Hydraulic regime types.

Type of regime Classification parameter u∗ks/ν

Smooth u∗ks/ν < 5
Transition 5 < u∗ks/ν < 70
Rough u∗ks/ν > 70

Depending on the bed condition the flow regimes in irrigation canals
can be determined as: Plane bed: for plane beds (no motion) the equivalent
height ks is related to the largest particles of the bed material. Van Rijn
(1982) described the equivalent roughness height as ks = 3 d90.

Assuming a uniform sediment size distribution in irrigation canals
(d90 ≈ 1.5 d50), the equivalent roughness height of the sediment for plane
beds can be represented by:

ks = 4.5 d50 (B.2)

Where:
d50 = median diameter of the sediment (m)

ks = equivalent height roughness (m).

The parameter u∗ks/ν for a plane bed (bed without motion) follows from:
ks = 4.5 d50;
u∗ = critical Shield shear velocity (u∗,cr)

Values of this parameter for various sediment diameters and for a plane
bed are shown in table B.2. The flow regimes that belong to the condition
of a plane bed are the regimes smooth and transition.

Table B.2. u∗ks/ν parameter for plane bed (no motion).

d50 (mm) 0.05 0.10 0.15 0.20 0.25 0.30 0.35 0.40 0.45 0.50

u∗,crks/ν 2.8 5.1 8.2 11.5 14.9 18.5 21.3 25.8 30.6 35.7

Bed forms: for higher velocities, the occurrence of bed forms changes
the bed roughness. The effective roughness or the total equivalent height
follows from van Rijn (1984c):

ks = k ′
s + k ′′

s (B.3)

Where:
ks = total equivalent height (m)
k ′

s = equivalent height related to the grain (m)
k ′′

s = equivalent height related to the bed form (m)
Values for k ′

s and k ′′
s follow from the equations given by van Rijn (1982):

k ′
s = 3 d90 to 4.5 d50 (B.4)
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k ′′
s = 20γr	r

(
	r

λr

)
(Ripples) (B.5)

k ′′
s = 1.1γd	d(1 − e−25 	d

λd ) (Dunes) (B.6)

Where:
γr = ripple presence (γ = 1 for ripples alone)
γd = form factor (γd = 0.7 for field conditions)
	r = ripple height (	r = 50 to 200 d50)
	d = dune height
λr = ripple length (λr = 500 to 1000 d50)
λd = dune length

The resistance due to the grain roughness is small compared to the one
caused by the geometry of the bed form. Many attempts have been made
to describe the geometry of ripples and dunes. Yalin (1985) described the
geometry of ripples generated by a subcritical flow in channels with cohe-
sionless and uniform bed material. The ripple length λr is in the interval:

600 D ≤ λr ≤ 2000 D (B.7)

The “largest population” of the ripple lengths can be found within the
range:

900 d50 ≤ λr ≤ 2000 d50 (B.8)

A value that represents the ripple length well can be given by:

λr ∼= 1000 d50 (B.9)

The ripple height can be described by Yalin (1985):

	r is 50 to 200 d50 (B.10)

Where:
D = representative grain size (D = d50)
λr = ripple length (m)
	r = ripple height (m)

For practical purposes it can be assumed that for 	r = 100 d50 and
λr = 1000 d50:

	r

λr
≈ 0.1 for 1 ≤ D∗ ≤ 10 and T ≤ 3 (B.11)

Another bed form in the lower regime (Fr < 0.8) is the dunes. The shape
of the dunes is similar to the shape of ripples, but their length and height
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are greater than those of ripples are. Relationships for dune length and
dune height have been based on flume and field data and are given by van
Rijn (1994):

	d

h
= 0.11

(
d50

h

)0.3
(1 − e−0.5 T )(25 − T ) (B.12)

λd = 7.3 h (B.13)

Where:
T = excess bed-shear stress parameter

λd = dune length (m)
	d = dune height (m)
d50 = median diameter (m)

h = water depth (m)

The greatest influence of k ′
s (equivalent height related to the grain) on the

total value of the equivalent roughness height ks will occur for those bed
forms that have the smallest equivalent height related to the bed form.
The smallest height occurs for ripples and the influence of the height k ′

s
on the total equivalent roughness height ks for the specific conditions of
irrigation canals is approximately 1.5–2%.

k ′
s

k ′
s + k ′′

s
= 4.5 d50

4.5 d50 + 20γs	r( 	r
λr )

≈ 2% ripples occurrence (B.14)

For other bed forms the influence of the grains on the total roughness
will be smaller than for ripples (smaller than 2%). For that reason and
because the grain roughness is constant during changes of the bed form
size, the grain roughness can be neglected. Hence, the equivalent height
related to the bed form is recommended and for ripples the total equivalent
roughness can be computed as:

ks = k ′′
s = 20∗1∗0.1∗100∗d50 = 200 d50 (B.15)

Minimum values of the parameter u∗ks/v for ripples in irrigation canals
follow from:
• ks = 200 d50;
• u∗ = critical Shield shear velocity u∗,cr .

For those canals the values of the parameter u∗ks/v are shown in table B.3.

Table B.3. u∗ks/ν parameter for ripples.

D50 (mm) 0.05 0.10 0.15 0.20 0.25 0.30 0.35 0.40 0.45 0.50

u∗,crks/ν 499 899 1450 2037 2650 3286 3782 4590 5445 6344
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Once the sediment on the bottom of an irrigation canal comes into motion
the flow will be considered as hydraulically rough. Figure B.1 shows the
types of flow regime in irrigation canals.

Rough regime

Transition regime

Smooth regime
Plain bed

Bed form

Mean diameter d50 (mm)

10000

10

1

k s
u *

/v

0.0 0.10 0.20 0.30 0.40 0.50
0.1

100

1000

Figure B.1. Hydraulic regimes
in irrigation canals.

For regimes with smooth and transitional flows, the de Chézy coeffi-
cient is a function of the flow condition only and follows from the equations
given by van Rijn (1993):

C = 18 log

(
12 h

3.3 ν
u∗

)
Smooth flow regime (B.16)

C = 18 log

(
12 h

ks + 3.3 ν
u∗

)
Transition flow regime (B.17)

C = 18 log

(
12 h
ks

)
Rough flow regime (B.18)

Where:
C = de Chézy coefficient (m1/2/s)
h = water depth (m)
η = kinematic viscosity (m2/s)

u∗ = shear velocity (m/s)
ks = total equivalent roughness (m)

A good approximation of the de Chézy coefficient for canals with ripples
is obtained by replacing the total equivalent height by the height related
to the bed form k ′′

s (equation B.15) and can be represented by:

C = 18 log
h

200 d50
(B.19)
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The de Chézy coefficient obtained from equation B.16 to B.19 considers
only the bed forms on the bottom without taking into account the friction
factor of the side banks. Therefore, it is necessary to find a weighted value
of the de Chézy coefficient for the friction of both bed and side banks.

B.2 BROWNLIE

Brownlie (1983) proposed a method to predict the flow depth (and there-
fore the friction factor) when the discharge and the slope are known. No
explicit calculation of the de Chézy coefficient is proposed, but once
the resistance to flow is determined (equations B.20 and B.21) then the
de Chézy coefficient will be calculated by equation B.22. The Brownlie
method is based on a dimensional analysis, basic principles of hydraulics
and verification with a large amount of field and flume data. Step by step,
the de Chézy coefficient in the lower flow regime can be predicted by
using the following relationships:

q∗ = Q
B g0.5d1.5

50
= q

g0.5d1.5
50

(B.20)

h = 0.372 d50q0.6539∗ S−0.2542
0 σ0.1050

s (B.21)

and

q = C h
√

h S0 ∴ C = q
h1.5S0.5

0
(B.22)

Where:
Q = discharge (m3/s)
q = unit discharge (m2/s)
B = bottom width (m)
h = water depth (m)

S0 = bottom slope
d50 = median diameter (m)
σs = gradation of sediment (σs = 1/2 (d84/d50 + d50/d16)
q∗ = dimensionless unit discharge

B.3 WHITE, PARIS AND BETTESS

White et al (1979) describe the flow resistance by the following dimen-
sionless numbers:
• Particle size D∗

D∗ =
[

(s − 1)g
ν2

]1/3
d35 (B.23)
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• Particle mobility Ffg

Ffg = u∗√
g d35(s − 1)

(B.24)

• Mobility parameter related to the effective shear stress

Fgr = (Ffg − A)
[

1.0 − 0.76
(

1 − 1
exp ( log D∗)1.7

)]
+ A (B.25)

• Mean velocity:

V = √
32 log

(
h

d35

) [
Fgr

√
g d35(s − 1)

un∗

] 1
1−n

(B.26)

With:

n = 1 − 0.56 log D∗ (B.27)

A = 0.23√
D∗

+ 0.14 (B.28)

• The de Chézy coefficient follows from:

C = g0.5V
u∗

(B.29)

Where:
D∗ = particle size
Ffg = particle mobility
Fgr = particle mobility related to the effective shear stress
d35 = particle size (m)

A = initial motion parameter
n = exponent in the mobility parameter related to the effective

shear stress
h = water depth (m)
g = gravity (m/s2)

u∗ = shear velocity (m/s)
V = mean velocity (m/s)
s = relative density

C = de Chézy coefficient (m1/2/s)
ν = kinematic viscosity (m2/s)

B.4 ENGELUND

Engelund (1966) defined the shear stress due to skin and form resis-
tance by:

τ = τ′ + τ′′ (B.30)
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With:

τ = ρ g h S and τ′ = ρ g h′ S and τ′′ = ρ g h′′ S (B.31)

u∗ = (g h S)0.5 and u′∗ = (g h′ S)0.5 (B.32)

With

h = h′ + h′′ (B.33)

Hence:
(

u′∗
u∗

)2
= h′

h
(B.34)

Expressing the shear velocity in terms of the mobility parameter θ the
equation becomes:

θ′

θ
= h′

h
(B.35)

It was found for the lower regime that:

θ′ = 0.06 − 0.4 θ2 (B.36)

The mean velocity is calculated by:

V
u′∗

= 6 + 2.5 ln

(
h′

2 d50

)
(B.37)

Combination of the equations will result in the de Chézy coefficient:

C = g0.5
(

h′

h

)0.5 [
6 + 2.5 ln

(
h′

2.5 d50

)]
(B.38)

Where:
h = h′ + h′′ = water depth (m)
τ = τ′ + τ′′ = effective shear stress (N/m2)

u∗ = shear velocity (m/s)
θ = dimensionless mobility parameter
ρ = density (kg/m3)
V = mean velocity (m/s)
C = de Chézy coefficient (m1/2/s)
S = bottom slope



APPENDIX C

Hydraulic Design of Irrigation Canals

C.1 INTRODUCTION

In many cases, profitable and sustainable agricultural production needs
an irrigation network that brings water from the source to the fields at the
right place, at the right time, in the right quantity and at the right level
(FAO, 1992). An irrigation network can be divided into main, secondary,
sub lateral and tertiary canals. The design capacity of all the canals and
appurtenant structures should be sufficient to handle the maximum envis-
aged flow in a convenient and reliable way. The design of the physical part
of the irrigation network should enable the operation of the canal network
according to the following criteria (Dahmen, 1999):
• The required flows are passed at design water levels.
• No erosion of canal bottoms and banks occurs.
• Any sediment that enters the system will be carried along the network

and will discharge through outlets either to the fields, or to the natural
drainage, or will settle in special designed silt traps.

