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ABSTRACT 

 
Our understanding of bedload transport and the reciprocal interaction with its 

surrounding physical environment, despite recent studies showing increased interest in 

the problem, remains weak. The main aim of the current study was to improve 

understanding of bedload transport under unsteady flow conditions and then investigate 

how this transport responds - and feeds-back to - near-bed turbulence and a changing 

bed surface roughness (transport-turbulence-roughness, TTR, interdependency). 

Experiments were carried out in an 8m long, 0.3m wide by 0.3m deep tilting (Armfield) 

flume. Two experimental bed mixtures were used, one over a fine graded bed mixture 

(d50 = 2.93mm) and a second over a coarse graded bed mixture (d50 = 4.47mm). Data 

were gathered across various parametrically defined unsteady flow hydrographs using a 

sediment trap; ADV; and DSLR camera which facilitated measurements of bedload 

transport, near-bed instantaneous point velocities and bed surface roughness, 

respectively.  

The bedload transport data identified a hysteresis effect across the unsteady flow 

hydrographs tested. A clockwise hysteresis was found across the first hydrograph in 

sequence tested, and a reversal to a counter-clockwise hysteresis was seen across the 

second hydrograph in sequence.  The quadrant analysis technique was used to identify 

the proportion of specific types of turbulent event occurring near the bed surface.  From 

this, an evolution of turbulent ejection events was found, which from an initial high 

reduced moving towards hydrograph peak. An opposite and commensurate effect within 

the sweep events was seen at the same time. A reversal of this trend, in both turbulent 

ejection and sweep event data, occurred on the hydrograph falling limb. Analysis of the 

bed surface roughness data found coarsening on the hydrograph rising limb and fining 

on the falling limb – with the fining found never to return the bed surface roughness to 

its original state, thus leaving it coarser than before the hydrograph passage.  

A further set of experimental runs were carried out, replacing the DSLR camera with a 

particle image velocimetry (PIV) system capable of capturing instantaneous vector flow 

fields (streamwise and lateral directions) and images of grain motion concurrently. 

Grain-scale analysis of this data found that the streamwise fluctuation from the mean 

(u’) velocity at the time of grain motion suggested two mechanisms by which 



turbulence induces bedload transport (a positive mechanism and a negative mechanism). 

These mechanisms were found to likely be associated with turbulent ejection and sweep 

events, respectively. Investigation of turbulence-induced momentary peak forces 

(impulse) found that the positive mechanism (i.e. turbulent sweep events) was generally 

more capable of transferring greater momentum to grains by inducing larger magnitude 

impulse events on grains. 

Calculation of a representative impulse using ADV data provided a continuous dataset 

describing the prevailing fluid impulse on a typical grain across the whole hydrograph. 

This captured the evolution of turbulence across the hydrograph. Separately, the PIV 

data permitted the calculation of the range of impulse resulting in grain motions that 

were recorded in motion. Comparison of the representative impulse (ADV) and known 

impulse required for motion (PIV) showed an overlap in their respective histogram 

distributions. This finding was used to propose an approach using joint-probability that 

may be expanded upon to help reduce the uncertainties inherent in bedload transport 

prediction.  
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v’rms  - wall-normal turbulence intensity 

Vol  - total volume of water beneath the hydrograph (m3) 
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Symbols 

ρ  - density of water (kg m-3) 
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ξ  - hysteresis intensity parameter 
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Chapter 1– Introduction 

1.1 Problem Statement 
 

The subject of sediment transport has received much attention by way of experimental 

testing to inform predictive methods. These experiments, predominantly carried out 

under steady flow conditions, have yielded improvements in knowledge through: i) 

formulation of empirical formulae under a known set of conditions; and ii) investigation 

of the physical relations that influence sediment transport. The physical relations that 

have been investigated widely throughout the literature are: 

• Near-bed turbulence and sediment transport; 

• Sediment transport and bed roughness; and 

• Bed roughness and Near-bed turbulence.  

As such, a three-way interdependency between sediment transport, near-bed turbulence 

and bed surface roughness clearly exists. This relationship is shown on Figure 1-1 , and 

shall henceforth be referred to as the transport-turbulence-roughness (TTR) 

interdependency.   

 

 

Figure 1-1 - Three-way transport-turbulence-roughness (TTR) interrelationship 

 

Many studies have reported the outcomes of investigations between two of the above 

three listed interrelationships, but despite this few studies have considered all three 

together. Two previous studies have begun this process under steady flow conditions: 

Papanicolaou (2001) investigated the impact of surface roughness on the bursting cycle 

during the transport of perfectly spherical particles, each of equal density. Singh et al. 
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(2012) investigated the transport of a sand/gravel mixture and found that the correlation 

between the bed elevation and instantaneous Reynolds stress could be used to infer the 

evolution of bed structures (i.e. a form of sediment transport) based on known local 

turbulent flow structures. A major research gap here is the lack of similar investigations 

in unsteady flows, which leads onto a further knowledge gap in understanding how the 

TTR interdependencies evolve temporally together under unsteady flows. The 

measurement of sediment transport, near-bed turbulence and bed surface roughness 

concurrently therefore constitutes the first major research problem. To progress, there is 

a clear requirement for the assessment of feedback and dependency mechanisms 

involved in bedload transport during unsteady flow conditions.   

 

Looking specifically at unsteady flows, sediment transport has been studied under these 

conditions – recently with smooth, parametrically defined hydrographs (Wang et al., 

2015) but more often with simplified (stepped or triangular) hydrographs. The same is 

true for bed surface roughness and the evolution of bedforms under unsteady conditions 

(Wang, 2015). By contrast, near-bed turbulence in unsteady flow conditions (e.g. 

hydrographs) has been subject to fewer studies, which is somewhat surprising given the 

significant efforts in the literature to link near-bed turbulent events with sediment grain 

motions. With regards to specific measurements in order to progress our knowledge, 

those of bedload transport, near-bed turbulence and bed surface roughness must be 

examined concurrently under unsteady flow conditions to determine the TTR 

interdependencies that exist between these measurements and how they evolve over 

time.  

 

There is a further problem, however - which has been thus far neglected in the literature 

– and that is the influence of an unsteady flow event having worked the sediment bed 

prior to the passage of a following unsteady flow event (e.g. multiple hydrographs in 

sequence). The problem here is that the surface of the bed at the start of a second 

hydrograph has been worked by the initial hydrograph, and thus the second hydrograph 

in sequence will begin with a different initial condition. This initial condition may be 

dependent on the shape and magnitude of the previous hydrograph. Therefore, an 

investigation into the influence of prior bed working is a natural continuation on the 

investigation of parametrically-defined unsteady flow hydrographs.  
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1.2. Research Aims 

 

The research outlined herein is undertaken to address the deficiencies in our current 

understanding of interdependencies between bedload sediment transport, near-bed 

turbulence & bed surface roughness. Hence, an exploration of the links to improve 

knowledge of the cycle between these three components is proposed to help inform 

future transport predictive methods. The overall research aims are to: 

1. Study the effects of parametrically-defined unsteady flow hydrographs on 

graded bedload transport, near-bed turbulence and bed surface roughness to 

discern how all three components evolve temporally together; 

2. Correlate motions of individual grains with specific near-bed turbulent 

fluctuations to understand how these observations improve our knowledge of 

TTR interdependencies by considering the results in conjunction with those 

from (1) above; and 

3. Investigate the impact of multiple, sequential hydrographs on the temporal 

development of TTR interdependencies at the sediment bed. 

 

 

1.2 Thesis Layout 
 

The structure of the thesis is summarised as follows: 

 

Chapter 1 provides a background rationale to the problem that the study will to address 

and outlines the overall aims of the research.  

 

Chapter 2 forms a review of the literature, citing studies which define the problem in 

greater detail and providing information on recent work that investigates the influence 

of unsteady flows on near-bed turbulence, bedload transport and bed surface roughness. 

Furthermore, details on how the literature review is used to link these three components 

together is also discussed.  

 

Chapter 3 outlines the methodologies by which data has been gathered through a 

comprehensive experimental programme.  
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Chapter 4 presents the results from the first part of the experimental programme, 

specifically focussed on the influence of unsteady hydrograph flow conditions on the 

bulk results each of the three measurements individually. Results here also consider the 

impact of sequential hydrographs on the sediment bed.  

 

Chapter 5 presents the results from the second part of experimental programme, 

examining the interrelationships between each of the components at the grain scale. 

Once again, these results also take consideration of the influence of sequential 

hydrographs on grain motions.  

 

Chapter 6 analyses the results provided in Chapter 4 and Chapter 5 before considering 

potential mechanisms by which the TTR interdependencies linking all three components 

may be defined.  

 

Chapter 7 provides a summary and key conclusions from the overall findings contained 

within the work.  
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Chapter 2– Literature Review 

2.1 Introduction  
 

This chapter provides a review of the relevant literature in the fields relating to the 

research problem and the project aims. The influence of unsteady flow is a prominent 

current research topic; and hence each of the three proposed components (bedload 

transport, near-bed turbulence and bed surface roughness) have received a review of the 

relevant research pertaining to our present-day knowledge. Following this, 

consideration of past work looking at the interrelationships and dependencies that exist 

between the three components has been made. Hence, the final outcome from the 

chapter is to set a series of research questions that is tailored to our current 

understanding of the problem thus permitting the research to provide new knowledge 

that can be considered an original contribution. 

 

2.2. Bedload Transport in Unsteady Flows  

 

2.2.1. Physical Influence on Sediment Grains 

 

To gain understanding in any sediment transport problem, the most important starting 

point is information on what should – theoretically - cause any single grain to move. 

Figure 2-1 shows the key forces acting upon a typical grain (Wu & Chou, 2003), with 

annotation provided by Vollmer & Kleinhans (2007).  The figure shows the key forces 

acting upon a grain as follows: i) the weight of the particle due to gravity (G); ii) the lift 

force (FL) due to the action of the fluid on the grain; and iii) the drag force (FD) the 

opposing hydrodynamic force to the lift.  Note that the drag force is often automatically 

assumed to occur purely in the streamwise direction, however Ma & Williams (2009) 

provide a reminder that particles may be transported in the lateral direction around 

obstacles. Hence, they urge consideration of the problem in all three dimensions – 

additionally considering a spanwise drag moment.  As would be expected intuitively 

from such a problem, grain motion occurs when the hydrodynamic forces acting upon 

the grain exceed the forces keeping it stationery (Bottacin-Busolin, et al., 2008). 
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Figure 2-1 - Forces acting upon a perfectly spherical sediment grain (Wu & Chou, 2003) 

This issue, referred to widely as the threshold of motion, has attracted much debate 

within the literature. The main difficulty is due to the infinite number of possibilities for 

grain arrangement, leading to high variability of grain exposure to the flow (Fenton & 

Abbott, 1977; Buffington & Montgomery, 1999). Immediately following the threshold 

of motion, if particles continue moving this is known as entrainment. Grains can - when 

entrained - engage in rolling, sliding or lifting (Choi & Kwak, 2001); which adds further 

complication to the threshold of motion problem. Furthermore, Bottacin-Busolin, et al. 

(2008) highlight that greater complexity is introduced where grain sizes vary within a 

given mixture, and when the surface has been re-arranged (‘worked’) due to the impact 

of a previous above-threshold flow. Their stance is that the overwhelming complexity of 

the system is so great that an element of probability must be considered in this problem 

to usefully predict grain motion. This agrees with an earlier study by Schvidchenko & 

Pender (2000), who showed that the probability of a given grain being entrained 

increased with increasing fluid velocity.  

 

The specific issue whereby grains may (or may not be) be arranged in preferential 

position to motion has been examined through studies on hiding and exposure effects. 

Wu, et al. (2000) explained that if a grain is completely exposed to the flow (i.e. is not 

‘hidden’ by other grains around it) then it has the maximum possible upwinding area 

and exposure height; hence the greatest possible lift force can occur in this situation. 

The lift possible lift force then diminishes with reducing exposure height (and, a 

commensurate reduction in upwinding area). When taking hiding/exposure effects into 

consideration, the literature places emphasis on the mix of sizes within the bed. 

Correction methods for use in predicting entrainment which are directly related to the 

grain size have been developed by various authors (Profitt & Sutherland, 1983; Bridge 
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& Bennett, 1992; Fang & Yu, 1998; Karim, 1998). However, Smart & Habersack 

(2007) argue that the magnitude of the destabilising force is still of high importance – 

pointing to evidence that even grains which are not protruding at the surface can 

sometimes be lifted out from beneath or around larger particles. Later work by Sumer, 

et al. (2001) agrees with this point. This link between hiding/exposure and transport is 

the first element of dependence identified to be key to bedload transport; and is 

considered further in Section 2.5. 

 

This invites the question of how particles – given a specific above-threshold flow - can 

be moved sometimes, and at other times remain at rest. The question may also be 

extended as to how particles can be lifted over and above those which impede their path. 

Vollmer & Kleinhans (2007) and Zanke (2003) discuss how vertical pressure gradients 

can produce an increased short-time lift force (FL) acting upon a grain may be induced 

from velocity fluctuations in the surrounding fluid. These turbulent fluctuations were 

found to be greater in magnitude with increasing fluid velocity by Schvidchenko & 

Pender (2000). This association between turbulent velocity fluctuations and transport is 

the second element of dependence identified to be key to bedload transport, and is 

considered further in Section 2.5  

 

2.2.2. Unsteady Flow Influence on Bedload Transport 

 

The influence of unsteady flow on bedload transport has, increasingly, been found to 

differ from that of a steady flow regime. An early study by Phillips & Sutherland (1990) 

on the establishment of bedforms found their development lagging behind what would 

be expected from the use of a steady flow equation under unsteady conditions. This 

concept of a temporal lag was examined further by Plate (1994) and Wang (1994), who 

discovered a delay between the peak flow rate and the observed peak transport rate in 

unsteady flow.  

 

In unsteady flow, Ahanger, et al. (2008) explains that there is not a perfect correlation 

between sediment and flow discharge in unsteady flow; hence a hysteresis effect exists. 

Looking further into this phenomenon, the physical feature of unsteady flow 

hydrographs responsible for transport hysteresis is the presence of a rising limb and a 

receding limb. A number of studies have considered this feature through the use of 

simplified triangular hydrographs, an example of which is shown in Figure 2-2. These 

hydrographs may miss some subtle velocity changes associated with a smoother flow 
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change at the hydrograph peak, but still provide useful insight into the influence of 

unsteady flow. One such study is by Bombar, et al. (2010), who found that the total 

sediment yield on the hydrograph receding limb was greater than that on the rising limb. 

Another, by Wong and Parker (2006) examined well-sorted gravels under unsteady flow 

conditions with their attention focused specifically on hydrograph length, recession limb 

and peak flow value. An interesting conclusion of this work was that the bed degrades 

over the rising limb, sharply aggrades at the peak flow before slowly degrading again on 

the falling limb – suggesting that not only is the flow itself important for sediment 

transport processes, but the location on the hydrograph (i.e. during rising or falling 

limbs) is also key to understanding transport processes. In this work the sediment was 

fed at a constant rate to the flume over a hydrograph. Sediment transported from 

upstream in a real storm would not be expected to be constant and, thus, simplifying 

upstream the feed as constant value may have introduced uncertainty to the study 

results. Nonetheless, taking the general findings with regards to sediment transport 

behaviour at different points on a hydrograph from this study it can be said that 

hydrograph properties (such as peak flow and unsteadiness) and flow history must also 

be considered when looking into unsteady flow influence on sediment transport.    

 

 

Figure 2-2 - Simplified Triangular Hydrographs from Bombar, et al. (2010) 

 

Mao (2012) also conducted experiments under triangular hydrographs and concluded 

that the standard deviation of bedload transport rates could be up to 10 times greater at 

the hydrograph peak than at the initiation of transport – indicating greater variability 

between results at greater discharge rates during unsteady flows. They also found 

transport to be consistently lower during the hydrograph receding limb, which agrees 

with earlier findings by Kuhlne (1989). This, however, is not in accordance with the 
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findings from the study by Bombar et al. (2010). A possible explanation for this 

apparent inconsistency comes from the findings of Wang et al. (2015). Here, greater 

transport of coarser fraction grains was measured in the rising limb whereas the 

opposite was found to be true of the finer fraction grains (i.e. greater transport in the 

receding limb). This places emphasis on the importance of the sediment mix within the 

bed itself; demonstrating that major differences in transport hysteresis can occur with 

different compositions of sediment bed.  

 

2.2.3. Prediction of Bedload Transport 

 

Various approaches to the prediction of bedload transport have evolved over time. In a 

review of the work of Du Boys, Hager (2005) found that his 1879 equation was based 

on a concept known as the entrainment unit force per square metre of river. This 

equation included the following fundamental ideas:  

• Smaller grains may move faster than larger grains (for an equal force);  

• Larger grains stop transporting first when a reduction in force occurs; and  

• The volume of transport overall is proportional to the force applied.  

Throughout the 21st century, research focussed on attempting to estimate sediment 

transport due to excess shear stress, based upon the work by Shields (1936) whose 

nondimensional parameter (τ*) indicates the initiation (threshold) of grain motion. There 

have been many debates surrounding how this parameter should be used. Some studies 

(e.g. Paphitis, 2001) have obtained empirically derived values of τ* but these, of course, 

have limitations (tied to their experimental or observational conditions) on their use 

(Buffington and Montgomery, 1997). Furthermore, Wilcock et al. (2001) found that the 

proportion of sand within a bed mixture could increase the rate of transport by up to 3 

orders of magnitude. They were critical of Shields’ concept in such circumstances, 

considering the increasing difficulty of reliably specifying an initiation of motion 

criterion with increasing sand content.  

 

van Rijn (1984) computed the bed load transport as the function shown in equation (2-

1). This formula realised the concept that there may be a theoretical limit to the number 

of particles in motion at any given time, and hence included for the concentration of 

particles within the bedload; as well as the saltation height and particle velocity.  The 

idea that a theoretical maximum sediment concentration can be reached is also 
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considered by Larionov, et al. (2006), who proposed a similar function but in 

combination with a threshold-of-motion concept similar to Shields (1936).  

𝒒𝒃

[(𝒔−𝟏)𝒈]𝟎.𝟓𝑫𝟓𝟎
𝟏.𝟓 = 𝟎. 𝟎𝟓𝟑 

𝑻𝟐.𝟏

𝑫∗
𝟎.𝟑 (2-1) 

      

In another approach, Haschenburger & Church (1998) proposed the use of a method 

taking account of the sum distance travelled by all grains divided by the number of 

transported grains within a known measurement time – termed the ‘virtual velocity’. 

The rationale here was that it was to be representative of the proportion of the bed that 

is in motion at any given time. This was found to cover the random aspect of bedload 

transport well (albeit, through averaging) – but required many inputs to the equation 

that were difficult, or laborious, to obtain.  

 

Five of the key transport equations have been tested by Batalla (1998), including 

equations by van Rijn (1984), Brownlie (1981), Meyer-Peter and Müller (1948), 

Engelujnd & Hansen (1967) and Ackers & White (1973). A large ratio, ranging 0.5 – 2 

across these equations was found to exist when comparing predicted and observed rates 

of bedload transport. Aksoy & Kavvas (2005) also provided a review of previous 

methodologies for predicting transport rates. Having examined 18 different equations, 

they noted that some simple models relied far too heavily on calibration of parameters 

(e.g. empiricism) and that a better understanding the interactions between transport 

itself and the velocity and depth of flow is key to prediction of transport rates. Two 

major outcomes of this study were: (i) that no model was found that considered the 

stochasticity associated with sediment transport, and (ii) that the models tested yielded 

poor prediction rates. Therefore, to-date, deterministic models have not made 

improvements in sediment transport prediction that account uncertain processes within 

the flow velocity. This leads naturally onto the need to examine the links between flow 

turbulence and sediment transport events; as well as a knowledge gap that indicates the 

requirement to consider a wider range of flow conditions (both steady and unsteady).  

