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number relating to the grain. The left hand side of equation 1.2 is the ratio of shear 

force to gravity force and is known as the entrainment function. Shields plotted the 

entrainment function against the Reynolds grain number and demonstrated that the 

nature and effect of the transport process was a function of the position on the 

diagram. The threshold of movement line was later added by Rouse (1939). The 

Shields diagram has been extensively used by engineers since, as a criterion for 

incipient motion. 

2.1.1.3 Critical Velocity Approach 

Several authors have investigated the possibility of defining the threshold of 

mobility using a critical velocity (e. g. Fortier and Scobey 1926; 1-ljulstrom 1935; 

ASCE Sedimentation Task Committee, Vanoni 1977; Yang 1973,1996. Of these 

most have produced results through observation rather than analytical approaches. 

Some of the work has related to average flow velocities due to the difficulty in 

directly measuring the channel bottom velocity without disturbing the transport 

process. Yang (1973,1996) presented an incipient motion criterion describing the 

relationship between a dimensionless critical average flow velocity and the grain 

Reynolds number. Yang's approach is based on theories of fluid mechanics but also 

relies on some experimental derivations. 

Although the two approaches of critical velocity and critical shear stress are 

presented here in separate sections, the two parameters can be related to each other 

by equation 2.3 below (Pender and Li 1995). 

uý., =C Equation 2.3. 
Pg 

Where Ucrj is the critical velocity for size fraction j, C is the Chezy coefficient, Tcrj is 

the critical shear stress for size fraction j, p is the density of' water and g is 

gravitational acceleration. Essentially the two approaches are therefore very similar. 
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The incipient motion of a single sediment particle is dependent on the location of 

the particle, the instantaneous strength of turbulence and the orientation of both. 

These conditions can be described by probability functions and for this reason some 

investigators have taken a probabilistic approach to the determination of incipient 

motion. Gessler (1965) measured the probability that grains of a specific size will 

remain in the bed and not be entrained. He found that the probability depends mainly 

on the Shields parameter and slightly on the grain Reynolds number. He further 

found that the ratio of the critical shear stress ic, from the Shields diagram, and the 

boundary shear stress 'r, related directly to the probability that the sediment particle 

would stay in the bed. 

Other incipient motion criteria have also been investigated by research. All follow 

similar principles to those outlined in the sections above. Meyer-Peter and Muller 

(1948) proposed that the size of sediment particle at incipient motion was related to 

the channel slope, mean flow depth and bed roughness. Mavis and Laushey (1948) 

used the competent bottom velocity to calculate the size of particle at incipient 

motion. where competent bottom velocity was defined as 70% of the mean flow 

velocity. The US Bureau of Reclamation (1987) produced a diagram relating the 

critical tractive force to the mean diameter, and Ferguson (1994) examined the use of 

critical discharge for predicting entrainment of particles from a poorly sorted gravel 

bed. He concluded that a critical discharge approach may not be theoretically 

superior to other approaches, such as the use of a critical shear stress, but that it may 

prove to be of practical value. 

2.1.2 General Mechanics of Bedload Transport 

Most natural flows are turbulent (Chadwick and Morfett 1986), which means that 

the eddy transport processes are a major part of the general body of flow. At the 

granular boundary of the bed there exists a sub-layer of flow. This comprises of 
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`pools' of stationary or slow moving fluid. The structure of the sub-layer is not stable 

however, and high momentum eddies continually disrupt this region of flow. These 

eddies originate from the turbulent zone above and cause the low momentum fluid 

from the sub-layer to be ejected. The momentum difference between the two fluid 

zones generates a shearing action which in turn generates more turbulent eddies. In 

this way the eddy transport process is self perpetuating. 

The fluid flow subjects the granular bed material beneath the sub-layer flow to 

fluctuating impulsive forces. If at any point the force is great enough a prominent 

grain will be dislodged and will roll over its neighbouring grains until it regains 

stability. If the imposed forces are sufficient to cause more wide spread movement 

then the collisions and interactions between mobile material produces a more 

complex flow structure. With an increase in the strength of the flow conditions grain 

instability penetrates further into the bed. This means that bedload can be most 

simply represented by a series of layers of sediment sliding over each other. An 

analogy with laminar flow suggests that the velocity distribution of these layers is 

linear. The largest velocity being at the surface of the bed and the velocity decreasing 

into the bed, away from the fluid forces. This model has been used as the basis of 

various sediment transport equations based on tractive force, such as Du Boys (1879) 

and Shields (1936). 

2.1.3 Uniform Sediment Transport Prediction Methods 

As for the investigation of incipient motion, different authors have used different 

approaches to produce prediction methods for uniform sediment transport. The most 

commonly applied techniques are based on; boundary shear stress, flow velocity, 

energy slope, stream power or probabilistic approaches. 

The following sections introduce the reader to the different approaches taken to 

sediment transport prediction methods. The limited examples given have been 

chosen as they are some of the most well known or commonly used. More complete 
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and comprehensive reviews are available in literature (White ct al I973a, b; White et 

al 1975; Yang 1996). 

2.1.3.1 Boundary Shear Stress Approach 

Initial investigations into sediment transport behaviour focused on the less complex 

case of uniform sediment transport. Work started at the end of the 19th century with 

a study by Du Boys (1879). He assumed that the tractive force (shear stress) acting 

on a movable, non-cohesive, uniform sediment boundary, caused the sediment 

particles to move in layers along the bed. He proposed that each layer would be of 

equal thickness. Under equilibrium conditions the tractive force of the fluid flow in 

the channel would be balanced by the total resistance generated by the moving 

layers. 

Shields' approach to uniform sediment transport prediction is semi-empirical 

(Shields 1936). He studied incipient motion by examining conditions of non-zero 

sediment transport rates and carefully measuring the flow conditions. He then 

obtained a condition for threshold of movement by backwards extrapolation of the 

relationship between the applied conditions and sediment transport. From his 

predicted flow conditions at the point of initial motion and using his measurements 

during conditions of non-zero transport, he was able to derive a semi-empirical 

transport equation. In his work he reasoned that particle entrainment was a function 

of the Reynolds number relating to the grain conditions rather than the general fluid 

flow conditions. 

Kalinske (1947) based his idea for the prediction of bedload discharge on the local 

velocity and shear stress in the bed region. He included terns for the fluctuations of 

these quantities due to turbulence. This resulted in a relationship that predicts 

sediment transport at values of average shear stress lower than the critical shear stress 

for the material. This is an important characteristic in terns of simulating observed 

transport behaviour. 
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The velocity approach is often interchangeable with the shear stress approach due to 

the link between boundary shear stress and flow velocity. Van Rijn (1984a, b) 

developed bedload and suspended load formulae based on the difference between the 

sediment's critical velocity at the threshold of movement and the applied fluid 

velocity. For the computation of bedload he proposed that bedload transport rate was 

a product of saltation height, particle velocity and bedload concentration within the 

near-bed, flow region. Ile developed his formula by numerically solving the 

equations of motion for solitary particles to produce saltation heights and particle 

velocities. Experiments with gravel bedload transport were then used to calibrate his 

resulting mathematical model. The result was a simple expression defining bedload 

concentration as a function of the flow and sediment characteristics. From the 

reference concentration of bedload transport and from measured concentration 

profiles, Van Rijn's suspended load formula was developed and calibrated. The result 

is a method for computing suspended load as the depth-integration of the product of 

local sediment concentration and flow velocity. 

2.1.3.3 Energy Slope Approach 

Meyer-Peter et al (1934) published work from an extensive series of laboratory 

experiments examining sediment transport behaviour. From this they produced a 

bedload prediction formula relating sediment transport to the discharge and energy 

slope of the channel. The work was then further developed to produce the commonly 

employed Meyer-Peter and Muller equation (Meyer-Peter and Muller 1948). The 

updated relation takes account of the specific weights of the fluid and sediment, the 

geometry of the channel and the size of the material, as well as the energy slope of 

the flow. 
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Bagnold (1966) produced an equation for sediment transport which many believe is 

limited in being applicable only to the transport of a specific range of sands in water. 

However, the equation is interesting in that it is based on the immersed weight of 

sediment per unit bed area in motion. Movement occurs when the entrainment force 

of the fluid is greater than the resistive force of the grain. This can be seen from a 

basic examination of the forces acting on a particle in a fluid flow, the resistance 
being a function of the immersed weight of the particle. Bagnold proposed that the 

power to maintain the sediment transport is provided by the fluid flow. He then 

developed his equation to derive sediment transport predictions from the flow 

conditions or stream power. 

Another popular transport prediction equation based on the power concept is that of 

Engelund and Hansen (1967). The authors applied Bagnold's stream power concept 

and the similarity principle to obtain their sediment transport function. The 

application of the similarity principle, strictly speaking, limits the application of the 

equation to flow with dune beds. They found through measured data however, that 

their prediction method was applicable to both dune beds and the upper flow regimes 

associated with uniform sediment. 

An extensively used development in the field of sediment transport prediction is the 

series of equations presented by Ackers and White (1973). Again the basic approach 

is based on the stream power concept of Bagnold. This time physical considerations 

and dimensional analysis are used to produce functions based on three dimensionless 

quantities. The first of the three quantities is a sediment transport parameter based on 

the stream power concept. For the bedload this means that the effective stream power 

is based on the flow velocity near the bed and the net shear force acting on the grains. 

The theory suggests that only part of the shear stress acting on the channel bed is 

effective in causing movement of bedload, while it is all effective in causing 

suspended load. The second quantity is the particle mobility number. This is taken as 

a function of the applied shear stress and the immersed weight of the grain. The final 
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quantity is the dimensionless particle size number which expresses the relationship 

between the immersed weight of the grain and the viscous forces acting. The 

functions resulting from the work were calibrated over a wide range of experimental 

and field measurements and are reported to have a good correlation. By this 

definition, more than 50% of the predicted transport rates were between half and 

twice the measured transport rates. In 1990 Ackers and White reported a revision of 

the theory (Ackers and White 1990). This followed uncertainty over the confidence 

that could be placed in predictions of transport concerning line and coarse sediments. 

The revision included the re-derivation of the empirical parameters using the now 
increased, volume of sediment transport data available. The result was small changes 

to the equations, producing lower predictions of sediment transport for fine and 

coarse sediments. 

2.1.3.5 Probabilistic Approach 

Einstein (1942) introduced two important concepts that differed from those 

employed previously to predict sediment transport. Firstly, lie decided to avoid the 

critical criteria for incipient motion, as he believed these to be difficult to define. 

Secondly, he decided to relate sediment transport to the turbulent flow fluctuations, 

rather than average forces exerted on the bed material. He thereafter assumed that 

whether or not a particle moves can be decided by probability. The reasoning behind 

this was that grain movement is caused by the impulse force of near bed turbulent 

eddies. Einstein assumed that the actions of these eddies were non-uniform in space 

and time. The occurrence of an eddy capable of entraining a particular grain 

therefore, is a statistical function of time. Based on experimental work Einstein found 

that, during bedload transport, particles were exchanged between the bed surface and 

the bedload itself. He also found that particles moving as bedload tended to do so in 

jumps along the bed of length relative to the particle size. The transport rate can be 

taken as the number of grains per unit width of the bed to pass a given cross-section 

during a given period of time. This was taken as the product of the number of grains, 

in the surface layer bed area, and the probability that, at any time, a force is imposed 

on a grain that is great enough to set the grain in motion. The area considered was of 
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unit width, and length equal to the grain movement length. The probability that a 

grain is eroded during a time scale of observation is therefore a function of the 

immersed self-weight and fluid lift force acting on the grain. 

2.1.4 Graded Sediment Behaviour 

By definition, a graded bed is made up of particles of several different sizes. What 

makes graded sediment transport more complex and difficult to predict than uniform 

sediment transport is the interaction between these different sized grains. Basic 

theory suggests that larger grains are more stable than smaller grains due to their size 

and, in a graded bed, this allows the smaller grains to be sheltered from the 

entrainment forces (Einstein 1950, White and Day 1982, Proffitt and Sutherland 

1983, Sutherland 1991, Kunhle 1992). This effects the mobility of each size fraction 

in the graded sediment relative to the mobility of uniform beds of material equal to 

each size fraction. The larger grains are more mobile in the graded sediment bed than 

in a uniform bed of large grain'size. This is because in the graded bed they protrude 

further into the flow. They are therefore exposed to a greater percentage of the 

tractive forces, than in a bed where all the material is the same size. The opposite is 

true for the finer material. It is sheltered much more by particles of a larger size, in 

the graded bed, than it is by particles of the same size, in a uniform bed. It is 

therefore relatively less mobile in a graded bed. The case of a mixed grain size bed is 

complicated further by increasing the number of particle sizes present in the bed. 

This can lead to preferential transport of a middle size fraction leaving a bimodal 

mixture on the bed surface. Preferential transport occurs if the larger material sizes in 

the mix are too large to be entrained as bedload but the finer material is too well 

sheltered. This leaves the partially sheltered middle size material as the only size able 

to be entrained. 

The interaction effect between particles of different sizes is known as hiding. 

Hiding itself is affected by the ability to shelter in the active layer of the bed and by 

the feedback effect of the bed surface geometry on the near-bed flow structure. 

Surface geometry can affect eddy shedding and the resulting generation of wakes, 
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turbulence and grain motion. It is therefore important to tale account of bed surface 

characteristics when evaluating the affect of hiding, on sediment transport. 

In a uniform bed, changes in transport rate with time are linked to changes in bed 

forms and changes in the hydraulic conditions. For graded sediment beds, with all 

other applied conditions remaining equal, it is possible for the bed composition to 

control sediment transport rates. This occurs due to the development of an armoured 
bed surface layer. The composition and arrangement of the exposed surface material 

adjusts to prevent erosion by balancing the forces acting within the transport 

environment. Two kinds of armour layer have been reported in literature (Proffit and 
Sutherland 1983, Parker and Sutherland 1990). 