The demand for irrigation water is not constant during the irrigation
season, but is affected by the water requirements of the crops growing
on the fields. Despite the fact that the water requirements vary during
the irrigation season, the design discharge is defined as the maximum
flow that can be handled in a proper way. The design discharge of a canal
reach is the sum of the simultaneous, maximum flows through the out-
lets in this reach and the outflow into the next downstream reach plus
seepage and other losses, including those due to the operation of the net-
work. The simultaneous, maximum flow through the outlets will cover
the maximum crop water requirement at field level, taking into account
the number of farms irrigated at the same time and the application and
distribution losses at farm and tertiary unit level. The water losses in a
canal reach due to the operation are commonly included in the conveyance
efficiency. When seepage losses in the canal reach are important they are
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separately taken into account. Water losses as a result of breakage will
normally not be considered.

As stated before, the canal design should result in the right canal dimen-
sions to convey the flows at the required water levels and with the allowable
velocities. Moreover, the conveyance of the water and sediments should
take place without erosion or sedimentation in the network. Based on
the fact that the earthworks for an irrigation network form a considerable
part of the total project costs, an optimal canal design should result in
minimal earthwork, an acceptable balance between cut and fill and a min-
imum of borrow pits and spoil banks. If a substantial imbalance exists,
the canal design has to be changed and the bottom slope, water levels and
canal dimensions have to be adjusted within acceptable ranges to achieve
a well-balanced earthwork.

A correct canal design should be based on the design flows of each
canal reach and the final design includes:
• The layout of the canal, consisting of the horizontal and vertical

alignment.
• The cross sections, including the bottom width, side slopes, water depth,

freeboard and width of the embankments and the right of way.

This appendix will discuss a canal design that is based on the uniform
flow equation, boundary shear stress and sediment transport relationship.
The sediment transport relationship will use the principle of minimum
stream power, which states that the sediment transport capacity of a
canal network should be constant or non-decreasing in the downstream
direction.

This approach is simple and straightforward, but there are a few
limitations, namely:
• The approach does not take into account the effect of sediment size and

concentration; the stream power is related to velocity and bottom slope,
but basically the slope depends on the sediment size; in this method
the bottom slope is adjusted to get a low boundary shear stress and
the stream power can be increased without considering the sediment
characteristics;

• It doe not include the effects of bed forms on the roughness; it does not
account for the effect of the side slope on the effective roughness.

C.2 ALIGNMENT OF AN IRRIGATION CANAL

The layout of a canal mainly depends on the topography but is also
influenced by specific geological, agricultural, engineering, and eco-
nomic considerations. The alignment is largely effected by the existing
topography and dominant soil conditions; areas with very steep cross-
slopes or permeable soils or areas subject to landslides or that have a
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natural tendency for sliding should be avoided. The alignment is more
economic when the water levels are kept as low as possible in irriga-
tion canals, preferably below the ground surface. The actual water levels
should never be allowed to exceed the design levels and therefore surplus
water must be evacuated to drains or natural watercourses. A correct canal
alignment also depends on the bottom slope and one of the main design
principles is that the average slope of a main canal is more gentle than the
average slope of a secondary or branch canal (Serge Leliavsky, 1983).

The final design of the horizontal and vertical alignment should be the
most economic solution in view of construction and maintenance costs
and this design is not always the shortest distance between two points.
The layout of an irrigation network depends on the location of the existing
natural, main drains; they form the physical boundary conditions for the
layout (in view of costs of land shaping). The horizontal alignment follows
as much as possible the topography of the terrain and is preferably located
on ridges, the main canal is situated along the watershed formed by the
main ridge and the branch canals follow the less significant ridges. Curves
in unlined canals should be as large as possible as they disturb the water
flow and have a tendency to induce siltation on the inside and scour on
the outside of the curve. The minimum radius for earthen irrigation canals
depends on the size and capacity of the canal, the type of soil and the flow
velocity. The recommended value for these curves is at least 8 times the
design width at the water surface.

The vertical canal alignment is a compromise between the following
design requirements:
• Water levels should be high enough to irrigate the highest areas for

which irrigation is envisaged.
• Maintenance costs should be as low as possible; they are lower when

the water level is below the ground surface. These lower water levels
might hamper the illegal diversion of water by gravity.

• Balance between cut and fill is an economic criterion in view of the
construction costs; but when this criterion results in canals in high fill
it has to be mentioned that these canals are more difficult to construct
and in general will lose more water by seepage.

C.3 WATER LEVELS

The water level or command is the location of the water surface in relation
to a datum (reference level). The water level in a canal reach should be high
enough to supply water to the highest farm plots for which irrigation is
envisaged. In a gravity irrigation system water flows from the secondary
canal through a turnout to a tertiary canal, and next through the farm
canal system to the farm plot. The water level at the turnout, taking into
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account the distance to and the ground level of the critical point, should be
sufficient high to convey the water to the farm plot. The design water levels
of a canal follow from the water level diagram. This diagram presents the
longitudinal profile of the ground surface and indicates all the points where
water is supplied to a lower level canal or to a tertiary unit. The water level
in the main canal depends on the water levels in the branch canals at the
regulators or division structures and the head loss at these structures. The
water level at the head of a dividing canal is lower than the water level of
the parent canal due to the necessary head losses in the regulator. The final
design presents the water surface preferably by a continuous straight line,
located at the same levels as or above the required levels at the regulating
structures. For the main as well as for the branch canals the difference
between water surface and ground level should preferably not be more
than 0.30 m.

C.4 EARTHWORK

The design provides the right canal dimensions to convey the discharges
at the required level to meet the crop water requirements and at the same
time to avoid erosion of and sedimentation on the bottom and sides of a
canal. However, an important aspect in the canal design is the feasibility
of the earthwork, which has a great impact on the total construction costs.
An optimal canal layout will result in an proper balance between cut and
fill. A most favourable canal layout has a balanced earthwork, resulting
in a minimum of borrow pits and spoil banks. Moreover, a well balanced
cut and fill will minimise the seepage losses, especially when the bot-
tom level is higher than the ground surface. The bottom, but preferably
the whole canal, should be in cut after stripping the top soil. Reduced
seepage will reduce the danger of landslides and water logging along
the canal.

When water levels have been defined to supply water to the highest
points, then the bottom slopes have to be established to prevent erosion
and sedimentation in the canals. A preliminary longitudinal profile, based
on the required water levels and appropriate bottom slopes in view of
erosion and sedimentation, will give a clear visualisation of the bottom
and the water levels in each reach in order to define the earthwork. When
imbalances between cut and fill exist, the level and slope may be adjusted
within acceptable ranges. If the imbalance persists it will be necessary
to modify the irrigation area with its tertiary blocks and to re-define the
layout until a balance is reached between cut and fill. This will result
in a repetitive process until an optimal layout has been established. This
process can be done by the nowadays available computational techniques
as many times as required.
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C.5 DESIGN OF IRRIGATION CANALS

The final design of the geometry of an irrigation canal should present the
bottom width B, the water depth y, the side slope m and the freeboard
F as function of the discharge Q, the bottom slope S and the roughness
coefficient n. From these data follows the cross-sectional area A, the
hydraulic radius R and the velocity v; the latter should be within a certain
range in view of erosion and sedimentation. From the known discharge
Q, the appropriate side slope m and a criterion for the optimal b/y ratio,
the other canal dimensions can be derived.

The discharge Q that a cross-section with a certain area A can convey
increases for a larger hydraulic radius or for a smaller wetted perimeter.
A section with a certain area A and the smallest wetted perimeter will con-
vey the largest discharge and is called the best hydraulic section. However,
this does not mean that these cross-sections are always optimal. In case
the water level is below the ground surface a narrow canal will give min-
imum excavation, for canals with the water surface above the ground level
a wide canal will result in less excavation.

The flow in a canal is time and space related. The flow is steady if the
water depth, discharge and cross section do not change with respect to
time. When these parameters do not change with respect to space, then
the flow is uniform. The most often used equations for uniform flow are
the de Chézy, Strickler and Manning formulae.
These formulae are:

Q = A ∗ C ∗ R0.5 ∗ S0.5 de Chézy (C.1)

Q = A ∗ ks ∗ R
2
3 ∗ S0.5 Strickler (C.2)

Q = A ∗ 1
n ∗ R

2
3 ∗ S0.5 Manning (C.3)

Where:
Q = flow rate (m3/s)
A = wetted area (m2)
S = bottom slope (1)
R = hydraulic radius (m)
C = de Chézy flow resistance coefficient
ks = Strickler smoothness factor
n = Manning roughness factor

The exponent ‘2/3’ in the Strickler and in the Manning formula is not
a constant, but it varies with the channel shape and roughness. Therefore
some approximations use a modified ks as function of the water depth y.
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Based on field investigations and studies the modified ks value can be
expressed as:

ks,y = ks,1 m ∗ y1/3 for y < 1.0 m (C.4)

ks,y = ks,1 m ∗ y1/6 for y > 1.0 m (C.5)

Where:
ks,y = modified ks for a canal depth y;

ks,1 m = reference ks for a canal depth of 1.0 m, based on a well
maintained, large canal section.

The ks, the smoothness factor, should be carefully estimated and is
based on:
• Canal geometry, expressed by the side slope m and a b/y ratio;
• Roughness (irregularities) of the bottom and side walls; including flow

obstruction due to weeds (height and density of vegetation, including
flattening of it at high flows);

• Sediment transport, namely the suspended and bed load.

For any canal the roughness changes during the year and will be a
minimum shortly after maintenance and a maximum when no maintenance
is done. Recommended ks values for a 1 m deep earthen canal are 12, 24,
36 and 42.5 for none, poor, fair and good maintenance conditions, respect-
ively. The Table C.1 gives these ks values as function of the maintenance
conditions.

Table C.1 Smoothness factors as function of maintenance conditions (for earthen canals).

Maintenance None Poor Fair Good

ks,1.0 m 12 24 36 42.5

The recommended ks values for a 1 m deep canal and the modified ks
value as function of the water depth (see equation C.4 and C.5) result in
the graph as presented in Figure C.1.

For one value of ks, one bottom slope S and one side slope m still an
infinite range of bed width/depth ratios (b/y) can be selected. Minimizing
the wetted perimeter P gives the ‘best’ hydraulic cross sections and the
b/y ratio is:

b
y

= 2 ∗
(√

(1 + m2) − m
)

(C.6)

Where:
y = water depth (m)
b = bottom width (m)
m = cotangent of side slope (1)
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Figure C.1. Recommended ks
values for unlined irrigation
canals as function of the water
depth y for various maintenance
conditions.

The ‘best’ hydraulic section with the smallest perimeter P results in a
maximum flow at minimum cost. However, the best hydraulic section
is rarely applied, because it will not be stable due to the relatively deep
excavations and a change in discharge heavily affects the water depth and
the velocity. A deep section is nevertheless applied wherever possible,
because the expropriation costs will be less, the velocity is larger in a
deep canal than in a shallow canal and the sediment transport capacity is
larger in deeper canals (the transport capacity is linear with the bottom
width, but exponential with the water depth). To limit the excavation and
expropriation costs, the side slopes of a canal are designed as steep as
possible. Soil material, canal depth and the danger of seepage determine
the maximum slope of a side slope that is stable under ‘normal conditions’,
also against erosion. For deep excavations an extra berm can be included
to improve the stability of the slope. Table C.2 gives some recommended
values for the side slope.

Table C.2 Side slopes in canals.