 

2.2.4. Probabilistic Approaches in Prediction Methods 

 

The concept of using a probabilistic (i.e. non-deterministic) approach is to account for 

the inherent uncertainties surrounding sediment transport has been around for a long 

time. Following on from early research by Einstein (1950), Grass (1970) and Gessler 

(1970); Wu and Chou (2003) have evaluated two different types of entrainment 

probability – rolling and lifting. They have used a Gaussian Distribution to represent the 
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instantaneous velocity, and derived equations for the threshold of movement for lifting 

and rolling based on an expression originally proposed by Cheng and Chiew (1998, 

1999). Wu and Chou (2003) conclude with a proposed relationship between the 

probability of entrainment and the dimensionless shear stress.  Furbish and Schmeeckle 

(2013) take a different approach and consider the distribution of particle velocities as 

representation of the rate of sediment transport. They formulated a probabilistic 

derivation of the velocity distribution of sediment particles being transported as bed-

load. A Maxwell-Boltzmann based distribution was generated to describe the 

probability of occurrence of any particular particle stream velocity. A further approach 

of looking at entrainment is considering what Yang et al. (2010) calls ‘exposure 

degree’. This is defined as ‘the distance between the bed level and location of the 

upstream and downstream uniform particles’. They initially derive a probability-density 

function (PDF) representing the step length of a particle, and then from this derive a 

further PDF representing the chance of entrainment based on exposure degree. 

 

Schmelter, Erwin and Wilcock (2012) note the use of Bayesian statistics in other 

disciplines and suggest their use in sediment transport. This class of statistics is based 

on the idea that a prediction of something (e.g. sediment transport) can be made given 

the known information, but if we are then later provided with additional information on 

what has happened before (the prior), an improved updated prediction may be made. 

Schmelter and Stevens (2013) have continued to work on this idea and have concluded 

that Bayesian statistics provide robust predictions of transport processes as distributions. 

As a concept within sediment transport, this is still in its infancy. However, the 

fundamental question that is raised is very relevant and can help begin to address many 

of the problems relating to transport prediction. If we know what has happened to the 

sediment bed before now, can we provide a better prediction on what might happen due 

to a future flow application? This idea has, thus far, been limited to studies of steady 

below-threshold antecedent flows (e.g. Haynes et al., 2012). The impacts of an above-

threshold event on a future event have not yet received sufficient attention and this 

reveals an opportunity to explore the feasibility of the Bayesian concept further.   

 

2.2.5. Bedload Transport Uncertainties  

 

Battacharya, et al. (2007) believe that the inaccuracies found in present-day sediment 

transport equations are a product of the limitation to describe the whole physical process 

in precise mathematical terms. To do so, we must understand the uncertainties which 
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are present – but Schmelter, et al. (2011) cautions against confusing uncertainty and 

variability. They have described uncertainty as a term for where we cannot be certain 

that a sampling technique or modelling fit has described an observation or prediction 

completely correctly (e.g. the frequency with which an ADV can measure instantaneous 

velocity, leading to the ability to resolve turbulence data). Hence, uncertainty can be 

reduced (or, sometimes even removed) where better (or additional) measurements can 

be made. Variability, however, cannot be reduced/removed, but it can be defined 

through repetition of runs (e.g. several runs can be carried out to understand the 

variability in sediment transport results due to the slight difference in grain positions on 

the bed at the start of the runs). The elements that contribute to both variability and 

uncertainty are crucial to a better understanding of bedload transport. Ancey, et al. 

(2006) explains that there are several issues impeding a full analysis of two-phase flow, 

including: i) interactions between the particles and the near-bed fluid; ii) the motion of 

particles themselves, and associated roughness changes; and iii) the impact of near-bed 

turbulence on the bed. It is, therefore, imperative that the interactions between these 

three variables within the system are better understood. 

 

Bottacin-Busolin, et al. (2008) stated that the conditions for grain entrainment cannot be 

described by deterministic functions alone and that an element of probability should be 

used to account for the action of turbulence and the variability of grain shape. Also, in 

the same regard, Furbish, et al. (2012) took the view that considering a relationship 

between the rate of transport and spatially/temporally averaged expressions of other 

variables is particularly difficult – and may indeed merit a probabilistic approach.  

 

Two main approaches for integrating probability into the work of sediment transport 

have been considered by the literature: one considering the status of the sediment bed 

itself, and the second accounting for turbulent velocity fluctuations.  

 

In terms of the sediment bed, consideration of the particle exposure has been taken into 

account by Paintal (1971) who evaluated the probability of particle movement by 

statistically analysing the randomness of exposure of different particles in the bed. 

Later, Dancey, et al. (2002) considered a probabilistic term for grain packing density - 

which is a good step forward as it relates an often-overlooked physical bed property. 

However, these studies have their limitations – the main shortcoming being that the 

studies were based on purely spherical (theoretical) sediment with a uniform diameter 
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and as such the findings cannot be used for mixed-size sediments which would be found 

outwith lab-based environments.  

 

In terms of the turbulent velocity fluctuations, Sechet and Le Guennec (1999) suggested 

that a probabilistic approach could be used to account for the uncertainties associated 

with turbulent structures and their likelihood of causing transport at any given time. 

This is considered to be a more realistic option for predicting and modelling sediment 

transport processes than attempting to formulate a fully deterministic expression from 

experimental data, as has been carried out previously in the models reviewed by Aksoy 

and Kavvas (2005). Further to this Tregnaghi, et al. (2012) hypothesized that the 

probability of grain entrainment can be compared with the likelihood of fluctuating 

near-bed fluid forces exceeding the resisting force. This is in line also with work 

previously carried out by Diplas, et al. (2008) and Valyrakis, et al. (2010).  

 

It should be noted that an important uncertainty factor that was missing from Wu and 

Yang (2004), but not from Dancey et al. (2002) was the feedback from the bed structure 

to the near-bed fluid turbulence. While Dancey et al. used a simple model for volume of 

sediment available for transport, in reality the bed will evolve over a hydrograph which 

will in turn affect the likelihood and structure of turbulence near the bed – which in turn 

influences the probability of sediment transport. Therefore, following on from the two 

links identified in Section 2.2.1 a third interrelationship here is suggested between the 

bed surface roughness and the near-bed turbulence characteristics.  
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2.3 Near-Bed Turbulence in Unsteady Flow 

 

2.3.1. Coherent Structures 

 

Coherent structures are defined by Robinson (1991) as "a three-dimensional region of 

the flow over which at least one fundamental flow variable exhibits significant 

correlation with itself or with another variable over a range of space and/or time that is 

significantly larger than the smallest local scales of the flow". The most important 

coherent structures for sediment transport (according to Nezu and Nakagawa, 1993) are 

those which were identified by Kline (1967) - known as bursting motions. These 

motions are those whereby kinetic energy from the mean flow are converted to turbulent 

fluctuations.  

 

Bursting motions comprise areas of high forward speed downwelling (known in the 

literature as sweeps) and also of upwelling motions (known as ejections). As a 

demonstration of these motions, Figure 2-3 shows images from an investigation by 

Schvidchenko & Pender (2001).The data collected in this study indicates that the flow 

velocity fluctuations take place in a quasi-cyclical manner, with an increase in the 

streamwise velocity component usually corresponding to a negative (towards the bed) 

vertical velocity component (and vice versa).  
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Figure 2-3 - Fluid motions representative of ejection and sweep motions (Schvidchenko & Pender, 

2001) 

 

Several authors (Wallace, et al., 1972; Praturi & Brodkey, 1978; Offen & Kline, 1975; 

Willmarth & Lu, 1972) have investigated the turbulent bursting cycle. This cycle, 

shown indicatively in Figure 2-4  begins with a local deceleration of the flow near to the 

wall. Within this decelerated region, the flow has a very small velocity gradient and its 

edges contain regions of high shear. The decelerated fluid is then accelerated once again 

due to motion from further upstream. Immediately after this acceleration, there occurs 

an ejection of fluid from the decelerated region outwards from the wall. Following this, 

a higher speed downward fluid mass sweeps the field of the retarded fluid. As 

highlighted by Offen & Kline (1975) the typical pattern observed was for sweeps to 

precede bursts, which in turn were followed by new sweeps further downstream. 

However, not every burst led to a sweep, nor did every sweep lead to a new burst.  
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Figure 2-4 - Sequence of bursting event (Praturi & Brodkey, 1978) 

 

2.3.2. Unsteady Flow Influences on Near-Bed Turbulence 

 

Nezu et al. (1997) reported that both velocity and turbulence intensity larger in 

magnitude during the rising stage of the hydrograph in comparison to the falling stage. 

This was found to be comparable with work by French (1985) who had previously 

identified a velocity hysteresis when examining unsteady flows in the field. The above 

situation is corroborated by further work, such as that by Bombar et al. (2010), and 

Hayashi et al. (1980).  

 

While the strength of turbulence intensity has been consistently reported as being 

greater during the rising limb of a hydrograph, Afzalimehr (2010) suggested that there 

is a maximum value of turbulence intensity (and also Reynolds stress) that depends on 

the flow depth and whether the flow is accelerating or decelerating. This aspect was also 

important to Bagherimaiyab & Lemmin (2010) who noted that the flow velocities at 
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equivalent depth were different depending on if the flow was accelerating or 

decelerating. They also plotted shear velocity against mean velocity, finding a clear 

linear relationship but with a single inflection point changing the slope of the 

relationship, thus denoting a point of flow adjustment. This phenomenon was not seen 

in the equivalent decelerating flow, where the relationship only contained one slope. 

This flow adjustment may affect local turbulent structures, and therefore has the 

potential to impact on sediment transport. The study by Bagherimaiyab & Lemmin 

(2010) only considered one hydrograph, with no specific reference to any unsteadiness 

parameters and a potential extension of their work which would be beneficial to 

sediment transport prediction would be to compare results for different shapes and 

magnitudes of hydrograph. 

 

A study by Cardoso et al. (2010), indicated that flow acceleration results in the damping 

of turbulence intensity, suggesting that turbulence intensity would be expected to be 

lower on the rising limb in comparison to the falling limb. This view is also taken by 

Yang & Chow (2008), who argue that decelerating flow generates upward wall-normal 

velocity leading to an increase in turbulence intensity. These findings, however, 

contradict those outlined in previous paragraphs. An explanation for is given in the 

work by MacVicar & Roy (2007) who also found an increase in turbulence intensity 

during accelerating flow, while commenting that this was not the case near to the bed. 

Their findings suggested that the bed itself had some influence on the acceleration and 

deceleration effects of the near-bed flow. An outcome of this is that if the bed 

arrangement were to change, such as occurs where sediment is transported, then the 

effects from the bed surface on the local turbulence intensity could potentially change.    

 

Looking more at the overall impacts on flow structure, Graf & song (1996) found that 

friction velocity increases in accelerating flow and decreases in decelerating flow. This 

is consistent with many studies that show the increase in sediment transport on the 

rising limb of a hydrograph, and subsequent decrease on the falling limb. One 

interesting finding by Bagherimaiyab & Lemmin (2010) with regards to the friction 

velocity was that it increased strongly during the initial acceleration, but then less so 

during the subsequent acceleration phase; again, suggesting some element of internal 

flow adjustment. While there have been many studies specifically looking at the 

patterns of accelerating flows and decelerating flows on near-bed turbulence, no work 

has been found that has specifically examined this element during the initial 
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acceleration period, which may be a key phase of the flow dynamics that trigger 

entrainment of sediment and subsequent transport. From this, it is therefore sensible to 

examine how other near-bed turbulence characteristics behave in the initial period after 

the start of a hydrograph and ascertain if there are any changes over a period of time 

while flow acceleration still continues. This analysis could also be conducted at and 

around the flow hydrograph peak; as what happens here can affect the initiation of the 

decelerating phase during the falling limb. 

 

Yang& Chow (2008) have noted that there is a lack of study on the effect of unsteady 

flows on turbulence characteristics. Tabarestani & Zarrati (2015) agrees with this, 

noting that many of the studies to date have used triangular or simplified hydrographs; 

and suggested the investigation of natural-shaped hydrographs and those with multiple 

peaks. They also note that a large research gap exists in terms of the measurement of 

turbulence characteristics over a deformed bed where an amount of sediment transport 

has already taken place. Jain et al. (2015) also highlighted this knowledge gap, stating 

that they know of no study which has been conducted looking into the turbulence 

characteristics of a degraded bed.  
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2.4 Bed Surface Roughness in Unsteady Flow  
 

2.4.1. Definitions of Bed Surface Roughness 

 

Haynes et al. (2012) found that sediment studies generally consider that the surface of 

the river bed comprises the ‘active layer’, where sediment exchange between the bed 

and transported load occurs. They found, however, that no universal definition of where 

this layer specifically begins and ends (i.e. the transition between the surface and 

subsurface) has been agreed. The idea was first defined by Hirano (1971); and was later 

improved to account for complexities such as longitudinal grain sorting (Hoey and 

Ferguson, 1994), the presence of gravel bars (Lanzoni and Tubino, 1999) and static bed 

armouring (Parker and Sutherland, 1990; Parker et al., 2000). It is also used within 

commercial numerical modelling software, such as HEC-Ras and Infoworks ICM.  

 

Looking at the processes relating to changes in bed surface roughness, Hoey and 

Ferguson (1994) defined the gradual reduction in the mean size of bed material in gravel 

river channels as a process called ‘downstream fining’. This process is linked to the 

size-selectivity seen in rivers, whereby sediment is sorted by the flow and lighter grains 

can travel further. 

The concept of size-selective transport has also been looked at by Buffington & 

Montgomery (1999), who argue that the availability of supply is important. By example, 

if there is a greater transport capacity for a fine sediment than the available supply then 

local ‘textural coarsening’ may occur. According to Kirchner et al. (1990) and 

Buffington et al. (1992), this can result in an increase in intergranular friction angles 

(through the coarsening process) which in turn increases critical shear stresses for grains 

moving over the bed and, hence, retarding transport rates. This selective transport 

causing bed-surface coarsening reduces the mobility of the bed surface as a whole can 

consequently alters the timing and local contribution of subsurface sediment to the 

supply of bed load material, hence potentially resulting in a major change to the 

transport system as a whole (Milhous, 1973; Parker and Klingeman 1982; Carling and 

Hurley 1987).  

 

2.4.2. Surface Evolution: Coarsening, Hiding and Armouring 

 

Armouring can be defined by the ‘armour ratio’ 
𝑑50−𝑠𝑢𝑟𝑓𝑎𝑐𝑒

𝑑50−𝑠𝑢𝑏𝑠𝑡𝑟𝑎𝑡𝑒
  (Hassan, et al., 2006) 

where a greater (> 1) armour ratio denotes a higher degree of surface armouring. The 

process of armouring has been described by numerous authors (e.g. Harrison, 1950; 
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Gessler, 1970; Little and Mayer, 1972; Proffitt and Sutherland, 1983; Chin et al, 1994), 

with it being widely accepted that the phenomenon occurs where flows are of a 

magnitude where smaller grain sizes may be moved but larger ones remain stationery. 

However, Parker and Klingeman (1982) suggested that armouring can occur when the 

flow has mobilised all grain sizes. This type of armouring has been termed ‘mobile 

armour’ and occurs where larger grains are still transported, but at a lesser rate to those 

which are small.  

 

Several authors (e.g. Reid et al., 1992; Sear, 1992, 1995, 1996) have commented on the 

ability of bed grain clusters to be strongly resistant to entrainment. The consensus is that 

this cluster resistance derives from three main sources: i) intergranular friction; ii) 

particle interlock and iii) hiding – all of which work to reduce both lift and drag forces 

on clusters. Therefore, the shear stress required to entrain clustered sediments is much 

greater than one may expect from the remainder of the (non-clustered) bed (Brayshaw, 

1985; Reid et al 1992; James 1993; Hassan and Church 2000). 

 

Vertical sorting (shown conceptually in Figure 2-5) is a mechanism of downward 

coarsening that results from size-selective sorting occurring where a bedform exists 

with a lee face; e.g. dunes. This mechanism is found generally where there is a coarse 

(armour) layer and the bed material itself shows a trend of coarsening beneath the dune-

like feature as it migrates forward (Blom et al., 2003; Bagnold, 1941; Allen, 1965).  

 

 
Figure 2-5 - Concept of Vertical Sorting (Zanke, 1976) 

 

Wittenberg and Newton (2005) found that bed structures (such as armour layers, 

clusters, etc.) hold a unique memory of previous transport events. The creation of these 

structures in previous events were found to have a clear impact on the future 

effectiveness of future events to transport bed material. Further strength to this 

hypothesis is provided by Monteith and Pender (2005) who discovered that the most 
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stable beds were those which had been re-worked for long durations with flows with 

low shear stresses (i.e. sub-threshold antecedent flows). Combining this argument with 

the earlier finding over unsteady flows by Hassan et al. (2006), it seems sensible that 

low shear stress should instigate motion of the smaller grains, result in surface 

coarsening and thus inhibit future transport.  

 

2.4.3. Unsteady Flow Influences on Surface Evolution 

 

Bed surface changes initiated under unsteady flows have been investigated by Wilcock 

et al. (2001) and Wilcock and DeTemple (2005). They found, from observations in a 

recirculating flume experiment, that a coarse surface layer develops over the course of 

an applied hydrograph as the flow and rate of transport increases (i.e. the rate of 

transport is preferential first to smaller grains). This finding agrees with earlier work in 

the field by Jackson and Beschta (1982) who concluded from their observations that 

increasing transport rate resulted in bed coarsening as the finer grains are transported 

first.  

 

Some research has been carried out to investigate surface armouring under unsteady 

flows. Wilcock and McArdell (1993) showed that asymmetrical hydrographs resulted in 

greater reduction in the larger grain size transport as the hydrograph length increased. 

This finding is validated by the work of Hassan et al. (2006), who examined the 

phenomenon of armouring over simplified triangular hydrographs. They concluded that 

greater surface armouring is promoted by unsteady flows which are flatter and of longer 

duration (i.e. more attenuated), while flashier hydrographs (i.e. short and peaky) 

resulted in the destruction of the bed armour. Few other studies have considered the idea 

of armouring over unsteady flows and, hence, further investigation is needed to extend 

these findings and explore their impacts on resulting bedload transport rates.  
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2.5 Interrelationship and Dependence in Bedload Transport  
 

2.5.1. Near-Bed Turbulence – Bedload Transport Dependence 

 

According to Dey, Sarkar and Solari (2011), in many past studies a time-averaged form 

of bed shear stress has been used to simplify the sediment transport problem, which has 

permitted the development of direct relationships between an entrainment threshold and 

an estimated bed shear stress. Calculation of shear stress originates from the streamwise 

and vertical velocity fluctuations from the mean, as these velocity components have 

been identified by a number of past authors as having high influence over sediment 

transport (Einstein 1950; Gordon 1975; Pedlosky  1987; Kundu 1990). Papanicolau et 

al. (2001) has shown that the stress associated with the streamwise velocity component 

provides a particularly good indication of expected bedload transport.  

 

A more in-depth analysis is provided by Paiment-Paradis, Marquis & Roy (2011), who 

has examined the lift and drag forces on individual sediment particles. They have 

concluded that taking a mean value of shear stress is too great a simplification of near-

bed processes and presented findings which demonstrate that fluctuations of shear stress 

are a significant factor in the initiation of sediment transport. Hofland et al. (2005) 

discovered that the shear stress fluctuations were of the same order of magnitude as the 

equivalent time-averaged drag and lift forces acting on individual sediment particles. 

Hence, the examination of the turbulent fluctuations moving forward is sensible.  

 

The above assessment is confirmed by Boyer, Roy and Best (2006), who measured 

values of mean bed shear stress in the shear layer but could not use these values to 

explain the observed sediment transport. While considering instantaneous shear stresses, 

however, it was found that these fluctuations were associated with vertical velocity 

fluctuations which (when combining this finding with that of Paiment-Paradis, Marquis 

& Roy (2011)) would be associated with fluctuations of lift on a sediment particle. This 

has been observed in other studies, such as Nelson et al. (1993) who produced similar 

findings when investigating bedload transport behind a dune.  In addition, Schmeeckle 

et al. (2007) found that the maximum instantaneous drag force could be up to as much 

as four times the mean value; indicating that by utilising a mean value actively excludes 

instantaneous data that could be key to understanding sediment transport.  

Another reason to investigate turbulent characteristics beyond mean bed shear stress is 

demonstrated by Townsend (1976) who suggested that pressure gradients can produce 

movements within the fluid that will increase the turbulence intensity value at a point, 
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but not the overall shear stress. The inclusion of a range of turbulent stress fluctuations 

has been suggested as an important consideration by Clifford et al. (1991), but Boyer, 

Roy and Best (2006) has commented that this has rarely been included in studies. 

Boyer, Roy and Best (2006) also states that the shear stress fluctuations found to be 

important by the authors discussed above may explain some of the temporal variability 

of sediment transport processes.  

