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Chapter
 One

Introduction



1.1 Introduction:
Flow and sediment transport are important in relation to several engineering topics, e.g. erosion around structures, backfilling of dredged channels and near shore morphological change. Sediment movement in streams and rivers takes two forms. Suspended sediment is the finer particles which are held in suspension by the eddy currents in the flowing stream, and which only settle out when the stream velocity decreases, such as when the streambed becomes flatter, or the stream discharges into a pond or lake. Larger solid particles are rolled along the streambed and called the bedload. There is an intermediate type of movement where particles move downstream in a series of bounces or jumps, sometimes touching the bed and sometimes carried along in suspension until they fall back to the bed. This is called movement in saltation, and is a very important part of the process of transport by wind, but in liquid flow the height of the bounces is so low that they are not readily distinguished from rolling bedload.

The relative quantities moved in suspension and as bedload vary greatly. At one extreme, where the sediment is coming from a fine-grained soil such as a wind-deposited loess, or an alluvial clay, the sediment may be almost entirely in suspension. On the other hand, a fast-flowing clear mountain stream may have negligible amounts of suspended matter and almost all the movement by rolling gravel, pebbles and stones on the streambed.
Sediment causes many problems when constructing hydropower plants and irrigation projects in tropical countries .Deposition and filling of reservoirs is one problem, and the water intake has to be designed for handling the Sediments .The Sediments reaching the water turbine may cause wear on the components. Various instruments has been developed to measure the solid-material discharge .Such measurements are necessary to determine directly the amount of sediment load and/or to establish or check analytical or empirical relations which permit direct calculation of the sediment load.



Fig.1.1 shows a natural stream subjected to significant bed-load transport.
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Fig. 1.1: Bed-load motion. (a) Sketch of saltation motion. (b) Definition sketch of the bed-load layer.

1.2 Types of Flow
Laminar versus turbulent
Laminar flow occurs at relatively low fluid velocity. The flow is visualized as layers which slide smoothly over each other without macroscopic mixing of fluid particles. The shear stress in laminar flow is given by Newton's law of viscosity.


                                                                                                       (1.1)


[image: ]
Fig.1.2: Coordinate system for the flow in open channels.

Where:
 ρ is density of water and ν kinematic viscosity ( ν = 10−6 m2/s at 200C). Most flows in nature are turbulent. Turbulence is generated by instability in the flow, which trigger vortices. However, a thin layer exists near the boundary where the fluid motion is still laminar.

A typical phenomenon of turbulent flow is the fluctuation of velocity

                                                                                 (1.2) 

Where:
 U   W  instantaneous velocity, in x and z directions respectively
 u     w  time-averaged velocity, in x and z directions respectively
       instantaneous velocity fluctuation, in x and z directions respectively
Turbulent flow is often given as the mean flow, described by u and w.  
  
In turbulent flow the water particles move in very irregular paths, causing an exchange of momentum from one portion of fluid to another, and hence, the turbulent shear stress (Reynolds stress). The turbulent shear stress, given by time-averaging of the Navier- Stokes equation, is 

                                                                                                     (1.3)

Note: that  is always negative. In turbulent flow both viscosity and turbulence contribute to shear stress. The total shear stress is

                                                                 (1.4)


Steady versus unsteady
Flow is steady when the flow properties (e.g. density, velocity, pressure etc.) at any point are constant with respect to time. However, these properties may vary from point to point. In mathematical language,

                                                                                (1.5)
In the case of turbulent flow, steady flow means that the statistical parameters (mean and standard deviation) of the flow do not change with respect to time.
If the flow is not steady, it is unsteady.

Uniform versus non-uniform
A flow is uniform when the flow velocity does not change along the flow direction, as shown in Fig.1.3. Otherwise it is non-uniform flow.
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Fig.1.3: Steady uniform flow in a open channel.

Boundary layer flow
Prandtl developed the concept of the boundary layer. It provides an important link between ideal-fluid flow and real-fluid flow. Here is the original description. For fluids having small viscosity, the effect of internal friction in the flow is appreciable only in a thin layer surrounding the flow boundaries. However, we will demonstrate that the boundary layer fulfill the whole flow in open channels. The boundary layer thickness (δ) is defined as the distance from the boundary surface to the point where u = 0.995 U. The boundary layer development can be expressed as shown in Fig.1.4.
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Fig.1.4. Development of the boundary layer.
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1.3 Prandtl’s mixing length theory
[image: ]Prandtl introduced the mixing length concept in order to calculate the turbulent shear stress. He assumed that a fluid parcel travels over a length     before its momentum is transferred.
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Fig.1.5. Prandtl’s mixing length theory.

Fig.1.5. shows the time-averaged velocity profile. The fluid parcel, locating in layer 1 and having the velocity u1, moves to layer 2 due to eddy motion. There is no momentum transfer during movement, i.e. the velocity of the fluid parcel is still u1 when it just arrives at layer 2, and decreases to u2 sometime later by the momentum exchange with other fluid in layer 2. This action will speed up the fluid in layer 2, which can be seen as a turbulent shear stress  acting on layer 2 trying to accelerate layer 2.

The horizontal instantaneous velocity fluctuation of the fluid parcel in layer 2 is

                                                                                      (1.6)
Assuming the vertical instantaneous velocity fluctuation having the same magnitude


                                                                                                      (1.7)
Where negative sign is due to the downward movement of the fluid parcel, the turbulent shear stress now becomes
                                                                               (1.8)

Take kinematic eddy viscosity as

                                                                                                         (1.9)
 
The turbulent shear stress can be expressed in a way similar to viscous shear stress

                                                                                                     (1.10)

1.4 Fluid shear stress and friction velocity
Fluid shear stress
The forces on a fluid element with unit width are shown in Fig.1.6. Because the flow is uniform (no acceleration), the force equilibrium in x-direction reads.

                                                                          (1.11)

For small slope



                                                                                         (1.12)

The bottom shear stress is

                                                                                      (1.13)
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Fig.1.6. Fluid force and bottom shear stress.

Bottom shear stress
In the case of arbitrary cross section, the shear stress acting on the boundary changes along the wetted perimeter, see. Fig.1.6. Then the bottom shear stress means actually the average of the shear stress along the wetted perimeter. The force equilibrium reads.

                                                                                   (1.14)

Where 
O is the wetted perimeter and
 A is the area of the cross section.
 By applying the hydraulic radius (R = A/O) we get.

                                                                                                  (1.15)

Note:
In the case of wide and shallow channel, R is approximately equal to h.

Friction velocity
The bottom shear stress is often represented by friction velocity, defined by
                                                                                                        (1.16)


The term friction velocity comes from the fact that   has the same unit as velocity and it has something to do with friction force. Inserting eq. (1-15) into eq. (1-16), we get

                                                                                                   (1.17)

Viscous shear stress versus turbulent shear stress

Eq. (1-13) states that the shear stress in flow increases linearly with water depth as shown in Fig.1.7.
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Fig.1.7: Shear stress components and distribution.
As the shear stress is consisted of viscosity and turbulence,
                                                                      (1.18)
On the bottom surface, there is no turbulence u=w=0, u'=w'=0 the turbulent shear stress.