Material m

Rock 0.0
Stiff clay 0.5
Cohesive medium soils 1.0 – 1.5
Sand 2.0
Fine, porous clay, soft peat 3.0

The top width of canal embankments depends on the soil type, the
side slope and special requirements in view of maintenance and operation.
Water levels may rise above the design water level due to deterioration of
the canal embankment, a sudden closure of a gate or unwanted drainage
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inflows.A freeboard, being the distance between the design water level and
the canal bank, is provided to safeguard the canal against overtopping these
unexpected water level fluctuations and wave actions. USBR recommends
a freeboard F = C ∗ y, where the coefficient C varies between 0.5 to 0.6
with a minimum of the 0.15 or 0.20 m.

The bed-width/depth ratio of a small earthen irrigation canal is often
close to unity; but the ratio gradually increases for larger canals. Echeverry
(1915) relates this ratio to the area of the cross section, which results in:

b
yrecom

= 1.76 ∗ Q0.35 for Q > 0.20 m3/s (C.7)

b
yrecom

= 1.0 for Q <= 0.20 m3/s (C.8)

Depending on the size of the canal, the bottom width is often rounded
to a multiple of a metre or half metre. The design of a canal cross-section
for a given discharge, a roughness k and a bed slope S requires iterative
computations.

Re-writing the Strickler equation gives:

Q = A ∗ ks ∗ R2/3 ∗ S1/2

A = (b + my)y = (b/y + m)y2

P =
[

b
y

+ 2
√

1 + m2
]

y for n = b/y (C.9)

Q = ks ∗ S1/2
o ∗ (n + m)5/3

(m + 2
√

(1 + m2))2/3

y10/3

y2/3 (C.10)

y8/3 = Q
ks ∗ f ∗ S1/2 (C.11)

f = (n + m)5/3

(n + 2
√

(1 + m2))2/3
(C.12)

b
yrecom

= 1.76 ∗ Q0.35 for 0.2 < Q < 10 m3/s

b
y

= 1 for Q < 0.2 m3/s

ks = ks,1 m ∗ ya a = 1/3 for y < 1.0 m

a = 1/6 for y > 1.0 m (C.13)
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The design steps include:
• Assume a value for an initial Strickler ks according to the maintenance

condition and find a first approximation of y and b;
• Next re-compute the design values to obtain the proper values of b

and ks;
• Next fine-tune the design in view of a small adjustment of the design

width bdes, i.e. a value that can be constructed (e.g. width on a half or
whole meter). This fine-tuning has a minor impact on the final results,
unless a completely different value from the originally suggested b is
used.

When using the de Chézy equation in stead of the Strickler equation,
the approach is the same as before.
The discharge for uniform flow is:

Q = A ∗ C ∗ R0.5 ∗ S0.5
o de Chézy (C.14)

C = 18 log
12 R

k + δ/3.5
White-Colebrook (C.15)

δ = 11.6
ν

v∗
(C.16)

v∗ = √
g ∗ R ∗ S (C.17)

Where:
C = de Chézy’s coefficient (m2s−1)
k = length characterizing the roughness = 1/2 a (Nikuradse)
δ = thickness of the laminar sub-layer

v∗ = shear velocity

Re-writing the Chézy equation gives:

Q = A ∗ C ∗ R0.5 ∗ S0.5
o

A = (b + my)y = (b/y + m)y2

P =
[

b
y

+ 2
√

1 + m2
]

y

Q = C S0.5
o

(b/y + m)3/2y3

(b/y + 2
√

(1 + m2)y)1/2

for n = b/y : Q = C S0.5
o

(n + m)3/2y3

(n + 2
√

(1 + m2)y)1/2
(C.18)

y5/2 = Q(n + 2
√

(1 + m2))1/2

C S0.5
o (n + m)3/2 = Q

C ∗ S0.5 ∗ f
(C.19)
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f = (n + m)3/2

(n + 2
√

(1 + m2))1/2
(C.20)

b
yrecom

= 1.76 ∗ Q0.35 for 0.2 < Q < 10 m3/s

b/y = 1 for Q < 0.2 m3/s

The design steps include:
• Assume a value for the wall roughness (Nikuradse value) and find a

first approximation of C, y and b;
• Next re-compute the design values to obtain the proper values of b

and C;
• Next fine-tune the design in view of a small adjustment of the design

width bdes, i.e. a value that can be constructed (e.g. width on a half or
whole meter). This fine-tuning has a minor impact on the final results,
unless a completely different value from the originally suggested b is
used.

The values found in the previous design steps have to be checked in view
of the erosion and sedimentation considerations, that will be discussed in
the next sections.

C.6 BOUNDARY SHEAR STRESSES

The minimum velocity in a canal is that velocity that will not induce
siltation and that will reduce weed growth and health risks. A velocity of
0.30 m/s is a minimum velocity in large canals; smaller velocities result in
uneconomically large sections. The maximum permissible velocity should
not cause erosion of the bottom and side slopes. The maximum velocity
follows from the critical shear stress, which preferably should be less than
3–5 N/m2 at the bottom. This shear stress is strongly influenced by the
fact that:
• The resistance to erosion increases when smaller particles are

washed out.
• An aged canal has more resistance to erosion than a newly con-

structed one.
• Colloidal matter in the water will result in cohesion of the particles that

form the boundaries, resulting in an increased resistance.
• A higher ground water table than the canal water level will decrease the

resistance.

According to investigations the maximum tractive force are at:
• the bottom for b/y > 4 to 5: τ = ρ ∗ g ∗ y ∗ S;
• the banks for b/y > 2 to 3: τ = 0.75 ∗ ρ ∗ g ∗ y ∗ S
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The shear stress of the banks will not be considered unless the bed and
sides are covered by coarse, non-cohesive material; in that case the angle
of repose should be included.

The boundary shear stress at the bottom is:

τmax = c ∗ ρ ∗ g ∗ y ∗ S (N/m2) (C.21)

Where:
c = correction factor for various b/y ratios
ρ = density of water (kg/m3)
g = acceleration due to gravity (9.81 m/s2)
y = water depth (m)
S = bottom slope (m/m)

The correction factor c is a function of the b/y ratio:

c = 0.77 ∗ e(b/y)∗0.065 for 1 < b/y < 4 (C.22)

c = 1 for b/y >= 4 (C.23)

Field studies on very coarse material have shown that the ‘critical shear
stress’, above which motion of particles will start, is approximately
0.94 * D75 (N/m2), where D is in mm. For the design a boundary shear
stress of 0.80 * D75 or 0.75 * D75 is recommended.

The maximum boundary shear stress in normal soils in normal canals
and under normal conditions can be between 3 and 5 N/m2. The USBR
recommendations for fine material are given in Table C.3. In case that the
shear stress is too high the most sensitive factor to reduce the stress is a
gentler bottom slope.

Table C.3 Recommended critical boundary shear stress (N/m2).

D50 (mm) Clear water Light load Heavy load

0.1 1.20 2.40 3.60
0.2 1.25 2.49 3.74
0.5 1.44 2.64 3.98
1.0 1.92 2.87 4.31
2.0 2.88 3.83 5.27
5.0 6.71 7.90 8.87

The design values of critical boundary shear stress are established for
straight canals, and should be reduced for sinuous canals. See Table C.4
for the reduction in percentage.

Table C.4 Reduction of the boundary shear stresses in non-straight canals.

Slightly sinuous 10%
Moderate sinuous 25%
Very sinuous 40%
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C.7 SEDIMENT TRANSPORT CRITERIA

The velocity in a canal should be large enough to prevent siltation of
suspended sediment. The conveyance of suspended sediment through the
whole system assumes a concentration of very fine particles in suspen-
sion, which is almost evenly distributed over the vertical of the turbulent
water. De Vos (1925) has stated that the relative transport capacity (T/Q)
is proportional to the average energy dissipation per unit of water volume.

T
Q

∝ ρw ∗ g ∗ vav ∗ S (C.24)

Where:
T/Q = relative transport capacity
ρw = density of water (kgr/m3)

g = acceleration due to gravity (m/s2)
vav = average velocity (m/s)

S = bottom slope (m/m)
From energy considerations follows that sediment particles will be

transported by the water in case:

w ≤ ρw ∗ vav ∗ S
ρs − ρw

or w ≤ vav ∗ S
	

(C.25)

Where:
w = fall velocity (m/s)
ρs = density of the sediment particles (i.e. 2600 kg/m3)
ρw = density of the water (kg/m3)
	 = relative density

To convey sediment in suspension the hydraulic characteristics of the
canal system should remain constant or should not decrease in downstream
direction. This means that ρw ∗ g ∗ vav ∗ S (W/m3) should be constant or
non-decreasing in downstream direction.

In a wide canal the average velocity can be expressed by vav = C ∗
(y ∗ S)0.5, in which C is a general smoothness factor. From this velocity
follows the criterion for the continued conveyance of suspended material,
namely y ∗ S1/3 should be constant or non-decreasing in downstream
direction.

C.8 TRANSPORT OF THE BED MATERIAL

In general the bed load particles in canals have a diameter of
D > 50 ∗ 10−3 − 70 ∗ 10−3 (mm) and their transport on or above the
bottom is determined by the shear velocity (v∗) with
v∗ = (g ∗ y ∗ S)0.5
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The criterion for continued conveyance of the bed load depends on
the water and sediment transport formulas, for example Einstein-Brown,
Engelund Hansen, Ackers-White, Brownlie, etc.

The relative transport capacity is:

T
Q

∝ b ∗ y3 ∗ S3

b ∗ y ∗ yx ∗ Sz (C.26)

Where x and z are exponents depending on the choice of the water
transport relationship.

The criterion for the continued movement of suspended load for a wide
canal gives that y S1/3 should be constant or non-decreasing. To prevent
erosion the boundary shear stress should be constant. From this follows
that y ∗ S should be constant (or non-decreasing). Therefore it would be
expected that for sediment laden water that only transports bed load, the
criterion for continued conveyance of the sediments should be some where
in between these two criteria. The criterion to convey non-suspended (bed)
material depends strongly on the water and sediment equations. The best
criterion is that the relative transport capacity for bed load should be non-
decreasing or in the case of possible erosion, should remain constant. The
numeric approximation for this transport is that y1/2 ∗ S is constant or
non-decreasing.

To prevent erosion the boundary shear stress should be constant, which
gives that y ∗ S should be constant (or non-decreasing). Therefore it would
be expected that for sediment laden water that transports only bed load,
the criterion for continued conveyance of the sediments is some where
in between these two values. The criterion to convey any non-suspended
material depends strongly on the water and sediment equations; the best
criterion would be that the relative transport capacity for bed load should be
non-decreasing, or in the case of possible erosion, should remain constant.
The best numeric approximation for the conveyance of non-suspended
material is that y1/2 ∗ S is constant or non-decreasing.

C.9 FINAL REMARKS

The design of a canal section starts from a given discharge Q and looks
for the following unknown canal characteristics:
• the bottom width b;
• the side slope m;
• the roughness (smoothness) of the canal, ks or C;
• the water depth y;
• the range for the bottom slope So;

a. the minimum recommended slope;
b. the maximum allowable slope.
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The steps for the design of a canal as discussed in the previous section
include:
• the equation for uniform flow;
• a side slope m that depends on geological criteria;
• a value of ks that is a function of the maintenance condition and the

water depth y;
• the recommended value for the b/y-ratio;
• the sediment aspects:

a. the criterion in view of the erosion (tractive force);
b. the criterion to prevent sedimentation by controlling the relative

transport capacity.

This iterative design process can be easily used for the development
of a spreadsheet or a Visual Basic programme that uses all the presented
criteria and equations, including the criteria for bed erosion and sediment
transport. UNESCO-IHE has developed programs like Candes and Sysdes
for the design of a single canal reach or a canal network with several
sections, respectively.