 

Returning to the work by Paiment-Paradis, Marquis & Roy (2011), velocity fluctuations 

in the streamwise direction have been shown to correlate well with the drag force on an 

individual sediment grain, suggesting that these fluctuations have influence over the 

forces acting on many bed particles. This moves well away from the mean shear stress 

argument and onto a more detailed explanation of how turbulent fluctuations may affect 

grain motions, and hence sediment transport.  

 

This is also the view held by Nelson et al. (1995) who has suggested that streamwise 

velocity fluctuations are a more influential indicator of grain mobilization than the 

equivalent mean value. This conclusion came from work within an experimental flume 

that showed a good correlation between streamwise velocity fluctuations and the 

bedload transport rate. This work also investigated vertical velocity fluctuations and 

produced consistent findings that demonstrated a poor correlation between these 

fluctuations and the bedload transport rate. A similar conclusion has been reached while 

looking at near-bed velocity data in the field within a gravel-bed river by Dinehart 

(1999).   

 

Smart (2005) also observed pressure fluctuations within the flow that were present in 

the form of advecting turbulent eddies and concluded that these could also create uplift 

forces and entrain individual sediment grains. This additional factor could therefore also 

influence sediment transport and should also be taken into consideration. This work has 

also been confirmed by means of an equivalent field experiment, carried out by Smart 

and Habersack (2007), showing (in a gravel-bed river) that: (i) the drag and lift forces 

cannot be the only consideration when looking at sediment entrainment; and (ii) that 

other forms of turbulent energy (such as those provided by coherent eddies advecting 

from upstream to downstream) can be partly responsible for sediment transport. 
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Hofland et al. (2005) found that turbulent sweep events, in particular, were of interest as 

they had the energy to penetrate deeper within the gravel bed compared to other 

coherent flow structures. This opens the possibility of dominant types of turbulent 

events (e.g. ejections (u’ < 0; v’ > 0) and sweeps (u’ > 0, v’ < 0)) that have significantly 

higher influence over the sediment transport rate than other event types (e.g. inward 

interactions (u’ > 0, v ’> 0) & outward interactions (u’ < 0, v’ < 0)). This is in 

accordance with earlier findings by Drake et al. (1988) who studied instantaneous 

velocities in alluvial streams and concluded that the majority of transport which 

occurred was associated with the occurrence of sweep events.  

While Drake et al. (1988) looked at transport as a whole, Paiment-Paradis, Marquis & 

Roy (2011) examined individual grains being transported by rolling motion. They 

found, to the contrary, that turbulent ejection events were dominant at the same time as 

transport of an individual grain occurred. There are mixed views on which, if either 

ejection or sweep events are more responsible for bedload transport events. Dey, Sarkar 

and Solari (2011), for example, began a study focusing specifically on ejection events; 

but stated one conclusion that sweep events were more responsible for entrainment of 

particles at the beginning of transport and stated that the contribution to the Reynolds 

shear-stress production could be as high as 90% from this quadrant alone. A further 

finding from this study was that the duration of ejection events is shorter when transport 

occurs in comparison to a completely immobile bed. This demonstrates that the near- 

bed turbulent structure changes either to facilitate the transport of sediments, or as a 

result of the transport of sediment – or both.  Dey, Sarkar and Solari (2011) also 

returned to their original hypothesis and did confirm that sweep events were also 

influential when sediment transport occurred, but did not reach a firm conclusion on the 

link between ejection/sweep occurrence and bedload transport.  

 

The idea that the turbulent bursting cycle can be directly linked with bedload transport 

was explored by Cao (1997), who proposed that entrainment rate be proportional to the 

number of turbulent bursts produced per area/time. This was found to require averaging 

over a long period of time due to the random nature of turbulence. Furthermore, his 

investigation concluded that particles only become entrained due to turbulent bursts 

containing energy above a required threshold. Hence, difficulty in predicting when these 

bursts will occur has led to the comment that the formulated function is only in 

satisfactory agreement with observations. He also stated that further investigations were 
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needed into the turbulent bursting cycle and the influence of sediment transport 

feedback on this process. 

 

2.5.2. Bed Surface Roughness – Bedload Transport Dependence 

 

Many past studies on nonuniform sediment transport make use of a correction factor to 

account for hiding and exposure effects (Wu et al., 2000). These correction factors are 

often modifications to existing formulae and are linked to the size of the bed material 

being studied (Egiazaroff, 1965, Parker et al., 1982, Ashida and Michiue, 1971; Hayashi 

et al., 1980; and Andrews, 1983). 

 

McLaren & Bowles (1985) had a hypothesis that smaller grains have a greater 

probability or being transported than larger grains (for an equivalent flow in both cases).  

This shows a link between the bed material and the transport itself, because the 

implications of the hypothesis are that the sediment being transported must be finer than 

that of the bed. The authors commented that the bed itself would become coarser with 

the finer sediments selectively transported. However, this selective transport process 

cannot continue infinitely, and it can, therefore, be inferred that at some point transport 

rates must clearly diminish; or that a replenishment supply of finer sediment is delivered 

from further upstream.  

 

2.5.3. Near-Bed Turbulence – Bed Surface Roughness Dependence 

 

Billi (1988) found that grain clusters that are exposed to the flow induce high values of 

turbulence around the cluster while Tan and Curran (2012) investigated the impact of 

grouped clusters on the flow field. These cluster groupings resulted in the local 

turbulence intensity increasing both in magnitude and variability. This validates the 

previous findings by Billi (1988), who were able to cause damping of near-bed 

turbulence by creating cluster patterns to generate interference waves. Therefore, it has 

been shown that the presence of clusters causes a feedback to the near-bed turbulence.  

 

Looking at the flow mechanism itself, Buffin-Belanger and Roy (1998) and also 

Lawless and Robert (2001) reported that the flow acceleration at the stoss side of a 

cluster (or similar obstacle) results in flow separation around that obstacle, as shown in 

Figure 2-6, with the influence of the obstacle on the near-bed fluid related to the size 

and degree of protrusion of the obstruction.  
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The concepts discussed above relating to clusters/obstructions tested in a lab can be 

cross-referenced with others from the field as a means of validation. Robert et al. (1992, 

1993, 1996) studied protuberant pebbles in a gravel-bed river and saw an increase in 

local turbulence intensity commensurate with the lab findings discussed earlier.  

 

 
Figure 2-6 - Flow Separation Around Cluster (Buffin-Belanger & Roy, 1998) 

 

 

2.5.4. Three-Way Dependence 

 

Very few studies have considered the interactions between sediment transport, near-bed 

turbulence and bed surface roughness. The idea of interrelationships as a feedback loop 

between flow, sediment transport and surface evolution has been termed fundamental by 

Cao, et al. (2012), who also highlighted the lack of progress in this area.  However, 

some studies have begun to consider linking all three components. Schindler & Robert 

(2005) found that increasing in bed roughness influenced the magnitude of turbulence 

intensity immediately above the bed. Following from this, they also argued that: (i) the 

lift and drag forces (thus impacting upon sediment entrainment) are directly related to 

instantaneous turbulent events, (ii) the motion of sediment causes changes to bed 

surface roughness, and (iii) this bed surface change affects lift and drag forces after 

which the beginning of this cycle restarts. Therefore, there is evidence of complex 

interrelationships and feedback mechanisms acting between surface roughness, 

sediment transport and near-bed turbulence structure transport.  

Singh et al (2012) carried out an experimental investigation focussing on how velocity 

fluctuations vary with discharge, finding that the scatter of fluctuations to increasing 

with increasing discharge. This led to the suggestion that the higher variability in the 

magnitude of velocity fluctuations resulted from the presence of larger bedforms, which 

were found to create preferential conditions for turbulence ejection events. 

 

A novel approach looking at the three-way dependence was developed by Hofland, et 

al. (2005) who defined two important stochastic elements influencing the entrainment 
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rate of bed material. The first was in relation to particle exposure (McEwan and Heald, 

2001; Kirchner, et al. 1990) and the second was the drag force resulting from velocity 

fluctuations (Papanicolaou, et al. 2002; Shafi and Antonia, 1997). Their approach was 

that the consideration of the two stochastic elements together could reveal the 

probability of entrainment. The roots of this approach are in the fundamental concept 

first proposed by Grass (1970), who suggested a joint probability for the entrainment of 

grains through overlapping distributions of the critical shear stress (required for motion) 

and fluid shear stress (applied from flow). This concept is shown graphically on Figure 

2-7. As Hofland, et al (2005) has discussed, Grass’ (1970) concept is not limited to 

shear stress and can be extended to other stochastic elements important for grain 

motion.  

 

 

Figure 2-7 - Grass' (1970) concept of joint probability, annotated after Tregnaghi, et al. (2012) 
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2.6 Key Outcomes and Research Questions  
 

The research direction has been informed by the outcomes of the literature review.  

 

The reported bedload transport hysteresis effect (e.g. Wang, 2015) in unsteady flow will 

be explored further, and an improved understanding of bed surface evolution with 

unsteady flow-driven bedload transport will be sought following the findings that a 

coarse surface layer develops over unsteady flow hydrographs (Wilcock et al., 2001; 

Wilcock and DeTemple, 2005). The link between near-bed turbulence and sediment 

transport, cited by many authors (e.g. Cao, 1997) will be studied with specific focus on 

the turbulent bursting cycle and advancing our knowledge of the behaviour of turbulent 

ejection and sweep events in unsteady flow. Hence, Research Question 1: 

 

“How does the unsteady nature of flow affect each of the three physical components 

involved in sediment transport when they are considered alone?” 

 

The concept that bed stability increases with transport of smaller grains (Monteith and 

Pender, 2005) will be investigated within the context of unsteady flow-drive bedload 

transport. Hence, Research Question 2: 

 

“How does the temporal change in flow parameters across an unsteady flow 

hydrograph influence the relationship between sediment transport and bed surface 

roughness over time?” 

 

Paiement-Paradis, Marquis and Roy (2011) and Nelson, et al. (1995) showed that near-

bed velocity fluctuations correlate well with the drag force on sediment grains and this 

will be studied further in conjunction with the suggestion that the transfer of momentum 

from fluid to grain is also of importance (Valyrakis, Diplas and Dancey, 2011; Celik, 

Diplas and Dancey, 2013). Hence, Research Question 3: 

 

“How does the temporal change in flow parameters across an unsteady flow 

hydrograph influence the relationship between sediment transport and near-bed 

turbulence over time?” 

 

Some studies (e.g. Tan and Curran, 2012) have shows the turbulence intensity to 

increase in magnitude within the presence of grouped clusters and expanding upon this, 
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the idea that near-bed turbulence could be influenced by evolving bed surface roughness 

in unsteady flow will be investigated. Hence, Research Question 4.  

 

“How does the temporal change in flow parameters across an unsteady flow 

hydrograph influence the relationship between bed surface roughness and near-bed 

turbulence over time?” 
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Chapter 3– Methodology 

3.1. Introduction 
 

The literature review (Chapter 2) has revealed gaps in knowledge between the 

reciprocal influences of near-bed turbulence, bedload sediment transport and bed 

surface grain arrangement (i.e. bed surface roughness) on each other.  

 

To adequately define and understand the nature of these interactions and their mutual 

dependencies, the need for concurrent measurements of all three interactions is 

apparent. Within the field of sediment transport, and particularly within studies 

examining fluid turbulence, physical modelling approaches have been popular and are 

capable of producing datasets with required detail through the use of specialist 

instrumentation and precisely set experimental conditions.  This method of gathering 

data has produced some of the most important advances in the understanding of channel 

evolution and the underlying mechanisms and processes responsible (Milan, et al., 

2007).  A major reason for the popularity in laboratory based experimental flume 

techniques is the ease with which detailed measurements may be taken (Wang, 2015), 

and the flexibility to control and vary individual experimental parameters to meet the 

research objectives. 

The main aims of the experimental programme are: 

• To generate a series of parametrically defined unsteady flow hydrographs as 

input conditions above erodible sediment beds, over both a fine and coarse 

sediment bed mix;  

• To concurrently measure the interaction between near-bed turbulence, sediment 

transport and bed surface roughness by gathering comprehensive, high-quality 

datasets across each experimental run to examine: 

o bulk flow properties (e.g. discharge, water surface elevation)  

o bulk sediment transport (e.g. total and fractional bedload transport rates 

and yields) 

o near-bed instantaneous velocities and turbulence characteristics (e.g. 

time-series measurements in streamwise u, wall-normal v and lateral z 

directions); and 

o bed surface roughness (e.g. analysis of surface grain size distribution and 

arrangement).  
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The following sections provide a detailed description of the experimental programme, 

design flow hydrographs and instrumentation/measurement techniques used within the 

experimental study.   

 

3.2. Experimental Flume Facility 
 

3.2.1. Physical Characteristics 

 

Experimental tests were carried out in an Armfield tilting open-channel flume in the 

Environmental Hydraulics laboratory of the Institute for Infrastructure and Environment 

(IIE), at the Edinburgh campus of Heriot-Watt University.  Figure 3-1 shows 

photographs of the experimental channel and outlet.  The flume comprises a steel frame 

(and bed) with glass side walls and can be set to a desired bed slope through use of a 

manually operated jacking system, optical level and graduated scale situated at the 

upstream end of the channel. The flume has been configured such that the glass side 

walls are coated in a reflective material to permit working with laser-based 

technologies.  The main working parameters of the flume are given in Table 3-1.   

 

Table 3-1 - Armfield flume: Main working parameters 

Parameter Detail 

Total Channel Length 11.2m 

Channel Working Section Length 7.5m 

Width of Channel 0.3m 

Depth of Channel 0.3m 

Channel Cross-Sectional Shape Rectangular 

Max. Positive Bed Slope 1:30 (0.033) 

Max. Negative bed Slope 1:100 (0.01) 
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Figure 3-1 - Photograph of facility used in the experimental programme: a) Wide-angle view of 

total flume length; b) Flume interior prior to addition of sediment; and c) Flume outflow to tanks 

 

The water used in the experiments was stored in a sump tank running the length 

immediately adjacent to the flume. An outlet tank with an internal weir was situated at 

the downstream end of the flume to filter any sediments prior to passing water back into 

the main storage tank (Figure 3-1 c).  Water is introduced to upstream end of the flume 

at the desired rate of flow via an inline pump sited at the downstream end of the sump 

storage tank and a delivery pipe running the length of the flume channel, forming a 

recirculating flow system. No recirculation of the sediments is provided by this system.  

At the downstream end of the channel, an adjustable tailgate controls the water surface 

profile along the channel length.  Parallel instrument rails span the full working length 

of the flume, with associated mobile carriages used for instrument positioning along the 

channel.  A sediment trap is incorporated into the flume bed at 1.75m from the 

downstream end. This consists of a transparent Perspex collection box (sectional area 

150mm x 30mm, depth 370mm), isolating valves at the top and bottom of the collection 

box, and two water bleed valves (Figure 3-2).  Above the top isolating valve is a small 

perspex box, positioned flush with the surface layer of sediment bed.  Below the bottom 

isolating valve is a sediment sample collection tray, consisting fine sieve mesh to permit 

drainage of water, while retaining collected sediment.  
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Figure 3-2 - Sediment trap fitted to the experimental facility: a) Side view and b) Front view  

 

3.2.2. Pump and Control System 

 

The pump employed within the recirculating flow system is a centrifugal pump (model: 

Lowara SHS4 80/200/30/P – see Figure 3-3a).  The frequency at which the pump 

operates is controlled by a Jaguar VXR driver inverter, operating to an accuracy of 

±0.01 Hz. This facilitates the generation of steady and unsteady flow conditions along 

the flume channel via programmable frequencies.  According to Wang (2015), this 

method of flow control is advantageous over simple valve-control because: (i) the 

overall flow rate control is much finer, and (ii) there is no requirement for the pump to 

be operated constantly at full power.  The programmable computer-input script of pump 

frequencies is run via the DAS-Wizard software package which transfers data input to a 

PC (through a Microsoft Excel spreadsheet) as a time-varying frequency signal to the 

frequency inverter and pump.  The flow rate delivered to the flume channel is measured 

non-intrusively in the delivery pipe to an accuracy of 0.01 l s-1 using an ultrasonic flow 

meter (model: Micronics U3000 Series) - Figure 3-3b.  .  The instrument is capable of 

automatic recalibration to respond to any changes in water temperature or pipe 

roughness, with a signal strength of > 75% and signal quality of > 60% noted to ensure 

data output are of high quality (Micronics, 2012).  Output data from the flow meter is 

obtained via the Portagraph III software supplied by Micronics.  
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Figure 3-3 - Pumping system: a) pump; and b) ultrasonic flow meter on delivery pipe 

 

This software displays real-time flow rates through the delivery pipe over the duration 

of each experimental run.  

 

The ultrasonic flow meter was used to calibrate the frequency inverter.  Tests with 

varying input frequencies were carried out, allowing corresponding measurements of 

flow rates obtained by the Micronics flow meter to develop the relationship shown in 

Figure 3-4.  A linear best-fit regression line has been applied to the data (R2 = 0.9972), 

with the resulting equation shown in equation (3-1) where Q is the flow (l s-1) recorded 

by the ultrasonic flow meter and F the corresponding frequency input (Hz) from the 

flow inverter.   

 

Q = 0.0061F − 3.8096 (3-1) 

 

 

Through use of this equation, the unsteady flow conditions tested in each run within the 

experimental programme were designed as input to the frequency inverter and pump 

system.  Wang (2015), also commented on the sensitivity of pump flow rates to the 

depth of water in the sump storage tank.  As a result, the depth of water in the sump 

storage tank was set to 500mm, at the start of each run, as this was the depth used 

during the frequency inverter ultrasonic flow meter calibration.   
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Figure 3-4 - Relationship between prescribed pump frequency and recorded flow rate in 

experimental flume delivery pipe 

 

 

3.2.3. Instrumentation Positioning 

 

The positioning of the instrumentation along the flume is shown on an indicative 

drawing provided in Figure 3-5.  Full details of each instrument are described in the 

following sub-section, Section 3.3. 

 

 

 

Figure 3-5 - Indicative location of instrumentation and major experimental flume features 

 

 



 

46 

3.3. Instrumentation 
 

3.3.1. Acoustic Doppler Velocimeter (ADV) 

 

Instantaneous 3D velocities are measured at within a single volume by a Nortek 

Vectrino down-looking acoustic Doppler velocimeter (ADV).  This instrument was 

attached to a custom-designed instrument carriage that allowed precise lateral and 

vertical positioning of the probe (and measurement volume) within the channel flow, as 

shown in Figure 3-6.  This instrument operates using a principle known as the Doppler 

Effect; where the ADV transmits an acoustic pulse (a ping) into the flow, which is 

reflected from particles within the flow. The ADV then receives the echo signal, which 

has a different frequency from the transmission, and therefore the velocity of the flow 

can be calculated based upon the frequency change. This is calculated using equation 

(3-2), where u is the flow velocity, fdoppler is the doppler shift (i.e. change in received 

frequency), fsource is the transmit frequency and c is the speed of sound in water.   

𝑢 =  
𝑓𝑑𝑜𝑝𝑝𝑙𝑒𝑟

𝑓𝑠𝑜𝑢𝑟𝑐𝑒

𝑐

2
  (3-2) 

 

 

Figure 3-6 - ADV mounted within the experimental facility 
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Figure 3-7 - Acoustic Doppler Velocimeter (ADV): Principle of operation (Nortek AS, 2015) 

 

The down-looking ADV head consists of a central ping transmitter and four receivers 

which align at the point of velocity measurement (known as the sampling volume), 

50mm from the probe tip.  Sampling by the ADV is continuous, and the Vectrino is 

capable of measurement frequencies of up to 200 Hz.  Measured velocity data may be 

observed live, in real-time through the associated instrument software Vectrino Plus.  

The ADV is a popular measurement technique in both field and lab based research since 

its inception, due mainly to its ease of use, flexibility in positioning the sample volume 

at difficult-to-reach positions around bedforms (e.g. Sarkar & Mazumder, 2014; Jay 

Lacey & Roy, 2008; Schindler & Robert, 2005), and the high measurement frequencies 

that permit turbulence measurements within the flow (e.g. Chanson & Brown, 2014; 

Trevethan & Chanson, 2010; Song & Chiew, 2001).  