 

Therefore, in a very thin layer above the bottom, viscous shear stress is dominant, and hence the flow is laminar. This thin layer is called viscous sublayer. Above the viscous sublayer, i.e. in the major part of flow, the turbulent shear stress dominates (Fig.1.7). The measurement shows the shear stress in the viscous sublayer is constant and equal to the bottom shear stress, not increasing linearly with depth as indicated by Fig.1.7.

1.5 Classification of flow layer
Scientific classification
Fig.1.8. shows the classification of flow layers. Starting from the bottom. 

1) Viscous sublayer: a thin layer just above the bottom. In this layer there is almost no turbulence. Measurement shows that the viscous shear stress in this layer is constant. The flow is laminar. Above this layer the flow is turbulent.
2) Transition layer: also called buffer layer. Viscosity and turbulence are equally important.
3) Turbulent logarithmic layer: viscous shear stress can be neglected in this layer. Based on measurement, it is assumed that the turbulent shear stress is constant and equal to bottom shear stress. It is in this layer where Prandtl introduced the mixing length concept and derived the logarithmic velocity profile.
4)  Turbulent outer layer: velocities are almost constant because of the presence of large eddies which produce strong mixing of the flow.
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Fig.1.8. Scientific classification of flow region (Layer thickness is not to scale, turbulent outer layer accounts for 80% - 90% of the region).
Fig.1.8. classification of flow layers 




Engineering classification

In the turbulent logarithmic layer the measurements show that the turbulent shear stress is constant and equal to the bottom shear stress. By assuming that the mixing length is proportional to the distance to the bottom ( = k.z), Prandtl obtained the logarithmic velocity profile. Various expressions have been proposed for the velocity distribution in the transitional layer and the turbulent outer layer. None of them are widely accepted. However, by the modification of the mixing length assumption, cf. next section, the logarithmic velocity profile applies also to the transitional layer and the turbulent outer layer. Measurement and computed velocities show reasonable agreement. Therefore in engineering point of view, a turbulent layer with the logarithmic velocity profile covers the transitional layer, the turbulent logarithmic layer and the turbulent outer layer, cf. Fig.1.9. As to the viscous sublayer. The effect of the bottom (or wall) roughness on the velocity distribution was first investigated for pipe flow by Nikurase. He introduced the concept of equivalent grain roughness ks (Nikurase roughness, bed roughness). Based on experimental data, it was found.
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Fig. 1.9. Engineering classification of flow region (Layer thickness is not to scale).
1.6 Velocity distribution
Turbulent layer
In the turbulent layer the total shear stress contains only the turbulent shear stress. The total shear stress increases linearly with depth (eq. 1-15)

                                                                                       
 By Prandtl's mixing length theory 

                                                                                              
 
Assume the mixing length

                                                                                        

Von Karman constant κ = 0.4

 

Integration of the equation gives the famous logarithmic velocity profile

                                                                                          (1.19)

Where the integration constant z0 is the elevation corresponding to zero velocity (uz=z0 = 0), given by Nikurase by the study of the pipe flows.
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(1.20)



It is interesting to note that the friction velocity u∗, which, by definition, has nothing to do with velocity, is the flow velocity at the elevation

  , i.e


In the study of sediment transport, it is important to know that the friction velocity is the fluid velocity very close to the bottom, as shown in Fig.1.10.
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Fig.1.10. Illustration of the velocity profile in hydraulically smooth and rough flows.

Viscous sublayer
In the case of hydraulically smooth flow there is a viscous sublayer. Viscous shear stress is constant in this layer and equal to the bottom shear stress, i.e.




Integrating and applying u|z=0 = 0 gives

                                                                                    (1.21)

Thus, there is a linear velocity distribution in the viscous sublayer. The linear velocity distribution intersect with the logarithmic velocity distribution at the elevation z = 11.6ν/u∗, yielding a theoretical viscous sublayer thickness.


The velocity profile is illustrated in Fig.1.10, with the detailed description of the fluid velocity near the bottom.

Bed roughness
The bed roughness ks is also called the equivalent Nikurase grain roughness, because it was originally introduced by Nikurase in his pipe flow experiments, where grains are glued to the smooth wall of the pipes. The only situation where we can directly obtain the bed roughness is a flat bed consisting of uniform spheres, where                      ks = diameter of sphere. But in nature the bed is composed of grains with different size. Moreover, the bed is not flat, various bed forms, e.g. sand ripples or dunes, will appear depending on grain size and current. In that case the bed roughness can be obtained indirectly by the velocity measurement, as demonstrated by the following example.
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1.7 Che'zy coefficient
Che'zy proposed an empirical formula for the average velocity of steady uniform channel flow

                                                                                                    (1.22)

Where 
R  Hydraulic radius, i.e. area of cross section divided by wetted parameter
S  Bed slope
C  Empirical coefficient called Che'zy coefficient. C was originally thought to be constant. Various formulas for C have been proposed

C can be theoretically determined by averaging the logarithmic velocity profile.



 Applying it into Eq.1.22
                                                                                                     (1.23)
Averaging the logarithmic velocity profile gives
                                                                                                     (1.24)
Inserting the above equation into eq. (1-23) gives
[image: ]                                                                                            (1.25)

(1.26)



Where the expression for z0 has been used and Ln has been converted to log. Moreover the inclusion of g = 9.8 m/s2 means that C has the unit √m/s.
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1.8 Drag coefficient, lift coefficient and friction coefficient
Drag and lift coefficients
A real fluid moving past a body will exert a drag force on the body as shown in. Fig.1.11.
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Fig.1.11: Drag force and lift force.
Drag force is consisted of friction drag and form drag, the former comes from the projection of skin friction force in the flow direction, and the latter from the projection of the form pressure force in the flow direction. The total drag is written as

                                                                                            (1.27)

The lift force is written in the same way

                                                                                             (1.28)

Where 
A: Projected area of the body to the plane perpendicular to the flow direction.
CD, CL: Drag and lift coefficients, depend on the shape and surface roughness of the body and the Reynolds number. They are usually determined by experiments.

Friction coefficient

Fig.1.12. illustrates fluid forces acting on a grain resting on the bed. 

                                                                                     (1.30)

Where
 α is included because we do not know the fluid velocity past the grain, but we can reasonably assume that it is the function of the average velocity and other parameters.
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Fig.1.12. Fluid forces acting on a grain resting on the bed. 

