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Executive summary 
 
 

In 1973, a national study of 383 bridge failures caused by catastrophic floods in the 

USA showed that around 25% involved pier damage and 72% abutment damage as a 

direct result of scour (Chang, 1973).  Scour is not only the principal cause of failure of 

many bridges, it is also the principal cause of failure of countless other hydraulic 

structures.  The opposite mechanism, deposition, is a cause of failure of many others.  

Together they are largely responsible for shaping the landmasses of the Earth. 

 

Scour and deposition form part of the field of sediment transport, which in turn, is 

part of the field of fluid mechanics.  As might be expected, a considerable body of 

literature has grown up dealing with this important subject.  Yet, although the fluid 

mechanics of sediment transport is reasonably well understood, there is still no 

universally agreed design procedure that can cope with all the observed scour and 

deposition phenomena. Most methodologies place considerable reliance on the use of 

dimensional analysis and empirical formulae. Empirical formulae, however, have 

severe limitations.  They usually only predict one parameter – the maximum scour 

depth – and the predicted value of this parameter varies over a large range depending 

on the formula that is used.  Physical models are more reliable, provided that they are 

constructed at a sufficiently large scale.  Physical models, on the other hand, are time 

consuming to construct and test, and are thus expensive.  

 

In view of the above, increasing attention is being placed on the use of three-

dimensional mathematical models for the estimation of scour and deposition.  The 

ever-improving capability of computers and the increasing availability of powerful 

and flexible computational fluid dynamics (CFD) software have assisted this.  

Furthermore, the combination of a suitable three-dimensional model with appropriate 

CFD software promises to provide a greater insight into the scour and deposition 

processes than that currently provided by empirical equations or physical models.  

Ultimately, as computational power increases and mathematical modelling improves, 

it is likely to become the method of choice in design and analysis. 

 

One problem, however, is that there is not even general agreement on the concept of 

incipient motion, that critical point at which motion – and hence scour – begins. It can 

be shown that there is always a statistical probability that a particle will move 

regardless of the flow conditions.  The same comment can be made about the point at 

which deposition ceases.  Deposition is not necessarily the opposite of scour since the 
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two processes can occur simultaneously, particularly under equilibrium conditions 

such as in the case of live-bed scour around an obstacle.  Scour and deposition is the 

consequence of, and is affected by, a multitude of physical factors, one of the most 

significant being the structure of the boundary layer.  Any unified theory of scour and 

deposition would have to explain the relationship between all of the various factors. 

 

Incipient motion has been described in terms of flow velocity, bed shear stress and 

unit stream power.  Traditionally, most emphasis has been placed on bed shear stress, 

but this is not necessarily the best parameter to use for the determination of scour and 

/ or deposition. Various researchers (Ackers & White, 1973; Rooseboom, 1975 & 

1992; Yang, 1972, 1973, 1976, 1979 & 1996) are convinced that stream power offers 

a sounder theoretical base for the understanding of incipient motion.  The unit stream 

is also one of the more flexible of the available approaches. 

 

The original objectives of this investigation were as follows: 

 

1. To investigate the use of the unit stream power approach as a method of 

understanding the deposition and re-entrainment of natural sediments and litter 

in the rapidly varied open-channel flow through typical hydraulic structures. 

 

2.  To develop simple design methodologies for use by practitioners concerned 

with deposition and scouring around hydraulic structures located on open 

channels. 

 

It soon became evident that there are no simple design methodologies for the 

prediction of deposition and scouring around hydraulic structures.  Scour and 

deposition are a result of extremely complex flow patterns and there are too many 

variables.  As a consequence, this objective was dropped from the investigation. 

 

In the end, the single remaining objective of this investigation became the further 

development of the unit stream power method, as originally presented by Rooseboom 

(1992), into a mathematical model that could provide an improved insight into the 

scour and deposition processes.  Such a model should be capable of reflecting the 

links between all of the flow parameters, in particular those describing the boundary 

layer and incipient motion.  It was also hoped that the model could be used to predict 

scour and deposition under a wide range of conditions through the use of 

Computational Fluid Dynamics (CFD) software running on a desktop personal 

computer (PC).  To make the problem more tractable, this investigation concentrated 
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on local clear-water scour in uniform, approximately spherical sand around structures 

of simple geometry.  

 

This report is broken into four parts.  Part 1 (Chapters 2 – 5) provides the literature 

review and theoretical background necessary for an understanding of the 

investigation.  Part 2 (Chapters 6 & 7) presents the proposed unit stream power 

model of scour and deposition.  Numerical analyses using this unit stream power 

model are described in Part 3 (Chapters 8 & 9).  Some conclusions and 

recommendations for future work are included in Part 4 (Chapters 10 & 11). 

 

The findings were as detailed below. 

 

i) Although incipient motion – the conditions under which sediment movement 

commences – can be described in terms of flow velocity, bed shear stress, and 

stream power, these parameters are related.  The first and last parameters can 

both be expressed in terms of the Movability Number (u* / vss) where u* is the 

shear velocity and vss is the settling velocity of the sediment particles in 

quiescent water.  Meanwhile, since u* is defined by Equation 2.13: 

 


 0

*u   

(2.13) 

 

where 0 is the bed shear stress and  is the density of water, the Movability 

Number is thus also proportional to the square root of the bed shear stress.  

 

ii) Incipient motion is however something that is hard to define as it refers to some 

“threshold of motion” within what is actually a stochastic process.  Analysis of 

sediment transportation data revealed that it is possible to link the “intensity of 

motion” to a Movability Number.  This must be, however, adjusted for bed-

slope and relative depth.  The result is Equation 7.16 and Figure 7-3. 
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In Equation 7.16, I is the intensity of motion, d / Y is the relative depth (particle 

diameter divided by the water depth), and  is the slope correction factor given 

by Equation 6.18: 
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In Equation 6.18,  is the longitudinal bed-slope (in the direction of flow), and  
is the transverse bed-slope (normal to the direction of flow). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 7-3: Variation of Movability Number with intensity of motion for a flat 

turbulent bed and zero relative roughness (Semi-logarithmic plot) 

 

iii) Work carried out by Shvidchenko & Pender (2000) showed that the intensity of 

motion, I, can be directly equated to the dimensionless bedload parameter, qb
*, 

i.e. Equation 7.12: 
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Equations 7.12 and 7.16 lead naturally to Equation 7.20, which could be used to 

determine the rate of scour: 
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   egdsq sb
31  

(7.20) 

 

In Equation 7.20, qb is the unit bedload transportation rate, s is the density of 

the sediment, s is the relative density of the sediment, g is gravitational 

acceleration, d is the diameter of the (uniform) sediment, and  is the exponent 

given by Equation 7.19: 
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iv) The analysis of transportation data revealed that there is no specific value of 

Movability Number at which movement can be said to have begun or ceased.  

For the purposes of the model presented in this investigation, however, 

Equations 7.32 and 7.33 can be used to describe the Movability Number criteria 

at which scour becomes appreciable (equivalent to an intensity of motion I = 2 x 

10-5 s-1 over a turbulent bed) on horizontal beds ( = 1.00).  These equations are 

plotted in Figures 7-10 and 7-11: 
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If the bed is sloped, then Equation 6.17 is applicable: 

 

(6.17) 

 
In Equation 6.17, u* / vss is the Mobility Number vector having the direction of 

the shear velocity. 
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Figure 7-10: Plot of Movability Number versus particle Reynolds Number for all 

the data describing “weak” motion 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 7-11: New criteria for the prediction of scour 

 

Consideration of Equations 7.32 and 7.33 or Figures 7-10 and 7-11 reveal that 

that relatively small changes in the flow conditions result in large changes in the 

intensity of motion.   
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v) Rooseboom (1992) showed that the unit stream power required to suspend a 

particle, Pr, could be related to the applied unit stream power, Pt.  If  

represents the ratio between the two, then this implies Equation 6.1: 
 

rt PP   

(6.1) 

 

In Equation 6.1, Pt is the dissipation function, , given by Equation 4.14: 
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(4.14) 

 

In Equation 4.14, ji is the shear stress in the i-direction on a surface with a 

normal in the j-direction, ui is the velocity component in the i-direction, and xj 

indicates that the gradient is in the direction of the normal to the surface. 

 

Pr is given by Equation 3.32: 

  sssr gvP    

(3.32) 

 

Closer examination of Equation 7.33 reveals that for turbulent boundaries,      

t  = 1/67.  As a consequence, for the purposes of the scour model, the onset of 

scour on a turbulent bed can be described in terms of the unit stream power as 

follows: 
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Unfortunately, it appears that the relationship for a laminar bed is not so simple.  

In the case of the unit stream power equations, correction for bed-slope can be 

made with the aid of Equations 6.19 or 6.20: 
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The main drawback with the above is that unit stream power is a scalar variable, 

but the calculation of the longitudinal and transverse slopes demands a vector 

describing the direction of the flow. 

 

vi) From the foregoing, a simple model of scour and deposition around a structure 

can be proposed (Section 6.4).  The sediment transport through a hydraulic 

structure is determined mainly by the upstream and downstream conditions i.e. 

the supply and removal of sediment respectively.  If the supply rate of sediment 

to the region around a structure exceeds the removal rate there is accretion at the 

structure.  If the removal rate exceeds the supply rate there will be degradation.  

Sometimes, potential degradation in the vicinity of the structure is prevented by 

local conditions e.g. the structure may be founded on a rigid base.   

 

Erosion and deposition around the structure will reach “equilibrium” at the point 

where the applied unit stream power, Pt, equals the value required for incipient 

motion.  This is indicated by Equations 7.32 and 7.33 or 7.34, modified by 

Equations 6.17 or 6.20 if there is a non-zero bed-slope.  If the unit stream power 

at the bed is greater than that required for incipient motion, there will be scour.  

If the unit stream power at the bed is less than that required for incipient motion, 

but the stream is conveying sediment, there will be nett deposition.  

 

vii) The proposed scour model was tested out with the flow parameters calculated 

with the aid of CFX Versions 4.3 and 4.4 using the k- turbulence model.  The 

processor was a 667MHz Intel Pentium III processor (PC) with 256MB of 

RAM.  The model appeared to give good results when applied to the prediction 

of scour upstream of a weir.  The results were not as impressive when the model 

was applied to the prediction of scour around piers and abutments although the 

general scour pattern was clearly visible.  This could be due in part to the free 

surface approximation that was implemented. Coding is now available that 

gives a better determination of the free surface, and that could lead to an 

improvement in the CFD modelling.  The choice of the k- turbulence model 

also plays a role.  The accuracy of the numerical model could be improved 

through the use of Direct Numerical Simulation (DNS) of the Navier-Stokes 

equations.  It is, however, likely to be a very long time before computers are 

generally available that are capable of adequately modelling the scour around 

engineering structures using DNS.  The k- model is likely to be the best 

compromise for a while. 
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When the scour around a pier with a deformable boundary was modelled, the 

analysis showed that the final profile was consistent with the numerically 

generated bed conditions.   

 

The unit stream power model presented in this investigation shows considerable 

promise for the prediction of scour and deposition, but extensive development will be 

required before the model will be able to solve the entire range of problems facing 

Engineers in this field.  Some recommendations for future research include: 

 

i) Further work could be carried out to improve the accuracy of the calculations.  

The lack of a good free-surface routine undoubtedly had an impact of the results 

of the numerical analyses.  It would be valuable to see what difference would be 

made if the analyses were repeated with a more advanced CFD package 

equipped with a good free surface routine.  A faster machine with greater 

memory would also help to improve accuracy since the flow domain could be 

more finely discretised. 

 

ii) Incipient motion on laminar and transitional channel beds requires more 

attention.  An explanation needs to be found for the marked difference between 

the Movability Number (or stream power) measured and predicted by the theory 

in this region.  This will probably require additional measurements of the flow 

conditions producing incipient motion in laboratory flumes – perhaps with 

measurements of the bed-load. 

 

iii) The investigation should be extended to include cohesive materials and / or non-

uniform materials, live-bed scour (including the sediment transport), and the 

impact of other types of structures e.g. drop structures, downstream of weirs or 

spillways etc. 

 

iv) Equation 7.20 could possibly be used to estimate the rate of sediment deposition 

and scour-hole development.  This should be investigated further.  This could be 

carried out through its inclusion into the computational procedure.  It could then 

be benchmarked against observed deposition and scour hole development.  

Scour-hole development should also be looked at in the context of flood flows.  

Flood flows are invariably unsteady and have short-durations. 

 

v) The long-term goal is for the development of a software package capable of 

predicting scour and deposition around any obstacle.  This should be 



 xxx

extensively tested against both empirical and physical models to ensure that it 

provides a more accurate and / or cost-effective solution. 

 

vi) The unit stream power method also has potential for application to related 

engineering problems, e.g. the design of improved sediment and / or litter traps, 

and the transportation of sediments in pipes (stormwater pipes, sewer pipes, and 

hydrotransport).  This should be investigated 
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Chapter 1 
Introduction 

 

In 1973, a national study of 383 bridge failures caused by catastrophic floods in the 

USA showed that around 25% involved pier damage and 72% abutment damage as a 

direct result of local scour (Chang, 1973).  During the spring floods of 1987, another 

17 bridges in New York and New England were damaged or destroyed by scour 

(Hamil, 1999).   

 

Scour is not only the principal cause of failure of many bridges, it is also the principal 

cause of failure of countless other hydraulic structures.  The opposite mechanism, 

deposition, is a cause of failure of many others, for example the blocking of river 

abstraction works.  Together they are largely responsible for shaping the landmasses 

of the Earth. 

 

Scour and deposition form part of the field of sediment transport, which in turn, is 

part of the field of fluid mechanics.  As might be expected, a considerable body of 

literature has grown up dealing with this important subject.  Textbooks by, inter alia, 

Breusers & Raudkivi (1991), Chien & Wan (1999), Graf (1971, 1998), Hamil (1999), 

Hoffmans & Verheij (1997), Julien (1995), Raudkivi (1998), Van Rijn (1993), Vanoni 

(1975), Yalin (1972) and Yang (1996) have devoted considerable space to it.  

Hundreds of papers have appeared in journals.  Yet, although the fluid mechanics of 

sediment transport is reasonably well understood, there is still no universally agreed 

design procedure that can cope with all the observed scour and deposition 

phenomena. Most methodologies place considerable reliance on the use of 

dimensional analysis and empirical formulae. Empirical formulae, however, have 

severe limitations.  They usually only predict one parameter – the maximum scour 

depth – and the predicted value of this parameter varies over a large range depending 

on the formula that is used.  Physical models are more reliable, provided that they are 

constructed at a sufficiently large scale.  Physical models, on the other hand, are time 

consuming to construct and test, and are thus expensive.  It is obvious that there is still 

considerable work to be done before this subject reaches maturity. 

 

One problem that is yet to be overcome, however, is that there is not even general 

agreement on the concept of incipient motion, that critical point at which motion – 

and hence scour – begins.  It can be shown that there is always a statistical probability 
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that a particle will move regardless of the flow conditions. The same comment can be 

made about the point at which deposition ceases.  Deposition is not necessarily the 

opposite of scour since the two processes can occur simultaneously, particularly under 

equilibrium conditions such as in the case of live-bed scour around an obstacle.  Scour 

and deposition is the consequence of, and is affected by, a multitude of physical 

factors, one of the most significant being the structure of the boundary layer.  Any 

unified theory of scour and deposition would have to explain the relationship between 

all of the various factors. 

 

Incipient motion has been described in terms of flow velocity, bed shear stress and 

unit stream power.  Traditionally, most emphasis has been placed on bed shear stress, 

but this is not necessarily the best parameter to use for the determination of scour and 

/ or deposition. Various researchers (Ackers & White, 1973; Rooseboom, 1975 & 

1992; Yang, 1972, 1973, 1976, 1979 & 1996) are convinced that stream power offers 

a sounder theoretical base for the understanding of incipient motion.  The unit stream 

is also one of the more flexible of the available approaches. 

 

The original objectives of this investigation were as follows: 

 

1. To investigate the use of the unit stream power approach as a method of 

understanding the deposition and re-entrainment of natural sediments and litter 

in the rapidly varied open-channel flow through typical hydraulic structures. 

 

2.  To develop simple design methodologies for use by practitioners concerned 

with deposition and scouring around hydraulic structures located on open 

channels. 

 

It soon became evident that there are no simple design methodologies for the 

prediction of deposition and scouring around hydraulic structures.  Scour and 

deposition are a result of extremely complex flow patterns and there are too many 

variables.  As a consequence, this objective was dropped from the investigation. 

 

In the end, the single remaining objective of this investigation became the further 

development of the unit stream power method, as originally presented by Rooseboom 

(1992), into a mathematical model that could provide an improved insight into the 

scour and deposition processes.  Such a model should be capable of reflecting the 

links between all of the flow parameters, in particular those describing the boundary 
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layer and incipient motion.  It was also hoped that the model could be used to predict 

scour and deposition under a wide range of conditions through the use of 

Computational Fluid Dynamics (CFD) software running on a desktop personal 

computer (PC).  To make the problem more tractable, this investigation concentrated 

on local clear-water scour in uniform, approximately spherical sand around structures 

of simple geometry.  

 

The report is broken into four parts.  Part 1 (Chapters 2 – 5) provides the literature 

review and theoretical background necessary for an understanding of the 

investigation.  Part 2 (Chapters 6 & 7) provides further development of the unit 

stream power theory and presents the proposed model of scour and deposition.  

Numerical analyses using this unit stream power model are described in Part 3 

(Chapters 8 & 9).  Some conclusions and recommendations for future work are 

included in Part 4 (Chapters 10 & 11). 

 

The various chapters deal with the following aspects: 

 

Chapter 2 discusses some key aspects of fluid mechanics; in particular the roles 

played by the boundary layer and coherent flow structures in the mobilisation of 

sediment.  

 

Chapter 3 reviews incipient motion – the conditions under which the movement of 

sediment will commence.  This is central to the scour and deposition processes, as the 

equilibrium profile for any particular flow condition – assuming that the supply of 

sediment is not limited – will be closely related to the conditions for incipient motion.  

The influences of various factors are described, as are the different types of motion.  

The concepts of “threshold of movement” and “pickup probability” are discussed.  

The different models of incipient motion are described with the main emphasis being 

placed on the stream power approach.  Since the conditions for incipient motion are 

clearly affected by the slope of the bed, some attention is therefore given to the factors 

that have been used to adjust the incipient motion parameters designed for flat beds.  

 

Chapter 4 presents the mathematical derivation and definition of the unit stream 

power equation.  This is placed firmly within the context of continuum mechanics, 

and the relationships between the unit stream power equation and the fundamental 

equations of fluid flow (for the conservation of mass, momentum and energy) clearly 

demonstrated.  All of these equations are required for the numerical model.  
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The scour and deposition processes around selected engineering structures are 

described in Chapter 5.  This is because physical and numerical models incorporating 

these selected structures are described in Chapter 9.  This concludes Part 1. 

 

The proposed unit stream power model for the prediction of scour and deposition is 

presented in Chapter 6.  In view of the fact that channel beds are generally warped, a 

function is developed to correct the incipient motion criteria for bed slope.  In the 

course of this development, the links between the three different approaches to 

incipient motion are indicated.  Deposition is regarded as the opposite to scour with 

the critical incipient motion criteria marking the boundary between the two processes. 

 

The probability of movement of any single particle can be directly linked to the 

intensity of motion – the simultaneous movement of a given number of particles over 

a given area of bed.  In Chapter 7, analyses of a considerable body of incipient 

motion data is used to identify a link between intensity of motion and the “Movability 

Number” for both laminar and turbulent boundaries. Incipient motion is also 

expressed directly in terms of the unit stream power for turbulent boundary 

conditions.  This chapter concludes Part 2. 

 

A preliminary test of the theoretical model presented in Chapters 6 & 7 was carried 

out using the CFD code, CFX, supplied by AEA Technology.  Chapter 8 summarises 

the way CFX was adapted for this purpose.  This required, inter alia, describing the 

solution domain, modelling the boundary conditions, choosing the turbulence model, 

choosing the differencing scheme, coupling pressure to velocity, choosing the solution 

algorithm, and deciding between steady-state and transient analyses.  The output was 

then interpreted in terms of the unit stream power equations and a “scour function”. 

 

Chapter 9 describes how the CFD model developed in Chapter 8 was applied to a 

number of test cases that had been previously been the subject of physical modelling.  

These included the scour upstream of a sharp-crested weir, the scour around a circular 

pier, the scour around a sharp-edged rectangular abutment situated within a rigid 

rectangular channel, and finally the scour and deposition around a circular pier 

situated in a regime channel with deformable boundaries.  The results were 

sufficiently encouraging to suggest that the model has the potential to predict the 

scour and deposition around any structure.  This concludes Part 3. 
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This investigation reaches the conclusion in Chapter 10 that this unit stream power 

model shows considerable promise for the prediction of scour and deposition.  

Considerable development will, however, be required before it will be able solve the 

entire range of problems facing Engineers in this field  (Chapter 11).  This is an 

endeavour that will, no doubt, continue for a very long time to come! 
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Chapter 2 
An overview of boundary layer theory 

 

2.1 Introduction 
 

Scour and deposition are boundary phenomena – products of the interaction between 

the flow and the erodible boundaries.  Ultimately they lead to shifts in the location of 

these boundaries.  An understanding of some key aspects of boundary layer theory is 

thus important.   

 

Forces are transmitted through the flow domain through shear stresses, which in turn 

are linked to viscosity and turbulence.  This chapter thus commences with a brief 

overview of shear stress, viscosity and turbulence in fluids.  The shear stresses also 

effect the velocity distribution resulting in the so-called “boundary layer” near the 

bed.  The nature of the boundary layer and its interaction with bed roughness is 

described in some detail.   

 

In the interests of simplicity, the theory is largely developed with reference to steady 

uniform flow in an infinitely wide rectangular channel.  The chapter, however, 

concludes with an introduction to some of the so-called coherent flow structures that 

distort the flow parameters from their average values.  

 

 

2.2 Viscosity, stress and turbulence in uni-directional flow 
 

2.2.1 Viscosity 
 

Define  yx (Pa) as the shear stress in the x-direction on a plane with its normal in the 

y-direction.  The viscosity of a fluid is a measure of the rate of momentum transfer 

between adjacent regions as a result of the relative motion between them.  If u is the 

horizontal component of the velocity at a point y above the bed, and  is the “dynamic 

viscosity” then Newton’s Law of Viscosity states (Prandtl, 1952):  

 

y

u
yx 


   

(2.1) 
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Strictly speaking this equation applies only to laminar flow, in which case  is a 

property of the fluid and results from the interchange of momentum at the molecular 

level.  It is mainly a function of temperature, as increasing the temperature increases 

the movement of the molecules.  In the case of liquids this increases the ability of the 

molecules to move past each other.  The viscosity of a liquid thus decreases with 

increasing temperature.  Viscosity also depends on pressure – but to a much lesser 

degree (in the case of a liquid).  White (1991) presents the following empirical 

formula linking  (Pa.s) to the temperature T (K) for water with an accuracy of 1% 

over the range 273 < T (K) < 373: 
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(2.2) 

 

“Kinematic viscosity”, , is defined in terms of the dynamic viscosity, , and the 

density of water, , as: 

 


   

(2.3) 

 

Yang (1996) proposed the following empirical formula for  (m2/s) in terms of T (oC) 

for water: 

 

)0.0002210.0337(1.0

101.79 6

2TT 





  

(2.4) 

 

 

2.2.2 Two simple turbulence models 
 

In the case of turbulent flow, the stress is also increased as a result of large-scale 

interchange of particles – and hence momentum – between adjacent regions as a result 

of eddies.  It is generally assumed that the total shear stress yx on a horizontal plane at 

any point within the flow can be expressed as the sum of the stress due to molecular 

viscosity, yx(l), and the stress due to turbulent fluctuations, yx(t) (Yalin, 1972): 
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 yx =  yx(l) +  yx(t) 
(2.5) 

 

The stress due to turbulent fluctuations is commonly calculated in one of two ways. 

 

Let the instantaneous velocity components at a point be 'uuu   and 'vvv   in 

the x- and y-directions respectively, where the bar indicates the time average value 

and the prime indicates the fluctuating component.  The “Reynolds’ stress model” 

(e.g. Yalin, 1972; Schlichting, 1979; Massey, 1989; Chadwick & Morfett, 1998) 

expresses  yx(t) in terms of the fluctuating point velocity components u  and v  as 

follows: 

'v'u)t(yx    

(2.6) 

 

Here, vu  is the time average value of the product 'v'u  . 

 

The “Prandtl eddy model” is based on the Prandtl “mixing-length theory” (Prandtl, 

1925).  By considering the order of magnitude of momentum transfer in a rotating 

“ball” of fluid, Prandtl determined that  yx(t) must be related to the velocity gradient 

and some “mixing length”, m .  This led to the following expression (Prandtl, 1952; 

White, 1991; Versteeg & Malalasekera, 1995): 

 

y

u

y

u2
m)t(yx 





   

(2.7) 

 

In the vicinity of a solid boundary (but not so close that the turbulent fluctuations are 

dampened out – see later), Prandtl and Von Kármán determined that ym   to give: 

 

y

u

y

u
y 22

)t(yx 





   

(2.8) 

 

 is the so-called Von Kármán “constant”, which is not a constant at all as it varies 

with, inter alia, the sediment concentration (Einstein & Chien, 1955) and possibly also 

the Reynolds Number, Re (French, 1994). For flows with low sediment concentration, 
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the Nikuradse (1933) data suggested that  is approximately equal to 0.40.  

Rooseboom (1992) showed from the Prandtl “mixing-length theory” that its 

theoretical value is 1/(2)0.5  0.40.  Other experimental data (e.g. Prandtl, 1952; 

Yalin, 1972; Versteeg & Malalasekera, 1995), however indicates that under certain 

circumstances, a more accurate value might be closer to  = 0.417. Under extreme 

conditions e.g. high sediment concentrations, the value of  can fall to as low as 0.20.  

Experimental data on the variation of  with sediment concentration presented by 

Einstein & Chien (1954, 1955), Barton & Lin (1955), Vanoni & Nomicos (1959, 

1960) and Einstein & Abdel-Aal (1972) is summarised by Basson & Rooseboom 

(1997).  More information is given in Chien & Wan (1999).  

 

The implication of Equation 2.8 is that a “turbulent viscosity” yx(t), associated with 

the shear stress yx, can be defined as follows: 

 

  y

u
y 22

tyx 


   

(2.9) 

 

 Equation 2.5 can now be rewritten as follows (White, 1991): 

 

  
y

u
tyxyx 


   

(2.10) 
 
 
 
2.2.3 The variation of shear stress with depth  
 

The distribution of shear stress with depth is illustrated in Figure 2-1.  It is easily 

shown (e.g. Yalin, 1972; Rooseboom, 1992; Yang, 1996) that, in the absence of any 

local disturbances, the shear stress yx at any height y above the bed for steady, 

uniform flow within a wide channel with a bed-slope S0 is given by: 

 
  0yx SyDg    

(2.11) 
 
 

The shear stress is zero at the surface.  It reaches a maximum, 0, at the bed where: 
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00 gDS   

(2.12) 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 2-1: Typical shear stress distribution in a channel 
(Vertical scale greatly distorted) 

 

Close to the channel bed, the velocity gradient is large but the mixing length is small.  

As a consequence, yx(t) is small because of the small mixing length, whilst  yx(l) is 

large because of the large velocity gradient.  The latter thus makes the larger 

contribution to the total.  Further away from the bed, however, the mixing length is 

large and that, plus the fact that  yx(t) is related to the square of the velocity gradient, 

means that turbulent shear stress dominates.  

 

 

2.2.4 The variation of turbulence intensity with depth 
 

The longitudinal and vertical “turbulence intensities” are defined as (Vanoni, 1975; 

Graf, 1998; Chien & Wan, 1999): 

 

*

2

u
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Figure 2-2: Schematic distribution of turbulence intensities 

(After Graf, 1998 – y-axis not to scale) 

 

The terms 2'u  and 2'v  are termed the “root mean square (r.m.s.)” values of the 

instantaneous velocity components and are a measure of the absolute turbulence in the 

x- and y-directions respectively. 

 

The Reynolds stress (Equation 2.5), can also be expressed in a similar dimensionless 

form by dividing by 2
*u to give: 

 

Reynolds Stress (x-y plane) = -
2

*u

'v'u
 

 

Figure 2-2 is a schematic of the distribution of these three quantities when plotted 

against depth for steady uniform flow in a wide channel.  According to Chien & Wan 

(1999), the turbulence intensity at the boundary is zero. It, however, increases rapidly 

to its peak value within a very small distance.  According to Graf (1998), the 

longitudinal turbulence intensity approaches 1.8 in the inner boundary layer (see 

Section 2.3.3 for the definition of this), peaks at a value in excess of 2.0 a bit further 

away, and then falls back to a value of about 0.6 near the surface.  The vertical 

turbulent intensity likewise reaches approximately 1.0 in the inner boundary layer 

before falling back to a value of about 0.6 near the surface.  Near the boundary, 

therefore, it is clear that the turbulence is somewhat anisotropic i.e. not the same in all 
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directions.  Far from the boundary, however, in the main flow region, the turbulence 

intensity is isotropic, lower, and essentially constant. 

 

 

2.3 The boundary layer 
 
2.3.1 Introduction 
 

The region near the solid boundary is of particular interest since this is where the 

largest changes in the flow parameters are taking place and where sediment 

movement is initiated.   

 

Ludwig Prandtl (1904) was the first to suggest that the flow near a boundary could be 

considered in two parts (Schlichting, 1979; Massey, 1989):  

 

i) Near the boundary – in the so-called “boundary layer” – where the shear 

stresses are of prime importance. 

  

ii) Remote from the boundary where (in general) velocity gradients are small and 

so the effect of viscosity is negligible. 

 

In the case of open-channel flow, it could be argued that the entire flow depth is 

within the boundary layer, because everywhere the flow is affected by the presence of 

the boundary  (French, 1994).  On the other hand, the influence of the boundary is 

most keenly felt in the thin layer closest to it.  To complicate matters further, the free 

surface also represents a boundary, albeit a (generally) moving one.  One definition of 

the limit of the boundary layer is the point where the velocity is 99% of the free 

stream velocity.  In open channel flow, however, there is a substantial velocity 

gradient at most points within the cross-section of the flow and the free stream 

velocity has no obvious interpretation.  Secondary currents also play a role as they 

introduce transverse velocity components and help to depress the point of maximum 

velocity below the surface. 
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2.3.2 Definition of the wall units 
 

To make the information universally applicable, quantities are generally expressed in 

a standard manner.  If 0 is the shear stress at the wall and  is the density of the 

water, then the shear velocity, u*, is defined as: 

 

0
0

* gDSu 



  (for steady, uniform flow in a wide channel) 

(2.13) 

 

If  and  are the coefficients of dynamic viscosity and kinematic viscosity 

respectively, then the scaling distance from the wall, the so-called “wall unit”, y*, is 

defined as: 

 

*0

* u
y





  

(2.14) 

 

Assume that u is the average fluid velocity parallel to the boundary at a distance y 

from it.  With the above two quantities, it is now possible to define a dimensionless 

velocity, u+, and a dimensionless distance, y+, as follows: 

 

*u

u
u   

(2.15) 
and, 
 

y
*

*

Re
yu

y

y
y 


 

(2.16) 

 

As can be seen, the dimensionless distance, y+, is in the form of a wall Reynolds 

Number, Rey. 
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2.3.3 Description of the different layers 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 2-3: Schematic variation of velocity through the inner boundary layer 

 

Close to the wall, in the inner boundary layer, the flow is dominated by viscous 

effects, and the mean flow velocity depends only on the distance from the wall, y, the 

fluid density, , the viscosity, , and the wall shear stress, 0.  Dimensional analysis 

(Yalin, 1972; Versteeg & Malalasekera, 1995) shows that: 

 
   yfu  

(2.17) 

 

Three different zones can be identified within the inner boundary layer (Figure 2-3): 
 

i) The so-called “laminar” (Schlichting, 1979), “viscous” (Massey, 1989) or 

“linear” (Reynolds, 1974; Versteeg & Malalasekera, 1995) layer where: 

 
  yu   for   5y   

 (2.18)  

 

ii) The so-called “laminar-turbulent” (Schlichting, 1979), “transitional” (Yalin, 

1972; Massey, 1989) or “buffer” (Reynolds, 1974) layer which starts at about  

y+ = 5.  The upper boundary is not very clear and is also dependent on the 

Transitional layer

*u

u
u 
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nature of the boundary roughness (Yalin, 1972).  For a plane sand boundary, the 

Nikuradse (1933) data seems to suggest y+ = 70 (Yalin, 1972; Schlichting, 

1979), although values of y+ = 30 (Versteeg & Malalasekera, 1995) and y+ = 50 

(Reynolds, 1974) are also found in the literature.   

 

There is no obvious relationship between u+ and y+ in the transitional layer and 

generally some curve is fitted to the data.  Reynolds (1974) suggests several 

candidate curves that offer a smooth transition between the linear layer and the 

third layer – the log-law layer.  Another tactic is to ignore the transitional layer 

altogether in which case the compromise border between the linear layer and the 

log-law layer lies somewhere between y+ = 11 and y+ = 13 (Yalin, 1972; 

Reynolds, 1974; Rooseboom, 1992).  y+  11.8 (Potter & Wiggert, 1997) is a 

commonly accepted value.  Sometimes this theoretical border is deemed to 

indicate the extent of the “viscous sublayer” and its thickness given the symbol 

 (Yalin, 1972). 

 

iii) The “log-law layer” extends from the transitional layer up until about y+ = 500 

(Versteeg & Malalasekera, 1995) after which the boundary ceases to have such 

a great influence on the velocity profile.  Here:  

 

  Byu   ln
1


 

(2.19) 

 

The value of the constant B depends on the nature of the channel, its relative 

roughness, and Re. Nikuradse (1933) experimentally determined the value of B 

to be about 5.5 for a channel with entirely laminar boundaries (Prandtl, 1952; 

Yalin, 1972; Reynolds, 1974, Schlichting, 1979).  B can be thought of as the 

“slip” within the viscous layer interposed between the wall and the fully 

turbulent flow region (Reynolds, 1974).  Alternatively, it can be viewed as a 

correction for the fact that the velocity according to the logarithmic velocity 

distribution is not zero right at the boundary (Rooseboom, 1992). 

 

Equation 2.19 can also be expressed in terms of ordinary logarithms using the 

identity loge x = 2.3026 log10 x.  If  = 0.40 and B = 5.5, then (Prandtl, 1952): 
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5.5)5.76(log10   yu  

(2.20) 

 

The velocity distribution in the outer layer (y+ > 500) also tends to be logarithmic, 

and, in the case of uni-directional flow in an open channel, the logarithmic 

distribution theoretically extends all the way to the surface (Yalin, 1972).  In reality, 

however, secondary currents and local turbulence phenomena increasingly affect the 

velocity distribution as y+ increases. 

 

The general relationship between u+ and y+ (Equation 2.17) in the vicinity of a 

boundary is sometimes called the “law of the wall” (Schlichting, 1979; Versteeg & 

Malalasekera, 1995).  The logarithmic relationship that describes the log-law layer, 

and to a certain extent the outer boundary layer (Equation 2.19), is sometimes termed 

the “universal velocity distribution law” (e.g. French, 1994) – although see       

Section 2.3.4 for a slightly different definition.  Figure 2-4 shows the general velocity 

distribution for a completely laminar boundary when plotted using semi-logarithmic 

axes. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

(After Versteeg & Malalasekera, 1995) 

 

It is important to remember that the inner boundary layer is usually extremely thin.  A 

uniform depth of 1 m in an infinitely wide rectangular channel of slope 1:1000 would 

have a shear velocity u* = 0.1 m/s, a linear layer thickness of about 0.05 mm, a 

transitional layer thickness of about 0.65 mm, and a log-law layer thickness of about 
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Figure 2-4: The logarithmic velocity distribution for a laminar boundary 
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4.3 mm.  Increasing the depth to 10 m and the slope to 1:100 results in a ten-fold 

decrease in these values.  On the other hand, as the flow velocity reduces to zero, the 

inner boundary layer thickness tends to infinity. 

 

 
2.3.4 The role of roughness 
 

The role of roughness now needs to be discussed.   

 

Assume that the roughness elements are small compared to the total fluid depth.  If 

the absolute height of the roughness elements is ks, then a dimensionless “roughness 

Reynolds Number”, Res can be defined as follows: 

 


s*

s

ku
Re   

(2.21) 

 

The subscript s indicates that the roughness elements in this instance are sand grains. 

 

There are three possible flow “regimes”: 

 

i) The roughness elements are completely buried within the laminar layer         

(Res < 5).  The fluid flows smoothly around and over the roughness elements 

without unduly disturbing the layers above.  In this case, the velocity 

distribution depends only on the viscosity of the fluid, , and not on the size and 

nature of the roughness.  The flow is said to be “hydraulically smooth” (Yalin, 

1972; Schlichting, 1979) and the boundary “laminar” (Young et al., 1997).  

 

ii) The roughness elements project deep into the log-law layer or the outer 

boundary layer (Res > 70).  The velocity distribution now depends almost 

exclusively on the roughness height, ks, and its shape, whilst the viscosity of the 

fluid no longer has a significant impact.  The flow is said to be “rough” 

(Schlichting, 1979), “fully developed turbulent flow”, or “rough turbulent flow” 

(Yalin, 1972) and the boundary “turbulent (Young et al., 1997). 

 

iii) The roughness elements extend to somewhere between the laminar layer and the 

log-law layer (5 < Res < 70).  In-between the two extremes described in i) and 
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ii) above, the velocity distribution is dependent on both  and ks and is said to 

be in “transition” (Schlichting, 1979). 

 

If the log-law is to serve for the three flow regimes then it has to be altered to take 

into account the roughness height ks.  Let Bs be a constant associated with a sand 

boundary.  Define (Yalin, 1972; Schlichting, 1979): 

 

s

s

B
k

y
u  ln

1


 

(2.22) 
where: 


s

s

ku
B *ln

1
 + 5.5      for     Res = 


s* ku

< 5 

 
and 

            5.8sB                 for    Res = 


s* ku
> 70 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 

Figure 2-5: The variation of Bs with Res 

(Adapted from Nikuradse, 1933; Yalin, 1972; and Schlichting, 1979) 
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When Res < 5, substitution of Bs into Equation 2.22 gives Equation 2.19 with B = 5.5. 

Values of Res between 5 and 70 can only be determined experimentally.  Approximate 

values of Bs are shown in Figure 2-5 (Nikuradse, 1933). 

 

A further refinement to the log-law is to incorporate Bs into the first term of   

Equation 2.22 through the substitution: 

 
sB

s eA   

(2.23) 

 

The log-law is now rewritten as: 

 

s

s

k

yA
u ln

1


  

or: 

s

s

k

yAu
u ln*


  

(2.24) 

 

In the case of a turbulent sand wall (Bs = 8.5), As = 30.0. As for rough sand walls has 

also been theoretically determined as equal to 30.1 by Simons and Sentürk (1977) and 

equal to 29.6 by Rooseboom (1992).  

 

If the velocity distribution is assumed to be logarithmic all the way to the surface – 

which is approximately true for unidirectional flow in a wide channel – then the 

maximum velocity, umax, is at the surface at a height, D, above the bed, and: 

 

s
s

B
k

D

u

u
 ln

1

*

max


 

(2.25) 

 

If Equation 2.22 is now subtracted from Equation 2.25: 

 

D

y

u

uu

*

max ln
1





 

(2.26) 
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To confuse matters slightly Equation 2.26 is also sometimes called the “universal 

velocity distribution law” (Yalin, 1972; Schlichting, 1979) (compare this equation 

with Equation 2.19 which is also given this name).  It indicates that the dimensionless 

“velocity deficit” varies with the dimensionless height within the turbulent flow 

region in the same manner for any geometry of roughness (Yalin, 1972). 

 

If the roughness elements have a different character from sand grains, e.g. 

asymmetrical sand dunes, then it is to be expected that although the form of the 

equations might be the same, the constant will change.  Assume that Rer is the 

dimensionless “Roughness Reynolds Number” for an arbitrary roughness geometry 

and Br is the associated constant (Yalin, 1972).  If kr is the absolute height of the 

roughness elements, then: 

 


r*

r

ku
Re   

(2.27) 
 

Figure 2-6 compares a typical plot of Br versus Rer with that of Bs versus Res.   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 

Figure 2-6: The variation of Br with Rer compared to Bs with Res 

(Yalin, 1972) 
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It is readily apparent that there is no difference between the two curves for very small 

roughness heights.  For large roughness heights, the two curves are parallel which 

implies that the new roughness can be expressed in terms of an equivalent sand 

roughness via the identity (Yalin, 1972): 

 
 sBrB

rs ekk    
(2.28) 

 

In the transitional region between these two extremes there is no unique relationship 

between the two curves. 

 

 

2.3.5 The development of boundary layers 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 2-7: Schematic showing the growth of the boundary layer with length 

(N.B. greatly exaggerated y-axis) 

 

So far, the discussion on boundary layers has been limited to fully developed 

boundary layers on flat boundaries with a zero pressure gradient in steady flow.  

Before moving off the topic, mention should be made of some of general development 

of boundary layers on flat surfaces with negligible pressure gradients. 

 

A boundary layer will develop with the introduction of each new surface into the 

flow.  Furthermore, boundary layers can develop within other boundary layers 
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(French, 1994).  The development of a boundary layer on a flat surface is illustrated 

schematically in Figure 2-7 (Massey, 1989; Potter & Wiggert, 1997; Chadwick & 

Morfett, 1998):  
 

Assume that x is the distance from the start of the boundary layer.  Define a “Local 

Reynolds Number”, Rex, such that: 

 


Ux

Rex   

(2.29) 

 

Initially the boundary layer is wholly laminar and its thickness, l (from the boundary 

to a point where the velocity is 99% of the undisturbed velocity, U), may be estimated 

by the Blasius solution (French, 1994; Potter & Wiggert, 1997; Roberson & Crowe, 

1997): 

 

x

l
Re

x5
  

(2.30) 

 

The transition between the laminar and turbulent boundary layers generally takes 

place in the range 5 x 105 < Rex < 106 (French, 1994).  Assuming a free stream 

velocity U = 1 m/s would imply a laminar boundary layer from 0.5 to 1.0 m long.  

Doubling the free stream velocity to 2 m/s results in this distance being halved.  A 

typical thickness is l = 3.5 mm for Rex = 5 x 105 and x = 0.5 m. 

 

The thickness of the turbulent boundary layer, t, for Rex < 107 is approximately given 

by (French, 1994; Potter & Wiggert, 1997; Roberson & Crowe, 1997): 

 

2.0
x

t
Re

x0.37
  

(2.31) 

 

Equation 2.31 is the time-average thickness of the turbulent layer.  The instantaneous 

thickness typically varies between 40 – 120 % of this value (Potter & Wiggert, 1997). 

 

Recall from Section 2.3.3 that the thickness of the viscous sublayer at the bottom of 

the turbulent boundary layer is approximately: 



2-18 

 

 
Armitage & McGahey: A unit stream power model for the prediction of local scour in rivers 

Chapter 2: An overview of boundary layer theory 

*u

 11.8
  

(2.32) 

 

Since u* depends on the shear stress at the boundary 0 (Equation 2.13), which in turn 

depends on the velocity gradient (Equation 2.1),  is also dependent on the distance 

from the beginning of the boundary layer.  With distance, however, 0 trends to a 

fixed value dictated by Equation 2.12 and  (for steady uniform flow in a wide 

channel) is then given by: 

 

0gDS

 11.8
  

(2.33) 

 

In general, the thickness of the boundary layer increases with increasing distance and 

fluid viscosity, and decreasing average velocity.  Refer to Schlichting (1979) for 

details about more complex boundary layers. 

 

 

2.4 Coherent flow structures and turbulence 
 

“Big whirls have little whirls that feed on their velocity; 

Little whirls have lesser whirls, and so on to viscosity.” 

 

(Attributed to E. G. Richardson by Reynolds, 1974 

 and to L. F. Richardson by Lugt, 1983) 

 

2.4.1 Introduction 
 

Up until now the theory has been largely developed with the assumption of steady 

uniform flow in a prismatic infinitely wide rectangular channel.  Whilst many 

situations approximate this idealisation, the reality is that other factors usually play a 

role.  

 

In most open channel flow situations, laminar flow only prevails in the region close to 

the boundary where eddying motion is damped out.  Elsewhere the flow is 

characterised by turbulence for which the main driving mechanism is large scale 
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“whirls”.  Even in the laminar flow region, overlying turbulence makes its presence 

felt indirectly via the velocity gradient, and more directly through “sweeps”, 

“ejections” and other types of “coherent flow structures”.  An additional complication 

arises with unsteady flow where the boundary is also subjected to inertial forces 

resulting from the acceleration or deceleration of the fluid.  Unsteady flows are not 

explicitly considered in this investigation.  Fortunately, in the many instances, flow 

rates change very slowly in time resulting in low inertial forces.  Under these 

circumstances, the flow can be considered “quasi-steady”.  