2.1.4.1 Mobile Armour 

The mobile armour surface that is formed during the transport of non-uniform 

material has been the subject of many publications (e. g. Parker ct al 1982a, Parker 

1990, Parker and Sutherland 1990, Wilcock and Southard 1989). Mobile armour has 

been found to occur in the presence of active gravel bedload transport, as a bed 

surface adjusts to the applied conditions (Parker 1990). Through selective transport 

and hiding processes an active armour layer is developed that is approximately one 

large grain size thick (Parker and Sutherland 1990, Sutherland 1991). This active 

layer of temporarily stored material acts as a buffer between the moving bedload and 

flow and the substrate, the composition of which is finer. The protection provided is 

such that in the presence of an active mobile armour layer the immediate substrate is 

only occasionally disturbed while deeper particles are hardly ever disturbed (Parker 

et al 1982a). The product of a mobile layer development is a condition of equilibrium 

transport, such that the quantity and composition of the sediment load entering a 

reach is matched by that leaving. The fact that the coarse surface layer condition is 

described as "mobile" and "active" illustrates the interaction between the bedload, 

the armoured layer and the substrate. 
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If the flow conditions applied to a graded sediment bed are insufficient to move the 

entire range of particles within the bed composition then the composition of the bed 

surface will evolve with time. The degree of coarsening that occurs on the bed 

surface is enhanced by the imbalance between the upstream sediment supply and the 

transporting capacity of the flow (Tait et at 1997). Thus, for the extreme non- 

equilibrium transport condition of zero upstream sediment supply the imbalance is at 
its greatest and the developing armour is said to be static rather than mobile. Mobile 

armour development and static armour development are closely related (Parker and 

Sutherland 1990). The same processes of selective transport and particle hiding occur 

during static armour development but, because the upstream sediment supply is nil, 

the evolution to a fully armoured state is more direct. No sediment is deposited into 

the armour layer to replace the eroded material and so the bed degrades, and the 

transport rate decreases as coarse, immobile material accumulates on the bed surface 

(Tait et at 1992). Willetts et al (1987) concluded that sediment transport behaviour 

was dependent on prior as well as contemporary flow conditions. This suggests that 

static armour stability is related to surface material arrangement as well as 

composition. Recent work published by Tait et at (1997) agree that this is the case. 

Other work by Tait and Willetts suggest that the composition of a static armoured 

surface stabilises early on in its evolution but that stability is continually increased by 

grain rearrangement (Tait and Willetts 1991; Tait and Willetts 1992; Tait et al 1992). 

2.1.4.3 Equal Mobility 

The theory of equal mobility is linked to the development of armoured surface 

layers (Parker et al 1982a; Parker et al 1982b; Parker and Sutherland 1990). By 

formation of an armour layer the fluvial system is attempting to equalise the relative 

mobilities of the different grain sizes (Parker and Sutherland 1990). The coarse 

material is intrinsically less mobile than the fine material. In an armour layer the 

coarse material is concentrated in larger quantities than the fine material, exposing a 

larger number of coarse grains to the flow. The availability for transport of the coarse 
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grains is therefore considerably greater than that for the fine grains. This attempts to 

balance the intrinsic lower mobility of the coarse grains and so render all the grains 

in the armour layer of near-equal mobility (Parker et al 1982a). 

A further point relating to armour layer behaviour is the reaction to increased 

tractive forces. To break a developed armoured surface the applied hydraulic forces 

have to at least peak above the critical threshold value for the stable bed composition 

and arrangement. During this peak all the particles are able to be readily entrained 

and the bedload composition approximates that of the substrate bed material (Parker 

et al 1982b). 

2.1.5 Graded Sediment Transport Prediction Methods 

Those developing graded sediment transport prediction methods have used various 

approaches, as for the determination of incipient motion and the computation of 

sediment transport rates. Many of these are variations on the equations introduced 

previously in section 2.1.3. Again, more complete and comprehensive reviews are 

available in literature, of the methods introduced in the following sections (White et 

al 1973ä, b; White et al 1975; Yang 1996). 

2.1.5.1 Stream Power Approach 

Yang (1972) reviewed the basic assumptions that were made during the formulation 

of conventional sediment transport equations. He concluded that it had been assumed 

that sediment transport rate was derivable from water discharge, average flow 

velocity, energy slope and boundary shear stress. He felt that these assumptions were 

questionable which in turn lead him to question the generality and application of the 

available transport equations. Instead, Yang approached the problem by defining unit 

stream power as the product of velocity and slope. Yang proposed that the rate of 

work done, by a unit weight of water in transporting sediment, must be directly 

related to the rate of work available to the unit weight of water. This lead to his 
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alternative assumption that the total sediment concentration must be directly related 

to unit stream power. Yang's assumption therefore stresses the availability of power 

per unit weight of fluid to transport sediments (Yang 1972,1973). This approach is 

similar, but slightly different from that of Bagnold (1966). Bagnold's work assumed 

the stream power applied to a unit area of bed. Yang used dimensional analysis along 

with multiple regression analysis of laboratory data to investigate the proposed 

relationship between unit stream power and sediment transport. The basic form of the 

unit stream power equation offered by Yang was derived from well established 

theories in fluid mechanics and turbulence. The result of his work was predictions 

relating bedload, suspended load and total load concentrations directly to unit stream 

power (Yang 1996). Though Yang's approach is applicable to graded sediment it 

assumes that any sediment grading can be approximated by using the d; o value. 

2.1.5.2 Probabilistic Approach 

Einstein modified his approach to allow it to be applied to graded sediment 

transport (Einstein 1950). In the new approach the transport rate of each size fraction 

is computed individually. A hiding factor is then applied to define the influence of 

mutual interference between the particles of different sizes. The result is an 

estimation of not only the sediment transport rate, but also composition of the 

material transported. Unfortunately the method is complex to use and does not 

always produce comparisons with observed transport rates. However, Einstein's 

important contribution to the field remains the introduction of the probability 

concept. Authors have since attempted to developed Einstein's work further or use it 

as a starting point (Bishop et at 1965; Brown 1950). Bishop et al (1965) published 

work improving Einstein's equations for certain specific conditions by treating two 

of Einstein's original constants as variable quantities. 



Chapter 2 

2.1.5.3 Equal Mobility Approach 

31 

Parker et al (1982b) proposed a hypothesis called equal mobility. It was First 

developed as part of a substrate-based bedload relation (Parker et al 1982b), and then 

as part of a surface-based relation (Parker 1990). The theory of equal mobility 

consists of two parts. The first is equal entrainment, which is defined as occurring 

when each particle in a graded sediment bed surface is equally likely to be entrained, 

see section 2.1.4.3. The second is equal transport mobility, defined as the state when 

all sizes are transported according to their relative proportions in the bed. This 

essentially means the bed and the transported load have the same size fraction 

composition. 

Parker et al (1982b) define the pavement layer as the coarse surface layer present 

during periods of bedload movement during which all sizes of the bed material move. 

However, it has been found that both conditions of equal mobility do not necessarily 

occur together during transport conditions. 

When Wilcock and Southard (1988) reported on their laboratory flume experiments 

with graded sediment beds they found this to be the case. All their experiments 

showed almost perfect equal entrainment, but only during their high flow strength 

experiments did the transported material approach the composition of the bed and 

therefore equal transport mobility. Wilcock and Southard (1988) further concluded 

from their work that incipient motion occurred at nearly the same critical conditions 

for all sizes within their gradings. This was true for all the ranges of unimodal and 

weakly bimodal mixed grain size beds tested. They also found a common trend 

between different beds. The critical conditions for the threshold of motion matched 

the critical conditions for motion of a uniform bed made up of material of 

approximate size to the d50 of the graded bed. However, it appears that this is not the 

case for strong bimodal mixes. The work of Kunhlc (1992), at Goodwin Creek, 

Mississippi, concluded that the size independence of the fractional critical shear 

stress is no longer maintained. In the case of strongly bimodal beds the larger grains 
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in the sediment mix require a larger shear stress to move them than the smaller 

grains. 

Discussion regarding the validity of the equal nobility hypothesis continues. 

However, the work of Parker et al (1982b) enabled the development of an empirical 

gravel transport function based solely on field data. The Function relates two groups 

of parameters defined as the dimensionless bedload transport function and the 

dimensionless shear stress parameter. Because of the theory of equal mobility of all 

sizes, only one grain size is used to characterise the bedload discharge as a function 

of the dimensionless shear stress. The grain size used is the d; 0 size of the substrate 

material. 

2.1.6 Hiding Functions 

The processes of graded sediment transport are more complex than the processes of 

uniform sediment transport. This is due to the interaction between different sized 

particles within a graded sediment bed. Often this in turn leads to inaccurate 

predictions of transport rate based on a single representative grain size and using a 

uniform sediment transport prediction model (Pender et al 1993; Li 1995). 

In an attempt to improve the prediction of graded sediment transport hiding 

functions have been developed for use with existing sediment transport predictors. 

Hiding functions are used to account for the interaction between size fractions in 

graded sediment. In order that hiding functions can reproduce this phenomenon, 

within a transport calculation, the sediment composition is separated into a number 

of different size fractions. Each size fraction is then represented by a single grain 

size. The empirical hiding function then modifies the critical shear stress of each size 

fraction to account for the existence of the other sizes within the mix. For examples 

of this see Einstein (1950), Parker (1990), Proffitt and Sutherland (1983), Sutherland 

(1991) and White and Day (1982). A key element of this theory is the assumption 

that all particles within a defined fraction size behave in the same way or 

demonstrate equal mobility (Kirchner et al 1990). Threshold evaluation for each 
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fraction within the graded sediment is critical in estimating graded Seth ent transport 

rates (Li 1995). 

Two forms of hiding functions are presented and defined in literature (Li 1995). 

The first was published by Einstein (1950) and an alternative introduced by Parker 

(1990). Einstein's hiding function is defined as the ratio of: the critical threshold 

condition for a particular grain size within a graded bed. to the critical threshold 

condition of that grain size relating solely to the Reynolds number of that grain size 

and the Shields diagram. As a result, the hiding function can be said to be dependent 

on the three parameters of. relative particle size within the bed, the deviation of the 

bed grain size distribution and the Froude number of the flow conditions imposed. 

Parker's reduced hiding function is similar in form to the function proposed by 

Einstein and is defined as the ratio of. the threshold condition from Shields' diagram 

relating to the Reynolds number for the geometric mean size of the graded bed, to the 

threshold condition for a particular grain size within the graded bed. Therefore, 

Parker's reduced hiding function is also dependent on: the relative particle size 

within the bed, the geometric standard deviation of the bed composition and the 

Froude number of the flow. 

The two definitions are clearly not independent of each other. Einstein's function 

essentially relates the mobility of a size fraction within the graded bed, to the 

mobility of a uniform bed of that size fraction. Parker's function however, relates the 

mobility of a size fraction within the graded bed, to the mobility of a uniform bed of 

a size equal to the geometric mean of the graded bed. 

The evaluation of different hiding functions for the use with different non-uniform 

sediment transport formula depends largely on good quality experimental data. The 

derivation of a function assumes that all the complex interactions taking place in 

graded sediment transport are contained within the observed data. It is then assumed 

that the resulting hiding function will faithfully reproduce these interactions when 

applied to independent analysis. A number of hiding functions have been developed 
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and published for use with various different equations (e. g. Einstein 1950, Parker 

1990; Proffitt and Sutherland 1983; White and Day 1982). Of the two proposed 

forms for hiding functions presented in literature the reduced hiding function has 

shown advantages over the alternative form (Pender and Li 1995). However, this 

study only considered the two forms developed for the sediment transport formula of 

van Rijn (1984a, b). 

The two commonly used approaches to graded sediment transport prediction are 

hiding functions and the approximation of equal mobility. It is suggested that of the 

two, a hiding function related to particle size, grain size distribution and flow 

conditions will provide better results over a wider range ol' conditions (Li 1995). 

However, even the best hiding functions developed for use with the best of the 

uniform sediment transport models are still limited in their application and accuracy 

(Bennett and Bridge 1995). 

2.1.7 Requirement for a New Approach to Graded Sediment Transport 

It is now thought to be the case that small scale physical processes play a more 

dominant role, in determining the global evolution of mobile bed rivers, than 

previously appreciated (Pender and Li 1996). It may be that graded sediment 

transport has behaviour patterns in common with the now widely discussed chaos 

theory (Gleick 1987). Many of the existing approaches have only dealt with macro 

scale parameters which may in part explain their limitations. Over the last two 

decades this has become increasingly apparent and researchers have begun to 

investigate individual areas of the problem more closely. 

The effects of relative protrusion, pivoting angles and bed topography on the 

threshold of entrainment for individual size fraction within a bed have been 

examined by Fenton and Abbott (1977), Kirchner et at (1990) and James (1990) and 

(1993). The role of turbulence in mixed grain size sediment entrainment and 

subsequent transport was addressed by Grass (1983) and Thorne et at (1989). The 

nature of the transport of individual size fractions over a mixed grain size bed has 
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been discussed by Diplas (1987), Wilcock and Southard (1989), Wilcock (1992, 

1997) and Wilcock and McArdell (1993,1997). 

Traditionally engineers have numerically modelled sediment transport problems by 

simplifying conditions and defining them in one-dimension. One-dimensional 

dynamic processes in mobile bed channels can then be described mathematically by 

sets of partial differential equations (Holly and Rahuel 1990: Pender and Li 1996). 

The equations derived describe: water volume conservation, water momentum 

conservation, suspended load transport, bed load transport, bed material conservation 

and bed material sorting. The limitation to one-dimension implies that the values of 

the dependent variables are averaged over a cross-section. This means that these 

approaches take no account of parameter variation across a channel, no account of 

bends in the channel and no account of any effects caused by bends. Consequently 

one of the limitations is that no predictions about changes in planform can be made. 