After finalizing the design of the canal, next the model SETRIC can
be applied to evaluate the design and to analyze the alternatives. The
model can also be used as a decision support tool in the operation and
maintenance of the irrigation network and to determine the efficiency of
sediment removal facilities in the system. In addition to that the model
will be helpful for the training of engineers to enhance their understanding
of sediment transport in irrigation canals.

C.10 COMPUTER AIDED DESIGN OF CANALS

At present various stand-alone programs are available for the design of
irrigation canals that allow the designer to evaluate a specific part of the
design. In the past years UNESCO-IHE has looked for an integrated tool
that combines some of the solitary programs and that results in a faster
analysis of alternatives, saving time and helping to find the most feasible
design. The time saved in the analysis of different canal alignments could
be used for an in-depth analysis of the final selected alternative.

The newly developed tool has three modules, the first one looks for
the canal alignment within the area with the least cost by using all the
information produced by GIS programs (maps, tables, etc.). The second
module performs the hydraulic design, including the introduction of the
energy and sediment transport concepts, which avoids sedimentation and
erosion in the canal network. Another feature of the tool is the possibility to
export the design results of the canal design to DUFLOW (unsteady flow
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program) and SETRIC (sediment transport program) for further analysis
of the operation and maintenance. The third module connects the results
of the previous two modules to calculate the volumes of earthwork (mass
diagram). As mentioned before, these volumes have a large impact on the
costs and therefore it is important to optimise the design at this stage.

Tests with the new tool and comparison of the model results with the
results obtained from other studies have clearly shown the applicability
of GIS technology and CAD principles in engineering design. Moreover,
the files with the results of the model can be easily exported to the models
DUFLOW and SETRIC; this transfer of the data results in a more powerful
application of the design tool. In this way the tool gives the chance to test
the influence of various operation scenarios on the proposed hydraulic
design. SETRIC can investigate whether the design shows the expected
behaviour of the sediment in the canal network; whether all the sediment
that enters the system will be transported through the whole canal system.
Moreover, it will be possible to investigate and to optimise the operation
and maintenance by the simulation of different predefined management
scenarios.





APPENDIX D

Description of the Main Aspects of the
Regime Theory

For the regime theory a set of simple, but empirical equations are avail-
able. The equations are derived from observations of alluvial canals that
are relatively stable or in regime (HR Wallingford, 1992). The regime
method considers the three canal characteristics, namely the perimeter of
the canal, the amount of water and the amount of sediment flowing in the
canal as a whole and attempts to derive the features of a stable (non silt-
ing/ non scouring) canal primarily on the basis of empirical studies of the
interaction of the above-mentioned factors (Naimed, 1990). The regime
theory is completely empirical and is based on measurements and observa-
tions of canals and rivers in regime. The theory originates from India and
Pakistan, where most of the canal designs follow this theory, especially the
Lacey regime theory. The main equations for the design of stable canals
are based on field observations and experiences that are still collected and
evaluated. The equations of the regime theory present a long-term average
profile rather than a instantaneously variable state. Therefore, they spe-
cify the natural tendency of channels that convey sediment within alluvial
boundaries to obtain a dynamic stability.

The expression canals in regime means that the canals do not change
over a period of one or several typical water years. Within this period,
scour and deposition will occur in the canal, but they do not interfere with
canal operation. The regime theory can only provide some approximate
design values as the equations are based on observations of many canals
in regime. These canals have received different amounts of water and
sediment from a variety of rivers that have different sediment loads and
characteristics. Moreover, some of the canals in regime may have sediment
excluders or ejectors at the head works that have influenced the erosion
and deposition. Nevertheless, the experience obtained from the design
and operation of these canals give some guidance for the design of stable
channels with erodible banks and sediment transport. However, the regime
theory should be applied in a very careful way, especially when the design
involves a canal network with highly time-dependent operational regimes
as practised in many irrigation systems at present (Bruk, 1986).
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Main equations of the regime theory as given by Lacey
(Henderson, 1966)

SI-units Foot-second units

f = √
2520d f = 8

√
d D.1

P = 4.836
√

Q P = 2.67
√

Q D.2
v = 0.6459

√
fR v = 1.17

√
fR D.3

So = 0.000315
f 5/3

Q1/6 So = f 5/3

1750Q1/6 D.4

f = silt factor for a sediment f = silt factor for a sediment
size d size d

d = sediment size (m) d = sediment size (inch)
Q = discharge (m3/s) Q = discharge (cusec)
P = wetted perimeter (m) P = wetted perimeter (foot)
v = mean velocity (m/s) v = mean velocity (foot/s)
R = hydraulic radius (m) R = hydraulic radius (foot)
So = bottom slope So = bottom slope

According to Lacey (1958) these equations are applicable within the
following range of parameters:
• Bed material size 0.15–0.40 mm
• Discharge 0.15–150 m3/s (5–5000 cfs)
• Bed load small
• Bed material non-cohesive
• Bed form ripples

The Lacey equations for the design of canals for given d and Q follow
the next steps:
1. f = (2520 × d)0.5 (equation D.1);
2. Determine P = 4.836 (Q)1/2 (equation D.2);
3. From v = 0.6459 ( fR)1/2 (equation D.3), R = A/P and A = Q/v follows

the area of the cross section A = 1.3383 × ((P/f )0.5 × Q)2/3

4. Next, find the bottom slope S = 0.000315 f 5/3/Q1/6 (equation D.4);
5. From the given P and A the channel section is found as a trapezoidal

channel with assumed side slope (m) of 1V : 2H .
6. y = P + (P2 + 4A (m − 2(1 + m2)0.5))0.5/(2(m − 2(1+m2)))

B = P − 2y ∗ (1 + m2)0.5

R = A/P

Table D.1 gives some examples of the design of earthen canals
for two sediment diameters (d = 0.0004 m and d = 0.00015 m) and two
side slopes (m = 2 and m = 1.5) and several discharges Q according to
the Lacey method. The results are also presented in the Figure D.1
and D.2.
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Table D.1. Example of the design of earthen canals for two sediment diameters and two side slopes according
to the Lacey method.

SI-units

Lacey regime theory

Q d in m m f So P v A R Bo y ks

2.5 0.00040 2 1.00399 0.000272 7.646 0.515 4.850 0.634 3.662 0.891 42.3
3 0.00040 2 1.00399 0.000264 8.376 0.531 5.646 0.674 4.224 0.928 42.5
4 0.00040 2 1.00399 0.000252 9.672 0.557 7.176 0.742 5.223 0.995 42.9
6 0.00040 2 1.00399 0.000235 11.846 0.596 10.060 0.849 6.912 1.103 43.4
8 0.00040 2 1.00399 0.000224 13.678 0.626 12.785 0.935 8.351 1.191 43.7
10 0.00040 2 1.00399 0.000216 15.293 0.649 15.398 1.007 9.631 1.266 44.0
12 0.00040 2 1.00399 0.000210 16.752 0.669 17.925 1.070 10.797 1.332 44.2
15 0.00040 2 1.00399 0.000202 18.730 0.695 21.588 1.153 12.388 1.418 44.5
2.5 0.00015 2 0.61482 0.000120 7.646 0.438 5.712 0.747 2.006 1.261 48.5
3 0.00015 2 0.61482 0.000117 8.376 0.451 6.649 0.794 2.700 1.269 48.7
4 0.00015 2 0.61482 0.000111 9.672 0.473 8.450 0.874 3.782 1.317 49.1
6 0.00015 2 0.61482 0.000104 11.846 0.506 11.847 1.000 5.486 1.422 49.7
8 0.00015 2 0.61482 0.000099 13.678 0.531 15.056 1.101 6.897 1.516 50.1
10 0.00015 2 0.61482 0.000095 15.293 0.551 18.133 1.186 8.141 1.599 50.4
12 0.00015 2 0.61482 0.000093 16.752 0.568 21.108 1.260 9.270 1.673 50.7
15 0.00015 2 0.61482 0.000089 18.730 0.590 25.422 1.357 10.807 1.772 51.0
2.5 0.00040 1.5 1.00399 0.000272 7.646 0.515 4.850 0.634 4.693 0.819 42.3
3 0.00040 1.5 1.00399 0.000264 8.376 0.531 5.646 0.674 5.276 0.860 42.5
4 0.00040 1.5 1.00399 0.000252 9.672 0.557 7.176 0.742 6.318 0.930 42.9
6 0.00040 1.5 1.00399 0.000235 11.846 0.596 10.060 0.849 8.087 1.042 43.4
8 0.00040 1.5 1.00399 0.000224 13.678 0.626 12.785 0.935 9.597 1.132 43.7
10 0.00040 1.5 1.00399 0.000216 15.293 0.649 15.398 1.007 10.938 1.208 44.0
12 0.00040 1.5 1.00399 0.000210 16.752 0.669 17.925 1.070 12.159 1.274 44.2
15 0.00040 1.5 1.00399 0.000202 18.730 0.695 21.588 1.153 13.823 1.361 44.5
2.5 0.00015 1.5 0.61482 0.000120 7.646 0.438 5.712 0.747 3.856 1.051 48.5
3 0.00015 1.5 0.61482 0.000117 8.376 0.451 6.649 0.794 4.427 1.095 48.7
4 0.00015 1.5 0.61482 0.000111 9.672 0.473 8.450 0.874 5.441 1.173 49.1
6 0.00015 1.5 0.61482 0.000104 11.846 0.506 11.847 1.000 7.155 1.301 49.7
8 0.00015 1.5 0.61482 0.000099 13.678 0.531 15.056 1.101 8.615 1.404 50.1
10 0.00015 1.5 0.61482 0.000095 15.293 0.551 18.133 1.186 9.912 1.492 50.4
12 0.00015 1.5 0.61482 0.000093 16.752 0.568 21.108 1.260 11.093 1.570 50.7
15 0.00015 1.5 0.61482 0.000089 18.730 0.590 25.422 1.357 12.704 1.671 51.0

Example
• Given is a canal with a discharge Q = 10 m3/s and sediment with size d = 0.001 m
• Hence, f = 1.58745 and P = 15.293 m
• The bottom slope So = 0.4636 m/km
• After trial and error follows v = 0.76 m/s, A = 13.22 m2 and R = 0.86 m
• For a side slope m = 2 and for the above given data follows:

Bo = 10.65 m and y = 1.04 m.
• Using Manning gives n = 0.026 and according to Strickler ks = 38.7
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Lacey for m = 2 and d = 0.4 mm
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Figure D.1. Example of the
design of an earthen canal
according to the Lacey method
for m = 2 and d = 0.4 mm.

Lacey for m = 2 and d = 0.15 mm
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Figure D.2. Example of the
design of an earthen canal
according to the Lacey method
for m = 2 and d = 0.15 mm.

D.1 SOME REGIME CONSIDERATIONS

D.1.1 Sediments

In general, irrigation canals have a less steep bottom slope, smaller cross
sections and discharge than the rivers, which supply the irrigation water
to the canal network. This means that the canals have a smaller sediment
transport capacity than the parent river. Therefore, an important aspect in
the design and operation of these canals is to consider sediment exclusion
at the head works or sedimentation in silting ponds. The location and crest
level of canal regulators at the head works should limit the sediment entry
into the canal network.