If A' is the projected area of the grain to the horizontal plane, the bottom shear stress is

                                                    (1.31)

Where
 f is the friction coefficient of the bed, which is a dimensionless parameter. By applying the Che'zy coefficient we get
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       (1.32)
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 EXAMPLE (1): 
Suppose that we have velocity profile data for a stream that is 0.84 m deep, with 6 velocity measurements through the velocity profile:  
[image: ]

If we take these data and graph them in excel, with velocity as a function of depth, then we get the following: 
[image: ]
We notice two important things about these data. First, the data do not go all the way to a depth of zero. Second, we do not have a velocity measurement at the water surface. 
So first, we want to use excel to put a logarithmic regression line through the data. 
[image: ]
Note that this gives us the equation of velocity as a function of depth (where in excel velocity is the y variable, and depth is the x variable) 


We remember that z0 is defined as the depth for which velocity goes to zero: 




These data give a z0 of 0.0068. This is very small for a roughness height, but it is based on empirical data, so it must be right for the data that we have. Now we need to get an estimate of the actual shear stress. We use the law of the wall equation 


u* = √(τ/ρ)
And we realize that with our velocity profile (regression equation in the graph) we have the equation for this line empirically as well. So, we note that our slope from these data is 




So we can now say for this particular data set that (remembering that  = 0.4 and  = 1000 kg/m3) 



This gives us a total shear stress of 18.1 N/m2.  




EXAMPLE (2):
A rectangular canal has a bed slope of 8 cm/km, and a bed width of 100 m. If at a depth of 6 m the canal carries a discharge of 860 m3 /sec at uniform flow. Find the roughness n, Chezy's coefficient C, and the coefficient of friction f. Also find the average shear stress on the bed.
Solution


Using Manning equation
 
n=0.019
Using Chezy equation


C=69.2


or






	





Chapter
Two

Sediment transport in open channel


2.1.Sediment properties
The dynamic problems of liquid - solid interaction are greatly influenced by the sediment properties. The description of the latter, however, is exceedingly complex and one is forced to make many simplifying assumptions. The first of which is the subdivision into cohesive and non- cohesive sediments. In cohesive sediments the resistance to erosion depends on the strength of the cohesive bond between the particles which may far outweigh the influence of the physical characteristics of individual particles. The problem of erosion resistance of cohesive soils is a very complex one and at present our understanding of the physics of it is very incomplete.
The non- cohesive soils generally consist of larger discrete particles than cohesive soils and the movement of these particles depends on the physical properties of the individual particles, such as size, shape and density.

2.2. Particle size, shape and density
The most important physical property of a sediment particle is its size. It has a direct effect on the mobility of the particle and can range from great boulders, which are rolled only by mountain torrents, to fine clays, which once stirred uptake days to settle. The size of particles can be determined in a number of ways. The nominal diameter refers to the diameter of a sphere of same volume as the particle, usually measured by the displaced volume of a submerged particle. The sieve diameter is the minimum length of the square sieve opening through which a particle will fall. 

Density
Density of the particles is important and must be known. A large variation in density affects sediment transport by segregation, e.g. the armoring effect of the heavy minerals on dune crests. The density of natural sediments is ρs = 2650 kg/m3. Therefore, the relative density is 
s = ρs/ρ = 2.65.

Submerged specific weight of a particle, . Owing to Archimedes' principle, the specific weight of a solid particle, , submerged in a fluid of specific weight,, equals the difference between the two specific weights, thus,

                                                                             (2.1)

Where
  is the mass density of fluid.

Size and shape of a grain
Generally grains are triaxial ellipsoids, having a long diameter da, intermediate diameter db and short diameter dc. McNown (1951) suggested a shape factor. Corel shape factor gives the most useful description of the shape of a grain.



                                                                                                (2.2)

For natural grains typically SCorel = 0.7.

The diameter of a grain can be presented as
ds Sieve diameter, obtained by sieve analysis
dn Nominal diameter, which is the diameter of the sphere having the same volume and weight as the grain. dn ≈ db and dn is slightly larger than ds.
df Fall diameter, which is the diameter of the smooth sphere having the same fall velocity in still water at 240C as the grain. Fall diameter is the best description of the grain size, because it takes into account the grain shape.

Grain size distribution
The most useful and convenient method for the analysis of the grain size distribution is the sieve analysis, as shown in Fig.2.1. The median diameter of the sample is d50, i.e. 50% of the grains by weight pass through.





[image: ]





Fig.2.1. Grain size distribution.


The fall velocity
When a grain falls down in still water, it obtains a constant velocity when the upward fluid drag force on the grain is equal to the downward submerged weight of the grain. This constant velocity is defined as the settling velocity (fall velocity) of the grain. Considering now the settling of a sphere with diameter d, as shown in Fig.2.2.
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Fig.2.2 Settling of a sphere in still water.

The force balance between the drag force and the submerged weight gives.



Therefore the settling velocity of the sphere is

                                                                                             (2.3)

For grain diameter d greater than 2mm, the fall velocity w can be approximated by the following equation:

                                                                                      (2.4)

The drag coefficient of a sphere depends on the Reynolds number (Re = ).

[image: ]

Oseen (1927) seems to have been the first who successfully included, at least partly, the inertia terms in his solution of the Navier- Stokes equation. The Oseen's solution in approximate form is

                                                                                      (2.5)

Goldstein (1929) provides a more complete solution for Oseen approximation and gives the drag coefficient in the form of

                                    (2.6)

For 

Schiller and Naumann (1933) suggest a formula that gives good results for Re <800, or

                                                                        (2.7)

Fredse et al.(1992) gives the empirical expression for the drag coefficient
 
                                                                                                (2.8)

Inserting the equation into eq. (2.3) and solving for  give

                                                                         (2.9)

2.3 Effect of viscosity

The effect of the viscosity of the fluid on the drag coefficients, fall velocities, etc., enters through the Reynolds number. However, when dealing with suspensions it may be necessary to consider the effective viscosity of the suspension rather than that of the fluid. For dilute suspensions of spheres, Einstein developed the following equation.

                                                                                           (2.10)

Where
= Viscosity of the suspension
 = Viscosity of the liquid medium
= Einstein's viscosity constant
 = Volumetric concentration of the solid phase.
 = 2.5 for C < 2-3%.

2.4 Threshold of sediment

For the steady flow over the bed composed of cohesionless grains. The forces acting on the grain is shown in Fig.2.3.
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Fig.2.3. Forces acting on a grain resting on the bed.

The driving force is the flow drag force on the grain
 
Where
The friction velocity  is the flow velocity close to the bed.  is a coefficient, used to modify  so that  forms the characteristic flow velocity past the grain. The stabilizing force can be modeled as the friction force acting on the grain.
If , critical friction velocity, denotes the situation where the grain is about to move, then the drag force is equal to the friction force, i.e.

 

Which can be re-arranged into
             
Shields parameter is defined as
                                                                                                   (2.11)
The sediment starts to move if




 
Fig.2.4 shows Shields experimental results which relate  to the grain Reynolds number defined as


                                                                                                      (2.12)

The figure has 3 distinct zones corresponding to 3 flow situations
1) Hydraulically smooth flow for  ≤ 2
dn is much smaller than the thickness of viscous sublayer. Grains are embedded in the viscous sublayer and hence,  is independent of the grain diameter. By experiments it is found  = 0.1/Re

2) Hydraulically rough flow for Re ≥ 500
The viscous sublayer does not exist and hence,  is independent of the fluid viscosity.  has a constant value of 0.06.