If improvements are to be made in graded sediment transport prediction, the author 

believes that, small scale processes must be taken into account in prediction 

formulae. This may require a new approach not necessarily based on existing 

formulae or theories of equal mobility and hiding. However, the small scale 

processes are highly complex. It is therefore essential to understand the influence of 

the controlling parameters involved, rather than trying to produce regression based 

predictions. Some of the topics thought to influence graded sediment transport are 

discussed below. 

The capacity of a set of flow conditions to transport plays an important role in 

controlling graded sediment transport rate. The capacity defines the maximum 

transport rate that can occur. Adequate quantification of this is therefore central to 

any prediction method. All other influences will then control how close to this 

capacity the actual transport is and how the capacity and the transport vary with time. 

The varying levels of interaction between grains of different sizes in both the bed 

and the bedload is important to understand, and quantify, if improvements are to be 
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nmade. To date hiding functions have been used to address this problem. 1lo«wever, 

small scale changes in interaction may not be described sufficiently by this existing 

approach. 

The texture of the bed plays a part in the control or sediment transport in that it 

influences the hydraulic resistance and the near-bed flow structures. It is known that 

for material with a mean grain size diameter greater than 2 nun the dominant 

influence on flow resistance is grain size composition or grain roughness. The 

resistance can therefore be determined from a representative grain size. For beds with 

a mean grain size less than 2 nom, flow resistance is also partly controlled by bed 

form roughness. The evaluation techniques for hydraulic resistance of Engelund and 

Hanson (1967), White et al (1980) and Van Rijn (1984a) have all been found to give 

reasonable results for flume and river data (Van Rijn 1984b). 

The characteristic length for suspended load and the travel length for bed load 

should also be considered in any new approach to graded sediment transport 

prediction. The characteristic length of suspended load has been used in the past to 

describe temporal and spatial lags in transport rates due to unsteady flow. The same 

temporal and spatial lag reactions have been found to occur in bedload by Bell and 

Sutherland (1983), in steady flows, tinder non-equilibrium conditions, with zero 

upstream bedload input. Knowledge of the travel length of bedload under given 

conditions would help to describe such reactions. 

Particle fall velocity has an influence on the transport of material in suspension and 

should therefore be considered in any total sediment transport prediction approach. A 

significant amount of work has already been done in this area and reasonable 

estimates are believed to be available. The fall velocity for particles smaller than 

0.1 mm in clear still fluid can be derived from Stokes' law. while two relationships 

are provided by Van Rijn (1984b) for larger particles. A correction has also been 

provided for situations involving large concentrations of particles (Yalin 1977). 
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The mean velocity of the bedload has an influence on transport rate. Baonold 

assumed that for steady continuous saltation, the fluid velocity causes a mean fluid 

drag on the particle which is in equilibrium with the mean bed frictional force 

(Bagnold 1973). This led Bagnold to suggest a relationship for calculating the mean 

velocity of the bedload partly based on the premise that saltation height is a function 

of sediment size. 

The bottom layer is defined as the height above the bed surface in which bedload 

transport takes place. Evaluation of the layer thickness may therefore enable better 

predictions of transport to be made. Garcia and Parker (1991) summarised the 

choices for defining bottom layer thickness. These included defining it; as a function 

of flow depth, as proportional to sediment grain size, as a function of bed form height 

or as the elevation of the top of the saltation layer. All these approaches have there 

relative merits, and further investigation may outline a clear choice. 

Another influence on sediment transport rates and compositions is the thickness of 

the active layer. The concept of the active layer differs between degradational and 

aggradational conditions. For aggradation it is easy to define, in that it is the depth of 

deposited stratum accumulated during each given time increment. For the case of 

degradation the boundaries are less clear. The active layer is defined as the depth of 

bed from which erosion takes place. Holly and Rahuel (1990) used empirical 

conceptualisation to evaluate the active layer thickness, while Armanini and Di 

Silvio (1988) set the thickness as equal to the bottom layer depth, with a minimum 

limit of 0.05h. 

The discussion above is by no means exhaustive in terms of small scale influences 

on sediment transport behaviour. It demonstrates however, that a new approach to 

sediment transport would need to be based on more than the macro scale influences 

of shear stress or stream power used before. This approach should, in some way or 

form, quantify the influence of these and other small scale influences, as without 

doing so may yield methods no better than the techniques available at present. 
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If such a new approach may is thought to be overly complicated it may be worth 

remembering once more the extreme complexity of the natural phenomenon. Reid et 

al (1985) have reported that natural beds can show different conditions for the 

incidence of bedload transport, for successive floods, while having essentially the 

same composition. They suggest that long periods of low or no transport cause the 

beds of natural rivers to consolidate. Consequently, when the next significant flood 

event comes along, it takes a more extreme flow to initiate transport and the transport 

is often confined to the recession limb of the event. They also reported that initial 

motion in a natural bed, caused by the earlier stages of a flood event, may occur at a 

higher shear stress than that at which motion ceases. 

Such a new approach taking account of many small scale processes is beyond the 

present study. Indeed it may be beyond the current knowledge of the subject today. 

In order to advance towards the goal of an accurate prediction method for the 

behaviour of natural channel evolution, more basic research is required. The research 

can be divided into two categories. Firstly, more complete data sets studying graded 

sediment transport need to be made available. These must include a wide range of 

parameter measurements at clearly recorded conditions. This will allow calibration 

and testing of any theories put forward. Secondly, research into the small scale 

processes needs to continue. With the further understanding of the influences of such 

processes the foundations for a better prediction method will be laid. 

2.1.8 Research into the Behaviour of Graded Sediment 

This section is by no means meant to review or discuss the research cited, rather, it 

is meant to illustrate to the reader the wide range of research published on the general 

topic of graded sediment behaviour. The section will be split into four sub-sections, 

covering three centres of research in the UK and a selection of researchers from the 

rest of the world. Many other researchers have produced interesting and useful 

publications but are not referenced here for the sake of brevity. 
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HR Wallingford Ltd. (HR), previously the UK government Hydraulic Research 

Station, has for many years been a centre of research into graded sediment transport. 

One of the most commonly used transport prediction methods. the Ackers and White 

Theory, was derived and revised by researchers associated with I-IR (Ackers and 

White 1973,1990). 

As well as playing a key role in the development of large scale, physical modelling, 

research projects at HR (Bettess 1994,1997) Bettess has also published work on the 

initiation of sediment transport in gravel streams (Bettess 1984). 

Day, although normally associated with the Geological Survey of Canada, did 

spend some time at HR and has published co-authored papers with White (White and 

Day 1980,1982; Day 1980). All three papers examine the characteristics of transport 

for graded sediments with reference to the behaviour of different size fractions. Some 

experimental results are presented. 

Other work published by White in association with I-IR includes reviews of existing 

sediment transport prediction methods and their performance (White et al 1973a, 

1973b, 1975). Later work, included in a conference paper, examined the interaction 

between engineering projects and fluvial morphology (White 1987). In this White 

identified considerations for the river engineer along with important river processes 

and characteristics. 

In more recent years, research undertaken by l-IR has tended to be numerically 

based, due to the greater expense associated with physical modelling. A recent report 

published by I-4R examines the possibility of numerically modelling lateral variations 

in sediment transport (Seed 1996). 
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A succession of research grants awarded to the university have meant that research 

into graded sediment behaviour has been active in Aberdeen for over a decade. The 

most recent grants, one of which resulted in the work presented in this thesis, have 

been held jointly with the University of Glasgow. 

Tait spent several years at Aberdeen, before moving to Sheffield, and published 

several papers and a Ph. D thesis as a result of physical and numerical experiments 

examining bed armouring processes (Tait and Willetts 1991.1992; Tait et al 1992; 

Tait 1993). More recent work by Tait has included a conference paper on the 

adjustment of the turbulent flow over a stabilising gravel bed (Tait and Willetts 

1995). Another, from the Series C work, examined the re-arrangement of particles on 

the bed during sediment feed conditions (Tait et al 1997). 

Willetts has published work on several aspects of graded sediment transport. Earlier 

work included numerical simulation of armour development, which was compared to 

experimental results gained by other researchers (Willetts et al 1987). Hardwick and 

Willetts (1991) devised a novel sediment trap that allowed examination of changes in 

sediment transport rates and bedload composition during the early stages of bed 

armouring in small scale experiments. Wheeler and Willetts (1994) used the same 

laboratory flume to examine the effects of upstream sediment feed upon the 

movement of graded sediment. The examination included a study of the feed effects 

on near bed velocities through the use of a laser doppler anemometer (LDA) velocity 

profiler. More recently Willetts' involvement in the Series C programme has lead to 

two conference papers. The first examines bedload transport rates and compositions, 
for bankfull and overbank flow, over a gravel bed, with and without upstream 

sediment feed (Willetts et al 1997). The second, co-written with the author, compares 

transport rates, bedload compositions and final bed compositions associated with 
degradation from man-made and water worked beds (Pcnder et al 1997). 
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Researchers associated with the University of Sheffield have produced several 

papers relating to the behaviour of graded sediment beds. The majority of the 

published work has related to field studies and attempts to numerically model the 

observed behaviour. 

Ferguson and Ashworth (1992) published a discussion of field techniques for the 

measurement of spatial patterns of bedload transport and the non-uniform 

characteristics of natural channel flow. Results from field studies were presented and 

estimates of mean transport rates, and streamwise variations in transport, from 

within-reach stream budgeting were discussed. Ferguson (1994) showed that, the 

effect of relative grain size on entrainment from a graded sediment bed can be 

included in a semi-theoretical equation for critical unit discharge. fie concluded that 

results using the derived equation match well the sensitivity to grain size and the 

absolute levels of critical discharge reported by others. Wathen et al (1995) used 

results from field studies to examine size fraction mobility during several flow events 
in a weakly bimodal sediment bed river. In a paper published by Ferguson et al 

(1996) field data is presented that provides evidence of downstream fining due to 

selective transport, rather than due abrasion. The researchers state that the strong 
downstream fining is linked to the river system's tendency to minimise downstream 

variation in bedload transport rates. 

Hoey (1992) proposed spatial and temporal classifications for the variation in 

bedload transport and sediment storage reported in previous published work. Three 

scales were suggested, each containing a wide range of processes acting to produce 

the observed bedload fluctuations. The development of a numerical model to 

simulate downstream fining by selective transport, observed in previous field studies, 

was reported by Hoey and Ferguson (1994). Within the model the simulated channel 

was free to adjust in longitudinal profile and bed surface composition. More recently 
sensitivity tests on the model have been reported (I-loey and Ferguson 1997). 
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An introduction to some of the graded sediment work published by a selection of 

commonly referenced researchers from the UK has been presented above. Of course, 

graded sediment research is by no means limited to the UK, as can be seen from the 

references cited previously in this chapter. For completeness the work of some of the 

more referenced researchers from the rest of the world is included in this sub-section. 

This is again intended purely to illustrate the depth of work published on graded 

sediment behaviour. 

Gomez (1983) used field studies to examine the effects of progressive bed 

armouring on the temporal variations in bedload transport caused by the limitation of 

material available for transport. A decade later he published work examining grain 

roughness of stable armoured beds formed in a laboratory flume (Gomez 1993). This 

work was followed by more experimental results evaluating the effects of particle 

shape and grain mobility, on the development of stable armour layers (Gomez 1994). 

Four years of field studies, located on Goodwin Creek, lead to a paper by Kuhnle 

(1992), which examined the different fractional transport rates observed. Using his 

field data he also proposed a technique for calculating bedload transport by 

separating the sand and gravel fractions. The work on fractional transport was 
furthered by a paper examining the initiation of motion and fractional transport rates 

of bimodal sediments using laboratory flume and natural channel data (Kuhnle 

1993). More recent work associated with Goodwin Creek, examined the effects of a 

reduction in the area of cultivated land in the channel catchment area, on the 

concentrations of sediment in the flow (Kuhnle et al 1996). 

Parker has been one of the most prolific authors of papers dealing with issues of 

graded sediment transport. Parker et al (1982a) used laboratory experiments to model 

channels with a graded sediment bed and examine the phenomenon of mobile bed 

armour. In the same year Parker et al (1982b) used field data to study the size 
distribution of the bedload in armoured gravel bed channels. The paper also included 
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the development of a substrate-based graded sediment transport relation. Ina later 

paper Parker (1990) converted the existing substrate-based relation, developed solely 

with reference to field data, to a surface-based relation. Again in the same year, 
Parker and Sutherland (1990) published a paper examining the ability of two 

numerical models, designed to predict the transport of non-uniform sediment, to be 

used to predict the development of fluvial armour. In Parker (1991), he presented a 
framework for the simultaneous treatment of selective transport and abrasion which 
is believed to account for the process of downstream fining. While in Parker and 
Wilcock (1993), the researchers examined the different equilibrium conditions 

produced by graded sediment flume experiments operating recirculation and 

sediment feed conditions. 

Sutherland has also been the author of a significant amount of work relating to 

graded sediment processes. Proffitt and Sutherland (1983) modified two existing 

transport rate formulae based on laboratory experiment data. The result allowed both 

the transport rates and the size distribution of the transported material to be predicted, 

knowing the hydraulic conditions and bed material grain size distribution. Bell and 

Sutherland (1983) examined the transient gravel bed response to steady non- 

equilibrium flow conditions for reaches of different lengths. They also reviewed 

previous research and general numerical models associated with non-equilibrium 

alluvial conditions. Phillips and Sutherland (1985) describe a one-dimensional 

unsteady flow and sediment transport model, able to simulate spatial and temporal 

lag effects, and test it against experimental results. They then went on to examine the 

temporal lag effects on bedload transport, caused by changing flow conditions, using 
laboratory experiments (Phillips and Sutherland 1990). A temporal model was also 

developed and tested against measured data. A selection of empirical and analytical 
hiding functions were presented by Sutherland (1991). Several significant issues 

relating to the use of the presented functions were then discussed with reference to 

work on grain mobilities by Kirchner et al (1990). 1-Ioey and Sutherland (1991) 

presented results of an experimental study examining the relationship between 

bedload pulses and channel morphology. 
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One researcher in particular, from outside the UK. who has devoted a considerable 

amount of time to studying graded sediment transport related problems is Wilcock. 