 

Prediction of the bed shear (or friction) velocity, u*, was required to nondimensionalise 

the ADV measurements of u’rms. This was estimated through measured Reynold stress 

(𝑢′𝑣′̅̅ ̅̅ ̅) distributions, that were calculated directly by the ADV software. Vertical 

profiles of -ρ𝑢′𝑣′̅̅ ̅̅ ̅ were plotted and this enabled the estimation of u* from equation (3-3), 

where τ = total shear stress, ρ = density of water, 𝜐 
𝜕𝑈

𝜕𝑧
  = molecular stress, and 

𝑦

ℎ
  = 

relative depth. 

𝜏

𝜌
=  −𝑢′𝑣′̅̅ ̅̅ ̅ +  𝜐 

𝜕𝑈

𝜕𝑧
=  𝑢∗

2 (1 −
𝑦

ℎ
) (3-3) 
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Assuming the contribution from molecular stress (i.e. the 𝜐 
𝜕𝑈

𝜕𝑧
 term) can be considered 

negligible and simplifying the description of the profile gradient (m), the equation can 

be reduced and re-arranged to that shown in equation (3-4). 

 

𝑢∗ =  √
−1

𝑚𝜌
 (3-4) 

 

Vertical profiles were obtained for a range of depths (66 – 106mm) under steady flow 

conditions (8 l s-1 – 20 l s-1, 7 steady flows run at 2 l s-1 interval within this range). An 

example of a vertical profile from this process is shown on Figure 3-8, with the 

remainder of the profiles plotted in Appendix 3.1. Acceptable linear correlations were 

only found for y/h > 0.05, and readings outwith this range have been highlighted on the 

vertical profiles in red.  

 

 

Figure 3-8 - 14 l s-1 Vertical Profile 

 

An added complexity in the study of unsteady flows is the constantly changing water 

depth, which for a fixed ADV position changes the friction velocity. To enable this to 

be taken into account, the estimated values of u* from all 7 vertical profiles taken were 

plotted with flow depth as shown on Figure 3-9. This showed a modest increase in u* 

with increasing flow depth; with a good correlation fit. Hence, a dynamic value of u* 

linked to the measured unsteady flow depth was used to nondimensionalise the main 

experimental results.  
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Figure 3-9 - Friction Velocity with flow Depth 

 

According to Nezu & Nakagawa (1993), turbulent energy is extracted from the mean 

flow within the wall region (i.e. y/h = 0.00 – 0.20, where y is the vertical distance from 

the bed and h is the total flow depth at peak flow), where bursting phenomena are 

known to occur violently in this region.  Over hydraulically rough beds, Grass (1971) 

and Song, et al. (1994) identified that the root-mean-square turbulence intensity u’rms 

reached a maximum at a relative vertical elevation y/h ≈ 0.20.  Above this elevation, the 

turbulence intensity also decreased rapidly as the rough bed surface is approached.  In 

the unsteady hydrograph flow conditions under consideration here, where overall flow 

depth h clearly varies over time; it was therefore deemed important to position the 

sample volume of the ADV probe either at (or above) the elevation of maximum 

turbulence intensity. This was considered preferable to moving the probe along with the 

flow, due to the possibility of introducing erroneous data to the results via artificial 

noise generated by the probe movement. To estimate the elevation y/h of maximum 

turbulence intensity within the current experimental configuration, normalized vertical 

profiles of u’rms/u*were measured over a series of steady-state flow conditions for a 

range of discharge rates Q = 10.0 – 20.0 l s-1 (Figure 3-10).  
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Figure 3-10- Normalised turbulence instensity profiles for flow rates denoted 

  

The maximum turbulence intensity values are shown to occur between y/h ≈ 0.05 – 0.15 

at the lowest and highest flows tested, respectively.  Within the unsteady hydrograph 

flow runs, the water depth varies between h ≈ 63→100mm, between the base and peak 

flow values respectively.  It was important to capture this zone of maximum turbulence 

magnitude near to the bed in order to correlate the detection of individual turbulent 

events with the measured bedload transport. Hence, the ADV probe measurement 

volume was positioned at 8mm (y/h ≈ 0.08 – 0.13) above the bed surface. Ideally, a 

constant y/h would have been defined through the use of a motor to move the ADV 

probe vertically commensurate with the changes in flow depth across the unsteady flow 

hydrograph. Pilot trials determined that noise from a motor in this regard caused 

unacceptable levels of interference at the measurement sample volume and, hence, the 

static position 8mm above the bed surface was retained as an experimental design 

choice.  

 

Obtaining a high quality dataset that detected the fluid turbulence with sufficient detail 

to enable definition of individual events was of critical importance to the research 

outcomes. While the Vectrino instrument is capable of measurement frequencies up to 

200Hz, the presence of excessive doppler noise at this frequency in the experimental 

flume returned poor quality data during pilot runs. Testing found that the use of ADV 

frequency at 25Hz in a well seeded fluid was sufficient to resolve turbulent events 

considered important for bedload transport without excessive doppler noise.  The 
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velocity range used was 1.0 m s-1, which allows for accurate measurement of wall-

normal velocities v up to 0.54 m s-1 and streamwise velocities u up to 1.88 m s-1.   

 

The ADV probe acquired velocity time series data continuously throughout each 

experimental run. These velocity traces were automatically saved to hard disk by the 

Vectrino Plus software.  

 

Three technical indicators were used to optimize the ADV set-up: (i) consistency of the 

return signal; (ii) quality of the return signal; and (iii) impact from local physical 

conditions.  Each will be detailed here in turn.  The consistency of the return signal is 

measured by the ADV and reported as a signal-to-noise ratio (SNR) and correlation 

(%); with the recommendation that the correlation value should not fall below 70% for 

high-quality data (Nortek AS, 2015).  This value has also been accepted by past 

researchers using ADV instruments (e.g. Wahl, 2000).  Quality of the return signal is 

also higher if there is less associated noise with it, with the length of return signal 

measuring this as a signal-to-noise ratio (SNR) using equation (3-5) (Nortek AS, 2015).   

 

𝑆𝑁𝑅 = 20𝑙𝑜𝑔10
𝐴𝑚𝑝𝑙𝑖𝑡𝑢𝑑𝑒𝑆𝑖𝑔𝑛𝑎𝑙

𝐴𝑚𝑝𝑙𝑖𝑡𝑢𝑑𝑒𝑁𝑜𝑖𝑠𝑒
  (3-5) 

 

Further guidance from, and conversation with instrument manufacturer has highlighted 

the importance of conducting a probe check prior to each experimental test.  The probe 

check within the Vectrino Plus software provides a visual representation on variation of 

signal amplitude with range.  Figure 3-11 shows examples of good and bad quality data 

as represented within the probe-check function. Image (a) denotes that the boundary is 

too close to the sample volume and hence there is no clear difference between the 

transmit pulse and measurement volume on the probe checks, unlike in image (b) where 

these can be clearly seen and have been annotated.  It is important to ensure a clear 

signal around the measurement volume, as shown on Figure 3-11.  These checks, 

combined with specialist advice from the instrument manufacturer on the precise 

experimental set-up and project aims have led to two main areas of focus with regards 

to ADV signal quality: (i) seeding levels to be maintained and water to be refreshed 

periodically; and (ii) ADV to be run on low power mode to reduce noise from 

reflections resulting from the close proximity of measurement volume to the bed and 

also from the channel sides.  Furthermore, selection of a four-receiver instrument assists 
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by permitting an initial estimation of noise level and automatically extracting it 

(Blanckeart & Lemmin, 2006).   

 

Figure 3-11 - ADV probe-check function displaying a) poor quality data; and b) good quality data 

 

3.3.2. Particle Image Velocimetry (PIV) 

 

Particle image velocimetry (PIV) is used to provide instantaneous velocity fields on a 

near-bed 2D horizontal plane above the mean bed surface at prescribed times during 

each experimental run.  One particular advantage of the PIV utilised here is the 

photogrammetric nature of the technique, whereby identification of sediment movement 

could take place concurrently with the production of instantaneous near-bed velocity 

maps. The basic principles of PIV operation are outlined below (DantecDynamics, 

2011):  

• A double pulsed laser illuminates a cross-sectional plane within the fluid, 

containing seeding particles which scatter (or ‘displace’) laser light; 

• A camera, focused directly on the illuminated plane captures each laser light 

pulse in a separate frame; producing an image snapshot of seeding particles at 

two known temporal points; 

• This snapshot at two temporal points is known as an image pair; 

• Each image within the pair is segmented into subsections called interrogation 

areas; 

• The interrogation areas from each image within the pair are compared by a 

method called cross-correlation, represented by equation (3-6) where C(s) = 

spatial cross-correlation, In = images within an image pair subscripted 1 and 2 
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for first and second respectively, x = interrogation location and s = shift between 

the images; 

• This method operates at pixel level, and results in the identification of a peak 

value, representative of the average displacement of a seeding particle within the 

interrogation area; 

• This process is repeated for each interrogation area, with a known time between 

laser pulses a 2D planar vector map for the cross-section can be generated using 

equation (3-7) where �̅� = velocity vector and 
∆�̅�

∆𝑡
 = change in particle position 

with time ; 

• A pictorial representation of this process is shown in Figure 3-12.  

𝐶(𝑠) =  ∬ 𝐼1(𝑥)𝐼2(𝑥 − 𝑠)𝑑𝑥
 

𝐼𝐴
 (3-6) 

 

�̅� =  
∆�̅�

∆𝑡
 (3-7) 

 

 

Figure 3-12- Particle Image Velocimetry (PIV): Principles of operation (DantecDynamics, 2011) 

 

The PIV process is advantageous as velocity vectors within the fluid can be accurately 

measured and quantified (Adrian, 2000).  Further advantages of the technique are well 

documented in the literature, with a particular benefit noted by many as the possibility 

of gaining velocity statistics over a spatial area (e.g Mujal-Colilles, et al., 2014).  
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The PIV set-up used in the experimental programme comprises a system from Dantec 

Dynamics, consisting of a Class 4 double-pulsed Nd:YAG laser (model: New Wave 

Research Solo III), a Dantec timer box and DantecDynamicstudio software for system 

control, data acquisition, processing and output.  The laser head mounted immediately 

adjacent to the flume, with the horizontal light sheet positioned at the desired cross-

sectional slice (centred at 3.2m from the downstream end of the flume).  As the light 

sheet was set-up to pass through the glass walls of the flume into the flow channel 

perpendicularly, there were no issues with regards to refraction. The laser head was 

positioned at 8mm above the mean bed level to ensure the horizontally aligned light 

sheet was positioned at  y/h ≈0.08→0.13 such that the velocity measurements were 

taken within the zone of maximum turbulence intensity, and at the same vertical 

location as the ADV sample volume.   

 

The two CCD cameras (one to capture velocities, and the other to capture bed grain 

motions) were mounted on a custom-built moveable carriage placed on the instrument 

rails running along the top of the flume.  Beneath the cameras, the carriage was also 

fitted with a planar Perspex box, adjustable in the vertical direction with the unsteady 

flow depth to provide a clear surface through which photographs of the bed/PIV images 

were taken; thus, mitigating any refractive disturbances from the water surface.  The 

cameras are mounted a vertical distance of 790mm from the gravel bed surface; and the 

Perspex box could be adjusted vertically between movement 25→100mm from the 

gravel bed and has a cross-sectional area of 270mm (lateral) and 230mm (streamwise). 

Conversation with Dantec Dynamics regarding the specific experimental configuration 

led to the recommendation that the measurements be taken in a dark-room environment, 

and as such no filters were required for either camera lens.  

 

The maximum measurement frequency of the PIV system is 15 Hz (i.e. 15 image pairs 

per second). During each experimental run, 250 image pairs (as 5 blocks of 50 images) 

can be obtained per 300s period over each hydrograph run.  The total number of image 

pairs per experimental run for PIV processing is 13,500; requiring approximately 

200GB of hard disk space per run.  This space requirement increased following post-

processing and this, combined with computational time required for processing and 

analysing data, placed a severe computational limitation on number of measurements 

that could be taken.  
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The final aspect for consideration to achieve high quality PIV measurements is seeding 

as it is important to adequately seed the flow such that the particles follow the turbulent 

structures present in the flows (Saarenrinne, et al., 2001).  Particles therefore were 

chosen to be small and naturally buoyant, allowing them to follow the fluid motions 

(Cheng, et al., 1997). In terms of seeding density, literature recommends concentrations 

of 5-10 particles per interrogation area for high quality PIV measurements. The 

recommended seeding material that was used was ø = 10μm silver hollow glass spheres.  

To ensure that seeding was thoroughly mixed and evenly distributed throughout the 

water volume in the sump tank, the seeding particles were introduced slowly, in small 

batches while the pump circulated water through the flume system at a constant rate.  

Checks using the PIV system verified that this method yielded an average of 7-10 

particles per interrogation area, when applying an interrogation area of 64x64 pixels.  

This result was consistent following introduction of seeding particles in this way, thus 

showing the method to be useful and effective.  On occasions where water in the sump 

storage tank required to be replaced; this method of seeding introduction was repeated 

and the particle density in water re-verified.  Figure 3-13 shows examples of images 

where the seeding was deemed to be acceptable (a & b) and not acceptable (c).   

 

Figure 3-13 - Sample of images showing a) Acceptable PIV seeding density; b) Acceptable PIV 

seeding density (showing interrogation area); and c) Unacceptable PIV seeding density 

 

PIV images were automatically saved to hard disk by the Dantec Dynamicstudio 

software, and then a scaling factor applied based on an image of the same plane with a 

physical feature (e.g. scale) of known dimensions.  Dantec Dynamicstudio software 

then produced the velocity vectors using a multi-pass cross-correlation method known 

as adaptive correlation, which has had successful use in many previous studies using 

PIV (e.g. Hjertager, et al., 2003; Ullum, et al., 2004).  This was applied using the 

interrogation area of 64x64 pixels, with 50% overlap and the software completed 
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processing by executing a smoothing algorithm for each image pair to highlight and 

remove any spurious results. 

  

3.3.3. Digital Single-Lens Reflex (DSLR) Photography 

 

High-definition (HD) photography was carried out during some of the experimental 

runs to obtain clear images of the bed surface across each hydrograph run with the 

ultimate aim of producing grain-size distributions (GSD) of surface bed materials.  

Lighting requirements dictated that images from the PIV data captured were unsuitable 

for this purpose, predominantly due to the requirement for PIV runs to be conducted in 

a dark-room environment.  The DSLR camera (model: Canon EOS Rebel 600D, 18MP) 

was positioned on the same camera mount as the PIV cameras, at the same streamwise 

location (centred 3.2m from the downstream end of the flume).  The DSLR photography 

took place during repeat experimental runs where no PIV measurements were to be 

taken. This method permitted HD images of the bed surface to be obtained using the 

ambient light conditions in the laboratory.  The mount and Perspex box are shown in 

Figure 3-14, with sample output image in Figure 3-15. 

 

 

Figure 3-14 - DSLR camera mount and Perspex viewing box 
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Figure 3-15 - Sample output image from DSLR camera 

 

3.3.4. Ultrasonic Level Measurement 

 

Measurement of water depths were required throughout each hydrograph to: (i) confirm 

the hydrograph output matched the desired input, and (ii) ensure the initial conditions 

for each experimental run were consistent.  Continuous measurements of the water 

surface elevations were collected by two ultrasonic distance sensors (mode: Senix 

TSPC-30S1) mounted directly above the flume channel at upstream (6.5m from the 

flume entry) and downstream (2.5m from the downstream end) location (Figure 3-16).  

The principle of operation of the sensors was to measure reflected ultrasound signals 

(and associated known times) to detect their distance to the nearest surface.  The return 

output was a voltage value into software called TracerDAQ, which could then be 

exported as a .csv file.  Measurements were taken at a frequency of 1 Hz throughout all 

experimental runs.  
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Figure 3-16 - Positioning of ultrasonic distance sensors 

 

Calibration of the system was needed to convert the output voltage to a distance from 

the sensor and convert this distance into a water depth at the two locations where the 

sensors were mounted.  The relationship between voltage and distance to an object was 

initially determined using measurements of 12 known distances from the level sensor 

and plotting the resulting linear relationship.  This was then extended through the 

knowledge that the total distances from the level sensor to the sediment bed (at both the 

upstream and downstream locations) was 374mm – and as such, the 12 known distances 

were converted to known equivalent water depths by subtracting them from 374mm. 

From this, the relationship for output voltage (V) with depth of water (h) was found for 

both upstream (Figure 3-17a)) and downstream (Figure 3-17 b)) locations; resulting in 

calibration equation (3-8) and equation (3-9), respectively, via linear regression (R2 = 

0.99 in both cases). These equations were used at the end of each experimental run to 

convert the raw output data to a series of water depths in Microsoft Excel. These 

findings were verified using sample manual measurements of water depth when the 

flume was in operation and the sensors mounted. Note that to enable the confident 

confirmation of a linear relationship, some of the distances measured to an object were 

greater than 374mm thus creating the ‘negative’ equivalent water depths seen, which 

only existed for the device calibration.   

 

ℎ𝑢𝑠 =  −41.663𝑉 + 241.07 (3-8) 

 

ℎ𝑑𝑠 =  −40.706𝑉 + 237.94 (3-8) 
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Figure 3-17 - Calibration data showing relationship between ultrasonic distance sensor output and 

observed depth of water for a) downstream sensor; and b) upstream sensor 

 

3.4. Bed Sediment Grain Size Distribution 
 

3.4.1. Background 

 

The sediment used to develop gravel bed mixtures used in the experimental programme 

had grain sizes ranging from 1.0 – 16.0mm. The original mixture was sieved into seven 

fractions, with mean sizes ranging from d = 1.5mm to d = 11.6mm.  Table 3-2 provides 

detail on these individual fractions.  

 

Table 3-2 -  Size ranges of sediment employed within all mixes 

Sediment Size-Range  

(mm) 

Mean Size  

d (mm) 

Density  

ρ (kg/m2) 

Grain Shape 

Sand 1.0 – 2.0 1.50 2650 Rounded 

Gravel 2.0 – 2.8 2.40 2650 Rounded 

Gravel 2.8 – 4.0 3.40 2650 Angular 

Gravel 4.0 – 6.3 5.15 2650 Angular 

Gravel 6.3 – 8.0 7.15 2650 Angular 

Gravel 8.0 – 10.0 9.00 2650 Angular 

Gravel 10.0 – 13.2 11.60 2650 Angular 
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3.4.2. Design Sediment Mixtures 

 

It was important that’s the design sediment mixture used throughout the experimental 

programme resulted in measureable bedload transport in relation to the applied 

hydrograph flows, which were constrained by the pump range and allowable depth 

variation within the flume. From the seven uniform-sized fractions, two different graded 

design mixtures were created for testing a coarse mix (Mix A) and a fine mix (Mix B), 

the basis of which was a sediment mixture that had previously been used in the same 

flume for experiments under similar flow magnitudes.  Statistical properties (geometric 

standard deviation σg = 5.90 and skewness = 0.47) were equal for both mixtures A & B, 

while mix A (fine) had a D50 = 2.93mm and mix B (coarse) D50 = 4.47mm. The grain 

size distributions are summarised in Table 3-3, and graphically on Figure 3-18. Pilot 

experiments were used to validate that these mixtures produced useful rates of bedload 

transport before proceeding with the full experimental programme.  

 

Table 3-3 - Summary of key percentiles, design sediment mixtures 

Percentile Grain Size (mm) - Mix A Grain Size (mm) – Mix B 

D16 2.11 1.50 

D50 4.47 2.93 

D84 7.88 7.17 

D90 8.65 8.43 
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Figure 3-18 - Grain size distributions for input sediment: a) Mix A (Coarse); and b) Mix B (Fine) 

 

3.5. Experimental Flow Condition 
 

3.5.1. Unsteady Flow Hydrographs 

 

A total of nine unsteady flow hydrographs were tested in the experimental programme, 

based on design hydrographs developed by Wang (2015).  The benchmark design 

hydrograph was based upon a symmetrical and bell-shaped with a total duration Δt = 

7200s, and base and peak flows Qb = 8.30 l s-1 and Qp = 17.30 l s-1, respectively.  The 

remaining eight design flow hydrographs are based on the variation of three hydrograph 

parameters (asymmetry, unsteadiness and total water work) formulated by Wang 

(2015), resulting in three sets of three hydrographs with the same benchmark symmetric 

hydrograph shared between each set.  