3) Hydraulically transitional flow for 2 ≤ Re ≤ 500
Grain size is the same order as the thickness of the viscous sublayer. There is a minimum value of  of 0.032 corresponding to Re = 10.
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Fig.2.4. The Shields diagram giving  as a function of Re (uniform and cohesionless grain)

Madsen et al. (1976) converted the Shields diagram into the diagram showing the relation between the critical Shields parameter  and the so-called sediment-fluid parameter .

                                                                                              (2.13)
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Fig.2.5. The Shields diagram giving  as a function of .
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Velocity criteria
The condition of incipient motion for an assembly of solid particles is given in terms of the forces acting on the particle by the following relation.

                                                                                                     (2.14)
Where 
Ft and Fn are the forces parallel and normal to the angle of repose. In this study Ft and Fn are resultants of the hydrodynamic drag FD, the lift force FL and the submerged weight.

                                                                                         (2.15)

Where 
Angle  is the inclination of the bed from the horizontal at which incipient sediment motion takes place. Fig. 2.6 shows the situation of these three named forces. The drag FD and lift FL.


                                                                                        (2.16)


                                                                                         (2.17)


Where
 ub = fluid velocity at the bottom of the channel
CD, CL= drag and lift coefficients, respectively
d= particle diameter
K1, K2 = particle shape factors
ρ = liquid density
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Fig. 2.6. Force diagram on particles in a cohesionless sediment.
                                                                                  (2.18)
Introducing Eqs. (2-16), (2-17), and (2-18) into Eq. (2-15) yields

                                                                    (2.19)
Where 
 is the critical bottom velocity at which incipient sediment motion takes place. The quantity of the right- hand side in Eq. (1-19) is referred to as the sediment coefficient A' .

The sediment coefficient A' depends on the particles properties, the dynamics of the flow, the channel slope, and the angle of repose. The angle of repose is the slope angle formed with the horizontal by granular material at the critical condition of incipient sliding. The angle of repose  which is given by Lane (1953), in Figure 2.7 depends on particle size.
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Fig. 2.7. Angle of repose for uniform non cohesive sediment (Lane, 1953)
Neil (1967) gave the following relation for uniform material.
                                                                                 (2.20)
Where : h is the depth of uniform flow.
Based on the incipient motion data, Carstens (1966) proposed an equation such as
                                                     (2.21)
Bed shear stress or tractive force criteria
In a steady uniform flow, the component of the gravitational force exerted along the slope direction which causes downstream motion is balanced by the bed shear stress or tractive force per unit surface , which is the frictional force exerted on the moving fluid at its boundary. For the small slopes, the bed shear stress in a channel can computed as


In a wide open channel, the hydraulic radius R is equal to the depth of flow h; hence

 



The simplest method for estimating the critical condition for the movement of cohesionless sediment is using the linear relationship between critical bed shear stress  and grain size d given by Julien (1995).

 

It should be noted that the initiation of significant motion within a bed of mixed sediment can be affected by factors such as hiding of smaller grain by the larger ones and armoring. Graf (1971) indicated that for materials which are not uniformly sized or contain cohesive materials, the critical bed shear stress for incipient motion should be higher than predicted in the Shields diagram. Also, the shear stress is not distributed evenly a cross section. For a straight prismatic trapezoidal channel, Lane (1953) determined the shear stress distribution shown in Fig. 2.8 and concluded that in trapezoidal channels maximum shear stress for the bottom and sides is approximately equal to and , respectively.
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Fig. 2.8. Shear stress distribution in a trapezoidal channel section (Lane, 1955).
Shear stress ratio
It is remarkable that, on a channel bank, the gravity force that causes the particle to move down the sloping sides of the channels must be considered. On a soil particle resting on the sloping side of a channel section (Fig. 2.8) in which water is flowing, two forces are acting: the tractive or shear stress force, which try to move the sediment particle down the channel in the direction of flow, and the gravity force component Ws sin θ, which tends to cause the particle to roll down the side slope. The resultant of these two forces, which are at right angles to each other, is

  

Where
a = effective area of the particle, = unit tracrive force or shear stress on the side of the channel, Ws = submerged weight of the particle, and  = angle of the side slope. When this force is large enough, the particle will move. On the other hand, the resistance to motion of the particle is equal to the normal force Ws cos multiplied by the coefficient of friction, or tan , where  is the angle of repose. Hence, by the principle of friction motion in mechanics, we have

                                                        (2.22)

Solving for the unit tractive force  that causes impending motion on a sloping surface

                                                                (2.23)

Similarly, when motion of a particle on the level surface is impending owing to the tractive force  , the following is obtained from Eq. (2.22) with  = 0.

                                                                                            (2.24)

Solving for the unit tractive force  that causes impending motion on a level surface

                                                                                                (2.25)

The ratio of  to  is called the tractive or shear stress force ratio; which is an important ratio for design purposes. From Eqs. (2.22) and (2.24) the ratio is

                                                                         (2.26)

Simplifying

                                                                                            (2.27)

It is evident that, for a bank to be stable, the angle of the bank, must be less than of the angle of repose , or in other words, for stability reasons,  > .

2.5 Hydraulic flow-resistance factors

Hydraulic flow resistance has two components: grain roughness and form loss. Grain roughness is due to the tractive force created by sediment materials, vegetations, or other roughness elements at the flow boundary surface. Form loss is the large-scale turbulent loss caused by the irregularity of the channel geometry along its length because of bed forms, expansions, constrictions, bends, and similar geometric features. Both types of flow resistance are important in natural channels. 

Grain roughness

The Strickler formula, developed in 1923, defined Manning's n value for grain roughness as a function of particle size.

                                                                                    (2.28)

Where 
d50= median sediment particle diameter in meter 
Muler (1943) proposes to calculate the roughness coefficient K which is a result of the friction of the top layer of the grains, 
                                                                                           (2.29)

Where 
d90 represents the size of the sediment in the bed for which 90 percent of the material is finer. This is certainly a reasonable diameter, since the top layer, being made up of the largest grains and is armoring the bed.


Effect of vegetation on flow resistance

Vegetation presents a special problem in hydraulic computations because the boundary roughness changes greatly as a function of factors such as flow depth, velocity, and the biomechanical characteristics of the vegetation. The sediment roughness value n can change remarkably during flow events as vegetation is inclined of flattened by the flow. Torres (1997) collected data from 452 experiments in grassed channels with flow depths from 0.018 to 0.81 m and vegetation height ranging from 0.05 to 0.9 m. The variation in Manning's n value with respect of channel mean velocity V, and submerged ratio (h /hv ) , for grass channels is given by Torres (1997) in Fig 2.9. In which h and hv represents water depth and the vegetation height, respectively.   
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Fig. 2.9. Variation in Manning n value for grass channels.