 

Coherent flow structures (Ashworth et al., 1996) can be most conveniently divided 

into two groups: 

 

i) Large-scale structures e.g. secondary currents, eddies, boils, whirlpools, 

turbidity currents. 

  

ii) Small-scale structures e.g. streaks, hairpin vortices, bursts, sweeps, ejections, 

shear layers. 

 

An overview of some of these structures is given below. 

 

 

2.4.2 Large-scale coherent structures: Secondary currents 
 

The terms “secondary current”, “secondary flow” (Prandtl, 1952; Reynolds, 1974; 

French, 1994; Chadwick & Morfett, 1998), or “spiral flow” (Ven te Chow, 1959) 

refer to circulatory motion of the fluid around an axis which is parallel to the primary 

current or flow (French, 1994).  Generally, secondary currents occur in turbulent flow 

when the isovels (the lines or contours of equal velocity) of the primary flow are not 

parallel to each other or the boundaries of the channel (Einstein & Li, 1958).  They 

are also associated with cross-channel pressure gradients (Reynolds, 1974). 

 

Reynolds (1974) identifies six types of secondary currents.  Of these, Types 1, 2 and 4 

are of the most interest here: 

 

i) Type 1 flows occur in straight channels as a result of the increased stress and 

reduced velocity in the vicinity of the sidewalls.  The situation is particularly 

complicated if compound channels are involved.  See Figure 2-8. 



2-20 

 

 
Armitage & McGahey: A unit stream power model for the prediction of local scour in rivers 

Chapter 2: An overview of boundary layer theory 

 
 
 
 
 
 
 
 
 
 
 

Figure 2-8: Typical secondary flow structures in compound channels  
(After Wormleaton, 1996) 

 

ii) Type 2 flows occur in curved channels.  The faster moving flows near the 

channel surface results in a higher than average centrifugal force promoting a 

migration towards the outside bend (Chadwick & Morfett, 1998).  Meanwhile, 

the super-elevation of the water surface gives rise to a radial pressure gradient 

that can only be balanced by a flow towards the inside of the bend along the 

bottom (Reynolds, 1974).  See Figure 2-9. 

 

 

 
 
 
 
 
 
 
 
 
 

Figure 2-9: Typical secondary flow cell on a bend 

 

iii) Type 4 flows result from the distortion of the boundary layer around protrusions 

into the flow.  Complex separating and reattaching flows will be found in the 

wake, and also just ahead of the obstruction (Reynolds, 1974).  This will be 

dealt with in much greater detail later on. 
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Figure 2-10: Schematic of cellular secondary currents 
(After Tsujimoto & Kitamura, 1996) 

 

Secondary currents can also develop from something as minor as a change in the bed 

roughness.  Tsujimoto & Kitamura (1996) have shown that if a bed is comprised of 

alternately coarser- and finer-grained longitudinal strips, lateral flow cells tend to 

develop.  These cells are particularly strong where the lateral wavelength of 

alternation of sorting is in the order of twice the flow depth.  The flow is from the 

rough to the smooth region near the bed, returning near the surface.  See Figure 2-10. 

 

 
2.4.3 Small-scale coherent structures in the viscous sub-layer 
 

Starting in 1956 and through the early 1960s, a series of experiments carried out at 

Stanford University demonstrated that there is far greater structure or order in 

turbulent boundary-layer flows than had been previously believed (Smith, 1996).  

According to Smith (1996), hairpin vortices play a major role in the interaction 

between the viscous and inviscid regions of the boundary layer, helping to focus and 

transfer vorticity from the wall layer into the main body of the fluid.  Smith (1996) 

also describes the following coherent structures associated with the hairpin vortices: 

 

i) Low-speed “streaks” are generated by the interaction of a passing streamwise or 

hairpin-like vortex with wall-region, and comprise a narrow wedge of low-

speed fluid.  This is illustrated in Figure 2-11. 
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Figure 2-11: Schematic cross-section through the instantaneous velocity 

field (After Smith, 1996) 

 

Although the streaks are unsteady and not uniformly distributed, it is possible to 

measure a mean spanwise streak spacing, , and to define a “non-

dimensionalised streak spacing”, +, given by: 

 
 




 *u
  

(2.33) 

 

In the vicinity of a  laminar boundary, + has a mean value of 100 over a wide 

range of Reynolds numbers, with individual values ranging between 50 and 300.  

The streamwise extent of the wall-layer streaks, expressed in terms of the local 

Reynolds number, is typically of the order of 600 – 1000 Rex with x measured 

from the beginning of the streak.  + tends to increase outside of the viscous 

sub-layer (Grass & Mansour-Tehrani, 1996). 

 

In the case of a  turbulent boundary, the spacing between the streaks depends on 

the  wall roughness elements.  For fully rough walls, Defina (1996) found that, 

if ks is the height of the wall elements, then  / ks  4.5. 
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ii) A “burst” is the local breakdown and ejection into the outer region of wall-layer 

fluid in the proximity of a low-speed streak.  The ejection of fluid associated 

with the burst can result in the formation of one or more secondary hairpin-like 

structures in the immediate wake of the initial vortex.  These structures typically 

have an inclination angle to the bed of about 14o (Garcia et al., 1996). 

 

Small scale coherent structures can also be described by means of a quadrant diagram 

(e.g. Ferguson et al., 1996; Shvidchenko & Pender, 2000).  The quadrant diagram is 

constructed on the basis of the fluctuating velocity components.  A sweep is a 4th 

Quadrant event (positive u’ and negative v’), whilst a burst / ejection is a 2nd Quadrant 

event (negative u’ and positive v’).  This is illustrated in Figure 2-12: 

 

 
 
 
 
 
 
 
 
 
 
 
 

 
 

Figure 2-12: Quadrant diagram for small-scale coherent flow structures 
 
 
2.4.4 Shear layers 
 

In Section 2.2.3 it was noted that the shear stress at any point within a fluid could be 

expressed as the sum of the stress due to molecular viscosity and the stress due to 

turbulent fluctuations (Equation 2.5).  The stress due to turbulent fluctuations is 

commonly calculated either by means of the Reynolds stress model (Equation 2.6), or 

by the Prandtl eddy model (Equations 2.7 & 2.8).  The Reynolds stress model 

effectively says that a large turbulent shear stress is as a result of large local 

fluctuations in the velocity component.  The Prandtl eddy model effectively says that 

a large turbulent shear stress is a result of large local velocity gradients.   
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Whichever model is used, the implication is that if there is something promoting large 

velocity fluctuations and consequently large velocity gradients in the flow, there will 

be high local turbulent shear stresses.  All boundaries have this effect on the fluid, but 

uneven boundaries have a more significant effect than plane boundaries.  Vortex 

shedding off the back of a dune, for example (Bennett & Best, 1996), is an ejection 

event that can give rise to very high local velocity fluctuations and thus high local 

turbulent shear stresses.  These high turbulent shear stresses can effectively cut off the 

flow in the trough of the dune from that above the dune level.  Such a zone of 

relatively high turbulent shear stresses is called a “shear layer”.  Sometimes, if the 

water is shallow enough, the shear layer can penetrate through the flow depth to the 

surface where it appears as a patch of disturbed water called a “boil”.  Such a shear 

layer is illustrated in Figure 2-13: 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 2-13: Schematic of a shear layer and boil combination over a dune 
(After Bennett & Best, 1996) 

 
 
 

2.5 Conclusions 
 

It should have become obvious from the foregoing that the conditions under which 

sediment movement takes place are extremely complex.   
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It has been shown that the shear stress at any point within the flow field depends on 

both the viscosity and the velocity gradient – and both of these are variables.  

Viscosity depends on the temperature and turbulent fluctuations – which in turn 

depend on the proximity of the boundary and the velocity gradient.  The sediment 

concentration and depth also affect shear stress.  The turbulent intensity is anisotropic 

in the vicinity of the boundary – which is the zone of greatest interest. 

 

In this chapter, considerable attention has been paid to the structure of the boundary 

layer and the implications this has for the interaction between the boundary surface 

and the overlying fluid flow.  It was also noted that the boundary layer is not static, 

but varies according to local circumstances. 

 

 “Coherent structures” is a name given to identifiable vortical structures that exist 

within any flow field.  They can be at both the macroscopic or microscopic layer.   In 

either case they will influence the shape of the boundary layer and hence the shear 

stress at the boundary.  In some instances, shear layers can develop which separate the 

flow field from the boundary leaving a semi-protected area next to it. 

 

All of these factors make the prediction of the exact nature of the boundary layer 

extremely difficult.  The nature of the boundary layer impacts on the movement of 

sediment.  Attention must thus be turned to the interaction between the boundary layer 

and the individual sediment particles resting on the bed. 
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Chapter 3 
An overview of incipient motion 

 

3.1 Introduction 
 

This chapter reviews incipient motion – the conditions under which the movement of 

sediment will commence.  This is central to scour and deposition processes as the 

equilibrium scour / deposition profile for any particular flow condition – assuming 

that the supply of sediment is not limited – will be closely related to the conditions for 

incipient motion at the interface between the fluid and the sediments. 

 

Incipient motion is extremely dependent on the physical characteristics of the 

sediments.  Factors such as size, shape, uniformity, settling velocity, cohesiveness and 

the angle of repose all play a role.  There are also different types of motion, which 

should be carefully distinguished. 

 

An attempt is made in this chapter to identify all the forces that act on particles resting 

on the bed and to link these to the factors influencing the movement of any particular 

particle.   

 

Incipient motion is an extremely ambiguous term as there is a statistical chance of 

particle movement no matter what the flow conditions.  There is, therefore, some 

discussion on the concept of “threshold of movement” and “pickup probability”. 

 

Historically, there have been three primary models of incipient motion, each focusing 

on a different flow parameter – velocity, bed shear stress and stream power.  These 

are described in some detail, although the main emphasis is placed on the stream 

power approach.  The stream power model has historically not been explored as 

thoroughly as the other two – in particular the bed shear stress model.  It does, 

however, show considerable promise as an alternative to them. 

 

The conditions for incipient motion are clearly affected by the slope of the bed – both 

in the longitudinal and transverse directions.  Some attention is therefore given to 

factors that have been used to adjust the incipient motion parameters as developed for 

flat beds to those that apply with slopes. 
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3.2 The physical characteristics of sediment 
 

3.2.1 Size 
 

The size of the particle is probably the most important parameter in defining incipient 

motion.  Clearly smaller particles will generally be moved more easily by the flow 

than larger ones.  It is generally assumed that sediment particles are reasonably 

spherical – although the reality, of course, could be very different.  Some common 

definitions for the sediment diameter, d (Vanoni, 1975; Van Rijn, 1993; Yang, 1996; 

Raudkivi, 1998) are as follows: 

 

i) Sieve diameter: the length of the side of a square sieve opening through which 

the particle will just pass. 

 

ii) Nominal diameter: the diameter of a sphere of equal volume. 

 

iii) Sedimentation diameter: the diameter of a sphere of the same density and the 

same settling velocity in the same fluid at the same temperature. 

 

iv) Standard fall diameter: as for sedimentation diameter except that the sphere has 

a density of 2 650 kg/m3, the liquid is quiescent distilled water of infinite extent, 

and the temperature is 24oC. 

 

v) Triaxial dimensions: the length of the three orthogonal dimensions a, b and c 

where a is generally the longest dimension and c the shortest. 

 

Since sediment dimensions cover a large size range, a logarithmic scale is often used 

for the classification of granular (sand) sediments.  The “phi scale” is defined as: 

 

2log

)(log
)(log

10

10 d
d2s     (d in mm) 

(3.1) 

 

The most common size description is that of the American Geophysical Union (Lane 

et al., 1947), which is summarised in Table 3-1. 
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Class Size (mm) Size (s) 

Boulders > 256 < -8 

Cobbles 64 to 256 -6 to -8 

Gravel 2 to 64 -1 to -6 

Very coarse sand 1 to 2  0 to –1 

Coarse sand 0.5 to 1.0 1 to 0 

Medium sand 0.25 to 0.5 2 to 1 

Fine sand 0.125 to 0.25 3 to 2 

Very fine sand 0.062 to 0.125 4 to 3 

Silt 0.004 to 0.062 8 to 5 

Clay 0.00024 to 0.004 12 to 8 

Colloids < 0.0024 > 12 

 

Table 3-1: Grain size classification (After Lane et al, 1947) 

 

Clearly this classification system cannot be used for sediment particles that are not 

reasonably spherical. 

 

 

3.2.2 Shape 
 

Although sediments are not usually perfectly spherical, in the case of sand particles at 

any rate, abrasion in the natural transportation process does tend to round them.  In 

fact, in the case of sand particles, the “roundness” of a particle is an indication of how 

far it has travelled.  Since it is generally assumed that sediment particles are 

reasonably spherical, it is necessary to define a shape factor to take into account the 

deviation from the spherical.  The most common shape factor is the Corey shape 

factor, defined as: 

 

ab

c
SF   

(3.2) 

 

In general, a shape factor of 1.0 would indicate a perfect sphere.  Values falling below 

1.0 would indicate increasing deviation from a perfect sphere.  This generally works 

well, except that a cube also has a shape factor of 1.0!  One way of overcoming this 

problem (Van Rijn, 1993) is to define ds as the diameter of a sphere having the same 
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surface area as that of the particle, and dv as the diameter of a sphere having the same 

volume as that of the particle, then: 

 

abd

cd
SF

v

s  

(3.3) 

 

Naturally worn quartz particles typically have a shape factor of 0.7.  

 

 

3.2.3 Uniformity 
 

Sediment uniformity is the measure of the distribution of the particle sizes.  Its 

determination is complicated by the measuring method.  Since sediment size is 

commonly determined by sieve analysis, sediment uniformity is usually determined 

from frequency histograms depicting the percentage of material by mass passing one 

sieve diameter but retained on one size smaller.  Statistical parameters such as the 

mean, standard deviation, skewness and kurtosis may be determined from this. 

 

The most common definitions (Vanoni, 1975; Van Rijn, 1993; Yang, 1996; Raudkivi, 

1998) are as follows: 

 

i) Median diameter (d50): The particle diameter that is exceeded by exactly 50% of 

the material by mass.  If the size distribution is skewed, d50 is usually calculated 

from the average of the d15.9 and d84.1 values Yang, 1996): 

 

2
1.849.15

50

dd
d


  

(3.4) 

 

ii) Mean diameter ( d ): The arithmetic mean of the particle sizes.  If di is the 

median diameter of any particular size fraction and pi is the percentage by mass 

of that fraction then: 

 

100
iidp

d


  

(3.5) 
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iii) Standard deviation ():  The standard deviation is generally defined (Friedman, 

1962) as: 

 

100

2

ii ddp 
  

(3.6) 

 

Alternatively, d50 is substituted for d .   

 

iv) Geometric standard deviation (g): Assuming that the particle size distribution 

is normally distributed – which is approximately true for well worked river sand 

– then the geometric standard deviation is defined as: 

 











50

1.84

9.15

50

9.15

50

50

1.84

9.15

1.84
g d

d

d

d

d

d

d

d

d

d

2

1  

(3.7) 

 

If g < 1.3, the sediment is considered to be uniform.  Alternatively, if g > 1.3, 

the sediment is considered to be non-uniform (Melville, 1997).  This 

investigation focuses almost exclusively on uniform sediments. 

 

There are many other definitions in connection with sediment uniformity, some of 

which are to be found in the references listed at the head of this section. 

 

 

3.2.4 Settling velocity 
 

The “settling velocity” of a particle – sometimes called the “fall velocity” – is 

generally defined as the terminal velocity of that fluid particle in an unbounded 

quiescent body of water.  In general, it depends on the size, shape, surface-roughness 

and density of the particle, and on the density and viscosity of the fluid.  Other factors 

that can also have an influence are the fluid turbulence, particle concentration, and the 

presence of boundaries.  If the particle is less dense than the fluid, it will have a 

negative settling velocity – sometimes called a “rise velocity”. 
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At the terminal velocity of the particle, the weight, buoyancy force and drag force are 

in equilibrium.  If vss is the settling velocity, s the particle density,  the fluid density, 

and CD the coefficient of drag, then (Raudkivi, 1998):   

 

D

s
ss C

gd

3

4
v


 

  

(3.8) 

 

CD is a function of the particle shape and the “particle fall Reynolds Number” which 

is defined as: 

 


dv

Re ss
d   

(3.9) 

 

In general, CD is high at low Red values, drops rapidly as Red increases up to about 

103, after which it stays reasonably constant until about Red = 105.  A typical value of 

CD for a natural quartzitic sand in the range 103 < Red < 105 is about 1.1 (Chien & 

Wan, 1998).  For a perfect sphere it is about 0.45 over the same range (Massey, 

1989). 

 

Many researchers have attempted to fit curves to settling velocity data (e.g. Rubey, 

1933; Schiller & Naumann, 1933; Kazanskij, 1981; Zhu & Cheng, 1993).  One of the 

more recent attempts is that by Cheng (1997).  Define the “relative submerged 

density, ” as: 

 
 


 

 s  

(3.10) 

 

Define the “dimensionless particle diameter”, *d , as: 

 

d
g

d
2*

31







 


 

(3.11) 

 

The settling velocity of natural sand particles is then given approximately by: 
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d

d
v

*

ss

1.5
2 51.225 





 




 

(3.12) 

 

Alternatively, the chart drawn up by the U.S. Inter-Agency Committee on Water 

Resources, Subcommittee on Sedimentation (1957) may be used.  This may be found 

in any standard reference (e.g. Vanoni, 1975; Yang, 1996; Raudkivi, 1998; Chien & 

Wan, 1998).  Chien & Wan (1998) also contains a detailed discussion on the variation 

in the settling velocity with various parameters. 

 

The settling velocity of objects with unusual shapes must, of course, be determined 

experimentally. 

 

 

3.2.5 Cohesiveness 
 

Sediments can be simply classified into two main types:  

 

i) Non-cohesive materials consist of individual particles, like sand, where the 

weight of the particles is the dominant force in determining transportability.   

 

ii) Cohesive materials usually contain very fine particles – such as clay – that have 

a very high surface area to mass ratio.  This relatively large surface area affords 

a greater opportunity for electro-chemical forces to bind the particles together 

into a coherent mass, whilst the impact of particle weight is relatively 

insignificant.  Once, however, the electro-chemical bonds between cohesive 

particles have been broken down and the particles are carried into suspension, 

cohesive particles generally behave in much the same manner as non-cohesive 

materials (Vanoni, 1975). 

 

It is also possible to get mixtures of different types of sediments. 

 

This investigation will focus exclusively on non-cohesive particles, as they are easier 

to handle.  The model that is developed in this thesis can, however, be extended for 

use with cohesive material by the addition of a factor accounting for the initial 

breaking of the electro-chemical bonds between the particles. 
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3.2.6 Angle of repose 
 

The “angle of repose”, r, sometimes called the “angle of internal friction”, is the 

maximum side-slope that can be sustained by sediment particles lying on the bottom 

or sides of a channel before sliding commences.  It is largely a function of sediment 

size, shape and porosity (Van Rijn, 1993).  In general, r increases with increasing 

sediment size, increasing angularity (deviation from the spherical), and decreasing 

porosity (fraction of the sediment volume that is not occupied by the sediment 

material).  There is a significant divergence in the published data on r (Chien & 

Wan, 1998), but if the sediment is quartzitic sand, the values in Table 3-2 may be 

used for design purposes (Van Rijn, 1993): 

 

 

Size (d50) Angle of repose (r) 

(mm) Rounded Angular 

 1 30o 35o 

5 32o 37o 

10 35o 40o 

50 37o 42o 

 100 40o 45o 

 

Table 3-2: Angle of repose for quartzitic sand (Van Rijn, 1993) 

 

Alternatively, r may be read off the chart prepared by Lane (1953) (Chien & Wan, 

1998).  r for any material other than quartzitic sand needs to be determined 

experimentally. 

 

 
3.3 Types of motion 
 

“Incipient motion”, sometimes called “initiation of movement” or “threshold of 

movement”, is the beginning of particle motion.  That motion can be of one of several 

types: 

 

i) Sliding. 

 

ii) Rolling. 
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iii) Saltating (hopping). 

 

iv) Suspension. 

 

In general, sediment particles will roll or slide before they will saltate, and they will 

saltate before they are carried into suspension.  There is, however, no clear-cut 

distinction between the four types of motion, and frequently all forms of motion occur 

simultaneously.  Taken together, they constitute “sediment transport”.  Other 

commonly used definitions are “contact load”, which refers to sediment that is 

moving continuously in contact with the boundary, i.e. sliding and rolling, and “bed 

load”, which refers to the sediment which is moving in the close vicinity of the bed, 

i.e. sliding, rolling and saltating.  The “suspended load” accounts for the remainder of 

the material.   

 

The total load may also be divided up into the “bed sediment load” which refers to the 

particle sizes found in appreciable quantities in the shifting portions of the bed, and 

the “wash load” which refers to the particle sizes that are not found in appreciable 

quantities on the bed.  The latter term is used because the material has presumably 

been “washed” down the river from somewhere else.  Wash load is generally carried 

in suspension.  Distinction is also generally made between the “sediment load” which 

refers to the material being transported, and the “sediment discharge” or “sediment 

transport” which refers to the rate of movement of the material (Vanoni, 1975). 

 

In this investigation, the focus is not on sediment transport per se, but on the threshold 

at which sediment transport ceases and / or commences.  It is this threshold that 

defines whether there will be scouring and / or deposition around a particular 

structure. 

 

 
3.4 The forces acting on particles resting on the bed 
 

Consider a typical particle resting on a bed (Figure 3-1). 

 

It is immediately apparent that there are three main forces acting on an exposed 

particle: drag, lift and gravity.  In addition to this, the particle is supported by 

neighbouring particles, and may, in turn, be supporting other neighbouring particles. 
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Figure 3-1: Forces on a sediment particle (horizontal bed) 

 

The drag and lift forces represent the horizontal and vertical components respectively 

of the integrated shear stress and pressure forces acting on the particle.   

 

The shear stress at any point on the particle surface, in turn, depends on the local 

velocity gradient in accordance with Equation 2.10 or one of its three-dimensional 

variants: 

 

  
y

u
tyxyx 


   

(2.10) 

 

The shear stress acts tangentially to the surface in the direction of flow, and for this 

reason is sometimes called “surface drag”.  Despite its name, this surface drag can 

have components in both the horizontal and vertical (and transverse) directions. 

 

The pressure force depends both on the depth and the local velocity in accordance 

with the Bernoulli Equation.  It acts normal to the surface.  If  is the height above 

some arbitrary datum, the Bernoulli equation reads: 

 

 
 g2

u

g

p 2

Constant along the streamline 

(3.13) 
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In hydrostatic conditions, p is determined by the depth of water, Y, such that: 

 
gYp   

(3.14) 

 

Even in the absence of fluid motion, there is a net force on the particle, the “buoyancy 

force”.  The submerged weight acts in the vertical direction – vertically down if the 

particle is denser than water, vertically upwards if it is not.  In the latter case, the 

particle, of course, tries to rise to the surface. 

 

In hydrodynamic conditions, on the other hand, local increases in velocity lead to a 

corresponding decrease in the local pressure through Equation 3.13.  The situation, 

however, is complicated by flow separation.  Flow separation results in the formation 

of eddies which redistribute the pressure more uniformly over the separated surfaces.  

Usually this implies inadequate pressure recovery (Equation 3.13 breaks down).  

When the pressure forces are integrated over the entire surface of the particle, they 

can give rise to a resultant termed the “form drag”.  Once again, form drag may have 

horizontal and vertical (and transverse) components.  

 

Assume that CD is the coefficient of drag, CL is the coefficient of lift, ap is the 

projected area of the particle (which could be defined differently for drag and lift), 

and u0 is the effective velocity near the bed particle. The drag force, FD, and the lift 

force, FL, are given by: 

 

2

u
aCF

2
0

pDD


  

(3.15) 
 

2

u
aCF

2
0

pLL


  

(3.16) 
 

Chien & Wan (1998) present various options for the estimation of u0. 

 

The presence of the channel boundary means that velocity distribution is not linear.  

The lift forces are relatively large, whilst the drag force may not act through the centre 

of gravity of the particle 
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The particle Reynolds number, Re* is defined as: 

 


du

Re *
*   

(3.17) 

 

If Re* < 5, the particle lies wholly within the linear layer (see Section 2.3.4).  On the 

other hand, part of it may project into the transitional layer (5 < Re* < 70), the log-law 

layer (70 < Re* < 500), or even into the outer boundary layer (Re* > 500).  In other 

words, the particle could form part of a laminar boundary, a transitional boundary, or 

a turbulent boundary (Section 2.4.4).   

 

If Re* is less than about 3.5 (i.e. wholly within the linear layer), the flow tends to pass 

smoothly around the particle and surface friction is the main force, other than gravity 

or buoyancy, acting on the particle.  Once Re* increases beyond 3.5, however, 

separation commences behind the top of the particle and a wake is formed (Colebrook 

& White, 1937).  Form drag then begins to take over as the dominant force on the 

particle (Chien & Wan, 1998).   

 

Numerous researchers have made measurements of drag and lift forces.  They include 

Einstein & El-Samni (1949), Yegiazapov (1960), Chepil (1958, 1961), the River 

Study Group, WIHEE (1965), Garde & Sethuraman (1969), Watters & Rao (1971), 

Cheng & Clyde (1972) and Coleman (1972).  Their work is summarised in Chien & 

Wan (1998).  According to Chien & Wan (1998), there are numerous discrepancies in 

the data depending on the shape, configuration, Re*, position on the bed, method of 

measurement, choice of u0 etc.  In general, however: 

 

i) There is a clear relationship between CD and Re* of a similar nature to that for a 

particle falling in a quiescent fluid. 

 

ii) There is no clear relationship between CL and Re*. 

 

iii) The fluctuation of the forces acting on particles exhibits a normal distribution 

(Einstein & El-Samni, 1949; Cheng & Clyde, 1972).  The velocity fluctuations 

also tend to follow a normal distribution. 
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iv) The magnitudes of the lift and drag forces are much the same.  The River Study 

Group, WIHEE (1965) came to the conclusion that, in general, drag is more 

important than lift for the initiation of particle motion.  More recently, however, 

Allan and Frostick (1999) observed the entrainment of gravel particles using a 

digital video camera, and established that particles do not pivot around adjacent 

grains as would have been expected by drag-induced entrainment, but are 

entrained by vertical movement.  They concluded that the most significant force 

at the time of entrainment was therefore lift, with drag only becoming 

significant once the particles were lifted clear of the bed.  This observation was 

supported by visual observations made by Shvidchenko & Pender (2000). 

 
 
3.5 Factors influencing the movement of any particular 

particle 
 

The implication of the previous section is that, everything else being equal, there is a 

single combination of drag and lift acting on any particular particle.  The likelihood of 

movement is however complicated by a number of factors: 

 

i) The boundary is invariably uneven.  Even in the absence of ripples and / or 

dunes, each particular particle is surrounded by other particles having their own 

unique size, shape, location and orientation.  They all contribute to the flow 

regime around the particle under consideration.  For example, the particle might 

rest in the turbulent wake cast off by an upstream particle, or be shielded by it.  

This becomes even more complicated in the presence of ripples and / or dunes 

where the location of the particle relative to the bed form becomes important.  

Motion is then generally initiated at the downstream end of the eddy region 

where the flow reattaches itself to the bed (Van Rijn, 1993).  

 

ii) The particle will touch other particles at a number of points, called “contact 

points”.  Sometimes the particle will be supported by another particle, and the 

contact point represents a fulcrum around which rotation can potentially take 

place.  At other times, the particle is supporting other particles that might 

prevent it from moving when movement would ordinarily have taken place.  

Alternatively, the close proximity of other particles hinders sliding. 
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iii) If the sediment is not uniform – and all natural sediments tend to be non-

uniform to a certain extent – smaller particles on the surface of the bed might be 

preferentially swept away leaving a bed largely comprised of much coarser 

material that protects the underlying sediments.  This process of bed coarsening 

is called “armouring”. 

 

iv) The particle will be subjected to various forms of coherent flow structures.  The 

larger scale structures, such as secondary currents (see Section 2.4.2), are 

reasonably steady over short periods of time and may be regarded as part of the 

general flow over the particle.  On the other hand, the smaller scale coherent 

structures, such as streaks, sweeps, bursts and hairpin vortices (see Section 

2.4.3), are stochastic in nature and tend to subject individual particles to rapidly 

varying forces.  Particle motions near the bottom have been found 

experimentally to take place in close association with turbulent bursting (e.g. 

Sumer & Oguz, 1978; Sumer & Deigaard, 1981; Grass, 1982; Cao, 1997).  

 

v) If the particles are cohesive, the electro-chemical bonds between the particles 

have to be broken down – at least partially – before there is any movement. 

 

vi) If more than one particle starts moving at a particular instant, they start to 

interact with the fluid and hence with each other.  Some particles may even 

collide.  This tends to create a force between the particles, perpendicular to the 

flow direction, called the “dispersive force”.  The momentum interchange 

between the slower moving particles close to the bed and the faster moving 

particles a small distance away gives rise to a “dispersive shear stress”. 

 

vii) Seepage into or out of the riverbed can give rise to “seepage pressure”. 

 

viii) The particle may be on a slope (longitudinal or transverse).  This will tend to 

reduce the force required to move it (unless, of course, the flow direction is 

temporarily up the slope). 

 

 
3.6 The threshold of movement 
 

When the hydrodynamic force acting on a particle has reached a value that, if 

increased even slightly, it will put the particle into motion, “critical” or “threshold” 
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conditions are said to have been reached (Vanoni, 1975).  The motion might however 

be of one or two particles only, several particles at a time, or involve general 

movement of the surface of the bed.  Each level of movement will be associated with 

its own particular “critical” conditions.  Kramer (1935) defined three intensities of 

motion near the critical or threshold condition (Vanoni, 1975): 

 

i) “Weak movement” indicates that a few or several of the smallest particles are in 

motion in isolated spots in small enough quantities so as to allow the counting 

of those moving on 1 cm2. 

 

ii) “Medium movement” indicates the condition in which particles of mean 

diameter are in motion are too large to be countable.  Such movement is no 

longer local in character.  On the other hand, it is not yet strong enough to affect 

bed configurations and does not result in appreciable sediment discharge. 

 

iii) “General movement” indicates the condition in which particles up to and 

including the largest are in motion, and movement is occurring in all parts of the 

bed at all times. 

 

Alternatively, Shvidchenko & Pender (2000a, 2000b) define m as the number of 

particle displacements during the time interval t, and N as the total number of surface 

particles over the sample area.  Then I, the intensity of motion (or transport intensity) 

is calculated from: 

 

 

Nt

m
I   

(3.18) 

 

“Weak sediment transport” is now defined as I = 10-4s-1 (one of 10 000 surface 

particles is entrained every second.  Visually this can be described as “occasional 

particle movement at some locations”.  “General movement”, meanwhile, is defined 

as I = 10-2s-1 (one of 100 surface particles is entrained every second).  Visually this 

can be described as “frequent particle movement at many locations”. 

 

Another strategy is that which was adopted by Shields (1936), who attempted to find 

the critical shear stress for the initiation of movement by extrapolating a graph of 
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observed sediment discharge versus shear stress to identify the value of zero sediment 

discharge.   

 

 
3.7 The pickup probability 
 

 
 
 
 
 
 
 
 
 

a) No motion 
 
 
 
 
 
 
 
 
 
 

b) Incipient motion 
 
 
 
 
 
 
 
 
 
 

c) General motion 
 

Figure 3-2: The stochastic approach to incipient motion 

(Adapted from Grass, 1970 & Van Rijn, 1993) 

 

The difficulty in defining a threshold below which there is definitely no movement 

has inevitably led researchers (e.g. Einstein, 1950; Grass, 1970; Engelund & Fredsoe, 
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1976; Fredsoe & Deigaard, 1992; Cheng & Chiew, 1998 & 1999) to define a “pickup 

probability”.  The essence of this approach is that the fluid forces applied to a 

particular particle are likely to be normally distributed around some mean value.  At 

the same time, the force required to move the particle is also likely to be normally 

distributed around some other mean value for all particles in a similar situation.  If the 

probability density function for the fluid forces overlaps the probability density 

function of the forces required to move a particle, there will be some movement on a 

scale indicated by the degree of overlap.  Of course, if the former totally exceeds the 

latter, then there will be general movement of the whole surface of the bed.  See 

Figure 3-2. 

 

Treating the fluid forces and the response of particles to the fluid forces as a 

stochastic process obviously implies that, given adequate time, movement will occur 

somewhere on the bed of a channel almost irrespective of the flow rate.  This is 

because there is always some probability that the forces acting on a particle will be 

large enough to move it (Van Rijn, 1993).  For practical purposes, however, there 

must be some minimum overlap between the two probability density functions before 

there is a meaningful intensity of motion.  The choice of this minimum is, however, 

likely to remain somewhat subjective. 

 

 

3.8 Models of incipient motion 
 

3.8.1 Introduction 
 

The preceding discussion should have made it obvious that it is sometimes very 

difficult to predict when motion will take place.  It is however necessary to do this for 

engineering purposes.  In consequence, various simplified models of incipient motion 

have been developed.  The essence of most of them is that there is a single flow-

related parameter that plays the dominant role in determining whether there would be 

motion or not.  The three flow-related parameters that are most often chosen are: 

 

i) Velocity. 

 

ii) Bed shear stress. 

 

iii) Stream power. 
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3.8.2 Incipient motion in terms of flow velocities 
 

Many researchers have tried to link incipient motion to some flow velocity because 

velocities are simple to visualise, convenient to use, and relatively easy to measure – 

particularly if it is the average velocity that is under consideration.  Some of the better 

known investigations include Fortier & Scobey (1926), Hjulström (1935), Shamov 

(1952), Levy (1956), Knoros (1958), Li (1959), Goncharov (1962), Zeng & Wang 

(1963) and Vanoni (1975).  All of the formulations, with the exception of Vanoni 

(1975), are summarised in Chien & Wan (1998).  The data presented by Fortier & 

Scobey (1926), Hjulström (1935) and Vanoni (1975) are also to be found in many 

other standard text books e.g. Yang (1996), Raudkivi (1998). 

 

The problem with the use of the average flow velocity as an indicator of incipient 

motion is that drag and lift forces are dependent on the velocity distribution rather 

than the average velocity.  A deep channel will have smaller velocity gradients than a 

shallow channel for the same average velocity.  In consequence, a higher average 

velocity will be required to promote sediment motion in a deep channel than an 

otherwise identical shallow channel.  This was recognised many years ago by 

irrigation engineers who considered this when planning canal systems (Vanoni, 1975).   

 

It clearly makes more sense to consider the local velocity in the vicinity of the 

sediment particle.  Unfortunately, this is exceptionally difficult as the particles 

generally lie in regions of extremely high velocity gradients.  Furthermore, it is 

difficult to determine the effective boundary location owing to the irregular roughness 

elements and the change in the nature of the boundary layer in the vicinity of the 

boundary.  Chien & Wan (1998) gives numerous methods of determining the effective 

local velocity, but the results are mainly of theoretical interest. 

 

Other researchers have based their formulations on the assumption that the local flow 

velocity is the driving force behind sediment movement, but have then used 

dimensional analysis to develop the final form of the equation.  One example is that of 

Liu (1957).  Liu came to the conclusion that the local velocity and hence the various 

drag coefficients were all functions of the particle Reynolds Number, Re*.  This 

enabled him to work out that there must be a unique relationship between the ratio of 

the shear velocity, u*, to the particle settling velocity, vss, (what he termed the 

“movability number”) and Re*.  The resulting curve does not, however, explicitly 

include the flow velocity – local or average.  One of the most interesting features 
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about a plot of u* / vss against Re* is that it follows logically from considerations of 

stream power.  See Section 3.8.4 for more discussion about this. 

 

Yang (1973) also began his analysis from a consideration of the lift and drag forces 

due to the local velocity, and he also showed that Re* is the most significant 

independent variable.  The resulting formulation, however, was formulated in terms of 

a “dimensionless critical velocity”, Uc / vss where Uc is the critical average flow 

velocity for incipient motion.  The Yang (1973) formulation has been independently 

confirmed by Talapatra & Ghosh (1983), and by Govers (1987) using laboratory data, 

although Chien & Wan (1998) expressed some doubt about its applicability to natural 

rivers which have a much greater depth than laboratory flumes.  According to Yang 

(1973) it is: 

 

0.66
0.06)(log

2.5





*ss

c

Rev

U
   for   0 < Re* < 70 

(3.19) 
 

2.05
ss

c

v

U
   for   Re* > 70 

(3.20) 

These two equations are plotted in Figure 3-3. 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 

Figure 3-3: Relationship between dimensionless critical average velocity and the 
particle Reynolds number (After Yang, 1973) 
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From the foregoing, it is obvious that whilst there is a lot of theoretical support for the 

use of the local flow velocity to predict incipient motion, it is difficult to estimate.  

The average flow velocity, whilst easy to measure, is not a suitable parameter.  

 

 

3.8.3 Incipient motion in terms of bed shear stress 
 

One of the two or three most frequently cited references in sediment transport and 

river hydraulics is Shields (1936) (according to Kennedy, 1995).  Using dimensional 

analysis, Shields determined that the drag force was a function of the particle 

diameter, the grain-shape factor, the bed form, the particle Reynolds number, Re* and 

the bed shear stress, 0.  Resistance to motion was assumed to depend only upon the 

form of the bed and the immersed weight of the particles (Raudkivi, 1998).  From 

this, Shields deduced that the “dimensionless mobility factor”, , often called the 

Shields’ parameter, is a function of Re* where  is defined as: 

 

    50s

2
*

50s

0

gd

u

gd 











  

(3.21) 
 

If c is the critical bed shear stress for incipient motion, then the critical Shields 

parameter, c, is given by: 

 

  50s

c
c gd





  

(3.22) 

 

To get around the difficulty of determining the point of incipience, Shields attempted 

to calculate the value of bed shear stress at which the extrapolated transport rate was 

zero.  Other researchers have used different criteria.  The envelope to most of the 

large amount of accumulated data is shown in Figure 3-4: 

 

The large spread of data is an indication of the difficulty in defining incipient motion.  

Taylor (1971), Delft Hydraulics (1972), Graf & Pazis (1977), Unsöld (1982) and 

others have attempted to draw up families of curves that give some indication of the 

intensity of the incipient motion.  See Vanoni, 1975; Van Rijn, 1993 and Raudkivi, 

1998 for more details in this regard.   
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Figure 3-4: The Shields diagram for incipient motion (after Raudkivi, 1998) 

 

Although the Shields diagram is probably the most commonly used method of 

determining incipient motion, it has many critics.  Yang (1973), for example, lists 

seven factors against its use.  Probably the most serious criticism is that the rate of 

sediment transport does not appear to be uniquely determined by the shear stress.  

 

The Shields diagram has other drawbacks.  The shear velocity appears on both axes, 

which requires trial and error solutions or the addition of curves to indicate the 

particle sizes.  Bonnefille (1963) got around this by expressing  in terms of the 

dimensionless particle size, d* (Equation 3.11).  See Van Rijn (1993) or Raudkivi 

(1998) for more details. 

 

 
3.8.4 Incipient motion in terms of stream power 
 

The movement of sediment – or water for that matter – requires the expenditure of 

energy.  In open channel flow, the energy source is potential energy that is released as 

the water flows downhill.  This energy gets dissipated into heat in the process of 

overcoming the internal friction of the flow or the friction associated with fluid / 

particle interaction (experienced by the particle in the form of lift and drag forces).  

Since the rate of energy dissipation – termed the “stream power” – is related to the 
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flow rate, it seems logical that the rate of sediment movement must also be linked to 

the stream power dissipation. 

 

It is easily shown (e.g. Yang, 1996; Chien & Wan, 1998) that, for uniform flow with 

an average velocity U down a slope S0, the average stream power per unit volume, 

Pav, is given by: 

 
UgSP 0av   

(3.23) 

 

Bagnold (1960) was one of the first researchers to use unit stream power as an 

indicator of sediment motion.  He found that a minimum “critical unit stream power” 

was required before sediment transport commenced.   

 

A similar conclusion was arrived at by Yang (1972, 1973, 1976, and 1996) who also 

defined a “dimensionless unit stream power” given by: 

 

Dimensionless unit stream power = 
ss

0

v

US
 

(3.24) 

 

Ackers & White (1973) looked at stream power in a very different way.  Following 

Bagnold (1966), they attempted to express sediment motion in terms of the stream 

power dissipation per unit area of channel bed.  This, in turn, is proportional to the 

applied shear stress on the bed times the average velocity, i.e. 0U.  From 

consideration of the work carried out on a sediment particle they were able to derive a 

“mobility number” that indicates whether the particle is likely to move.  Significant 

transport only exists for mobility numbers above a certain critical value. 

 

The problem with all of the above approaches is that they all involve the use of the 

average velocity, U, and hence look at unit stream power in terms of its average value 

down through the water column.  Therefore, they are all strictly one-dimensional 

formulations.  The fact of the matter is, however, that unit stream power dissipation 

varies greatly through the water column from zero at the surface to a maximum at the 

bed.  A proper understanding of incipient motion can only come through examining 

what is happening on the bed.  This was recognised by Rooseboom (1975 and 1992) 
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and his co-workers (Annandale, 1986; Le Grange & Rooseboom, 1993; Basson & 

Rooseboom, 1997). 

 

It is easily shown (e.g. Rooseboom, 1992; Chien & Wan, 1998; Chapter 4) that the 

stream power dissipation per unit volume at any point in the water column for 

unidirectional flow, Pt, ignoring secondary turbulence components, is given by: 

 

dy

du
P yxt   

(3.25) 

 

Following the development in Rooseboom (1992), the shear stress, in the case of 

uniform flow down a wide channel, is approximately given by Equation 2.11: 

 
  0yx SyDg    

(2.11) 

 

The velocity gradient, on the other hand, depends on whether the flow is laminar or 

turbulent.  Very close to the boundary, the flow is always laminar.  Here the velocity 

is given by Equation 2.18, which can be rewritten: 

 


yu

u
2

*  

(3.26) 

 

For the linear layer in a deep, wide channel with steady uniform flow, 

00yx gDS   (Equation 2.12), whilst 0* gDSu   (Equation 2.13). 

 

Differentiating Equation 3.26 with respect to y and multiplying by 
2

*0yx u  (Equation 2.13) gives the applied unit stream power in the linear 

layer, Pt(l) (via Equation 3.25): 

 

 
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
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0
4

* gDSu
P lt   

(3.27) 

 

In the turbulent zone of the inner boundary layer, the simplest expression for the 

velocity gradient is that supplied by the Prandtl mixing length theory (Prandtl, 1925).  
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From Equation 2.13, 2
*0 u  .  Noting that 0)t(yx    in the vicinity of the 

boundary, Equation 2.8 may thus be expressed in this zone as: 

 

y

u

dy

du *


  

(3.28) 

 

Multiplying Equation 3.28 by 0yx    = u*
2 gives the applied unit stream power for 

the log-law layer, Pt(t) (via Equation 3.25): 

 

 
 

y

gDS

y

u
P tt 



 23

0
3

*   

(3.29) 

 

Away from the boundary the situation gets a little more complicated as the 

assumption 0yx    no longer holds, whilst the velocity distribution is distorted by 

eddies and other coherent flow structures.  What is clear, however, is that the stream 

power dissipation is a maximum at the bed and rapidly reduces with distance from it.  

At the surface it is zero ( 0  = 0 at the surface – see equation 2.11). 

 

The unit stream power input, Pi, meanwhile, is given by Equation 3.23 with the point 

velocity u substituted for the average velocity U to give: 

 

ugSP 0i   

(3.30) 

 

 

 

 

 

 

 

 

 

 

Figure 3-5: The relative distribution of stream power input and dissipation 

(Rooseboom, 1992) 
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The distribution of the point velocity – outside of the linear layer – is approximately 

logarithmic (see Equation 2.24) hence the distribution of the stream power input is 

also logarithmic.  Figure 3-5 shows the relative distribution of the stream power input 

and stream power dissipation.  The curve on the left represents the power input 

resulting from the release of potential energy as the water flows downstream.  The 

curve on the right represents the power dissipated into heat in the process of 

overcoming shear stresses.  The power input is greatest near the surface where the 

velocities are the greatest.  On the other hand, the power dissipation is greatest near 

the bottom where the shear stresses and velocity gradients are the greatest.  In effect, 

what is happening is that the faster moving particles near the surface are continuously 

“doing work” on the slower moving particles below, giving rise to a redistribution of 

power – an “energy cascade” – down the water column.  To satisfy the law of 

conservation of power, the areas under the two curves must obviously be equal i.e. 