 

Asymmetry Varying: Based on the hydrograph asymmetry parameter (η) shown in 

equation (3-10), where ΔTR = duration of the hydrograph rising limb and ΔTF = the 

duration of the hydrograph falling limb. The symmetrical hydrograph is defined by η = 
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1.0. Asymmetric hydrographs with longer and shorter rising limbs (relative to the 

receding limb durations) are defined by η > 1 and η < 1, respectively.  Based on this 

definition, two asymmetric hydrographs with the peak skewed towards the rising limb 

(η = 0.42) and towards the receding limb (η = 2.40); following from Wang, et al. (2014). 

These hydrographs are shown in Figure 3-19.  

 

𝜂 =  
∆𝑇𝑅

∆𝑇𝐹
 (3-10) 

 

Unsteadiness Varying: Based on the hydrograph unsteadiness parameter (ΓHG), shown 

in equation (3-11), where u*b = bed friction velocity corresponding to base flow 

conditions, ΔH = difference between base and peak flows; and ΔT = total hydrograph 

duration (Suszka, (1988); and Graf & Suszka (1985)).  Unsteady hydrographs with 

flashier and more attenuated responses are represented by ΓHG > 4.50 and ΓHG < 4.50, 

respectively.  Based on this definition, two unsteady hydrographs with flashy response 

(ΓHG = 7.64) and attenuated response (ΓHG = 2.17).  These hydrographs are shown in 

Figure 3-20.  

 

Γ𝐻𝐺 =  
1

𝑢∗𝑏

∆𝐻

∆𝑇
 (3-11) 

 

Total Water Work Varying: Based on the hydrograph total water work parameter 

(Wk), shown in equation (3-12), where Vol = total volume of water under hydrograph, g 

= acceleration due to gravity, Hb = base flow depth and B = channel width (Lee (1991); 

and Yen & Lee (1995)).  Hydrographs with greater and lesser total water volume in 

comparison with the benchmark hydrograph are represented by Wk > 32,377 and Wk < 

32,377, respectively. Based on this definition, two unsteady hydrographs with increased 

water volume (Wk = 55,082) and decreased water volume (Wk = 15,669).  These 

hydrographs are shown in Figure 3-21.  

 

𝑊𝑘 =  
𝑢∗𝐵

2 𝑉𝑜𝑙

𝑔𝐻𝐵
3𝐵

 (3-12) 

 

A summary of key parameters for each design hydrograph is given in Table 3-4. The 

hydrograph with conditions η = 1.0, ΓHG = 4.50 and Wk = 32,377 has been designated 

the ‘Benchmark Hydrograph’ from which the variations in the all of the above 

hydrograph shape parameters deviate.    
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Table 3-4 - Summary of hydrograph properties 

η ΓHG Wk Qb  

( l s-1) 

Qp  

( l s-1) 

ΔTR  

(s) 

ΔTF  

(s) 

ΔT  

(s) 

1.00 4.50 32377 8.3 17.3 3600 3600 7200 

0.42 4.50 32377 8.3 17.3 2124 5076 7200 

2.40 4.50 32377 8.3 17.3 5082 2118 7200 

1.00 7.64 32377 8.3 20.0 2761 2761 5522 

1.00 2.17 32377 8.3 14.5 5173 5173 10346 

1.00 4.50 55082 8.3 20.0 4698 4697 9395 

1.00 4.50 15669 8.3 14.5 2504 2505 5009 

 

 
Figure 3-19 - Hydrograph set 1: Varying asymmetry parameter 
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Figure 3-20 - Hydrograph set 2: Varying unsteadiness parameter 

 

 

Figure 3-21 - Hydrograph set 3: Varying total water work parameter 

 

 

To enable the ease of comparison between all experimental results, the time (t) and flow 

rate (Q) have been nondimensionalized. This has been carried out in the same manner as 

Wang et al. (2015) using equation (3-13) and equation (3-14), respectively where u0 

initial average flow velocity,h0 = initial flow depth and Q0 = initial rate of flow.  

 

𝑡∗ = 𝑡 (
𝑢𝑜

ℎ𝑜
) (3-13) 
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𝑄∗ =  
𝑄

𝑄𝑜
 (3-14) 

 

3.6. Experimental Procedure 
 

3.6.1. Antecedent / Base Flow Conditions 

 

Antecedent flow conditions can result in re-arrangement of bed surface grains, and 

previous research (e.g. Ockelford, 2011; Haynes et al., 2012) has shown that the 

duration of this antecedent flow period has a strong influence on subsequent transport 

rates under higher flows. Previous studies found a decrease in the measured transported 

sediment load with increasing antecedent flow duration - up to an antecedent duration 

time after which negligible further decrease in transport was observed with further 

increasing antecedent flow duration (i.e. a stabilisation point). An example of one such 

study is shown in Figure 3-22 (Ockelford, 2011) where this relationship can be seen 

plotted on a chart. The time to the stabilisation point ranged 60 – 120 minutes across 

previous studies under similar flow and bed conditions. However, as none of the 

previous studies were conducted under exactly the same conditions as this experimental 

series, an antecedent base flow period of three hours was selected in order to remain 

confident that the selected antecedent period was beyond the stabilisation point. The 

base flow value of 8.30 l s-1 is used as the three-hour antecedent condition for all 

experimental runs prior to the onset of unsteady hydrograph flow, with preliminary tests 

having confirmed no sediment transport occurred at this flow magnitude above either 

the fine or coarse sediment mix bed.   

 

3.6.2. Multiple Hydrographs in Sequence 

 

The set of asymmetry (η) shape-varying hydrographs (as defined in Section 3.5.1) were 

tested with two hydrographs in sequence to understand the influence of a first 

hydrograph working the bed surface on a following second hydrograph. As for all the 

runs, a three-hour antecedent base flow period of three hours was run before the 

application of the first hydrograph in sequence. 

 

The inter-hydrograph base flow period following passage of the first hydrograph but 

before the application of the following second hydrograph in sequence was defined as 

that which allows near-bed turbulence conditions to return to magnitudes observed prior 

to the passage of the first hydrograph.  This inter-hydrograph base flow time was found 

to be less than one hour. An inter-hydrograph base flow period of two hours was thus 
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selected to remain confident that prevailing near-bed flow conditions had returned to 

those expected under the base flow before application of the second hydrograph in 

sequence.  

 

Where an experimental run has been carried out with multiple hydrographs in sequence, 

reference to the first hydrograph in sequence hereafter will be the ‘First Hydrograph’ 

and reference to the following, second hydrograph in sequence will be the ‘Second 

Hydrograph’. 

 

Figure 3-22 - Effect of antecedent flow duration on sediment transport (Ockelford, 2011) 

 

 3.6.3. Data Sampling 

 

A key novelty of the project is the concurrent measurement of bulk transport, individual 

grain transport, changes to bed surface structure and grading and the magnitude & 

structure of near-bed velocities across a wide range of unsteady flow hydrograph 

conditions. A data sampling time-period of 300s was used throughout the experimental 

runs; which was found to provide sufficient temporal detail across the hydrograph runs 

(e.g. 24 measurements during a single 2 hour duration hydrograph) while permitting 

single-person operation of the experimental facility and data collection.  This was 
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considered important due to the high number of experimental runs required and the 

following sampling regime was implemented for each instrument.  

 

ADV: Continuous sampling was carried out throughout each experimental run, with 

instantaneous velocity data automatically over a maximum temporal duration of 300s. 

Following this, a new data file was automatically created by the Vectrino Plus software 

with velocity data again collected after 300s. At the end of each experiment, this 

sampling regime provided a set of velocity data files at the desired 300s measurement 

intervals.  

 

Sediment Trap: Sampling of bulk sediment material gathered the sediment trap was 

taken every 300s at time to coincide with the start/end of each ADV velocity data file.  

Operation of the sediment trap involved turning the valve to release sediment held in the 

upper chamber into the Perspex box via lower value to a fine sieve to drain the water 

and retain sediment grains prior to being transferred to a labelled tray.  The lower valve 

was then closed and Perspex box re-filled with water via pump and water supply ready 

for the following measurement.  Sampling of the sediment trap only took place during 

the unsteady hydrograph flows and not during the below-threshold antecedent or inter-

hydrograph periods.  Drying, sieving of the material and weighing of each fraction was 

conducted to give the final output data on transport rates & yields. Note that no 

sediment feed was employed in the experimental programme for two main reasons: i) 

relatively small rates of bedload transport occurred and hence sediment which was 

transported from (and measured at) the downstream end of the flume was considered 

adequately replaced by transported material from the upstream end of the flume; and ii) 

an infeed of sediment would require to be graded equivalent to that which was removed 

via the sediment trap, and a result of the requirement to dry and sieve the samples meant 

preparation of suitable feed material was not possible within the required timeframe.  

 

DSLR: An HD image of the bed surface was taken every 300s, at a time 30s following 

release of the sediment from the upper sediment chamber (this time was also equal to 

30s from the start/end of ADV velocity trace periods). Following each photograph, the 

box was raised well above the water level such that rising depths did not destabilise the 

camera mount or affect the recorded sediment transport rates.  
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PIV: 5 sets of 50 PIV images were taken every 300s at a time 30s (i.e. 250 image pairs 

per 300s window) following the release of sediment from the upper sediment chamber 

(this time was also equal to 30s from the start/end of ADV velocity trace periods).  For 

safety reasons, the trap door providing access to the camera mount was closed during 

time of PIV use; which also satisfies dark-room conditions required for camera 

operation.  

 

Ultrasonic Distance Sensors: The level sensors recorded continuously throughout each 

experimental run (including during base-flow periods), and unlike the ADV 

measurements were not automatically split into 300s duration data files.  Thus, a 

spreadsheet was used to convert output voltage to water depths; and generate a mean 

water depth per 300s to match the frequency of other measurements. These sensors were 

used primarily to check the initial conditions for each experimental run were identical, 

and were also used to verify the desired hydrograph was produced by the pump. 

Furthermore, following each run they were  used as a check to explore whether 

wholesale degradation to the sediment bed had occurred. No clear flow depth hysteresis 

was observed from the level sensor data and the sediment bed was thus confirmed to not 

have significantly reduced in depth from its initial placement. This validates the earlier 

point that a sediment feed was not needed beause of the relatively low volume of 

bedload transport in the flume.  

 

Note that experimental runs take either PIV images or DSLR images. A summary of 

measurement times over the benchmark hydrograph is shown in Figure 3-23. 
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Figure 3-23 - Measurement times across a typical hydrograph run
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3.6.4. Experimental Runs 

 

The experimental programme consisted of a total of 104 individual experimental runs 

(not including initial test runs, set-up tests for instrumentation). These were categorized 

into 5 experimental series as follows: 

 

Experimental Series 1: The set of runs for the ‘Benchmark Hydrograph’ above both 

bed mixes, as shown in Table 3-5.  

 

Table 3-5 - Experimental Series 1 

Experiment Bed 

Mixture 

No. 

Runs 

Asymmetry, 

η 

Unsteadiness, 

ΓHG 

Total Water Work, 

Wk 

B-A A 6 1.00 4.50 32,377 

B-B B 6 1.00 4.50 32,377 

 

 

Experimental Series 2: The set of runs varying the asymmetry (η) shape parameter 

above both bed mixes, as shown in Table 3-6.   

 

Table 3-6 - Experimental Series 2 

Experiment Bed 

Mixture 

No. 

Runs 

Asymmetry, 

η 

Unsteadiness, 

ΓHG 

Total Water Work, 

Wk 

S2-A-1 A 6 0.42 4.50 32,377 

S2-A-2 A 6 2.40 4.50 32,377 

S2-B-1 B 6 0.42 4.50 32,377 

S2-B-2 B 6 2.40 4.50 32,377 

 

Experimental Series 3: The set of runs varying the unsteadiness (ΓHG) shape parameter 

above both bed mixes, as shown in Table 3-7.   

 

Table 3-7 - Experimental Series 3 

Experiment Bed 

Mixture 

No. 

Runs 

Asymmetry, 

η 

Unsteadiness, 

ΓHG 

Total Water Work, 

Wk 

S3-A-1 A 4 1.00 7.64 32,377 

S3-A-2 A 4 1.00 2.17 32,377 

S3-B-1 B 4 1.00 7.64 32,377 

S3-B-2 B 4 1.00 2.17 32,377 
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Experimental Series 4: The set of runs varying the total water work (WK) shape 

parameter above both bed mixes, as shown in Table 3-8.   

 

Table 3-8 - Experimental Series 4 

Experiment Bed 

Mixture 

No. 

Runs 

Asymmetry, 

η 

Unsteadiness, 

ΓHG 

Total Water Work, 

Wk 

S4-A-1 A 4 1.00 4.50 55,082 

S4-A-2 A 4 1.00 4.50 15,669 

S4-B-1 B 4 1.00 4.50 55,082 

S4-B-2 B 4 1.00 4.50 15,669 

 

Experimental Series 5: The set of runs for a Second Hydrograph, run following a prior 

First Hydrograph. Each experiment varied the applied Second Hydrograph asymmetry 

(η) shape-parameter. Within the 6 runs comprising each experiment, 3 different prior 

hydrograph (i.e. First Hydrograph) asymmetry (η) were tested twice (i.e. 3 x 2 = 6 runs 

in total) as shown in Table 3-9. This table also shows which experiment has run the 

same hydrograph as First Hydrograph to allow for comparison of results. 

Table 3-9 - Experimental Series 5 

Experiment Bed 

Mixture 

No. 

Runs 

No Sub-

Runs 

Asymmetry

η 

Prior 

Hydrograph 

Asymmetry, η 

Equivalent First 

Hydrograph Run 

B-A-S5 A 6 2  

1.00 

 

0.42 Run Series 1 

Experiment:  

B-A 

2 1.00 

2 2.40 

S5-A-1 A 6 2 0.42 0.42 Run Series 2 

Experiment:  

S2-A-1 

2 1.00 

2 2.40 

S5-A-2 A 6 2 2.40 0.42 Run Series 2 

Experiment:  

S2-A-2 

2 1.00 

2 2.40 

B-B-S5 B 6 2 1.00 0.42 Run Series 1 

Experiment:  

B-B 

2 1.00 

2 2.40 

S5-B-1 B 6 2 0.42 0.42 Run Series 2 

Experiment:  

S2-B-1 

2 1.00 

2 2.40 

S5-B-2 B 6 2 2.40 0.42 Run Series 2 

Experiment:  

S2-B-2 

2 1.00 

2 2.40 
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3.7. Summary 

 

An experimental programme has been designed to investigate bedload sediment 

transport through concurrent measurements via ultrasonic distance sensor, bulk 

sediment trap, ADV, PIV and DSLR.  Experimental runs consisted of two bed mixes (a 

coarse mix, Bed Mix A; and a fine mix, Bed Mix B) and three sets of parametrically 

defined hydrograph runs (some containing a First Hydrograph followed by a Second 

Hydrograph in sequence) in an Armfield flume.  The result of this was the output of 

high quality detailed datasets of water depth, near-bed instantaneous velocity and 

individual grain motion across each unsteady hydrograph flow. 
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Chapter 4– Measurements of Bedload Sediment Transport, Near-Bed 

Turbulence & Surface Roughness in Unsteady Flow  

4.1. Introduction 
 

This chapter reports the results and findings from the measurements taken throughout 

the experimental runs, in the following three sections: 

• Hydraulics of Unsteady Flow (Section 4.2) – results obtained from ADV 

measurements that include velocities, turbulence intensities, turbulent kinetic 

energy (TKE) and Reynolds stresses; 

• Bedload Sediment Transport (Section 4.3) – both total and fractional 

measurements; 

• Bed Surface Roughness (Section 4.4) – representing the grain size distribution 

(GSD) photogrammetry results.  

The concurrent measurements of near-bed fluid, bed surface roughness and bedload 

transport rate are a novel feature of this project. In reporting these measurements, this 

chapter aims to: 

• Obtain statistical descriptions of near-bed turbulence under unsteady flow 

conditions;  

• Provide new knowledge about the uncertainty and variability associated with the 

total and fractional bedload transport rates over parametrically-defined unsteady 

flow hydrographs; and 

• Gain improved understanding of the variability in magnitude of turbulent events 

(e.g. ejections and sweeps) generated under unsteady hydrograph flows. 

A further unique feature of this work is the study of two hydrographs in sequence. This 

takes account of the influence that a previous unsteady flow event has had on the bed 

arrangement and, consequently, its influence on the initial conditions for a following 

unsteady flow event. Where the Second Hydrograph has demonstrated differences in 

comparison to the First Hydrograph, these differences are highlighted at appropriate 

points throughout this chapter.  

 

The experimental runs gathered a large amount of data, and only those which directly 

address the key findings have been presented herein. For full results, the reader is 

directed towards the list of appendices which are also signposted within the relevant 

sections throughout this chapter.   
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4.2. Hydraulics of Unsteady Flow 
4.2.1. Background 

 

Measurements of instantaneous fluid velocity were recorded continuously (in all three 

directions) using an ADV, as described in Section 3.3. These measurements were taken 

during all runs. This section initially discusses the methods by which raw ADV data 

were processed to provide nondimensional velocities, turbulence intensities, TKE and 

bed shear stress results. Each of these results is then reported in detail, with relevant 

discussions on their observed behaviour in unsteady flow. The findings presented 

henceforth form a baseline understanding of the turbulent flow characteristics in the 

unsteady flow hydrographs.  

 

4.2.2. Analysis Methodology 

 

Flow may either be laminar or turbulent. In laminar flow, the fluid flows in parallel 

layers whereas in turbulent flow there is chaotic and unpredictable motion in the 

streamwise, wall-normal and lateral directions. Raw output from the ADV provides 

instantaneous velocities in these directions (u, v, w) which, over the time-series output 

has been time-averaged to obtain �̅�, �̅�, �̅�. The turbulent fluctuation from the mean (u’, 

v’, w’) was obtained by subtracting the time-average mean from the instantaneous 

(subscript i) measurement in a process known as Reynolds decomposition (Adrian, 

2000). This is shown on equation (4-1) as an example in the streamwise direction. 

 

𝑢′ =  𝑢𝑖 − �̅�  (4-1) 

 

An extension of this for unsteady flow was proposed by Telionis (1981), accounting for 

the organised motion in the streamwise direction due to external influence (i.e. the 

applied flow hydrograph). This is accounted for by the u’’ term (as shown in equation 

(4-2)) which corrects the time-averaged mean (�̅�) from the entire measurement duration 

to a local time-specific mean velocity based on the streamwise time-series variation.  

 

𝑢𝑖 =  �̅� + 𝑢′ + 𝑢′′  (4-2) 

 

 

A large amount of instantaneous flow velocity data were obtained by the ADV, 

including information about the fluid turbulence which is useful if represented 

statistically. The strength of turbulence in a fluid can thus be defined statistically by the 
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turbulence intensity 𝑢′𝑅𝑀𝑆, 𝑣′𝑅𝑀𝑆, 𝑤′𝑅𝑀𝑆 and turbulent kinetic energy (TKE). 

Components of turbulence intensity were calculated as the root-mean-square of velocity 

fluctuations from the temporal mean value in each of the three-dimensional flow 

directions (i.e. streamwise u, wall-normal v, and lateral w); shown by equation (4-3), 

equation (4-4) and equation (4-5), respectively. The turbulent kinetic energy is 

represented by the root-mean-square velocity fluctuations (i.e. turbulence intensity) in 

all three dimensions. The expression for TKE is shown by equation (4-6). 

𝒖′𝑹𝑴𝑺 =  √∑
𝟏

𝑵
𝒖′𝟐𝑵

𝒊=𝟏   (4-3) 

      

𝒗′𝑹𝑴𝑺 =  √∑
𝟏

𝑵
𝒗′𝟐𝑵

𝒊=𝟏   (4-4) 

      

𝒘′𝑹𝑴𝑺 =  √∑
𝟏

𝑵
𝒘′𝟐𝑵

𝒊=𝟏  (4-5) 

 
 

𝑻𝑲𝑬 =  
𝟏

𝟐
√𝒖′𝟐̅̅ ̅̅ + 𝒗′𝟐̅̅ ̅̅ + 𝒘′𝟐̅̅ ̅̅ ̅ (4-6) 

 

The transfer of momentum by turbulent fluid motions can be represented by the 

Reynolds stresses (Nezu & Nakagawa, 1993). Three of these are normal stresses 

(𝑢′2̅̅ ̅̅ , 𝑤′2̅̅ ̅̅̅, 𝑣′2̅̅ ̅̅ ) with the remaining being tangential (shear) stresses (𝑢′𝑣′̅̅ ̅̅ ̅, 𝑢′𝑤′̅̅ ̅̅ ̅̅ , 𝑣′𝑤′̅̅ ̅̅ ̅̅ ). It 

was considered important to understand the changes in Reynolds stresses across an 

unsteady flow hydrograph within the wide context of this research as they have been 

found to be generated by bursting motions – and in particular by turbulent ejections and 

sweeps (Kim et al., 1971).  