Example (1)

Determine critical grain size for noncohesive sediment in a wide channel at 200C (v=10-6 m2 /s) with the following charactrtistics:

 (
s  
=2650 Kg/m 
3
ρ
)h=5m, U=1.25 m/s,  n=0.03

 (
For  Re*
>
40          F
*
 =0.047
) solution

 
Solve for bed shear stress

 

Solve as before using the Shield diagram

 	




2.6 Bedforms, bed roughness and effective shear stress

Bedforms 

When the sediment materials enter motion, the random patterns of erosion and sedimentation generate very small perturbations of the bed surface elevation. In many instances, these perturbations grow until various surface configurations known bed forms cover the entire bed surface. Resistance to flow, which depends largely on bed form configuration, directly affects water surface elevation in alluvial channel. As flow velocity increases, an initially flat sand bed develops first ripples and then dunes. With additional velocity, as illustrated in Fig.1.9, the stream subsequently transitions into a plain bed form, and finally forms antidunes with standing waves which may or may not crest and break. 





Various bed form configurations and geometry define the boundary roughness and resistance to flow in alluvial channels. The primary variables that affect bed form configuration and geometry are the slope of the energy grade line, flow depth, bed particle size, and particle fall velocity. Flat bed, or plain bed, refers to a bed surface without bed forms. Ripple shapes is small bed form, vary from nearly triangular to almost sinusoidal. Dunes are larger than ripples and are out of phase will the water surface waves. 

Once sediment starts to move, various bedforms occur. In laboratory flumes the sequence of bedforms with increasing flow intensity is  

Flat bed ⇒ Ripples ⇒ Dunes ⇒ High stage flat bed ⇒ Antidunes

Ripples 
Ripples are formed at relatively weak flow intensity and are linked with fine materials, with d50 less than 0.7 mm. The size of ripples is mainly controlled by grain size. By observationsthe typical height and length of ripples are

Hr ≈ 100d50              Lr ≈ 1000d50

At low flow intensity the ripples have a fairly regular form with an upstream slope 60 and downstream slope 320. With the increase of flow intensity, ripples become three dimensional.

Dunes 
The shape of dunes is very similar to that of ripples, but it is much larger. The size of dunes is mainly controlled by flow depth. Dunes are linked with coarse grains, with d50 bigger than 0.6 mm.
With the increase of flow intensity, dunes grow up, and the water depth at the crest of dunes becomes smaller. It means a fairly high velocity at the crest, dunes will be washed-out and the high stage flat bed is formed.

Antidunes 

When Froude number exceeds unity antidunes occur. The wave height on the water surface is the same order as the antidune height. The surface wave is unstable and can grow and break in an upstream direction, which moves the antidunes upstream.




[image: ]










Fig.2.10. Illustration of flow over ripples, dunes and antidunes, and their movement.

If we know the average velocity of the current, water depth and sediment size, the bed forms can be predicted by empirical diagrams, e.g. the one by Znamenskaya (1969), as shown in Fig.2.11, where the sediment size is represented by the fall velocity of the sediment (ωs). The ripples speed (c) is also given so that the figure can be used to estimate the bed-load transport.

[image: ]

















Fig.2.11. Bed forms given by Znamenskaya

Bed roughness

The bed roughness ks is also called the equivalent Nikurase grain roughness, because it was originally introduced by Nikurase in his pipe flow experiments, where grains are glued to the smooth wall of the pipes. The only situation where we can directly obtain the bed roughness is a flat bed consisting of uniform spheres, where ks = diameter of sphere.

The large collection of bed roughness values, obtained by velocity measurement and fitting, covering various flow regions with different sediment size, shows

[image: ]
                                                                                                                   (2.30)

 


Effective shear stress

In the presence of ripples, the resistance to the flow consists of two parts, one originating from the skin friction, another due to the form pressure of the ripples, i.e.

                                                                                                 (2.31)

Where
 is also called effective shear stress, because it is which is acting on single sediment.
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Fig.2.12 The resistance to flow over a rippled bed.

In the case of flat bed,  = 0, and the bed roughness is usually taken as 2.5d50, the effective shear stress is.

                                            (2.32)

Where 
h is water depth and U current average velocity. In the case of a rippled bed,  is the same as above, but the total stress is larger due to form pressure.

                                                                            (2.33)

Where 
The bed roughness is assumed equal to the height of ripples (Hr). The distinction between  and  explains the phenomenon that with the appearance of rippled bed, and hence the increase of, the bed-load transport does not increase.
2.7 Transport modes 

There are three sediment transport modes

Wash load
Very fine particles which are transported by the water, but these particles do not exist on the bed. Therefore the knowledge of bed material composition does not permit any prediction of wash load transport.

Bed-load
 The part of the total load which has more or less continuous contact with the bed. Thus the bed load must be determined in relation to the effective shear stress which acts directly on the grain surface.

Suspended load
 The part of the total load which is moving without continuous contact with the bed as the result of the agitation of the fluid turbulence. The appearance of ripples will increase the bed shear stress (flow resistance). On the other hand, more grains will be suspended due to the flow separation on the lee side of the ripples










Chapter
Three

Bed-load transport formulas
and
measuring devices
             






3.1 Introduction

When the bed shear stress exceeds a critical value, sediments are transported in the form of bed-load and suspended load. For bed-load transport, the basic modes of particle motion are rolling motion, sliding motion and saltation motion. The sediment transport rate may be measured by weight (units: N/s), by mass (units: kg/ s) or by volume (units: m3/s). In practice the sediment transport rate is often expressed per unit width and is measured either by mass or by volume. These are related by:

                                                                                                       (3.1)

Where
  is the mass sediment flow rate per unit width,  is the volumetric sediment discharge per unit width and  is the specific mass of sediment.



3.2 Empirical bed load transport predictions

Many researchers attempted to predict the rate of bed load transport. The first successful development was proposed by P.F.D. du Boys in 1879. Although his model of sediment transport was incomplete, the proposed relationship for bed- load transport rate (Table 3.1) proved to be in good agreement with a large amount of experimental measurements.

Subsequently, numerous researchers proposed empirical and semi-empirical correlations. Some are listed in Table 3.1. Graf (1971) and Van Rijn (1993) discussed their applicability. The most notorious correlations are the Meyer-Peter and Einstein formulae.

The basic idea of splitting the total sediment load into bed-load and suspended load is that, as described above, two different mechanisms are effective during the transport. As to the boundary between the bed-load and the suspended load, argument is still going on. Einstein (1950) suggests the boundary to be some grain diameters, typically 2d50, above the bed. But this is not realistic when the bed is rippled, which is almost always the case. Therefore Bijker (1971) proposed that the bed-load transport takes place inside a layer with a thickness being equal to the bed roughness (height of ripples).