D.1.2 Maturing of canals

The maturing of canals is an important aspect in view of the operation and
maintenance of canals. The canal design according to the regime theory
will be based upon the material transported by the river and not on the
local soils that form the bed. The local soils might be different from the
sediment transported by the river and only after a few years of operation,
the bed material will be adjusted to the sediment entering the canal. The
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canal will then show a quasi-equilibrium condition. The maturing of the
canal includes the following negative aspects:
• Development of aquatic weeds on the side-slopes;
• Adjustments of the canal to the newly developed longitudinal slope;
• Changes and improvements of off-takes, irrigation turnouts and bifur-

cation structures to adjust their levels to the changes in the canal after
maturing.

Stable alluvial canals are characterized by regular side slopes, which
are developed by the deposition of fine silt and clay particles. The side
slopes are generally much less permeable than the bed and may reduce
the seepage losses through the sides. They also have a higher erosion
resistance and limit any tendency to widen the canal.

D.1.3 Slope adjustments

The bottom slope of a canal after maturing will differ from the design and
the difference can be significant for long canals. Slope adjustments are
feasible by the construction of drop structures at regular intervals. During
the maturing process the crest levels of the drop structures have to be
raised or lowered to accommodate the slopes. The drops often form a part
of bifurcation structures.

D.1.4 Diversion of the sediment

The distribution or division of the sediment over the canal branches is
an important aspect in the design and operation of alluvial canals. The
distribution of the flow velocity and of the sediment concentration over
the flow depth is different and therefore, it is realistic to assume that
the division of water and sediment at bifurcations is not proportional.
Some canals will receive a larger or smaller concentration of sediment
than the concentration conveyed by the parent canal. Remodelling of the
bifurcation structures might be necessary to adjust the distribution of the
sediment to the branches.

The aim of any irrigation network is to convey the water as well as the
sediment through the farm turnouts to the fields. The sediment transport
depends on the design and location of the turnout structures in relation
to the canal bed. The discharge capacity of a turnout depends on the
command area downstream of that turnout. When the command area
increases with the development of new irrigation canals, the discharge
has to be increased. Turnouts on irrigation canals are relatively inexpen-
sive (adjustable pipe turn outs) and when the canals mature and the system
attains equilibrium, the pipe turnouts can be replaced by (semi-permanent)
modules. The crest level of the turnouts will then be based on sediment
transport considerations as well as on the discharge variation in the canals.
In smaller canals, the turnouts are important to the geometry of the canals.
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It has been found from intensive observations that the average bed level of
distributaries adjusts to the mean crest level of these turnouts. In unstable
distributaries, which may be silted up, the lowering of the turnouts is one
of the recommended solutions.

D.1.5 Maintenance aspects

All irrigation canals require maintenance; earthen canal banks are con-
stantly eroded by wind and rainfall and have to be maintained. Their
stability is based upon the stability of the canal bed and the cross sections.
The canal width is generally maintained by providing bank protection by
permeable spurs normal to the banks. Normally, bed levels are excavated
during closures if the canals silt up.

The crest of drop structures might be raised if the bed shows scouring.
Maintenance of the bed elevation and canal width is expensive. Experi-
ences show that on larger canals, bank protection is rarely practised and
bed clearance is never carried out. In the smaller distributaries both the
maintenance of the width and the bed elevation are often done. The berms
along these canals may become a problem as they may become beyond
their design width and may have to be trimmed. The canal bed level may
also have to be re-excavated to near design levels. In general, the fre-
quency of these operations, where needed, is about once in the five years.
The medium size canals are more stable. In these canals like in the large
canals no bank protections are practised, but the bed level may be cleared
once in the ten years.

The variation in discharge in the canals is an important factor in the
stability of alluvial canals. Low discharges flowing in canals with high
capacities often adopt a winding thalweg that may later erode the banks
by concentrating flows against the banks. For this reason the minimum
discharge in mature canals is limited to 55% of the design capacity. Simi-
larly, the raising and lowering of the canal discharge is also controlled to
prevent the failure of banks due to seepage forces.

D.1.6 Flow capacity

In recent years, the design capacities in almost all canals have been
increased to meet the growing demand for irrigation water. In some areas,
this might be done by modifying the cross-sections of the existing canal
and in other places by changing the structures, raising the banks and
forcing the larger water supply to flow in the canal. Often this has resulted
in a change of the canal regime established in the past and in unsymmetrical
cross sections.

D.1.7 Design considerations

To design a straight, earthen canal that has to convey a certain amount of
water and sediment three equations are needed to find the bottom width,
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water depth and bottom slope of the canal. However, normally there are
only two equations available, namely a flow equation (Manning, Strickler
or de Chézy) and a sediment transport equation. An equation to describe
the shape of a stable channel is not yet available. If the tractive force along
the canal perimeter is large enough to maintain sediment transport, one
can rely on a kind of regime-like relationship to describe the stability of
the canal.





APPENDIX E

Glossary Related to Sediment Transport

Abrasion Frictional erosion by material transported by wind and water.
Absolute pressure The pressure above absolute zero.
Absorbed water Water held mechanically in a soil and possessing the same physical properties as

ordinary water at the same temperature and pressure.
Accretion Accumulation of sediment deposited by natural flow processes; increase of

channel bed elevation resulting from the accumulation of sediment deposits.
Accuracy The degree of conformity of a measured or calculated value to its definition or

with respect to a standard reference.
Adequacy The ratio of the amount delivered to the amount required.
Adjustable flow Irrigation flow regulated at a specific discharge (flow rate).
Aggradation Build-up or rising of channel bed due to sediment deposition.
Alignment The course along which the centre line of a canal or drain is located.
Alluvial soil A soil formed from deposits by rivers and streams (alluvium).
Alternate depth In open channel flow, for a given flow rate and channel geometry, the relationship

between the specific energy and flow depth indicates that, for a given specific
energy, there is no real solution (i.e. no possible flow), one solution (i.e. critical
flow) or two solutions for the flow depth. In the latter case, the two flow depths
are called alternate depths. One corresponds to a subcritical flow, the second to a
supercritical flow.

Altitude Vertical height of a ground or water surface above a reference level (datum).
Amplitude Half of the peak-to-trough range (or height).
Analytical model System of mathematical equations that are the algebraic solutions of the

fundamental equations.
Angle of repose The maximum slope (measured from the horizon) at which soils and loose

materials on the banks of canals, rivers or embankments stay stable.
Armouring Progressive coarsening of the bed material resulting from the erosion of fine

particles. The remaining coarse material layer forms armour, protecting further
bed erosion.

Automatic control Adjustment of the controlling element accomplished by an arrangement of equip-
ment without attendance by an operator or continuous control of equipment
without intervention of an operator to predetermined conditions.

Automatic system System that starts and stops without human intervention in response to control,
such as a switch, or a valve.
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Backwater Flow profile controlled by downstream flow conditions in a subcritical flow:
e.g. a structure, change of cross-section; is commonly used for both supercrit-
ical and subcritical flow. Term backwater calculation or profile refers to the
calculation of the flow profile.

Backwater calculation Calculation of the free-surface profile in open channels.
Backwater curve Longitudinal profile of the water surface in an open channel where the flow

depth has been increased by e.g. an obstruction, increase in channel roughness,
decrease in channel width or bottom slope. The water surface slope is less
than the bottom slope; the curve is upstream of the obstacle that raises the
water level and is concave upwards. Occasionally the term is used for other
non-uniform profiles, upstream or downstream.

Bagnold Ralph Alger Bagnold (1896–1990) – British geologist and expert on the
physics of sediment transport by wind and water.

Bakhmeteff Boris Alexandrovitch Bakhmeteff (1880–1951) – Russian expert on
hydraulics, who developed the concept of specific energy and an energy
diagram for open channel flows (1912).

Bank protection The process by which the bank is protected from erosion by lining or by
retarding the velocity along the bank; device to reduce scour by flowing water
e.g. mattresses, groynes, revetments.

Bank, left/right- Bank to the left/right of an observer looking downstream.
Barré de Saint-Venant Adhémar Jean Claude Barré de Saint-Venant (1797–1886), French engineer,

who developed the equation of motion of a fluid particle in terms of the shear
and normal forces exerted on it.

Bazin Henri Emile Bazin: French scientist (1829–1917) and engineer, worked as an
assistant of Henri P.G. Darcy.

Bed erosion Deepening of a channel by the gradual wearing away of bed material, mainly
due to the forces of flowing water.

Bed forms Channel bed irregularity that is related to the flow conditions; features on a
channel bed resulting from the movement of sediment over it. Characteristic
bed forms include ripples, dunes and anti-dunes.

Bed load Sediment transport mode in which individual particles either roll, slide or
hop along the bed as a shallow, mobile layer a few particle diameters deep;
mass (or volume) of course sediment (silt, sand, gravel) in almost continuous
contact with the bed and transported in unit time.

Bed material Material with particle sizes that are found in significant quantities in that part
of the bed affected by transport.

Bed material load Part of the total sediment transport, which consists of the bed material and
whose rate of movement is governed by the transporting capacity of the
channel.

Bed or bottom slope Difference in bed elevation per unit horizontal distance in the flow direction.
Bed profile Shape of the bed in a vertical plane; longitudinally or transversely, which

should be stated.
Bed shear stress The way in which currents transfer energy to the channel bed.
Berm Horizontal edge on the side of an embankment or channel section, to intercept

earth rolling down the slope, or to add strength to the construction.
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Bernoulli Daniel Bernoulli (1700–1782); Swiss mathematician, physicist and botanist
who developed the Bernoulli equation: ‘Hydrodynamica, de viribus et
motibus fluidorum’ textbook (1st publication in 1738, Strasbourg).

Bifurcation Location where a river or channel separates in two or more reaches, sections
or branches (opposite of a confluence).

Boundary conditions Physical conditions (hydraulic and/or others) used as boundary input to
physical or numerical models.

Boundary layer The flow region next to a solid boundary where the flow field is affected
by the presence of the boundary and where friction plays an essential part.
A range of velocities characterizes a flow across the boundary layer region;
from zero at the boundary to the free-stream velocity at the outer edge of the
boundary layer.

Boussinesq JosephValentin Boussinesq (1842–1929) – French expert on hydro-dynamics
‘Essai sur la théorie des eaux courantes’ an outstanding contribution in
hydraulics literature (1877).

Boussinesq coefficient Momentum correction coefficient.
Bresse Jacques Antoine Charles Bresse (1822–1883) – French applied mathemat-

ician and hydraulic expert, who made contributions to gradually varied flows
in open channel hydraulics (Bresse 1860).

Bulk density The mass of soil per unit of undisturbed bulk volume.
Canal A man-made or natural channel used to convey and in some cases also to

store water.
Capacity The ability to receive or to hold power; the ability of a stream to transport

water or sediment; the volume of artificial or natural reservoirs, basins.
Cartesian coordinate One of three coordinates that locate a point in space and measure its distance

from one of three intersecting coordinate planes measured parallel to one of
the three straight-line axes that are the intersections of the other two planes.
It is named after the mathematician René Descartes.

Caving The collapse of a bank caused by undermining due to the wearing away of
the bank by the action of flowing water.

Channel Stream or waterway; ‘channel’ generally means the deep part of a river or
other waterway.

Channel, open- Longitudinal boundary consisting of the bed and banks or sides forming a
passage for water with a free surface.

Channel, stable- Channel in which the bed and sides remain stable over a significant period
of time in the control reach and in which scour and deposition during floods
is minimal.

Channel, unstable- Channel in which there is frequently and significantly change in the bed and
sides of a control reach.

Chézy coefficient de Chézy coefficient is a resistance coefficient for open channel flows.
Although it was thought to be a constant, the coefficient is a function of
the relative roughness and Reynolds number.