 

Note that velocities, turbulence intensities, TKE and Reynolds Stresses have all been 

nondimensionalized using the bed shear (friction) velocity u* appropriate for the 

recorded depth of flow (as described in Section 3.3.1).   

 

4.2.3. Velocity 

 

The velocity measurement (both mean and instantaneous) is fundamental to the 

calculation of turbulence using the equations described in Section 4.2.2. Hence, the 

velocity results are an appropriate starting point in beginning to better understand the 
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hydraulics of unsteady flow. The velocity has previously been shown to be influenced 

by flow unsteadiness (Hopkinson and Walburn, 2016) and other studies have 

demonstrated that the unsteady flow can result in a hysteresis phenomenon occurring 

within the streamwise velocity component. However, there is a disagreement on 

whether the observed velocity is greater on the rising hydrograph limb (e.g. Song and 

Graf, 1995) or the falling limb (Tu and Graf, 1992). Song and Graf (1995) did, 

however, suggest through their findings that the hysteresis property may be sensitive to 

hydrograph unsteadiness.  

 

A total of 104 individual runs were carried out across the 5 experimental series as 

described in Section 3.6.3. To enable ease of comparison with the other measurement 

results presented throughout this chapter, the experimental results from runs under the 

‘Benchmark Hydrograph’ (First Hydrograph) above Bed Mix B are shown on Figure 

4-1. Velocities were nondimensionalised by u* as described earlier in Section 3.3.1, and 

the mean result is shown as a black dashed line on Figure 4-1. The mean results from 

each experimental hydrograph have been used to compare the velocities at the 

hydrograph peak, shown on Table 4-1 (First Hydrograph) and Table 4-2 (Second 

Hydrograph). Full velocity results have been plotted in Appendix 4.1.  
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Figure 4-1 - Nondimensional velocity measurements across the ‘Benchmark Hydrograph’ (First 

Hydrograph), above Bed Mix B 
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Table 4-1 - Summary of mean peak nondimensional velocity results, First Hydrograph 

Run ID Bed 

Mix 

Hydrograph Shape Parameter Mean Peak Nondimensional Velocity  

η ΓHG Wk U/u* V/u* W/u* 

B-A A 1 4.5 32,377 4.881 -0.117 -0.131 

S2-A-1 A 0.42 4.5 32,377 5.004 -0.107 -0.124 

S2-A-2 A 2.4 4.5 32,377 4.798 -0.171 -0.145 

S3-A-1 A 1 7.64 32,377 5.195 -0.197 -0.131 

S3-A-2 A 1 2.17 32,377 4.467 -0.130 -0.100 

S4-A-1 A 1 4.5 55,082 4.902 -0.215 -0.136 

S4-A-2 A 1 4.5 15,669 4.611 -0.242 -0.121 

B-B B 1 4.5 32,377 4.919 -0.125 -0.182 

S2-B-1 B 0.42 4.5 32,377 4.991 -0.17 -0.16 

S2-B-2 B 2.4 4.5 32,377 4.825 -0.133 -0.149 

S3-B-1 B 1 7.64 32,377 5.265 -0.157 -0.252 

S3-B-2 B 1 2.17 32,377 4.788 -0.194 -0.115 

S4-B-1 B 1 4.5 55,082 4.965 -0.157 -0.25 

S4-B-2 B 1 4.5 15,669 4.735 -0.187 -0.068 

 

 

Table 4-2 - Summary of mean peak nondimensional velocity results, Second Hydrograph 

Run ID Bed 

Mix 

Hydrograph Shape Parameter Mean Peak Nondimensional Velocity  

η ΓHG Wk U/u* V/u* W/u* 

B-A-S5 A 1 4.5 32,377 4.858 -0.167 -0.131 

S5-A-1 A 0.42 4.5 32,377 4.845 -0.158 -0.073 

S5-A-2 A 2.4 4.5 32,377 4.962 -0.090 -0.163 

B-B-S5 B 1 4.5 32,377 5.000 -0.174 -0.155 

S5-B-1 B 0.42 4.5 32,377 4.797 -0.124 -0.154 

S5-B-2 B 2.4 4.5 32,377 5.034 -0.150 -0.165 

 

 

Variability between results within the same hydrograph (full tables provided in 

Appendix 4.2) was found to be low in the streamwise direction, with the range of 

deviation between 2.3 – 4.7%. Neither the hydrograph shape parameter nor the position 

(i.e. First or Second Hydrograph) were found to influence this variability. Variability 

between the lateral mean velocity results was generally found to be greater than the 

wall-normal results, which itself was greater than the streamwise results. Maximum 

percentage deviation values for these were 28.2%, 27.7% and 4.7%; respectively. This 

variability can clearly be seen on Figure 4-1 which shows that the wall-normal and 

lateral velocity results to be less consistent than those in the streamwise direction. This, 

however, is not unexpected given that: i) the prevailing fluid flow is along the 
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streamwise track and ii) the magnitude of the velocities is smaller in the lateral and 

wall-normal directions.  

 

Analysis on the mean velocity result was carried out to ascertain the observed hysteresis 

and also to obtain the ratio of the velocity at the hydrograph peak to the its value at the 

hydrograph start (peak-to-base ratio P:B). The P:B results are shown in Table 4-3 for 

the First Hydrograph and Table 4-4 for the Second Hydrograph.  

 

Table 4-3 – First Hydrograph velocity peak-to-base ratio, P:B 

Run ID Bed 

Mix 

Hydrograph Shape Parameter Peak-to-Base Ratio (P:B) 

η ΓHG Wk U/u* V/u* W/u* 

B-A A 1 4.5 32,377 1.22 1.60 N/A 

S2-A-1 A 0.42 4.5 32,377 1.25 1.75 N/A 

S2-A-2 A 2.4 4.5 32,377 1.29 1.38 N/A 

S3-A-1 A 1 7.64 32,377 1.29 1.46 N/A 

S3-A-2 A 1 2.17 32,377 1.21 1.34 N/A 

S4-A-1 A 1 4.5 55,082 1.31 1.54 N/A 

S4-A-2 A 1 4.5 15,669 1.19 1.42 N/A 

B-B B 1 4.5 32,377 1.25 1.47 N/A 

S2-B-1 B 0.42 4.5 32,377 1.17 1.47 N/A 

S2-B-2 B 2.4 4.5 32,377 1.24 1.54 N/A 

S3-B-1 B 1 7.64 32,377 1.24 1.43 N/A 

S3-B-2 B 1 2.17 32,377 1.22 1.56 N/A 

S4-B-1 B 1 4.5 55,082 1.26 1.47 N/A 

S4-B-2 B 1 4.5 15,669 1.20 1.35 N/A 

 

 

Table 4-4 - Second Hydrograph velocity peak-to-base ratio, P:B 

Run ID Bed 

Mix 

Hydrograph Shape Parameter Peak-to-Base Ratio (P:B) 

η ΓHG Wk U/u* V/u* W/u* 

B-A-S5 A 1 4.5 32,377 1.36 1.36 N/A 

S5-A-1 A 0.42 4.5 32,377 1.25 1.20 N/A 

S5-A-2 A 2.4 4.5 32,377 1.30 1.26 N/A 

B-B-S5 B 1 4.5 32,377 1.26 1.66 N/A 

S5-B-1 B 0.42 4.5 32,377 1.20 1.34 N/A 

S5-B-2 B 2.4 4.5 32,377 1.21 1.29 N/A 

 

 

The streamwise velocity results across all hydrographs show a clear positive correlation 

with the corresponding flow hydrograph (Figure 4-1). As shown in Table 4-3, the mean 

result has a P:B ratio of ranging 1.17 – 1.31 under the First Hydrograph.  A counter-
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clockwise hysteresis was consistently found – a result in agreement with the findings of 

Tu and Graf (1992). Greater peak mean U/u* was observed with decreasing η, 

increasing ΓHG , and increasing Wk as can be seen in Table 4-1 for the First Hydrograph 

results. The Second Hydrograph result (Table 4-2) shows the opposite trend for the 

asymmetry hydrograph shape parameter where greater peak mean U/u* was observed 

for increasing η. This change provides an indication that the First Hydrograph has 

changed the physical conditions such that different near-bed fluid behaviour can be seen 

under the Second Hydrograph. However, this is only an indication and will hence be 

considered further later in conjunction with the other measurement results presented 

herein. For the Second Hydrograph, the mean P:B ratio was similar to that of the First 

Hydrograph results (ranging 1.20 – 1.36, Table 4-4). 

 

The wall-normal velocity results show a slight correlation with the flow. No correlation 

with changing shape parameter can be seen from the results. As shown in Table 4-3, the 

P:B ratio ranged 1.35 – 1.75 under the First Hydrograph. No hysteresis was observed 

and no correlation with changing shape parameter can be seen from the results. The 

Second Hydrograph P:B ratio ranged 1.26 – 1.66 and, again, this is of similar magnitude 

to the First Hydrograph result.  

 

By contrast, the lateral velocity shows no obvious trend or correlation with flow, nor 

any change with hydrograph shape parameter. No P:B ratio or hysteresis can be reliably 

calculated from the data. As the lateral velocity direction is not a contributor to 

turbulent ejection or sweep events, it is largely neglected in later sections of this 

research.  

 

4.2.4. Turbulence Intensity 

 

By considering the nature of instantaneous velocities, this sub-section will investigate 

temporal variations in velocity fluctuations from the mean; defined statistically by the 

turbulence intensity. Results are reported here for all three measured directions, with the 

aim of understanding the importance of directional contribution from velocity 

fluctuations to turbulence and (later in Section 4.2.5) Reynolds stress in the unsteady 

flow hydrographs. Few studies have examined turbulence intensity under unsteady flow 

condition and those that do (Nezu & Nakagawa, 1993, 1997; Song & Graf, 1996) have 

focussed primarily on the hysteresis effect. Here, the influence of varying hydrograph 



 

81 

shape parameter and sequential position are reported; providing new knowledge about 

turbulence intensity beyond the hysteresis effect.  

 

A total of 104 individual runs were carried out across the 5 experimental series as 

described in Section 3.6.3. To enable ease of comparison with the other measurement 

results presented throughout this chapter, the experimental results from runs under the 

‘Benchmark Hydrograph’ (First Hydrograph) above Bed Mix B are shown on Figure 

4-2. Turbulence intensities were nondimensionalised by u* as described earlier in 

Section 3.3.1, and the mean result is shown as a black dashed line on Figure 4-2. The 

mean results from each experimental hydrograph have been used to compare the 

turbulence intensities at the hydrograph peak, shown on Table 4-5 (First Hydrograph) 

and Table 4-6 (Second Hydrograph). Full turbulence intensity results have been plotted 

in Appendix 4.3. The results showed a general positive correlation with the hydrograph 

flow. All results, regardless of hydrograph shape parameter or position (i.e. First or 

Second Hydrograph) demonstrated this trend.  

 

Table 4-5 - Summary of mean peak nondimensional turbulence intensity results, First Hydrograph 

Run ID Bed 

Mix 

Hydrograph Shape Parameter Mean Peak Nondimensional 

Turbulence Intensity 

η ΓHG Wk u’rms/u* v’rms/u* w’rms/u* 

B-A A 1 4.5 32,377 1.079 0.376 0.726 

S2-A-1 A 0.42 4.5 32,377 1.068 0.379 0.733 

S2-A-2 A 2.4 4.5 32,377 1.098 0.388 0.775 

S3-A-1 A 1 7.64 32,377 1.084 0.365 0.685 

S3-A-2 A 1 2.17 32,377 1.034 0.358 0.678 

S4-A-1 A 1 4.5 55,082 1.083 0.342 0.738 

S4-A-2 A 1 4.5 15,669 1.027 0.336 0.772 

B-B B 1 4.5 32,377 1.096 0.761 0.388 

S2-B-1 B 0.42 4.5 32,377 1.048 0.804 0.350 

S2-B-2 B 2.4 4.5 32,377 1.103 0.782 0.405 

S3-B-1 B 1 7.64 32,377 1.112 0.745 0.367 

S3-B-2 B 1 2.17 32,377 0.989 0.767 0.348 

S4-B-1 B 1 4.5 55,082 1.158 0.666 0.372 

S4-B-2 B 1 4.5 15,669 0.986 0.670 0.350 
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Table 4-6 - Summary of mean peak nondimensional turbulence intensity results, Second 

Hydrograph 

Run ID Bed 

Mix 

Hydrograph Shape Parameter Mean Peak Nondimensional 

Turbulence Intensity 

η ΓHG Wk u’rms/u* v’rms/u* w’rms/u* 

B-A-S5 A 1 4.5 32,377 1.055 0.352 0.727 

S5-A-1 A 0.42 4.5 32,377 1.099 0.382 0.739 

S5-A-2 A 2.4 4.5 32,377 1.052 0.375 0.722 

B-B-S5 B 1 4.5 32,377 1.045 0.711 0.358 

S5-B-1 B 0.42 4.5 32,377 1.052 0.713 0.352 

S5-B-2 B 2.4 4.5 32,377 1.033 0.713 0.348 
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Figure 4-2 - Nondimensional turbulence intensity measurements across the ‘Benchmark 

Hydrograph’ (First Hydrograph), above Bed Mix B 
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Variability between runs was seen to be very low overall (full tables provided in 

Appendix 4.4). The range of percentage deviation results across the comparison 

hydrograph for the streamwise result, u’rms *, was 2.0 – 4.4%; for the wall-normal 

result, v’rms *, was 2.1 – 5.0%; and for the lateral result, w’rms *, was 2.2 – 4.5%. The 

quoted ranges are inclusive of results above both Bed Mix A & B, and also under the 

First and Second Hydrographs. Hence, results are generally within 5% of the mean 

value and it can be stated that variability between run results overall was low.   

 

The First Hydrograph results (Table 4-5) show the streamwise result  u’rms /u* 

increasing with increasing asymmetry (η), unsteadiness (ΓHG) and total water work (Wk) 

parameters. However, for increasing η, the opposite result was found in the Second 

Hydrograph results (Table 4-6) with a decrease in peak streamwise turbulence intensity. 

For the wall-normal and lateral direction turbulence intensity results, either no pattern 

was observed with changing hydrograph shape parameters or the trend was inconsistent 

between the fine and coarse bed mix results. 

 

Similarly to the velocity results shown in Section 4.2.3, analysis on the mean turbulence 

intensity result was carried out to obtain the peak-to-base ratio (P:B). The P:B results 

are shown in Table 4-7 for the First Hydrograph and Table 4-8 for the Second 

Hydrograph. The First Hydrograph results show a range of 1.17 – 1.34 in the 

streamwise direction (u’rms/u*), 1.05 – 1.35 in the wall-normal direction (v’rms/u*) and 

1.07 – 1.28 in the lateral direction (w’rms/u*). The Second Hydrograph results showed 

consistently less results, with ranges shifting in magnitude (e.g. streamwise direction 

(u’rms/u*) range Second Hydrograph 1.12 – 1.25) and Second Hydrograph P:B ratios 

consistently less than their First Hydrograph equivalents. This provides further 

indication of a change in the flow structure between the First Hydrograph and Second 

Hydrograph runs.  
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Table 4-7 – First Hydrograph turbulence intensity peak-to-base ratio, P:B 

Run ID Bed 

Mix 

Hydrograph Shape Parameter Peak-to-Base Ratio (P:B) 

η ΓHG Wk u’rms/u* v’rms/u* w’rms/u* 

B-A A 1 4.5 32,377 1.26 1.18 1.13 

S2-A-1 A 0.42 4.5 32,377 1.17 1.14 1.12 

S2-A-2 A 2.4 4.5 32,377 1.22 1.16 1.10 

S3-A-1 A 1 7.64 32,377 1.34 1.35 1.10 

S3-A-2 A 1 2.17 32,377 1.29 1.19 1.20 

S4-A-1 A 1 4.5 55,082 1.33 1.18 1.22 

S4-A-2 A 1 4.5 15,669 1.19 1.08 1.14 

B-B B 1 4.5 32,377 1.34 1.18 1.22 

S2-B-1 B 0.42 4.5 32,377 1.14 1.10 1.13 

S2-B-2 B 2.4 4.5 32,377 1.29 1.10 1.17 

S3-B-1 B 1 7.64 32,377 1.33 1.21 1.07 

S3-B-2 B 1 2.17 32,377 1.34 1.37 1.28 

S4-B-1 B 1 4.5 55,082 1.54 1.38 1.32 

S4-B-2 B 1 4.5 15,669 1.18 1.05 1.08 

 
 

Table 4-8 - Second Hydrograph turbulence intensity peak-to-base ratio, P:B 

Run ID Bed 

Mix 

Hydrograph Shape Parameter Peak-to-Base Ratio (P:B) 

η ΓHG Wk u’rms/u* v’rms/u* w’rms/u* 

B-A-S5 A 1 4.5 32,377 1.22 1.14 1.07 

S5-A-1 A 0.42 4.5 32,377 1.15 1.09 1.05 

S5-A-2 A 2.4 4.5 32,377 1.17 1.13 1.08 

B-B-S5 B 1 4.5 32,377 1.24 1.14 1.07 

S5-B-1 B 0.42 4.5 32,377 1.12 1.09 1.04 

S5-B-2 B 2.4 4.5 32,377 1.25 1.04 1.12 

 

 

Correlations measured by Spearman’s Rank Order Correlation Coefficient, rs, are 

presented for turbulence intensities above Bed Mix B in Table 4-9 and Table 4-10  on 

both rising and falling limbs; respectively. Similar results were obtained above Bed Mix 

A, and these can be found in Appendix 4.5. These rs values show consistently very high 

correlations (i.e. rs > 0.70) with statistical significance (ρ > 0.95) demonstrating close 

relationship between the flow and the magnitude of near-bed fluid fluctuations from the 

mean velocity. These results also show a consistent difference in the Spearman 

correlation coefficients rs between the rising and falling limbs of the hydrograph, with rs 

values being consistently lower (i.e. weaker correlation) on the falling limb. This result 

is an artefact of the hysteresis effect that has previously been reported in the literature, 

but nonetheless demonstrates that at the hydrograph peak (i.e. reversal of flow 
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acceleration) there is not necessarily an immediate and commensurate change in the 

near-bed turbulence.  

 

Table 4-9 - Spearman's Rank Order Correlation Coefficient (rs) for turbulence intensity on the 

hydrograph rising limb above Bed Mix B 

Run ID Bed 

Mix 

Hydrograph Shape 

Parameter 

Spearman’s Rank Order Correlation 

Coefficient 

η ΓHG Wk rs  

Streamwise 

rs  

Wall-Normal 

rs  

Lateral 

B-B B 1.00 4.5 32,377 0.907 0.962 0.945 

S2-B-1 B 0.42 4.5 32,377 0.976 0.933 0.962 

S2-B-2 B 2.4 4.5 32,377 0.975 0.944 0.976 

S3-B-1 B 1.00 7.64 32,377 0.927 0.978 0.927 

S3-B-2 B 1.00 2.17 32,377 0.967 0.946 0.958 

S4-B-1 B 1.00 4.5 55,082 0.988 0.941 0.946 

S4-B-2 B 1.00 4.5 15,669 0.968 0.953 0.936 

 

 

Table 4-10 - Spearman's Rank Order Correlation Coefficient (rs) for turbulence intensity on the 

hydrograph falling limb above Bed Mix B 

Run ID Bed 

Mix 

Hydrograph Shape 

Parameter 

Spearman’s Rank Order Correlation 

Coefficient 

η ΓHG Wk rs  

Streamwise 

rs  

Wall-Normal 

rs  

Lateral 

B-A B 1 4.5 32,377 0.857 0.909 0.885 

S2-B-1 B 0.42 4.5 32,377 0.914 0.854 0.824 

S2-B-2 B 2.4 4.5 32,377 0.857 0.881 0.910 

S3-B-1 B 1 7.64 32,377 0.839 0.888 0.845 

S3-B-2 B 1 2.17 32,377 0.864 0.882 0.824 

S4-B-1 B 1 4.5 55,082 0.898 0.866 0.858 

S4-B-2 B 1 4.5 15,669 0.907 0.899 0.800 

 

 

The turbulent kinetic energy (TKE – calculated as outlined in Section 4.2.2) under the 

‘Benchmark Hydrograph’ (First Hydrograph) above Bed Mix B is shown on Figure 

4-3(a) to enable ease of comparison with other measurement results presented 

throughout this chapter. Full turbulence intensity results have been plotted in Appendix 

4.6. From the turbulence intensity results, it is unsurprising that the TKE values also 

have a positive correlation with the flow rate. The TKE calculation allows for the 

individual directional components to be separated and the contributions quantified, and 

the result of this is shown in Figure 4-3 (b) for the ‘Benchmark Hydrograph’ (First 

Hydrograph) above Bed Mix B. The streamwise component is clearly, and by far, the 

greatest contributor (≈ 60%) to the TKE – followed by the wall-normal component (≈ 
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32%) and then the lateral component (≈8%). Between the hydrograph peak and base, 

the streamwise component contribution increases by ≈5%, the wall-normal component 

decreases by ≈5% and the lateral component decreases by ≈10%. This further validates 

the earlier result that the streamwise u’/u* fluctuations become more influential to the 

bed with increasing flow as the hydrograph progresses towards its peak. The low 

contribution from the lateral component suggests that this is unlikely to be important in 

influencing (i.e. through shear stress) motion on the bed. 