In Wilcock (1988) he examined two commonly used methods for estimating the 

critical shear stress of individual size fractions within a graded sediment. He went on 

to describe a general definition for initial motion which allowed the characteristics 

between the methods to be explained in terns of sampling and scaling 

considerations. Wilcock and Southard (1988) followed this with a study of the 

critical shear stress, for incipient motion, of individual size fractions in graded 

sediment beds, using five laboratory flume experiments. A year later, Wilcock and 

Southard (1989) published a paper examining fractional transport rates, bed forms 

and the development of a coarse surface layer during graded sediment, bedload 

transport using a recirculating laboratory flume. Wilcock (1992) examined, through 

an experimental investigation, the effects on sediment transport dynamics of graded 

sediment properties. The now famous "bed of many colours" allowed Wilcock and 

McArdell (1993) to investigate mobilisation thresholds and the resulting partial 

transport, of a bimodal bed, in relation to surface-based transport rates. While 

Wilcock et al (1996) reported on field measurements which relate flow 

characteristics to sediment entrainment for a large gravel-bed river. In a sister paper, 

Wilcock et al (1996b) develop a basis for evaluating a sufficient discharge for 

sediment maintenance flows in the same large gravel-bed river. In the same year 

Wilcock (1996) reviewed and evaluated, using replicate field velocity profiles, three 

methods of estimating local bed shear from velocity observations. In the following 

year Wilcock and McArdell (1997) demonstrated the existence, and limits, of partial 

transport, using flume experiments with graded sediment, while Wilcock (1997) 

examined the components of fractional transport rate. 

2.1.9 Existing Extensive Graded Sediment Transport Data Sets 

The previous sub-sections and the work already referenced in this chapter, 

demonstrate the large amount of published research concerning graded sediment 

behaviour. However, complete data sets of a significant size are still very limited in 

number. In this context, the term "complete" is being used to describe data sets that 
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provide descriptions of size fraction transport rates and hydraulic conditions, in 

sufficient detail to facilitate use in new research. Li (1995) reviewed the literature for 

such data sets in order to allow the calibration and verification of hiding functions 

developed for used with Van Rijn's transport formula (Van Rijn 1984a, b). Three 

such extensive data sets were found. 

The United States Waterway Experimental Station (USWES) (1935) published the 

results of an extensive series of experiments into graded sediment transport. The 

work covered nine different bed material mixes with each mix being tested for a 

variety of different conditions. However, a full range of information relating to the 

conditions is only available for three of the nine gradings. The grading details are 
listed in table 2.1. 

Table 2.1 Grading Details for USWES (1935) Experiments 

Grading Number Range of D; 
(mm) 

D50 Size 
(mm) 

ab Value 

1 0.153-2.86 0.42 1.82 
2 0.153-2.03 0.44 1.51 
9 0.925-5.56 4.10 1.45 

Three slopes were tested for each of the three gradings. For the finer gradings I and 
2, the slopes tested were 0.001,0.0015 and 0.002 while steeper test slopes of 0.003, 

0.004, and 0.0045 were used for the coarser grading 9. 

All the experiments were carried out in a tilting flume 18.89 m long and 0.9 m wide 

which had a sediment trap positioned at the downstream end of the flume to allow for 

transport rate measurement. At the upstream end of the flume an automatic sand 
Teeding device was used to feed material into the channel at a rate approximately 

equal to that leaving the channel. A constant discharge was imposed down the 

channel, while bed and water surface levels were measured using pointer gauges 

positioned on instrument rails. This allowed the section averaged velocities to be 

calculated from the discharge and cross-sectional areas. The elevation at the 

downstream end of the flume and therefore the flow profile was controlled by a 

vertical sliding tailgate. Visual identification was used to judge the intensity of' sand 
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movement and to classify the bed forms occurring. Unfortunately. during each run 

only one measurement of sediment transport was made making, it impossible to 

establish the precision of the measured transport data. Between the three gradings 53 

experimental runs were carried out. Seventeen runs were carried out with each of 

gradings 1 and 9 while nineteen runs were carried out with grading number 2. 

Gibbs and Neill (1972,1973) evaluated basket-type bedload samplers. In the 

presentation of their work they provided an extensive data set covering two series of 

experiments. The same bed material composition, outlined in table 2.2, was used in 

all the experimental runs. 

Table 2.2 Grading Details for Gibbs and Niell (1972,1973) 

Grading Title Range of Di 
(mm) 

D50 Size 
(mm) 

ßb Value 

G&N 1.02-14.2 4.75 2.28 

The grading had a similar median size to that of the USWES grading 9, but had 

larger c79 value. A nearly constant flow depth was used for all the experiments along 

with a narrow range of mean velocities. The shear stress was varied between the 
different experimental runs by varying the flume slope. 

Only six transport measurements are available, however each of these represents the 

average of a detailed study of the variations in transport rates. During each 

experimental run 50 transport measurements were taken using a slot sampler in the 

flume bed. The length of each sample varied while the interval between each of the 

samples was kept constant. 

The third data set was the result of two series of experiments carried out at HR 
Wallingford (Day 1980). For both sets of experiments the bed material was made up 

of a natural mixture obtained from a local gravel pit. The first series was called I-IRS- 

A and the bed material was widely graded and bimodal. The second series was called 
I-IRS-B and the bed material comprised of a selection of fractions extracted From the 
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I-IRS-A bed mix. The resulting bed composition had a similar mean size but a 

narrower grading. Both bed mixes are detailed in table 2.3 below. 

Table 2.3 Grading Details for Day (1980) 

Grading Title Range of D, 
(nom) 

D; � Size 
(mm) 

C Y, 

I-IRS-A 0.153-14.2 1.75 4.28 
1-IRS-B 0.153-5.56 1.55 3.24 

The same flume was used in the two sets of experiments as was used in the work 

presented in this thesis. A more complete description is given later in Chapter 3. 

Briefly, the flume was 2.46 m wide and 25 m long, with a re-circulation system for 

the water discharge. During the two sets of experiments (FIRS-A and I-IRS-B a 

sediment transport return system was also used. The sediment returned to the 

upstream end re-entered the flume downstream of the main pump discharge vents but 

upstream of the start of the original bed. Initially a 0.2 ni deep sediment bed was laid 

in the flume for all the experiments. This was levelled off using a template. After 

each run of series HRS-A the top few centimetres of the bed were removed and 

replaced by fresh material so that the new experiment would not be affected by 

vertical sorting. The new material was then levelled using the same template. For the 

I-IRS-B series of experiment each new bed was formed from 0.1 m thick layer of 

fresh material placed on top of a sheet of plywood on top of the previous bed. 

Within each run there were several tests. Each test consisted of measurements of 

sediment transport rate, discharge, water surface elevation and flow depth. The 

sediment transport measurements were taken as the material was returned to the 

upstream end of the flume and were measured in parts per million by weight. The 

water surface was derived using regression analysis of the collected surface elevation 

data, while the mean flow velocities were calculated assuming continuity. Twenty 

runs in total were carried out, 11 during series HRS-A and 9 during series HRS-B. 
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2.2 An Introduction to Compound Channel Flow 

One important consideration that should he taken into account, when assessing 

further developments in graded sediment transport prediction, is applicability to 

overbank flows. To date, the data used in development of sediment transport 

predictors has been from in-channel flow experiments. It is therefore, unknown 

whether predictors in there present form will apply to overbank flow conditions 

found in compound channel cross-sections. 

Historically society has been dependent on rivers for irrigation, transport and 

power. This has led to the tradition for centres of population to be cited on river flood 

plains. The continued urbanisation of our catchment and floodplain landscapes has 

increased the problems associated with flooding, caused by larger rainfall events. 

Flood plains are a natural part of the river channel and are utilised for larger flows 

once or twice a year, but society still wishes to be protected From inundation. Many 

solutions have been offered by engineers through the years. However, judging from 

global and local examples, such as practically the whole of Bangladesh in 1989, the 

Mississippi in 1993, the Tay in January 1993 and the Clyde in December 1994, 

complete protection has not yet been achieved. 

Traditional flood alleviation or protection methods have contributed to the demise 

of many natural riverine habitats and environments (Purseglove 1989). These 

traditional methods include re-sectioning, re-alignment and bankside levees (I-Iey et 

al 1994). Re-sectioning of channels by dredging increases the channel discharge 

capacity within the existing channel width dimensions, but destroys the existing 

channel environment. Re-alignment of the channel course reduces the resistance to 

flow caused by bends, thus allowing the flood event to pass more quickly through the 

reach. This obviously damages both channel and bankside environments. Bankside 

levees prevent inundation of adjacent flood plains by enclosing the existing channel 

within high flood banks. This can result in diminished flood plain habitat. 
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Recently an environmentally educated society has demonstrated its awareness of 

the detrimental effects of some of the previously implemented flood prevention 

schemes. In doing so it has begun to demand environmentally sensitive flood 

alleviation schemes. Practising engineers have therefore been encouraged to conserve 

and enhance natural river environments, wherever possible. in the design of these 

schemes. One of the better options now being widely promoted is the use of two or 

multi-stage compound channels (Hey et al 1994; Reeve and Bettess 1990). A multi- 

stage channel is created by placing artificial limits such as flood banks on the flood 

plain set 3 to 6 main channel widths back from the main channel / floodplain 

interface. Another way of creating a two-stage channel is by removing a section from 

the bankside flood plain to make the upper half of the existing main channel 

significantly wider. The former of these two approaches is preferable due to the lack 

of destruction of existing channel form, environment and habitat. 

A compound channel can be defined as a simple main channel, in which normal 

low flows are wholly contained, with either one or two flood plains or berms at either 

side. These flood plains are dry for most of the time, but convey discharge during 

periods of high flow. One common characteristic of compound channels is that the 

flow depth over the main channel is much greater than the flow depth over the flood 

plains. Another is that the boundary roughness of the flood plains is usually 

considerably rougher than that of the main channel. These aspects mean that the 

velocity distribution and the lateral distribution of boundary shear stress are both 

non-uniform across any given cross-section. This makes the calculation of the stage / 

discharge relationship for compound channels more difficult. Recently this has been 

highlighted by various authors who have concluded that simple channel techniques 

are not sufficient to produce accurate estimates (iMlyres and Brennan 1990; Knight 

and Shiono 1990; Ackers 1991,1992a). 

To calculate compound channel discharge capacity it is recommended that the 

channel is divided into individual flood plains and main channel zones (Chadwick 

and Morfett 1986; Ackers 1992a). Each of the zones is then treated as a single 

channel before summing the zone discharge estimates to obtain the total channel 
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discharge. The vertical division lines between zones arc not included in the wetted 

perimeter during the individual section calculations. The method is more applicable 

than treating the whole channel as a single unit and is justified by the assumption that 

within each zone the velocities are fairly uniform. However, the method takes no 

account of flow interaction between adjacent zones and therefore over-predicts 

channel conveyances (Chow 1959; Henderson 1966; Chadwick and Morfett 1986). 

2.2.1 Research into Compound Channel Flows 

Research into compound channel behaviour began several decades ago with the 

examination of the intense interaction between the main channel and flood plain 
flows. Sellin (1964) was the first to publish photographs illustrating the vortices 

occurring at the main channel flood plain intersection. These are responsible for the 

dissipation of turbulent energy and the transfer of momentum from the main channel 
now to the flood plain. 

Myres and Elsawy (1975) examined the distribution of boundary shear stress and 
the distribution of discharge in the simplified case of a main channel with only one 
flood plain. By running tests, with and without an impermeable barrier between the 

main channel and the flood plain, they were able to assess the significance of the 

interaction between the main channel and the flood plain. They also assessed the 

effect of the interactions on the bed shear distribution. When flow was allowed onto 
the flood plain they found that the bed shear stress in the main channel was less than 

when flow was restricted to the main channel itself. This difference between the two 

cases was greatest for small overbank flow depths. 

One suggested way of taking account of the effects of flow interaction mechanisms, 
is the use of an apparent shear stress on the imaginary vertical division lines between 

zones (Myres 1978; Baird and Ervine 1982,1984; Knight et al 1983; Wormleaton 

and Merrett 1990). Apparent shear forces retard main channel flow and enhance 
flood plain flow and are a convenient way of parameterising the complex interaction. 
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All of the above authors have derived equations relating the apparent shear stress to 

the channel's geometry and the flow variables. 

A further investigation into the distribution of velocities and bed shear stress in 

straight compound channels was carried out by Rajaratnam and Ahmadi (1979, 

1981). In an asymmetric compound channel (only a flood plain on one side) the 

researchers measured longitudinal velocities and bed shear stresses. They discovered 

that the normal single channel distribution of point velocities in the vertical was 

disturbed by the interaction effects within the shear layer width. The strength of the 

effects within the shear layer and the width of the shear layer itself appeared to be a 

function of the main channel and flood plain flow depths. The behaviour of the 

mixing of the main channel flow and flood plain flow was more complex. 

The relative effect of different channel geometry and boundary conditions has also 

been a popular area of research concerning compound channels. James and Brown 

(1977) investigated the effects of various flood plain widths and roughnesses on the 

stage-discharge relationship for the channel and the distribution of depth-averaged 

velocity. Wormleaton and Hadjipanos (1985) also examined the effects of various 

flood plain roughnesses. They concluded that the apparent shear stress on the plane 

of division, between the main channel and flood plain, was strongly dependent on the 

velocity differential between the two. It was also concluded that the apparent shear 

stress was a function of the width and depth ratios of the compound channel as a 

whole. Work published by Myres (1987) suggests that the ratios of velocity and 

discharge between the main channel and flood plain are independent of the channel 

gradient. Instead it is suggested that they are dependent on channel geometry and 

flow depth. This work was based on small scale laboratory flume data and theoretical 

considerations. The compound channel used had hydraulically smooth boundaries. 