Chézy, de Antoine de Chézy (1717–1798).
Cohesion The mutual attraction of soil particles due to strongly attractive forces.

Cohesion is high in clay but significantly little in silt or sand.
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Cohesionless Referring to soil that consists primarily of silt or larger grain sizes and in
which strength is directly related to confining stresses.

Cohesionless soil Soil that has a little tendency to stick together whether wet or dry, such as
sands and gravel.

Cohesive sediment Sediment material of very small sizes (less than 50 µm) for which cohesive
bonds between particles are significant and affect the material properties.
The sediment contains significant proportion of clays, the electro-magnetic
properties of which cause the sediment to bind together.

Cohesive soil Very fine-grained unconsolidated earth materials for which strength
depends upon moisture content.

Compound cross section A cross section of a channel in which the width suddenly increases above
a certain level.

Confidence interval An interval around the computed value within which a given percentage of
values of a repeatedly sampled variate is expected to be found.

Conjugate depth Another name for sequent depth in open channel flow.
Continuity The fundamental law of hydrodynamics, which states that for incompress-

ible flows independent of time, the sum of the differential changes in flow
velocities in all directions must be zero.

Control Physical properties of a channel, which determine the relationship between
stage and discharge at a location in that channel.

Control section A section in an open channel where critical flow conditions take place
resulting in a distinct relationship between water level and discharge;
the concept of ‘control’ and ‘control section’ are used with the same
meaning.

Coriolis Gustave Coriolis (1792–1843) – French mathematician, who first described
the Coriolis force (effect of motion on a rotating body).

Coriolis coefficient Kinetic energy correction coefficient.
Critical depth Depth in a canal of specified dimensions at which the mean specific energy

is a minimum for a given discharge; the flow is critical.
Critical flow Flow for which the specific energy is minimum for a given discharge;

Froude number will be equal to unity and surface disturbances will not
travel upstream.

Critical flow condition The flow condition in open channel flows such that the specific energy is
a minimum. Critical flow conditions occur for Fr = 1.

Critical slope Slope of a channel in which uniform flow depth occurs at critical depth.
Critical tractive force The threshold value of the tractive force of a water flow when bed material

starts to move.
Cross-section Section of a stream normal to the flow direction bounded by the wetted

perimeter and the free surface.
Darcy-Weisbach Dimensionless parameter characterizing the friction loss in a flow.
friction factor
Datum Any permanent line, plane or surface used as a reference datum to which

elevations are referred.
Degradation Lowering of channel bed elevation resulting from the erosion of sediments;

downward and lateral erosion.
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Density Mass (in kg) per unit of volume of a substance.
Depth, hydraulic
or mean-

Depth obtained by dividing the cross-sectional area by the free surface or top
width.

Design discharge A specific value of the flow rate, which after the frequency and the duration
of exceedance have been considered, is selected for designing the dimensions
of a structure or a system or a part thereof.

Design flow Flow on which the cross sectional area of a canal or drain is determined.
Design flow depth Depth of water in a channel when design flow moves through the cross-

sectional area.
Desilting basin Canal section with very low velocity, forming deposition of the sediment

carried by the water.
Diffusion The process whereby particles intermingle as the result of spontaneous

movement and move from a region of higher concentration to one of lower
concentration. Turbulent diffusion describes the spreading of particles caused
by turbulent agitation.

Diffusion coefficient Quantity of a substance that passes through each unit of cross-section per unit
of time.

Dimensional
analysis

Technique to reduce the complexity of a problem, by expressing the relevant
parameters in terms of numerical magnitude and associated units, and grouping
them into dimensionless numbers.

Discharge Volume of water per unit time flowing along a pipe or channel, or the output
rate of plant such as a pump.

Discharge regulator Structure regulating the flow from one canal to another.
Diversion structure Structure in a river or canal to divert all or some of the water into a (diversion)

canal.
Drawdown curve Water surface profile, when water surface slope is larger than bottom slope.
Drop A rapid change of bed elevation, also called a step.
Dry density Mass of soil per unit of volume on dry weight basis.
Dunes Types of bed form indicating significant sediment transport over a sandy bed.
Dynamic
equilibrium

Short-term morphological changes that do not affect the morphology over a
long period.

Dynamic viscosity The ratio between the shear stress acting along any plane between neigh-
bouring fluid elements and the rate of deformation of the velocity gradient
perpendicular to this plane.

Eddy A vortex type of water motion, partly flowing opposite to the main current;
small whirlpool; movement of flowing water in a circular direction, caused by
irregularities or obstructions in canals, rivers or streams.

Eddy viscosity Name for the momentum exchange coefficient; also called ‘eddy coefficient’.
Elevation head The vertical distance to a point above a reference level.
Energy (grade) line Plot of the total energy head in the flow direction.
Energy gradient Difference in total energy per unit of horizontal distance in the flow direction.
Energy head, Total- Sum of the elevation of the free water surface above a horizontal datum in a

section and the velocity head at that section.
Energy loss/head
loss

Difference in total energy between two cross-sections.
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Energy, Specific- Sum of the elevation of the free water surface above the bed and the velocity
head at that section.

Equity Criterion of the share for each individual or group that is considered fair
by all system members; the measure can be defined as the delivery of a
fair share of water to users throughout a system; the spatial uniformity of
the ratio of the delivered amount of water to the required (or scheduled)
amount.

Erodible Used for the material (soil) prone to erosion.
Erosion The process by which soil is washed or otherwise moved by natural factors

from one place to another; the gradual wearing away of canal beds by flowing
water.

Erosion and scour The detachment and transport of sediment particles because of flowing water.
The processes can occur over land or within rivers and canals and ultimately
result in the deposition of transported sediment at downstream locations. The
movement of sediment can lead to the loss of significant soil volumes, the
instability of canal beds and banks, the undercutting of bridge pier and abut-
ment foundations, the reduction of conveyance and storage capacity, and the
damaging of aquatic habitat.

Erosive Used for the mechanism causing erosion.
Error The difference of a measured value from its known true or correct value (or

sometimes from its predicted value).
Euler Leonhard Euler (1707–1783) – Swiss mathematician and physicist.
Event An occurrence, which meets specified conditions, e.g. damage, a threshold

rainfall, water level or discharge.
Extreme A value expected to be exceeded once, on average, in a given (long) period

of time.
Fall A sudden drop in bed level of a stream.
Fixed-bed channel The bed and sidewalls are non-erodible; neither erosion nor accretion occurs.
Flow Movement of a volume of water; not to be confused with ‘rate of flow’ or

‘discharge’.
Flow control method In general, a regulation method for irrigation structures to maintain a specific

flow condition in the irrigation system.
Flow, steady- Flow in which the depth and velocity remain constant with respect to time.
Flow, uniform- Flow in which the depth and velocity remain constant with respect to space.
Free flow Flow through a canal, which is not affected by the level of the downstream

water.
Free water level Level or surface of a body of water in free contact with the atmosphere,

meaning at atmospheric pressure.
Freeboard The difference in elevation of the maximum (normal) flow line and the ground

surface or bank at a canal or drain section. Also the vertical distance between
the maximum water surface elevation in design and the top of retaining
banks or structures, provided to prevent overtopping because of unforeseen
conditions.

Free-surface Interface between a liquid and a gas. More generally a free surface is the
interface between the fluid (at rest or in motion) and the atmosphere.
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Friction Boundary shear resistance of the wetted surface of a channel, which opposes
the flow of water; process by which energy is lost through shear stress.

Friction coefficient Coefficient used to calculate the energy gradient by friction.
Froude William Froude (1810–1879) – English naval architect and hydro-dynamicist

who used the law of similarity to study the resistance of model ships.
Froude number A dimensionless number representing the ratio of inertia forces and gravity

forces acting upon water. Fr2 = v2/g y. It is used to differentiate open chan-
nel flow regimes and to distinguish between sub-critical and super-critical
flow.

Gauge Device for measuring water level, discharge, velocity, pressure, etc, relative to
a datum.

Gauge datum Fixed plane to which the water level is related; the elevation of the zero of the
gauge is related to this plane.

Gauge height Elevation of water surface measured by a gauge.
Gradient Measure of slope in metre of rise or fall per metre of horizontal distance;

dimensionless.
Gradually
varied flow

Flow characterized by relatively small changes in velocity and pressure
distributions over a short distance.

Head Potential energy of water due to its height above a datum or reference level,
usually expressed in m.

Head works The main intake structure of an irrigation system, often equipped with a weir
or barrage, an intake sluice, sediment excluder or sand trap.

Head-discharge
relationship

Curve or table which gives the relation between the head and the discharge in
an open channel at a given cross-section for a given flow condition, e.g. steady,
rising or falling.

Hydraulic Relating to the flow or conveyance of liquids, especially water through pipes
or channels.

Hydraulic jump Abrupt, sudden change from supercritical to subcritical flow; flow transition
from a rapid (supercritical flow) to a slow flow motion (subcritical flow).
Giorgio Bidone published the first investigations in 1820. The present theory
was developed by Bélanger (1828) and has been verified experimentally by
many researchers (Bakhmeteff and Matzke 1936).

Hydraulic radius Quotient of the wetted cross-sectional area and the wetted perimeter.
Hydrostatic pressure Also known as the gravitational pressure, it is the pressure at a point due to the

weight of the fluid above it.
Ideal fluid Frictionless and incompressible fluid; fluid has zero viscosity: it can’t sustain

shear stress at any point.
International System
of Units

SI = Système International d’Unités; system of units adopted in 1960 based
on the metre-kilogram-second (MKS) system. It is commonly called the SI
unit system. The basic seven units are: for length, mass, time, electric current,
luminous intensity, amount of substance and temperature.

Irregular waves Waves with random wave periods (in practice also heights), which are typical
for natural wind-induced waves.

Karman constant ‘Universal’ constant of proportionality between the Prandt mixing length and
the distance from the boundary. Experimental results indicate that κ = 0.40.
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Karman, von Theodore von Karman (1881–1963) – Hungarian expert on fluid-dynamics,
who studied the vortex shedding behind a cylinder (Karman vortex
street).

Kinematic viscosity Dynamic viscosity divided by the fluid density.
Lagrange Joseph-Louis Lagrange (1736–1813) – French mathematician and

astronomer.
Laminar flow Flow characterized by fluid particles moving along smooth paths in thin

layers (laminas), with one layer gliding smoothly over an adjacent layer and
not influenced by adjacent layers perpendicular to the flow direction. Laminar
flows follow Newton’s law of viscosity that relates shear stress to the rate of
angular deformation: τ = µ(δv/δy).

Level-top canal A canal with horizontal embankments between cross-regulators to meet zero
flow condition for downstream control.

Longitudinal section Vertical section along the centre line of a canal, it shows the original and the
final levels.

Main canal Is the irrigation canal taking water from the supply (source) and conveying
the water to the lateral or secondary canals.

Maintenance Operations performed in preserving irrigation or drainage canals and drain
pipes, hydraulic structures, service roads and works in good or near ori-
ginal conditions. Repairs are part of maintenance; the regular, continuous
inspection and repair of irrigation and drainage systems.

Manning Robert Manning (1816–1897); Chief Engineer of Public Works, Ireland.
In 1889, he presented two formulae, but he preferred to use the second
formula.

Mathematical model Model that simulates a system’s behaviour by a set of equations, per-
haps together with logical statements, by expressing relationships between
variables and parameters.

Mean depth Average depth of a canal, being the cross sectional area divided by the surface
or top width.

Mean velocity Average velocity in a canal, being the discharge divided by the cross sectional
(wetted) area.

Meandering Single channel having a pattern of successive deviations in alignment that
results in a more or less sinusoidal course.