 

 









Dy

0y

Dy

0y yx0 dy.
dy

du
dy.ugS   

(3.31) 

 

When a particle is lying on the bed, the dominant mechanism for movement will 

depend a lot on whether or not the particle projects through the linear layer into the 

turbulent layers above.  In the turbulent layers, the instantaneous vertical velocities 

can be of the same order of magnitude as horizontal velocities (River Study Group, 

WIHEE, 1965; Watters & Rao, 1971).  In the linear layer, turbulence is severely 

dampened, but instantaneous vertical velocities can nevertheless result from the 

adverse pressure gradients caused by overlying bursts.  An “aerodynamic” lift force 

will also be present because of the velocity gradient over the top of the particle – 

irrespective of whether the particle forms part of a turbulent or a laminar boundary.  

Therefore, particles can always be momentarily lifted out of their place.  Once a 

particle has been lifted clear of the limitations of movement imposed by neighbouring 

particles, the drag forces acting on it immediately sweeps it downstream. 

 

The power required to keep a particle in suspension is similar to that which would be 

released if the particle were in free fall at terminal velocity (although there may be 

some small difference in the drag coefficient, CD).  The power per unit volume 

required to keep a particle in suspension, Pr, is thus given by: 
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  sssr gvP    

(3.32) 

 

This, of course, implies that the instantaneous vertical velocities in the vicinity of a 

particle, v , must exceed the settling velocity, vss, of the particle from time to time. 

 

Assume now that the flow will carry sediment if it can.  The reason for this is 

because, by virtue of its greater density, a flow of sediment releases a greater quantity 

of energy into the system than a similar flow of water.  The sediment therefore acts as 

a sort of lubricant.  This lubricating quality is enhanced as the sediment concentration 

increases since the Von Kármán “constant”, , decreases.  A reduction in  results in 

an increase in the velocity (see Equation 2.24).  For a particle to be lifted out of its 

place in the bed matrix, the power dissipated on the particle must be equal to or 

greater than the power required to suspend it.  In other words: 

 

rt PP   

(3.33) 

 

A particle need not necessarily be suspended by the flow to move.  It could also roll, 

slide or saltate, i.e. move as bed load (see Section 3.3).  Rooseboom (1992), however, 

suggested that the division between suspended load and bed load is artificial and 

unnecessary. Bed load could be considered as a highly concentrated suspended load 

moving very close to the bed.  With this assumption, Equation 3.33 is altered to the 

following: 

 
 rt PP   

(3.34) 

  

In Equations 3.33 and 3.34, Pt is determined from Equation 3.27 or Equation 3.29 

depending on whether the particle is in the linear layer or the log-law layer 

respectively.  Pr, which represents the power required to move (roll, slide, saltate or 

suspend), is given by Equation 3.32.  It can thus be seen that in terms of this model, 

the mobility of a sediment particle is determined by the particle density, s, and 

settling velocity, vss.  The settling velocity, in turn, may be calculated from (inter alia) 

Equation 3.8: 
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D

s
ss C

gd
v


 


3

4
 

(3.8) 

 

 

3.8.4.1 Laminar boundaries 

 

A particle wholly contained in the linear layer must be quite small.  If Red < 1, then 

Stokes Law applies, in which case CD = 24/Red for perfect spheres or CD = 32/Red for 

natural sediment particles (Cheng, 1997).  Red is defined by Equation 3.9.  In the case 

of natural sediments, therefore, CD is given by: 

 

dv
C

ss
D

32
  

(3.35) 

 

Substituting Equation 3.35 into Equation 3.8 and squaring both sides yields: 

 
 




323

4 2gd
v s

ss


  

(3.36) 

 

Meanwhile, the substitution of Equations 3.27 and 3.32 into Equation 3.34 yields: 

 

  sss gv
u






4

*  

(3.37) 

 

Dividing both sides by vss
2 and rearranging:  

 

 
2

*
2
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*

uv
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v

u

ss

s

ss
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
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  

(3.38) 

 

Substituting Equation 3.36 into right hand side of Equation 3.38 yields: 
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22
*

2

2

2
* 24

duv

u

ss


  

(3.39) 

 

Taking the square root of both sides and noting the definition of the particle Reynolds 

Number, Re* (Equation 3.17): 

 

*ss Rev

u 9.4*   

(3.40) 

 

Rooseboom (1992) analysed incipient motion data presented by Grass (1970) and 

Yang (1973) and found that, in the case of laminar boundaries, the data appeared to 

fall along a curve described by: 

 

*ss Rev

u 6.1*   

(3.41) 

 

Comparison of Equations 3.40 and 3.41 indicates that less applied stream power is 

required for incipient motion than that required for suspension.  This is to be 

expected.  The particles do not need to be suspended before motion commences e.g. 

they require less applied power for rolling.  There is also a probabilistic element to 

incipient motion (see Section 3.7).  Motion usually commences with bursting flow in 

the vicinity of particles than are abnormally sized, shaped and situated, not with 

average flow conditions over average particles.  Bursts dissipate far more stream 

power than the average flow conditions.  Section 3.6 highlights the fact that sediment 

motion can theoretically take place under any flow conditions.  Considering a bed 

comprising many particles, it is the intensity of motion that is important, not the 

motion of a single particle.  At this stage, it is convenient to describe the criterion for 

a given intensity of motion (laminar boundary) by an equation of the form: 

 

*

1*

Rev

u

ss


  

(3.42) 

 

In Equation 3.42, 1 is an empirical constant that needs to be measured.  It is a 

function of the intensity of motion (I). 
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3.8.4.2 Turbulent boundaries 

 

In the case of turbulent boundaries, the particles are much larger than the linear layer.  

If Red > 1000, then a typical value of CD would be about 1.1 (Chien & Wan, 1998).  

Substituting this value into Equation 3.8 and squaring both sides yields: 

 
 

1.13

42 gd
v s

ss 
 

  

(3.43) 

 

Meanwhile, the substitution of Equations 3.29 and 3.32 into Equation 3.34 yields: 

 

  sss gv
y

u






3

*  

(3.44) 

 

Dividing both sides by vss
3 and rearranging: 

 

 
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ss

s
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u 
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(3.45) 

 

Equation 3.45 shows that the ratio u* / vss – the Liu (1957) Movability Number – 

varies with depth.  Assume that the critical value is at a height d above the bed       

(i.e. y = d), then substitute Equation 3.43 into Equation 3.45 and simplify: 

 

4

3.3
3

3
* 


ssv

u
 

(3.46) 

 

If  = 0.4, then taking the cubic root of both sides yields: 

 

69.0* 
ssv

u
 = constant 

(3.47) 
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In his analysis of the incipient motion data presented by Grass (1970) and Yang 

(1973), Rooseboom (1992) found that, in the case of turbulent boundaries, the data 

appeared to fall along the straight line described by: 

 

12.0* 
ssv

u
 

(3.48) 

 

As for laminar boundaries, comparison of equations 3.47 and 3.48 indicate that less 

applied stream power is required for incipient motion than that required for 

suspension.  In addition to the reasons given in Section 3.8.4.1, it should also be 

remembered that the applied stream power calculation has been made at a height of y 

above the bed.  The applied stream power increases very rapidly as the bed is 

approached (see Figure 3-5), so this calculation could greatly underestimate the 

effective stream power acting to move the particle.  At this stage, it is convenient to 

describe the criterion for a given intensity of motion (turbulent boundary) by an 

equation of the form: 

 

2
* 
ssv

u
 

(3.49) 

 

In Equation 3.49, 2 is an empirical constant that needs to be measured. 

 

 

3.8.4.3 Transitional boundaries 

 

Rooseboom (1992) made no attempt to provide an analytical solution for the 

transitional region 1 < Red < 1000, choosing instead to extrapolate Equations 3.41 and 

3.48 to a common meeting point at Re*  13 (Figure 3-6).  This falls within the region 

indicated for a transitional boundary layer as would be expected.  

 

It is interesting to note that all three incipient motion models can be expressed in the 

form of a Movability Number.  Equations 3.42 and 3.49 come from stream power.  

Since Uc can be expressed in terms of u*, Equations 3.19 and 3.20 (velocity model) 

can be transformed into the form of a Movability Number.  Section 6.3 shows how the 

bed shear stress model may also be expressed as a Movability Number. 
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Figure 3-6: The Rooseboom diagram for incipient motion (Rooseboom, 1992) 

 

 

3.9 Incipient motion on sloping beds 
 

So far the discussion on incipient motion has been limited to that on flat (horizontal) 

beds.  In reality, however, the streambed is rarely flat and the particles normally lie on 

a slope.  Several references handle the changes in the incipient motion criterion with 

slope including Vanoni (1975), Van Rijn (1993), Chiew & Parker (1994), Yang 

(1996), and Chien & Wan (1998).  Two different types of slope are generally defined:  

 

i) A longitudinal or streamwise slope indicates a fall (or rise) of the bed in the 

direction of flow.  Here it will be given the symbol,  (degrees).  A fall in the 

direction of flow is regarded as a positive slope, a rise as a negative slope. 

 

ii) A transverse slope indicates a fall of the bed in either direction normal to the 

flow direction.  Here it will be given the symbol,  (degrees). 

 

In keeping with the established position of the Shields criterion for incipient motion, 

all of the above-mentioned references present formulae for the modification of the 

critical bed shear stress as a consequence of bed slope.  As shown in Section 6.3, it is 

however possible to adapt these formulae for use with a Movability Number.  Van 

Rijn (1993) derives the incipient motion criteria for a slope in terms of the drag force, 

0 

0.2 

0.4 

0.6 

0.8 

1 

1.2 

1.4 

1.6 

1.8 

1 10 100 1000 

ss
v

*
u

 


du

Re *
*   

Laminar boundary Turbulent boundary 

MOTION 

NO MOTION 

*ss

*

Rev

u 1.6
  

0.12
ss

*

v

u
 



  3-32 

 

 
Armitage & McGahey: A unit stream power model for the prediction of local scour in rivers 

Chapter 3: An overview of incipient motion 

FD, on the particle.  Comparison of Equation 3.15 with Equation 3.16 indicates that 

the drag force and the lift force, FL are closely related both with each other and with 

the effective velocity near the particle, u0.  If FD,cr is the critical drag force for any 

given slope, FD,cr,0 is the critical drag force for a horizontal bed, r is the angle of 

repose of the sediment and  is the longitudinal slope (Van Rijn, 1993; Chiew & 

Parker, 1994), then: 
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(3.50) 

 

Since the bed shear stress is proportional to the drag force, this is equivalent to saying 

that the critical bed shear stress at any longitudinal slope, 0,cr, is related to the critical 

bed shear stress on a horizontal bed, 0,cr,0, by: 

  

0,cr,0cr,0 k    

(3.51) 

 

The validity of Equation 3.51 has been demonstrated experimentally by Whitehouse 

& Hardisty (1988) and Chiew & Parker (1994) except in the case of adverse slopes 

where the equation tends to underestimate the critical shear stress (Chiew & Parker, 

1994). 

 

The transverse slope, , is handled in the same way except this time (Van Rijn, 1993): 

 

rcrD

crD k
F

F


 2

2

0,,

,

tan

tan
1cos   

(3.52) 

and, 

0,cr,0cr,0 k    

(3.53) 

 

According to Van Rijn (1993), Leiner (1912) was the first to propose Equation 3.52.  

For a combination of a longitudinal and transverse slope: 

 

0,cr,0cr,0 kk    

(3.54) 
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3.10 Conclusions 
 

The following conclusions can be drawn in connection with incipient motion: 

 

i) There is an enormous variation in the size, shape, and location of natural non-

cohesive particles.  There is also an enormous variation in the fluid forces being 

brought to bear on individual particles at any point in time.  It is thus to be 

expected that the incipient motion is a highly stochastic process. 

 

 

Reference Criterion for 

incipient motion 

Remarks 

Bagnold (1966) 1
ss

*

v

u
 Suspension. 

Van Rijn (1984) 

*ss

*

dv

u 4
  Suspension with 1 < d*  10, d = d50. 

 0.4
ss

*

v

u
 Suspension with d* > 10, d = d50. 

Raudkivi (1998) 0.50.17 
ss

*

v

u
 Bed-load. 

 1.70.5 
ss

*

v

u
 Saltation. 

 1.7
ss

*

v

u
 Suspension. 

Julien (1995) 0.2
ss

*

v

u
 Turbulent water flow over turbulent 

boundaries.  Inception of suspension. 

 2.5
ss

*

v

u
 Dominant suspended load. 

Rooseboom 

(1992) *ss

*

Rev

u 1.6
  Incipient motion, laminar boundary 

(Re* < 13). 

 0.12
ss

*

v

u
 Incipient motion, turbulent boundary 

(Re* > 13). 

 

Table 3-3: Criteria for motion in terms of Movability Number  

(After Chanson, 1999 and Rooseboom, 1992) 
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ii) Since incipient motion is so highly stochastic, the various published critical 

parameters for incipient motion cannot be compared without the probability of 

movement also being indicated.  A convenient way of doing this is through the 

use of the concept of the “intensity of motion, I” (Shvidchenko & Pender, 2000a 

& 2000b).  This is a measure of the rate of particle movement on the surface of 

the channel bed. 

 

iii) All three popular models of incipient motion; the velocity approach, the bed 

shear stress approach, and the stream power approach can be expressed in terms 

of the Movability Number (u* / vss).  This makes this parameter an extremely 

attractive one to use in the prediction of incipient motion. 

 

iv) The unit stream power model of incipient motion as presented by Rooseboom, 

1992 and his co-workers deserves further consideration. 

 

Various published criteria for motion on a flat bed expressed in terms of the 

Movability Number, u* / vss, are presented in Table 3-3. 
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Chapter 4 
The full unit stream power equation 

 
4.1 Introduction 
 

This chapter looks at the mathematical derivation and definition of the full unit stream 

power equation.  This is placed firmly within the context of continuum mechanics and 

the relationships between the unit stream power equation and the fundamental 

equations of fluid flow (for the conservation of mass, momentum and energy) clearly 

demonstrated.  All of these equations are required for the numerical model (see 

Chapter 8).  In the interests of simplicity, all equations are expressed in the 

differential form. 

 

 

4.2 Fundamental assumptions 
 

4.2.1 Water as a continuum 
 

Water can be regarded as a continuum.  This means that the molecular structure and 

the molecular motions of the fluid are ignored and its behaviour is described in terms 

of the macroscopic properties: velocity, pressure, density and temperature, together 

with their space and time derivatives.  This can easily be justified by the observation 

that a volume as small as 1 (m)3 of water contains some 3 x 1010 molecules. 

 

 

4.2.2 The co-ordinate system 
 

Consider a small element of fluid with sides x, y and z (Figure 4-1).  To fit in with 

the usual convention for uni-directional flow, the x-axis is assumed to be a horizontal 

axis in the dominant direction of flow, whilst the y-axis is assumed to be in the 

vertical direction.  The z-axis is thus in the transverse direction.   

 

The fluid properties: density, pressure, temperature and velocity are assumed to be 

concentrated at the centre of the element at the position x(x, y, z).  These properties 

are functions of time and space i.e. (x, y, z, t), p(x, y, z, t), T(x, y, z, t) and u(x, y, z, t).  
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The components of the velocity vector u are u, v, and w in the x, y and z directions 

respectively.   

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 4-1: Definition sketch for a fluid element 

 

The element under consideration is assumed to be sufficiently small so that the fluid 

properties at the faces can be expressed sufficiently accurately by the first two terms 

of a Taylor series expansion. 

 

 

4.2.3 The conservation laws of physics 
 

Fluid flow is described by the conservation laws of physics (Versteeg & 

Malalasekera, 1995): 

 

i) The mass of a fluid is conserved. 

 

ii) The rate of change of momentum equals the sum of the forces on a fluid particle 

(Newton’s Second Law). 

 

iii) The rate of change of energy is equal to the sum of the rate of heat addition to 

and the rate of work done on a fluid particle (First Law of Thermodynamics). 

(x, y, z) 
x axis 

y axis 

z axis 

x 

z 

y 
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These laws may be applied to any fluid control volume. 

 

 

4.2.4 The forces acting on fluid particles 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 4-2: The viscous stress components acting on a fluid element 

 

Two different types of forces act on fluid particles (Versteeg & Malalasekera, 1995): 

 

i) Surface forces, e.g. pressure and viscous forces. 

 

ii) Body forces, e.g. gravitational, centrifugal, Coriolis and electromagnetic forces. 

 

The contributions due to the body forces are frequently lumped together as “source 

terms” whilst the contributions due to the surface forces are considered separately.   

 

Of the surface stresses, pressure p is a normal stress.  The nine viscous stress 

components ji acting on a fluid element (or particle) are shown in Figure 4-2.  The 

suffices i and j indicate that the stress component acts in the i-direction on a surface 

with a normal in the j-direction. 
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4.2.5 The difference between fluid elements and fluid particles 
 

There are two ways of looking at fluid motion (see, for example, Sumer, 1973; White, 

1991; Young et al., 1997).  The first alternative is to analyse the flow through an 

element that is fixed in space.  This is the more common approach as the interest is 

usually in the variation of the physical properties at a fixed point in space rather than 

those associated with a moving point.  It is often termed the Eulerian approach.  It 

gives rise to the so-called “conservation”, “conservative” or “divergence” forms of the 

governing equations of fluid flow (Versteeg & Malalasekera, 1995).  The other 

alternative is to track the physical properties of a fluid particle as it moves through 

space.  This is often termed the Lagrangian approach.  It gives rise to the so-called 

“non-conservation” or “non-conservative” form of the governing equations of fluid 

flow.  Both approaches will be used here although the Eulerian approach is the more 

useful in the context of engineering design. 

 

The momentum and energy conservation laws both make statements regarding the 

changes of properties of a fluid particle (Versteeg & Malalasekera, 1995).  Any 

property, , of a particle (per unit mass) is usually a function of its position x(x, y, z) 

and time t.  The rate of change of any property  of a particle with respect to time, 

D/Dt, is called the “total”, “substantive” (Versteeg & Malalasekera, 1995), 

“material”, “particle” (White, 1991), or “absolute” (Chanson, 1999) derivative.  It is 

defined as: 

 

dt

dz

zdt
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(4.1) 

 

Since a fluid particle follows the flow, dx/dt = u, dy/dt = v and dz/dt = w, and 

therefore: 
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D 
ugrad  = 

t


+ u 

(4.2) 

 

Note that D/Dt defines the rate of change of a property  per unit mass.  This must 

be multiplied by the density  to obtain the rate of change of the property  per unit 

volume.  
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The rate of change of a property  per unit volume for an element is given by: 

 

 



Dt

D

t
(ugrad ) 

(4.3) 

 

In other words, the rate of increase of  of a fluid element per unit volume is equal to 

the rate of increase of  for a fluid particle (moving through the element) per unit 

volume, minus the net rate of flow of  out of the fluid element per unit volume. 

 

 

4.3 The mass conservation (continuity) equation 
 

It is readily shown (e.g. Streeter, 1948; Versteeg & Malalasekera, 1995) that the 

three-dimensional mass conservation (continuity) equation describing the vector field 

at any point in an incompressible fluid is: 

 

z

w

y

v

x

u












= div u = u = 0 

(4.4) 

 

 

4.4 The momentum and Navier-Stokes equations 
 

Newton’s second law states that the rate of change of momentum of a fluid particle 

equals the sum of the forces on the particle. 

 

Define a momentum source SM to represent the effect of body forces on a particle per 

unit volume per unit time.  The x-components of the forces due to the pressure p and 

the axial shear stresses xx, yx and zx are shown in Figure 4-3: 

 

Similar diagrams could be constructed for the y- and z-components. 

 

According to Versteeg & Malalasekera (1995), the rates of increase of x-, y- and z-

momentum per unit volume of the fluid particle are then given by the following set of 

equations: 
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Figure 4-3: The surface forces acting on a fluid particle in the x-direction 
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The sign associated with pressure is opposite to that associated with the normal 

viscous stress because the usual sign convention takes a tensile stress to be the 

positive normal stress.  Pressure, which by definition is a compressive normal stress, 

must therefore be a negative stress.  
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SMx, SMy and SMz are the x-, y- and z-components of the source term representing the 

contribution due to the body forces.  If gravity is the only body force, SMx = 0 and   

SMz = 0, whilst SMy = -g.  Alternatively, SM = g where g is the gravity vector. 

 

In a Newtonian fluid the viscous stresses are proportional to the rates of deformation.  

If the fluid is also incompressible, these stresses are: 
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(4.6) 

 

Substituting for the body force and the viscous stresses, Equations 4.5a to 4.5c 

inclusive can now be rewritten in indicial notation (White, 1991) as: 
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(4.7) 

 

This is the Navier-Stokes equation for an incompressible Newtonian fluid.  Note that, 

in general, the viscosity, , varies with temperature, pressure and position. 

 
 
4.5 The energy equations and unit stream power 
 

4.5.1 The first law of thermodynamics 
 

The first law of thermodynamics states that the rate of change of energy of a fluid 

particle is equal to the rate of heat transfer to the fluid particle plus the rate of work 

done on the particle (Versteeg & Malalasekera, 1995).  

 

The rate of work done on a fluid particle by surface forces is equal to the product of 

the force and the velocity component in the direction of the force. 
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4.5.2 Heat transfer to a fluid particle 
 

 
 
 
 
 

 
 

      
 
 
 

 
 
 

 
 

 
 
 
 
 
 
 

Figure 4-4: The heat transfer to a fluid particle 

 

The heat flux vector q has three components qx, qy and qz (Figure 4-4).  The total rate 

of heat added to the fluid particle per unit volume due to heat flow across its 

boundaries (Versteeg & Malalasekera, 1995) is: 
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(4.8) 

 

According to Fourier’s law of heat conduction: 
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where kT is the coefficient of thermal conductivity.  This can be written in vector form 

as follows: 
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q = - kT grad T 
(4.9) 

 

Equations 4.8 and 4.9 can be combined to give the total rate of heat addition to the 

fluid particle due to heat conduction across the particle boundaries: 

 
- div q = div (kT grad T) 

(4.10) 

 

 

4.5.3 The rate of change of specific energy of a fluid particle 
 

The specific energy E of a fluid is generally defined as the sum of its internal 

(thermal) energy i, its kinetic energy (u2 + v2 + w2)/2, and its gravitational potential 

energy.  However, the gravitational potential energy may also be regarded as a body 

force that does work on the fluid particle as it moves through the gravity field.  This 

body force then provides a source of energy SE per unit volume per unit time.   

 

With E = i + (u2 + v2 + w2)/2, the rate of change of energy of the fluid particle per unit 

volume (Versteeg & Malalasekera, 1995) is given by: 
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(4.11) 
 
 

4.5.4 The rate of change of kinetic energy of a fluid particle 
 

The (mechanical) kinetic energy component may be obtained separately by 

multiplying the x-momentum equation (4.5a) by the velocity component u, the y-

momentum equation (4.5b) by the velocity component v, and the z-momentum 

equation (4.5c) by w, and adding the results together.  The resulting equation for the  

rate of change per unit volume of kinetic energy of a particle (Versteeg & 

Malalasekera, 1995) is: 
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(4.12) 

 

In other words, the rate of change of the kinetic energy of a fluid particle depends on 

the energy lost in doing work against the pressure gradient plus the energy gained 

from the work done through the shear gradient plus the work done by the body force 

(gravity). 

 

 

4.5.5 The rate of change of internal energy of a fluid particle 
 

The equation for the rate of change of the internal energy for a fluid particle may now 

be obtained by subtracting Equation 4.12 from Equation 4.11 (Versteeg & 

Malalasekera, 1995).  Note that div u = 0 for an incompressible fluid, and if gravity is 

the only body force, SE = uSM = -gv giving  SE - uSM = 0.  The resulting equation 

is: 
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    + div (kT grad T) 

(4.13) 

 

In the case of an incompressible fluid, i = cT where c is the specific heat of the fluid.  

This implies that the rate of change in the internal energy of a fluid particle is 

determined by the shearing on the particle surfaces plus the inflow of internal energy 

from outside the particle owing to the temperature gradient.   

 

The effects due to viscous stresses in the internal energy equation may be replaced by 

the “dissipation function”,  (White, 1991; Versteeg & Malalasekera, 1995).  In other 

words, using indicial notation: 
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In the case of an incompressible Newtonian fluid, simple algebra and the use of the 

shear stress relationships given in Equations 4.6 (White, 1991; Versteeg & 

Malalasekera, 1995) yield: 
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(4.15) 

 

where b is the sum of the laminar and turbulent viscosities.  In indicial notation 

(White, 1991): 
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(4.16) 

 

Yang & Song (1979) have developed similar expressions to Equations 4.14, 4.15 and 

4.16 from a consideration of the Reynolds modification of the Navier-Stokes 

equations of motion for incompressible fluids.  In the case of gradually varied steady 

open channel flows for which the Froude number is not too large, they give: 
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(4.17) 

 

Here, (t) is the average turbulent kinematic viscosity defined in terms of the average 

turbulent dynamic viscosity, (t), as follows: 
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Noting that the total kinematic viscosity is the sum of the viscous and turbulent 

kinematic viscosities, it is easily shown that Equation 4.17 can be rewritten as 

Equation 4.15 or 4.16 with b representing the total coefficient of viscosity. 

 

Equation 4.13 may now be rewritten as follows: 

 
 


Dt

Di   + div (kT grad T)  

(4.19) 

 

The rate of change of the internal energy of a fluid element is obtained by combining 

Equations 4.3 and 4.19 to give: 

 


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t

i  + div (kT grad T) -  (ugrad i) 

(4.20) 

 

Since i = cT: 

 




t

i  + div (kT grad T) -  (ugrad cT) 

(4.21) 

 

In other words, in the case of a fixed element, internal energy can also be transported 

into or out of the element by the flow of fluid through it. 

 

 

4.5.6 The energy source 
 
Equations 4.11, 4.12 and 4.13 (or 4.19) represent the rate of change of the total, 

kinetic, and internal energy respectively per unit volume of a fluid particle.  Note that 

whilst Equation 4.13 equals zero in the case of steady uniform flow, Equations 4.12 

and 4.14 can only be zero if the fluid is at rest.  This is because all fluid motion 

expends energy.  

 
What is the energy source?  Well, in the case of open channel flow, it is ultimately the 

body force, gravity.  Each fluid particle releases potential energy at a rate of -uSM =  
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-gv =  (gu) as it moves through the gravitational field.  Along the way, however, 

energy may be transferred between internal energy and kinetic energy. 

 

 

4.6  The definition of applied unit stream power 
 

Power is defined as the rate of change of energy.  Equations 4.13 (or 4.19) and 4.21 

thus represent the power output per unit volume of a fluid particle and an element 

respectively.  The dissipation function, , is that component involved in maintaining 

motion. This motion can be purely that of the fluid, or it can be of a fluid / solid 

mixture. The other components describe the transportation of internal energy through 

the system via the thermal gradient or through fluid motion.   

  

If the fluid can be regarded as isothermal, then: 
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(4.22) 

 

In keeping with previous work in this field (e.g. Rooseboom, 1992; Le Grange & 

Rooseboom, 1993; Basson & Rooseboom, 1997; Rooseboom & Le Grange, 2000),  

will hereinafter be called the “applied unit stream power” and given the symbol Pt.  

The letter P is a reminder that it is a power term.  The subscript t is a reminder that the 

power is used to overcome the shear stresses (t being a substitute for ).  In other 

words: 
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(4.23) 

 

In the metric system, Pt =  has the units Watt per cubic metre (W/m3). 

 

When Equation 4.23 is applied to steady uni-directional flow, i.e. steady flow down 

an infinitely wide rectangular prismatic channel of small slope, most of the terms 

disappear to give: 
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y

u
P yxt 
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(4.24) 

as before. 

 

 

4.7 Conclusions 
 

This chapter gives the derivation of the fundamental equations of fluid motion: the 

conservation of mass, momentum and energy respectively.  These are required for the 

construction of the numerical model (Chapter 8).  It shows that the applied unit stream 

power is the rate of loss of internal energy of a fluid particle per unit volume as the 

particle overcomes viscous stresses.  It is identical to the dissipation function, .  The 

applied unit stream power is hereinafter given the symbol, Pt. 
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Chapter 5 
An overview of scour and deposition around 

selected structures 
 

5.1 Introduction 
 

This investigation is concerned about the development of a mathematical model for 

the prediction of scour and deposition.  The proposed model will be presented in 

Chapters 6 and 7.  A preliminary test of this model was carried out by modelling the 

local clear-water scour associated with three typical engineering structures: upstream 

of a sharp-crested weir, around circular piers, and around a vertical sharp-edged 

abutment.  This work is described in Chapters 8 and 9.  

 

This Chapter seeks to describe the different observed types of scour, before going on 

to describe the complex flow and scour patterns that are commonly associated with 

the above-mentioned structures.  These will have to be replicated by the mathematical 

model.  Some commonly used scour formulae are presented, as are some recent 

efforts to model scour through numerical computation. 

 

 

5.2 Types of scour 
 

5.2.1 Introduction 
 

Scour is generally categorised into three main types (e.g. Breusers & Raudkivi, 1991; 

HEC-18, 1995; Raudkivi, 1998): 

 

i) General scour. 

 

ii) Constriction scour. 

 

iii) Local scour. 

 

Hoffmans & Verheij (1997), however, only have two main categories: general scour 

and local scour, but general scour is further broken down into four sub-categories: 
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i) Overall degradation. 

 

ii) Constriction scour. 

 

iii) Bend scour. 

 

iv) Confluence scour. 

 

The fundamental difference between general scour and local scour is that whilst 

general scour is caused by long-term uni-directional velocity gradients in the vicinity 

of the bed, local scour is largely a consequence of vortex formation and dissipation.  

Based on this definition, the scour due to bends and confluences can be classified 

under both categories.   

 

In this study, only the local scour around engineering structures was modelled, and 

therefore this will be the main focus of this chapter. 

 

 

5.2.2 General scour 
 

According to Hoffmans & Verheij (1997), the time scale for general scour is normally 

longer than the time scale for local scour.  Four sub-categories are identified: 

 

i) “Overall accretion or degradation” occurs as a river adjusts to changes in the 

water or sediment flow.  The changes may be natural or as a result of human 

interference.  Examples of changes include:  

 

a) Flow-rate variations. 

 

b) The construction of flood embankments, flood detention basins, wetlands, 

weirs or dams. 

 

c) Dredging. 

 

d) The clearance of riverine vegetation. 

 

e) Inter-basin water transfers. 
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f) Meander cut-offs.  

 

Overall accretion or degradation can affect long reaches of rivers extending over 

many kilometres and taking place over periods of many years (De Vries, 1975). 

 

There cannot be accretion without a sediment supply.  If there is suspended 

sediment, it will tend to settle out if the flow conditions drop below the critical 

values for incipient motion, although the deposition process may take a very 

long time and very fine particles may stay in suspension indefinitely in the form 

of colloids.  Sediment will also tend to settle out if the concentration of 

suspended sediment is in excess of the stream flow capacity.  

  

There cannot be degradation if the in-situ “sediments” cannot be mobilised (e.g. 

rock).  Mobilisation of sediments can only commence once incipience (see 

Chapter 3) is reached.  

 

The absence of accretion or degradation does not necessarily indicate that there 

is no scour or deposition.  It merely indicates that scour and deposition are in 

equilibrium.  In many cases, this equilibrium is a “dynamic equilibrium” where 

scour and deposition proceed at the same rate. 

 

ii) “Constriction scour” is a special, localised, case of overall degradation.  It 

occurs when the channel is confined, and results in the lowering of the bed level 

across the confined channel.  It is readily ascribed to the increased flow velocity 

in the constricted section. 

 

iii) “Bend scour” occurs in response to the large coherent flow structures / 

secondary currents that are set up whenever the flow is forced to follow a 

curved path (see Section 2.4.2).  These secondary currents result in increased 

local velocities in the vicinity of the bed on the outside of the bend.  The 

resulting scour can result in the local depth being up to twice the average flow 

depth (Hoffmans & Verheij, 1997).  Meanwhile, on the inside of the bend, 

reduced local velocities can result in deposition.  To complicate the issue 

further, shallow and deep sections can alternate round the bend and for a short 

distance downstream as the river profile continually over-adjusts to the spiral 

flow phenomena (Hoffmans & Verheij, 1997). 



5-4 

 

 
Armitage & McGahey: A unit stream power model for the prediction of local scour in rivers 

Chapter 5: An overview of scour and deposition around selected structures 

iv) “Confluence scour” occurs when two branches of a river meet.  Invariably, the 

flow rates, slopes, sediment transport and the angle of approach relative to the 

downstream channel will be different for the two branches.  These factors result 

in complicated secondary flow patterns with associated scour and deposition 

downstream of the confluence. 

 

This investigation will not look at general scour in any further detail. 

 

 

5.2.3 Local scour 
 

Local scour results from the effect of a structure on local flow patterns.  It is 

superimposed on the general scour.  It is normal to differentiate between two types of 

scour: clear-water scour, and live-bed scour. 

 

“Clear-water scour” occurs in the absence of general scour.  In other words, the flow 

conditions in the general vicinity of the structure (but not close to the structure) are 

below the critical conditions for incipient motion.  All sediment movement thus 

occurs directly as a result of the altered flow conditions caused by the presence of the 

structure.  An exception is made in the case of wash-load that might have been 

transported over considerable distances (Raudkivi, 1998).  

 

“Live-bed scour” occurs in the presence of general scour and is superimposed on it.  

In this case, the flow conditions in the general vicinity of the structure are above the 

critical conditions for incipient motion.  Whilst clear-water scour can theoretically 

reach static equilibrium, live-bed scour can only reach dynamic equilibrium when the 

rate of sediment entering the scour hole equals the rate of sediment leaving it.  A 

further complication is that river beds are not generally flat, but usually consist of 

bed-forms, such as ripples or dunes, that migrate downstream as sediment is eroded 

from the upstream face and deposited on the downstream face.   

 

A typical plot showing the scour depth versus time for the two types of scour is given 

in Figure 5-1.  It will be noted that the scour hole develops much more rapidly in the 

case of live-bed scour, but the gross dimensions of the scour hole never reach 

equilibrium as they are affected by the passage of bed-forms. 
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This investigation will focus almost exclusively on clear-water scour.  Not only is it 

easier to analyse than live-bed scour, it also results in the larger scour hole, which is 

particularly important from the perspective of engineering design. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5-1: Scour depth as a function of time  

 

 

5.3 Weirs 
 

The flow over a weir is essentially two-dimensional (2D) in the vertical plane (over 

the central section). This makes it a convenient structure to analyse first.  Piers and 

abutments, on the other hand, cause the formation of complex three-dimensional (3D) 

flow patterns.  In this investigation, the emphasis will be placed on the movement of 

sediment upstream of the weir rather than downstream of the weir.  To further 

simplify the problem, only weirs with vertical upstream faces will be considered. 

 

In general, sediment would be expected to deposit on the upstream side of a weir, 

whilst the channel downstream of the weir is vulnerable to scour if not adequately 

protected.  This is illustrated in Figure 5-2: 

 

Scouring downstream of a weir is a complex problem that has attracted the attention 

of many investigators.  Information on this subject may be found in Breusers & 

Raudkivi (1991), French (1994), Hoffmans & Verheij (1997), and Raudkivi (1998). 

 

Scour 
depth, 
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Time 
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On the other hand, there is very little literature on the deposition patterns upstream of 

weirs. 

 

 

 

 

 

 

 

 

 

 

 

Figure 5-2: Typical scour and deposition patterns around a weir 

 

Experiments carried out in a 0.37 m wide rectangular laboratory flume (Harnett, 

1998) clearly show that the equilibrium sediment profile upstream of the weir is 

curved with a minimum reduced level close to, but not at, the weir face.  Upstream of 

this point of maximum scour depth, the sediment profile becomes parallel to the water 

surface.  Downstream of this point, the sediment abruptly rises up the front face of the 

weir, occasionally reaching the lip and spilling over the top.  It can be deduced that 

the sediment transport capacity of the flow was initially at a maximum at the point of 

maximum scour depth.   

 

 
5.4 Piers 
 

5.4.1 Introduction 
 

Piers and abutments (which will be considered in Section 5.5) are structures where, as 

a consequence of the vertical velocity distribution upstream, the flow is fully three-

dimensional (3D). There is an almost overwhelming amount of literature dealing with 

the scour around piers and abutments.  There is an obvious reason for this – it is a 

major engineering problem.  

 

In view of the fact that the flow around an abutment behaves, to a certain extent, like 

the flow around one side of a pier, piers will be considered first. 

Deposition 

Scour 

Weir 
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5.4.2 The flow patterns around a cylindrical pier 
 

It is normal for the scour around piers and caissons (hereinafter called simply “piers”) 

to be described in terms of the deviation from that for cylindrical piers (e.g. Breusers 

& Raudkivi, 1991; HEC 18, 1995; Hoffmans & Verheij, 1997; Raudkivi, 1998; Graf, 

1998).  The maximum scour depth is generally achieved with clear-water scour in a 

uniform sediment (Figure 5-1).  Non-uniform sediments tend to limit scour depths as 

a consequence of armouring. The three-dimensional mathematical model was thus 

initially developed for clear-water scour in a uniform non-cohesive sediment. 

 

The flow around a cylindrical pier is extremely complex.  Figure 5-3 shows a 

schematic diagram of the flow around a cylindrical pier with a fully developed scour 

hole. 

 

Four distinct flow patterns can be identified: 

 

i) The “bow wave” is caused by the sudden deceleration of the oncoming flow.  

The rise in height at the leading face of the pier corresponds to the velocity head 

of the oncoming flow that is a maximum at the surface.  The flow is forced up 

and back onto itself to form a bow wave or “roller”. 

 

ii) The rise in pressure on the leading face of the pier (termed the “stagnation 

pressure”) decreases with the square of the velocity of the oncoming flow i.e. it 

decreases from top to bottom.  This results in a partial reversal of the normal 

pressure gradient that provides the driving mechanism for a vertical 

“downflow”.  The maximum velocity of the downflow in vertical section, 

according to experimental data by Ettema (1980) and Raudkivi (1986), is 

situated between 0.05 and 0.02 times the pier breadth, bp, upstream of the pier, 

being closer to the pier near the bed than at the surface. The velocity of the 

downflow also increases in magnitude towards the bed in the vertical section.  If 

no scour is present, the maximum velocity is approximately 40% of the average 

oncoming velocity, U.  This velocity increases to approximately 0.8U as the 

scour depth increases past 2bp (Breusers & Raudkivi, 1991; Raudkivi, 1998).  

This relatively high velocity flow directed at the base of the pier acts as a sort of 

water jet that helps to initiate and maintain the scouring process (Graf, 1998).  

The increased pressure on the leading face of the pier also helps to provide the 

necessary force for the acceleration of the flow around the sides.   
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a) Centreline profile 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

b) Plan 

 

Figure 5-3: Flow patterns around a cylindrical pier 

(After Breusers & Raudkivi, 1991; Hoffmans & Verheij, 1997; Raudkivi, 1998) 
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iii) Once a scour hole begins to form, flow separation at the upstream rim results in 

the formation of a lee eddy that rotates in the opposite direction to the bow 

roller.  This lee eddy is called the “horseshoe vortex” owing to its distinctive 

shape: it wraps itself around the front half of the pier and extends a few pier 

diameters downstream on either side before losing its identity and becoming 

part of the general turbulence.  According to Raudkivi (1998), the vorticity of 

the horseshoe vortex is quite small and its main role in the scouring process 

comes about through its interaction with other flow structures.  For example, it 

pushes the maximum downflow velocity within the scour hole closer to the pier. 

 

iv) Flow separation around the sides of the pier results in the formation of “wake 

vortices” that alternately separate from the two sides to form a Von Kármán 

vortex street.  Near the bed, these vortices interact with the horseshoe vortex 

and, with their vertical low-pressure centres, lift sediment from the bed like 

miniature tornadoes (Raudkivi, 1998).  The frequency, f, of the vortex shedding 

is indicated by the Strouhal Number, St: 
 

0.2
U

fb
St p  

(5.3) 

 

 

5.4.3 The development of the scour hole 
 

According to Breusers & Raudkivi (1991), scour hole development commences at the 

sides of the cylinder with the two holes rapidly propagating upstream around the 

perimeter of the cylinder to meet on the centreline.  The eroded material is transported 

downstream by the flow.  Soon after the commencement of scouring, a shallow 

groove, concentric with the front portion of the cylinder, is formed by the downflow.  

This groove often has near-vertical faces with a sharp upper edge.  The downflow is 

turned 180o in the groove, and the resulting upward flow is deflected by the horseshoe 

vortex up the scour hole slope.  The sand in the region around the rim collapses into 

the groove from time to time in order to return the slope angle to the angle of repose 

of the bed material.  Sand particles in the groove are lifted by the upflow into the 

region of the horseshoe vortex where they are either deposited on the slope or 

transported into and through the wake region.  They tend to deposit in the region 
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between the two vortex trails to form a bar.  As the scour approaches its equilibrium 

depth, the groove becomes shallower and can disappear altogether.   

 

Zanke (1978) has distinguished four phases in the evolution of a scour hole: an initial 

phase, a development phase, a stabilisation phase, and an equilibrium phase 

(Hoffmans & Verheij, 1997).  It sometimes takes several days for clear-water scour to 

reach equilibrium (Raudkivi, 1998).  

 

If the sand is fine, ripple formation tends to reduce the maximum scour depth 

(Raudkivi, 1998).   

 

Live-bed scour is complicated by the passage of bed forms past the pier.  The 

equilibrium depth is thus generally defined as the time-averaged scour depth.  It is 

generally less for live-bed scour than clear-water scour (Raudkivi, 1998).  Live-bed 

scour also tends to reach equilibrium much faster than clear-water scour – 

commensurate with the higher sediment transportation capacity of the flow.  

 

 

5.4.4 Factors influencing the depth of the scour hole 
 

The most significant parameter, from the point of view of engineering design, is the 

scour depth, ys, which is usually a maximum at or near the pier.  As a consequence, 

most research effort has been directed toward the determination of this single 

parameter.  However, the complicated flow patterns that exist around piers have led 

many researchers to resort to the use of dimensional analysis in their effort to 

determine the parameters affecting ys. 

 

The effectiveness of dimensional analysis is dependent on the choice of the dependent 

parameters.  The following parameters are of importance (Breusers & Raudkivi, 1991; 

Hoffmans & Verheij, 1997; Raudkivi, 1998; Melville & Chiew, 1999): 

 

i) Flow: acceleration of gravity (g), fluid density (), kinematic viscosity (), flow 

depth (Y), shear velocity (u*), mean velocity (U). 

 

ii) Bed material: representative diameter (d e.g. d50 or d ) sediment density (s), 

geometric standard deviation (g), critical average flow velocity (Uc), shape 
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factor (SF), gradation of the bed material, surface packing, cohesion of the 

material etc. 

 

iii) Pier: diameter / breadth (bp), and in the case of non-cylindrical piers, the shape 

and alignment of the pier, pier grouping. 

 

iv) Time: actual time (t), time for equilibrium scour to develop (te). 

 

The dimensionless -groups depend very much on the initial choice of variables.  For 

a cylindrical pier situated in a non-cohesive uniform sediment of constant density and 

typical shape factor, the depth of the scour hole, ys, relative to the breadth of the pier, 

bp, can be expressed (Breusers & Raudkivi, 1991; Raudkivi, 1998) as: 
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(5.5) 

 

Alternatively, Melville & Chiew (1999) express the “relative scour depth”, ys/bp as: 
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(5.6) 
 

In other words, the relative scour depth is a function of the “flow intensity”, the “flow 

shallowness”, the “sediment coarseness” and the “time ratio”. 

 

According to Melville & Chiew (1999), the local scour depth in uniform sediment 

increases almost linearly with flow intensity to a maximum at the threshold velocity 

(the “threshold peak”).  It then decreases a little before increasing again to a second 

peak at about the transition flat bed stage of sediment transport on the channel (the 

“live-bed peak”) (Figure 5-4a). 
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a) Variation with the flow intensity 

 

 

 

 

 

 

 

 

 

 

b) Variation with flow shallowness 

 

 

 

 

 

 

 

 

 

 

 

c) Variation with sediment coarseness 

 

Figure 5-4: Factors affecting the relative scour depth around a pier 

(After Melville & Chiew, 1999) 
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As long as the surface roller and horseshoe vortex are sufficiently far apart that they 

do not affect one another, scour depth is unaffected by any reduction in the flow 

depth.  If, however, they are close together, since the two vortices rotate in opposite 

directions, they interfere with each other and the scour depth is reduced.  For shallow 

flows (or very wide piers), the scour depth is directly proportional to the flow depth 

(Melville, 1997) (Figure 5-4b). 