Up until the late 1980's the majority of the published work on experimental 

investigations into the behaviour of compound channel flow was carried out in small 

scale facilities. The question over whether the mechanics of flow, and therefore the 

overall behaviour of such channels, is the same when scaled to such an extent led to 



Chapter 2 52 

the call for more field data or appropriate scale investigations. Within the UK the 

economic need for better discharge estimating potential for compound channels was 

strong enough to justify the funding of a series of large scale projects (Knight and 

Sellin 1987). The Flood Channel Facility was constructed in 1985 by the then 

Science and Engineering Research Council (now the Engineering and Physical 

Science Research Council) and I-IR Wallingford Ltd. It was built at I-IR 

Wallingford's site in Oxfordshire, England. The first two series of investigations 

involved fixed bed channels. Series A ran from 1986 until 1989 and focused on 

straight and skewed compound channel flows. Series B ran from 1989 until 1992 and 

examined the flow behaviour of meandering compound channels. Both series of 

work were supplemented by smaller scale work in various university laboratories. 

It is the Series A work with straight main channels that is of most relevance to the 

work presented in this thesis. It is therefore briefly reviewed here. 

Wormleaton and Merrett (1990) investigated the effectiveness of dividing the 

compound channel into zones, which are then treated as simple channels, in order to 

estimate the total discharge capacity. They found that this approach produced errors 
for hydraulically smooth channels and bigger errors (up to 60%) for channels with 

roughened flood plains. 

Myres and Brennan (1990) investigated flow resistance. They did this by first 

demonstrating that the trowelled mortar finish to the channel was hydraulically 

smooth. They then treated the channel as a single unit for the computation of 
boundary roughness at different discharges or depths of flow. By comparing the 

variation of the predicted roughnesses they confirmed that a compound channel 

cannot be treated as a single channel. The variations in the predicted friction 

parameters were due solely to the compound channel geometry at the various depths 

as the friction characteristics of the bed remained unchanged. 

Similar results to those obtained by Rajaratnam and Ahmadi (1979) were gained by 

Knight and Shiono (1990) when they examined the characteristics of turbulence in 



Chapter 2 53 

the shear layer. They used a laser doppler anemometer to measure the three 

components of the primary and fluctuating velocity from which they derived the 

turbulent intensities and Reynolds stresses. They found that, as for single channels, 

the primary velocities were logarithmic in the vertical and the corresponding 

Reynolds stresses linear, out with the shear layer. Regions where high lateral 

turbulence was imposed on the bed generated turbulence, resulted in lateral Reynolds 

stresses that were not linear, and included the effects of secondary circulation. It was 

also concluded that the lateral variation in local friction factors was such that 

compound channels could be modelled using constant friction factors in each zone of 

flow. Lastly they showed that the interaction between the main channel and the flood 

plain flows caused a redistribution of bed shear stresses. A reduction was observed 

within the main channel shear layer and an increase in the flood plain shear layer. 

Elliot and Sellin (1990) investigated the discharge capacity of compound channels 

in which the main channel was skewed to the direction of the flood plain boundaries. 

This is considered by most as an intermediate form of compound channel between 

the straight and the meandering cases. They discovered that it skewed main channel 

passes less discharge than a straight main channel and that the reduction in capacity 

increases with increasing angle of skew. The amount by which the capacity is 

reduced varies with overbank flow depth and is a maximum at low relative depths. 

The work from Series A and B addressed the problem of predicting the total 

discharge carried by a given compound channel, or alternatively the question, what 

channel dimensions are required for a given design flood event? For straight 

compound channels two design methods have been developed. The first, by Wark et 

al (1991), is in the form of a numerical model using a lateral distribution method to 

predict unit discharges across the channel (Wark 1993). The second is a hand- 

calculation methodology developed by Ackers (1991). 

Most lowland rivers, prone to flooding, are predominantly meandering in plan. The 

development of a prediction technique for such channels by James and Wark (1992) 

is therefore particularly useful to practising engineers (Wirk 1993). Both the design 
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techniques for straight channels, by Ackers, and for meandering channels, by James 

and Wark, have been incorporated into an easily followed design manual (Wark et al 

1994). 

The Series C work currently underway (started 1994). is an extension of the already 

completed compound channel program. This time the research is examining mobile 

bed straight and meandering channels (Bettess 1997). The additional facility of the 

Tilting Flume has been made available to allow examination of the effect of bed 

slope on the aspects of sediment transport in compound channels being examined. 

The work was motivated by a requirement to further understand the behaviour of 

more natural river channels. As a result of Series A and 13 work Ackers (1992a) 

developed a method for predicting flow conditions in two-stage channels. When the 

predicted flow resulting is used to further predict sediment transport rates the results 

suggest that the sediment transport rate decreases for the transition between inbank 

and overbank flow. Seed (1996) has concluded that sediment transport capacity 

predicted using section averaged values is significantly different than that predicted 

using a summation of point predictions across the section. This is particularly true for 

channels with significantly varying flow depth across the cross-section, such as 

compound channels. 

2.2.2 Published Series C Work 

Much of the experimental work from the first three years of the series is still under 

analysis. However, several international conference papers and reports have been 

written and presented from the Mixed Grain Group alone, three of these co-written 

by the author. These cover several topics including; bed surthce composition and 

grain re-arrangement, the evolution of bedload composition and sediment transport 

during overbank flows (Marion 1996; Brown and Willetts 1997; Ervine et al 1997; 

Hoey et al 1997; Marion et al 1997; Pender et al 1997; Tait et al 1997; Willetts et al 

1997). The conference papers were presented at the 27th IAI-IR Congress in San 
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Francisco, USA and the 3rd International Conference on River Flood Hydraulics in 

Stellenbosch, South Africa. 

2.3 Conclusions 

In this chapter a literature review has been carried out. It has covered several topics 

including; uniform and graded sediment transport, existing common prediction 

methods for both, a general discussion of a new approach to transport prediction, 

existing extensive graded sediment data sets and previous work examining 

compound channel flow. 

From the chapter the following conclusions have been drawn. 

1. The transport of sediment in an open channel is a complex phenomenon. It can 

involve different types of material, graded and uniform, and different mechanisms of 

transport, bedload and suspended load. The initiation of movement is difficult to 

define and the processes influencing transport rates are many and varying. 

2. Existing transport rate prediction techniques are sufficiently inaccurate to cause 

continued resources to be spent on investigation of basic transport processes. Indeed 

the accuracy of many existing techniques is such that results are considered good if 

they fall within a factor of two of the correct value. Many existing graded sediment 

transport predictors are based on uniform sediment formulae with the application of 

an empirically derived hiding function. 

3. In addition to conclusion 2, existing predictive techniques were derived using 

simple, single channel flows. They therefore take no account of the effect of 

overbank flows on predicted transport rates. 

4. Macro parameters, such as shear stress, velocity and unit stream power, may not 

be sufficient on their own to predict transport rates. The influences of small scale 
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physical processes on the overall transport mechanisms appear to be more important 

than previously thought. 

5. It is therefore suggested that a new approach is required to produce accurate 17 

predictions of graded sediment transport rates. Such an approach is outside the scope 

of this study and may be beyond current knowledge of the subject. However, any 

new prediction methods proposed should include estimates of influence from small 

scale physical processes. 

6. In order to proceed towards such an approach further research is required. Further 

detailed studies of graded sediment transport need to be undertaken to develop 

greater understanding of the physical processes involved. More extensive data sets 

relating to graded sediment transport also need to be completed and made available. 

These should include detailed measurements of flow conditions and transport rates to 

allow any transport predictors to be compared to measured results. 

7. A further limitation of the existing approaches to sediment transport prediction is 

that they were derived using simple, single channel data. They therefore take no 

account of the more complex flow structures involved in overbank flow and the 

effects of such structures on transport rates. Any new work in the area of transport 

prediction should review the published work on overbank flow and assess its affect 

on sediment transport. 
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Chapter 3 

Experimental Programme, Apparatus and Procedures 

3.1 Experimental Programme 

The series of experiments referred to in this volume of work were carried out using 

the Tilting Flume research facility at I-IR Wallingford Ltd. England. The research 

was funded by the Engineering and Physical Science Research Council (EPSRC), 

and the European Union, Human Capital Mobility (I-ICM) fund as part of Series C. 

Two sets of experiments examining graded sediment transport, in a straight 

compound channel, were carried out between August 1994 and August 1997. The 

first set of experiments were completed during the period between January 1995 and 

March 1996. This included a five month period spent commissioning all of the 

experimental apparatus used. The second set ran between February 1997 and May 

1997. Both sets are outlined in table 3.1 below. 

Only results from the first set of experiments (Experiments 2 to 12) are presented in 

this thesis. The analysis and work involving the second set (Experiments 13 to 16) is 

ongoing. 

The variables investigated during both sets were: initial bed slope, stage level, feed 

conditions and composition of the bed and feed material. The experiments completed 

during the experimental programme allows for the grouping of experiments in three 

ways. The eleven experiments (Experiments 2 to 12) can be examined in groups in 

order to assess the effects of, initial bed slope, initial flood plain depth and sediment 

feed rate. 
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Experiment 
No. 

Initial Bed 
Slope 

Initial Flood 
Plain Depth 

(mm) 

Bed 
Mix 

Sediment 
Feed Rate 

(ýa/s) 

Feed 
Mix 

Feed 
Duration 
(m ins. ) 

Experiment 
Duration 
(m ins. ) 

2 0.0026 20 B 0 -- -- 4162 
3 0.0026 65 B 0 -- -- 3788 
4 0.0026 0 B 0 -- -- 5555 
5 0.0029 0 B 0 -- -- 5134 
6 0.0024 0 B 0 -- -- 4800 
7 0.0024 20 B 0 -- -- 4810 
8 0.0024 0 B 2.5 l3f 4020 5220 
9 0.0024 0 B 5.0 B1 2953 4172 
10 0.0024 20 B 5.0 131 2575 3775 
11 0.0026 0 B 5.0 13, 1920 3633 
12 0.0026 20 B 5,0 13, 1954 4380 
13 0.0026 0 C 0 -- -- 5160 
14 0.0026 0 C 5.0 C 4230 4230 
15 0.0026 20 C 5.0 C 2100 2314 
16 0.0026 0 C 0 -- -- 3650 

3.1.1 Variable Initial Slope 

Variation in the initial slope was designed to produce different boundary shear 

stresses for essentially the same flow depth. The programme undertaken allowed for 

four groupings under this heading, of bankfull with no feed, overbank with no feed, 

bankfull with feed and overbank with feed (table 3.2). 

Table 3.2 Groupings for variable initial bed slope. 

Experiment 
No. 

Initial Bed 
Slope 

Initial Flood 
Plain Depth 

(mm) 

Sediment Feed 
Rate (g/s) 

Feed Duration 
(m ins. ) 

Experiment 
Duration 
(mins. ) 

6 0.0024 0 0 -- 4800 
4 0.0026 0 0 -- 5555 
5 0.0029 0 0 -- 5134 
7 0.0024 20 0 -- 4810 
2 0.0026 20 0 -- 4162 
9 0.0024 0 5.0 2953 4172 
11 0.0026 0 5.0 1920 3633 
10 0.0024 20 5.0 2575 3775 
12 0.0026 20 5.0 1954 4380 
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3.1.2 Variable Initial Stage Level 
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The variations in initial stage level were also designed to produce different 

boundary shear stresses, but this time due to the different hydraulic flow structures. 

The experiment groupings resulting allow examination oil the different effects of' 

bankfull and overbank flow, on the sediment transport processes occurring in the 

main channel. The groups of shallow slope with no iced, shallow slope with teed, 

steeper slope with no feed and steeper slope with feed are outlined in table 3.3 below. 

Table 3.3 Groupings for variable initial stage levels. 

Experiment 
No. 

Initial Bed 
Slope 

Initial Flood 
Plain Depth 

(mm) 

Sediment Feed 
Rate (g/s) 

Feed Duration 
(rains. ) 

Experiment 
Duration 
(rains. ) 

6 0.0024 0 0 -- 4800 
7 0.0024 20 0 -- 4 810 
9 0.0024 0 5.0 2953 4172 
10 0.0024 20 5.0 2575 3775 
4 0.0026 0 0 -- 5555 
2 0.0026 20 0 -- 4162 
3 0.0026 65 0 -- 3788 
11 0.0026 0 5.0 1920 3633 
12 0.0026 20 5.0 1954 4380 

3.1.3 Variable Upstream Feed Rates 

By undertaking experiments with the same initial slopes and stage levels. but with 
different upstream feed conditions, groupings of experiments were produced to allow 

the examination of the effect of feeding material into the channel. The four groups 

produced are shallow bed slope experiments with bankfull flow. shallow slope with 

overbank flow, steeper slope with bankfull flow and steeper slope with overbank 

flow (table 3.4). 
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Table 3.4 Groupings for variable upstream feed rates. 
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Experiment 
No. 

Initial Bed 
Slope 

Initial Flood 
Plain Depth 

(mm) 

Sediment Feed 
Rate ((-, is) 

Feed Duration 
(wins. ) 

Experiment 
Duration 
(mins. ) 

6 0.0024 0 0 -- 4800 
8 0.0024 0 2.5 4020 5220 
9 0.0024 0 5.0 2953 4172 
7 0.0024 20 0 -- 4810 
10 0.0024 20 5.0 2575 3775 
4 0.0026 0 0 -- 5555 
11 0.0026 0 5.0 1920 3633 
2 0.0026 20 0 -- 4162 
12 0.0026 20 5.0 1954 4380 

3.2 Experimental Apparatus 

The flume was made available by I-IR Wallinaiord Ltcl.. with additional equipment 

financed by the EPSRC. The equipment was commissioned by the Universities of 
Aberdeen and Glasgow, and by the HCM participants involved in the research. 