The SI unit for sediment transport  is m3 /(m∗s), read cubic meter of sediment per meter width per second. Note that  is expressing volume of sediment. Sand porosity should be taken into account in converting into dredging volume.

Dimensionless Quantities

               (dimensionless bed flux)


                 (dimensionless shear stress or shield stress)

          (dimensionless particle diameter)


 Table (3.1) Bed-Load Transport Formulae 

	Reference
	Formula
	Comments

	Mayer-Peter and Muller (1948)
	
	The original paper assumed =0.047

	Einestein-Brown (Brown, 1950)
	 


	

	Yalin (1963)
	
	



	Van Rijn (1984)
	
	

	Nielsen (1992)
	
	




Critical Shear Stress

Van Rijn (1984):
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Soulsby (1997):

[image: ]


Where



Example (1):
Given   A river with

Sea water 

Flow U=1m/s              h=2m

Sediment  

Wanted    bed load transport 




Solution

Critical shield parameter 
The relative density is 
The sediment fluid parameter is 



From Fig.2.5. it is found the critical Shields parameter is



The effective shear stress is


The effective Shields parameter is



As we do not have information on ripple height, we take Hr = 100 d50 = 0.02 m, the bottom shear stress is



The coefficient in the Einstein-Brown formula is



Calculate  by formulae

1) Meyer-Peter

Bed-load transport  is often expressed in the dimensionless form







2) Einstein-Brown











The total bed-load transport in the river depends on the width of the river. When the accuracy of sediment transport formulae is concerned, experts say that if a formula gives the correct order of magnitude, it is a good formula. It is not surprising that the formulae give more or less the same result, because all formulae include parameters to be determined by the fitting of experimental results.











3.3 Bed-load measuring devices
Direct measurements

Bed-load is difficult to measure for several reasons. Any mechanical, device placed in the vicinity of the bed will disturb the flow and hence the rate of bed-load movement. The sediment movement and the velocity of water close to the bed vary considerably with respect to both space and time. Furthermore, if a sand bed presents dunes, which is often the case, the results are completely different according to the location of the device with respect to the crest of the dune.
1. Box-and basket type samplers
Box or basket samplers operate by retaining sediment that is deposited in the sampler because of a reduction in the flow velocity and (or) that is screened from the flow. Usually, box samplers are open only at the front and top; and basket samplers are open, but screened, on all sides except the front and possibly the bottom. In general, the basket type has been adopted in preference to the box type.

The sampling operation consists of lowering the sampler to the bed and, on contact with the bed, the front gate of the sampler opens and a timer is released. The water and the bed-load enter the box, experience a velocity reduction, and thus the bed-load is deposited in the trap. At the end of the measurement, the gate is closed, the measuring time is recorded and the sampler lifted.

A typical box-basket sampler is presented in Fig 3.1 

[image: ]












Fig.3.1. box-basket sampler.
A major drawback is that due to the presence of the sampler the velocity reduction may take place at the entrance to the sampler instead of inside. So accumulation of material may prevent the bed-load from entering the sampler. With the pressure-difference samplers this drawback is avoided by making the side walls diverge toward the rear so that the intake velocity and stream velocity are identical. The most notable and used, the Arnhem or Dutch pressure-difference sampler is presented in Fig. 3.2. The pressure drop to maintain sampling velocity is obtained by use of a flared section at the rear of a rubber connection. It has been designed to trap and measure coarse sand and fine gravel.

[image: ]










Fig.3.2. Arnhem or Dutch pressure-difference sampler.



2. Pan-Type Samplers
These are shaped like a wedge with downstream half of the top surface open so that the bed-load will ascend the incline and drop into the interior. Although water does not flow through such a sampler, there is considerable 'disturbance of the flow which may result in selective sorting of the coarse material.



[image: ]





Fig.3.3. pan sampler.


3. Pit-Type Samplers
Considerably different from the foregoing samplers which are introduced~ into the flow for only short intervals of time, are structures built permanently into small streams and canals. These may consist of open or grated depressions (pits) extending entirely across the channel near the end of a uniform reach. If a mechanical device is installed which removes continuously the accumulated sediment, a continuous record of the bed-load rate is obtained. The efficiency of such a sampler is rather high.


Indirect measurements 
1. Sound samplers
The bed-load scraping along the bottom creates audible sound waves. Acoustic instruments are designed to pick up these waves. The equipment consists of an underwater microphone located at a certain distance from the bottom and housed in a streamlined body, an amplifier, and a recorder. So far, only qualitative information has been given by sound samplers.

2. Tracing Methods
Information about the movement of sediments can be obtained through tracing of labeled particles, i.e. an artificial sediment mixture presenting the same density and dimensions as the natural bed material is supplied with particles activated by neutron irradiation in a nuclear reactor 50 that they can emit detectable radiations, the mixture is then released into the stream and the motion of the labeled particles is studied and measured by use of a Geiger counter for example.





Chapter
Four

Suspended load estimation formulae and measuring devices

4.1 Sediment concentration in a steady current
Consider a steady flow in an open channel. The sediment is kept in suspension by turbulent fluctuations. Sediment concentration c has the unit m3/m3, i.e. the volume of sediments in 1 cubic meter water. The classical approach to calculate the vertical distribution of suspended sediment is to apply Prandtl's mixing length theory, as shown in Fig. 4.1.
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Fig.4.1. Suspended sediment in steady turbulent flow.


Consider uniform sand with a settling velocity. In a unit time, through a unit area on the horizontal plan A-A, the volume of sediment travelling upward and downward are.

        


     

In a steady situation,  and  must be equal to each other, which gives 

                                                                                        (4.1) 

By assuming that

          

Where
  = 0.4 and  is the friction velocity, we get

                                                                          (4.2)

Which is integrated with the integration constant given by 

                                                                                (4.3)


4.2 Reference elevation and reference sediment concentration 

 and  in eq (4.3) are called reference elevation and reference sediment concentration, respectively. The reference elevation  is the boundary between the bed load and the suspended load.
Bijker (1992) suggests that  is taken as the bed roughness ks and relates  to the bed-load transport qB.  


It is assumed that bed-load transport takes place in the bed-load layer from z = 0 to z =  = ks, and in the bed-load layer there is a constant sediment concentration. Fig.4.2 shows the velocity profile applied by Bijker. He argues that in hydraulically rough flow there is still a viscous sub-layer, which starts from z = 0 to z = z0 e where the linear velocity distribution is tangent with the logarithmic velocity distribution. Note the thickness of the viscous sub-layer is much smaller than that in hydraulically smooth flow (Fig.1.10 in Chapter 1).
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Fig. 4.2 Viscous sub-layer in hydraulically rough flow.
By the logarithmic velocity profile, we get
                 
The averaged velocity in the bed-load layer is
   
Therefore, the bed-load transport is
  
Hence, we obtain the reference sediment concentration
                                                                                       (4.4)

4.3 Suspended sediment transport
The vertical distribution of both the suspended sediment concentration and the fluid velocity are shown in Fig. 4.3.
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Fig.4.3 vertical distribution of c and u.