 

In the case of uniform sediments, local scour depths are unaffected by sediment size 

unless the sediment is relatively coarse.  If, however, d/bp < 50, the scour depth is 

reduced because the grains are large compared with the groove excavated by the 

downflow and proportionately more energy is dissipated there (Ettema, 1980; 

Melville & Chiew, 1999) (Figure 5-4c). 

 

The variation of the relative scour depth with time is a little more complicated as, 

according to Melville & Chiew (1999), the equilibrium time depends on the same 

parameters as the relative scour depth.  Define the equilibrium time scale, t*, as: 

 

p

e*

b

Ut
t   

(5.7) 

Then, 













ppcp

e*

b

d
,

b

Y
,

U

U
f

b

Ut
t  

(5.8) 

 

Melville & Chiew (1999) then proceed to describe the relationship between the scour 

depth and time for each of the dimensionless -groups indicated in Equation 5.8. 

Hoffmans & Verheij (1997) also list several equations that can be used to estimate the 

development of scour with time.    

 

The first two terms in Equations 5.4 and 5.5 are effectively the pier Reynolds number 

and pier Froude number respectively.  Note the different definitions of these two 

parameters in these two equations.  An analysis of field data by Johnson (1995) seems 

to indicate that the scour depth is not that sensitive to these two parameters although 

Shen et al. (1969) use a Reynolds number in their pier-scour equation.  Hancu (1971), 

Jain & Fischer (1979) and    HEC-18 (1995), meanwhile, all use Froude numbers in 

their scour depth equations.  Table 5-1 gives a list of some of the better known scour-
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depth equations.  More extensive summaries of the various scour-depth equations can 

be found in Johnson (1995), Babaeyan-Koopaei (1996) and Hoffmans & Verheij 

(1997).  Comparisons of the accuracy of the various different scour-depth equations 

have been made by, inter alia, Hopkins et al. (1980), Jones (1983) and Johnson 

(1995). 

 

A glance at the formulae presented in Table 5-1 reveals that there is a general 

consensus that scouring around piers generally commences at U  0.5Uc.  Chiew 

(1995) however has recorded scour at U = 0.3Uc.  

 

The difference between measured and estimated scour depths can be as much as an 

order of magnitude (Johnson, 1995).  The enormous amount of uncertainty inherent in 

the prediction of the scour depth has prompted some researchers to propose a single 

figure for design purposes, e.g. Neill (1973) and Ettema (1990) who proposed ys/bp = 

1.5, and ys/bp = 2.4 respectively. 

 

 

 

Reference Scour-depth formula Remarks 

HEC-18 (1995) 

(Alternatively 

called the 

Colorado State 

University, 

CSU, equation) 

0.43

0.65

2.0 Fr
Y

b
KKYKy p

321s 









 

321 K,K,K  = Factors for pier 

nose shape, flow angle of attack 

and bed condition respectively. 

gY

U
Fr   

The limiting values of ys/Y are: 

2.4 for Fr  0.8 and 3.0 for Fr > 

0.8 

Melville & 

Sutherland 

(1988) 

psyd1s bKKKKKy   syd1 K,K,K,K,K   = Factors to 

account for the flow-intensity, 

sediment size, flow-depth, pier 

alignment and pier-shape 

respectively. 

 

Table 5-1a: Commonly used pier scour depth equations 

(After Johnson, 1995) 
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Reference Scour-depth formula Remarks 

Breusers et al. 
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respectively. 

f = 0 for U/Uc  0.5 

f = 2U/Uc – 1 for 0.5 < U/Uc  1 

f = 1 for U/Uc > 1 

Jain & Fischer 
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Laursen & Toch 

(1956) 

0.30.71.35 Yby ps   As described by Neill (1964) 

Larras (1963) 
0.751.05 ps by   Live-bed scour only 

Hancu (1971) 
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Table 5-1b: Commonly used pier scour depth equations (cont.) 

(After Johnson, 1995) 
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5.4.5 The shape of the scour hole 
 

The shape of the scour hole around a single cylindrical pier in a uniform flow with its 

foundation in a uniform bed material has been studied by a number of researchers 

including Dargahi (1987), Olsen & Melaaen (1993), and, indirectly, by Dey et al. 

(1995).  A typical scour hole profile is shown in Figure 5-3. 

 

Dargahi (1987) schematised the plan section of a fully developed cylindrical pier 

scour hole into a semi-circle on the upstream side and half of an ellipse (cut along the 

minor axis) on the downstream side.  The semi-circle has a radius of about 2bp 

measured from the centre of the pier, provided that the flow depth is at least 3bp.  The 

length of the scour in the downstream direction is in the order of 5bp.  According to 

Hoffmans & Verheij (1997), the average upstream slope is approximately equal to the 

angle of repose, r, being a little steeper in the groove close to the pier and a little 

flatter outside of this. The average downstream slope is about r/2.  The deepest point 

of the scour hole is usually in the vicinity of the leading face of the pier, but at times it 

can be found at an angle of up to 60o on either side of the front face (Chiew, 1995). 

 

 

5.4.6 Computational modelling of local scour around a pier  
 

In view of the rapid improvement in the computational power of digital computers, it 

is becoming increasingly attractive to attempt to model scour numerically.  The work 

of Olsen & Melaaen (1993) is of particular interest to this investigation.  They 

computed the geometry of a scour hole around a circular pier with the aid of a 

numerical model.  A finite-volume method was used to solve the non-transient 

Navier-Stokes equations for the three-dimensional flow field on a general non-

orthogonal grid.  The k- turbulence model was used to solve for the Reynolds-stress 

term.  The flow field gave the shear stress on the boundaries, which in turn was used 

to estimate the sediment concentration for the bed elements.  The diffusion / 

convection equation for the sediment concentration was then solved, and changes in 

the bed elevation were calculated from continuity. A new flow field was then 

calculated using the modified bed, and the above sequence repeated until the depth of 

the calculated scour hole was identical to that measured in a separate physical model 

study.  Once the scour depth was correct, the shape of the computed scour hole 

compared quite well with that measured in the physical model. 
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Inspired by work of Olsen & Melaaen (1993), Richardson & Panchang (1998) used 

the FLOW-3D computational fluid dynamics software (Sicilian et al., 1987) to model 

the flow field past a circular pier for which physical model results were available.  

Three steady-state flow conditions were modelled: with the initial flat bed, the 

intermediate scour hole, and the equilibrium scour hole respectively.  All of the 

boundaries were rigid i.e. no free surface or scour routines were employed.  The shape 

of the scour hole was approximated by a frustum of a cone.  The computed flow 

velocities were broadly in agreement with the laboratory observations.  Particle 

tracking showed that sediment movement through the scour holes was also much as 

expected.  Each simulation required approximately 168 hours of CPU time on a 

desktop SUN workstation. 

 

Olsen & Kjellesvig (1998) improved substantially on the Olsen & Melaaen (1993) 

study. The Reynolds averaged transient Navier-Stokes equations were used with the 

k- turbulence model to predict the water flow.  The location of the water surface was 

calculated by extrapolating the pressure from the inner cells to the water surface. The 

pressures in the surface cells were then compared to fixed reference located on the 

downstream boundary.  If there were any discrepancies between the two values, the 

water surface was adjusted accordingly.  The sediment transport was calculated using 

the convection-diffusion equation for sediment concentration except for the cells 

closest to the bed.  In these cells, the bed concentration, cbed, was calculated using a 

formula presented by Van Rijn (1987): 
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(5.9) 

 

In Equation 5.9, ar is a reference level that was set to 5% of the water depth in this 

study.  The critical bed shear stress, c, was adjusted for sloping beds using a formula 

presented by Brooks (1963).  The level of the bed was then adjusted for the next time 

step (100 seconds).  The height of the cells was continuously adjusted in proportion to 

the height difference between the bed and the water surface. 
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The flow field for a stationary solution with a horizontal non-moving bed and water 

surface seemed to give realistic looking velocity vector and bed shear stress fields.  

The same problem was then run with the sediment concentration calculation 

procedure adjusting the location of the bed and the water surface after each time step.  

The scour hole and bar developed much as expected although it took an IBM-370 

workstation nine weeks to simulate 208 hours of scour hole development.  The 

maximum scour depth was obtained after about 104 hours.  The depth was of the 

same magnitude as those predicted by four different empirical equations. 

 

It should be noted that grid and the time-step were relatively large.  As a consequence, 

the model did not identify the wake vortices.  A coarser grid gave a significantly 

smaller scour hole that also indicated the sensitivity of the analysis to mesh size.  The 

shape of the scour hole was very sensitive to the angle of repose.  The speed of the 

scour development was dependent on the empirical parameters in Equation 5.9, which 

means that it is impossible to tell how well the numerical model predicted the 

development of the scour hole without resort to confirmation from some sort of 

physical modelling. 

 

In spite of the above-mentioned reservations, the work carried out by Olsen and his 

co-workers clearly points the way forward for the numerical computation of local 

scour. 

 

 

5.5 Abutments 
 

5.5.1 Introduction 
 

There are a large number of different structures that encroach into the channel flow 

from one or both sides.  Spur dikes are built out from the bank of a river to deflect the 

main river current away from an erodible bank.  Guide banks are built around 

structures such as road embankments to protect them from erosion (Breusers & 

Raudkivi, 1991).  Bridge crossings are often made shorter by locally reducing the 

width of the river with the aid of approach embankments and abutments that extend 

across the floodplain into the main channel.  In all cases, groynes, dikes, guide banks 

and abutments (hereinafter called simply “abutments”) are horizontal constrictions in 

the flow that promote three-dimensional flow patterns in a similar manner to piers 

(Hoffmans & Verheij, 1997).  
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There are many different abutment shapes.  To simplify analysis, however, it is usual 

to describe the scour around each abutment shape in terms of the deviation from that 

measured for a vertical, sharp-edged, “plate” abutment (e.g. Breusers & Raudkivi, 

1991; Hoffmans & Verheij, 1997; Raudkivi, 1998).  All abutments, of course, have a 

finite thickness, but a vertical-wall abutment can be regarded as equivalent to a 

“plate” abutment if the length of the abutment normal to the dominant flow direction, 

La, is at least five times the width of the abutment (Hoffmans & Verheij, 1997). 

 
 
5.5.2 The flow patterns around a vertical plate abutment 
 

The general flow patterns around a vertical plate abutment are depicted in Figure 5-5.  

To a degree, the flow pattern around an abutment is similar to the flow around one 

half of a pier.  In both cases there is a bow wave (or roller), an associated downflow, a 

horizontal vortex near the base, and wake vortices that are shed rhythmically from the 

side of the structure (c.f. Section 5.4.2). 

 

There are, however, important differences.  Piers do not generally reduce the channel 

flow section to any great degree.  Abutments, on the other hand, frequently restrict the 

horizontal width of the channel by a substantial amount.  This results in an increased 

average flow velocity through the remaining open section, and consequential increase 

in the possibility of scour in that region.  Scour resulting from the reduced width of 

the flow-section is generally termed “constriction scour”, but it can be readily seen 

that it is a special case of general scour. 

 

Another difference is the “principal” vortex that is the equivalent of the horseshoe 

vortex in piers.  Except in the case of very short abutments, the principal vortex does 

not generally remain closely attached to the structure, but usually commences from a 

point somewhat upstream.  It lies along the boundary between the fast-moving 

upstream flow section and the “dead” water trapped in the corner between the 

abutment and the sidewalls or banks of the channel.  Often a secondary, counter-

rotating vortex is induced by the principal vortex immediately upstream of it.  The 

flow acceleration into the funnel marked by the principal vortex helps to make this 

vortex extremely strong and, as a consequence, the maximum scour depth usually 

occurs immediately upstream of the end of the structure (Hoffmans & Verheij, 1997).   
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a) Plan 

 

 

 

 

 

 

 

 

 

b) Section A-A 

 

Figure 5-5: Flow patterns around an abutment 

(After Breusers & Raudkivi, 1991; Hoffmans & Verheij, 1997; Raudkivi 1998) 
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Downstream of the structure, wake vortices, shed from the end of the abutment, travel 

along the boundary between the main flow channel and a second “dead” water region 

before dying out into general turbulence.  The flow eventually re-attaches itself to the 

banks of the channel some way downstream of the structure. 

 

Although the two “dead” water regions are hydraulically separated from the main 

channel by the principal vortex and the vortex trail respectively, very strong eddies 

can be induced in them through the shearing along the boundary.  Under certain 

circumstances, these eddies can cause the formation of local scour holes. 

 

In general, the scour hole around the abutment develops in a similar manner to that 

around a pier (Section 5.4.3), except that there is no sharp-edged groove in the 

vicinity of the structure. 

 

 

5.5.3 Factors influencing the depth of the scour hole 
 

Let the shape of the abutment be represented by a parameter Sh, its alignment by 

another parameter Al, and the effects of lateral distribution of flow and the cross-

sectional shape of the approach channel by a third parameter G.  Then, according to 

Melville (1992), the maximum equilibrium scour depth at an abutment can be written 

as:   

 
 g,G,Al,Sh,L,,d,,Y,U,,fy asss   

(5.10) 

 

Assuming constant relative density of the sediment and the absence of viscous effects, 

dimensional analysis yields: 
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It will be noted that, in the first instance, the scour depth is normalised with the 

abutment length, whilst in the second instance, it is normalised with the flow depth.   

 

The particle Froude number, U2/gd, can also be written in terms of the flow intensity, 

U/Uc.  As with piers, the maximum scour depth coincides with U/Uc = 1.0.  In view of 

the fact that abutments are usually very long compared with the sediment size, the 

sediment coarseness seldom plays a meaningful role in the determination of the scour 

depth.  The scour depth is reduced with non-uniform sediments.  In abutments other 

than a thin plate abutment in a rectangular channel, allowance has to be made for the 

shape, alignment and approach geometry. 

 

Kwan (1988) measured the velocity field around a relatively short (i.e. small La/Y 

ratio) wing-wall abutment.  He found that the downflow-associated primary vortex is 

primarily responsible for the scour hole development – a similar conclusion to that for 

piers.  He also showed that the flow pattern was relatively unaffected by changes in 

the approach flow depth – again a similar conclusion to that for piers.  Other 

observations were that the primary vortex and downflow are confined predominantly 

within the scour hole beneath the original bed level, and that the maximum downflow 

was of the same magnitude regardless of the flow depth.  Kwan thus concluded, for 

short piers, scour depth scales with abutment length (Melville, 1992) and Equation 

5.11 is appropriate. 

 

In the case of relatively long abutments, however, Melville (1992) showed that the 

scour depth scales with the flow depth, and Equation 5.12 is more appropriate.  In-

between these two extremes, the equilibrium scour depth is affected by both the 

abutment length and the flow depth.   

 

In the special case of a thin vertical plate abutment projecting at 90o from the bank in 

a rectangular channel with a uniform sand bed, Melville (1992) gives the maximum 

equilibrium scour depth as: 

 

 

Yys 10 , for 25
Y

La  (“long” abutments) 

(5.13) 
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as YLy 2 , for 251 
Y

La  (“intermediate” abutments) 

(5.14) 

 

as Ly 2 , for 1
Y

La  (“short” abutments) 

(5.15) 

 

Melville (1992) goes on to note that the well-known Laursen equations (Laursen & 

Toch, 1956; Laursen 1958, 1962, 1963) for the above-mentioned situation can be 

simplified to: 

 

 

as YLy 1.93  

(5.16) 

 

The explanation for the relationship between the equilibrium scour depth and the 

relative length is easily made by analogy with piers.  With “short” abutments, with a 

relatively deep flow depth, the strength of the principal vortex is closely related to the 

flow section blocked by the structure, i.e. its length.  “Long” abutments, on the other 

hand, have relatively shallow flow depths that result in interference between the 

surface roller and the horseshoe vortex.  Furthermore, part of the flow approaching 

the abutment is deflected parallel to the upstream abutment face and is therefore 

ineffective in generating downflow ahead of the abutment.  The depth is thus 

dependent only on the flow depth and is independent of the abutment length 

(Kandasamy, 1989; Melville, 1997).  

 

In view of the complexity of the flow patterns around abutments, the dimensional 

approach to the assessment of scour depth has been a very popular one.  Apart from 

Melville (1992, 1995, and 1997), other publications have included Garde et al. (1961), 

Liu et al. (1961) and Froehlich (1989).  Alternatives to the dimensional approach 

include the regime approach (e.g. Ahmad, 1953), where the scour depth is related to 

the increased discharge intensity at the abutment, and an analytical or semi-empirical 

approach (e.g. Laursen, 1963; Gill, 1972; Lim, 1997; Lim & Cheng, 1998).  

 

Lim (1997) provides a typical example of an analytical / semi-empirical approach to 

the determination of the equilibrium scour depth.  At time t = 0, it is assumed that 

conditions in the approach channel are clear water while those in the vicinity of the 
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abutment are live-bed owing to the local flow constriction.  As the scour develops, the 

scour hole increases in size until it eventually reaches a maximum at the equilibrium 

scour condition.  At equilibrium, the lateral side slope of the scour hole is at an angle 

between 22o and 26o, with the maximum depth at the end of the abutment.  The entire 

flow of the main channel blocked by the abutment and reaching to the end of the 

scour hole is assumed to pass through the gap between the end of the abutment and 

the end of the scour hole.  An assumption concerning the velocity distribution allows 

the estimation of the shear velocity, that in turn is compared with the Shields criterion 

for incipient motion.  After some manipulation, the following expression is obtained: 
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(5.17) 

 

In this expression, c is the critical Shields parameter (Equation 3.22), and Fro is the 

“densimetric Froude number”, given by: 
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(5.18) 

 

Considering only the maximum clear-water scour condition with a thin plate vertical 

abutment, Equation 5.16 can be simplified to: 

 

as YL8.1y   

(5.19) 

 

It can be seen that Equation 5.19 is similar to Equations 5.14 and 5.16.  It should also 

be noted that all three equations are appropriate for intermediate length abutments 

only.  Fortunately, many abutments fall into this category. 
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Reference Scour-depth formula Remarks 

Melville (1997) Gsdlys KKKKKKy   Ky, Kl, Kd, Ks, K, KG = factors 

for the depth size, flow 

intensity, sediment size, 

abutment shape, abutment 

alignment and channel 

geometry respectively.  See 

Equations 5.12 – 5.14 

inclusive for flat plate 

abutments. 

Laursen (1963) 
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influence of the channel bed, 
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La/Bc = relative blockage.  

Froehlich 
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(See Hoffmans & Verheij for 

guidance on this). 

 

Table 5-2: Commonly used abutment scour depth equations 
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A large number of equations have been developed for the determination of the 

maximum equilibrium scour depth around abutments.  A most extensive summary is 

to be found in Przedwojski et al. (1995).  Other, shorter, summaries are to be found in 

Babaeyan-Koopaei (1996), Hoffmans & Verheij (1997), and Raudkivi (1998).  A few 

of the better-known equations are listed in Table 5-2.  It will be noted that the 

upstream Froude number is a popular parameter for the determination of the 

equilibrium scour depth.  An assessment of the relative accuracy of some of the more 

popular equations is to be found in Hoffmans & Verheij (1997). 

 

It can take a considerable time for a scour hole to reach equilibrium – particularly in 

the riverine environment where high flows are not generally maintained for long 

periods.  Information on the development of scour with time is to be found in 

Hoffmans & Verheij (1997). 

 

Scour depths can reach very great depths – particularly when the abutment causes 

considerable blockage of the river cross-section.  Scour depths in excess of 50 m have 

been observed in the lower Meghna River upstream of Chandpur (Hoffmans & 

Verheij, 1997). 

 

 

5.5.4 Computational modelling of local scour around an abutment 
 

There have been many attempts to construct a numerical model for the flow around 

abutments.  Zaghlou & McCorquodale (1973) developed a model capable of 

simulating the flow around spur-dikes by solving the Helmotz vorticity equation and a 

Poisson-type equation.  The model was not however experimentally verified.  More 

recently, Tingsanchali & Maheswaran (1990) modelled the flow around a groyne 

using the 2D depth-averaged TEACH model developed by Gosman & Pun (1973) and 

later modified by Rodi et al. (1981).  This utilises a hybrid finite difference scheme 

and an iterative method to solve the governing equations of flow and turbulence 

transport.  A correction factor was incorporated into the k- model to improve the 

agreement between the computed and experimental data of the velocities and 

streamline pattern in the vicinity of the groyne tip.  A further 3D correction factor 

helped to improve the prediction of bottom shear stresses.  Molls & Chaudhry (1995), 

using another code that also utilised the 2D depth-averaged equations, obtained 

similar results for the same problem.   
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Biglari & Sturm (1998) also used a 2D, depth-averaged, k- model – this time for the 

prediction of the flow around bridge abutments situated in compound channels.  Clear 

water equilibrium maximum scour depths near the upstream corner of the abutment 

face were then estimated using an empirically determined relationship between the 

dimensionless scour depth and the excess velocity ratio.  Although this method 

satisfactorily explained the general relationship between measured values of 

equilibrium scour depth and the different abutment lengths and discharges tested, 

there were shortcomings.  Biglari & Sturm concluded that more work was needed to 

identify the influence of additional local hydraulic variables that could only be 

predicted accurately by 3D numerical turbulence models.  Additional criticisms are 

that the method only predicts the maximum equilibrium scour depth, and it is likely 

that the empirical relationship between the dimensionless scour depth and the excess 

velocity ratio will change for different abutment arrangements and flow conditions. 

 

Ouillon & Dartus (1997) appear to have been the first to publish work on the 3D 

modelling of the flow around a groyne.  They used a Reynolds solver with the 

SIMPLE algorithm and the k- turbulence model.  The porosity method was used to 

track the free surface.  They did not attempt to model scour hole development.  

Instead, by comparing the computed bed shear stress with the critical bed shear stress 

for a particular problem that had been previously been the subject of a physical model 

investigation, Ouillon & Dartus were able to identify potential scour and deposition 

zones with reasonable accuracy.  

 

It is no surprise that work on the development of a numerical model for the 

computational of local scour around abutments has lagged behind that for piers.  The 

additional plane of symmetry through the centreline of a circular pier greatly reduces 

the computational effort required for success.  

 

 

5.6 Conclusions 
 

It is readily apparent that it is difficult to predict the scour and deposition around 

structures.  Scour profiles are extremely sensitive to a multitude of parameters such as 

the geometry of the structure, changes in the flow rate, local constrictions, and the 

presence of bends and confluences etc.  Even when the focus is placed solely on 

structures of simple shape in ideal conditions, there are a large number of formulae 
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giving widely disparate estimates for something as seemingly easy to measure as the 

equilibrium scour depth.  Almost all of the available formulae are empirical in nature. 

 

In view of the above, there is an increasing move towards the development of 

numerical models that will compute scour hole formation.  One of the best attempts so 

far is the one developed by Olsen & Kjellesvig (1998) for modelling the development 

of local scour around a circular pier (Section 5.4.6).  The fact that it took nine weeks 

to simulate the scour hole development clearly demonstrates the limitations placed on 

this type of research by the speed of the machines currently available.  A further 

restriction was the empirical relationship used for the determination of the sediment 

concentration at the bed. 

 

There is clearly a need for additional work to be carried out in this field.  It could be 

particularly useful if the model used to predict incipient motion on the channel bed 

was also suitable for the estimation of sediment transport.  The unit stream power 

model developed by Rooseboom (1992) has the potential to do just this.  It could be 

used in conjunction with a suitable computational fluid dynamics model to predict the 

sediment movement in any situation.  This investigation aimed to show how it could 

be adapted to predict local scour. 
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Chapter 6 
The unit stream power model 

 
6.1 Introduction 
 

This chapter presents the unit stream power model for the prediction of scour and 

deposition that was developed as part of this investigation.  An overview of incipient 

motion was given in Chapter 3.  In this chapter the focus is on the link between 

incipient motion and unit stream power as presented by Rooseboom (1975 and 1992) 

and his co-workers.   

 

In view of the fact that channel beds are generally warped, a function is developed to 

correct the incipient motion criteria for bed slope.  In the course of this development, 

the connection between the three different approaches to incipient motion is indicated.   

 

The chapter concludes with a theoretical model describing scour and deposition in 

terms of unit stream power.  Deposition is regarded as the opposite to scour with the 

incipient motion criteria marking the boundary between the two processes.  The aim is 

that this model will form the basis for the development of new software that will 

eventually be capable of predicting all scour and deposition given the requisite 

boundary conditions. 

 

This chapter and the next (Chapter 7 on the selection of the criteria for incipient 

motion) represent the main contributions of this investigation.  Incipient motion 

criteria provide the key in defining the equilibrium scour conditions where the rate of 

scour equals the rate of deposition. 

 

 

6.2 The link between applied unit stream power and 
incipient motion 

 

Table 3-3 presents various criteria for incipient motion based on the shear velocity / 

settling velocity ratio (hereinafter called the Movability Number after Liu, 1957).  

This velocity ratio varies over the range 0.12 to 2.5 – a very large range.  Closer 

examination, however, suggests that three categories of incipient motion are described 

or could be inferred:  
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i) Rolling and / or sliding commences at a very low Movability Number in the 

order of 0.12 – 0.2. 

 

ii) Saltation (which can be considered as the beginning of suspension) commences 

at a moderate Movability Number in the order 0.4 – 0.5. 

 

iii) General suspension commences at high Movability numbers above 1.0. 

 

The wide range of values is indicative of the difficulties that are encountered in 

describing the threshold of movement (see Section 3.6). 

 

For a particle to be lifted out of its place in the bed matrix, the power dissipated on the 

particle must be, at least momentarily, equal to or greater than the power required to 

suspend the particle.  This implies Equation 3.33: 

 

rt PP   

(3.33) 
 

On the other hand, less power is required to roll the particle.  Assuming that the 

average unit stream power required to roll a particle is some constant fraction, , of 

the power required to suspend it, then: 

 

rt PP   

(6.1) 
 

If the Rooseboom expressions are redeveloped with the equality expressed in 

Equation 6.1, then Equation 3.42 for the laminar boundary case becomes: 
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Here l  is the “power fraction” for a laminar boundary. 

 
Similarly, Equation 3.49 for the turbulent boundary case becomes: 
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Here t  is the power fraction for a turbulent boundary. 

 

With the various assumptions listed in Section 3.8.4, 1  4.9 and 2  0.69 for 

particle suspension from the bed.  Assuming further that the Rooseboom (1992) 

criteria for incipient motion are accurate, this implies that, at this point: 

 

1.64.9 2
1
l  (laminar boundary) 

or, 

9

1
0.11 l  

(6.4) 

and, 

 

0.120.69 3
1
t  (turbulent boundary) 

or, 

190

1
0.0053 t  

(6.5) 

 

A relatively higher unit stream power value is required to roll a particle lying wholly 

within the viscous sub-layer (laminar boundary condition) compared with one that 

projects into the log-law layer (turbulent boundary condition).  This is to be expected.  

Velocity fluctuations are severely damped in the viscous layer.   

 

In Sections 3.6 and 3.7, it was mentioned that the movement of particles on the bed is 

stochastic in nature and there is no defined threshold below which motion cannot take 

place.  In other words, it is necessary to take into account the intensity of motion (or 

transport intensity).  The discrepancies between the different incipient motion criteria 

given in, inter alia, Table 3.3, thus probably reflect different interpretations of the 

critical intensity of motion below which movement could be said to have effectively 

ceased.  A different intensity of motion implies a different unit stream power 

requirement.  If, for example, it is assumed that the Raudkivi (1998) criterion for 

incipient rolling motion (u* / vss  0.17) applies to a turbulent boundary, the power 

fraction for rolling on that type of boundary is increased to t   0.015  1/67.  

Treating the Julien (1995) criterion for the inception of “suspension” (regarded here 

as simply incipient motion i.e. rolling) in the same manner (u* / vss  0.2), increases 

the power fraction to t   0.024  1/41.   
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With all the above-mentioned assumptions, it appears as though, whichever criterion 

is chosen, some particles will start moving over a turbulent boundary once the average 

applied unit stream power is 0.5 – 2% of the power required for particle suspension.  

For a laminar boundary, the minimum average applied unit stream power required for 

motion increases to at least 10% of the power required for particle suspension. 

 

One problem with the above analysis is the fact that the applied unit stream power 

increases rapidly as the boundary is approached since the velocity gradient increases 

rapidly in this region (the shear stress also increases, but generally much more 

gradually).  In Section 3.8.4 the applied unit stream power was calculated on a 

turbulent boundary with y = d in Equation 3.29:  

 

  y

u
P

3
*

tt 


  

(3.29) 

 

In Equation 3.29, the two main variables are Pt(t) and y.  Assume that rolling 

commences with suspension (the particle is then “pushed” over neighbouring particles 

by the drag force that also operates on the particle).  In this scenario, t  = 1.0 and the 

average unit stream power resulting in the suspension of the particle is to be found at 

y = d/190, d/67 or d/41 depending on whether the Rooseboom (1992), Raudkivi 

(1998) or Julien (1995) criteria are used. 

 

The problem with this alternative approach is that it assumes that the particle is 

standing in isolation on a flat boundary in a flow that is turbulent right down to this 

hypothetical boundary.  The truth is that the particle is generally sitting within a 

matrix formed by surrounding particles so the “boundary” is not very well defined.  

Also, the log-law layer gives way to the transitional layer and the linear layer in the 

close proximity of the particles making Equation 3.29 invalid in this region.  Even if 

there were no transitional layer or linear layer, the zero point of the log-law layer 

would not coincide with the hypothetical boundary (see Section 2.3.3).  Furthermore, 

the argument collapses in the case of a laminar boundary as the average applied unit 

stream power in the linear layer is approximately constant (Equation 3.38). 

 

It is most likely that the critical conditions for incipient motion with respect to unit 

stream power (at any given intensity of motion) can be described as follows: 
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i) The average unit stream power causing the initial movement of a particle is to 

be defined at a position below its highest point. 

 

ii) The instantaneous unit stream power associated with the movement of a 

particular particle is considerably higher than the average – being associated 

with a turbulent burst or some other form of coherent flow structure.  Even in 

the case of a laminar boundary, turbulent bursts in the immediate vicinity can 

temporarily raise the instantaneous unit stream power dissipation within the 

linear layer. 

 

iii) A particle does not require sufficient applied unit stream power for suspension 

before it will move.  It is likely that the first form of motion will be rolling. 

 

At the present moment, little is known about the actual unit stream power distribution 

in the vicinity of a particle that is about to commence movement.  In view of this, it 

will simply be assumed that incipient motion on a turbulent boundary occurs at a 

fixed fraction ( t ) of the average unit stream power at the point y = d.  

 

Suspension requires that   1.0.  This implies, for a turbulent boundary, that u* / vss  

0.69.  Bearing in mind that this refers to the average value and that the effective unit 

stream power operating on a particle could momentarily be much larger, it is easy to 

understand why particles commence saltation in the range 0.4 < u* / vss < 0.5.  Once 

lifted out of position, however, the unit stream power in the vicinity of the particle 

rapidly drops (see Figure 3-5) and the particle falls back onto the bed.   

 

General suspension requires u* / vss >> 0.69, and this is seen to be the case. 

 

 

6.3 The influence of bed-slope 
 

The sensitivity of the critical drag force – or bed-shear stress – to bed slope is 

described in Section 3.9.  What is now required is the adaptation of Equations 3.51, 

3.53 and 3.54 for use with the Movability Number (u* / vss) and the critical applied 

unit stream power.  This means that incipient motion must first be defined in physical 

terms for a horizontal bed.  It also means that the Movability Number must be 

expressed in vector form.  Following the approach suggested by Van Rijn (1993), the 

following assumptions are made (see Figure 6-1): 
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Figure 6-1: The forces on a particle resting on a horizontal bed 

(After Van Rijn, 1993) 

 

i) The pivot angle equals the angle of repose, r. 

 

ii) The critical particle is almost spherical and thus has a submerged weight of: 

 

  31

6
d

a
s gW 


  

(6.6) 

 

The constant a1 accounts for the variation in the shape of the particle from that 

of a sphere (a1 = 1.0 for a spherical particle). 

 

iii) The lift force on the critical particle, FL, is some ratio, a2, of the drag force, FD: 
 

DL FF 2a  
(6.7) 

 

iv) Following from above and considering Equations 3.15 and 3.16: 

 

u0 

b1 

b2 

FD 

FL 

   W 
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r 

Point of contact 

Velocity distribution 
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DL FF
D

L

C

C
  

(6.8) 

 

v) The effective velocity, u0, acting on the critical particle is some ratio, a3, of the 

shear velocity, u*: 

 

*0 uu 3a  

(6.9) 
 

vi) The three forces (W, FD and FL) act on the particle in the positions and 

directions shown in Figure 5-6. 

 

The particle will roll when: 

 

Since b1 and b2 are both fractions of d/2, whilst sinr and cosr are constants, the 

whole of the expression contained within the square brackets can be expressed as 

some ratio, 1/a4, of d.cosr /2 giving:  
 

 

Hence, 

(6.10) 

 

According to Van Rijn (1993), White (1940) was the first to present this result. 

 

Now, from Equation 3.15: 
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(3.15) 

Hence,  

 

(6.11) 

 

Combining Equations 6.10, 6.6 and 6.11: 

 

(6.12) 

 

Examination of Equation 3.8, however, reveals that the expression in square brackets 

represents vss
2, therefore: 

 

(6.13) 

 

The expression for shear velocity, u*, is not bolded in Equation 6.13 because the 

Movability Number, u* / vss, does not generally take the directions of the two velocity 

vectors, u* and vss into account. 

 

According to Section 3.8.4, incipient motion over a turbulent boundary for a given 

intensity of motion is governed by Equation 3.49: 

 

2
* 
ssv

u
 

(3.49) 

 

It is immediately apparent that Equation 6.13 is identical to Equation 3.49 with the 

constant equal to 2, i.e.: 
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(6.14) 

 

In the case of laminar boundaries, Section 3.8.4 indicates that incipient motion for a 

given intensity of motion is governed by Equation 3.42: 

 

*

1*

Rev

u

ss


  

(3.42) 

 

It is convenient at this point to assume that, by extension, the constant 1 can be 

expressed as:       

 

(6.15) 

 

If the Movability Number, u* / vss, is expressed as a vector, u* / vss, having the same 

direction as that of the shear velocity, a comparison of Equations 3.15, 6.9, 6.12, and 

6.13 indicates that the Mobility Number varies with the drag force, FD, in the 

following manner: 

 

(6.16) 

 

If this is the case then the variation of the velocity ratio with a longitudinal bed slope, 

, and transverse bed slope, , with respect to the direction of the shear velocity 

vector, u*, is (c.f. Equation 3.54): 
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with (from Equations 3.50 and 3.52):   
 
 

21

tan

tan
1cos

tan

tan
1cos 



















r
2

2

r

kk




   

(6.18) 
 

 

The subscript 0 here refers to a horizontal bed. 

 

Equation 6.18 is similar to the expression for the critical velocity presented in Chiew 

& Parker (1994) for a longitudinal slope only. 

 

Comparison of Equations 6.1, 6.2, 6.3 and 6.17 indicates that the slope correction 

factor, , can be used with the unit stream power equations for turbulent and laminar 

boundaries in the following manner: 

 

rlt PP  2    (Laminar boundaries) 

(6.19) 

 

rtt PP  3    (Turbulent boundaries) 

(6.20) 

 

The main drawback with using unit stream power directly in this application is that 

unit stream power is a scalar quantity, but the calculation of the longitudinal and 

transverse slopes demands a vector describing the direction of flow.  As with the 

Movability Number, this can be achieved through the use of the shear force vector, u*.  

Alternatively, in view of the fact that the Movability Number can be related to the unit 

stream power and vice verse, the Movability Number can be used as a stand in for 

unit stream power (c.f. Rooseboom, 1992).  This was the course that was followed in 

this investigation. 

 

If critical bed shear stress is being used as the criterion, then from Equation 3.51: 

 

0,,0
21

,0 crcr    

(6.21) 
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The value of 0,,0 cr  would be determined from Shields’ diagram (e.g. Figure 3-4). 

 

Comparison of Equations 6.17 and 6.21 indicates the nature of the difference between 

the Movability Number and bed shear stress approaches to incipient motion.  The bed 

shear stress is effectively a measure of the drag force on the particle.  The drag force 

meanwhile is proportional to, inter alia, the square of the effective velocity.  The 

effective velocity is proportional to the shear velocity.  Hence, the critical Movability 

number may be related to the square of the critical bed shear stress as was 

demonstrated by Egiazaroff (1957, 1965) (in Vanoni, 1975): 

 
2
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
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c v

u

C
  

(6.22) 

 

In the above equation, c is the critical Shields parameter, and CD is the coefficient of 

drag on a single particle. 

 

 

6.4 The unit stream power model for the prediction of scour 
and deposition 

 

One of the aims of this investigation was to extend the unit stream power model 

developed by Rooseboom (1992) and others to the point where it could ultimately be 

used for the prediction of scour and deposition.  This model has the advantage that it 

accounts for sediment transport and is also readily adaptable for numerical solution.  

It is appropriate at this juncture to put forward the proposed mechanism of scour and 

deposition that formed the basis of the remainder of the investigation:  

 

i) The sediment transport through a hydraulic structure is determined mainly by 

the upstream and downstream conditions i.e. the supply and removal of 

sediment respectively.  If the supply rate of sediment to the region around a 

structure exceeds the removal rate there is accretion at the structure.  If the 

removal rate exceeds the supply rate there will be degradation.  Sometimes, 

potential degradation in the vicinity of the structure is prevented by local 

conditions e.g. the structure may be founded on a rigid base.   
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ii) In general, erosion and deposition around the structure will reach equilibrium at 

the point where the applied unit stream power, Pt, equals the power required for 

incipient motion.  The applied unit stream power is defined as the dissipation 

function, .  The threshold for incipient motion depends on, inter alia, the size, 

shape, uniformity, density, settling velocity, cohesiveness and the angle of 

repose of the sediment.  It also depends on the hydraulic characteristics of the 

bed (laminar, transitional, turbulent) and the bed-slope.  Incipient motion is 

stochastic in nature i.e. certain particles at random will commence movement 

before there is general movement of the bed.  There is no clear line demarcating 

the commencement of movement, and as a consequence, the critical intensity of 

motion has to be defined before the incipient motion parameters can be 

determined.  This will be discussed further in Chapter 7.   With cohesionless 

sediments, the angle of repose of the sediment is generally the limiting slope of 

the bed (the exception being an adverse slope). 

 

iii) Sediment motion generally commences with rolling at the point Pt = Pr, where 

 is some fraction between 0 and 1.  This fraction tends to be much larger for 

laminar boundaries (e.g. l   0.1 or 10%) than for turbulent boundaries (e.g.  

t   0.01 or 1%).  If the bed is not horizontal, then the unit stream power 

requirement for incipient motion must be multiplied by a factor () to account 

for the longitudinal () and transverse () slopes respectively. 

 

iv) If the applied unit stream power at the bed is greater than that required for 

incipient motion, there will be scour.  If the unit stream power at the bed is less 

than that required for incipient motion, but the stream is conveying sediment, 

there will be deposition.  This implies that deposition is the exact opposite of 

scour with the border between the two being defined by the incipient motion 

criteria (laminar or turbulent).  This is not a view that is held by all researchers.  

For example, Hjulström (1935) divided his plot of average velocity versus grain 

size into erosion, transportation and sedimentation zones.  Midgley (2000) and 

Mitchell (2000), however, carried out experiments as part of this investigation     

(Chapter 9).  The experiments indicated that there was no significant difference 

between the scour zones formed by scouring pre-existent sand compared with 

the scour zones defined by the absence of deposition of sand sprinkled into the 

flow slightly higher upstream.  Once again, attention should be paid to the fact 

that there is no clear distinction between erosion and deposition. It is difficult to 

determine at exactly what point there is sufficient motion at the bed for scouring 
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to take place and deposition to cease, i.e. even in the case of clear-water scour, 

there is a flow zone where there is both scouring and deposition. 

 

In view of the complex nature of the flow patterns around engineering structures 

(Chapter 5), computational fluid dynamic (CFD) software was used for the analyses 

carried out in this investigation.  The unit stream power dissipation within the flow 

field, and the Movability Number on the boundaries were computed for various scour 

situations measured in the laboratory (Chapters 8 & 9).  This showed the potential that 

the above-mentioned model has for the prediction of scour and deposition. 

  

 

6.5 Conclusions 
 

This chapter indicates that incipient motion – here defined as the nominal boundary 

between scour and deposition – might be expressed in terms of a fixed fraction of the 

applied unit stream power for a given intensity of motion.  It might also be expressed 

in terms of the Movability Number.  These postulates will be examined further in 

Chapter 7.  

 

The boundary between scour and deposition conditions is somewhat blurred owing to 

the fact that incipient motion is a stochastic process.  As the Movability Number / 

applied unit stream power / bed shear stress increases so does the probability of 

movement – until such time there is general movement. 

 

A slope correction factor has been derived that will correct the critical conditions for 

incipient motion for bed-slopes (both longitudinal and transverse).  This slope 

correction factor can be used with all three measures of incipient motion. 

 

A unit stream power model for the prediction of scour and deposition has also been 

derived.  CFD software is required for the computation of the flow parameters in view 

of the complex nature of the flow around structures situated in open channel flow. 

 

 



7-1 

 

 
Armitage & McGahey: A unit stream power model for the prediction of local scour in rivers 

Chapter 7: Selection of the criteria for incipient motion 

Chapter 7 
Selection of the criterion for incipient motion  

 
7.1 Introduction 
 

Chapter 3 provided an overview of incipient motion.  It was noted in that chapter that 

there is no clearly defined lower limit for motion – the probability of movement 

simply reduces to an insignificant level once the flow parameters decrease below 

some minimum.  Three flow parameters are commonly linked to incipient motion: 

velocity, bed shear stress, and stream power.  A comparison of the implications of the 

three flow parameters indicated that the ratio of the shear velocity to the settling 

velocity (u* / vss), called the Movability Number in this investigation, is a good 

indicator of incipient motion. 

 

Table 3-3 reveals that different researchers have determined different incipient motion 

criteria based on the use of the Movability Number.  Whilst considerable work has 

been carried out by various researchers into establishing the relationship between the 

bed shear stress and the intensity of motion / probability of movement (Shvidchenko 

& Pender, 2000a & 2000b), nothing equivalent appears to be available for the critical 

Movability Number.  It is important to know this relationship for design purposes. 

 

The probability of movement of any single particle can be directly linked to the 

intensity of motion – the simultaneous movement of a given number of particles over 

a given area of bed.  In Section 3.6, the intensity of motion was described both 

visually (Kramer, 1935), and numerically (Shvidchenko & Pender, 2000a & 2000b).  

The Shvidchenko & Pender definition is given by Equation 3.19: 

 

Nt

m
I   

(3.19) 

 

Here I is the intensity of motion (s-1), m is the number of particle displacements 

during a time interval t, and N is the total number of surface particles under 

observation.   

 

This chapter attempts to answer four questions: 



7-2 

 

 
Armitage & McGahey: A unit stream power model for the prediction of local scour in rivers 

Chapter 7: Selection of the criteria for incipient motion 

 

i) What is the link between the Movability Number and the intensity of motion?  

 

ii) How can the rate of scour be calculated from the Movability Number? 

 

iii) For the purposes of the numerical model (to be described in Chapters 8 & 9), 

what is a suitable intensity of motion and associated Movability Number that 

would describe the point at which scouring effectively commences for both 

laminar and turbulent boundaries? 

  

iv) What are the equations that most effectively describe the onset of scour?    

 

 

Shvidchenko & Pender (2001) provided the author with 529 measurements of 

sediment transport over turbulent boundaries made by eight researchers including 

themselves.  The Movability Number and the intensity of motion were calculated for 

each data point.  Corrections had to be made to the data to account for the effects of 

the flume sidewalls, the bed slope and the relative roughness.  A curve was then fitted 

through the adjusted data linking Movability Number to intensity of motion thereby 

providing an answer to the first question.  The equation of this curve was then 

rearranged so as to provide a new bedload transportation equation that offers a 

method of calculating the rate of scour and thereby answering the second question.  

This work includes some of the most significant findings of this investigation.  It is 

described in Section 7.2 

 

Buffington & Montgomery (1997) present 613 measurements of critical shear stress 

values representing the collected work of numerous researchers over eight decades 

(1914 – 1996).  56 of these were made on laminar and transitional boundaries            

(Re* < 100) with uniform sediments having low relative roughness and corrected for 

the possible influence of sidewalls.  This data set was augmented by 41 experimental 

measurements made in the hydraulics laboratory at the University of Cape Town 

(UCT) – which were also corrected for the influence of the sidewalls.  In all instances 

the effective commencement of scouring was determined through visual observation 

and personal judgement.  The Movability Number and the particle Reynolds Number 

were calculated for each of the 97 data points.  This work is described in Section 7.3. 
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In Section 7.4, the data from laminar, transitional and turbulent boundaries is brought 

together and the value of 2 in Equation 3.49 adjusted so that the equations best 

described the data over the turbulent boundary range (70 > Re*).  Equation 3.49 then 

allowed an intensity of motion to be assigned to the effective commencement of 

scouring.  The data indicated a problem with Equation 3.42, and this had to be 

adjusted slightly to fit the laminar boundary data (Re* > 3).  This provided answers to 

the third and fourth questions (as far as was possible).  