3.2.1 Tilting Flume Facility (TFF) 

The flume is rectangular in cross-section and 25 metres long by 2.46 metres wide 
(figure 3.1). It can be tilted by mechanical jacks operated by two electrically driven 

shafts. A calibrated revolution counter, on the electric motor, enabled the flume slope 

to be set. Level surveying was then used to check the slope setting. 

The original instrument rails were replaced by box section rails prior to the start of 

the first series of experiments. This ensured the rails were linear, parallel to each 

other and parallel to the flume bed. 

Water was re-circulated through the flume using three electrically powered pumps. 
Two of the pumps had a maximum discharge of 100 litres per second and the third, 

smaller pump, a maximum discharge of 10 litres per second. The pumps were located 

at the downstream end of the flume, downstream of the sump. Vater was pumped 
from the sump to the upstream end of the flume through a pipe network beneath the 

flume. Each return pipe contains an orifice plate ol' I3ritis1h Standard dimensions to 
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allow the measurement of discharge through the network. At the upstream end of the 
flume the two larger pump discharges were split. and entered the Ilume 

symmetrically either side of the flume centre line. The small pump discharge entered 

along the centre line (figure 3.2). 

The area where the discharges entered the flume was separated from the rest ofthe 
flume by a woven fibre (hairlock) barrier, in order to provide a stilling basin and 

some dampening of the flow turbulence entering the flume. The flow then passed 
down the flume, through the test section, and over the downstream tailgate betöre 

returning to the sump. The sump was kept at a constant head level by inflow to the 

recirculation circuit from the top-up inlet valve opened into the sump. 

Prior to the start of each series of experiments the hairlock was replaced at the 

upstream end of the flume. This was done to prevent clogging by very fine material, 

circulating in suspension. 

A steel measuring tape was attached to each of the rails with 0.0 ni chainage at the 

upstream end of the flume. This enabled the identification of areas of the flume, and 
bed, by rail chainage. 

At the downstream end of the flume a tailgate was placed across the full width of 
the flume and was operated as a cable draw bridge with a crank handle (figure 3.3). 

This was used to control the water surface profile and establish uniform flow at the 

start of each experiment. 

Within the rectangular cross-section of the flume two flood plains were cast. These 

gave a main channel geometry similar those used in the Series A and 13 experiments 

(Myres and Brennan 1990. Wormleaton and M/lerrett 1990. Knight and Shiono 1990; 

Elliott and Sellin 1990. Sellin et al 1993), (figure 3.4). The Ilood plains were cast 

relative to the flume centre-line in order to produce a channel with a top width of 1.1 

m, bank side walls sloping at a 45°, to a width of 0.65 in. and then moulded vertically 

to the base of the flume. The flood plains were moulded in cement mortar with the 
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flume in a horizontal position and were levelled to the horizontal. The upstream end 

transition section was bell mouth shaped. Rough non-transportable material was 

placed on the bed in this area to accelerate the development of a turbulent boundary 

layer in the flow. The upstream end of the transition section began immediately 
downstream of the hairlock barrier, upstream of chainage 0.0 in. The transition to the 

linear section was complete by chainage 0.2 m. 

A concrete block was cast across the channel just downstream of the chainage at 

which the sediment traps were positioned. The block was slightly lower in height 

than the upstream bed level so that it would cause minimal disturbance to the flow 

around the trap location. The purpose of positioning a fixed object at this location 

was to allow in-channel measurements to be related to a common datum. These 

measurements are discussed later in this chapter where the block is referred to as the 

concrete datum block. 

Pressure tappings were moulded into the flood plains at various chainages down the 

channel. The channel ends of these were 100 mm below the flood plain level and the 

outer flume ends all connected to stilling pots. Fron the stilling pots the water 

surface changes were monitored using digital pointer gauges. 

For experimental runs carried out with a flow depth greater than bankfull, flood 

plain roughness elements were used. These were of similar relative size, shape and 

geometry as the roughness elements used in Series A and ß to approximate flood 

plain vegetation (figure 3.5). 

3.2.2 Mobile Bed Material 

Freshly mixed material was placed in the main channel section of the flume before 

the start of each experiment. Two mixes were used for the bed and a third used as 

feed material only. 
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During the first set of experiments mix B was used as the bed material and mix Iil. 

(essentially mix B without the coarsest size fraction) was used as the Teed material. 

Mixes B and Bf were both unimodal sediments made up of material carefully selected 

to be non-crushed and of a suitable colour. shape, density and durability. Their 

grading parameters can be seen in table 3.5 and their grading curves in figure 3.6. For 

the second set of experiments mix C was used as both the bed material and the feed 

material. Again the mix was niade up of carefully selected material, but this time the 

fractions used produced a bimodal composition (table 3.5. ti-ure 3.6). 

Table 3.5 Grading parameters for mixes B, B1 and C. 

Mix D5 (mm) D16 (mm) D50(mm) DR4 (mm) D,, s (mm) C 
Mix B 

T 

0.26 0.83 4.04 7.09 10.60 2.92 
Mix Bf 0.25 0.62 3.64 5.86 7.88 3.07 
Mix C 0.38 1.07 3.70 8.46 10.41 2.81 

All three of the mixes were designed to have natural grading and sediment 

characteristics. In addition the series of experiments were designed to examine 

conditions of marginal transport, i. e. where some size fractions are mobile while 

others are not. To this end the bed mixes used where designed so that the range of 

critical shear stresses for the individual size fractions straddled the range of applied 

shear stresses (figure 3.7). 

3.2.3 Bedload Transport Traps 

Bedload sediment transport was sampled at chainagc 16.5 nm using a trap system 

developed from the system proposed by Hardwick and Willetts (1991). The trap 

sampled from the left, centre and right of the bed, combining to completely span the 

width of the bed (figure 3.8). The streamwvise length of' the trap was 30 mm, just 

larger than the largest grain sizes in the bed material used. Sampling was controlled 

by barrel valves near the top of the traps, below the base of the flume, and sliding 
guillotines at the bottom of the traps. Below the guillotines was a waste box to allow 

material collected during non-continuous sampling to be stored. The section above 
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the barrel valves was flooded at all times during an experimental run. The lower 

sections had to he bled from below each time the trap section was changed. 

3.2.4 Instrument Carriage 

An instrument carriage was used, running along the full length of the experimental 

bed on the instrument rails. This allowed various measurements to be recorded at 

almost any position along or across the channel or flood plains. The design of the 

instrument carriage was based on a bridge truss. The carriage was built out of 

aluminium angles and gusset plates, and ran along the instrument rails on roller 

bearings (figure 3.9). From the instrument carriage velocity profiles of the flow, 

water surface profiles, longitudinal bed slope profiles and bed surface topography 

measurements were all taken. 

3.2.4.1 Velocity Profiling Apparatus 

Attached to the upstream side of the instrument carriage, for the first set of 

experiments, was a frame with a beam spanning almost the full internal width of the 

flume. The beam could be driven up and down over the height of the frame by a 

electronic stepper motor. The motor was controlled by a Personal Computer (PC) via 

a terminal emulator and the PC serial port. At marked positions across the beam, 

referring to specific vertical profiles in the channel, miniature propellers were 

clamped. The centre of each propeller was at the same horizontal level across the 

channel (figure 3.9). For Experiments 2 to 11 a bank of three mini propellers were 

used and in Experiment 12 eight were used. Velocity data was produced by the 

miniature propellers and streamflo instruments as an analogue voltage. The voltage 

was then recorded by the PC after being converted by the PC Analogue to Digital 

Conversion Card (A/D card). Calibration of the propellers allowed the program, 

specifically written to control the movement and the data acquisition for the velocity 

profiles, to convert the data from A/D units to velocities. 
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For the second set of experiments the miniature propellers were replaced by a 3-D 

Acoustic Doppler Velocimeter (ADV). 

3.2.4.2 Water Surface Profile Apparatus 

During the first set of experiments water surface profiles were taken using the 

tapping points and stilling pots (figure 3.10). Data was also collected over the main 

channel, and the flood plains during overbank experiments, with pointer gauges 

attached to the same beam as the miniature propellers (figure 3.9). The stilling pots 

allowed more accurate measurement, but measurements from the instrument carriage 

could be taken at chainages other than the five locations of tapping points. 

Measurements from the instrument carriage were taken while the beam was at its 

datum position. 

As velocity profiles were only taken at one chainage during the second set of 

experiments, and that chainage was at one of the tapping points, water surface data 

was recorded using the stilling pots only. 

3.2.4.3 Longitudinal Bed Slope Profile Apparatus 

Using three lasers and a wire potentiometer, all mounted on the instrument carriage, 

longitudinal bed slope profiles were taken. LAS-8010V lasers were used with a 

datum range of 100 mm +/- 1 mm, a measurement range of +/- 40 mm, a resolution 

of 50 µm, an ellipsoid spot diameter less than 1 mm at reference distance and a 

response time of 20 ms. The three lasers were housed in stream lined farings attached 

to a frame on the downstream side of the instrument carriage. This frame was driven 

by an electric motor to position the lasers within reading distance of the bed (figure 

3.11). The wire from the potentiometer, attached to the instrument carriage, was 

fixed to the upstream end of the flume. This allowed readings, recorded from the 

lasers, to be related to a potentiometer reading, and therefore a chainage. as the 

instrument carriage was pushed along the flume. A program written specifically for 

the experiments, by Aberdeen University, allowed readings From all four instruments 
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to be recorded through an A/D card in a PC. By starting each longitudinal bed slope 

profile with a series of readings taken over the concrete block datum it was possible 

to relate bed profiles to each other, the water surface and the flood plain levels. This 

equipment was used in all but the first two experiments (Experiments 2 and 3). Prior 

to Experiment 4 no wire potentiometer was in place and 250 mnl longitudinal 

sections were profiled every metre, using the bed surface texturing laser and 

positioning frame. 

Both the water surface profiles and the longitudinal bed surläce profiles have to be 

adjusted to take account of the fact that the profiles taken were relative to the slope of 

the flume. 

3.2.4.4 Bed Surface Texturing Apparatus 

A fourth laser was used to collect data on bed topography, or texture, from a 

positioning frame on the instrument carriage. For bed surface texturing an LC 2450 

laser was used with a datum range of 60 mm, a measurement range of +/- 8 nlm, a 

resolution of 0.5 µm, a spot diameter of 45 µn1 and a response time of 100 [ts. The 

laser was again housed in a waterproof faring and was moved in 0.5 nlm steps over a 

256 mm by 256 mm grid by a 3-D positioning frame (figure 3.12). The instrument 

carriage was able to be locked in position at the same chainage for each texture plot. 

This allowed detailed data to be collected on the bed texture at this location for 

different periods throughout the experiment. Texture data was only able to be 

collected in the periods of overnight shut down as the data took 13 hours to collect 

and a completely static bed was required. The output voltage from the laser was 

again converted to a digital recording by the PC A/D card and then converted to 

levels using the laser calibration. The same PC also controlled the positioning frame 

from a serial port. The instrumentation was again commissioned by Aberdeen 

University. 
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3.2.5 Photography Frame and Carriage 
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A second smaller instrument carriage, in the form of a flat bridge across the flume, 

was used as a base for taking detailed photographs of the bed (figure 3.13). A glass 

plate suspended from the photographic frame enabled photographs to be taken 

through the water surface without reflection. The plate level was adjustable and it 

was able to be lifted clear of the water surface as soon as the photographs had been 

taken. Photographs were taken at several chainages, with a record kept of each 

exposed frame. Most of the photographs taken were done so to record visually the 

bed area examined by the texturing laser. 

3.2.6 Bed Surface and Substrate Sampling Apparatus 

During the first set of experiments two types of physical sediment samples were 

taken of the initial and final beds. The first, only carried out on the initial screeded 

bed, was bulk sampling. A volumetric sample was removed from the bed and bagged 

for sieve analysis. The second was areal, surface layer. wax sampling and was carried 

out on both the initial and final beds. The areal surface wax sample was taken by 

placing a square frame, 15 cm by 15 cm internally, on the drained bed over the area 

to be sampled. Wax, of a consistent temperature, was then poured over the area 

within the frame. The wax cools as it touches the sediment and, when set, the whole 
frame can be lifted from the bed taking with it a sample of' the surface layer material 

(figure 3.14). 

For the second set of experiments the initial bulk volumetric bed samples were still 

taken at the start of each experiment. The areal wax samples however, were replaced 

by a more elaborate bulk wax sample, which sampled deeper into the bed. The 

technique, designed and carried out by collaborators from Aberdeen University, 

involved establishing a water table at a depth to which the sample was to be taken. 

Then a wide cylinder was driven into the bed to the base of the flume. Into the 

cylinder was poured a mix of boiling water and molten wax to ensure füll wax 
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penetration to the water table depth where it cooled and solidified. Once the whole 

sample had set it was removed from the flume and the \v-a\ melted from the bottom, 

in lavers, so as to enable the analysis of any vertical sorting. Only the central core of 

the wide cylinder was used, for composition analysis, to avoid any side wall effects 

from driving the wide cylinder into the bed (figure 3.1 5). 

3.2.7 Orifice Plates and Pressure Transducer 

The discharge during each experimental run was measured using the orifice plates 

inserted into the recirculation pipe network beneath the flume. By measuring the 

head loss across the orifice plates it was possible to calculate the discharge through 

the network. Measurement of the head difference was taken using a pressure 

transducer and the voltage output was converted using an A/D conversion card in the 

PC (figure 3.16). Discharge through each of the pipes in use was monitored for a 

period of time and averaged, at a number of times throughout each experiment. A 

program written specifically for the task recorded the A/D card output and converted 

it to head loss. 

3.2.8 Temperature 

The water temperature and surrounding air temperature were measured periodically 

throughout the experimental series. This was done using all electronic temperature 

probe recording the temperature to 0.1 °C with an accuracy of +/- 0.4 °C. 'Vater and 

air temperature were measured one after each other to enable a comparison. 