The suspended sediment transport can be calculated as

      
 
Where
  and  are Einstein integrals given by

 
 
Where
 
By applying Bijker's recommendation on  and 

                                                               (4.5)






Example (1)
Sea water
 
Flow 
Sediment    
Wanted: suspended sediment transport 
Solution
Meyer-Peter formula,     
And by assuming Hr=ks=100d50=0.02m
 
The fall velocity

 

The friction velocity

 

 

 

 

Or use the following table

The suspended sediment transport is

 
 
The ratio between the bed-load and suspended transport is
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Example (2)
A channel is 60 m wide and 3.0 m deep with slope of 1 in 5000. The mean diameter of bed material is 0.35mm. The value of Manning's n is 0.02. The concentration of mean size 0.2mm is measured as 5 gm/liter at 25 cm above the bed. Find the concentration at 1 mm above the bed and hence the total transport rate of suspended material of the size (0.20 mm) by the channel. Given = 2 cm/s.

Solution
 
 
 
 
And by assuming Hr=ks=100d50=35mm
 
  
 
 
 
=70.2 gm/cm/sec.
=36391.7 ton/day.









4.4 Suspended-load measuring devices
The sediment is coming from a fine-grained soil such as wind-deposited loess, or alluvial clay, the sediment may be almost entirely in suspension. Estimates of the total sediment discharge in streams may be made by combining estimates of the sediment concentration with velocity of flow.

[image: t0848e45.jpg (68578 bytes)]
Fig. 4.4 velocity, sediment concentration, and sediment discharge in streams.
1. Grab samples
The simplest way of taking a sample of suspended sediment is to dip a bucket or other container into the stream, preferably at a point where it will be well mixed, such as downstream from a weir or rock bar. The sediment contained in a measured volume of water is filtered, dried and weighed. This gives a measure of the concentration of sediment and when combined with the rate of flow gives the rate of sediment discharge.

Where the sampling program consists of samples on vertical sections at several points across the stream, the recommended pattern is to use six equally spaced sections as shown in Fig.4.5.

[image: t0848e46.jpg (54051 bytes)]
Fig. 4.5 a suggested pattern for sediment sampling with sampling points at half the depth of flow.


2. Depth-integrating samplers
One can allow for variations in sediment concentration at different points in the stream by using an integrating sampler that is one which gives a single sample combined from small sub-samples taken from different points. A typical sampler is illustrated in Fig.4.6 and consists of a glass bottle inserted in a fish-shaped frame mounted on a rod when gauging small streams or suspended on a cable for larger streams. For the bottle to fill smoothly and evenly when below the surface it is necessary to have one nozzle or orifice for entry of water, and a second pipe through which the displaced air is ejected. The entry nozzle is usually designed with a slightly expanding cross-section behind the point of entry in order to reduce the risk of back pressure which could interfere with the flow into the bottle. In operation, the sampler is moved from the surface down to the bed and back up to the surface while sampling continuously. A few trial runs will establish how long is required for the bottle to fill during this double journey. It is undesirable for any type of bottle sampler to continue to accept more inflow after the bottle is full as this can lead to an accumulation of sediment in the bottle. In some depth-integrating samplers the bottle is lifted out of the flow when or just before it is filled; other types of sampler may have some device to stop further sampling once the bottle is full.

[image: t0848e46.jpg (54051 bytes)]

Fig. 4.6 a depth integrating sampler.

3. Point-integrating samplers
The point-integrating sampler remains at a fixed point in the stream and samples continuously during the time it takes for the bottle to fill. Opening and closing the valves of the sampler are controlled from the surface electrically or by cables. Samples should be taken at a number of depths at each of several vertical sections. Another method of obtaining samples at various depths of flow is to use automatic samplers which will take a sample at a predetermined depth of flow. A typical example is shown in Fig.4.7 using a milk bottle and two lengths of bent tubing. Factory-made versions usually use copper tubing accurately bent to shape, but a simple field version can be made using plastic tubing which is tied to a rigid framework to hold it in place. The bottle starts to fill when the depth of flow reaches point A and starts siphon flow into the bottle, and ceases when the depth of flow rises to point B which is the outlet of the air exhaust pipe. The range of sampling is controlled by adjusting the distance between points A and B. 
[image: t0848e47.jpg (23915 bytes)]
Fig. 4.7 a point-integrated sampler.

4. Pumping samplers
Samples can be manually pumped from a stream as shown in Fig. 4.8. In the early years these devices were usually rather large and cumbersome and subject to malfunctions of the many electrical or mechanical components. However, solid-state electronics have led to a new generation of automatic samplers which are smaller, more reliable and less expensive.
[image: t0848e54.jpg (57175 bytes)]
Fig. 4.8 cableway manual pump sampling.
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Five

Total load estimation formulae and measuring devices





5.1 Introduction
The total load rate qt is obtained by addition of the bed-load rate qB and the suspended load rate qS. At low transport rates, where most of the sediment moves in contact with the bed, the bed-load approximates, sufficiently well, the total load.
A more correct name for the total load is actually, bed material load. Besides this somehow indirect approach of the addition of the two fractions, there exist more direct approaches. 
5.2 Indirect determinations
There exists one prominent approach for the determination of the bed material load by addition of its fractions, the bed-load and the suspended load. Before the discussion of the bed material determination by an indirect way, a few words of explanation are in order. There are at least two points the warrant differentiation of the bed-load from the suspended load, one of which is the difference in the behavior of the movement of the different loads. Within a rather thin layer, the so-called bed layer, the particle motion is one of rolling, sliding, and sometime saltating; this is defined as the bed-load. Outside the bed layer is the suspended load, where the solid particles are continuously supported by the turbulent fluid. A clear line of division between the two kinds of load does not exist. Particles being part of the bed-load are sooner or later part of the suspended load. Secondly, it is convenient to distinguish between these two modes of transport, because the two loads are predominantly measured by different methods. The bed-load is measured with suitable traps, whereas the suspended load is obtained from water samples carrying the sediment.

5.2.1 Einstein's bed-load functions
Einstein (1950) advanced the bed-load and the suspended load concept having in mind that a summation of the two loads would lead to a proper determination of the bed material load. The bed-load is given by
                                                                                                                   (5.1)
For a size fraction of ; and the suspended load is given by
                                                                                                                (5.2)
For a size fraction of   ; thus the resulting bed material load for a size fraction  is
                                                                                   (5.3)
Where:
   is the bed material load rate in weight per unit time and unit width.
The relationship of bed-load transport to suspended load transport for all size fractions
                                                     (5.4)
D : depth of flow.
The apparent roughness diameter  must be obtained from Fig. 5.1.
            