 

The main conclusions to this chapter are contained in Section 7.5. 

 

 

7.2 The turbulent boundary data 
 

7.2.1 Introduction 
 

Measurements of sediment transport over turbulent boundaries made by eight 

different researchers were used to try and establish the links between the Movability 

Number and the intensity of motion, and the Movability Number and the rate of scour.  

The data was that used by Shvidchenko & Pender (2000a, 2000b) and was kindly 

supplied to the author by them (Shvidchenko & Pender, 2001).  

 

In Section 2.3.4, a turbulent boundary layer, with sand as the boundary material, was 

defined as having a roughness Reynolds Number, Res, of greater than 70, where Res is 

defined by Equation 2.21: 

(2.21) 

 

Bed-forms were not considered in this investigation.  Following general convention, 

the height of the roughness elements, ks, was be set equal to the particle diameter, d.  

Under these circumstances, the roughness Reynolds Number is identical to the 

particle Reynolds Number, Re*, defined by Equation 3.17: 

  


du

Re *
*   

(3.17) 
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7.2.2 Data 
 

The data, which may be found in full in Appendix A, included both experimental 

measurements made by Shvidchenko & Pender (2001) as well as data collected by 

them from other sources.  A summary of the data is presented in Table 7-1. 

 

 

Source d (mm) Bf (mm) Y (mm) S0 (m/m) Fr 

Shvidchenko & 

Pender (2000) 

1.5 – 12.0 300 6 – 136 

 

0.0019 – 

0.0287 

0.17 – 1.18 

Casey (1936) 2.46 400 27 – 219 0.0012 – 

0.0051 

0.42 – 0.89 

 

Bogardi & Yen 

(1939) 

6.85 300 & 823 40 – 74 

 

0.0141 – 

0.0148 

0.96 – 1.23 

Ho (1939) 6.01 400 109 – 174 

 

0.0034 – 

0.005 

0.64 – 0.83 

Paintal (1971) 2.5, 7.95 & 

22.2 

914 29 – 203 

 

0.0012 – 

0.0096 

0.43 – 1.10 

Ikeda (1983) 6.5 4000 135 – 313 

 

0.0024 – 

0.0054 

0.78 – 1.09 

Bathurst et al. 

(1984) 

11.5, 22.2 

& 44.3 

600 44 – 254 

 

0.005 – 

0.07 

0.79 – 2.21 

Graf & Suszka 

(1987) 

12.2 & 

23.5 

600 94 – 245 

 

0.005 – 

0.025 

0.77 – 1.26 

 

Table 7-1: Summary of sediment transport data for turbulent boundaries 

 (After Shvidchenko & Pender, 2000a & 2000b) 

 

In Table 7-1, d is the median sand diameter, Bf is the width of the flume, Y is the 

depth, and S0 the bed slope.  The sediment was gravel that could be considered 

reasonably uniform in each instance.  The particle Reynolds Number, Re*, was high, 

averaging about 1100 and never dropping below 36.  The boundary can thus be 

considered as completely turbulent over the entire data range.  In all, there were 529 

data points of which those obtained by Shvidchenko & Pender (2000a & 2000b) made 

up 56% (297). 
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7.2.3 Sidewall correction 
 

Since all of the data was obtained from laboratory flumes, a correction was required 

to remove the influence of the sidewalls.  The method that was adopted was the one 

followed by Shvidchenko & Pender (2000a & 2000b).  

 

The Manning roughness coefficient of the glass sidewalls, nw, was assumed to be 

0.010.  The Strickler (1923) relationship was used to estimate the Manning roughness 

coefficient of the gravel bed, nb (with d in metres): 

 
610.048dnb   

(7.1) 

 

The Manning roughness coefficient of the combined bed and sidewalls was then 

estimated from: 

 

 
32

322323 2

P

YnnB
n wbf 
  

(7.2) 

 

Here P is the total wetted perimeter, Bf is the width of the flume, and Y is the water 

depth: 

 
YBP f 2  

(7.3) 

 

The effective hydraulic radius operating on the bed, Rb, was then determined from: 

 
23









n

n
RR b

b  

(7.4) 

 

Here, R is the actual hydraulic radius given by: 

 

 YB

YB
R

f

f

2
  

(7.5) 
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The shear stress at the bed, 0, is then given by a modified version of Equation 2.12 

with Rb substituted for D, and the friction slope, Sf, substituted for the bed slope, S0 

(uniform flow): 

 

fb SgR 0  

(7.6) 
 
 
7.2.4 Conversion to Movability Number 
 

Once the values of bed shear stress, b, had been obtained, these were converted to 

shear velocity, u*, using Equation 2.13 with b substituted for 0: 

 


 0

* u  

(7.7) 

 

The Cheng (1997) equation (Equation 3.12) was used to determine the settling 

velocity, vss, of the sediment: 

 

d

d
vss

1.5
2

* 51.225 




 




 

(3.12) 

 

Here, the dimensionless particle size, d*, is given by Equation 3.11: 

 

d
g

d
31

2* 





 


 

(3.11) 

 

The relative submerged density, , is given by Equation 3.10: 

 

 
 


 

 s  

(3.10) 
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The kinematic viscosity, , is estimated by the Yang (1996) formulation: 

 

)0.0002210.0337(1.0

101.79
2

6

TT 





  

(2.4) 

 

Adjustment needs to be made for the bed slope.  This is carried out with the aid of 

Equation 6.18: 

 

(6.18) 

 

In this equation,  is the longitudinal slope,  is the transverse slope, and r is the 

angle of repose.  Here,  is zero (no transverse slope).  The angle of repose, r, 

depends on the particle size and its angularity (Table 3-2).  A curve was fitted to the 

mean values of each of the two sets of angles quoted in Table 3-2 for rounded and 

angular particles respectively (taken to the nearest whole number) for particle sizes 

between 1 and 50 mm:  

 
0.04732.4dr   

(7.8) 

 

In Equation 7.8, d is in mm and r is in degrees. 

 

The effective flat bed Movability Number may then be determined as: 

 

calculated

1

ss

*

bss

*

v

u

v

u


  

(7.9) 

 

 

7.2.5 Estimation of the intensity of motion 
 

Shvidchenko & Pender (2000a & 2000b) not only counted the number of particle 

displacements during a given time interval, they also measured the sediment transport 
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rate per unit width along the bed, qb, associated with the intensity of motion.  This 

was then expressed in terms of the dimensionless bedload parameter: 

 

  3
s

b*
b

gds

q
q

1



 

(7.10) 

 

Here, s is the “relative density” given by: 

 


 ss   

(7.11) 

 

The Shvidchenko & Pender (2000a & 2000b) data showed that: 

 
*

bqI   

(7.12) 

 

This equality allows any measured bedload transport rate to be expressed in terms of 

the intensity of sediment motion.  It means that the data collected by the other 

researchers and measured in terms of unit sediment transport rate can also be included 

in the data set for this exercise. 

 

It should be noted that Equation 7.12 is not dimensionally homogeneous (I generally 

has the units s-1 whilst *
bq  is dimensionless).  The intensity of motion, I, can also, 

however, be understood as the probability that a particle in a bed area of length equal 

to the average length of displacement of a grain after detachment and unit width will 

start moving in any given second (Shvidchenko & Pender, 2000a). 

 

 

7.2.6 Correction for relative roughness 
 

At this point, an analysis of the complete data set showed that there was a general 

relationship between the intensity of motion and the Movability Number, but there 

was also considerable scatter (Figure 7-1).  Furthermore, it seemed as though the 

Movability Number appeared to increase slightly with increasing bed-slope. 

Shvidchenko & Pender (2000a) noted that the bed shear stress (which is related to the 



7-9 

 

 
Armitage & McGahey: A unit stream power model for the prediction of local scour in rivers 

Chapter 7: Selection of the criteria for incipient motion 

Movability Number) also appeared to increase with bed-slope.  An increase in bed-

slope (bearing in mind that a positive bed-slope is defined as a slope that falls in the 

direction of flow) should however lead to a decrease in the critical bed shear stress, 

not vice versa.  The reason for the discrepancy is that all of the data comes from 

experiments carried out in laboratory flumes.  In consequence, the water depths in the 

various experiments all tend to decrease with increasing slope, giving rise to an 

increasing “relative roughness” – sometimes to as much as d / Y = 0.5 where d is the 

median diameter of the particle and Y is the average depth.  Correction had therefore 

to be made for relative roughness. 

 

 

Figure 7-1: Intensity of motion versus Movability Number prior to correction for 

relative roughness (Log scales on both axes) 

 

The correction for relative roughness was made as follows: 

 

i) The following whole-number intensities of motion were selected: I = 10-2, 10-3, 

10-4, 10-5, 10-6, 10-7, 10-8 s-1.  

 

ii) Data with intensity of motion between 0.3 and 3 times a particular whole 

number selected from the list given in i) above was deemed to have that whole 

number intensity of motion.  The values 0.3 and 3 were selected because they 
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roughly represent the median point between two whole numbers on a 

logarithmic (Base 10) scale. 

 

iii) The data associated with each intensity level was then plotted on a graph of 

Movability Number versus relative roughness (e.g. Figure 7-2).  A straight line 

was fitted through the data and extrapolated to zero relative roughness.  A few 

high outliers (generally with d / Y > 0.3) were eliminated as they tended to 

distort the data.  

 

iv) The extrapolated values of the Movability Number (zero relative roughness) 

were then plotted against the intensity of motion (Figure 7-3). 

 

 

 

 

 

 

 

 
 
 
 
 
 
 
 
 
 
 
 

 

Figure 7.2: Example of a plot of Movability Number versus relative roughness 

(I = 10-2 s-1) 

 

Table 7-2 gives the gradient and intercept of the straight-line relationship linking the 

relative roughness to the velocity ratio for different intensities of motion.  The 

equation reads:  

 

InterceptGradient
0
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(7.13) 
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I (s-1) Data points Gradient Intercept R2 

10-8 5 -0.0003 0.1208 - 

10-7 6 0.0855 0.1331 0.0917 

10-6 12 0.3112 0.1438 0.4767 

10-5 79 0.2256 0.1696 0.6116 

10-4 140 0.1980 0.1814 0.4365 

10-3 142 0.2041 0.1924 0.4472 

10-2 99 0.1948 0.2106 0.5502 

 

Table 7-2: The relationship between relative roughness and Movability Number 

for different intensities of motion 

 

It can be seen from Table 7-2 that the correlation coefficient (R2) is quite low, 

particularly with low intensities of motion.  The mean gradient for the four highest 

intensities (I = 10-5 to 10-2) is 0.204. 

 

The reason for the increased velocity ratio requirement with high relative roughness is 

easy to explain with reference to the applied power equation for unidirectional flow 

(Equation 3.36): 

 

dy

du
P yxt   

(3.25) 

 

The shear stress, yx, decreases approximately linearly from the bed to the surface.  

The velocity gradient, du / dy is inversely proportional to distance from the bed.  In 

consequence, the applied power decreases very rapidly away from the bed in 

accordance with Figure 3-5.  For a bed with a large relative roughness, d / Y, the 

effective applied power value will be reached at some point above the theoretical bed.  

The theoretical applied power at the bed will thus be much larger than the effective 

applied power at the time where the particle begins to move. 
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7.2.7 New intensity of motion equation 
 

A plot of the intercept values from Table 7-2 versus the intensity of motion gives the 

relationship between the Movability Number and intensity of motion for a flat bed 

with zero relative roughness (i.e. deep water).  These values appear to fall on a 

straight line with semi-logarithmic axes (Figure 7-3): 

 

The equation of the line fitted to the data points (R2 = 0.9893) is: 

 

  0.2405ln 0.0066  I
v

u

ss

*  

(7.14) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 7-3: Variation of Movability Number with intensity of motion for a flat 

turbulent bed and zero relative roughness (Semi-logarithmic plot) 

 

This equation can be compared with the data set after the latter has been adjusted for 

slope and relative roughness as follows: 
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This is presented as Figure 7.4. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 7-4: Comparison of new intensity of motion equation for turbulent 

boundaries with adjusted data set 

 

It will be noted from Figure 7-4 that there is still considerable scatter – particularly at 

the low intensities of motion where there was little data, and accurate data was 

probably difficult to obtain.  The scatter could have been reduced a little by using the 

relative roughness gradient associated with a particular intensity of motion, instead of 

using the average gradient for the complete data set.  

 

Shvidchenko & Pender (2000a & 2000b) noted that the critical bed shear stress 

appears to decrease with the particle Reynolds Number, Re*, for large values of Re*.  

This is contrary to the currently accepted view that the critical bed shear stress is 

constant for rough turbulent flow.  To check this, the Movability Numbers of the data 

were adjusted in accordance with Equation 7.15 and the resulting values divided by 

the theoretical Movability Number for a flat bed and zero relative roughness 

(Equation 7.14) to give a new ratio, r.  Perfect agreement would result in r = 1.00.  

These values were then plotted against Re* to give Figure 7-5: 
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Figure 7-5: Ratio of the adjusted Movability Number to the theoretical 

Movability Number versus the particle Reynolds Number 

 

Figure 7-5 serves two purposes:   

 

i) It shows that the Movability Number associated with a particular intensity of 

motion appears on a turbulent boundary seems to stay reasonably constant with 

the Particle Reynolds Number for turbulent boundaries.  This is in accordance 

with the conventional presentations of the Liu (1957) diagram. 

 

ii) It shows that the new intensity of motion equation (Equation 7.14), once 

adjusted for bed-slope and relative roughness (Equation 7.15), is a good 

predictor of the critical Movability Number for a wide range of intensities of 

motion.  The error appears to be less than about 20%. 

 

The final equation for intensity of motion can now be written as follows: 
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With  given by Equation 6.18: 
 

(6.18) 

 

All symbols having their usual meanings. 

 

 

7.2.8 New bedload transportation equation 
 

There is a corollary to the above.  Shvidchenko & Pender (2000) showed that I = qb
*  

(Equation 7.12).  Equation 7.16 may therefore be rewritten: 
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
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 

Y

d
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v

u *
b

ss

* 0.204ln 0.00660.2405  

(7.17) 

 

Rearrangement of Equation 7.17 to make qb
* the subject yields: 

 
eq *

b   

(7.18) 

 

The exponent, , is given by: 

 

3631
150 * 
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v

u

ss
  

(7.19) 

 

In Equation 7.19, u* and vss may be estimated from Equations 2.13 and 3.12 

respectively: 
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d

d
vss

1.5
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
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


 

(3.12) 

 

The unit bedload transport rate, qb, may then be determined from: 

 

   egdsq sb
31  

(7.20) 

 

Equation 7.20 offers a method of calculating the rate of scour with the sediment 

moving in the direction of the fluid flow.  Along any particular streamline, the overall 

rate would be limited by the minimum unit bedload transport rate.  Scour or 

deposition would then have to take place to satisfy conservation of sediment mass.  

Such an analysis was not however attempted in this investigation.   

 

Equation 7.20 should also be suitable for the computation of sediment transport over a 

turbulent bed where bed-load is the dominant form of movement.  Figure 7-6 shows a 

plot of the unit bedload transport rate (kg/ms) versus Movability Number for a 1 mm 

diameter quartzitic sand (s = 2650 kg/m3) with negligible relative roughness on a flat 

bed. 

 

 

 

 

 

 

 

 

 

 

 

 

 
 
 

Figure 7-6: Plot of unit bedload transportation rate versus Movability Number 
for 1 mm diameter quartzitic sand 
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7.3 The laminar / transitional boundary data 
 

7.3.1 Introduction 
 

Section 7.2 clearly shows that the intensity of motion over a turbulent boundary 

depends on a number of factors including bed-slope, relative roughness, and intensity 

of motion. In the process, a link was established between the Movability Number and 

the intensity of motion, and an expression was developed for the computation of the 

scour rate.  Some consideration now needs to be given to incipient motion over the 

laminar and transitional boundaries that are extremely common with sediment in the 

sand range and smaller.   

 

Buffington & Montgomery (1997) present 613 measurements of critical shear stress 

values representing the collected work of numerous researchers over eight decades 

(1914 – 1996). 56 of these were made on laminar and transitional boundaries with 

uniform cohesionless sediments having low relative roughness and corrected for the 

possible influence of sidewalls.  This data set was augmented by 41 experimental 

measurements made in the hydraulics laboratory at the University of Cape Town 

(UCT) – which were also corrected for the influence of the sidewalls.  In all instances 

the effective commencement of scouring was determined through visual observation 

and personal judgement.  The Movability Number and the particle Reynolds Number 

were calculated for each of the 97 data points.   

 

 

7.3.2 Data 
 

The following selection criteria was applied to the data sets: 

 

i) Only data involving the movement of natural quartzitic sand particles in water 

was used. 

 

ii) The boundaries had to be laminar or transitional (Re* < 100). 

 

iii) The possible influence of sidewalls had to have been eliminated.  This was 

achieved by a variety of methods.  In some instances, the bed shear stress was 

determined from the velocity gradient.  In other instances, correction factors 

were applied. 
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iv) The relative roughness had to be less than 5% (d / Y < 0.05) to ensure that this 

influence had been largely eliminated (see Section 7.2.6 for a discussion on the 

impact of relative roughness in the case of turbulent boundaries). 

 

v) The sediment had to be uniform.  This meant gs < 0.5 where gs  is the graphic 

sorting coefficient defined as (Buffington & Montgomery, 1997): 

 

2
1684 




gs  

(7-21) 

 

As far as possible, the data was from plain beds.  In practice this very difficult to 

achieve as fine sediment (d < 0.7 mm) tends to form ripples immediately on onset of 

movement.  In all cases the commencement of scouring was determined through 

visual observation and personal judgement.   

 

The data, which may be found in full in Appendix B, is summarised in Table 7-3. 

 

 

Source d (mm) Re* No. 

USWES (1935) 0.18 – 0.34 2.4 – 5.5 2 

Liu (1935) 1.4 – 2.2 37 – 75 3 

Meyer-Peter & Müller (1948) 1.86 59 1 

Raudkivi (1963) 0.4 6 1 

Vanoni (1964) 0.102 1.3 – 1.5 3 

Grass (1970) 0.09 – 0.195 0.84 – 2.8 6 

Everts (1973) 0.127 – 1.79 1.3 - 54 22 

Fernandez Luque & Van Beek (1976) 0.9 – 1.8 18 - 48 2 

Mantz (1975) 0.015 – 0.066 0.12 – 0.81 16 

This study 0.225 – 0.725 2.6 – 14.1 41 

 

Table 7-3: Summary of incipient motion data for laminar and transitional 

boundaries 
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7.3.3 Experimental apparatus 
 

The supplementary measurements were carried out in the 18 m long, 610 mm wide 

tilting flume situated in the hydraulics laboratory at the University of Cape Town 

(UCT) (See Figure 7-7).  Water is supplied to the flume via a constant head tank 

through a 150 mm diameter steel pipe into a steel stilling basin and thence into the 

flume.  The flume has a 610 mm wide glass floor and 550 mm high glass walls.  At 

the downstream end of the flume, the water flows over an adjustable tailgate into the 

under-floor channels, from whence it is returned to the header-tank via two large 

sump pumps.  A butterfly valve on the inlet pipe controls the flow rate.  The water 

depth can also be adjusted with the aid of the tailgate.   

 

For the purposes of these measurements, the flow rate was estimated with the aid of a 

removable 90o V-notch weir that was installed immediately downstream of the flume 

inlet.  The effective range of this weir was from 1 – 20 l/s.  Depth measurement was 

made with the aid of a Vernier Depth Gauge located along the centreline of the flume.  

Although the gauge could be read to the nearest 0.1 mm, difficulties in determining 

the exact location of the vertex of the weir meant that the depth reading could have 

been up to 1 mm out of true.  This translates to an effective measurement error of 

about 5% at the lower flows, decreasing to about half this value at the higher flows. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 7-7: Schematic long-section through the UCT 610 mm flume 
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Turbulence emanating from the discharge of the V-notch weir was reduced through 

the following means: 

 

i) Sheets of wire mesh were placed parallel to the flow immediately downstream 

of the weir. 

 

ii) A flow guide, comprising 150 mm long lengths of 20 mm diameter LDPE 

irrigation pipe tightly bundled together and orientated in the direction of the 

flow, was placed downstream of the wire mesh. 

 

These measures were sufficient to ensure relatively straight streamlines in the 

remainder of the flume. 

 

The measurement of the depth of water downstream of the flow guide was also 

performed by means of a Vernier Depth Gauge. 

 
 
7.3.4 Experimental procedure 
 

The flume was levelled to eliminate bed-slope as a parameter.  The following 

experimental procedure was then followed: 

 

i) A quartzitic sand fraction, passing one mesh size but retained on the mesh one 

size smaller, was spread evenly along the bed of the flume downstream of the 

flow guide with the aid of a custom designed sand spreader that ran on rails 

above the flume.  The level of the sand surface was then measured with a 

Vernier Depth Gauge at a point 4 m upstream of the tailgate (sufficiently far that 

the streamlines were, for all intents and purposes, parallel to the bed, although, 

of course, the flow was gradually varied not uniform). 

 

ii) The tailgate was closed and the flume flooded – taking care not to disturb the 

sand-bed.  The water temperature was measured. 

 

iii) The flow rate was increased to the maximum to be used for that sand fraction. 

 

iv) The tailgate was slowly lowered until motion was detected on the bed over the 

test section.  The level of the water surface was then measured with the same 



7-21 

 
 
Armitage & McGahey: A unit stream power model for the prediction of local scour in rivers 

Chapter 7: Selection of the criteria for incipient motion 

Vernier Depth Gauge that was used to measure the sand-bed level. The flow rate 

was slowly decreased by about 2 l/s. 

 

v) Steps iv) and v) were repeated until the flow had reduced to about 2 l/s.  Once 

the final water level measurement had been made, the water temperature was 

noted, and the flume was cleaned ready for the next set of measurements. 

 

41 measurements were made in all.  The data is summarised in Appendix B.10. 

 

The flume was not equipped for the measurement of the sediment transport rate, and it 

proved to be very difficult to judge the point of incipience with any degree of 

consistency.  It was also difficult to obtain measurements before the formation of 

ripples disturbed the flow. This is clearly shown in the variability of the data plotted 

on a graph of the Movability Number versus the particle Reynolds Number (Figure   

7-8).  The fact that each data set appears to be spread along a diagonal is largely as a 

consequence of shear velocity appearing on both axes. 

 

 

7.3.5 Data processing 
 

The Manning Equation does not hold for laminar and transitional boundaries and in 

consequence, the method of Section 7.2.3 cannot be used for the sidewall correction.  

Sidewall correction had already been made for the published data by Buffington & 

Montgomery (1997) (or else it was not required e.g. when shear stress values had 

been determined from the vertical velocity gradient), but corrections had to be made 

for the new experimental data.   

 

The sidewall correction for the new experimental data was thus made using the so-

called “Einstein method” (Einstein, 1942; Shen, 1962; Chien & Wan, 1999) in 

conjunction with the Darcy-Weisbach equation with the friction factor determined by 

the Barr (1975) approximation of the Colebrook-White equation (Colebrook & White, 

1937; Colebrook, 1939).  The following assumptions are made 

 

i) The cross section may be divided into three zones, one producing the shear on 

the bed and the other two the shear on the walls.  The boundaries between the 

zones are considered as surfaces of zero shear and are not included in the wetted 

perimeters.  
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ii) The flow formulae may be applied to each zone as though it was a channel by 

itself. 

 

iii) The average velocity and the energy slope in each zone are equal to the average 

velocity and the energy slope (U and Sf) for the whole section. 

 

The most contentious of these assumptions is probably the one stating that the average 

velocity in each zone is equal to the average velocity for the whole section.  Knight & 

Macdonald (1979) measured velocities in rectangular flumes with depth / width (Y / 

Bf) ratios in the range 0.1 – 0.7.  They showed that the ratio of the mean velocity 

associated with the walls of a rectangular channel, Uw, to the mean velocity, U, for the 

whole section typically varies between 0.927 and 1.103 with a mean of 1.015. They 

concluded, “the subdivision of the flow into wall and bed zones in which the 

velocities are equal appears to be a reasonable proposition”. 

 

The following computational procedure was adopted: 

 

i) As a first approximation, the cross-sectional area affected by the bed was 

deemed to be that delimited by the bed, two lines drawn at 45o to bed from each 

corner, and the included water surface.  The remainder of the cross-sectional 

area was thus that affected by the walls (Figure 7-8). 

 

 

 

 

 

 

 

 

 

 

 

Figure 7-8: Preliminary estimate of the cross-sectional areas influenced by the 

bed and the walls of the flume in the calculation of the sidewall correction for the 

laboratory experiments 
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An initial estimate of the hydraulic radius associated with the wall zones, Rw, 

may thus be obtained from the depth of water, Y, as follows: 

(7.22) 

 

ii) The hydraulic radius associated with the bed zone, Rb, was then determined 

from Rw using an equation presented by Einstein (1942):    

 

(7.23) 

 

iii) The flow Reynolds Numbers of the wall and bed zones, Rew and Reb, are given 

by: 

(7.24a) 

(7.24b) 

 

iv) Barr (1975) presents an approximation of the Colebrook-White formula 

(Colebrook & White, 1937; Colebrook, 1939) that allows for the explicit 

computation of the Darcy-Weisbach friction factor, , in pipes.  In its original 

form with kr = roughness height, dp = diameter of the pipe, and Rep = the flow 

Reynolds Number of the pipe given by:      

 

(7.25) 

 

the Barr formula has the form: 

2

Y
Rw 


UR

Re w
w 













f

w
b B

R
YR 21


UR

Re b
b 


Ud

Re p
p 



7-24 

 
 
Armitage & McGahey: A unit stream power model for the prediction of local scour in rivers 

Chapter 7: Selection of the criteria for incipient motion 

(7.26) 

 

Use of the identity dp = 4R, however, transforms this into a form suitable for use 

in open channel flow:    

 

(7.27) 

 

An estimate of the Darcy-Weisbach friction factors associated with the bed and 

the wall, b and w, was then determined from Equation 7.27 by inserting the 

relevant values of kr, R and Re.  For the purposes of this study, kr for the glass 

walls of the flume was taken to be 0.005 mm, whilst kr for the bed of the flume 

was taken to be the average of the mesh size one size larger and that one size 

smaller than the particles under observation.  

 

v) The friction slope, Sf, may be determined from the Darcy-Weisbach equation 

adapted for open-channel flow: 

 

Rg

U
S f 8


  

(7.28) 

 

Since, however, the friction slope is assumed to be the same in each zone: 

 

(7.29) 

 

If Rw had been correctly chosen, Equation 7.29 would be satisfied.  If this was 

not the case, a new value for Rw was selected and steps ii) to v) repeated until 

such time Equation 7.29 had been satisfied to a sufficient degree of accuracy 

(taken to be the nearest 1 mm on the estimate of Rw).    
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vi) Once final values of b and Rb had been obtained, Sf was determined from 

Equation 7.28, and the shear velocity, u*, from: 

 

(7.30) 

 

vii) Finally, the settling velocity, vss, was calculated from the Cheng (1997) equation 

(Equation 3.12), and the particle Reynolds Number, Re*, from Equation 3.17.   

 

d

d
v

*

ss

1.5
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(3.12) 

 


du

Re *
*   

(3.17) 

 

The data was then plotted on a graph of Movability Number versus the particle 

Reynolds Number (Figure 7-9). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 7-9: Plot of Movability Number versus particle Reynolds Number for the 

laminar and transitional data 
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7.4 Discussion 
 

7.4.1 Critical Movability Numbers 
 

On several occasions throughout the dissertation, it has been pointed out that particle 

motion can theoretically take place under any flow conditions (c.f. Section 3.7).  For 

the purposes of the numerical model, it is however necessary to define a lower limit 

below which particle movement effectively ceases.   

 

The Rooseboom (1992) model of incipient motion suggests two different criteria for 

this lower limit – one for laminar boundaries and one for turbulent boundaries (see 

Section 3.8.4).  These are indicated by Equations 3.42 and 3.49 respectively. 

 

*

1*

Rev

u

ss


    (Laminar boundaries) 

(3.42) 

 

2
* 
ssv

u
   (Turbulent boundaries) 

(3.49) 

 

This needs to be related to an intensity of motion, I.  The turbulent boundary data 

described in Section 7.2 covered a wide range of intensities of motion and relative 

roughnesses, d / Y. Shvidchenko & Pender (2000a & 2000b) used I  10-4 s-1 for their 

definition of incipient motion and compared it to the Kramer (1935) definition of 

“weak” motion.  Parker et al (1982) introduced a bed load parameter: 

 



*
* bq

W   

(7.31) 

 

and suggested a value of W* = 0.002 as a reference transport rate corresponding to 

threshold conditions.  According to Shvidchenko & Pender (2000a), this corresponds 

to I  3 x 10-5 s-1.   The numerical modelling (described in Chapters 8 & 9) gave the 

best results with 2 = 0.17 on a rough boundary, the equivalent of I = 2 x 10-5 s-1.  A 

decision was thus made to examine the turbulent boundary data in the region of          

3 x 10-6 s-1 < I < 3 x 10-4 s-1.  In an attempt to reduce the impact of relative roughness 

without resorting to the use of empirical equations, the data set was further reduced to 
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include only those values for which d / Y < 0.05 (as for the laminar and transitional 

boundary data).  This reduced the turbulent boundary data set to 35 values, taken from 

5 investigators (Table 7-4). 

 

Source d (mm) Re* No. 

Bogardi & Yen (1939) 6.849 486 1 

Ho (1939) 6.01 290 - 314 3 

Paintal (1971) 2.5 86 - 90 4 

Ikeda (1983) 6.5 424 -429 2 

Shvidchenko & Pender (2001) 1.5 – 5.65 36 - 379 25 

 

Table 7-4: Summary of incipient motion data for turbulent boundaries with  

3 x 10-6 s-1 < I < 3 x 10-4 s-1 and d / Y < 0.05        

 

This data was added to that for laminar and transitional boundaries (Table 7-3) to give 

132 values indicating the visual commencement (“weak”) movement of natural 

uniform quartzitic sand on a flat bed with low relative roughness.  The data was 

collected by 15 different researchers or groups of researchers, and covered the range 

of particle Reynolds Number, Re*, from 0.12 to 486.  It was then plotted on a graph of 

Movability Number versus the particle Reynolds Number (Figure 7-10).   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 7-10: Plot of Movability Number versus particle Reynolds Number for all 

the data describing “weak” motion 
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As could be expected, the data may be roughly grouped into three categories, that 

measured on laminar boundaries (Re* < 3), that measured on transitional boundaries 

(3 < Re* < 30), and that measured on turbulent boundaries (Re* > 30).  A line 

corresponding to a Movability Number of 0.17 seemed to fit the turbulent boundary 

data quite well, i.e. 2 = 0.17.  In the case of the laminar boundary data, however, the 

Movability Number appeared to vary with Re*
-1.4 rather than Re*

-1 as suggested by 

Equation 3.42.  The two new incipient motion equations marking the division between 

scour and deposition are thus (Figures 7-10 and 7-11): 

 

4.1
*

*

Re

2.2


ssv

u
  (Laminar boundaries) 

(7.32) 

 

17.0* 
ssv

u
  (Turbulent boundaries) 

(7.33) 

 

The transitional boundary data seems to smoothly link these two equations.  If it is 

ignored, the two curves join at Re* = 6.23.  For comparison, the Rooseboom (1992) 

curves (Equations 3.42 and 3.49) are also plotted on Figure 7-10. 

 

It is not certain why the laminar boundary data does not behave as expected.  Perhaps 

it is because of increasing inter-particle cohesion with decreasing particle size. 

 

It must be emphasised that whilst Equations 7.32 and 7.33 summarise the data quite 

well, it only indicates the point at which sufficient particles are moving on the bed for 

the motion to be appreciable.  Figure 7-11 is a plot of Movability Number versus 

particle Reynolds Number showing both the lines indicated by Equations 7.32 and 

7.33, and, for turbulent boundaries only, the significance of different intensities of 

motion, I. 

 

In the course of the experimental work, it was noticed that there appeared to be a 

relatively fine line between very weak movement and general movement.  Inspection 

of Equation 7.14 or Figure 7-3 shows that, for turbulent boundaries, a 9% increase in 

Movability Number increases the intensity of motion by a factor of 10.  The evidence 

of both the experimental and numerical work (Chapter 9) suggests that Equations 7.32 

and 7.33 are a good practical indication of the division between the scour and 
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deposition where clear-water scour is involved. The use of simple equations such as 

these simplifies the design process.  It should however be noted that they might not be 

appropriate under different circumstances. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 7-11: New criteria for the prediction of scour 

 
 
7.4.2 Critical unit stream power 
 

In Section 6.2, it was suggested that, if Rooseboom (1992) was correct, incipient 

motion on a laminar bed is indicated by: 
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In the case of turbulent beds: 
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where l  and t  are the appropriate values in the equation: 
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rt PP   

(6.1) 

 

Figure 7-9 clearly indicates that, with the possible exception of 3 < Re* < 10, the 

relationship suggested by Rooseboom (1992) for laminar beds (Equation 3.41) does 

not appear to be an accurate indication of incipient motion, and consequently it is not 

possible to determine a single value of l .  On the other hand, a value of 2 = 0.17 is 

suggested for turbulent beds giving t   0.015  1/67.  The conditions for scouring a 

turbulent bed (and even with Re* as low as about 10) can therefore be described in 

terms of the unit power required for the suspension of a particle as: 

 

67
r

t

P
P    

(7.34) 

 

As before, scour commences once: 

 

rt PP   

(3.33) 

 

with, 
  sssr gvP    

(3.32) 

 

 

7.5 Conclusions 
 

The objective of Chapter 7 was the selection of criteria for incipient motion.  The 

main problem was that sediment motion could theoretically occur in any flow state.  

This was resolved by reference to the Shvidchenko & Pender (2000) definition of 

intensity of motion.  Other issues included bed-slope and relative roughness. 

 

Data supplied by Shvidchenko & Pender (2001) for turbulent boundaries was 

reprocessed in such a manner that the bed-slope and relative roughness could be 

accounted for in an equation that linked intensity of motion with a critical Movability 

Number.  This was expressed as Equation 7.14.  It was shown that the critical 

Movability Number does not appear to vary with the particle Reynolds Number for 
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turbulent boundaries.  The linkage between intensity of motion and the dimensionless 

bedload parameter also allowed for the development of an equation that could be used 

to predict the rate of scour.  It may also be suitable for the estimation of sediment 

transport over a turbulent bed where bedload is the dominant form of movement.  

Additional data gathered for flow with laminar and transitional boundaries was 

combined with the data for turbulent boundaries.  This was used to help determine 

two equations (Equations 7.32 and 7.33 and Figures 7-10 and 7-11) that describe the 

effective commencement of scour for the purposes of the theoretical model proposed 

by this investigation (clear-water scour only).  The criterion for turbulent beds equates 

to an intensity of motion, I, of 2 x 10-5.   
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Chapter 8 
The CFD model 

 

8.1 Introduction 
 

Computational Fluid Dynamics (CFD) is the analysis of systems involving fluid flow, 

heat transfer and associated phenomena such as chemical reactions by means of 

computer-based simulation (Versteeg & Malalasekera, 1995).  Many commercial 

codes are now available. A list of some alternative codes is contained in Table 8-1.  

Further details regarding these alternative codes is provided in Appendix C. 

 

 

Code Supplier Main applications 

Delft3D Delft Hydraulics, Netherlands Free-surface flows 

MIKE3 DHI, Denmark Free-surface flows 

TELEMAC HR Wallingford, UK Free-surface flows 

FLUENT Fluent Europe Ltd., UK General CFD code 

CFX AEA Technology, UK Industrial flows 

Flo++ Softflow cc, South Africa Viscous compressible flows 

 

Table 8-1: Some alternative CFD codes 

 

A preliminary test of the theoretical model, presented in Chapters 6 & 7, was carried 

out using the CFD code, CFX, supplied by AEA Technology.  CFX was designed to 

handle a variety of fluid problems ranging from multiphase flows in chemical reactors 

to the drag forces associated with spherical balls suspended in air.  Two versions of 

CFX were used in this investigation.  Most of the work was carried out using Version 

4.3 (CFX, 1999).  This version was not necessarily the most suitable code for this 

particular application – for example, it does not include a free-surface routine.  It was 

selected because it was the code that had the greatest technical support at the 

University of Cape Town during the period of the investigation.  Version 4.4 (CFX, 

2001) became available towards the end of the investigation, and this was used for the 

last of the analyses (deformable boundaries around a pier).  Although a free-surface 

routine was available in Version 4.4, it was not used, as this would have introduced 

unnecessary additional complexity to the model at a very late stage.  The simplified 
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treatment of the free surface proved sufficient to adequately prove the efficacy of the 

theoretical model.  

 

The purpose of this chapter is to summarise the way CFX was used to predict scour 

and deposition using the unit stream power model developed in the previous chapters.  

This required, inter alia, describing the solution domain, modelling the boundary 

conditions, choosing a turbulence model, choosing a differencing scheme, coupling 

pressure to velocity, choosing the solution algorithm, and deciding between steady-

state and transient analyses.  

 

Once the program was running, the output had to be interpreted.  This was carried out 

with the aid of the unit stream power equation and the so-called “scour function”. 

 

The results of the numerical analyses are described in Chapter 9. 

 

 

8.2 The main elements of CFX 
 

Like all commercial CFD codes, CFX has three main elements: 

 

i) Pre-processor, 

 

ii) Solver, and 

 

iii) Post-processor. 

 

 

8.2.1 Pre-processor 
 

The pre-processor is an input interface where the user specifies (Versteeg & 

Malalasekera, 1995): 

 

i) The geometry of the computational domain. 

 

ii) The mesh. Optimal computational efficiency is achieved by using small 

volumes in the regions where the gradients are large, and large volumes in the 

areas where they are small. 
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iii) The physical and chemical phenomena to be modelled. 

 

iv) The fluid properties. 

 

v) The boundary conditions. 

 

vi) The solution control parameters. 

 

 

8.2.2 Solver 
 

The solver reads the input files from the pre-processor, and then processes the data by 

applying numerical techniques in the following way (Versteeg & Malalasekera, 

1995): 

 

i) The governing equations of fluid flow are integrated over all the finite control 

volumes of the solution domain. 

 

ii) CFX is a “Finite Volume” code.  This means that the computational domain is 

divided into non-overlapping fluid elements called fluid “volumes”.  To 

simplify the computation, the properties of each of these volumes are 

represented by the values at the centre point (called the “node”).  The program 

relates the properties at each node to those surrounding it via finite difference 

approximations of the conservation laws of fluid motion (see Chapter 4).  

 

iii) The algebraic equations are then solved using an iterative method. 

 

 

8.2.3 Post-processor 
 

The post-processor is the output interface where the user specifies the presentation of 

the data.  In the case of CFX, this includes: 

 

i) The domain geometry. 

 

ii) The mesh. 
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iii) Vector plots (e.g. of point flow velocities). 

 

iv) Colour-coded contour plots of scalars (e.g. pressure, unit stream power, or the 

magnitude of the point velocities). 

 

 

8.3 Describing the solution domain 
 

8.3.1 Creating the geometry 
 

The first step in numerical analysis involves the identification and description of a 

suitable flow domain for solution.  Real flow in real channels may exhibit an inter-

related variety of gradually and rapidly varied flow phenomena.  There may be flow 

separation around obstacles; there may be waves on the surface; there may be 

coherent flow structures at both the microscopic and macroscopic level.  Whilst CFD 

is theoretically capable of modelling all of these phenomena, it is not possible with 

the computer hardware currently available to model all of them simultaneously 

without making major simplifying assumptions. 

 

The first restriction that had to be placed on the numerical model was to limit, as far 

as was reasonably possible, the extent of the channel that was to be modelled.  The 

length of channel, both upstream and downstream of the obstacle, was made relatively 

short.  Where there was symmetry e.g. on either side of a circular pier placed in the 

centre of a rectangular channel, only one of the symmetrical portions was modelled.  

This meant that the boundary conditions, particularly on the inflow and outflow faces, 

had to be chosen with care so that they accurately represented the key influences of 

the upstream and downstream flow phenomena.  This topic will be discussed in 

further detail in Section 8.4. 

 

The solid boundaries were modelled as follows: 

 

i) Rectangular blocks were adequate for representing the boundary elements of the 

rectangular channels, the weirs, and the abutments.  The structures had, in any 

case, been expressly chosen to facilitate modelling in this manner. 

 

ii) Arcs were used to create solid segments, which were then linked together to 

form cylinders. 
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iii) Splines were fitted through the co-ordinates of uneven surfaces such as the 

channel bed in loose boundary situations.  These were then linked together to 

form one side of the requisite boundary volumes. 

 

 

8.3.2 Meshing the domain 
 

Once a decision had been made on the geometry of the flow domain, it had to be 

divided up into finite volumes (“cells”) by means of a two- or three-dimensional 

mesh.  Increasing the number of cells decreases their average size which, as 

previously mentioned, increases the accuracy, but at the cost of increased 

computational time.  It can also result in the creation of data files that are too large for 

the post-processor to handle.  Fortunately, CFX Version 4.3 offers the option of 

biasing the mesh in such a way that the mesh is finer in the areas of large velocity 

gradients than in the areas of small velocity gradients. 

 

There are two main regions where large velocity gradients are to be found: near the 

solid boundaries; and in the areas where flow separation might lead to large-scale 

eddies. 

 

i) The applied unit stream power increases exponentially with decreasing distance 

from a solid boundary until the viscous sub-layer is reached.  It was thus 

important that the boundary cells were made smaller than the viscous sub-layer 

thickness,  (see Section 2.4).  This thickness was deemed to be determined by a 

value of y+ = Rey = 11.8, where y+ is given by Equation 2.16: 

 

y
*

*

Re
yu

y

y
y 


 

(2.16) 

 

The shear velocity, u*, was not, however, initially known.  It had to be estimated 

from a preliminary run of the computational problem using a fairly coarse mesh.  

Since CFX has shear stress as a possible output, the shear stress at the boundary 

could be determined from the boundary shear stress, 0, using Equation 2.13: 
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
 0

*u   

(2.13) 

 

If the boundary was turbulent (see Section 2.4.4), then the cell size also had to 

be smaller than the roughness height, ks (see Figure 8-1). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 8-1: Typical example of mesh refinement 

(McGahey, 2001) 

 

ii) The cell size was also reduced in the regions where eddies might be expected – 

usually downstream of a flow separation. 

 

 

8.4 Modelling the boundary conditions 
 

8.4.1 Inflow face 
 

The inflow face had to be carefully programmed in view of the restricted length of the 

computational model which allowed very little room for the development of the 

typical steady uniform flow profiles (see Section 8.3.1).  As a first step, the velocity 

was increased logarithmically with distance from a solid boundary.  This is typical of 

real flows in the log-law layer (see Section 2.3.3), and is a reasonable approximation 

Area of interest

ks 
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outside of this (Section 2.3.4).  Care was taken to ensure that the integrated flow over 

the input face equalled the total flow that was being modelled. 

 

The flux generated by the above-mentioned velocity profile was then routed through a 

uniform section of channel using a fairly coarse mesh so as to get the boundary values 

of the turbulent kinetic energy, k, and rate of viscous dissipation, , into the correct 

range.  The procedure was verified by comparing the velocity distribution obtained 

from the model with that measured by Fujisaki et al. (1999) for a long rectangular 

channel.  There is more discussion on the role of k and  in the section on “the choice 

of turbulence model”. 

 

 

8.4.2 Outflow face. 
 

Care also had to be taken with the specification of the outflow face.  To simplify 

matters, the velocity was increased linearly from the bed to the surface.  Obviously, 

mass continuity had to be satisfied.  The pressure field was computed from upstream 

conditions. 

 

It was important to ensure that the outflow boundary was sufficiently removed from 

the area of interest so that the flow conditions at the outflow did not have a significant 

impact there. 

 

 

8.4.3 Symmetrical faces 
 

Symmetrical faces can be modelled in CFX.  A symmetrical face is one where one 

side is the mirror image of the other.  Computationally it means that all fluxes are 

tangential to the face in the boundary cells abutting the plane of symmetry.  It is an 

extremely useful way of reducing the number of cells in the flow domain and it was 

typically used with two-dimensional flows and with the flow around symmetrical 

structures (e.g. circular piers).  
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8.4.4 The free surface 
 

CFX Version 4.3 does not have a free-surface routine.  The free-surface routine in 

CFX Version 4.4 was not used as this version only became available at the end of the 

investigation and the routine would only have increased the complexity of the 

program without adding substantial value to the output.   