 

 

 
Figure 4-3 - Nondimensional TKE measurements under the ‘Benchmark Hydrograph’ (First 

Hydrograph) [Chart a] and their proportional contribution [Chart b], above Bed Mix B 
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4.2.5. Reynolds Shear Stresses 

 

The previous sub-section found directional contribution to TKE be greatest in the 

streamwise direction, followed by the wall-normal direction and then least in the lateral 

direction. This sub-section looks at the Reynolds stresses (calculated as outlined in 

Section 4.2.2) with the aim of understanding how shear stress is applied to the bed when 

two of the directional fluctuations are considered together. As with turbulence intensity, 

previous studies on Reynolds stress in unsteady flow have been limited to hysteresis 

effects; such as Song & Graf (1996) who reported that the streamwise/wall-normal 

stress plane displayed a clockwise hysteresis. To enable ease of comparison with the 

other measurement results presented throughout this chapter, the experimental results 

from runs under the ‘Benchmark Hydrograph’ (First Hydrograph) above Bed Mix B are 

shown on Figure 4-4. Reynolds stresses were nondimensionalised by u* as described 

earlier in Section 3.3.1, and the mean result is shown as a black dashed line on Figure 

4-4Figure 4-4. Full Reynolds stress results have been plotted in Appendix 4.7. No 

pattern was found with regards to changing hydrograph shape parameter for any of the 

Reynolds stress planes. The correlations measured by Spearman’s Rank Order 

Correlation Coefficient, rs, were investigated and a summary of the findings for each 

plane are discussed in turn, with the full results shown in Appendix 4.8.  

 

The Reynolds stresses on the u-v (streamwise-vertical) plane shows a strong correlation 

with the flow, confirmed by calculated Spearman Rank Order Correlation Coefficient, 

rs, values ranging -0.866 to -0.982. This range of values spans all hydrographs, in both 

sequential positions across both rising and receding limbs.  

 

The Reynolds stresses on the u-w (streamwise-lateral) plane also show a general 

correlation with the flow, but weaker than that observed in the streamwise/wall-normal 

plane with rs values ranging  -0.875 to -0.962.  

 

The Reynolds stresses on the v-w (vertical-lateral) plane shows no observable 

correlation with the flow, and this has been confirmed by the rs values falling within the 

range -0.107 to -0.181 indicating a very weak correlation. This is likely because it was 

previously found through analysis of the turbulence intensity and TKE (Section 4.2.4) 

that the streamwise contribution to the Reynolds Stress was strong and proportionately 

high – and this plane does not include streamwise values. 
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Figure 4-4 - Nondimensional Reynolds stress measurements across the ‘Benchmark Hydrograph’ 

(First Hydrograph), above Bed Mix B 
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4.2.6. Quadrant Analysis 

 

Detail further to the turbulence intensity (reported in Section 4.2.3) is required to better 

appreciate the nature of near-bed turbulence above an evolving sediment bed. Quadrant 

analysis is a technique, developed by Lu and Willmarth (1973), to examine velocity 

data statistically in such a way that results in detection of specific near-bed turbulence 

characteristics or events. This technique has been widely used in the literature, 

particularly in studies which consider particle-fluid interactions (e.g. Cuthbertson and 

Ervine, 2007).  

 

4.2.6.1. Quadrant Analysis Technique 

The quadrant analysis technique calculates turbulent fluctuations of instantaneous 

streamwise u’ and wall-normal v’ velocity pairs and plots them on a (u’, v’) Cartesian 

coordinate system. An instantaneous velocity pair point on the coordinate system 

denotes a higher magnitude turbulent event the further it is positioned from the 

coordinate system origin. The four quadrants each match a different turbulent event and 

are classified from top right (Q1: outward interaction), top left (Q2: ejection), bottom 

left (Q3: inward interaction) to bottom right (Q4: sweep). The concept of a hole (H’) 

within the quadrant plot is used to exclude lower magnitude events from all quadrants. 

The hole takes the form of a hyperbolic boundary within each quadrant, excluding 

events of a lower magnitude than those defined by the condition shown in equation (4-

7). An annotated sketch of the quadrant plot arrangement is shown on Figure 4-5.  

 

|𝑢′𝑣′| = 𝐻′(𝑢′𝑢′̅̅ ̅̅ ̅)
0.5

 (𝑣′𝑣′̅̅ ̅̅ ̅)
0.5

  (4-7) 
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Figure 4-5 - Annotated sketch of quadrant plot arrangement with indicative hyperbolic hole 

(hatched area) 

 

 

This is useful, as appropriate choice of hole-size has often been neglected within the 

literature with little guidance on what is appropriate under any specific conditions. Past 

work has cited reasons for hole-size chosen such as ease of comparison to other work 

(e.g. Buffin-Belanger and Roy, 1998) or to exclude turbulent events until a particular 

effect is observed (e.g. Sulaiman, Sinnakudin and Shukar, 2013) but does not provide 

any firm conclusion on what hole-size to adopt when examining near-bed turbulence in 

connection with sediment transport. A summary table of the ranges cited is shown in 

Table 4-11.  
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Table 4-11 - Summary of hole sizes previously investigated in past work 

Year Author(s) Hole Size/Range Comments 

1998 Buffin-Belanger 0 – 2 Sizes chosen to compare with 

previous studies 

2001 Papanicolaou 5 Suggested by Lu & Willmarth 

(1973) 

2006 Soudani 2 Performed a ‘hole size 

analysis’ to reach this value 

2007 Strom 2.5  

2008 Roussinova [𝑢 𝑣]  ≥ H′𝑢′𝑣′  

2008 Okja [𝑢 𝑣]  ≥ H′𝑢′𝑣′  

2010 Sarkar |𝑢′𝑣′|  ≥ H′(𝑢′𝑢′̅̅ ̅̅ ̅)
0.5 

(𝑣′𝑣′̅̅ ̅̅ ̅)
0.5

 Suggested by Nezu & 

Nakagawa (1993) 

2010 Nolan 1 - 10 Sizes varied until good 

agreement reached 

2011 Dey |𝑢′𝑣′|  ≥ H′(𝑢′𝑢′̅̅ ̅̅ ̅)
0.5 

(𝑣′𝑣′̅̅ ̅̅ ̅)
0.5

 Suggested by Nezu & 

Nakagawa (1993) 

2012 Debnath [𝑢 𝑣]  ≥ H′𝑢′𝑣′  

2013 Tsiaka 0 Wanted to include all events 

2013 Sulaiman 0 – 2 Varied to observe effects 

2014 Keylock 0 Argued that choice was 

‘arbitrary’ 
 

The shape of an unsteady hydrograph yields subtle visual changes to a quadrant plot at 

different temporal points, indicating changes in the nature of near-bed turbulence 

resulting from the unsteady flows. Figure 4-6 shows a typical quadrant plot evolution 

across the ‘Benchmark Hydrograph’ (First Hydrograph) above Bed Mix B at six 

different points. Both hole sizes H’ = 0 (grey) and H’ = 3 (red) are shown. Moving 

from points A → D, the plot shape becomes more elliptical which illustrates a 

movement away from Q1/Q3 events and towards higher magnitude Q2/Q4 events 

instead. This shape-change occurs in reverse moving back from point D → F.  

 

Figure 4-7 shows variation in combined observed Q2+Q4 (%) at the peak flow of all 

hydrographs for the range of hyperbolic hole sizes H’ = 0.0 – 3.8. This chart 

demonstrates an increasing proportion of Q2+Q4 events at the hydrograph peak with 

increasing H’ from 0.0 – 3.0. Further H’ increase following H’ = 3.0 did not yield any 

continuing increase in combined Q2+Q4 (%) values at the higher rate seen between H’ 

= 0.0 – 3.0. This demonstrates that, to observe only the highest magnitude turbulent 

events, a hole-size of H’ ≥ 3 should be used here. 
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Figure 4-6 - 'Benchmark Hydrograph' (First Hydrograph) above Bed Mix B quadrant plots at 

selected temporal points on the unsteady flow hydrograph 
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Figure 4-7 - Relationship between hyperbolic hole size and proportion of quadrant events found at 

hydrograph peak above the fine bed mix for the comparison hydrograph 

 

4.2.6.2. Proportional Time Series 

A quadrant plot can be generated for each measurement period throughout each run. 

This creates a large volume of data, which has been simplified here by plotting the 

proportion (%) of time each quadrant is occupied during each measurement period on a 

time-series. Note this proportion is based on the total time all quadrant events occupy 

each quadrant and hence omits to take account of the amount of time attributed to an 

individual quadrant event, which varies for each individual turbulent event. The 

temporal dimension is important because a low magnitude turbulent event may lead to 

entrainment if applied for long enough whereas a high magnitude turbulent event may 

not lead to entrainment if applied over a very short time period. This concept of impulse 

(Valyrakis et. al, 2010; Valyrakis et al., 2013) is later considered in more detail within 

Section 5.3.4. The proportional time-series may be considered a generalisation of the 

observed trends in flow structure across unsteady hydrograph flow, but nonetheless is 

an useful starting point before exploration of this further detail later.  

 

Figure 4-8 and Figure 4-9 illustrates the typical influence of unsteady hydrograph flows 

on the proportions of different turbulent events (defined by quadrants 1-4) over the 

duration of the ‘Benchmark Hydrograph’ (First Hydrograph) above Bed Mix B to 

enable ease of comparison with the other measurement results presented throughout this 

chapter, for hole sizes H’ = 0 and H’ = 3 respectively. The mean result is shown as a 

black dashed line on each figure. The mean results from each experimental hydrograph 



 

95 

have been used to compare the proportional time series result for each quadrant at the 

hydrograph peak, shown on Table 4-12 (H’ = 0) and Table 4-13 (H’ = 3). Full quadrant 

analysis proportional time-series results have been plotted in Appendix 4.9 (First 

Hydrograph) and Appendix 4.10 (Second Hydrograph). 
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Figure 4-8 – Quadrant analysis proportional time-series measurements across the ‘Benchmark Hydrograph’ (First Hydrograph), above Bed Mix B (hole size H’ = 

0) 
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Figure 4-9 - Quadrant analysis proportional time-series measurements across the ‘Benchmark Hydrograph’ (First Hydrograph), above Bed Mix B (hole size H’ = 

3) 
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The proportion of combined ejection and sweep (Q2+Q4) events over the hydrograph 

duration at hole size H’ = 3 typically lies between 90 – 100% (Figure 4-9, charts (b) & 

(d)). This indicates that the driver of high magnitude turbulence near the bed originates 

from the bursting cycle. For comparison, the same proportion over the same chart for all 

events (i.e. H’ = 0) is typically 60-70% (Figure 4-8, charts (b) & (d)). Therefore, the 

finding is consistent over a range of hole sizes, H’ and it can thus be said that there are 

more ejection and sweep events occurring in the near-bed flow than inward and outward 

interactions. This relative trend can be seen in all the hydrograph shapes tested, which 

are presented in full in Appendix 4.9 (First Hydrograph) and Appendix 4.10 (Second 

Hydrograph).  

 

An interesting finding from Figure 4-9 is how the ejection (Q2) and sweep (Q4) event 

proportions change as the hydrograph progresses when looking only at the high 

magnitude (H’ = 3) events. Quadrant 2 (ejection) events begin at ≈ 65% by proportion 

and fall to ≈50% by proportion at the hydrograph peak. Concurrently, the Q4 (sweep) 

events begin at ≈35% by proportion at the hydrograph start and rise to ≈50% by 

proportion at the hydrograph peak. Because this effect is reversed in a similar manner 

post-peak (on the hydrograph falling limb) this suggests that the change in near-bed 

flow characteristics near to the bed is likely to occur as a result of either of: i) increasing 

rate of flow; ii) increasing rate of change of the flow; or iii) changing boundary (i.e. 

bed) conditions. 

 

Looking at the peak proportional time-series quadrant data in Table 4-12 and Table 

4-13, in all cases the H’ = 0 peak results (for all quadrants) was found to be insensitive 

to hydrograph shape parameter. However, some subtle differences can be seen in the H’ 

= 3 results. A sensitivity to total water work (ΓHG) and unsteadiness (Wk) parameters 

exists, with both yielding a decrease in peak Q2 values for their respective increasing 

ΓHG & Wk. The opposite is true for the Q4 results (i.e. increasing peak Q4 values for 

increasing parametric values). Increasing ΓHG & Wk values are those where the peak rate 

of flow is greater than the other hydrographs tested and indicates greater production 

(proportionately) of sweep (Q4) events with higher flow magnitude. This suggests that 

option (i) from the previous paragraph may account partly for the effect of the 

fluctuating Q2/Q4 events with temporal evolution of the unsteady hydrograph. 

However, it remains difficult to understand which of the possible three suggestions 
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could be influencing this change. Therefore, the next step was to consider the results for 

the Second Hydrograph which looks at the same quadrant analysis data over the 

previously worked bed.  

 

Table 4-12 -  Summary of mean peak proportional quadrant event values across all hydrographs 

(First Hydrograph) at hole size, H' = 0 

Run ID Bed 

Mix 

Hydrograph Shape 

Parameter 

Proportional Quadrant Reading at 

Hydrograph Peak 

η ΓHG Wk Q1 Q2 Q3 Q4 

B-A A 1 4.5 32,377 16.95 32.25 14.78 35.81 

S2-A-1 A 0.42 4.5 32,377 17.62 31.57 15.08 35.68 

S2-A-2 A 2.4 4.5 32,377 18.67 30.65 14.48 36.52 

S3-A-1 A 1 7.64 32,377 19.58 30.37 15.03 36.90 

S3-A-2 A 1 2.17 32,377 17.77 30.77 14.67 36.98 

S4-A-1 A 1 4.5 55,082 18.21 31.17 13.60 36.95 

S4-A-2 A 1 4.5 15,669 18.31 31.24 15.38 36.52 

B-B B 1 4.5 32,377 15.40 33.10 17.10 34.40 

S2-B-1 B 0.42 4.5 32,377 14.70 36.30 15.60 33.30 

S2-B-2 B 2.4 4.5 32,377 14.20 35.70 15.50 34.60 

S3-B-1 B 1 7.64 32,377 12.80 37.80 17.40 32.00 

S3-B-2 B 1 2.17 32,377 15.30 33.80 17.30 33.70 

S4-B-1 B 1 4.5 55,082 14.30 35.90 15.30 34.50 

S4-B-2 B 1 4.5 15,669 14.90 33.80 15.50 35.80 

 

Table 4-13 - Summary of mean peak proportional quadrant event values across all hydrographs 

(First Hydrograph) at hole size, H' = 3 

Run ID Bed 

Mix 

Hydrograph Shape 

Parameter 

Proportional Quadrant Reading at 

Hydrograph Peak 

η ΓHG Wk Q1 Q2 Q3 Q4 

B-A A 1 4.5 32,377 2.81 46.75 0.00 52.75 

S2-A-1 A 0.42 4.5 32,377 4.62 49.17 0.15 48.33 

S2-A-2 A 2.4 4.5 32,377 4.76 41.42 0.13 51.85 

S3-A-1 A 1 7.64 32,377 2.70 35.78 0.00 63.40 

S3-A-2 A 1 2.17 32,377 3.03 47.29 0.00 48.15 

S4-A-1 A 1 4.5 55,082 2.38 35.11 0.00 64.44 

S4-A-2 A 1 4.5 15,669 5.32 47.55 0.61 48.08 

B-B B 1 4.5 32,377 1.60 48.20 1.30 48.90 

S2-B-1 B 0.42 4.5 32,377 0.20 50.30 0.30 49.20 

S2-B-2 B 2.4 4.5 32,377 0.50 53.20 0.30 46.00 

S3-B-1 B 1 7.64 32,377 0.00 47.40 0.00 52.60 

S3-B-2 B 1 2.17 32,377 0.40 59.70 0.00 40.00 

S4-B-1 B 1 4.5 55,082 0.00 42.60 0.00 57.40 

S4-B-2 B 1 4.5 15,669 1.10 54.30 0.00 44.60 

 



 

100 

Figure 4-10 and Figure 4-11 illustrates the typical influence of unsteady hydrograph 

flows on the proportions of different turbulent events (defined by quadrants 1-4) over 

the duration of the ‘Benchmark Hydrograph’ (Second Hydrograph) above Bed Mix B to 

enable ease of comparison with the other measurement results presented throughout this 

chapter, for hole sizes H’ = 0 and H’ = 3 respectively. The mean result is shown as a 

black dashed line on each figure. The mean results from each experimental hydrograph 

have been used to compare the proportional time series result for each quadrant at the 

hydrograph peak, shown on Table 4-14 (H’ = 0) and Table 4-15 (H’ = 3). Full quadrant 

analysis proportional time-series results have been plotted in Appendix 4.9 (First 

Hydrograph) and Appendix 4.10 (Second Hydrograph).  

 

It can immediately be seen that the effect observed in the First Hydrograph results, 

where increasing flow resulted in increasing sweep (Q4) proportions and vice-versa for 

ejection (Q2) proportions has increased considerably in the Second Hydrograph results. 

Q2 events become very dominant (> 80% of all events) whereas the sweep (Q4) events 

diminish to < 20% over the rising limb and flow peak. The recovery of sweep (Q4) 

events occurs slowly across the hydrograph falling limb, with the rate of recovery 

increasing only where the rate of flow begins to decrease near to the hydrograph end. 

Returning to the earlier three possible options to explain why the near-bed flow 

characteristics change across the hydrograph this finding would now suggest that the 

changing bed also has an impact on the proportion of quadrant events to be found in the 

near-bed flow.  

 

Table 4-14 - Summary of mean peak proportional quadrant event values across all hydrographs 

(Second Hydrograph) at hole size, H' = 0 

Run ID Bed 

Mix 

Hydrograph Shape 

Parameter 

Proportional Quadrant Reading at Hydrograph 

Peak 

η ΓHG Wk Q1 Q2 Q3 Q4 

B-A-S5 A 1 4.5 32,377 32.27 16.28 3.94 48.34 

S5-A-1 A 0.42 4.5 32,377 30.95 17.12 3.62 46.59 

S5-A-2 A 2.4 4.5 32,377 35.94 12.71 2.64 49.03 

B-B-S5 B 1 4.5 32,377 33.53 13.28 5.10 54.54 

S5-B-1 B 0.42 4.5 32,377 32.29 17.27 3.75 35.71 

S5-B-2 B 2.4 4.5 32,377 29.53 16.21 4.86 42.69 
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Table 4-15 - Summary of mean peak proportional quadrant event values across all hydrographs 

(Second Hydrograph) at hole size, H' = 3 

Run ID Bed 

Mix 

Hydrograph Shape 

Parameter 

Proportional Quadrant Reading at Hydrograph 

Peak 

η ΓHG Wk Q1 Q2 Q3 Q4 

B-A-S5 A 1 4.5 32,377 7.99 7.25 0.00 87.47 

S5-A-1 A 0.42 4.5 32,377 5.75 6.71 0.00 85.59 

S5-A-2 A 2.4 4.5 32,377 6.88 3.18 0.00 88.92 

B-B-S5 B 1 4.5 32,377 9.53 4.97 0.29 92.25 

S5-B-1 B 0.42 4.5 32,377 5.68 15.28 0.07 80.66 

S5-B-2 B 2.4 4.5 32,377 10.00 7.53 0.04 88.91 
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Figure 4-10 -  Quadrant analysis proportional time-series measurements across the ‘Benchmark Hydrograph’ (Second Hydrograph), above Bed Mix B (hole size H’ 

= 0) 
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Figure 4-11 - Quadrant analysis proportional time-series measurements across the ‘Benchmark Hydrograph’ (Second Hydrograph), above Bed Mix B (hole size H’ 

= 3) 
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4.3. Bedload Transport 

4.3.1. Background 

 

The core of this project is the understanding of bedload transport under unsteady 

hydrograph flow conditions, and its interaction with near-bed turbulence alongside a 

changing bed surface. This sub-section presents the bedload transport findings, both 

fractional and total transport results having been studied. This sub-section looks first at 

the transport yields/rates (Section 4.3.2) and then discusses the hysteresis effect 

prevalent in transport across unsteady hydrograph flows (Section 4.3.3). While the 

previous section (Section 4.2) was more concerned with a simple understanding of fluid 

turbulence within the unsteady flow hydrograph conditions, this section addresses 

questions regarding the changes observed in bedload transport over each unsteady flow 

run.  