Mixing length The mixing length is the characteristic distance travelled by a fluid particle
before its momentum is changed by the new environment; the mixing length
theory is a turbulence theory developed by Prandtl (1925).

Modelling Simulation of some physical phenomenon or system with another system
believed to obey the same physical laws or rules in order to predict the
behaviour of the former by experimenting with the latter.

Momentum exchange
coefficient

Apparent kinematic (eddy) viscosity in turbulent flows; analogous to the
kinematic viscosity in laminar flows. Momentum exchange coefficient is
proportional to the shear stress divided by the strain rate. Also called eddy
viscosity or eddy coefficient (Boussinesq, 1877).

Navier Louis Marie Henri Navier (1785–1835) – French engineer who extended
Euler’s equations of motion (Navier 1823).
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Navier-Stokes equation Momentum equation applied to a small control volume of incompressible
fluid; usually written in vector notation. Navier first derived the equation
by a different method. De Saint-Venant in 1843 and Stokes in 1845 derived
it in a more modern manner.

Negative surge A negative surge results from a sudden change in flow that decreases the
flow depth. It is a retreating wave front moving upstream or downstream.

Newton Sir Isaac Newton (1642–1727) – English mathematician and physicist. His
contributions in optics, mechanics and mathematics were fundamental.

Nikuradse J. Nikuradse – German engineer who investigated the flow in smooth and
rough pipes (1932).

Non uniform flow Flow that varies in depth, cross-sectional area, velocity and hydraulic slope
from section to section.

Normal depth Uniform equilibrium open channel flow depth; depth at a given point in a
canal corresponding to uniform flow, water surface and bed are parallel.

Numerical modelling Refers to the analysis of physical processes (e.g. hydraulic) using compu-
tational models.

Off-take Structure with or without gates, that conveys water to a secondary canal or
tertiary unit.

One-dimensional flow Neglects the variations and changes in velocity and pressure transverse to
the main flow direction.

One-dimensional model Model defined with one spatial coordinate, the variables being averaged in
the other two directions.

Open canal Natural or man-made structure that contains, restricts and directs the flow
of water. The surface of the water is open to the atmosphere, and therefore,
the flow is referred to as free flow. The design of canals includes the solution
of relationships between bed and bank roughness, channel geometry, and
flow velocity. Free surface flows are driven by gravity and they can vary in
both time and space.

Open channel Channel in which the water surface is in free contact with the air (free
surface).

Overflow structure Structure with water flowing over its crest.
Particle size distribution The fractions of clay, silt and sand particles in a soil.
Pascal Blaise Pascal (1623–1662) – French mathematician, physicist and philoso-

pher, who developed the modern theory of probability. Between 1646 and
1648, he formulated the concept of pressure and showed that the pressure
in a fluid is transmitted through the fluid in all directions.
The unit of pressure is named after Pascal: one Pascal equals a Newton per
square-metre.

Physical modelling Investigations of hydraulic processes using a (physical) scale model.
Porosity The ratio of the volume of pores filled by air and/or water and the total

volume of a soil sample.
Positive surge Positive surge results from a sudden change in flow that increases the depth.

It is an abrupt wave front. The unsteady flow conditions may be solved as a
quasi-steady flow situation.

ppm Abbreviation for parts per million.
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Prandtl Ludwig Prandtl (1875–1953) – German physicist who introduced the concept
of the boundary layer and developed the turbulent, mixing length’ theory.

Precision The degree of mutual agreement among a series of individual measurements.
Precision is often, but not necessarily, expressed by the standard deviation of
the measurements.

Primary canal Canal that conveys water from the head works to the secondary canals and
tertiary units.

Probability The chance that a prescribed event will occur, represented as a pure number
(p) in the range O < p < 1. It can be estimated empirically from the relative
frequency (i.e. The number of times the particular event occurs, divided by the
total count of all events in the class considered).

Prototype Actual structure or condition being simulated in a numerical or physical model.
Rapidly varied flow A flow characterized by large changes over a short distance (e.g. weirs, gates,

hydraulic jump).
Rating curve Graphic or tabular presentation of the discharge or flow through a structure or

channel section as a function of water stage (depth of flow).
Rayleigh John William Strutt, Baron Rayleigh (1842–1919) – English scientist in

acoustics and optics. His works are the basis of wave propagation theory in fluids.
Regression analysis Statistical technique applied to paired data to determine the degree or intensity

of mutual association of a dependent variable with one or more independent
variables.

Regular waves Waves with a single height, period and direction.
Regulator Structure to set (regulate) water levels and/or discharges in an irrigation network.
Relative density Density of soil material with reference to its maximum possible density for a

given compaction effort. Can be expressed as a percentage of the maximum
possible density, or using descriptive terms such as ‘loose’, ‘medium’or ‘dense’.

Response time Time-lag, i.e. The time needed for a canal network to reach a new steady state
after a change in water level or discharge.

Reynolds Osborne Reynolds (1842–1912) – British physicist and mathematician who
expressed the Reynolds number and stress (i.e. turbulent shear stress).

Reynolds number Dimensionless number representing the ratio of the inertia force over the viscous
force: Re = vD/ν

Roughness
coefficient

Factor in formulae for computing the average flow velocity in open channels
that represents the effect of roughness and other geometric characteristics of
the channel upon the energy losses; e.g. the de Chézy, Manning or Strickler
coefficients.

Roughness factor See roughness coefficient.
Saltation In sediment transport, particle motion by jumping and bouncing along the bed.
Sand Sediment particles, mainly quartz, with a diameter of between 0.062 mm and

2 mm, generally classified as fine, medium, coarse or very coarse.
Sand trap Enlargement in a channel where the velocity drops so that any sand that it carries

can settle and be removed.
Scalar A quantity that has a magnitude described by a real number and no direction.

A scalar means a real number rather than a vector.
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Scour Removal of bed material by the eroding power of a flow of water; erosive action,
particularly, pronounced local erosion by fast flowing water that excavates and
carries away material from the bed and banks.

Sediment Any material carried in suspension by the flow or as bed load that would settle to
the bottom in the absence of fluid motion; particles transported by, suspended
in or deposited by a flow.

Sediment
concentration

The ratio of the mass (or volume) of the dry sediment in a water/sediment
mixture to the total mass (or volume) of the suspension.

Sediment load The amount of sediment carried/transported by running water.
Sediment transport Movement of sediment transported in any way by a flow; from the point of

transport it is the sum of suspended and bed load transported; from the point
of origin it is the sum of bed material load and the wash load.

Sediment transport
capacity

Ability of a stream to carry a certain volume of sediment per unit time for given
flow conditions. Also called the sediment transport potential.

Sediment yield Total sediment outflow including bed-load and suspension.
Sedimentation Deposition of sediments in channels due to a decrease in velocity and

corresponding reduction in the size and amount of sediment that can be carried.
Sedimentation basin Basin placed at selected points along a canal to collect sand and silt.
Sequent depth In open channel flow, the solution of the momentum equation at a transition

between supercritical and subcritical flow gives two flow depths (upstream and
downstream flow depths). They are called sequent depths.

Set point The target value or desired output.
Settling basin Small basin placed at selected points along an open channel to collect sand and

silt.
Shear strength Ability of a material to resist forces tending to cause movement along an interior

smooth surface.
Side slope Slope of the side of a channel with the horizontal; tangent of the angle with the

horizontal; the ratio of the horizontal and vertical components of the slope.
Silt Sediment particles with a grain size between 0.004 mm and 0.062 mm,

i.e. coarser than clay particles but finer than sand.
Silt basin Small basin placed at selected points along a channel to collect sand and silt.
Silt clearance Removal of silt deposited in a channel section above the design bed levels; the

general term also includes bank trimming in the case of constriction of width
by silting.

Silting Process of accretion or rising of the channel bed by depositing of sediment in
the flow. Also called ’accretion of silt. Building of silt layers on channel sides
is referred to as silting, but not as accretion.

Similitude The correspondence between the behaviour of a model and that of its proto-
type, with or without geometric similarity. Scale effects usually limit the
correspondence.

Simulation Representation of a physical system by a computer or a model that imitates the
behaviour of the system; a simplified version of a situation in the real world.

Slope Inclination of the canal side from the horizontal; e.g. 1 vertical to 2 horizontal;
inclination of the channel bottom from the horizontal.
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Soil specific gravity Ratio of the weight of water-free soil to its volume; bulk density; N/m3.
Soil structure Clustering of soil particles into units called peds or aggregates; arrangement of

soil particles into aggregates that occur in a variety of recognized shapes, sizes
and strengths.

Soil texture Characterization of soils in respect of particle size and distribution; the relative
proportion of the three soil fractions (sand, silt, and clay).

Specific discharge The flow rate per unit of cross-sectional area.
Specific energy Quantity proportional to the energy per unit mass, measured with the channel

bottom as datum and expressed in meter of water.
Specific volume The volume of a unit mass of dry soil in an undisturbed condition, equalling the

reciprocal of the dry bulk density of the soil.
Steady flow Flow that occurs when conditions at any point of the fluid do not change with

the time.
Steady state Fluid motion in which the velocity at every point of the field is independent of

time in either magnitude or direction; flow condition in which the input energy
equals the output energy.

Stochastic Having random variation in statistics.
Stream function Vector function of space and time which is related to the velocity field. The

stream function exists for steady and unsteady flow of incompressible fluid as
it satisfies the continuity equation. Lagrange introduced the stream function.

Streamline A line drawn so that the velocity vector is always tangential to it (no flow across
a streamline); in steady flow the line coincides with the trajectory of the fluid
particles.

Subcritical flow The flow in an open channel is subcritical if the flow depth is larger than the
critical depth. A flow for which the Froude number is less than unity; surface
disturbances can travel upstream.

Super-critical flow The flow in an open channel is super-critical if the flow depth is smaller than the
critical depth. A flow for which the Froude number is larger than one; surface
disturbances will not travel upstream.

Surge A surge in an open channel is a sudden change of flow depth (i.e. Abrupt increase
or decrease in depth). An abrupt increase in flow depth is called a positive surge
while a sudden decrease in depth is termed a negative surge. A positive surge is
also called (improperly) a ‘moving hydraulic jump’ or a ‘hydraulic bore’.

Suspended
concentration

The in time-average ratio of the mass (or volume) of the dry sediment in a
water/sediment mixture to the total mass (or volume) of the mixture; also average
of the mean (time average) suspended concentration over the entire area.

Suspended load Transported sediment material maintained into suspension by turbulence of the
flow for considerable periods and without contact with the bed; the velocity of
the load is almost the same as that of the flow; it is part of the total sediment
transport.

Suspension A two-phase system, which may consists of solid particles suspended in water.
Tertiary off-take A discharge regulator on the secondary or primary canal to supply a tertiary

unit.
Textural class The name of a soil group with a particular range of sand, silt and clay percentages

of which the sum is 100% (e.g. sandy clay: 45–65% sand, 0–20% silt, 35–55%
clay).
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Threshold of motion Value at which the forces imposed on a sediment particle overcome its inertia
and it starts to move.

Time lag Time needed for a canal network to reach a new steady state after a change in
water level or discharge.