 

In the absence of a free-surface routine, the following alternatives were considered: 

 

i) The free surface was modelled as a plane of symmetry.  The drawback with this 

approach is that it distorted the turbulent viscosity ((t)) distribution.  This is 

unacceptable in a unit stream power model because unit stream power is a 

function of the turbulent viscosity. 

 

ii) The free surface was modelled through the specification of an air pocket of 

fixed thickness between the water and a rigid lid (c.f. Ouillon & Dartus, 1997; 

Soltiropoulos & Ventikos, 1996).  The velocity of the air was made equal to that 

of the water surface and its pressure set at atmospheric.  The problem with this 

approach was that convergence difficulties were encountered as soon as an 

obstacle was introduced. 

 

iii) The free surface was modelled as a moving wall.  The velocity of this moving 

wall was set equal to that of the topmost layer of water.  This approach gave the 

best results and was adopted for the analyses.  The only place where there were 

noticeable distortions in the model output was in the surface layers.  Since the 

aim of the investigation was the prediction of scour and deposition on the bed of 

the channel, this distortion was ignored. 

 

In all three cases, the free surface profile had to be estimated and fixed by the user 

using one-dimensional analyses.    

 

 

8.4.5 The walls 
 

All solid surfaces fell under this category.  A “no-slip” condition was specified for all 

wall surfaces, as was a logarithmic wall function for the water velocity.  If 
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specification of the logarithmic wall function led to computational problems, linear or 

quadratic functions were used in its place. 

 

There were two types of wall boundary: 

 

i) “Rigid” boundaries usually had surfaces that were either planes or arcs that 

were (at least partly) parallel to the principal axes.  The surface could be 

specified as “laminar” or “turbulent”.  If the latter, then the height of the 

roughness elements, ks, was made equal to the sediment diameter, d.  A 

sensitivity analysis showed that, however, roughness did not appear to have any 

impact on the results for the test cases. 

  

ii) “Loose” boundaries, for the purposes of this investigation, included all those 

boundaries that were allowed to undergo deformation in the laboratory.  No 

capability was written into the CFX coding allowing for the progressive 

deformation of the boundary as the computation proceeded.  Instead, an attempt 

was made to model the final deformed surface.  A procedure to develop the final 

deformed surface iteratively from the initial surface will be discussed in Section 

10.3.  Strictly speaking, therefore, all the boundaries considered in this 

investigation were “rigid”.  In computer terminology, the approach that was 

adopted here, where interim solutions do not directly impact on, and possibly 

alter, the boundary conditions, is called an “uncoupled” model.  The alternative 

is a “coupled” model where there is an interaction between the wall geometry 

and the flow field, which while desirable, is much more computationally 

demanding.  

 

In this investigation, the main difference between a “rigid” boundary and “loose” one 

lay in the modifications to the incipient motion criteria that had to be made as a 

consequence of the variation in the bed-slope.  Whilst this did not impact directly on 

the simulation of any particular boundary layout, it was the key to the acceptance of 

the final profile.  How this was handled will be discussed in detail in Section 8.10. 
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8.5 The choice of turbulence model 
 

8.5.1 Introduction to turbulence modelling 
 

Turbulence modelling is one of the most complex aspects of CFD.  Turbulent flow is 

characterised by high frequency velocity and pressure fluctuations over a wide range 

of length and time scales.  Direct numerical simulation (DNS) of turbulent flow using 

the full Navier-Stokes equations (see Section 4.4) requires a mesh size smaller than 

about 10 m and a time step smaller than about 10 s.  Analysis of most open channel 

flow problems of practical interest using DNS requires computers many orders of 

magnitude faster than those currently available (Speziale, 1991). 

 

CFD modellers have reduced the problem of unacceptably high computational loads 

by approximating the turbulent processes in a number of ways.  One way is to model 

the turbulent eddies as individual units, inferring the small-scale turbulent process 

from the behaviour of the larger scale eddies.  These types of models are called large 

eddy simulation (LES) or very large scale eddy simulation (VLES) models.  Clearly 

the larger the size of the eddy, the greater the degree of approximation. 

 

Even LES and VLES are computationally intensive.  The most common 

computational methods thus approximate the Navier-Stokes equations with the so-

called Reynolds averaged Navier-Stokes equations (RANS).  In essence this involves 

the expression of the various fluid parameters (e.g. velocity and pressure) as the sum 

of mean and fluctuating components (see the Reynolds stress model in Section 2.2.2).  

The revised equations can be solved through the estimation of the turbulent (eddy) 

viscosity. 

 

There are numerous ways of estimating the eddy viscosity.  Some of the more 

common ones are: 

 

i) Assume a constant eddy viscosity (a zero equation model). 

 

ii) The Prandtl eddy model.  This model links the eddy viscosity to a length scale 

(a one-equation model). 

 

iii) The k- model.  This model introduces equations for the transport of kinetic 

energy and the rate of viscous dissipation.  These are then used to approximate 
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the length and velocity scales – which are in turn used to determine the eddy 

viscosity.  These so-called transport equations contain a number of empirically 

derived constants that are applicable to certain situations.  It is a two-equation 

model. 

 

iv) The algebraic stress model.  This model introduces transport equations for each 

of the six Reynolds stresses (a six-equation model). 

 

There are many other similar models that perform well under various circumstances.  

Unfortunately, no universal model has been developed that is applicable to all 

situations (Chen et al., 1996).  It is therefore common for commercial CFD codes to 

offer a range of turbulence models.  The modeller must then choose the one that is the 

most appropriate for their situation.   

 

 

8.5.2 Turbulence models supported by CFX 
 

CFX Version 4.3 offers the following turbulence models: 

 

i) The k- model. 

 

ii) The Low Reynolds Number k- model. 

 

iii) The Low Reynolds Number k- model.   is the “turbulence frequency” 

(Wilcox, 1993). 

 

iv) The RNG model (for very high Reynolds Number flows). 

 

v) The differential stress model. 

 

vi) The algebraic stress model. 

 

vii) The differential flux model. 

 

The last two mentioned models are termed Reynolds Stress Models (RSMs).  They 

are supposedly more accurate than, for example, the k- and k- models, but are more 

computationally intensive. 
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8.5.3 The choice of turbulence model 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 8-2: The Cellino & Graf (2000) 2D bedforms 

(McGahey, 2001) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 8-3: Cellino & Graf (2000) – Relative velocity versus relative depth 
(McGahey, 2001) 
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The decision on the choice of turbulence model was made after comparing the 

performance of the various options in CFX with the Cellino & Graf (2000) data.  

Cellino & Graf (2000) provided data on the variation of the velocity and the Reynolds 

stresses with depth for a two-dimensional, sediment-laden flow over bedforms fixed 

at 2 and 3 degrees respectively (Figure 8-2). 

 

Comparison of the variation of the relative velocity (Figure 8-3) and of the relative 

shear stress (Figure 8-4) with the relative depth indicated that only the algebraic stress 

model (denoted in the figures as RSM) and the k- models provided reasonable 

predictions of these parameters.  Of the two, the k- model appeared to be the better 

and this was the one that was selected. 
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Figure 8-4: Cellino & Graf (2000) - Relative shear stress versus relative depth 

(McGahey, 2001) 
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8.6 The choice of a differencing scheme 
 

The integral equations can be discretised as soon as the governing equations have 

been adapted to incorporate the turbulence equation.  This involves the substitution of 

finite-difference type approximations for the terms in the integral equations 

representing flow processes such as convection and diffusion (Versteeg & 

Malalasekera, 1995).  This result is a system of non-linear algebraic equations. 

 

As might be expected, different systems of equations are appropriate for different 

turbulence models and different situations.  CFX Version 4.3 supports the following 

differencing schemes: 

 

i) Upwind (1st order accurate). 

 

ii) Higher Order Upwind (2nd order accurate). 

 

iii) Central (2nd order accurate). 

 

iv) Hybrid (1st order accurate). 

 

v) QUICK (3rd order accurate for advection, 2nd order accurate for diffusion). 

 

vi) CCCT (3rd order accurate for advection, 2nd order accurate for diffusion). 

 

vii) CONDIF (2nd order accurate). 

 

viii) MUSCL (3rd order accurate). 

 

The choice of differencing scheme was made after comparing the results obtained 

with each of the schemes with the benchmark results for a lid-driven cavity provided 

by Ghia et al. (1982).  As a consequence of this study, the QUICK scheme was 

implemented for the velocity and pressure terms, but the Upwind or Hybrid schemes 

were used for modelling the turbulent kinetic energy and rate of dissipation terms. 
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8.7 Pressure-velocity coupling 
 

Once the governing equations have been discretised to form a system of non-linear 

algebraic equations, it becomes necessary to ensure that velocity and pressure are 

correctly coupled.  This is usually performed with the aid of a staggered grid for the 

velocity components, whilst the other flow variables are solved for and stored at the 

original nodal points.  A number of algorithms have been developed for this purpose.  

Those supported by CFX Version 4.3 include: 

 

i) SIMPLE. 

 

ii) SIMPLEC. 

 

iii) PISO. 

 

iv) Non-iterative PISO. 

 

The default option in CFX Version 4.3 is the SIMPLEC algorithm, which is the one 

that was used unless there were convergence difficulties.  Under those circumstances, 

SIMPLE or PISO were used. 

 

 

8.8 The solution algorithm 
 

The system of algebraic equations can be solved once the pressure correction has been 

applied.  Owing to their non-linearity, they need to be solved iteratively, both 

individually (the inner iteration) and as a system (the outer iteration).  The solvers 

available in CFX Version 4.3 are: 

 

i) Line relaxation (LINE SOLVER). 

 

ii) Preconditioned conjugate gradients (ICCG). 

 

iii) Full field Stone’s method (STONE). 

 

iv) Block Stone method (BLOCK STONE). 
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v) Algebraic multi-grid (AMG). 

 

vi) General version of the algebraic multi-grid (GENERAL AMG). 

 

In this investigation, BLOCK STONE was generally used for velocity, ICCG or AMG 

for pressure, and LINE SOLVER for turbulent kinetic energy and rate of viscous 

dissipation. 

 

The stopping criteria for the iterations can be defined in terms of: 

 

i) Number of iterations. 

 

ii) Number of time-steps (for transient problems). 

 

iii) Mass source tolerance on a residual. 

 

The third option was the one that was generally used. 

 

 

8.9 Choosing between steady state and transient analyses 
 

In many situations, e.g. converging flow problems with constant – or reasonably 

constant – flow rates, numerical analysis can be undertaken assuming steady state.  In 

other words, the solution is independent of time.  Flow fields that vary with time, 

whether as a consequence of flow separation or unsteady flow rates, theoretically 

require transient analyses.  Most scour and deposition problems fall into the second 

category because they are commonly associated with flow separation.   

 

The problem with transient analyses is that they introduce another degree of 

complexity.  The flow has to be solved over the entire domain for each time interval, 

and the time intervals have to be relatively short to ensure numerical stability.  This 

dramatically increases the computational load. 

 

Transient analyses were attempted for two situations: the modelling of scour and 

deposition around an abutment in a rectangular channel, and around a pier in a 

rectangular channel.  In both cases, the flow separates around the structure and forms 

a vortex trail.  This vortex trail is partly responsible for sediment movement 
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downstream of the structure.  Care had to be taken to ensure that the mesh in the 

vicinity of the expected vortex trail was much smaller than the size of the vortices.  

CFX Version 4.3 offers either Implicit (backward) or Crank-Nicolson (central) time-

differencing schemes.  These can be made either linear (first-order) or quadratic 

(second-order) – although the CFX manual advised against the simultaneous use of 

the Crank-Nicolson scheme with quadratic time differencing.  The default option of 

Implicit / linear time differencing was selected and no convergence problems were 

encountered. 

 

Either fixed or adaptive time stepping may be specified in CFX Version 4.3.  

Adaptive time stepping allows automatic control of the time step as long as 

convergence is achieved, thus allowing the program to speed up the time stepping if 

possible.  In this investigation, a combination of the two was used: the problem was 

initially run with fixed time steps; then stopped and continued with adaptive time 

steps. 

 

In spite of computer runs in excess of 24 hours, no vortex street was ever observed 

and the solution converged towards the steady-state solution.  It was eventually 

concluded that the use of a moving-wall boundary in place of the free surface 

probably suppressed the formation of the vortex street.  Fortunately, the main area of 

interest was in the vicinity of the structures where the solution looked reasonably 

accurate. 

 

Once the decision had been made to ignore the influence of the vortex street on scour 

and deposition, transient analyses could be abandoned and the problems analysed 

using steady-state simulation only.  This decision will have to be reviewed once a 

suitable free-surface routine is in use. 

 

 

8.10 Determining the potential for scour or deposition 
 

8.10.1 Basic criteria 
 

In the context of this investigation, the criteria for determining the potential for scour 

and deposition on a flat bed in terms of the Movability Number are laid out in Section 

7.4 and summarised in Figures 7-9 and 7-10.  The equations are: 
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A Movability Number higher than the indicated value indicates a potential for scour.  

A Movability Number lower than the indicated value indicates a potential for 

deposition.  Clearly, scour and deposition will only take place in the presence of loose 

sediment on the channel bed (scour) or in suspension (deposition). 

 

If the channel bed is sloped, then these values have to be adjusted using the slope 

correction factor: 
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(6.18) 

 

The link between the critical Movability Number and the critical applied unit stream 

power at the bed is described in Section 6.2.  

 

 

8.10.2 Implementation of slope correction 
 

If the channel bed is sloped, then these values have to be adjusted using the slope 

correction factor . 

 

The computation of  was carried out at follows: 

 

i) The cells adjacent to the boundary cells were identified (the boundary cells 

could not be used for this exercise since the velocities in the boundary cells 

were set to zero – the “no-slip” condition). 

 

ii) The velocity vector u for each adjacent cell was obtained. 
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iii) The normal vector n for each adjacent cell was obtained (on the side closest to 

the boundary). 

 

iv) Since u must be parallel to the bed in the adjacent cells, the longitudinal 

(streamwise) slope, , can be determined from: 
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where u, v and w are the x, y and z components of the velocity vector u.  In the 

case of downflow adjacent to a structure, u and w were exceptionally small 

relative to v, and  was set equal to  90O.  Clearly scour is not an issue here. 

 

v) The transverse slope, , was obtained from the slope of the transverse vector t 

formed from the cross-product of u and n: 
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where tx, ty and tz are the x, y and z components of the transverse vector t.  The 

absolute value is taken because  is always positive. 

 

The value of the function  could then be determined from Equation 6.16. 

 

 

8.10.3 Determination of the scour potential 
 

In practice, the method selected for the determination of the potential for scour or 

deposition depended on the problem.  Although either the critical Movability Number 

or the critical unit stream power value could be used, it soon became apparent that the 

latter was very sensitive to cell size and thus the critical Movability Number was often 
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a more reliable measure.  For more complex problems it was often convenient to 

subtract the computed Movability Number / unit stream power at the boundary from 

the critical values to produce a “scour potential”: 

 

Scour potential (Movability Number) = 
criticalcomputed ss

*

ss

*

v

u

v

u
  

(8.6) 

or,  

 

Scour potential (unit stream power) = 
criticalcomputed rtp PP   

(8.7) 

 

A positive scour potential indicated a propensity to scour, whilst a negative scour 

potential indicated a propensity to deposit.  The magnitude of the scour potential 

indicated the approximate degree of this propensity.  Obviously the value of the scour 

potential obtained from Equation 8.6 was different from that obtained from    

Equation 8.7. 

 

In theory, the boundaries could be warped in response to the scour potentials.  In 

practice, this would have meant continuously recreating the geometry and the mesh in 

an iterative manner.  This would have been extremely time consuming and a decision 

was taken to model only the initial and final profiles in this current, developmental, 

phase.   

 

 

8.11 Conclusions 
 

A numerical model for the prediction of scour and deposition was constructed using 

CFX Version 4.3 as the main vehicle.  Along the way, however, it became apparent 

that there were some difficulties in using this program.  Some issues were: 

 

i) The construction of the flow geometry – which was extremely tedious for the 

more complex problems. 

 

ii) The particular care and judgement that had to be paid to the meshing of the 

domain. 
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iii) The correct inflow and outflow boundary conditions were critical.  

iv) The lack of a proper free-surface routine was a major handicap. 

 

v) The available turbulence models were very limited in their capacity to model 

the flows of interest in this investigation. 

 

vi) The model was incapable of identifying transient phenomena. 

 

As is always the case with CFD, the computer that was used was very limited in both 

speed and memory (256 MB of RAM together with a 667 MHz Intel Pentium III 

processor).  There is, however, continuous improvement in this regard.  

 

A flow diagram describing the computational procedure followed in this investigation 

is attached as Appendix D. 
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Chapter 9 
Numerical analyses 

 
9.1 Introduction 
 

The scour model developed in Part 2 (Chapters 6 & 7) was used to model the scour 

potential associated with certain weirs, piers and abutments using CFX Version 4.3 & 

4.4 CFD software in the manner described in Chapter 8.  Some theoretical 

background on the scour around these three types of structures was provided in 

Chapter 5.  The numerical model was applied to data supplied from various physical 

models.  

 

The first example that was modelled was the scour potential upstream of a weir using 

data supplied by Harnett (1998).  As the flow over a weir is essentially 2D it was the 

simplest of the situations to model.  Two situations were considered: prior to the 

commencement of scour, and after scour equilibrium had been reached. 

 

The flow around piers and abutments, on the other hand, is 3D and extremely 

complex.  Initially, therefore, the scour problem was simplified by modelling the 

scour potential in channels of rectangular cross-section with uniform quartzitic sand 

as the sediment.  Two situations were modelled: a circular pier (Midgley, 2000) and a 

vertical sharp-edged abutment (Mitchell, 2000).   

 

Finally, the investigation was extended to loose boundaries by modelling data 

gathered by Babaeyan-Koopaei (1996) on the scour around a circular pier situated in a 

“self-formed channel”.  As with the weir, two situations were considered: prior to the 

commencement of scour, and after scour equilibrium had been reached. 

 

As will be seen, the results were sufficiently encouraging to suggest that the model 

has the potential to predict the scour and deposition around any structure. 

 

Additional detail regarding the numerical analyses may be found in McGahey (2001). 
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9.2 Scour upstream of a weir 
 

9.2.1 Physical modelling (Harnett, 1998) 
 

Harnett (1998) measured equilibrium scour profiles in uniform sands upstream of a 

sharp-crested vertical weir.  The apparatus used for the tests was a tilting flume, 9 m 

long and 370 mm wide with wooden floors and 650 mm high glass walls.  All flow 

measurements were done with the aid of a V-notch weir mounted at the end of the 

flume.  Depth measurements were obtained with the aid of Vernier Depth Gauges 

located along the centreline of the flume.   

 

The sand used in the Harnett (1998) experiments was uniform sized silica (quartzitic) 

sand sieved into three fractions.  The sand parameters are summarised in Table 9-1. 

 

 

 

d50  

(mm) 

vss  

(m/s) 

Pr 

(W/m3) 

Pt (crit) 

(W/m3) 

0.84 0.09 1 457 21.7 

1.05 0.11 1 781 26.6 

3.00 0.27 4 370 65.2 

 

Table 9-1: Summary of the Harnett (1998) sand parameters 

 

The flume was set up to give a 50 mm fall over the 6.38 m distance between the 

upstream entrance and the vertical weir (a rectangular wooden block).  The sediment 

was then placed in the wedge between the entrance and the weir in such a way that the 

top of the sediment layer was horizontal and flush with the invert of the weir (Figure 

9-1a)).  Water was slowly introduced from the upstream entrance until the sediment 

had been properly saturated.  The discharge was then gradually increased to the test 

values.  Five test discharges were used: 3.5 l/s, 5 l/s, 7.5 l/s, 8.5 l/s, and 10 l/s.  Since 

there were three sediment sizes, and each was tested for all five flow rates, there were 

15 tests in all.  The flows were maintained until equilibrium was reached – usually 

after some 35 hours (Figure 9-1b)).  
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Figure 9-1: Typical views of the sediment profiles upstream of a weir in the 

Harnett (1998) experiments 

 

 

9.2.2 Numerical modelling 
 

Only one of the Harnett (1998) tests was modelled: sand with a median diameter of 

0.86 mm coupled with a flow rate of 3.5 l/s.  Both the initial state – subjected to the 

flow but before scour – and the final scoured state were modelled (Figure 9-2).  The 

model was made two-dimensional by giving the flow domain a width of one cell and 

imposing a symmetry condition on the sidewalls (see Section 8.4.3).  The unit stream 

power equation for two-dimensional flow may be derived from Equation 4.23 by 

setting all terms referring to the z-axis to zero: 
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a) Initial State     b) Eroded State 

 

Figure 9-2: Typical unit stream power contours associated with scour upstream 

of a weir (McGahey, 2001) 

 

The boundary condition in this particular test was ascertained as being turbulent         

(Red >> 6.23).  The applied unit stream power requirement for scour on a turbulent 

bed is given by Equation 7-34: 
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where, 
  sssr gvP    

(3.32) 

 

In this instance, Pr  1 457 W/m3, so Pt  21.7 W/m3 for scour.  It can be seen from 

Figure 9-2 that initially the entire bed of the flume was subjected to Pt > 21 W/m3 and 

thus erosive conditions.  After a period of time, however, the bed eroded to a new 

equilibrium profile where Pt > 21 W/m3 only over a very short distance immediately 

upstream of the weir.  It should be noted that the bed-slope correction factor was not 

applied to this particular example.  An adverse slope increases the critical unit stream 

power for scour. 
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The problem with this approach is that Pt increases very rapidly as the boundary is 

approached (Figure 3-5).  The CFX model could not compute Pt exactly on the 

boundary (a finite volume code can only compute values at cell centres and a 

boundary cannot be a cell centre).  Pt had thus to be calculated at some distance off 

the theoretical boundary (typically 0.5 mm prototype scale). This did not always give 

realistic results.  It soon became apparent that the use of Movability Numbers made 

the scour condition on the boundary much easier to determine. 

 

Define 'u* as the “virtual shear velocity” where: 

 


 yx

* 'u   

(9.2) 

 

Now define a “virtual Movability Number”, 'u* / vss, that varies throughout the water 

column.  This is depicted in Figure 9-3 for both the initial and eroded states. 

 
 

 

 

 

 

 

 

 

 

a) Initial State     b) Eroded State 
 
 

Figure 9-3: Typical virtual Movability Number contours for the Harnett (1998) 

experiments (McGahey, 2001) 

 

It is immediately apparent that the scour profile is defined by a Movability Number in 

the order of 0.17 (at the boundary, 'u* = u*).  This is in accordance with the critical 

conditions for scour proposed in Section 7.4.1 (it was used to help define this value).  
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9.3 Circular pier situated in a rigid rectangular channel 
 

9.3.1 Physical modelling (Midgley, 2000) 
 

The physical modelling was carried out in the UCT 610 mm flume (previously 

described in Section 7.3.2) by Midgley (2000) (Figure 9-4).  The flume was levelled 

to eliminate bed-slope as a parameter.  A 45 mm diameter circular pier, supported by 

specially constructed brackets from above, was installed in the test section.  Initially, 

the glass bottom of the flume was free of sediment.  Uniform quartzitic sand was 

introduced into the flow from upstream and allowed to deposit on the bottom of the 

flume around the pier, usually leaving a sediment-free area in the vicinity of the 

structure.  Once equilibrium had apparently been reached, the sediment and water 

supplies were cut off and the “scour” profile around the pier measured. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 9-4: View of one of the Midgley (2000) pier experiments 
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Five sediment size ranges were used.  Their details are summarised in Table 9-2.  The 

critical applied power conditions for scour (e.g. Pt(crit)) were based on the largest 

particle size in the range and turbulent boundary conditions.  It became apparent from 

the numerical analysis that shear velocities are greatly increased in the turbulent zone 

around a structure.  This raises the Red over that which would pertain in uniform flow 

conditions, and thus the boundaries were turbulent in this region. 

 

 

d 

(m) 

vss *
 

(mm/s) 

Pr 

(W/m3) 

Pt (crit) 

(W/m3) 

150 – 300 48.3 782 11.7 

300 – 425 70.8 1 150 17.0 

425 – 500 82.9 1 340 20.0 

500 – 600 97.8 1 580 23.6 

600 – 850 130.0 2 100 31.4 

 
* The settling velocity was calculated using Equation 3.12 and the maximum d 

 
Table 9-2: Details of the sediment used in the Midgley (2000) and Mitchell (2000) 

experiments 

 

The boundary was laminar in the scoured region around the structure.  This was not of 

great concern because friction losses at a boundary are relatively small compared to 

viscous losses in rapidly varied flow, and it was the edge of the scoured region that 

was the focus of attention, not the interior.  It proved to be convenient to deposit the 

sediment onto the initially laminar, glass bed.  A separate experiment showed that 

there was no significant difference in the scour shape between this and the one 

obtained by scouring an initially sediment-covered bottom. 

 

Midgley used the five different sediment sizes together with three different flow 

velocities (7.69 l/s, 9.31 l/s and 11.1 l/s) and three different Froude Numbers (0.20, 

0.25, and 0.30).  There were thus 45 measurement scour profiles in all. 
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9.3.2 Numerical modelling 
  

The numerical model was applied to the case: d = 500 – 600 m, Q = 7.69 l/s,          

Fr = 0.20 (Y = 74.4 mm).  A typical velocity vector plot for one depth is depicted in 

Figure 9-5.  The unit stream power contours in the bottom 550 m of the flow depth 

(the average height of the sediment) are depicted in Figure 9-6a), whilst the 

Movability Number contours are depicted in Figure 9-6b). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 9-5: Typical velocity vector plot for the flow around a pier (rigid bed) 

(McGahey, 2001) 
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a) Unit stream power plot (next to the bed) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

b) Movability Number plot 

 

Figure 9-6: Typical scour zone around a pier 
(d = 500 – 600 m, Q = 7.69 l/s, Fr = 0.20) (McGahey, 2001) 
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The velocity vector plot (Figure 9-5) may be compared with the description of the 

typical flow patterns around a pier contained in Section 5.4.2.  The plot indicates a 

vertical downflow along the leading face of the pier (not shown in Figure 9-5).  It 

shows the wake vortex that forms in the separation zone to the side and slightly to the 

rear of the pier.  It even shows a re-circulation region downstream of the pier roughly 

along the line of the expected Vortex Street.  Since there is no scour hole, there is no 

lee eddy.  Since the free surface was modelled by a moving boundary (Section 8.4.4) 

which tends to suppress free vortices (Section 8.9), it is unlikely that a Vortex trail 

would have been evident even if a transient analysis had been undertaken instead of 

the actual steady-state analysis. 

  

The predicted scour area is shown in red in both the unit stream power plot       

(Figure 9-6a)) and the Movability Number plot (Figure 9-6b)).  The former seems to 

predict the approximate extent of the scour zone, but in the wrong place.  The 

predicted scour zone is shifted backwards and outwards relative to the measured scour 

zone.  The latter correctly predicts the scour zone upstream of the pier, but once again, 

it suggests that the scour zone should be displaced outwards a little more downstream 

of the pier.  Furthermore, it predicts scour in the lee of the pier in what is usually a 

deposition zone (see Section 5.4.3). 

 

It is quite possible that these anomalous results can be largely explained by the use of 

a moving, essentially flat, boundary for the free surface.  The flat surface boundary 

suppresses the formation of the bow roller thereby reducing the strength of the 

downflow.  This will reduce the unit stream power at the base of the leading edge of 

the pier – as observed.  It also distorts the flow patterns in the lee of the pier.  In this 

region, the water surface would be expected to drop owing to the acceleration of the 

flow around the sides of the pier.  Keeping the free surface artificially elevated 

increases the pressure on the bed, which in turn increases the local shear stresses and 

forces the high-speed separated jet further away.  This is exactly as observed. 

 

What is not so easy to explain is why the unit stream power plot (Figure 9-6a)) shows 

a deposition zone in the lee of the pier (correctly), whilst the Movability Number plot 

(Figure 9-6b)) shows a scour zone in the same place (incorrectly).  This is possibly 

because unit stream power is computed using Equation 4.16: 
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(4.16) 

 

If the unit stream power is small, it is because the velocity gradients are small.  

Smaller than normal velocity gradients could result from an artificially level free 

surface.  The Movability Number, however, is directly proportional to the shear 

velocity, which in turn is calculated with the aid of Equation 2.13: 

 


 0

*u   

(2.13) 

 

If the shear stress at the bed, 0, is being kept artificially high by, for example, a high 

free surface, this will raise the Movability Numbers accordingly.  The two effects thus 

have opposite effects on the two ostensibly equivalent measures that might explain the 

discrepancy between them. 

 

Another reason why the scour prediction is poor in the separated zone in the lee of the 

pier is because the k- turbulence model that was used for this analysis is only an 

approximation of the real situation.  The error increases with the degree of turbulence. 

 

 

9.4 Rectangular abutment situated in a rigid rectangular 
channel 

 

9.4.1 Physical modelling (Mitchell, 2000) 
 

Mitchell (2000) carried out the physical modelling in a custom made flume 

constructed within the concrete wave basin situated in the UCT hydraulics laboratory 

(Figure 9-7 and 9-8).  The flume was 8 m long, 820 mm wide and 650 mm high.  The 

walls were constructed of brick and were plastered and painted with a waterproofing 

sealant. Cement slurry was placed on the concrete floor and covered with glass sheets 

to provide a smooth level surface. 

 

Water was supplied to one side of the basin via a constant head tank through a        

160 mm diameter uPVC pipe.  It was regulated with the aid of a gate valve on the end 



9-12 

 

 
Armitage & McGahey: A unit stream power model for the prediction of local scour in rivers 

Chapter 9: Numerical analyses 

of this inlet pipe.  This side of the basin was separated from the remainder by a baffle 

wall designed to reduce wave action.  The water was then discharged over a 90o V-

notch weir into the flume.  Rubble placed below the V-notch weir reduced the 

turbulence emanating from the weir.  This was followed by a flow guide comprising 

150 mm long lengths of 20 mm LDPE irrigation pipe tightly bundled together and 

orientated in the direction of the flow.  The water was discharged from the flume via a 

300 x 300 m sluice gate situated in a sump located at the end.  From here, the water 

was returned to the header tank via two large sump pumps.  The water depth could be 

regulated with the aid of the sluice gate. 

 

An orifice plate equipped with a mercury-filled manometer and located on the inlet 

pipe allowed coarse adjustment of the flow via the gate valve.  The estimation of the 

flow rate was however made with the aid of the V-notch weir.  Depth measurements 

were made with the aid of a Vernier Depth Gauge located along the centreline of the 

flume.  The Vernier Depth Gauge was mounted on a bracket that slid on two parallel 

rails that were levelled and bolted to the top of the two walls.  Since the depth 

readings were probably only accurate to the nearest 1 mm, the flow measurement 

error was probably in the order of 5%.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 9-7: Plan of the UCT 820 mm flume 
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Figure 9-8: View of the apparatus used for the Mitchell (2000) abutment 

experiments 

 

The abutment was made out of a rectangular piece of wood 300 mm high, 220 mm 

wide and 35 mm thick.  The wood was painted with a waterproof varnish to stop it 

from warping.  It was held in place at the top by a steel frame, which in turn was 

bolted rigidly into the wall.  Silicone sealant was used to fill the gap between the 

abutment and the flume bottom and side. 

 

Mitchell (2000) followed the same general procedure as Midgley (2000) (Section 

9.3.1) with the slight difference that this time the sand was laid uniformly over the 

glass bottom prior to the commencement of the test.  The same sediment was used 

(Table 9-2).  The flow was then allowed to scour the sand until equilibrium had 

apparently been reached, when the flow was cut off and the “scour” profile around the 

abutment measured.  A separate experiment showed that there was no significant 

difference in the scour shape between this and the one obtained by introducing the 

sand into the flow from upstream and allowing it to deposit on the bottom of the 

Abutment 

Scour 
Flow 
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flume around the abutment.  One difference, however, was that there was very little 

deposition in the lee of the abutment in the latter instance, but this was because the 

presence of the abutment cut off the source of sediment. 

 

As with Midgley (2000), Mitchell (2000) carried out 45 measurements using five 

different sediment sizes together with three different flow rates (10.2 l/s, 14.2 l/s and   

16.5 l/s) as well as three different Froude Numbers (0.07, 0.09 and 0.13). 

 

9.4.2 Numerical modelling 
 

The numerical model was applied to the case: d = 500 – 600 m, Q = 10.2 l/s,          

Fr = 0.13 (Y = 100.0 mm).  A typical velocity vector plot for one depth is depicted in 

Figure 9-9.  The unit stream power contours in the bottom 550 m of the flow depth 

(average height of the sediment) are depicted in figure 9-10a), whilst the Movability 

Number contours are depicted in Figure 9-10b). 

 

The velocity vector plot (Figure 9-9) may be compared with the description of the 

typical flow patterns around an abutment contained in Section 5.5.2.  As with the pier, 

it shows the wake vortex that forms in the separation zone to the side and slightly to 

the rear of the leading edge of the abutment.  It shows the re-circulation region 

downstream of the abutment in the dead water zone.  As there is no scour hole, the 

principal vortex, which forms in the scour hole upstream of the abutment, is not 

evident.  Since the free surface was modelled by a moving boundary (Section 8.4.4) 

which tends to suppress free vortices (Section 8.9), the Vortex trail is only indicated 

by the separation streamlines emanating from the edge of the abutment. 

 

The predicted scour area is shown in red in both the unit stream power plot       

(Figure 9-10a)) and the Movability Number plot (Figure 9-10b)).  Both plots seem to 

predict the approximate location of the scour zone, but not the full extent.  Since it is 

possible that the Mitchell (2000) test did not completely reach equilibrium (the 

average run length was in the order of 3 hours), it is also possible that a better fit 

would have been obtained if the run time had been extended.  Away from the area of 

interest, there is some deviation between the two plots, particularly in the area near 

the wall downstream of the abutment where the Movability Number plot indicates a 

much higher scour potential that suggested by the unit stream power plot.  Once 

again, this is possibly as a consequence of distortion caused by the modelling of the 

free-surface boundary condition (moving, essentially flat, boundary). 
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Figure 9-9: Typical velocity vector plot for the flow around an abutment  

(rigid bed) (McGahey, 2001) 

 

 

Enlargement of 
wake eddy 
formation 

Enlargement of the slowly rotating 
eddy in the re-circulation zone 

Vortex Street Abutment 



9-16 

 

 
Armitage & McGahey: A unit stream power model for the prediction of local scour in rivers 

Chapter 9: Numerical analyses 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

a) Unit stream power plot (next to the bed) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

b) Movability Number plot 

 

Figure 9-10: Typical scour zone around a pier 

(d = 500 – 600 m, Q = 10.2 l/s, Fr = 0.13) (McGahey, 2001) 
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9.5 Circular pier situated in a channel with loose 
boundaries 

 

9.5.1 Physical modelling (Babaeyan-Koopaei, 1996) 
 

Babaeyan-Koopaei (1996) measured equilibrium scour profiles in uniform sands 

around piers and abutments at the University of Newcastle upon Tyne, UK.  The 

apparatus used for the tests comprised a 22 m long by 2.5 m wide flume.  It was 

partially filled with quartzitic sand having a particle mean diameter, d50, of 1 mm.  

The surface was smoothed off. 

 

The tests were conducted in so-called “regime channels”.  A trapezoidal channel was 

cut along the centre-line of the flume.  A fixed discharge was then passed down the 

channel until it had formed itself into a stable section (Figure 9-11).  The structure 

was then carefully located near the middle of the flume and subjected to the same 

discharge until such time that equilibrium conditions had been reached (Figure 9-12). 

 

 

 

Figure 9-11: A typical self-formed (regime) channel (Babaeyan-Koopaei, 1996) 
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Figure 9-12: An example of equilibrium scour around a pier group 

(Babaeyan-Koopaei, 1996) 

 

 

9.5.2 Numerical modelling 
 

Only one of the Babaeyan-Koopaei (1996) tests was modelled (Test No. 38B).  This 

test involved a single 48 mm diameter circular pier located in the centre of the regime 

channel.  The discharge was 2.5 l/s, the average water depth was 129.5 mm, and the 

average velocity was 0.301 m/s.  The maximum water depth adjacent to the pier was 

55.6 mm.  A half-section of the channel was modelled in both its initial (regime 

channel) and final (scour channel) states.  Only the Movability Number calculations 

were made in this instance in the interests of saving computational time. 
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The particle settling velocity was not measured experimentally.  The estimated 

settling velocity of 0.129 m/s was taken as the mean of the values obtained from 

Equations 3.8 and 3.12. 

 

In general, the critical Movability Number for a sloped bed is determined from: 
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(6.17) 

 

where the subscripts  and  refer to the longitudinal and transverse slopes 

respectively, and the subscript 0 refers to incipient scouring conditions on a flat bed 

(Equations 7.21 and 7.22 or Figure 7-8). 

 

The slope correction factor, , is given by:  
 

(6.18) 

 

The scour potential (Movability Number) is equal to the difference between the 

Movability Number calculated by the program, and the critical Movability Number 

calculated from Equation 6.15: 

 

(8.6) 

 

The scour potential indicates the extent to which the flow is trying to scour the bed 

(positive value) or deposit on it (negative value).  A zero scour potential indicates that 

the flow neither wants to scour or deposit i.e. the bed is in equilibrium with the flow 

at that point. 

 

Figure 9-13 shows the Movability Numbers calculated by the program in the vicinity 

of the pier prior to the commencement of scour.  The values are in the range 0.2 to 0.4 

at a nominal height of 0.5 mm above the bed.  Since the critical Movability Number 
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for incipient motion over a turbulent boundary (as is the case here) is 0.17, erosive 

conditions are indicated.  The results were plotted using the program IDL (2000). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 9-13: The Movability Number distribution in the vicinity of a pier before 

the development of local scour (McGahey, 2001) 

 

Figure 9-14 shows the same flow condition, but this time showing the scour potential.  

Most of the values fall in the range 0.1 to 0.25 indicating erosive conditions.  The 

values are highest in the vicinity of the pier, indicating the greatest scour potential in 

this region. 

 

Ideally, the scour potential could be used to indicate the probable deformation of the 

boundary.  This would be an iterative procedure with the scour potentials being 

determined for the proposed new boundary.  The final solution would be obtained 

once all scour potentials were close to zero.  In CFX Versions 4, this can not be 
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automated.  A new geometry would have to be determined for each iteration by the 

operator.  In this instance, only the initial and final scour developments were 

modelled. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 9-14: The scour potential distribution in the vicinity of a pier before the 

development of local scour (McGahey, 2001) 

 

Figure 9-15 depicts a 3D view of the scoured channel.  Figure 9-16 depicts the 

elevation of the bed in the physical model and the CFD model on a cross-section 

through the centreline.  Figure 9-17 depicts the elevation of the bed in the physical 

model and the CFD model on a long-section through the centreline.  The profile in the 

CFD model is created through best-fit smooth curves through spot-heights measured 

in the physical model.  The result is a slight deviation between the two profiles. 
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Figure 9-18 depicts the associated Movability Numbers.  It is immediately apparent 

that the Movability Numbers are generally much lower than they were previously, 

typically in the range 0.2 to 0.4. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 9-15: 3D view of the scoured channel around a pier (McGahey, 2001) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 9-16: The elevation of the bed in the physical model and the CFD model 

on a cross-section through the centreline (McGahey, 2001) 
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Figure 9-17: The elevation of the bed in the physical model and the CFD model 

on a long-section through the centreline (McGahey, 2001) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 9-18: Movability Number distribution in the vicinity of a pier after the 

development of local scour (McGahey, 2001) 
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Figure 9-19 depicts the scour potential over the scoured boundary.  The values fall in 

the range -0.04 near the scour hole to 0.06 further away.  This indicates that the 

profile is approximately in equilibrium with the flow. Since the CFD bed profile is an 

approximation of the physical model profile, it is possible that a more accurate 

rendition would have improved the result. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 9-19: The scour potential distribution in the vicinity of a pier after the 

development of local scour (McGahey, 2001) 
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9.6 Comparison with previous numerical models 
 

Sections 5.4.6 and 5.5.4 summarise the published attempts to model the local scour 

around piers and abutments respectively.  It should be noted that it was never the 

intention of this study to provide a “state of the art” computer program to predict local 

scour.  This would have taken far more time and resources than was available.  

Rather, the purpose of the numerical modelling was to help validate the scour model 

developed in Chapters 6 and 7, and show how this scour model could be used to 

predict the scour around several common obstacles.  In spite of this, much was 

achieved within the limitations of the software (CFX Version 4.3) and the machine 

(667 MHz Intel Pentium III with 256 MB of RAM).  A brief comparison between the 

achievements of published models and this study follows.  

 

 

9.6.1 Local scour around a pier 
 

Richardson & Panchang (1998) only managed to model the flow field and likely 

sediment movement through pre-determined scour geometries.  This was similar to 

what was achieved in this study except that here the scour potential is also indicated.  

 

Olsen & Melaaen (1993) showed how the scour potential determined from one run 

could be used to modify the geometry of the bed for the next.  This procedure was 

later automated (Olsen & Kjellesvig, 1998).  The improved program also 

automatically determined the free surface.  This is extremely impressive and far more 

than what was achieved in this study, but it should be noted that this took extensive 

development and a single run required nine weeks on an IBM-370 workstation. 

 

 

9.6.2 Local scour around an abutment 
 

Most published work describes only 2D modelling of the flow around an abutment 

(Zaghlou & McCorquodale, 1973; Tingsanchali & Maheswaran, 1990; Molls & 

Chaudhry, 1995; Biglari & Sturm, 1998).  Only Ouillon & Dartus (1997) report on 3D 

flow modelling such as was achieved here.  As with the present study, scour profiles 

were not directly determined, but in some cases the scour potential could be inferred 

from the flow parameters at the bed.  It is clear that the work reported here is on a par 

with that described in the literature. 
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9.7 Conclusions 
 

The theoretical model which was developed in Part 2 (Chapters 6 & 7) was used to 

model the scour potential in four test cases:  

 

i) Upstream of a weir. 

 

ii) Around a pier situated in a rigid rectangular channel. 

 

iii) Around an abutment situated in a rigid rectangular channel. 

 

iv) Around a pier installed in a regime channel with deformable boundaries. 

 

In the first and last cases, both initial (before scour) and final (after scour) profiles 

were modelled.  The situations were of increasing complexity from a 2D problem (the 

weir), through to a 3D problem incorporating deformable boundaries.  In each case, a 

physical model was available to act as a comparison. 

 

In three of the four cases, there appeared to be considerable agreement between the 

scour predicted by the numerical model and that measured by the physical model.  

The exception was case (ii) – scour around a pier situated in a rigid rectangular 

channel.  In this example, scour was predicted in the lee of the pier when Movability 

Numbers were calculated, whilst unit stream power and the physical model indicated 

deposition.  This could have been due to the fact that the water surface was modelled 

as a plane whereas in reality there is a drawdown of the water surface behind the weir.  

This level water surface could have the effect of increasing the Movability Numbers 

whilst reducing the unit stream power in this zone. 

 

Both Movability Numbers and unit stream power generally proved to be suitable for 

modelling although in the last situation that was modelled, the pier situated in a 

deformed bed, only Movability Numbers were used.  The slope correction factor 

appeared to adequately adjust the critical values in the case of deformed channel beds.  

The scour potential, , proved to be an extremely useful means of determining the 

tendency towards scour and deposition in the situation of a deformed bed. 
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It appears that the method developed in this investigation has the potential to predict 

scour and deposition in any situation given the correct boundary conditions.  The 

main limitations at present are: 

 

i) An inadequate free surface routine. 

 

ii) The lack of an unstructured mesh in the CFD package to facilitate corrections to 

the boundary as scour and / or deposition takes place.  In this investigation, only 

the initial and final states were modelled. 

 

iii) No facility for the program to make continuous corrections to the boundary in 

response to the scour potential calculations without further input from the user. 

 

iv) The limited capacity of the current generation of machines.  
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Chapter 10 
Conclusions 

 

At the beginning of this report, it was noted that scour and deposition do not simply 

cause major engineering problems, but they are also largely responsible for shaping 

the landmasses of the world.  Yet, in spite of the availability of high-speed computers, 

most design is still based on empirical formulae or physical model studies.  This is 

because scour and deposition are the results of the complex interaction of many 

physical factors that are not easily modelled numerically.  Empirical formulae, 

however, have severe limitations.  They usually only predict one parameter – the 

maximum scour depth – and the predicted value of this parameter varies over a large 

range depending on the formula that is used.  Physical models are more reliable, 

provided that they are constructed at a sufficiently large scale.  Physical models, on 

the other hand, are time consuming to construct and test, and are thus expensive. 