3.3 Experimental Procedures 

The experiments were designed so that they would all be run in a similar fashion, 

with the appropriate initial variable change in either bed material, discharge. slope or 

feed rate. Although, in some of the very first runs not all the procedures had been 

standardised, they were carried out in a constant and careful manner. 
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For each of the experiments a record of all measurements and occurrences was kept 

in the events sheets. The event sheets were kept with the flume at all times during the 

two series of runs and now provide record of how each experiment progressed. Each 

entry comprised of a date, a time and the event. 

The following is a brief description of the methods used in the setting up and 

running of an experiment. 

3.3.1 Bed Preparation 

The first stage of every experiment was to ºnix. place and prepare the bed material 

to be examined. The bed material was mixed using hand measured quantities of each 

component and a small, clean mixer. This allowed small amounts of the material to 

be mixed at a time and reduced the likelihood of a badly mixed bed. The mixed 

material was then placed in the channel in such a way as to avoid segregation, by 

spreading or settling. When the flume was approximately filled to the correct level, 

the material was carefully moved about to make a roughly level bed. This was then 

screeded level using two screeder boards, of successively lower levels, each run once 

down the flume, to minimise any longitudinal sorting this may cause. Both screeder 

boards rested on the flood plains so the initial prepared bed for each experiment was 

at the same level below the flood plains. 

3.3.2 Flume Slope and Rail Adjustment 

Once the bed material was in place the flume was tilted to the correct slope using 

the revolutions counter on the jacks motor and successive level surveys of the rails. 

Adjustment of the flume slope was carried out after the placing of the bed, in case the 

changes in load on the jacks, caused by the removal and replacement of the bed 

material, caused a distortion of the set slope. As far as possible, throughout the 

experimental program, experiments with the same slope were run one after the other. 
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This minimised the changes required to the slope and avoided illl\' difficulties caused 

by having to return to specific slopes. 

3.3.3 Initial Sampling of the Bed Material 

To check the consistency of initial bed conditions. the bed prior to the start of each 

experiment was sampled using the bulk and areal apparatus and methods described in 

section 3.2.6. Once the sample had been removed the bed was reinstated, with 

material from the same batch used to fill the bed initially, and the local area to each 

sample re-screeded. Throughout the series of experiments between 2 and 6 areal 

samples were taken from each initial bed as well as between 2 and 4 bulk samples. 

All the initial bed samples collected from all the experiments conducted were used in 

the statistical analysis of bed similarity described in Section 6.5. Chapter 6. 

If there was sufficient time available a texture survey was carried out in the dry to 

compare with the initial texture survey carried out in the wet. 

3.3.4 Placement of Roughness Elements 

If the experiment involved overbank flow then the roughness elements required to 

be positioned on the flood plains. This was done in such a way as to make the pattern 

of rods breaking the water surface continuous, down both concrete flood plains, and 

so that the flood plains were symmetrical. 

3.3.5 Preparation of Feed Material and Conveyor Belt 

Before an experiment involving an initial period of sediment feed could begin the 

speed of the conveyor belt had to be calibrated. The belt required to be set to the 

speed that would feed the material into the channel at the correct rate. This was done 

by timing marked sections of the feed belt past a certain point, and then multiplying 

the time in seconds by the required feed rate. This gave the weight of material to be 
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placed in each of the marked sections. Bags of material were then made up to the 

correct weight, for ease of loading during the experiment. and the first load placed on 

the belt. The material used for feeding was mixed in the same way as that used for 

the bed. 

3.3.6 Flooding of the Bed 

The flume was then trickle filled very slowly from the downstream end, so as to 

avoid disturbing the screeded bed surface and positions of the grains in the initial 

bed. Once sufficient volume of water was contained in the channel a flow was 

established, below the threshold of movement or entrainment. This made sure there 

were no perched grains or pockets of air in the bed which might affect the transport 

rates at the start of the experimental run. The sub-threshold flow was allowed to 

recirculate for a couple of hours. 

3.3.7 Initial Bed Measurements 

The flow in the flume was then ponded, by raising the tail gate and reducing the 

flow, to allow for some initial data to be collected on the texture and gradient of the 

bed. A texture survey of the area to be monitored throughout the experiment, was 

completed in the wet, and then the same area photographed. A longitudinal profile 

was also taken of the bed, to allow comparison with the other experiments and the 

development of the bed throughout the experiment in progress. 

3.3.8 Setting Datum Level for Water Surface Profiles 

During the two sets of experiments two forms of water surface profile data were 

collected, as described in section 3.2.4.2. 

Setting the datum water level for the tapping point data was done by using a 

ponded, horizontal water level within the channel. The stilling pots connected to each 
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of the tapping points were bled and the water level allowed to settle. The eater level 

was then marked on the side of the stilling pots, which were fixed in position, and the 

pointer gauges set to zero with their points at this marked water level. The level of 

the ponded water surface was then measured relative to the concrete block datum. 

Two different levels were used to set the datum levels o('the pointers attached to the 

instrument carriage. The first level, corresponding to bankfull flow experiments, was 

established by placing a strip of dexion section across the channel from flood plain to 

flood plain, at the same chainage for all experiments. The pointer tips were then 

lowered onto its surface and the gauges set to zero. The second level, corresponding 

to overbank flow experiments, was generated by placing a strip of marine plywood 

across the tops of the roughness elements, again at the same chainage for all 

experiments. 

3.3.9 Establishment of Uniform Flow 

The first task was to establish uniform flow of the correct depth for the particular 

run in hand. This was done using the iterative technique of adjusting the discharge 

and tailgate settings while measuring the flow depth at several chainages down the 

channel. Essentially this was the same technique as that described by Lorena (1992), 

but less involved due to the restriction of a mobile bed. Ideally uniform flow was 

established from a backwater profile rather than a drawdown profile as it was less 

likely to disturb the bed. The whole process was done as quickly as possible, while 

still allowing time for the water surface profile to react to changes in discharge or 

tailgate settings. Once uniform flow of the correct depth had been established the 

clock measuring experimental elapsed time was started. 

3.3.10 Cyclic Data Acquisition 

Once the experimental run had begun the procedure became a cyclic routine. 

Although data was not always collected in the same order. it was attempted to keep 
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measurements close together. This allowed the different data sets to be examined 

with respect to each other. 

Typically a cycle of data collection would begin with the initiation of a sediment 

transport sample collection. Depending on the transport rate this may have had to be 

completed straight away or allowed to continue collecting, until some point 

throughout, or at the end of, the data collection cycle. Next, a discharge measurement 

would be taken and recorded, followed by a water surface profile. As close to the 

water surface profile recording as possible was taken a longitudinal bed slope profile, 

which itself would be followed by a velocity profile. Finally. within the regular cycle 

of readings, would be a recording of the air and water temperatures. Occasionally a 

series of photographs of the bed, including the area which was surveyed by the laser, 

was included in the cycle for completion of the data set. 

This cycle was carried out periodically throughout the experimental runs and at a 

frequency that was relative to the activity shown by the bed. 

3.3.10.1 Discharge Measurement Procedure 

In order to get an accurate reading of the pressure drop across the orifice plates, all 

the air had to be bled from the downstream side of the orifice plates. Air also had to 

be bled from the pipes connecting the two sides of the orifice plates to the pressure 

transducer and the pressure transducer itself. This was done using bleed valves on the 

pipe networks and the through flow facility on both sides of the pressure transducer. 

Once all the air was removed from the system it was possible to take an average of 

the head loss across the orifice plates using the Visual Basic program written for the 

task. The resulting head loss was then converted to a discharge, using the head loss 

discharge relation for British Standard orifice plates. 
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3.3.10.2 'Vater Surface Profiling Procedures 
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Water surface profiling inside the channel, using pointer gauges attached to the 

instrument carriage, began by setting the datum levels on the pointer or pointers, as 

described in section 3.3.8. For Bankfull flow only one pointer gauge was used, to the 

left of the centre-line. For Overbank flow the same main channel pointer gauge was 

used but an additional one was attached to the instrument carriage above the centre of 

the left flood plain. Once the datum levels were set, or checked and found to be 

correct, the instrument carriage was moved down the channel at 1 metre intervals. In 

this way the water surface level was recorded at chainages between 2.5m and 16.5 m. 

As the water surface within the flume was not static a certain amount of averaging 

was required to obtain a reading. The water surface level was taken as the point 

where the pointer gauge broke the water surface for approximately hall' the time of 

sampling. 

Water surface profiling using the tapping points and stilling pots also required that 

the datum levels of the pointer gauges be checked. The tapping points and tapping 

point stilling pot connecting pipes required bleeding before measurements were 

taken. This ensured there were no blockages causing a difference in pressure. Once 

this was done the water surface was recorded as the level at which the pointer just 

broke the still water. This gave a more accurate water surface level at fewer 

chainages than the pointers attached to the instrument carriage. 

3.3.10.3 Temperature Measurement Procedure 

Temperature measurement was very simple. It involved holding the electronic 

temperature probe steady in the air or in the water flow, until the temperature had 

reached a steady value. This temperature was then recorded in the data sheets. 
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33.10.4 Velocity Profile Procedures 
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Miniature propellers were used to measure flow velocity in the streamwise 

direction. The propellers required to be rinsed with de-scaling solution and water at 

least once each experiment. There was no way of checking the propeller calibration. 

other than re-calibration. It was assumed the calibration was constant with time. The 

propellers were therefore used as long as they were clean and in good working order. 

Ifthey received a knock, or showed signs of being worn or damaged. then they were 

replaced with freshly calibrated propellers. 

Velocity profiles were taken at four chainages corresponding to tapping points 2,3. 

4 and 5. The instrument carriage was positioned so the propellers were in line with 

the relevant tapping point and the instrument carriage locked in position. The 

streamflo instruments, which convert the signal frequency produced by the miniature 

propellers to an analogue voltage, were switched on and the data acquisition program 

started. The program, running on the laptop PC, controlled both the positioning of, 

and the sampling from, the propellers throughout the flow. The bank of propellers 

were driven down through the flow, stopping at specific levels, relative to the flood 

plain level, to record flow velocities. The bottom position of'the profile was close to 

the bed, but not so close as to disturb it. Once the profile was finished, the instrument 

carriage was moved to the next tapping point and the process repeated. All the data 

was saved as velocities at levels relative to the banktüll level, in a file generated by 

the data acquisition program. 

3.3.10.5 Longitudinal Profile Procedure 

Taking a longitudinal profile, for all experiments except 2 and 3, involved initially 

positioning the instrument carriage at the downstream end of the flume. The 

instrument carriage was positioned with the profiling lasers located over the concrete 

datum block downstream of the traps. The lasers were then lowered, so that the bed 

was within their range of measurement, and the wire potentiometer attached to the 

upstream end of the flume. The data acquisition program was then started which 
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recorded readings from the three lasers and the wire potentiometer. at a set 

frequency, as the instrument was pushed slowly up the channel. When the top of the 

channel had been reached the data acquisition program was stopped and the lasers 

raised out of the water again. 

For the first two experiments a single laser was attached to the bed texturing 

positioning frame and the instrument carriage positioned at successive positions 

down the channel. At each position, one metre apart, the laser was driven along three 

longitudinal profiles, at the left, centre and right of the bed, for a length of 250 mm. 

3.3.10.6 Sediment Transport Sampling Procedures 

The three sediment traps were all operated in the same way, and at the same time, to 

collect data relating to the transport rate down the left, centre and right of the 

channel. Before a trap cycle could be started the whole trap system had to be bled of 

air from the bleed pipe entering the waste box. Air was bled out using bleed screws 

just below the barrel valves at the top of the trap units. The penetrator unit was 

flooded from the flow down the flume above. Once the system was clear of air the 

barrel valves were opened and any material collected in the penetrator unit during the 

period of no sampling, was allowed to fall into the waste box. The guillotines were 

then slid into place to start collection by preventing material falling through the traps 

into the waste box. At this point the real time, elapsed time and cycle number were 

recorded on the sediment sample labels that would be stored with the collected 

samples. 

When the samples were to be stopped the elapsed time was recorded again and the 

top barrel valves shut, stopping material falling through the penetrator unit and into 

the traps. The waste box was then lowered and the trap units removed with the 

material contained inside by the guillotine valves. Empty trap units, without 

guillotine valves in place, were then attached to the penetrator unit, the waste box 

raised, to create a seal, and the traps bled of air once again. 
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The samples were transferred from the trap units to sediment drying travs by 

washing with a low flow hosepipe. They were then allowed to stand for at least 24 

hours to let some of the water drip away. After this draining period the samples were 

sealed in heavy duty plastic bags, along with the labels, and returned to the sediment 

labs. The samples were then oven dried and sieved. using a standard set of sieves. 

Larger samples were split using a riffle box prior to sieving. 

Initially there were concerns that the finer material might be saltating over the traps 

and that the collected material may therefore not fully represent the actual bedload 

material. To check that significant volumes of fine material did not escape the trap 

through saltation Karolyi samplers were used immediately downstream of the trap. 

The samplers did not collect any significant volume of material suggesting that fine 

bedload material was not escaping the traps. The Karolyi samplers were supplied by 

Aberdeen University and worked on the principle of flow expansion. When a sampler 

was placed on the bed it allowed a cross-section of the flow to enter the sampler 

chamber through the upstream opening. The cross-sectional area of the sampler 

increased in the downstream direction causing the velocity of the sampled flow to 

decrease before exiting the sampler through the mesh at the downstream opening. As 

the velocity of the sampled flow decreases the material carried is deposited and 

retained in the sampler by the downstream mesh. 