Top width Width of the channel measured across it at the water surface.
Total load (origin) Total load comprises the ‘bed material load’ (including suspended load) and

the ‘wash load’.
Total load (transport) The total load consists of the ‘bed load’ and ‘suspended load’ (including wash

load).
Tractive force The force exerted by flowing water on the bed and banks of a channel and

tangential to the flow direction.
Tractive stress The force per unit of wetted area that acts on the bed and bank material, trying

to dislodge the material against cohesion, internal repose and gravity.
Turbulence Flow motion characterized by its unpredictable behaviour, strong mixing

properties and a broad spectrum of length scales.
Turbulent flow Fluid particles move in very irregular paths, causing exchange of momentum

from one part of the flow to another. The flow has great mixing potential and
a wide range of eddy length scales. The flow is agitated by cross-currents
and eddies; any particle may move in any direction with respect to any
other particle and the energy loss is almost proportional to the square of the
velocity.

Two-dimensional
flow

All particles are assumed to flow in parallel planes along identical paths in each
of these planes. There are no changes in flow normal to the planes. An example
is the flow in a wide, rectangular channel.

Uniform equilibrium
flow

Flow for which the velocity is the same at every point, in magnitude
and direction, at any given instant; steady uniform and unsteady uniform
flow.

Uniform flow Flow with no change in depth or any other flow characteristic (wetted area,
velocity or hydraulic gradient) along a canal.

Unsteady flow Flow in which the velocity changes, with time, in magnitude or direction.
Validation The comparison between model results and prototype data, to validate a

physical or numerical model. Validation is carried out with prototype data
that are different from those used for calibration and verification of the
model.

Velocity The rate of movement at a certain point in a specified direction.
Velocity head The energy per unit weight of water in view of its flow velocity; square of the

mean velocity divided by twice the acceleration due to gravity.
Velocity, mean- The discharge at a given cross-section divided by the wetted area at that section.
Velocity, surface- Velocity at the water surface at a given point of a channel.
Viscosity Property that characterizes the resistance of a fluid to shear: i.e. resistance to

a change in shape or movement of the surroundings.
Void ratio Ratio of the volume of pores to the volume of solids in a soil.
Voids Pores or small cavities between the particles in a rock or soil mass, may be occu-

pied by air, water or both; the spaces between stones or gravel in river structures.
Volume control Flow control method with the set point in the middle of the downstream or

upstream canal section.
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Wash load Portion of the suspended load with particle sizes smaller than those found
in the bed; in near-permanent suspension and transported without depos-
ition; the amount of wash load transported through a section is independent
of the transport capacity of the flow.

Washout or washing-out Erosion of earth from canal banks or below structures, caused by excessive
flow velocity and turbulence, accumulation of debris, burrowing animals,
or bad drainage, leading to a complete breakdown of banks, structures, or
lining.

Water-level Elevation of the free water surface relative to a datum; also called stage or
gauge height.

Water-level regulator Structure to regulate the water level.
Water-surface slope Difference in elevation of the water surface per unit horizontal distance in

the flow direction.
Wave amplitudes The magnitude of the greatest departure from equilibrium of the wave

disturbance
Wave celerity The speed of wave propagation.
Wave frequency The inverse of wave period.
Wave height The vertical distance between the trough and the following crest.
Wave period Time taken for two successive wave crests to pass the same point.
Wavelength The straight-line distance between two successive wave crests.
Weber Moritz Weber (1871–1951) – German Professor.
Weber number Dimension less number characterizing the ratio of inertial forces over sur-

face tension forces. It is relevant in problems with gas-liquid or liquid-liquid
interfaces.

Wetted perimeter The length of wetted contact between water and the solid boundaries of a
cross-section of an open channel; usually measured in a plane normal to
the flow direction.

Wetted surface The surface area in contact with the flowing water in an open channel.
Width Dimension of a channel measured normal to the flow direction.
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continuous flow 147
controlled deposition 139
control sections 130, 131
control structure 143
control volume 17
conveyance concept 33
conveyance of non-suspended
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conveyance of sediment in

suspension 71
Coriolis coefficient 18
correction factor 108
coupled solution 74
Courant number 118
critical boundary shear stress 66
critical depth 20
critical flow 19
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critical shear stress 66
critical slope 28
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de Chézy equation 23, 25
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depth integrated models 112, 113
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de St. Venant equations 35, 38
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discharge 15
downstream boundary 117
downstream control 59
drawdown curve 28, 150

drawdown profile 121
dry bulk density 50
dunes 78
dynamic equation 35, 38, 73, 124
dynamic viscosity 13

earthen canal 63
effective de Chézy coefficient 91
effective hydraulic roughness 91
effective roughness 122
energy equation 17
energy head 18
energy losses 17
energy principle 17
Engelund–Hansen sediment transport

predictor 104, 108
entrainment 121
equilibrium sediment concentration

125, 131, 147
equilibrium sediment transport 118
equilibrium transport rate 112
erodible boundary 61
erosion 59
excess bed shear stress 57

fall velocity 49, 53
finite difference method

coupled solution 74
uncoupled solution 74

flat bed 78
flow control 59

downstream control 59
upstream control 60

flow profile 116
form resistance 83
freeboard 67
friction factor 77, 82, 121, 129
friction factor predictor 73, 122
friction slope 35
Froude number 13

Galappatti’s depth-integrated model
112, 113, 124, 134

geometric mean diameter 52
gradually varied flow 27, 32, 135
gradually varied flow equation 116
gradually varied unsteady flow 36

continuity equation 37
dynamic equation 35
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grain related shear stress 83
gravity wave 32

hydraulically optimal cross-section
67

hydraulically rough boundary 22
hydraulically smooth boundary 22
hydraulic aspects 126
hydraulic depth 14
hydraulic design 33
hydraulic radius 14
hydraulic resistance 77, 82
hydraulic structure 34

imposed boundary condition 105
independent variables 34
inflow 130
inflow storage capacity 33
initial bottom level 131
initial concentration 125
initiation of motion 99, 100
initiation of suspension 101
in regime canals 62
irrigation aspects 129
irrigation canals 33, 34, 59
irrigation flows 131
irrigation requirements 59, 60
irrigation season 59, 130
irrigation supply 135

kinematic viscosity 13
kinetic energy 18, 23

Lacey
Lacey equations 63
Lacey regime theory 62
Lacey silt factor 63

Lagrange equation 33
Lagrange wave speed 40
laminar flow 13
laminar sub-layer 26
law of continuity 36
length scale 113
lined canal 71
lower flow regime 81

maintenance, type of 130
Manning equation 26

Manning’s roughness coefficient 64,
89

mass balance, for the total sediment
transport 116

mass sediment balance 134
maximum boundary shear stress 65
maximum flow velocity 67
maximum permissible velocity 65, 68
maximum velocity 61

of the sediment particles 131
mean sediment concentration 131
method of characteristics 43, 47
minimum permissible velocity 68
mobility parameter 121
modified Lax method 117, 118, 119
morphological changes 75

of the bottom 116
movable bed 87

negative characteristic 42
negative waves 33, 47
net deposition 134
net entrainment 134
net flux of sediment 116
Nikuradse J. 22, 26
no motion of particles 83
non-equilibrium, suspended sediment

transport 112
non-wide channels 105
non-wide irrigation canal 23, 85, 92,

93

one-dimensional flow 10, 16, 74
one-dimensional sediment equations

124
open channel flow 10, 24, 34
operation scenarios 71
optimal canal design 71
optimal cross-section 67
oscillatory waves 32
outflow 130
outflow storage capacity 33

particle mobility parameter 56
particle parameter 56, 81, 101
particle Reynolds number 57, 100
particle size 49, 52
permissible velocity method 62, 68
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piezometric head 19
porosity 49
positive characteristic 42
positive waves 33, 47
potential energy 23
ppm 58, 129, 134, 176
predictability 79
pressure energy 23
principle of Bernoulli 18
prismatic cross section 16
prism storage 37

qualitatively assessment, of sediment
deposition 154

quasi-steady flow 76, 123

rapidly varied flow 11, 12
rapidly varied unsteady flow 11, 32
rational method 62, 68
real fluid 18
rectangular canal 95, 122
regime method 62
relative change in bottom level 143
relative density 50
relative deposition 137, 138, 141
relative discharge 135
relative median sediment size 138
relative sediment deposition 151
relative sediment load 138
relative sediment size 138
relative transport capacity 69
required supply level 33
required water level 60
response time 75
Reynolds number 13
rigid boundaries 61, 86
ripples 78
roughness 77

type of 125
roughness coefficient 83
roundness 53

section depth 14
sediment aspects 129
sedimentation 54, 59
sediment concentration 129
sediment data 131
sediment mass balance 118

sediment predictors 143
sediments 49

cohesive 49
non-cohesive 49

sediment size 129
sediment transport 33, 83

equilibrium conditions 98
non-equilibrium conditions 71, 99,

112, 115
sediment transport capacity 99, 103,

136
sediment transport equation 70, 73

initiation of motion 100
initiation of suspension 101

sediment transport load 70
sediment transport per unit width

106, 125
sediment transport predictors 68, 99,

103, 108, 122, 125
of Ackers-White 108
of Brownlie 108
of Engelund–Hansen 108
of van Rijn 52, 103, 104
of Yang 103

sediment transport rates 121
sediment transport theories 33, 56

bed load 99
suspended load 99

sediment trap 99
set point 135
SETRIC 123
shape 49
shape factor 53
shear stress 13, 25, 56
shear velocity 21, 25, 70
Shields’ diagram 100
short wave 33
side slope 11, 67, 68, 92, 191, 205
sieve diameter 51
silt factor 63
simple wave 46, 47
simulation period 130, 137
single roughness 125
size distribution 49, 50
size frequency 51
skin resistance 83
skin roughness 86
slope of the energy line 27, 36, 124
slope stability 67
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smoothness factor 69
solitary wave 33
spatially varied flow 12
specific density 50
specific energy 15, 19
specific weight 50
sphericity 53
stability 118
stable canal design 68
stable irrigation canals 62
steady flow 10, 16, 17, 33
steady uniform flow 11, 36
Stokes law 54
storage capacity 33
storage concept 33
stream power 68
stream tubes 86
Strickler equation 26
structure, type of 130
subcritical flow 20, 44
sub-sections 88
supercritical flow 20, 44
surface or top width 14
suspended load 99, 103

in equilibrium condition 114
suspended sediment transport

predictor 103
suspension 54

three-dimensional flow 10
threshold condition 65
time scale 33, 113
top width 67
total energy 15
total friction factor 84
total resistance 83
total sediment concentration 116
total sediment transport 103, 106,

107, 125
in non-wide canals 110

total sediment transport capacity 103
total shear stress 83, 84
tractive force 25, 65
tractive force method 62, 64
translatory wave 32
transport of sediment, see sediment

transport
transport rate parameter 57

trapezoidal cross section 105
turbulent flow 14, 25
two-dimensional flow 10, 16

uncontrolled sediment deposition 138
uncoupled solution 74
uniform flow 11, 16, 24, 28
unsteady flow 11, 27, 32, 33, 35

conveyance concept 33
oscillatory waves 32
storage concept 33
translatory waves 32

unsteady varied flow 11
upstream boundary 117, 130
upstream control 60

van Rijn method 122
varied flow 11
varying water depth 105
vegetation on the sidewall 87
velocity distribution 110
velocity gradient 12
velocity head 15, 23
velocity profile 21, 22
viscous sub-layer 22
volumetric concentration 57

wall roughness 26
water delivery method 59, 75
water depth 14

actual water depth 28
critical water depth 28
normal water depth 28

water level 34
rate of rise 37

water supply 59, 74, 130
wave height 78
wave length 33, 78
wedge storage 37
weed growth 130
weighted roughness 77
wetted area 14, 189
wetted perimeter 14
White and Colebrook expression, for

de Chézy coefficient 26
widening 139, 141
wide rectangular canal 45
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