 

The original objectives of this investigation were as follows: 

 

1. To investigate the use of the unit stream power approach as a method of 

understanding the deposition and re-entrainment of natural sediments and litter 

in the rapidly varied open-channel flow through typical hydraulic structures. 

 

2.  To develop simple design methodologies for use by practitioners concerned 

with deposition and scouring around hydraulic structures located on open 

channels. 

 

It soon became evident that there are no simple design methodologies for the 

prediction of deposition and scouring around hydraulic structures.  Scour and 

deposition are a result of extremely complex flow patterns and there are too many 

variables.  As a consequence, this objective was dropped from the investigation. 

 

In the end, the single remaining objective of this investigation became the further 

development of the unit stream power method, as originally presented by Rooseboom 

(1992), into a mathematical model that could provide an improved insight into the 

scour and deposition processes.  Such a model should be capable of reflecting the 

links between all of the flow parameters, in particular those describing the boundary 

layer and incipient motion.  It was also hoped that the model could be used to predict 
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scour and deposition under a wide range of conditions through the use of 

Computational Fluid Dynamics (CFD) software running on a desktop personal 

computer (PC).  To make the problem more tractable, this investigation concentrated 

on local clear-water scour in uniform, approximately spherical sand around structures 

of simple geometry. 

 

The findings were as detailed below. 

 

i) Although incipient motion – the conditions under which sediment movement 

commences – can be described in terms of flow velocity, bed shear stress, and 

stream power, these parameters are related.  The first and last parameters can 

both be expressed in terms of the Movability Number (u* / vss) where u* is the 

shear velocity and vss is the settling velocity of the sediment particles in 

quiescent water.  Meanwhile, since u* is defined by Equation 2.13: 

 


 0

*u   

(2.13) 

 

where 0 is the bed shear stress and  is the density of water, the Movability 

Number is thus also proportional to the square root of the bed shear stress.  

 

ii) Incipient motion is however something that is hard to define as it refers to some 

“threshold of motion” within what is actually a stochastic process.  Analysis of 

sediment transportation data revealed that it is possible to link the “intensity of 

motion” to a Movability Number.  This must be, however, adjusted for bed-

slope and relative depth.  The result is Equation 7.16 and Figure 7-3. 

  

  





 

Y

d
I

v

u

ss

* 0.204ln 0.00660.2405  

(7.16) 

 

In Equation 7.16, I is the intensity of motion, d / Y is the relative depth (particle 

diameter divided by the water depth), and  is the slope correction factor given 

by Equation 6.18: 
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(6.18) 

 

In Equation 6.18,  is the longitudinal bed-slope (in the direction of flow), and  
is the transverse bed-slope (normal to the direction of flow). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 7-3: Variation of Movability Number with intensity of motion for a flat 

turbulent bed and zero relative roughness (Semi-logarithmic plot) 

 

iii) Work carried out by Shvidchenko & Pender (2000) showed that the intensity of 

motion, I, can be directly equated to the dimensionless bedload parameter, qb
*, 

i.e. Equation 7.12: 

 
*

bqI   

(7.12) 

 

Equations 7.12 and 7.16 lead naturally to Equation 7.20, which could be used to 

determine the rate of scour: 
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   egdsq sb
31  

(7.20) 

 

In Equation 7.20, qb is the unit bedload transportation rate, s is the density of 

the sediment, s is the relative density of the sediment, g is gravitational 

acceleration, d is the diameter of the (uniform) sediment, and  is the exponent 

given by Equation 7.19: 

 

3631
150 * 

Y

d

v

u

ss
  

(7.19) 

 

iv) The analysis of transportation data revealed that there is no specific value of 

Movability Number at which movement can be said to have begun or ceased.  

For the purposes of the model presented in this thesis, however, Equations 7.32 

and 7.33 can be used to describe the Movability Number criteria at which scour 

becomes appreciable (equivalent to an intensity of motion I = 2 x 10-5 s-1 over a 

turbulent bed) on horizontal beds ( = 1.00).  These equations are plotted in 

Figures 7-10 and 7-11: 
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If the bed is sloped, then Equation 6.17 is applicable: 

 

(6.17) 

 

In Equation 6.17, u* / vss is the Mobility Number vector having the direction of 

the shear velocity. 
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Figure 7-10: Plot of Movability Number versus particle Reynolds Number for all 

the data describing “weak” motion 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 7-11: New criteria for the prediction of scour 

 

Consideration of Equations 7.32 and 7.33 or Figures 7-10 and 7-11 reveal that 

that relatively small changes in the flow conditions result in large changes in the 

intensity of motion.   
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v) Rooseboom (1992) showed that the unit stream power required to suspend a 

particle, Pr, could be related to the applied unit stream power, Pt.  If  

represents the ratio between the two, then this implies Equation 6.1: 
 

rt PP   

(6.1) 

 

In Equation 6.1, Pt is the dissipation function, , given by Equation 4.14: 

  

j

i
ji x

u




   

(4.14) 

 

In Equation 4.14, ji is the shear stress in the i-direction on a surface with a 

normal in the j-direction, ui is the velocity component in the i-direction, and xj 

indicates that the gradient is in the direction of the normal to the surface. 

 

Pr is given by Equation 3.32: 

 
  sssr gvP    

(3.32) 

 

Closer examination of Equation 7.33 reveals that for turbulent boundaries,      

t  = 1/67.  As a consequence, for the purposes of the scour model, the onset of 

scour on a turbulent bed can be described in terms of the unit stream power as 

follows: 

  

67
r

t

P
P   

(7.34) 

 

Unfortunately, it appears that the relationship for a laminar bed is not so simple.  

In the case of the unit stream power equations, correction for bed-slope can be 

made with the aid of Equations 6.19 or 6.20: 

 

rl
2

t PP     (Laminar boundaries) 

(6.19) 
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rt
3

t PP     (Turbulent boundaries) 

(6.20) 

 

The main drawback with the above is that unit stream power is a scalar variable, 

but the calculation of the longitudinal and transverse slopes demands a vector 

describing the direction of the flow. 

 

vi) From the foregoing, a simple model of scour and deposition around a structure 

can be proposed (Section 6.4).  The sediment transport through a hydraulic 

structure is determined mainly by the upstream and downstream conditions i.e. 

the supply and removal of sediment respectively.  If the supply rate of sediment 

to the region around a structure exceeds the removal rate there is accretion at the 

structure.  If the removal rate exceeds the supply rate there will be degradation.  

Sometimes, potential degradation in the vicinity of the structure is prevented by 

local conditions e.g. the structure may be founded on a rigid base.   

 

Erosion and deposition around the structure will reach “equilibrium” at the point 

where the applied unit stream power, Pt, equals the value required for incipient 

motion.  This is indicated by Equations 7.32 and 7.33 or 7.34, modified by 

Equations 6.17 or 6.20 if there is a non-zero bed-slope.  If the unit stream power 

at the bed is greater than that required for incipient motion, there will be scour.  

If the unit stream power at the bed is less than that required for incipient motion, 

but the stream is conveying sediment, there will be nett deposition.  

 

vii) The proposed scour model was tested out with the flow parameters calculated 

with the aid of CFX Versions 4.3 and 4.4 using the k- turbulence model.  The 

processor was a 667MHz Intel Pentium III processor (PC) with 256MB of 

RAM.  The model appeared to give good results when applied to the prediction 

of scour upstream of a weir.  The results were not as impressive when the model 

was applied to the prediction of scour around piers and abutments although the 

general scour pattern was clearly visible.  This could be due in part to the free 

surface approximation that was implemented. Coding is now available that 

gives a better determination of the free surface, and that could lead to an 

improvement in the CFD modelling.  The choice of the k- turbulence model 

also plays a role.  The accuracy of the numerical model could be improved 

through the use of Direct Numerical Simulation (DNS) of the Navier-Stokes 

equations.  It is, however, likely to be a very long time before computers are 
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generally available that are capable of adequately modelling the scour around 

engineering structures using DNS.  The k- model is likely to be the best 

compromise for a while. 

 

When the scour around a pier with a deformable boundary was modelled, the 

analysis showed that the final profile was consistent with the numerically 

generated bed conditions.   

 

The unit stream power model presented in this investigation shows considerable 

promise for the prediction of scour and deposition, but extensive development will be 

required before the model will be able to solve the entire range of problems facing 

Engineers in this field.   
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Chapter 11 
Recommendations for future work 

 

i) Further work could be carried out to improve the accuracy of the calculations.  

The lack of a good free-surface routine undoubtedly had an impact of the results 

of the numerical analyses.  It would be valuable to see what difference would be 

made if the analyses were repeated with a more advanced CFD package 

equipped with a good free surface routine.  A faster machine with greater 

memory would also help to improve accuracy since the flow domain could be 

more finely discretised. 

 

ii) Incipient motion on laminar and transitional channel beds requires more 

attention.  An explanation needs to be found for the marked difference between 

the Movability Number (or stream power) measured and predicted by the theory 

in this region.  This will probably require additional measurements of the flow 

conditions producing incipient motion in laboratory flumes – perhaps with 

measurements of the bed-load. 

 

iii) The investigation should be extended to include cohesive materials and / or non-

uniform materials, live-bed scour (including the sediment transport), and the 

impact of other types of structures e.g. drop structures, downstream of weirs or 

spillways etc. 

 

iv) Equation 7.20 could possibly be used to estimate the rate of sediment deposition 

and scour-hole development.  This should be investigated further.  This could be 

carried out through its inclusion into the computational procedure.  It could then 

be benchmarked against observed deposition and scour hole development.  

Scour-hole development should also be looked at in the context of flood flows.  

Flood flows are invariably unsteady and have short-durations. 

 

v) The long-term goal is for the development of a software package capable of 

predicting scour and deposition around any obstacle.  This should be 

extensively tested against both empirical and physical models to ensure that it 

provides a more accurate and / or cost-effective solution. 
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vi) The unit stream power method also has potential for application to related 

engineering problems, e.g. the design of improved sediment and / or litter traps, 

and the transportation of sediments in pipes (stormwater pipes, sewer pipes, and 

hydrotransport).  This should be investigated. 
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Appendix A: Incipient motion on turbulent beds 

A. Incipient motion on turbulent beds (Shvidchenko & 
Pender, 2001) 

 

A.1 Shvidchenko & Pender (2000) 
 

Obtained using the 300 mm wide Armfield flume at the University of Glasgow, UK. 

 
Run Sediment Slope Flow Depth Sampling Bedload Intensity Water Froude 
No. d S Q Y Duration Yield I Temp. Fr  

 (mm) x 103 (l/s) (m) (min) (g) (s-1) ( oC)  

U1-1 1.5 1.9 3.0 0.036 127 8.5 3E-05 20.0 0.48 
U1-2  1.9 3.5 0.038 120 37.6 0.0001 19.5 0.51 
U1-3  1.9 3.7 0.039 131 132.3 0.0003 19.8 0.52 
U1-4  1.9 4.2 0.04 60 105.7 0.0006 18.8 0.56 
U1-7 1.5 4.1 1.0 0.021 75 20.9 0.0001 16.2 0.36 
U1-8  4.1 1.3 0.022 80 49.5 0.0003 17.1 0.42 
U1-9  4.1 1.9 0.023 60 210.2 0.0015 18.0 0.57 
U1-14 1.5 6.5 - 0.015 60 23.6 0.0001 19.0 n/a 
U1-15  6.5 - 0.016 147 26.1 4E-05 20.2 n/a 
U1-16  6.5 - 0.016 60 59.5 0.0003 19.2 n/a 
U1-17  6.5 - 0.017 85 143.6 0.0005 19.0 n/a 
U1-18  6.5 0.9 0.017 30 385.7 0.0019 19.3 0.42 
U1-20 1.5 8.3 - 0.012 130 7.6 1E-05 17.6 n/a 
U1-21  8.3 - 0.012 127 17.4 6E-05 19.2 n/a 
U1-22  8.3 - 0.013 60 38.3 0.0004 18.4 n/a 
U1-23  8.3 - 0.013 60 167.7 0.0008 19.4 n/a 
U1-24  8.3 - 0.013 60 27.6 0.0003 18.8 n/a 
U1-25  8.3 - 0.014 60 450.0 0.0013 19.1 n/a 
U1-28 1.5 14.1 - 0.007 128 5.0 6E-06 18.8 n/a 
U1-29  14.1 - 0.007 20 188.4 0.0007 19.0 n/a 
U1-30  14.1 - 0.008 87 3.0 6E-06 19.5 n/a 
U1-32  14.1 - 0.01 47 160.2 0.0004 20.5 n/a 

          
U2-1 2.4 2.6 5.2 0.045 60 7.5 8E-06 17.2 0.58 
U2-2  2.6 6.0 0.049 45 31.5 5E-05 17.8 0.59 
U2-3  2.6 7.0 0.052 50 69.4 7E-05 17.4 0.62 
U2-4  2.6 8.0 0.057 50 150.3 0.0002 17.3 0.63 
U2-5  2.6 9.4 0.064 15 177.7 0.0008 17.6 0.62 
U2-6  2.6 10.5 0.068 10 433.4 0.0028 18.4 0.63 
U2-8 2.4 4.1 - 0.037 90 4.9 5E-06 22.7 n/a 



A-2 

 

 
Armitage & McGahey: A unit stream power model for the prediction of local scour in rivers 

Appendix A: Incipient motion on turbulent beds 

Run Sediment Slope Flow Depth Sampling Bedload Intensity Water Froude 
No. d S Q Y Duration Yield I Temp. Fr  

 (mm) x 103 (l/s) (m) (min) (g) (s-1) ( oC)  

U2-9  4.1 - 0.039 120 37.9 7E-05 20.2 n/a 
U2-10  4.1 - 0.043 90 83.9 5E-05 21.5 n/a 
U2-11  4.1 - 0.043 123 573.2 0.0018 23.5 n/a 
U2-13  4.1 - 0.046 65 765.6 0.0015 23.4 n/a 
U2-14  4.1 - 0.047 60 519.9 0.0008 23.0 n/a 
U2-15  4.1 - 0.049 30 1075.0 0.0038 23.0 n/a 
U2-16  4.1 - 0.053 60 889.8 0.0019 23.0 n/a 
U2-17  4.1 - 0.057 18 1636.5 0.019 23.2 n/a 
U2-18  4.1 - 0.063 15 1186.9 0.009 23.2 n/a 
U2-19  4.1 - 0.066 7 2014.4 0.0333 22.7 n/a 
U2-20 2.4 6.5 - 0.024 60 3.0 5E-06 22.5 n/a 
U2-21  6.5 - 0.027 60 4.3 8E-06 22.8 n/a 
U2-22  6.5 - 0.028 60 10.3 2E-05 22.5 n/a 
U2-23  6.5 - 0.029 90 49.9 0.0001 21.8 n/a 
U2-24  6.5 - 0.03 60 31.1 8E-05 22.8 n/a 
U2-25  6.5 - 0.031 91 425.5 0.0004 22.3 n/a 
U2-26  6.5 - 0.032 60 670.4 0.0016 22.5 n/a 
U2-27  6.5 - 0.033 60 1064.8 0.0014 22.5 n/a 
U2-28  6.5 - 0.035 15 1531.3 0.015 24.0 n/a 
U2-29  6.5 - 0.04 11 2268.6 0.03 23.3 n/a 
U2-30  6.5 - 0.042 5 2333.4 0.069 23.8 n/a 
U2-31 2.4 8.3 - 0.021 60 6.5 5E-06 23.2 n/a 
U2-32  8.3 - 0.023 60 11.1 8E-06 23.1 n/a 
U2-33  8.3 - 0.023 60 37.0 3E-05 21.7 n/a 
U2-34  8.3 - 0.024 60 91.8 0.0002 22.5 n/a 
U2-35  8.3 - 0.026 60 369.8 0.0004 22.7 n/a 
U2-36  8.3 - 0.028 30 1374.8 0.009 22.5 n/a 
U2-37  8.3 - 0.031 10 1370.3 0.02 24.1 n/a 
U2-38  8.3 - 0.033 6 1992.4 0.068 24.0 n/a 
U2-39  8.3 - 0.036 6 1819.5 0.056 22.7 n/a 
U2-40  8.3 - 0.038 5 2144.8 0.061 24.4 n/a 
U2-41 2.4 14.1 - 0.014 65 2.5 2E-06 20.2 n/a 
U2-42  14.1 - 0.014 60 59.7 5E-05 20.6 n/a 
U2-43  14.1 - 0.015 64 28.5 4E-05 19.4 n/a 
U2-44  14.1 0.3 0.015 40 281.4 0.0003 20.5 0.17 
U2-45  14.1 0.8 0.016 30 185.5 0.0006 20.8 0.42 
U2-46  14.1 1.0 0.017 20.33 540.9 0.0048 19.5 0.49 
U2-47  14.1 1.4 0.018 13 674.2 0.011 20.7 0.64 
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Run Sediment Slope Flow Depth Sampling Bedload Intensity Water Froude 
No. d S Q Y Duration Yield I Temp. Fr  

 (mm) x 103 (l/s) (m) (min) (g) (s-1) ( oC)  

U2-48  14.1 2.0 0.019 7 1071.0 0.023 20.2 0.83 
          

U3-1 3.4 1.9 15.0 0.095 60 32.5 2E-05 19.0 0.54 
U3-2  1.9 18.2 0.104 60 50.6 4E-05 18.5 0.58 
U3-3  1.9 21.5 0.117 48 58.3 6E-05 18.8 0.57 
U3-4  1.9 24.8 0.127 47 84.0 1E-04 20.2 0.58 
U3-5  1.9 26.3 0.135 30 261.8 0.0004 20.4 0.56 
U3-6 3.4 2.6 14.5 0.085 55 43.4 3E-05 18.6 0.63 
U3-7  2.6 15.8 0.089 65 118.2 6E-05 19.1 0.63 
U3-8  2.6 18.1 0.096 55 134.2 0.0001 20.0 0.64 
U3-9  2.6 20.7 0.105 42 108.3 9E-05 19.7 0.65 
U3-10  2.6 23.8 0.116 25 194.4 0.0004 19.6 0.64 
U3-11  2.6 28.7 0.127 11 398.8 0.0013 19.6 0.68 
U3-12 3.4 4.1 8.5 0.06 60 12.6 2E-05 15.5 0.62 
U3-13  4.1 9.2 0.063 60 17.1 1E-05 16.0 0.63 
U3-14  4.1 10.2 0.066 61 46.2 3E-05 18.5 0.65 
U3-15  4.1 10.8 0.068 65 43.3 2E-05 19.1 0.64 
U3-16  4.1 11.9 0.072 60 70.8 6E-05 20.0 0.65 
U3-17  4.1 13.7 0.078 60 123.7 7E-05 20.8 0.67 
U3-18  4.1 14.5 0.081 40 155.1 0.0002 18.5 0.67 
U3-19  4.1 15.8 0.084 30 315.7 0.0003 19.5 0.69 
U3-20  4.1 16.4 0.086 20 169.2 0.0004 19.8 0.69 
U3-21  4.1 18.8 0.089 4 414.1 0.006 19.6 0.76 
U3-22  4.1 17.8 0.089 6.5 127.8 0.0009 20.1 0.71 
U3-23 3.4 6.5 5.4 0.041 65 16.3 1E-05 20.9 0.69 
U3-24  6.5 6.7 0.045 60 33.0 3E-05 20.1 0.75 
U3-25  6.5 7.5 0.048 70 140.1 6E-05 21.1 0.76 
U3-26  6.5 8.0 0.05 60 144.8 0.0001 21.8 0.75 
U3-27  6.5 8.6 0.052 40 202.3 0.0002 21.7 0.77 
U3-28  6.5 9.4 0.054 25 335.3 0.0007 21.4 0.80 
U3-29  6.5 9.8 0.056 17 331.5 0.001 21.8 0.79 
U3-30  6.5 10.2 0.057 10 427.1 0.0016 20.9 0.79 
U3-31  6.5 10.8 0.058 6 614.9 0.005 21.5 0.82 
U3-32 3.4 8.3 4.2 0.033 61 12.2 6E-06 21.4 0.75 
U3-33  8.3 5.1 0.036 60 32.4 3E-05 20.8 0.81 
U3-34  8.3 5.6 0.039 63 106.5 7E-05 20.3 0.79 
U3-35  8.3 6.0 0.04 60 180.2 1E-04 20.0 0.81 
U3-36  8.3 6.3 0.041 60 200.8 0.0002 21.0 0.80 
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Run Sediment Slope Flow Depth Sampling Bedload Intensity Water Froude 
No. d S Q Y Duration Yield I Temp. Fr  

 (mm) x 103 (l/s) (m) (min) (g) (s-1) ( oC)  

U3-37  8.3 7.0 0.042 15 353.3 0.0007 20.7 0.85 
U3-38  8.3 7.9 0.046 8 733.4 0.0027 20.2 0.85 
U3-39  8.3 8.8 0.05 6 639.6 0.0057 21.5 0.84 
U3-40 3.4 14.1 2.4 0.023 76 14.8 1E-06 20.6 0.75 
U3-41  14.1 3.0 0.024 60 27.4 2E-05 22.0 0.86 
U3-42  14.1 3.4 0.025 60 125.9 7E-05 21.1 0.92 
U3-43  14.1 3.6 0.026 62 231.4 0.0001 20.6 0.89 
U3-44  14.1 4.1 0.027 30 378.6 0.0006 20.6 0.97 
U3-45  14.1 4.4 0.03 15 374.5 0.0019 21.0 0.92 
U3-46  14.1 4.9 0.031 8 691.3 0.0029 20.6 0.96 
U3-47 3.4 23.8 - 0.013 60 7.6 1E-05 18.6 n/a 
U3-48  23.8 0.8 0.014 55 28.7 3E-05 18.1 0.51 
U3-49  23.8 0.7 0.014 41 59.2 1E-04 18.5 0.43 
U3-50  23.8 1.0 0.015 62 230.0 0.0002 18.6 0.56 
U3-51  23.8 1.5 0.016 14 241.1 0.001 17.0 0.77 
U3-52  23.8 1.8 0.019 10 758.9 0.0038 18.3 0.76 

          
U4-1 4.5 2.6 21.0 0.114 45 5.2 8E-06 18.4 0.58 
U4-2  2.6 24.5 0.118 45 27.4 3E-05 18.7 0.64 
U4-3  2.6 29.3 0.136 40 179.6 0.0002 16.6 0.62 
U4-4  2.6 29.3 0.136 46 38.3 5E-05 18.3 0.62 
U4-5 4.5 4.1 15.0 0.083 60 25.9 1E-05 21.0 0.67 
U4-6  4.1 19.2 0.094 60.2 237.6 9E-05 18.3 0.71 
U4-7  4.1 23.1 0.109 68 222.5 6E-05 19.8 0.69 
U4-8  4.1 29.0 0.122 33 391.3 0.0004 19.0 0.72 
U4-9 4.5 6.5 10.2 0.061 67 66.9 1E-05 19.8 0.73 
U4-10  6.5 11.2 0.063 60 168.8 7E-05 21.1 0.75 
U4-11  6.5 - 0.066 63.5 347.0 0.0001 20.2 n/a 
U4-12  6.5 13.3 0.068 60 334.2 0.0002 21.7 0.80 
U4-13  6.5 14.7 0.071 22 411.2 0.0006 21.0 0.82 
U4-14  6.5 15.8 0.073 16 505.2 0.001 21.1 0.86 
U4-15  6.5 18.6 0.078 4 838.3 0.007 21.6 0.91 
U4-16 4.5 8.3 7.7 0.047 66 106.4 3E-05 19.4 0.81 
U4-17  8.3 8.4 0.05 65 129.6 7E-05 21.7 0.80 
U4-18  8.3 9.8 0.054 51 252.0 0.0002 22.5 0.84 
U4-19  8.3 10.5 0.055 26 402.6 0.0006 20.4 0.86 
U4-20  8.3 11.0 0.057 21 520.3 0.0007 19.8 0.86 
U4-21  8.3 11.6 0.059 11 404.7 0.0013 20.3 0.86 
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Run Sediment Slope Flow Depth Sampling Bedload Intensity Water Froude 
No. d S Q Y Duration Yield I Temp. Fr  

 (mm) x 103 (l/s) (m) (min) (g) (s-1) ( oC)  

U4-22  8.3 12.4 0.06 6 528.8 0.0036 20.6 0.90 
U4-23 4.5 11.5 5.6 0.036 60 83.5 3E-05 21.7 0.89 
U4-24  11.5 6.0 0.037 61 133.3 7E-05 21.3 0.90 
U4-25  11.5 6.3 0.038 63 279.6 0.0002 22.1 0.90 
U4-26  11.5 7.0 0.041 30 405.2 0.0005 22.0 0.90 
U4-27  11.5 7.3 0.042 32 352.5 0.0005 21.5 0.91 
U4-28  11.5 8.0 0.044 8 472.5 0.0021 21.9 0.93 
U4-29 4.5 14.1 4.3 0.03 60 16.7 3E-05 16.5 0.90 
U4-30  14.1 4.9 0.03 24 40.7 7E-05 20.2 0.98 
U4-31  14.1 5.2 0.032 62 160.2 0.0002 18.1 0.98 
U4-32  14.1 5.6 0.034 50 385.1 0.0003 18.7 0.97 
U4-33  14.1 6.0 0.034 23 379.7 0.001 17.2 1.00 
U4-34  14.1 6.5 0.036 17 549.5 0.0016 19.1 1.00 
U4-35 4.5 28.7 0.9 0.017 46 20.0 1E-05 16.6 0.44 
U4-36  28.7 1.2 0.018 55 89.8 9E-05 16.2 0.54 
U4-37  28.7 1.6 0.018 30 256.8 0.0005 16.9 0.71 
U4-38  28.7 1.8 0.019 11 318.1 0.0013 17.0 0.74 
U4-39  28.7 2.8 0.022 6 1225.3 0.0067 16.8 0.93 

          
U5-1 5.65 4.1 20.7 0.102 60 13.0 1E-05 22.7 0.68 
U5-2  4.1 24.4 0.112 60 115.5 7E-05 21.5 0.69 
U5-3  4.1 26.6 0.122 60 109.4 6E-05 22.7 0.67 
U5-4  4.1 29.0 0.124 60 53.0 3E-05 23.8 0.71 
U5-5 5.65 6.5 11.2 0.066 60 26.7 1E-05 17.7 0.70 
U5-6  6.5 13.1 0.069 60 52.9 2E-05 19.2 0.77 
U5-7  6.5 13.3 0.072 60 69.4 4E-05 22.6 0.74 
U5-8  6.5 15.0 0.074 30 103.8 9E-05 21.2 0.79 
U5-9  6.5 17.6 0.081 60 360.0 0.0001 17.2 0.82 
U5-10  6.5 19.1 0.085 43 518.7 0.0002 20.1 0.82 
U5-11  6.5 21.0 0.089 20 421.9 0.0003 20.5 0.84 
U5-12  6.5 24.5 0.094 21 1449.5 0.0013 20.3 0.90 
U5-14 5.65 8.3 9.6 0.056 60 38.5 3E-05 21.5 0.77 
U5-15  8.3 11.2 0.06 60 135.8 3E-05 22.1 0.81 
U5-16  8.3 12.2 0.062 60 254.2 9E-05 21.8 0.84 
U5-17  8.3 13.0 0.065 60 318.6 9E-05 22.2 0.83 
U5-18  8.3 14.3 0.069 30 530.8 0.0004 21.2 0.85 
U5-19  8.3 15.0 0.07 20 475.8 0.0004 22.6 0.87 
U5-20  8.3 16.1 0.072 15 848.1 0.0009 21.9 0.88 
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Run Sediment Slope Flow Depth Sampling Bedload Intensity Water Froude 
No. d S Q Y Duration Yield I Temp. Fr  

 (mm) x 103 (l/s) (m) (min) (g) (s-1) ( oC)  

U5-21 5.65 11.5 6.6 0.043 60 18.9 7E-06 21.7 0.79 
U5-22  11.5 7.2 0.045 60 24.1 1E-05 21.6 0.81 
U5-23  11.5 8.0 0.047 60 146.0 4E-05 20.3 0.85 
U5-24  11.5 8.5 0.048 60 191.7 8E-05 21.4 0.87 
U5-25  11.5 8.8 0.05 60 276.1 0.0001 22.3 0.85 
U5-26  11.5 9.7 0.052 60 414.2 0.0002 22.5 0.88 
U5-27  11.5 10.4 0.053 30 673.8 0.0004 22.5 0.91 
U5-28  11.5 11.1 0.055 30 590.5 0.0004 22.2 0.92 
U5-29  11.5 12.2 0.057 12 1001.9 0.0018 21.7 0.97 
U5-30 5.65 14.1 5.9 0.038 60 28.0 9E-06 22.5 0.85 
U5-31  14.1 6.2 0.04 60 46.0 5E-06 22.6 0.82 
U5-32  14.1 6.5 0.042 60 92.9 1E-05 23.0 0.82 
U5-33  14.1 7.4 0.043 60 156.2 9E-05 22.8 0.89 
U5-34  14.1 8.0 0.044 30 455.6 0.0005 23.1 0.92 
U5-35  14.1 8.1 0.046 30 292.6 0.0002 22.7 0.87 
U5-36  14.1 8.4 0.047 20 450.7 0.0006 22.7 0.89 
U5-37  14.1 9.1 0.048 15 691.2 0.0015 22.2 0.93 
U5-38 5.65 15.7 5.0 0.033 60 37.9 1E-05 22.4 0.88 
U5-39  15.7 5.1 0.035 60 24.4 1E-05 22.2 0.84 
U5-40  15.7 5.4 0.036 60 16.2 7E-06 22.6 0.83 
U5-41  15.7 5.6 0.037 60 21.4 1E-05 22.8 0.82 
U5-42  15.7 6.6 0.039 60 278.4 8E-05 22.6 0.91 
U5-43  15.7 6.9 0.04 60 387.6 0.0001 23.0 0.92 
U5-44  15.7 7.2 0.041 33 260.2 0.0002 22.6 0.92 
U5-45  15.7 7.8 0.042 14 635.5 0.0011 23.3 0.96 
U5-46  15.7 8.1 0.043 9 528.8 0.0015 22.6 0.98 

          
U6-1 7.15 4.1 28.0 0.121 60 43.0 1E-06 16.6 0.71 
U6-2 7.15 6.5 22.4 0.092 56 61.0 9E-06 21.5 0.85 
U6-3  6.5 - 0.096 65 181.2 2E-05 18.4 n/a 
U6-4  6.5 26.2 0.1 55 413.4 3E-05 20.0 0.89 
U6-5  6.5 26.8 0.103 35 484.9 0.0001 22.4 0.87 
U6-6  6.5 28.0 0.106 25 832.1 0.0003 19.7 0.86 
U6-7 7.15 8.3 16.0 0.071 65 96.7 5E-06 21.5 0.90 
U6-8  8.3 18.7 0.078 55 104.4 3E-05 20.6 0.92 
U6-9  8.3 21.0 0.082 65 765.2 9E-05 21.0 0.95 
U6-10  8.3 23.1 0.087 66 929.3 0.0001 21.8 0.96 

U6-11  8.3 25.2 0.092 47 1221.1 0.0003 22.4 0.96 
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Armitage & McGahey: A unit stream power model for the prediction of local scour in rivers 

Appendix A: Incipient motion on turbulent beds 

Run Sediment Slope Flow Depth Sampling Bedload Intensity Water Froude 
No. d S Q Y Duration Yield I Temp. Fr  

 (mm) x 103 (l/s) (m) (min) (g) (s-1) ( oC)  

U6-12  8.3 26.2 0.096 21 1177.8 0.0005 22.3 0.94 
U6-13  8.3 28.0 0.105 20 949.3 0.0006 21.4 0.88 
U6-14 7.15 11.5 10.8 0.054 40 39.0 7E-06 21.4 0.93 
U6-15  11.5 11.9 0.056 65 249.3 3E-05 21.6 0.95 
U6-16  11.5 13.0 0.06 57 197.9 2E-05 22.0 0.94 
U6-17  11.5 13.5 0.061 60 480.7 8E-05 22.2 0.95 
U6-18  11.5 14.2 0.064 46 753.3 0.0002 21.4 0.94 
U6-19  11.5 15.4 0.067 30 1087.4 0.0005 20.8 0.95 
U6-20  11.5 17.5 0.072 13 999.6 0.0009 21.9 0.96 
U6-21  11.5 21.3 0.077 3 1683.7 0.009 21.9 1.07 
U6-22 7.15 14.1 10.0 0.05 55 257.3 5E-05 21.4 0.95 
U6-23  14.1 8.6 0.047 57 50.2 3E-06 22.3 0.90 
U6-24  14.1 9.8 0.049 65 337.3 5E-05 21.4 0.98 
U6-25  14.1 11.2 0.051 35 404.6 0.0001 22.4 1.02 
U6-26  14.1 11.6 0.052 25 1036.9 0.0004 20.7 1.05 
U6-27  14.1 12.5 0.056 17 1050.9 0.0007 20.9 1.01 
U6-28  14.1 13.2 0.058 11 1077.9 0.0013 21.0 1.01 
U6-29  14.1 14.3 0.06 6 1274.9 0.0027 21.8 1.05 
U6-30 7.15 23.8 4.7 0.029 55 142.1 3E-06 19.4 1.01 
U6-31  23.8 5.1 0.031 66 273.7 1E-05 19.2 0.99 
U6-32  23.8 5.6 0.032 50 466.9 0.0001 18.6 1.04 
U6-33  23.8 6.2 0.034 42 1198.0 0.0003 20.3 1.06 
U6-34  23.8 7.2 0.035 21 882.2 0.0008 19.8 1.18 
U6-35  23.8 7.7 0.038 5.5 1305.5 0.0043 17.8 1.13 

          
U7-1 9 6.5 28.0 0.114 60 52.4 2E-05 18.9 0.77 
U7-2 9 8.3 21.0 0.091 60 65.0 1E-05 20.6 0.81 
U7-3  8.3 23.8 0.098 60 92.0 2E-05 21.9 0.83 
U7-4  8.3 29.0 0.104 60 195.0 4E-05 22.0 0.92 
U7-5 9 11.5 12.2 0.065 60 31.6 1E-05 22.8 0.78 
U7-6  11.5 13.5 0.068 60 75.3 1E-05 23.4 0.82 
U7-7  11.5 14.4 0.07 60 132.8 1E-05 22.3 0.84 
U7-8  11.5 15.8 0.072 60 97.4 2E-05 23.2 0.87 
U7-9  11.5 17.2 0.074 60 287.7 3E-05 23.2 0.91 
U7-10  11.5 18.6 0.077 60 307.8 7E-05 23.8 0.94 
U7-11  11.5 19.8 0.08 20 669.4 0.0003 23.2 0.94 
U7-12  11.5 22.0 0.083 20 472.2 0.0003 24.3 0.99 

U7-13  11.5 24.8 0.086 8 580.2 0.0009 23.8 1.05 
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Armitage & McGahey: A unit stream power model for the prediction of local scour in rivers 

Appendix A: Incipient motion on turbulent beds 

Run Sediment Slope Flow Depth Sampling Bedload Intensity Water Froude 
No. d S Q Y Duration Yield I Temp. Fr  

 (mm) x 103 (l/s) (m) (min) (g) (s-1) ( oC)  

U7-14 9 14.1 10.8 0.058 60 45.4 2E-05 23.8 0.82 
U7-15  14.1 12.2 0.06 60 196.9 3E-05 22.7 0.88 
U7-16  14.1 13.3 0.062 60 236.0 3E-05 23.8 0.91 
U7-17  14.1 14.5 0.064 60 221.7 4E-05 22.3 0.95 
U7-18  14.1 15.0 0.066 40.3 644.7 9E-05 24.0 0.95 
U7-19  14.1 16.1 0.068 25 453.9 0.0002 22.7 0.98 
U7-20  14.1 18.2 0.071 15 626.6 0.0007 22.7 1.03 
U7-21  14.1 21.0 0.075 4.5 1082.6 0.0037 23.7 1.10 
U7-22 9 15.7 9.8 0.051 60 58.7 1E-05 21.9 0.92 
U7-23  15.7 11.4 0.055 60 81.3 3E-05 22.1 0.95 
U7-24  15.7 12.4 0.056 60 317.4 5E-05 21.6 1.01 
U7-25  15.7 13.0 0.058 60 281.2 3E-05 21.8 1.00 
U7-26  15.7 13.2 0.06 60 155.9 5E-05 21.8 0.97 
U7-27  15.7 14.0 0.061 60 417.3 8E-05 22.1 0.98 
U7-28  15.7 15.8 0.063 15 580.1 0.0007 22.7 1.08 
U7-29  15.7 15.6 0.063 17 581.2 0.0003 21.8 1.05 
U7-30  15.7 16.4 0.064 13 513.0 0.0007 22.6 1.07 
U7-31  15.7 17.2 0.065 6 685.5 0.0011 22.9 1.12 

          
U8-1 12 11.5 16.7 0.073 60 37.9 3E-06 13.3 0.90 
U8-2  11.5 20.0 0.082 60 109.1 1E-05 16.0 0.91 
U8-3  11.5 24.5 0.092 50 110.9 2E-05 17.2 0.94 
U8-4  11.5 29.0 0.1 60 421.3 5E-05 18.7 0.97 
U8-5  11.5 28.0 0.101 55 1241.8 0.0001 19.1 0.94 
U8-6 12 14.1 21.0 0.079 60 403.9 4E-05 21.4 1.01 
U8-7  14.1 22.0 0.083 60 237.8 2E-05 19.4 0.98 
U8-8  14.1 24.6 0.084 60 770.7 6E-05 20.8 1.08 
U8-9  14.1 25.4 0.086 57 837.0 0.0002 22.2 1.07 
U8-10  14.1 26.6 0.089 23 1090.2 0.0004 22.1 1.07 
U8-11  14.1 29.0 0.09 18 896.4 0.0003 22.6 1.14 
U8-12  14.1 29.0 0.095 19 890.9 0.0003 20.4 1.05 
U8-13 12 17.8 14.3 0.062 35 29.0 2E-05 20.3 0.98 
U8-14  17.8 15.3 0.063 60 357.8 3E-05 20.8 1.03 
U8-15  17.8 16.3 0.066 35 255.6 5E-05 21.3 1.03 
U8-16  17.8 17.8 0.067 55 955.2 9E-05 21.2 1.09 
U8-17  17.8 19.2 0.069 13 1440.4 0.0011 21.0 1.12 
U8-18  17.8 18.8 0.072 21 614.2 0.0003 22.1 1.05 

U8-19  17.8 21.7 0.074 6 1560.5 0.0018 21.4 1.16 
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Armitage & McGahey: A unit stream power model for the prediction of local scour in rivers 

Appendix A: Incipient motion on turbulent beds 

Run Sediment Slope Flow Depth Sampling Bedload Intensity Water Froude 
No. d S Q Y Duration Yield I Temp. Fr  

 (mm) x 103 (l/s) (m) (min) (g) (s-1) ( oC)  

U8-20  17.8 20.0 0.074 17 1278.7 0.001 21.4 1.06 
U8-21 12 28.7 7.8 0.043 60 305.9 1E-05 21.6 0.94 
U8-22  28.7 10.2 0.044 27 1454.2 0.0004 20.6 1.17 
U8-23  28.7 9.1 0.045 62 868.8 1E-04 21.4 1.03 
U8-24  28.7 8.4 0.045 46 76.4 8E-06 22.5 0.94 
U8-25  28.7 9.5 0.048 40 902.3 0.0002 22.6 0.96 
U8-26  28.7 11.9 0.052 6 1782.2 0.0037 23.0 1.08 
U8-27  28.7 13.0 0.055 5 1673.8 0.0067 23.1 1.09 
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Armitage & McGahey: A unit stream power model for the prediction of local scour in rivers 

Appendix A: Incipient motion on turbulent beds 

A.2 Casey (1936) 
 

Grain Velocity Depth Width Slope Bedload 
Size     Discharge 
(mm) (m/s) (m) (m) (m/m) (kg/s m) 

2.46 0.483 0.1170 0.4 0.00125 0.00009 
2.46 0.513 0.1283 0.4 0.00130 0.00039 
2.46 0.533 0.1387 0.4 0.00130 0.00068 
2.46 0.542 0.1475 0.4 0.00123 0.00070 
2.46 0.558 0.1567 0.4 0.00120 0.00070 
2.46 0.582 0.1655 0.4 0.00119 0.00099 
2.46 0.625 0.1759 0.4 0.00120 0.00206 
2.46 0.650 0.1826 0.4 0.00123 0.00351 
2.46 0.652 0.1875 0.4 0.00119 0.00355 
2.46 0.676 0.1942 0.4 0.00125 0.00617 
2.46 0.679 0.2063 0.4 0.00129 0.00830 
2.46 0.659 0.2192 0.4 0.00128 0.00790 
2.46 0.657 0.1871 0.4 0.00140 0.00381 
2.46 0.558 0.1814 0.4 0.00125 0.00096 
2.46 0.514 0.1448 0.4 0.00126 0.00018 
2.46 0.454 0.1167 0.4 0.00121 0.000001 
2.46 0.438 0.0530 0.4 0.00250 0.00007 
2.46 0.477 0.0582 0.4 0.00251 0.00007 
2.46 0.489 0.0628 0.4 0.00250 0.00026 
2.46 0.539 0.0668 0.4 0.00250 0.00146 
2.46 0.518 0.0738 0.4 0.00251 0.00305 
2.46 0.538 0.0771 0.4 0.00245 0.00452 
2.46 0.546 0.0796 0.4 0.00248 0.00495 
2.46 0.563 0.0835 0.4 0.00248 0.00637 
2.46 0.573 0.0872 0.4 0.00249 0.00833 
2.46 0.595 0.0920 0.4 0.00251 0.01186 
2.46 0.610 0.0951 0.4 0.00256 0.01326 
2.46 0.637 0.0981 0.4 0.00290 0.01962 
2.46 0.564 0.0789 0.4 0.00240 0.00550 
2.46 0.556 0.0796 0.4 0.00253 0.00530 
2.46 0.569 0.0887 0.4 0.00249 0.00875 
2.46 0.599 0.0960 0.4 0.00252 0.01413 
2.46 0.619 0.0985 0.4 0.00250 0.02607 
2.46 0.671 0.1219 0.4 0.00250 0.01820 
2.46 0.749 0.1378 0.4 0.00250 0.05836 
2.46 0.448 0.0335 0.4 0.00499 0.00002 
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Armitage & McGahey: A unit stream power model for the prediction of local scour in rivers 

Appendix A: Incipient motion on turbulent beds 

Grain Velocity Depth Width Slope Bedload 
Size     Discharge 
(mm) (m/s) (m) (m) (m/m) (kg/s m) 

2.46 0.480 0.0360 0.4 0.00499 0.00008 
2.46 0.474 0.0354 0.4 0.00494 0.00008 
2.46 0.496 0.0384 0.4 0.00491 0.00155 
2.46 0.537 0.0427 0.4 0.00496 0.01517 
2.46 0.568 0.0466 0.4 0.00505 0.01892 
2.46 0.606 0.0515 0.4 0.00498 0.01320 
2.46 0.631 0.0582 0.4 0.00500 0.03525 
2.46 0.694 0.0677 0.4 0.00509 0.05950 
2.46 0.588 0.0472 0.4 0.00506 0.01237 
2.46 0.565 0.0415 0.4 0.00502 0.00197 
2.46 0.530 0.0378 0.4 0.00509 0.00784 
2.46 0.478 0.0323 0.4 0.00498 0.00152 
2.46 0.439 0.0271 0.4 0.00496 0.00091 
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Armitage & McGahey: A unit stream power model for the prediction of local scour in rivers 

Appendix A: Incipient motion on turbulent beds 

A.3 Bogardi & Yen (1939) 
 

Grain Velocity Depth Width Temp Slope Bedload 
Size      Discharge 
(mm) (m/s) (m) (m) (oC) (m/m) (kg/s m) 

6.849 0.738 0.0506 0.823 19 0.0148 0.00120 
6.849 0.692 0.0402 0.823 19 0.0143 0.00018 
6.849 0.820 0.0738 0.823 19.8 0.0145 0.02192 
6.849 0.921 0.0567 0.3 19.8 0.0141 0.00614 

 



A-13 

 

 
Armitage & McGahey: A unit stream power model for the prediction of local scour in rivers 

Appendix A: Incipient motion on turbulent beds 

A.4 Ho (1939) 
 

Grain Velocity Depth Width Temp Slope Bedload 
Size      Discharge
(mm) (m/s) (m) (m) (oC) (m/m) (kg/s m) 