During the second series of experiments some Karolyi samples were taken at 

chainages 3,6 and 9m and at the left, centre and right of the channel. The samples 

were taken by holding a Karolyi sampler on the bed for a period of time and then 

comparing the wet weight of the sampler and the sample with the wet weight of the 

sampler when it was empty. This technique was not intended to give any detailed 

data on sediment transport, but to provide a crude indication of' whether there was 

any significant difference in transport down the length ofthe flume. 
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3.3.10.7 Photographic Procedure 
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After each laser texture survey, and at other periods of interest throughout the 

experiments, photographs of the bed were taken. The photographic bridge was 

positioned at the point which was to be photographed and the position noted relative 

to the chainage of the flume. The photographic frame was then lowered, so that the 

horizontal glass plate was just in contact with the water surface. This allowed a clear 

photograph of the bed to be taken without reflection from the water surface itself. If 

the water surface had changed level then the height of the glass plate below the 

photographic plate could be adjusted. A flash unit was also used to ensure that a 

clear, well lit photograph was produced. 

3.3.11 Overnight Shutdown 

At the end of a working day the experimental run was temporarily shutdown, by 

raising the tailgate and lowering the discharge, to bring the flow conditions to a sub- 

threshold state. If appropriate, sediment feed was also switched oll'. This allowed for 

the continuous monitoring of the experimental run throughout its elapsed time. It also 

allowed the bed texture surveying (a 13 hour process) to be carried out at an 

effectively instantaneous elapsed time. 

At periods in an experimental run, when there was little movement of the bed, 

overnight runs were undertaken. This was done only when it was deemed more 

important to examine parameters at a later elapsed time than to have continuous 

monitoring and regular bed texture surveys. The traps were closed and the penetrator 

units allowed to overflow, as the experiment ran unmonitored throughout the night. 
Overnight runs were only completed in experiments with no feed taking place, due to 

the necessity for manual loading of the feed conveyor belt. 
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3.3.12 Bed Texture Survey Procedure 

so 

The bed texture surveys took place during overnight shutdown periods as they 

required a static bed for approximately 13 hours. The survey was carried out over the 

same area of the bed each time to enable comparison of developing texture 

throughout the different phases of the experiments. The instrument carriage was 

located at the same chainage using studs screwed into the instrument rails. The 

instrument carriage was then locked off at this position. The laser was then 

positioned over the bed using a 3-dimensional positioning frame, controlled by a 

desktop PC, which also collected the survey data. The survey recorded levels within 

a 256 mm by 256 mm grid, at 0.5 mm intervals, and to an accuracy of 0.1 mnl in 

height. Results of the survey were stored in individual files created by the laser 

positioning and data acquisition program. 

3.3.13 Material Feeding Shutoff at Equilibrium 

The point at which the upstream feed was discontinued, and the degradational part 

of the experiment started, was judged visually for experiments involving upstream 

sediment feed conditions. The aim was to stop feeding material when the bedload 

transport at the downstream end was equivalent to the feed. In theory it should be 

equal both in terms of transport rate and composition. However, without analysing 

the sediment samples it was impossible to establish the weight and composition of 

the collected material. Equilibrium was therefore estimated using the volume 

collected in the sediment trap units, compared to the volume being fed into the flume, 

over a period of time. When the transport rate had remained reasonably constant, for 

a significant period of time, at a rate comparable to the Iced rate, the (ceding of 

material was stopped and the elapsed time recorded. 
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3.3.14 Experiment Final Shutdown 

$1 

Once the level of bed activity was sufficiently low, it was judged that the 

experimental run was complete. A final cycle of readings were taken before the 

tailgate was raised and the discharge lowered, to a flow level well below threshold. 

At this point the final elapsed time was recorded on the data sheets and a final bed 

texture survey carried out. 

3.3.15 Final Bed Procedure 

After the final bed surface texture survey had been completed, the bed was drained 

slowly, avoiding disturbance of the final armoured bed, to allow for wax sampling. 

No volumetric bulk sample was taken of the final bed due to the vertical sorting of 

material through depth. Areal and bulk wax sampling were carried out using 

apparatus and procedures described in section 3.2.6. 

All the top layer material was then removed, to a depth which was judged to be 

unaffected by the flow and sorting of the experiment. The flume was then ready for 

preparation for the next experiment. 
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Figure 3.6a Cumulative Grading Curve for Design Mix B 
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Figure 3.8 Bedload Sediment Transport Traps 

89 

Figure 3.9 Instrument Carriage, Miniature Propellers and Main Channel Water Surface 
Pointer Gauge 
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Figure 3.10 Pointer Gauges with Stilling Pots Attached to Main Channel Tapping Points 

Figure 3.11 Longitudinal Lasers in Stream Lined Farings Attached to Vertical Positioning 
Frame 
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Figure 3.12 Bed Texture Laser and Positioning Frame 

Q 

Figure 3.13 Photographic IInSiCUnleRt Carriage and Photographic Frame 
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Figure 3.14 Areal Wax Surface Sample 
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Figure 3.15 Bulk Wax Volumetric Sample 
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Figure 3.16 Pressure Transducer Connected Across Pipe Orifice Plate 
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Chapter 4 

Data Processing 

4.1 Introduction 

Before presenting any results of analysis it is useful to brielly describe the 

processing of the raw data. The assumptions made and processes involved are 

therefore outlined below. Some samples of the processed data are presented in this 

chapter as illustrations. On the whole the basic data from the experiments is not 

presented for the sake of brevity. However, the data sets from the experiments are 

available and can be downloaded from the internet at the following address: 

http: //www. civil. gla. ac. uk/research/GSRP. 

4.2 Bed Mixes, Feed Mixes and Bed Surface Compositions 

Two pieces of processing were undertaken on the compositions gained from sieve 

analysis of the bed, feed and bed surface material. The first of these was used on the 

results of the areal wax sampling, in an attempt to account for the bias towards 

coarser material created by the sampling technique. Because only grains with an 

exposed surface in contact with the wax are removed by the sampling technique, 

large grains are sampled from a deeper layer than small grains. Therefore, within the 

sample volume, the large grains are over represented relative to their number in the 

bed surface layer. The adjustment technique employed is that described by Marion 

and Fraccarollo (1997). The model is based on the statistical properties of 

homogeneous mixtures, rather than being an empirical exponential formula. The new 

model includes an evaluation of the sample layer thickness. 



Chapter 4 9i 

The second process was necessary due to the logistics of sieve analysis. The amount 

of sieving required meant that it was necessary to undertake this at three sites: 

Aberdeen, Glasgow and Wallingford. For practical reasons different sizes of sieves 

were used at each of the sites. The standard used was the half Phi range employed 

extensively in analysis of mixed size sediment. Conversion. of any sieve analysis 

results from sieves of a non-half Phi range, was carried out by linear interpolation of 

the points on the cumulative grading curve against the Phi scale. The resulting 

cumulative grading curve was then converted back to percentage composition on 

each sieve size in mm. 

The results of these processes were descriptions ol'the graded materials sampled in 

terms of an equivalent bulk composition. In the first instance these results take the 
form shown in figures 4.1 a and 4.1 b. 

4.3 Instrument Rail Survey 

The survey data was reduced to an arbitrary datum using standard surveying 

procedures. The difference between left and right rail levels at any particular 

chainage was found to be no more than 4mm. At each chainage the levels of the left 

and right rails were averaged. A linear regression was then fitted to the average level 

values and the gradient of this was taken as the slope of the flume. The levels were 

then adjusted (each point by the same amount) so that the average of the left and 

right rail levels produced a regression passing through a level of zero at the datum 

chainage of 16.7 m. The derived linear regression was also important as it was used, 

to adjust the levels of readings taken from the instrument carriage, to produce data 

relative to a horizontal datum. An example of the reduced rail survey values and the 
linear regression are shown in figure 4.2. 

4.4 Discharges 

The output, in metres of head loss across the orifice plates. from the pressure 

transducer was converted to a discharge, in litres per second. at the time of' 



Chapter 4 96 

measurement. This was achieved using orifice plate calibration curves provided by 

I-IR Wallingford. No other processing was required, other than calculating an average 

discharge and checking the variation throughout the experiment, and between related 

experiments. 

4.5 Air and Water Temperatures 

Again no processing was required other than checking the variation throughout the 

experiments. The water temperature was found to be approximately constant 

throughout the year, while the air temperature varied. 

4.6 Bedload Data 

This was the first of the data sections which required a considerable amount of 

processing in order to produce useful values for analysis. From the raw sieve analysis 

data, cumulative grading curves were converted, where appropriate, using the 

technique described in section 4.2. The resulting data was then entered into an Excel 

workbook for each experiment. Within the workbook each sheet related to a single 

cycle and contained data from the left, centre and right traps, as well as a section 

combining all three to produce total transport data. An Excel macro, contained within 

each workbook, allowed for the derivation of the grading parameters. The values of 

the D16, D50 and D84 sizes, along with the 6r value, for each trap sample, and the 

total bedload, were calculated. The workbook also produced basic cumulative 

grading curves and percentage composition charts for left. centre, right and total 

samples. Plots of bedload sample grading parameters. compared with the original bed 

or feed material parameters (figures 4.3a and 4.3b) could then be produced. 

To calculate the transport rate for each trap, and for the total channel, the weight of 

the sample collected was divided by the time over which the sample was collected. 

The unit transport rate was then calculated by dividing these values by the cflcctive 

width of the channel bed across which the trap sampled. For the centre trap the 
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effective width was the width of the trap, as any material to either side was collected 

by the left and right traps. For these traps the efti: cti\'e width was greater than the 

width of the trap. as the total width of all three traps was less than the width of the 

mobile bed. However any material to the outside of the outer traps would slide down 

the sloping side walls and enter the traps from the side. In this way the full width of 

transport was sampled. Any slight variations in mobile bed width, due to degradation 

or aggradation were ignored, and the total width of the bed was assumed to be 0.8 ill. 

The physical width of the three traps was 650 mm. The effective width of the centre 

trap was therefore taken as (650 mm/3) = 216.6 nlm. while the effective widths of the 

left and right traps were taken as ((800 mm - (650 nlnl/3))/2) = 291.6 mm. Examples 

of the resulting plots, both individual trap and total unit transport rates, are shown in 

figures 4.4a and 4.4b. 

4.7 Longitudinal Bed Level Profiles 

Although two slightly different methods were used to collect the data, oil 

longitudinal bed level variation throughout the experiments, the results were 

processed in the same way. This involved four steps to get from the recorded output 

of the A/D card, to data relating bed levels at chainages along the flume to a common 

horizontal datum. 

Step 1: The digital units recorded were converted to chainagcs in metres and 

distances between bed and laser in millimetres. This involved using calibration 

equations relating the output of the wire potentiometer to positions along the flume, 

and the output from the lasers to distances between the bed and the lasers. 

Step 2: The distance values gained from the lasers then had to be inverted to 

produce levels. Without this step a large reading of distance gained, due to the bed 

being low and far away from the lasers, would produce a result appearing to be a 

high point in the bed. 



Chapter 4 98 

Step 3: Once inverted, the resulting profile had to be adjusted to take account of the 

lasers not being at the same level above datum every time a profile was recorded. 

This was why data was recorded over the concrete block. Its absolute level didn't 

change and therefore each profile could be related to that level. To make the 

adjustment the levels over a narrow range of chainages above the block were 

averaged and the result subtracted from every level recorded in the profile. This made 

the levels over the block zero and allowed comparison between profiles. 

For Experiments 2 and 3 no readings over the block were made as the wire 

potentiometer was not in place. The laser, attached to the bed texturing positioning 
frame, was at the same level for each profile. The longitudinal profiles were therefore 

relative to each other. To relate them to the block all levels in profiles from 

Experiments 2 and 3 were adjusted so that the initial profile from each experiment 

matched the initial profile of an experiment with the same initial bed slope 
(Experiment 4). 

Step 4: This step accounted for all the levels being related to a sloping datum with 
the same gradient as the rails. In order to produce a profile related to a horizontal 

datum the equation of the linear regression of the rail survey was employed to add a 
value to each level dependent on its chainage. 

From this processed data three more stages were implemented to produce useful 
information. All points recorded at chainages less than 6 in and greater than 16 m 

were disregarded. The remaining data was then scanned by eye and any readings that 

\,, ere obviously spurious removed. The criteria for being spurious was that either a 

chainage was out of sequence or the bed level between two readings increased by a 

value greater than approximately twice DR4. Finally the levels at each chainage were 

averaged to produce an average bed level across the width of the channel at each 

chainage. The result was longitudinal bed level profiles, at times throughout all the 

experiments, related to the same horizontal datum level of the concrete block. 

The initial and final bed level profiles for Experiment 4 are shown in figure 4.5. 
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4.8 Water Surface Profiles 
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The pointer gauges used to measure the water surllce were zeroed to constant 

datum positions throughout each of the experiments. This enabled checks on the 

consistency of the data to be made during an experiment. The pointer gauges 

attached to the stilling pots were outside the flume and their datum was a horizontal 

water level marked on the stilling pots. The data collected from them therefore 

required no adjustment for the slope of the flume. I lo\\"ever. the data collected from 

the instrument carriage pointer gauges required to be reduced using the linear 

regression of the rail survey as described in Step 4, section 4.7. Both sets of profiles 

were then adjusted to take account of the difference between the profile datum levels 

and the concrete block level. 

The result are water surface profiles related to the same datum level as the bed 

profiles, and which illustrate the changes in surface slope with time. An example of 

the final water surface profile data, which could be plotted on the same figure as the 

relevant bed level profiles, is shown in figure 4.6. 

4.9 Flow Velocity Profiles 

Velocities were recorded at chainages relating to the tapping points, and at levels 

through the flow depth, relative to the bankfull level. It is possible to relate velocity 

readings to both height above the bed and depth below the water surface, due to all 
the data being related to the fixed levels of the block or flood plains. However, this is 

a time consuming process and so it has only been carried out where the analysis 

undertaken has required it. 

Step 1: For the known chainage at which the velocity has been recorded the bed 

level is calculated using a linear regression. The regression employs the average of 
the left, centre and right profiles collected or an average of the reading collected 

around the chainage in question, depending on the profile ot'the bed. 