[image: ]
Fig. 5.1 correction factor in the logarithmic velocity distribution.
The bed-load rate  can be obtained from a relationship of  given in Fig. 5.2.
[image: ]
Einstein has given an analytical relationship for the intensity of transport (bed-load),  , and for the intensity of shear,  . In an abbreviated from it can be written as
                                                                                                  (5.5)
                                                                                         (5.6)
                                                                                (5.7)
                                                                                                (5.8)
                                                                                        (5.9)
                                                                                                 (5.10)
                                                                                     (5.11)

[image: ]Fig. 5.3 Hiding factor and pressure correction as used in Eq.(5.9)   

Where
 hydraulic radius with respect to the grain.
  diameter of particle or median diameter of particles in a mixture.
  channel slope.
 probability of grain being eroded.
 constant to be determined by experiments.
  fraction of bed-load in a given grain size.
  fraction of bed material in a given grain size.
Einstein stresses the following points:
1- The length of a uniform reach should be such that the slope S may be determined accurately.
2- The channel geometry, the sediment composition, and all other factors influencing the roughness value n, such as vegetation, etc., should be uniform, so that an average representative cross section may be selected.
3- The velocity of the water has to be measured accurately.


5.2.2 Bagnold's approach
Bagnold (1966) argues that the existence and maintenance of upward supporting stresses equal to the immersed weight of the solids represent the key issue in the sediment transport problem. The dry mass of transport solids m and the immersed weight m'g are related by

                                                                                            (5.12)
The bed-load mass  is defined as that part of the total load mass which is supported by a solid-transmitted stress, while the suspended load mass  is supported by the fluid-transmitted stress . The transport rate of solids by immersed weight per unit width i  is given as
                                        (5.13)
Where
   is the mean transport velocity of solids, and  and  are the mean transport velocity of solids moving as bed-load and suspended load, respectively. 
For the bed-load fraction this may be achieved if multiplied by the coefficient of solid friction, ; and for the suspended load, by multiplying with  , where  is the settling velocity. Thus the bed-load work rate is given as 
                                                                       (5.14)
The suspended load work rate as
                                                                               (5.15)
The available power, per unit length and unit width, is given by
                                                                                        (5.16)
Where
: channel depth
: width
: average fluid velocity
: energy slope.
The available power  is the supply of energy for the transport of sediment. The relationship for  and bed-load and suspended load, respectively, as follows
                                                                                              (5.17)
                                                                               (5.18)
Where 
  and  represent the appropriate efficiency.
Sub. Eq. (5-13) and Eq. (5-14) into Eq. (5-9) lead to
                                                    (5.19)
For fully turbulent flow, Bagnold has shown that , a relationship reproduced in Fig. 5.4. From flume studies ignoring some uncertainties, that quantity    was given by 0.01. Furthermore, the solid friction coefficient was expressed in term of bed shear stress and is given in Fig. 5.5, while the assumption was made that the mean velocities of fluid and of suspended solids are approximately equal. 
                                                                               (5.20)
[image: ]

Fig. 5.4 the bed-load efficiency factor
[image: ]
Fig. 5.5 the solid-friction coefficient.

5.2.3 Chang's et al. approach
The bed-material load may be given as 
                                                                    (5.21)
The first term representing the bed-load moving within the bed layer of a thickness a, and the second term representing the suspended load.

The bed-load equation
                                                                              (5.22)
Where
 is the bed material discharge coefficient. 
 is the mean flow velocity.
 is reported to be in functional relation with bed material, bed configuration, and flow characteristics, and is given by Fig. 5.6 for flume data. 
[image: ]
Fig. 5.6 bed material discharge coefficient.

The suspended load was expressed quite similar to Einstein's approach, or
                                                                                                   (5.23)
With  containing the two integrals, given by following Eqs.


 

                                        (5.24)

5.3 Direct determinations
Because the hydrodynamics forces involved in lifting the bed material same the suspended load, there is a group of researchers who feel that no need exists to distinguish bed-load from suspended load. Considering the bed-load as such, it is of demarcation of bed-load and suspended load, a definition which has, for good reason, been subject to criticism.
5.3.1 Laursen's approach
Laursen presented relationship between a flow condition and the resulting sediment movement.
                                                                                                               (5.25)
The effective or available tractive force obtained by use of Manning's and Strickler's relation, and given by Laursen as
                                                                              (5.26)
Where
 is the boundary shear associated only with the sediment particles.
The following empirical relationship was suggested:
                                                                       (5.27)
Where
 is the cross sectional mean concentration per weight, and given for quartz sand as
                                                                                                    (5.28)
Where
 bed-load rate in volume per unit time and unit width
  rate of liquid in volume per unit time and unit width
Data from flume studies, limited to sand of d<0.2 mm almost exclusively, helped to establish the relationship of Eq. (5-27); it has been reproduced in Fig.5.7 for total load and for bed-load. Equation (5-27) can be rearranged thus:
                                                     (5.29)
[image: ]
Fig. 5.7 total load relationship.
Example (1):
Bijker    
Engelund             
   Sea water
 
Flow 
Sediment    
Wanted: Total sediment transport
Meyer-Peter formula,     
And by assuming Hr=ks=100d50=0.02m
 
The fall velocity

 

The friction velocity

 

 

 

 
The suspended sediment transport is

 
 
Bijker

 
Engelund

 


5.4 Total -load measuring devices
5.4.1 Tracing methods
Tracing of labeled particles in a sediment mixture helps to obtain information on the movement of sediments. The motion of labeled particles is studied and measured, and form this knowledge a qualitative and/or quantitative determination of the entire sediment transport is deduced. Tracer techniques offer a unique approach for studying the motion of discrete particles. By these methods could be obtain a very good picture of the sediment transport process. Tracing techniques have helped already to understand such involved and complicated sedimentation problems as exist in estuaries, along coastlines, and in oceans.
The operation of obtaining data with any tracing method usually includes the following steps. An appropriate tracer is selected. This tracer is then supplied to the sediment to be studied. The labeled sediment is introduced into the hydraulic environment. After a certain time period the tracer has spread and data collection may begin. The collected data are now subject to qualitative and/or quantitative interpretation.
The tracer material and the labeled sediment particles should be fulfill the following requirements:
1- A labeled and an unlabeled solid particle must react to the forces responsible for sediment motion in the same way.
2- The physical and/ or chemical properties of traced particle must be distinguishable and/ or detectable with appropriate equipment. Depending on the desired accuracy of the data and the sensitivity of the measuring device, the amount of tracing material must be selected.
3- The tracer on or in the solid particle should be durable, at least for the time over which the experiment or study extends.
4- The tracer should not be hazardous to the biological environment.
5- The cost of producing traced particles should be reasonable.
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FIGURE 37
Velocity, sediment concentration and sediment discharge in streams
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FIGURE 38
A suggested pattern for sediment sampling with sampling points at half the depth of flow
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FIGURE 39
A depth-integrating sampler
Standard
wading rod
Current

Bottle clamp Air vent

Interchangeable nozzle
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FIGURE 40
A pointintegrated sampler
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FIGURE 44
Cableway manual pump sampling (redrawn from Hydraulics Research 1990)
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