6.01 0.691 0.1094 0.4 10.8 0.00333 0.00010 
6.01 0.773 0.1448 0.4 11.0 0.00335 0.00072 
6.01 0.810 0.1658 0.4 11.5 0.00334 0.00094 
6.01 0.935 0.174 0.4 11.7 0.00333 0.00319 
6.01 0.824 0.100 0.4 12.2 0.005 0.00059 
6.01 0.929 0.135 0.4 12.6 0.005 0.01442 
6.01 1.020 0.157 0.4 12.9 0.00501 0.02706 
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Armitage & McGahey: A unit stream power model for the prediction of local scour in rivers 

Appendix A: Incipient motion on turbulent beds 

A.5 Paintal (1971) 
 

Grain Velocity Depth Width Slope Bedload 
Size     Discharge 
(mm) (m/s) (m) (m) (m/m) (kg/s m) 

2.5 0.59 0.109 0.914 0.00134 0.00016123
2.5 0.50 0.095 0.914 0.00138 0.00000909
2.5 0.73 0.122 0.914 0.00163 0.00661440
2.5 0.66 0.101 0.914 0.00144 0.00004547
2.5 0.61 0.102 0.914 0.00172 0.00103350
2.5 0.49 0.082 0.914 0.00153 0.00000384
2.5 0.62 0.113 0.914 0.00152 0.00075859
2.5 0.73 0.158 0.914 0.00158 0.01368354
2.5 0.65 0.148 0.914 0.00140 0.00797862
2.5 0.76 0.167 0.914 0.00163 0.02893800
2.5 0.42 0.042 0.914 0.00140 0.00000003
2.5 0.40 0.050 0.914 0.00145 0.00000020
2.5 0.43 0.057 0.914 0.00159 0.00000035
2.5 0.44 0.042 0.914 0.00167 0.00000003
2.5 0.50 0.067 0.914 0.00153 0.00000072
2.5 0.51 0.083 0.914 0.00162 0.00001951
7.95 0.76 0.081 0.914 0.00487 0.00001170
7.95 0.53 0.054 0.914 0.00470 0.00000012
7.95 0.72 0.086 0.914 0.00468 0.00000378
7.95 0.60 0.068 0.914 0.00490 0.00000156
7.95 0.70 0.098 0.914 0.00480 0.00004444
7.95 0.65 0.044 0.914 0.00487 0.00000013
7.95 0.71 0.065 0.914 0.00480 0.00000057
7.95 0.86 0.109 0.914 0.00453 0.00002067
7.95 0.67 0.077 0.914 0.00453 0.00000030
7.95 0.74 0.090 0.914 0.00455 0.00000165
7.95 0.84 0.103 0.914 0.00520 0.00014469
7.95 0.88 0.112 0.914 0.00520 0.00049608
7.95 0.91 0.123 0.914 0.00470 0.00017280
7.95 0.85 0.116 0.914 0.00450 0.00002005
7.95 0.74 0.046 0.914 0.00572 0.00000023
7.95 0.90 0.124 0.914 0.00529 0.00179002
7.95 0.98 0.134 0.914 0.00535 0.00206700
7.95 0.57 0.057 0.914 0.00478 0.00000020
7.95 0.53 0.053 0.914 0.00487 0.00000002
22.2 1.17 0.158 0.914 0.00910 0.00003183
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Armitage & McGahey: A unit stream power model for the prediction of local scour in rivers 

Appendix A: Incipient motion on turbulent beds 

Grain Velocity Depth Width Slope Bedload 
Size     Discharge 
(mm) (m/s) (m) (m) (m/m) (kg/s m) 

22.2 1.24 0.163 0.914 0.00914 0.00007978
22.2 1.27 0.171 0.914 0.00915 0.00008102
22.2 1.29 0.183 0.914 0.00905 0.00014882
22.2 1.33 0.187 0.914 0.00912 0.00017486
22.2 1.38 0.203 0.914 0.00912 0.00043818
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Armitage & McGahey: A unit stream power model for the prediction of local scour in rivers 

Appendix A: Incipient motion on turbulent beds 

A.6 Ikeda (1983) 
 

Grain Velocity Depth Width Temp Slope Bedload 
Size      Discharge
(mm) (m/s) (m) (m) (oC) (m/m) (kg/s m) 

6.5 1.21 0.248 4 22.7 0.00254 0.0462 
6.5 1.05 0.186 4 23.5 0.00228 0.0037 
6.5 1.17 0.211 4 23.0 0.00248 0.0337 
6.5 1.33 0.278 4 24.2 0.00261 0.0943 
6.5 1.37 0.313 4 24.3 0.00269 0.1689 
6.5 1.08 0.189 4 23.5 0.00241 0.0031 
6.5 1.06 0.171 4 24.0 0.00250 0.0015 
6.5 0.99 0.154 4 24.0 0.00247 0.00030 
6.5 1.37 0.219 4 26.0 0.00544 0.2472 
6.5 1.07 0.135 4 25.5 0.00485 0.0169 
6.5 1.14 0.159 4 25.7 0.00515 0.0779 
6.5 1.36 0.179 4 25.1 0.00472 0.1308 
6.5 1.52 0.198 4 24.2 0.00494 0.2544 
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Armitage & McGahey: A unit stream power model for the prediction of local scour in rivers 

Appendix A: Incipient motion on turbulent beds 

A.7 Bathurst et al. (1984) 
 

Grain Velocity Depth Width Temp Slope Bedload 
Size      Discharge
(mm) (m/s) (m) (m) (oC) (m/m) (kg/s m) 

11.5 1.005 0.166 0.6 19.0 0.005 0.0046375
11.5 1.092 0.183 0.6 19.5 0.005 0.0231875
11.5 1.173 0.199 0.6 20.0 0.005 0.0706667
11.5 1.301 0.218 0.6 19.5 0.005 0.1395667
11.5 1.047 0.127 0.6 18.0 0.0075 0.0048142
11.5 1.134 0.147 0.6 17.0 0.0075 0.0311817
11.5 1.150 0.174 0.6 20.0 0.0075 0.0848 
11.5 1.280 0.182 0.6 20.0 0.0075 0.1210167
11.5 0.992 0.102 0.6 18.0 0.01 0.0016695
11.5 1.034 0.113 0.6 18.5 0.01 0.0060508
11.5 1.158 0.129 0.6 19.5 0.01 0.0697833
11.5 1.222 0.150 0.6 19.0 0.01 0.14575 
11.5 1.308 0.166 0.6 19.5 0.01 0.2486583
11.5 1.416 0.176 0.6 20.0 0.01 0.3581917
22.2 1.155 0.216 0.6 21.5 0.01 0.0150773
22.2 1.372 0.243 0.6 22.0 0.01 0.1319267
22.2 1.640 0.254 0.6 22.5 0.01 0.6853333
22.2 1.032 0.079 0.6 18.5 0.03 0.0007667
22.2 1.139 0.088 0.6 18.5 0.03 0.0108797
22.2 1.186 0.091 0.6 21.0 0.03 0.0441183
22.2 1.130 0.105 0.6 19.5 0.03 0.0396208
22.2 1.390 0.097 0.6 18.0 0.03 0.2128817
22.2 1.400 0.110 0.6 18.0 0.03 0.37265 
22.2 1.250 0.133 0.6 17.0 0.03 0.6853333
22.2 0.997 0.058 0.6 18.0 0.05 0.0445467
22.2 0.934 0.071 0.6 18.0 0.05 0.2000317
22.2 0.974 0.077 0.6 17.5 0.05 0.3538033
22.2 1.246 0.067 0.6 18.0 0.05 0.5054333
22.2 1.380 0.072 0.6 17.0 0.05 0.9808833
22.2 1.730 0.077 0.6 17.0 0.05 2.2187667
22.2 2.000 0.083 0.6 17.5 0.05 3.66225 
22.2 0.749 0.044 0.6 17.5 0.07 0.003401 
22.2 0.909 0.046 0.6 17.5 0.07 0.3666533
22.2 0.942 0.053 0.6 17.5 0.07 0.7538667
22.2 1.160 0.057 0.6 17.5 0.07 1.7047667
22.2 1.250 0.067 0.6 18.0 0.07 2.4929 
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Grain Velocity Depth Width Temp Slope Bedload 
Size      Discharge
(mm) (m/s) (m) (m) (oC) (m/m) (kg/s m) 

22.2 1.650 0.061 0.6 13.5 0.07 3.4480833
22.2 1.490 0.067 0.6 16.5 0.07 3.6708167
22.2 1.420 0.082 0.6 16.0 0.07 4.6688333
44.3 1.407 0.130 0.6 18.0 0.03 0.0075167
44.3 1.486 0.146 0.6 17.0 0.03 0.0098083
44.3 1.534 0.163 0.6 17.0 0.03 0.1219167
44.3 1.639 0.173 0.6 18.5 0.03 0.1659167
44.3 1.842 0.172 0.6 18.5 0.03 0.495 
44.3 1.012 0.082 0.6 16.5 0.05 0.0022 
44.3 1.169 0.100 0.6 17.5 0.05 0.0260792
44.3 1.228 0.095 0.6 18.0 0.05 0.0103583
44.3 1.365 0.110 0.6 17.5 0.05 0.116875 
44.3 1.489 0.123 0.6 13.5 0.05 1.0725 
44.3 1.415 0.153 0.6 13.5 0.05 1.8975 
44.3 1.646 0.152 0.6 16.0 0.05 3.3870833
44.3 1.059 0.079 0.6 15.0 0.07 0.0295167
44.3 1.066 0.109 0.6 16.0 0.07 0.59125 
44.3 1.235 0.121 0.6 17.0 0.07 2.5758333
44.3 1.303 0.141 0.6 16.0 0.07 4.5008333
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A.8 Graf & Suszka (1987) 
 

Grain Velocity Depth Width Slope Bedload 
Size     Discharge 
(mm) (m/s) (m) (m) (m/m) (kg/s m) 

12.2 1.012 0.163 0.6 0.0050 0.00085 
12.2 1.038 0.175 0.6 0.0050 0.00158 
12.2 1.063 0.185 0.6 0.0050 0.00296 
12.2 1.103 0.195 0.6 0.0050 0.00521 
12.2 1.135 0.207 0.6 0.0050 0.01236 
12.2 1.167 0.217 0.6 0.0050 0.02743 
12.2 1.203 0.223 0.6 0.0050 0.03286 
12.2 1.252 0.229 0.6 0.0050 0.03639 
12.2 1.289 0.238 0.6 0.0050 0.06030 
12.2 1.315 0.242 0.6 0.0050 0.07116 
12.2 1.328 0.251 0.6 0.0050 0.08773 
12.2 1.340 0.255 0.6 0.0050 0.11462 
12.2 1.058 0.189 0.6 0.0050 0.00397 
12.2 1.114 0.211 0.6 0.0050 0.01575 
12.2 1.159 0.230 0.6 0.0050 0.02879 
12.2 1.224 0.245 0.6 0.0050 0.05486 
12.2 0.918 0.118 0.6 0.0075 0.00022 
12.2 0.954 0.124 0.6 0.0075 0.00058 
12.2 0.985 0.132 0.6 0.0075 0.00067 
12.2 1.019 0.139 0.6 0.0075 0.00356 
12.2 1.054 0.147 0.6 0.0075 0.00714 
12.2 1.097 0.155 0.6 0.0075 0.01255 
12.2 1.097 0.161 0.6 0.0075 0.01841 
12.2 1.121 0.162 0.6 0.0075 0.02303 
12.2 1.154 0.169 0.6 0.0075 0.03531 
12.2 1.188 0.174 0.6 0.0075 0.04400 
12.2 1.200 0.182 0.6 0.0075 0.05160 
12.2 1.224 0.192 0.6 0.0075 0.08420 
12.2 1.260 0.201 0.6 0.0075 0.12276 
12.2 1.276 0.209 0.6 0.0075 0.15210 
12.2 1.306 0.217 0.6 0.0075 0.17790 
12.2 1.346 0.229 0.6 0.0075 0.24172 
12.2 1.384 0.236 0.6 0.0075 0.27975 
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Grain Velocity Depth Width Slope Bedload 
Size     Discharge 
(mm) (m/s) (m) (m) (m/m) (kg/s m) 

23.5 1.318 0.153 0.6 0.015 0.0089 
23.5 1.356 0.161 0.6 0.015 0.0134 
23.5 1.389 0.168 0.6 0.015 0.0215 
23.5 1.392 0.182 0.6 0.015 0.0487 
23.5 1.350 0.179 0.6 0.015 0.0350 
23.5 1.426 0.187 0.6 0.015 0.0944 
23.5 1.482 0.190 0.6 0.015 0.1300 
23.5 1.539 0.196 0.6 0.015 0.1866 
23.5 1.500 0.210 0.6 0.015 0.2695 
23.5 1.381 0.187 0.6 0.015 0.0670 
23.5 1.337 0.167 0.6 0.015 0.0254 
23.5 1.300 0.159 0.6 0.015 0.0083 
23.5 1.236 0.151 0.6 0.015 0.0032 
23.5 1.173 0.125 0.6 0.020 0.0061 
23.5 1.138 0.123 0.6 0.020 0.0064 
23.5 1.238 0.136 0.6 0.020 0.0235 
23.5 1.288 0.141 0.6 0.020 0.0539 
23.5 1.370 0.146 0.6 0.020 0.1185 
23.5 1.394 0.153 0.6 0.020 0.2088 
23.5 1.379 0.168 0.6 0.020 0.3529 
23.5 1.492 0.162 0.6 0.020 0.3912 
23.5 1.046 0.094 0.6 0.025 0.0012 
23.5 1.083 0.100 0.6 0.025 0.0024 
23.5 1.122 0.104 0.6 0.025 0.0124 
23.5 1.131 0.109 0.6 0.025 0.0342 
23.5 1.176 0.112 0.6 0.025 0.0512 
23.5 1.243 0.114 0.6 0.025 0.0785 
23.5 1.243 0.122 0.6 0.025 0.1746 
23.5 1.331 0.119 0.6 0.025 0.2216 
23.5 1.421 0.129 0.6 0.025 0.5144 
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B. Incipient motion on laminar and transitional beds 
 

B.1 USWES (1935) 
 

 Re* d gs  d / Y Notes 
  (mm)  (kg/m3)  

0.048 5.5 0.34 0.34 2650 0.02 Subrounded to subangular grains 
0.074 2.4 0.18 0.32 2650 0.008 Subangular to angular grains 

 

 

 

B.2 Liu (1935) 
 

 Re* d gs  d / Y Notes 
  (mm)  (kg/m3)  

0.024 75 2.2 0.35 2660 0.03 
0.022 37 1.4 0.31 2660 0.03 
0.026 53 1.7 0.45 2660 0.03 

 

 

 

B.3 Meyer-Peter & Muller (1948) 
 

 Re* d gs  d / Y Notes 
  (mm)  (kg/m3)  

0.033 59 1.86 <0.33 2680 0.01 Angular grains 

 

 

 

B.4 Raudkivi (1963) 
 

 Re* d gs  d / Y Notes 
  (mm)  (kg/m3)  

0.036 6 0.4 0.42 2600 0.003 
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B.5 Vanoni (1964) 
 

 Re* d gs  d / Y Notes 
  (mm)  (kg/m3)  

0.097 1.3 0.102 0.19 2650 0.0009 Quartz grains 
0.126 1.5 0.102 0.19 2650 0.001 ditto 
0.120 1.5 0.102 0.19 2650 0.001 ditto 

 

 

 

B.6 Grass (1970) 
 

 Re* d gs  d / Y Notes 
  (mm)  (kg/m3)  

0.141 0.87 0.09 <0.24 2650 <0.02? 
0.131 0.84 0.09 <0.24 2650 <0.02? 
0.110 1.6 0.115 <0.13 2650 <0.02? 
0.086 1.8 0.138 <0.13 2650 <0.03? 
0.069 2.1 0.165 <0.13 2650 <0.03? 
0.072 2.8 0.195 <0.11 2650 <0.04? 
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B.7 Everts (1973) 
 

 Re* d gs  d / Y Notes 
  (mm)  (kg/m3)  

0.023 51 1.79 <0.25? 2650 0.03 
0.025 54 1.79 <0.25? 2650 0.04 
0.017 16 0.895 <0.25? 2650 0.01 
0.021 17 0.895 <0.25? 2650 0.02 
0.018 16 0.895 <0.25? 2650 0.02 
0.020 17 0.895 <0.25? 2650 0.04 
0.020 7.2 0.508 <0.25? 2650 0.006 
0.024 8 0.508 <0.25? 2650 0.009 
0.022 7.7 0.508 <0.25? 2650 0.01 
0.025 8.1 0.508 <0.25? 2650 0.02 
0.029 5.2 0.359 <0.25? 2650 0.005 
0.026 4.9 0.359 <0.25? 2650 0.006 
0.027 5.1 0.359 <0.25? 2650 0.009 
0.023 4.6 0.359 <0.25? 2650 0.04 
0.032 3.3 0.254 <0.25? 2650 0.003 
0.035 3.4 0.254 <0.25? 2650 0.004 
0.041 3.7 0.254 <0.25? 2650 0.008 
0.039 2.1 0.18 <0.25? 2650 0.002 
0.046 2.3 0.18 <0.25? 2650 0.005 
0.052 1.5 0.127 <0.25? 2650 0.002 
0.052 1.5 0.127 <0.25? 2650 0.002 
0.040 1.3 0.127 <0.25? 2650 0.01 

 

 

 

B.8 Fernandez Luque & Van Beek (1976) 
 

 Re* d gs  d / Y Notes 
  (mm)  (kg/m3)  

0.039 18 0.9 0.25 2640 0.01 
0.038 48 1.8 0.25 2640 0.02 

 

 

 

 



B-4 

 

 
Armitage & McGahey: A unit stream model for the prediction of local scour in rivers 

Appendix B: Incipient motion on laminar and transitional beds 

B.9 Mantz (1975) 
 

 Re* d gs  d / Y Notes 
  (mm)  (kg/m3)  

0.094 0.7 0.066 0.2 2650 0.0007 Quartz grains 
0.121 0.79 0.066 0.2 2650 0.0008 ditto 
0.127 0.81 0.066 0.2 2650 0.001 ditto 
0.122 0.79 0.066 0.2 2650 0.002 ditto 
0.126 0.81 0.066 0.2 2650 0.003 ditto 
0.155 0.48 0.045 0.2 2650 0.0004 ditto 
0.147 0.47 0.045 0.2 2650 0.0006 ditto 
0.134 0.45 0.045 0.2 2650 0.0008 ditto 
0.127 0.44 0.045 0.2 2650 0.001 ditto 
0.140 0.46 0.045 0.2 2650 0.002 ditto 
0.140 0.27 0.03 0.2 2650 0.0003 ditto 
0.133 0.27 0.03 0.2 2650 0.0004 ditto 
0.164 0.29 0.03 0.2 2650 0.0005 ditto 
0.161 0.29 0.03 0.2 2650 0.0008 ditto 
0.165 0.28 0.03 0.2 2650 0.001 ditto 
0.198 0.12 0.015 0.2 2650 0.0002 ditto 
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B.10 This study 
 

dmin dmax Bf Bed Surface T Gauge Q Y 
(mm) (mm) (m) (mm) (mm) (Celsius)  (mm) (l/s) (mm) 

0.150 0.300 0.610 69.1 152.8 16.7 541.2 12.30 83.7 
0.150 0.300 0.610 69.1 139.8 16.8 527.2 9.66 70.7 
0.150 0.300 0.610 69.1 127.8 16.9 516.6 7.91 58.7 
0.150 0.300 0.610 69.1 118.1 17.1 502.3 5.87 49.0 
0.150 0.300 0.610 69.1 106.6 17.2 486.7 4.05 37.5 
0.150 0.300 0.610 69.1 89.7 17.3 463.9 2.08 20.6 
0.300 0.425 0.610 69.0 181.6 17.2 573.5 19.92 112.6 
0.300 0.425 0.610 69.0 171.6 17.5 567.3 18.29 102.6 
0.300 0.425 0.610 69.0 162.1 17.6 557.1 15.78 93.1 
0.300 0.425 0.610 69.0 165.8 17.1 549.1 13.96 96.8 
0.300 0.425 0.610 69.0 146.0 17.7 538.4 11.74 77.0 
0.300 0.425 0.610 69.0 134.7 17.8 528.9 9.96 65.7 
0.300 0.425 0.610 69.0 120.8 17.9 517.3 8.01 51.8 
0.300 0.425 0.610 69.0 109.4 18.0 502.6 5.91 40.4 
0.300 0.425 0.610 69.0 96.1 18.1 487.6 4.14 27.1 
0.300 0.425 0.610 69.0 88.0 17.0 463.7 2.06 19.0 
0.425 0.500 0.610 69.5 180.6 18.1 573.8 20.00 111.1 
0.425 0.500 0.610 69.5 166.3 18.2 566.7 18.13 96.8 
0.425 0.500 0.610 69.5 156.8 18.3 558.9 16.20 87.3 
0.425 0.500 0.610 69.5 147.9 18.4 549.9 14.14 78.4 
0.425 0.500 0.610 69.5 139.4 18.5 540.7 12.20 69.9 
0.425 0.500 0.610 69.5 127.0 18.6 529.4 10.05 57.5 
0.425 0.500 0.610 69.5 115.9 18.7 515.7 7.77 46.4 
0.425 0.500 0.610 69.5 104.6 18.8 502.6 5.91 35.1 
0.425 0.500 0.610 69.5 89.1 18.8 487.1 4.09 19.6 
0.500 0.600 0.610 68.8 175.1 19.0 573.2 19.84 106.3 
0.500 0.600 0.610 68.8 163.4 19.0 565.1 17.73 94.6 
0.500 0.600 0.610 68.8 151.9 19.0 557.7 15.92 83.1 
0.500 0.600 0.610 68.8 143.8 19.0 550.7 14.32 75.0 
0.500 0.600 0.610 68.8 131.4 19.0 539.2 11.90 62.6 
0.500 0.600 0.610 68.8 121.2 19.1 530.1 10.17 52.4 
0.500 0.600 0.610 68.8 107.8 19.1 514.0 7.51 39.0 
0.500 0.600 0.610 68.8 99.4 19.1 501.3 5.74 30.6 
0.500 0.600 0.610 68.8 89.6 19.1 487.9 4.17 20.8 
0.500 0.600 0.610 68.8 82.8 19.1 467.3 2.32 14.0 
0.600 0.850 0.610 71.4 142.1 18.0 539.4 11.94 70.7 
0.600 0.850 0.610 71.4 131.0 18.0 528.1 9.82 59.6 
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dmin dmax Bf Bed Surface T Gauge Q Y 
(mm) (mm) (m) (mm) (mm) (Celsius)  (mm) (l/s) (mm) 

0.600 0.850 0.610 71.4 125.0 18.1 516.8 7.94 53.6 
0.600 0.850 0.610 71.4 116.2 18.1 506.7 6.46 44.8 
0.600 0.850 0.610 71.4 100.2 18.2 488.7 4.26 28.8 
0.600 0.850 0.610 71.4 86.1 18.2 466.0 2.22 14.7 
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C. Alternative CFD codes 
 
N.B. The data given below was obtained by the authors from the relevant 
suppliers and / or their websites and refers to the situation as at December 2001. 
 
C.1 Delft3D 

C.1.1 Supplier 

Delft Hydraulics, Netherlands. 

C.1.2 Initial price  

  
A license for the typical package including the Delft3D modules FLOW, WAQ and 
SED; the pre- and post-processing tools QUICKIN, RGFGRID and GPP; and the 
Delft3D-Matlab and Delft3D-GIS-ArcView interfaces costs US$5 000.  If all modules 
were required the total cost would not exceed US$10 000.  Support and maintenance 
are inclusive.  There are reduced rates for non-commercial/research institutions 

 

C.1.3 Annual license fees 

 
The yearly maintenance fee is half the license fee, i.e. US$2 500 for the typical 
package.  This maintenance is strongly recommended, as it guarantees the newest 
versions, bug fixes, and support. 

 

C.1.4 Hardware requirements 

 
The platforms supporting the packages include Unix workstations (HP, SGI and Sun), 
and Windows/Intel (Windows 95, 98 & NT4).  The minimum and preferred 
configurations for Microsoft Windows are as follows: 

 
 Minimal Preferred 

Processor 
Pentium  
166 MHz 

Pentium III  
450 MHz or more 

Internal memory 64 MB 128 MB or more 
Swap space Two times internal 

memory 
Four times internal memory 
(ideally everything fits in 
memory) 

Free disk space 2 GB 10 GB 
Display 800 x 600 pixels 

256 colours 
1280 x 1024 pixels 
16 million colours 

Printer PCL, HPCL  Postscript 
Other  CD-ROM drive, Internet 

connectivity 
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C.1.5 Type of code 

 
Option of finite difference or finite volume schemes. 

 
 

C.1.6 Support 
 

On-line support available: delft3D.support@wldelft.nl 
                Contact:   Heleen Leepel 
 

Apart from the above, there are agents in Australia and the USA: 
 

Australia:  Brisbane office, PO Box 2476, Brookside Centre, QLD 4053. 
  Tel: 07 3855 3809  Fax: 07 3855 1904 

 
Melbourne office, 19 Business Park drive, Notting Hill, VIC 3168. 
Tel: 03 9558 9231 Fax: 03 9558 9956 

 
Sydney office, PO Box 852, Pymble, NSW 2073. 
Tel: 02 9983 1267 Fax: 02 9983 1055 

 
General enquiries: info@delftsoftware.com.au 
Website: http://www.delftsoftware.com.au/  

 
USA: Mahwah office, 4914 West Genesee Street, Suite 119, Camillus, NY 

13031. 
 Tel: 315 484 6220     Fax: 315 484 6221 

 
 Boulder office, 900 Valley Lane, Boulder, CO 80302. 
 Tel: 303 49 2409 Fax: 303 449 7794 

 
 General enquiries: vpassaro@hydroqual.com 

 Website: http://www.hydroqual.com 
  

There is no local support although the program is used by the CSIR in Stellenbosch. 
 
 

C.1.7 Flexibility of program 
 

The Delft3D software is delivered as an executable only i.e. it cannot compute any 
additional variables through user-defined subroutines.  
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C.1.8 Capabilities (only the relevant ones are mentioned)  
 

The FLOW module of Delft3D is a 2 or 3 dimensional hydrodynamic simulation, 
which calculates non-steady flow and transport phenomena resulting from tidal and 
meteorological forcing on a curvilinear boundary.   One main area of application is 
that of river flow.  

 
Standard features: Inclusion of pressure gradient terms in the momentum 

equations (density driven flows) 
 

The turbulence model to account for the vertical turbulent 
viscosity and diffusivity is based on the eddy viscosity concept. 
Four options k-, k-L, algebraic and constant model are 
provided. 

 
The shear stresses exerted by the turbulent flow on the bed are 
based on a quadratic Chezy or Manning formula.  It can model 
a free-surface and can include the effects of wind. 

 
Special features: Horizontal turbulent exchange coefficients as the sum of a 3D 

turbulence model and a 2D sub-grid turbulence model.     
  

There is an optional facility to take into account the effect of 
space varying wind and barometric pressure, including the 
hydrostatic pressure correction at open boundaries. 

 
The SED module of Delft3D can be applied to model the transport of cohesive and 
non-cohesive sediments e.g. sediment/erosion patterns.  This module is generally used 
to calculate the short-term transport of sediment and sand.  The 3D advection-
diffusion equation for various sediment fractions is solved with appropriate boundary 
conditions based on the van Rijn formulations. The picking up or settling of sediment 
from or to the bottom leads to a lowering or accretion of the bed level, which can be 
multiplied by a scaling factor.  This means that during the combined flow and 
sediment run the bottom is adapted dynamically and effects of the bottom changes on 
the flow and sediment concentrations are accounted for.     

 
Standard features: Sedimentation takes place when the bottom shear stress falls 

below a certain value. 
  

The effects of hindered settling (i.e. decrease in sedimentation 
at very high suspended solids concentration) can be included. 

  
Each of the particle fractions is treated independently. 
Sedimentation always results in an increase in sediment in the 
uppermost sediment layer. 

 
The bottom sediments are homogenous within a layer. 
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The re-suspension flux is limited based on the available amount 
of sediment in a sediment layer for the variable layer option.  
The re-suspension is unlimited if the fixed layer option is used.  
It is zero if the water depth becomes too small. 

 
Sediment can be transferred downward from one sediment layer 
to an underlying layer in a process known as burial.  

 
Special features: Bed level changes resulting from erosion and deposition: fluxes 

are computed using a given value for the bed concentration 
which is determined in terms of the porosity.    

 
 

C.1.9 Main application/s 
 

River flow where the FLOW module is used to simulate the hydrodynamics, the SED 
module predicts the sediment movement and the WAQ module models water quality. 
 
 
C.1.10 Programming language 

 
Fortran (not relevant as the package is only provided as an executable) 

 
 

C.1.11 Expected developments (where relevant) 
 

Turbulence models, unstructured finite volumes   
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C.2 MIKE3 
 
C.2.1 Supplier 
 
DHI, Denmark. 
 

C.2.2 Initial price   
 

 

MODULE Remarks Single Grid

Price US$

Multiple Grids

Price US$

 
Pre- and Post-processor 

MIKE 3 PP necessary for all modules 4 900 4 900

Main hydrodynamics module 

MIKE 3 HD necessary for all modules 33 200 41 500
 
 
Additional environmental modules:  
MIKE 3 AD 
MIKE 3 WQ 

 
 

10 700
12 600

15 900
16 400

MIKE 3 EU 
MIKE 3 EU 
Rooted Vegetation 
MIKE 3 SA 

 
requires EU 
requires PA 

17 900
8 600
5 600

23 900
11 500
7 500

 
Additional sediment modules:
 
MIKE 3 MT  
MIKE 3 PA 

 
 
 
 

13 900
13 900

18 700
18 700

 
A discount on the AD module corresponding to 30% of the list price is offered if any 
of the MIKE 3 WQ, EU or MT modules is purchased.  This discount cannot be 
combined any other discounts.   
 
Software prices include one set of manuals and are exclusive of the operating system.   
 
MIKE 21 users can upgrade the MIKE 21 main and add-on modules to the 
corresponding MIKE 3 modules at very attractive prices 
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University Licenses, the use of which is strictly limited to educational and research 
purposes, are granted with a discount corresponding to 80% of the list price.  
 
 
C.2.3 Annual license fees 

 
Maintenance for the first year is included in the sales price. Subsequently the annual 
maintenance price is 10% of the initial price.  It covers ‘hotline’ assistance and an 
annual update of the software. For licenses at a reduced price such as University 
License and Dedicated License, maintenance for the first year is not included but is 
offered at full price. 

 
 

C.2.4 Hardware requirements 
 

The minimum hardware requirement for MIKE 3 is a Pentium IV 500 MHz with 128 
MB Ram and 10 GB hard disk. Currently Windows 95, 98, 2000 and NT are 
supported.  Windows XP will also be supported shortly. 

 
 

C.2.5 Type of code 
 

Finite difference. 
 
 

C.2.6 Support 
 

Technical support is available at the Website: http://dhisoftware.com/mike3 
 
Some support centers: 

 
Australia:  Tel: 612 4334 6621 Fax: 612 4334 4616 
   Email:  chall@watersoftware.com  

   software@dhiaust.com 
 
New Zealand  Tel: 649 533 0345 Fax: 649 533 0345 

  Email: gbturton@watersoftware.co.nz 
   support@watersoftwar.co.nz 
   software@watersoftware.co.nz 

 
Sweden  Website: www.dhi.se 
 
USA   Website: www.dhigroup.com 
     
There is no local support for MIKE 3 in South Africa, but they have large experience 
in supporting via e-mail, fax, and telephone.  There are more than 4,000 installations 
of their software in 75 countries. 
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C.2.7 Flexibility of program 
  

The MIKE 3 software package can model many phenomena. The program, however, 
is only delivered as executable code and the user cannot make changes to the code. It 
is possible to export results from MIKE 3 to an ASCII file for further processing. 

 
 

C.2.8 Capabilities (only the relevant ones are mentioned)  
 

It simulates three-dimensional free-surface flow.  It can also simulate unsteady flow. 
 
 

C.2.9 Main application/s 
 

MIKE 3 was designed for the simulation of the hydraulics, water quality and sediment 
transport of rivers.   

 
 

C.2.10 Main users   
 

Universities, Consultants, public and private organisations. 
 
 
C.2.11 Programming language 

 
Fortran for the "engines" i.e. the solvers, and C++ for the Graphical User Interface. 

 



C-8 

 

 
Armitage & McGahey: A unit stream model for the prediction of local scour in rivers 

Appendix C: Alternative CFD codes 

C.3 TELEMAC 
 
C.3.1 Supplier 
 
Electricite de France, HR Wallingford, UK. 
 
 
C.3.2 Initial price   

 
Universities may obtain the software for about £2 300, which includes technical 
support and maintenance for the first year.  A two-day introductory course that would 
cover the main concepts of the system, and the setting up and running of the flow 
module in particular is strongly recommended.  This costs about £1800 excluding 
travel and accommodation.  A full training course would take about a week. 
 
 
C.3.3 Annual license fees 

 
The academic license is renewable annually, and is free subject to the submission of a 
report on the use of the software.  Technical support and maintenance costs about 
£1500 a year. 

 
 

C.3.4 Hardware requirements 
 

The software runs under Windows NT or UNIX (HP, Sun, SGI etc).  128 MB RAM 
and 300 MHz is the minimum computer requirement. 

 
 

C.3.5 Type of code 
 

Finite elements on a completely unstructured grid. 
 
 

C.3.6 Support 
 

The program was originally developed by Electricite de France – Laboratoire 
National d’Hydraulique.  It is extensively used, marketed and developed by HR 
Wallingford in close partnership with EDF-LNH.     

 
The TELEMAC support agreement provides full product maintenance with telephone 
and e-mail support.  Training conducted at HR Wallingford or at client offices is 
tailored to users specific needs and experience.  All users become members of the 
TELEMAC Users-club that meets regularly with the software authors, EDF-LNH. 

 
UK:  Tel: 0944 1491 835 381 Fax: 0944 1491 832 233  

Email:  telemacsales@hrwallingford.co.uk 
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C.3.7 Flexibility of program 
 

The user has access to a range of FORTRAN90 subroutines.  One subroutine 
calculates and outputs new variables in the system.  The graphical post-processor 
RUBENS allows the manipulation of additional variables from those normally output 
by the model. 

 
 

C.3.8 Capabilities  
 

Unstructured triangular grid.  
 

Turbulence models include the k- and the mixing length models.  Horizontal 
turbulence options are included for the simulation of very detailed flow patterns.   

 
Solves shallow water equations either vertically averaged in 2D or layered in 3D. 

 
Includes sediment transport modules SUBLIEF for suspended sediment (mainly used 
for cohesive sediment applications) and SEDPLUME-3D for particle tracking (mainly 
for dredging applications).  

 
 

C.3.9 Main applications 
 

TELEMAC is a modelling system for hydrodynamics, sediment transport and water 
quality in the natural environment.  It can be applied to a wide range of phenomena, 
from small eddies behind bridge piers to pollutant transport in large coastal areas.  It 
is the main flow model used by HR Wallingford for rivers, estuaries, coastal seas and 
large ocean areas. 

 
 

C.3.10 Main users   
 

Civil engineering contractors, national hydraulic labs, research institutions, 
universities, and water companies.  

 
 

C.3.11 Programming language 
 

Fortran 90 
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C.4 FLUENT 
 
C.4.1 Supplier 
 
Fluent Europe Ltd., Sheffield, UK 
 
 
C.4.2 Initial price   

 
FLUENT has a wide variety of pricing structures ranging from one stand-alone 
license to a multiple network license with a special discount for Academic 
Institutions.  A license may be a perpetual license or an annual license.  A perpetual 
license costs roughly three times an annual license an annual maintenance fee is 
payable for updates of the code.  Holders of annual licenses automatically receive the 
updates. 

 
 

C.4.3 Annual license fees 
 

The initial and annual license fees are the same. 
 
 

C.4.4 Hardware requirements 
 

FLUENT runs on all the major Unix platforms (e.g. HP, Sun, DEC, Linux, IBM, SGI) 
as well on Windows NT/2000.  At least 500MB memory is recommended.  For 
benchmarking, refer to: http://www.fluent.com/software/fluent/fl5bench/index.htm  

 
 

C.4.5 Type of code 
 

Finite volume. 
 
 

C.4.6 Support   
 

Online support is available.  In South Africa, support is provided by Danie de Kock –  
djdekock@postino.up.ac.za .  Training can also be provided. 
 

 
C.4.7 Flexibility of program 

 
Flexible – additional routines can be written into code. 
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C.4.8 Capabilities  
 

Solution-based mesh adaptation.  Unstructured mesh.  There are range of turbulence 
models e.g. k-, second order closure Reynolds Stress, and large eddy simulation.  
There is a free surface flow algorithm.  There is also a parallel computing option for 
solving large problems more quickly. 

 
 

C.4.9 What was the software originally written for? 
 

A general CFD code.  Is currently used for a very wide range of applications (auto 
industry, aerodynamics, combustion, power-generation, water industries, steel 
industries, chemical and processing, glass making etc.) 

 
 

C.4.10 Main users   
 
Diverse. 

 
 
C.4.11 Programming language 

 
C++ 
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C.5 CFX 
 
C.5.1 Supplier 
 
AEA Technology, UK. 
 
 
C.5.2 Initial price   

 
 
 
 

C.5.3 Annual license fees 
 
 
 
 

C.5.4 Hardware requirements 
 

Unix platforms e.g. Compaq systems running Tru65 Unix versions 4.0 or 5.1 (On 
these systems there are some combinations of operating systems, graphics cards and 
graphics software that will prevent CFX Build and/or Visualise from running).  
Hewlett Packard systems running HP-UX versions 10.20 or 11.0.  IBM systems 
running AIX version 4.3.  SGI systems running IRIX or IRIX64 version 6.5.  SUN 
systems running Solaris version 7 or 8.  CRAY and NEC systems 

Microsoft Windows NT version 4.0 with service pack 5 

 

Basic System Requirements 

Hardware platform  Intel-based workstations 
Operating system  Windows NT 4.0 with Service 

Pack 5. 
Fortran compiler  (if additional routines are 

to included) 
Digital visual Fortran version 
6.1 

Additional software  Required (for online help 
and CFX license manager) 

Netscape 4  

Disk Space (MB) 
CFD-4.3 software  541 
Third party software Maximum 80 
Exceed and Exceed 3D  25 

Memory 

Real memory (RAM) Minimum  256 
Paging file size  3 x RAM 

General Requirements 
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CD-ROM drive   
Ethernet card   
Mouse Required 3 button mouse 
Monitor Recommended 17 inch or larger supporting 

24-bit colour graphics, 
minimum resolution 1280 x 
1024 pixels 

Graphics 

Basic graphics  Exceed 6.1 or 6.2 
3D graphics software  Open GL: Exceed 3D version 

6.1 or 6.2 
Graphics devices 3D graphics card 

supporting Open GL. 
 

Additional software 

Parallel solver Required Public domain MPI 1.2.0.4: 
supplied on CFX CD, 
necessary for multi processor 
machines 

 
 

C.5.5 Type of code 
 

Finite volume. 
 
 
C.5.6 Support   

 
Product of AEA Technolgy. 

 
Local support is available from the online helpdesk based in Sekunda, South Africa 

 
International: Canada info@engsw.aeat.com 

Tel: 1888 827 2356 
France  cfx.support@aea-technology.fr 

 Tel: 0933 1417 89080 
Germany  service@cfx-germany.com 

 Tel: 0949 8024 9054 0 
Italy  supporto.cfd@enginsoft.it 

 Tel: 0939 035 368 711 
Japan   cfx.support@aeat.co.jp 

 Tel: 0981 45224 1051 
UK  cfx.support@cfx.aeat.com 

 Tel: 0944 1235 448000 
USA    info@cfx.aeat.com 

Tel: 1800 529 3810 
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C.5.7 Flexibility of program 
  

Highly flexible.  Can incorporate additional routines, do computations internally and 
write data to file for alternative post-processing options. 
 

 
C.5.8 Capabilities  
  
Unstructured meshing (only in CFX 5).  Variety of turbulence models e.g. k-, low-
Reynolds k-, algebraic stress, differential flux etc.  Can handle both steady and 
transient flow.  A free surface algorithm is available in CFX-V4.4.  It has a parallel 
computing option.  
 
 
C.5.9 Main applications 

 
Industrial applications e.g. mixing vessels, settling tanks, chemical reactions in 
multiphase flows, jet flame impingement, coal-fired combustion etc.  

 
 

C.5.10 Main users   
 

Diverse. 
 
  

C.5.11 Programming language 
 

Fortran. 
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C.6 Flo++ 
 

C.6.1 Supplier 

 

Softflow cc, South Africa. 

 

 

C.6.2 Initial price 

 

US$2 400 for commercial users. 

 

 

C.6.3 Annual license fees 

 

US$2 400 for commercial users. 

 

 

C.6.4 Hardware requirements 

 

PC with a minimum of 256 MB RAM. 

 

 

C.6.5 Type of code 

 

Finite volume. 

 

 

C.6.6 Support 

 

Email Louis de Grange, louis@softflo.com 

 

 

C.6.7 Flexibility of program 

 

Allows user-defined subroutines. 
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C.6.8 Capabilities 

 

It has free-surface capability but lacks a proper surface tension model. 

 

 

C.6.9 Main applications 

 

Viscous compressible flows in complex geometries. 

 

 

C.6.10 Main users 

 

SASOL, DENEL (South Africa). 

 

 

C.6.11 Programming language 

 

C++ 

 

 

C.6.12 Expected developments 

 

Fluid-solid interface. 
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D. Flowchart for the numerical modelling of scour and 
deposition (McGahey, 2001) 

 

McGahey (2001) presents the following flowchart for the numerical modelling of 

scour and deposition described in Chapter 9 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

3D 2D 

Width of model is 
average cell width 
0.01m 

Given:  

 Channel geometry 
 Slope 
 Water depth 
 Flow rate 
 Sediment type, diameter 

& settling velocity 

Two- or 
three-dimensional 

Retain original 
width 

Create initial geometry: 
 

 equivalent width but with no obstacles 
 coarse mesh 
 10m long model 
 patches: inlet, outlet, moving wall at free-

surface, name bottom wall for roughness  

Continued…
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Create command file: 

 2D or 3D 
 Rectangular grid 
 Cartesian co-ordinates 
 Turbulent flow 
 Heat transfer 
 Buoyancy 
 Incompressible flow 
 Steady state 
 No. user scalars 
 Fortran routines: USRBCS,USRWTM 
 Name user scalars 
 Differencing scheme: QUICK all variables                             

except k- use HYBRID 
 Wall treatments: no-slip, logarithmic 
 Standard fluid water: density 1000,  

viscosity 0.001, temperature 293 K 
 Turbulence model: k- model (2D), 

Low Reynolds Number k- model (3D) 
 Gravity vector (accounts for slope) 
 Solver data: no. of iterations,  

mass source tolerance 
 Pressure correction : SIMPLEC (variable) 
 Solver: STONE u,v,w ICCG p – 2D  
         BLOCKSTONE u,v,w ICCG p – abutment 
         BLOCKSTONE u,v,w AMG p - pier   
 Boundary conditions: inlet – average velocity,  

                     turbulent intensity, dissipation length scale,  
                     ‘dummy’ moving-wall velocity  

Continued…

From previous 
page… 
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Create Fortran file 
 

 USRBCS: velocity inlet  profile; moving-wall 
surface profile 

 USRWTM: specify roughness height (sediment 
diameter) and roughness factor 

SOLVE problem 

(initial run) 

Checks: 
 
 convergence criteria 
 Check flow rate in output file 
 linear shear stress profile at outlet in ANALYSE 

From previous 
page… 

Continued…
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Save data and open in Microsoft EXCEL: 
 
 Plot k and  variations with depth at outlet. Find best-fit polynomials to 

represent these curves.  For 3D case, plot k and  variations with width at 
mid-height as well.  Hence find equation to approximate surface distribution 
of k and . 

 Find depth of the laminar sub-layer (equation 2.28 & 2.24) using the shear 
stress and hence the depth of the minimum cell.    

Second geometry: 
 
 Build the actual geometry, refining the mesh at the boundary (according to 

sub-layer thickness and sediment height) and adjacent to the obstacle.  Create 
user 2D and 3D patches where necessary. 

Update command file: 

 Add user routine USRTRN 

Update Fortran file: 
 
 Add k and  distributions to USRBCS. 
 Program power equations, Movability Number, slope adjustment function 

etc. in USRTRN.  

From previous 
page… 

Continued…
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Beads Sand 

SOLVE actual problem 

Beads or sand? 

Post-processing: 
 

 Check if power contours 
correspond in magnitude 
and pattern to the bead 
movement. 

Post-processing: 
 
 Identify eddies and 

possible vortex streets 
 Analyse power contours 

and shear velocity- 
settling velocity ratio 
contours. 

Final results 

From previous 
page… 
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