 

4.3.2. Bedload Transport Yields/Rates 

 

To enable ease of comparison with the other measurement results presented throughout 

this chapter, the total transport experimental results from runs under the ‘Benchmark 

Hydrograph’ (First & Second Hydrographs) above Bed Mix B are shown on Figure 

4-12 with the equivalent fractional transport results shown on Figure 4-13. As carried 

out in previous studies (e.g. Bombar et al., 2011; Wang et al., 2014) the measured 

bedload transport load as measured from the sediment trap (WT) during each 

measurement period was nondimensionalised  as shown in equation (4-8), where WT  is 

the dimensional bed-load transport weight collected from the sediment trap, b is the 

sediment trap width, d50 is the 50th percentile in the bed mix (i.e. Mix A or B) grain size 

distribution and ρs the density of the grains comprising the bed mix (all in standard SI 

units). In calculating rates of bedload transport (qb) both the nondimensional transport 

over each measurement period (WT*) and the nondimensional time (t*, as in Section 

3.5.1) were used and thus the nondimensional rate of transport (qb*) has been referred to 

throughout. The mean result is shown as a black dashed line on the Figure 4-12, but on 

Figure 4-13 individual run results are only shown as points due to the high 

concentration of data comprising these charts. Full total transport results have been 

plotted in Appendix 4.11 (total transport) and 4.12 (fractional transport).  
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𝑊𝑇
∗ =  

𝑊𝑇

𝜌𝑠 𝑏 𝑑50
2   (4-8) 

 

The figures show clearly that the bedload transport rises and falls in line with the 

applied flow, that the scatter of results between runs increases around the hydrograph 

peak and that Second Hydrograph results are lesser in magnitude than those from the 

First Hydrograph. Also, the fractional results display a hierarchy of fine → medium → 

coarse fraction in terms of transport rate magnitude; with the fine fractional results 

appearing to be subject to the greatest reduction in magnitude between the First and 

Second Hydrograph. These general findings will be explored further henceforth. 

 

 
Figure 4-12 – Total bedload transport proportional time-series measurements across the 

‘Benchmark Hydrograph’  above Bed Mix B  
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Figure 4-13 - Fractional bedload transport proportional time-series measurements across the 

‘Benchmark Hydrograph’  above Bed Mix B 

 

4.3.2.1. Hydrograph Parameters 

Following on from Wang (2015), a better understanding of the bedload transport at 

different points on a hydrograph is needed. The peak rate of bedload transport, and 

overall bedload transport yield (considered across the whole hydrograph, as well as 

between the rising and receding limbs) were examined in further detail and data for 

these can be found in Table 4-16 and Table 4-17, respectively.  

First, the total bedload transport is considered above Bed Mix B. Increasing asymmetry 

shape parameter (η = 0.42 → 1.00 → 2.40) yields a decreasing peak qb* (83.4 → 60.4 

→ 54.7) and overall yield (481 → 454 → 409). This shows that hydrographs with a 
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flashier (i.e. greater rate of change in flow) rising limb yield greater peak qb*and greater 

overall bedload transport yield. This suggestion is corroborated by the unsteadiness 

shape parameter findings whereby an increasing ΓHG  (i.e. 2.17 → 4.50 → 7.64) yields 

an increasing qb* (13.2 → 60.4 → 221.6) and also an increasing overall yield (131 → 

454 → 902). The total water work results show that an increasing Wk (i.e. 15,669 → 

32,377 → 55,082) produces an increasing peak qb* (27.9 → 60.4 → 92.4) and also 

increasing overall yield (161 → 454 → 1040) as expected. Longer duration & higher 

magnitude hydrographs (with associated greater volumes of water) clearly provide 

greater opportunity for bedload transport to take place. Focussing on the Bed Mix A 

results which (recall from Chapter 3) is much coarser in nature than Bed Mix B, the 

trends found were the same as above the Bed Mix B but the results (both transport rate 

and total yield) much lesser in magnitude. For example, increasing asymmetry 

parameter results had a peak qb*range of of 5 – 8% above Bed Mix A compared with 

Bed Mix B. A similar calculation of the peak qb* values of unsteadiness and total water 

work were found to be between 3 - 8% and 7 - 8%, above Bed Mix A compared with 

Bed Mix B respectively. 

 

Table 4-16 - Summary of total and fractional mean peak nondimensional transport rate, qb*, under 

the First Hydrograph 

Run ID Bed 

Mix 

Hydrograph Shape 

Parameter 

Mean Peak Nondimensional Transport Rate qb* 

η ΓHG Wk Fine 

Fraction 

Medium 

Fraction 

Coarse 

Fraction 

Total 

B-A A 1 4.5 32,377 2.073 2.723 0.761 4.575 

S2-A-1 A 0.42 4.5 32,377 2.954 2.423 1.346 6.379 

S2-A-2 A 2.4 4.5 32,377 1.075 1.427 0.541 2.745 

S3-A-1 A 1 7.64 32,377 2.387 3.988 1.629 9.884 

S3-A-2 A 1 2.17 32,377 1.226 1.470 0.000 2.502 

S4-A-1 A 1 4.5 55,082 3.779 5.643 1.500 10.726 

S4-A-2 A 1 4.5 15,669 0.050 0.066 0.000 0.114 

B-B B 1 4.5 32,377 45.759 13.191 1.749 60.435 

S2-B-1 B 0.42 4.5 32,377 56.714 19.442 3.796 83.406 

S2-B-2 B 2.4 4.5 32,377 49.684 8.933 1.672 54.728 

S3-B-1 B 1 7.64 32,377 152.585 59.744 23.549 221.641 

S3-B-2 B 1 2.17 32,377 11.954 3.189 1.485 13.224 

S4-B-1 B 1 4.5 55,082 39.188 41.135 12.640 92.406 

S4-B-2 B 1 4.5 15,669 22.160 7.474 3.891 27.854 
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Table 4-17 - Summary of total and fractional mean peak nondimensional total sediment yield WT*, 

under the First Hydrograph 

Run ID Bed 

Mix 

Hydrograph Shape 

Parameter 

Mean Total Sediment Yield WT* 

η ΓHG Wk Fine 
Fraction 

Medium 
Fraction 

Coarse 
Fraction 

Total 

B-A A 1 4.5 32,377 18.092 15.454 4.292 37.838 

S2-A-1 A 0.42 4.5 32,377 18.641 17.592 4.460 40.693 

S2-A-2 A 2.4 4.5 32,377 9.021 6.687 1.900 17.608 

S3-A-1 A 1 7.64 32,377 19.679 12.910 5.774 38.363 

S3-A-2 A 1 2.17 32,377 8.658 6.389 0.000 15.047 

S4-A-1 A 1 4.5 55,082 37.223 29.137 6.464 72.825 

S4-A-2 A 1 4.5 15,669 0.276 0.270 0.000 0.547 

B-B B 1 4.5 32,377 344.129 98.208 11.621 453.958 

S2-B-1 B 0.42 4.5 32,377 354.833 112.360 13.752 480.946 

S2-B-2 B 2.4 4.5 32,377 345.579 53.029 10.017 408.625 

S3-B-1 B 1 7.64 32,377 705.101 274.377 60.742 1040.220 

S3-B-2 B 1 2.17 32,377 77.306 28.053 3.460 108.820 

S4-B-1 B 1 4.5 55,082 407.891 389.325 88.540 885.756 

S4-B-2 B 1 4.5 15,669 141.315 22.398 10.495 174.208 

 

4.3.2.2. Fractional Influence 

The fractional results for mean peak transport rate, qb*, and total sediment yield, WT* 

are also shown in Table 4-16 and Table 4-17, respectively. The results above Bed Mix 

B demonstrate a consistent hierarchy where both qb* and WT* results are greatest in 

magnitude within the fine fraction results, followed by the medium fraction results, 

followed by the coarse fraction results. This is not always the case above Bed Mix A, 

where qb* is sometimes greatest in magnitude in the medium fraction results.  However, 

the WT* results hierarchy from high to low magnitude total sediment yield remains fine 

-> medium -> coarse fraction. This points to two potential suggestions: Firstly, the 

increased prevalence of medium fraction in the qb* results above Bed Mix A can be 

explained by the higher proportion of medium fraction grains within Bed Mix A 

compared with Bed Mix B. Thus, Bed Mix B (which contains greater proportion of fine 

fraction grains) may exhaust its available supply of medium fraction grains quicker than 

Bed Mix A reducing the opportunity for their transport around the hydrograph peak. 

Secondly, the peak qb* above Bed Mix A in some cases was greatest in the medium 

fraction results but was always greatest in the fine fraction results for the WT* 

suggesting that the increased rate of mobilisation of the medium fraction may only 

occur across a short time period (i.e. around the hydrograph peak).  
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4.3.2.3. Transport Variability 

Bedload transport is characterized by high variability, but there is a lack of research on 

how this variability behaves under unsteady hydrograph flow conditions. Variability 

was assessed using Run Series 1 and 2, where each experimental run was conducted 6 

times as described in Section 3.6.3. Both the absolute values of variability (range) and 

proportional value (percentage deviation) were calculated – the full results can be seen 

in Appendix 4.13 and a summary of the relevant findings is described herein.  

Percentage deviation was calculated at each measurement point. An average value was 

then taken across four areas of the hydrograph yielding the following findings: 

• The average value of percentage deviation across the entire hydrograph ranged 

40 – 62% above Bed Mix A and 40 – 48% above Bed Mix B for the experiments 

in Run Series 1 & 2; 

• The average value of percentage deviation across the hydrograph peak only 

(inclusive of the measurement points at, immediately before and immediately 

after) ranged 36 - 42% above Bed Mix A and 15 - 20 % above Bed Mix B for 

the experiments in Run Series 1 & 2; and 

• The average value of percentage deviation across the hydrograph rising limbs 

ranged 36 - 64% above Bed Mix A and 34 - 50 % above Bed Mix B for the 

experiments in Run Series 1 & 2; and 

• The average value of percentage deviation across the hydrograph falling limbs 

ranged 39 - 63% above Bed Mix A and 39 - 44 % above Bed Mix B for the 

experiments in Run Series 1 & 2. 

This shows that variability is at its minimum around the hydrograph peak, and that there 

is negligible difference in variability between the rising and falling limbs. Hence, 

differences between individual run results within an experiment are most likely to be 

found near the hydrograph start and end (i.e. where grain mobilisation begins and ends) 

where transport rates are low, and in some cases sporadic. Variability between runs 

comprising each experiment in Run Series 1 & 2 is also consistently lower above Bed 

Mix B in comparison with the equivalent results above Bed Mix A. This would indicate 

that bed mixtures with a greater range of sizes in their grading (such as in Bed Mix A 

here as outlined in Section 3. 4.2) yield greater variability between different runs of the 

same experimental hydrograph. This is likely due to the increased prevalence of hiding 

and armour effects, which are explored further in Section 6.3.  

 



 

110 

4.3.2.4. Hydrograph Sequential Position 

It is clear from both Figure 4-12 and Figure 4-13 that lower transport rates and yields 

were observed over the Second Hydrograph than the First Hydrograph. Table 4-18 and 

Table 4-19 show the results for mean peak transport rate, qb*, and mean total sediment 

yield, WT*, in Run Series 5 which represents the Second Hydrograph experiments for 

equivalent First Hydrograph experiments in Run Series 1 & 2 as outlined in Section 

3.6.3. 

 

Table 4-18 - Summary of total and fractional mean peak nondimensional transport rate, qb*, under 

the Second Hydrograph 

Run ID Bed 

Mix 

Hydrograph Shape 

Parameter 

Mean Peak Nondimensional Transport Rate qb* 

η ΓHG Wk Fine 

Fraction 

Medium 

Fraction 

Coarse 

Fraction 

Total 

B-A-S5 A 1 4.5 32,377 0.794 0.711 0.415 1.681 

S5-A-1 A 0.42 4.5 32,377 1.427 0.405 0.303 2.122 

S5-A-2 A 2.4 4.5 32,377 0.365 0.491 0.566 1.981 

B-B-S5 B 1 4.5 32,377 20.019 8.805 2.671 25.011 

S5-B-1 B 0.42 4.5 32,377 41.408 9.684 2.048 51.725 

S5-B-2 B 2.4 4.5 32,377 38.942 10.230 3.823 52.994 

 

Table 4-19 - Summary of total and fractional mean peak nondimensional total sediment yield WT*, 

under the Second Hydrograph 

Run ID Bed 

Mix 

Hydrograph Shape 

Parameter 

Mean Total Sediment Yield WT* 

η ΓHG Wk Fine 

Fraction 

Medium 

Fraction 

Coarse 

Fraction 

Total 

B-A-S5 A 1 4.5 32,377 5.918 4.534 1.079 11.531 

S5-A-1 A 0.42 4.5 32,377 9.862 7.402 1.323 18.587 

S5-A-2 A 2.4 4.5 32,377 5.573 4.401 0.737 10.712 

B-B-S5 B 1 4.5 32,377 138.207 54.061 10.188 202.456 

S5-B-1 B 0.42 4.5 32,377 277.644 53.123 10.358 341.126 

S5-B-2 B 2.4 4.5 32,377 246.936 53.089 11.485 311.510 

 

Unlike their First Hydrograph equivalents (as reported in Section 4.3.3.1), there appears 

to be no consistent trend in results with changing hydrograph shape parameter under the 

Second Hydrograph. This is most likely a result of the change in the bed surface due to 

transport from the prior First Hydrograph. Recall also that each Second Hydrograph 

experiment comprised 6 runs, but within those 6 runs there were 3 different prior First 

Hydrograph asymmetry (η) shapes. The lack of consistent pattern observed in the 

Second Hydrograph results is also likely an artefact which captures the complexity of 

this arrangement.   
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The Second Hydrograph results have been further analysed in comparison with their 

First Hydrograph equivalents using the mean result from each experimental hydrograph. 

The ratio of mean peak transport rate under the Second Hydrograph compared with the 

First Hydrograph (qb2*/ qb1*) has been calculated. Similarly, the ratio for total sediment 

yield (WT2* / WT1*) was also calculated. Results for both calculations are shown in 

Table 4-20. No consistent trend with regards to hydrograph shape parameter was found 

here, but the total yield ratio was lesser above Bed Mix A (range: 0.31 – 0.61) than it 

was above Bed Mix B (0.45 – 0.76). This demonstrates that the impact of a pre-worked 

bed under the Bed Mix A arrangement which contained greater proportions of coarser 

fraction grains was greater and may, thus, be a result of greater opportunity for 

hiding/armouring effects to form through application of the prior First Hydrograph run.  

 

Table 4-20 - Mean peak total transport rate and total yield ratios between First and Second 

Hydrograph results 

Run ID Bed 

Mix 

Hydrograph Shape 

Parameter 

Mean Peak Rate Ratio Mean Total Yield 

Ratio 

η ΓHG Wk qb2*/ qb1* WT2* / WT1* 

B-A-S5 A 1 4.5 32,377 0.37 0.31 

S5-A-1 A 0.42 4.5 32,377 0.37 0.46 

S5-A-2 A 2.4 4.5 32,377 0.72 0.61 

B-B-S5 B 1 4.5 32,377 0.70 0.45 

S5-B-1 B 0.42 4.5 32,377 0.62 0.71 

S5-B-2 B 2.4 4.5 32,377 0.97 0.76 

 

The suggestion that the prior First Hydrograph influences transport on the subsequent 

Second Hydrograph leads to deeper consideration of the rising and falling limbs on each 

hydrograph. Clearly, the Second Hydrograph rising limb proceeds the prior First 

Hydrograph falling limb (after the base antecedent inter-hydrograph flow which was 

applied). To assess whether the bed, which has been worked by the First Hydrograph, 

influences the dynamics between rising and falling limb in the Second Hydrograph the 

ratio of the mean total transport yield on the falling and rising limbs (WTFi* / WTRi*) has 

been calculated for each Second Hydrograph experiment (Run Series 5) and its First 

Hydrograph equivalent (Run Series 1 & 2). The results of these calculations are shown 

in Table 4-21. A ratio of less than 1 indicates less transport occurs on the falling limb in 

comparison with the rising limb (and vice-versa for a ratio of greater than 1). The 

immediate finding here is that there is a trend where the First Hydrograph results all 

yield greater transport on their rising limb in comparison to their falling limb, whereas 
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the opposite result is consistently shown in the equivalent Second Hydrograph result. 

This shows a major shift in the dynamics of bedload transport between the First and 

Second Hydrograph which will be explored further in Section 4.3.2 by considering the 

hysteresis effect.   

 

Table 4-21 - Ratio of mean total transport yield between falling and rising limbs from both First 

and Second Hydrograph results 

Run ID Bed 

Mix 

Hydrograph Shape 

Parameter 

First Hydrograph 

Falling/Rising Limb 

Ratio 

Second Hydrograph 

Falling/Rising Limb 

Ratio 

η ΓHG Wk WTF1* / WTR1* WTF2* / WTR2* 

B-A-S5 A 1 4.5 32,377 0.56 2.27 

S5-A-1 A 0.42 4.5 32,377 0.87 2.04 

S5-A-2 A 2.4 4.5 32,377 0.52 2.63 

B-B-S5 B 1 4.5 32,377 0.63 1.43 

S5-B-1 B 0.42 4.5 32,377 0.87 2.03 

S5-B-2 B 2.4 4.5 32,377 0.57 1.12 

 

4.3.3. Bedload Transport Hysteresis 

 

The hysteresis effect is where a measured property (such as bedload transport) records a 

different value for the same applied rate of flow (or, depth of water) on the rising and 

receding limb of an unsteady hydrograph (Brownlie, 1981). This effect has been widely 

observed for bedload transport (e.g. Kuhlne, 1992; Lee et al, 2004; Habersack et al., 

2001; Hassan & Church, 2000; Hsu et al, 2011; Humphries et al, 2012; Mao, 2012). The 

majority of past studies have focussed on gravel beds which have not yet been worked 

(‘intact’ beds) (e.g. Guney, Bombar & Aksoy, 2013; Mao, 2012; Wang et al., 2015). A 

small number of studies have started to look at conditions where the bed has been 

purposefully armoured prior to unsteady flow application (Guney, Bombar & Aksoy, 

2013; Waters & Curran, 2015) or at double hydrographs in sequence (Wang, 2015).  

 

4.3.3.1. Hysteresis Reversal 

To enable ease of comparison with the other measurement results presented throughout 

this chapter, the total transport hysteresis obtained from runs under the ‘Benchmark 

Hydrograph’ (First & Second Hydrographs) above Bed Mix B are shown on Figure 

4-14. Table 4-22 and Table 4-23 summarise the results of the individual experimental 

runs within experiments B-A and B-B (respectively) contributing to Figure 4-14 where 

hysteresis types have been defined as follows: 
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• Clockwise (CW): Rising limb results greater in magnitude in comparison with 

falling limb results for the equivalent flow, causing a ‘clockwise’ shape moving 

from hydrograph start to finish along the track where rate of bedload transport is 

plotted with the flow rate;  

• Counter-clockwise (CCW): Opposite effect seen from ‘clockwise’ hysteresis, 

falling limb results greater in magnitude in comparison with rising limb results 

for the equivalent flow;  

• Fig-8: One limb (either rising or falling) is observed to have greater magnitude 

in comparison with the other limb for the equivalent flow but the trend reverses 

at a flow less than the hydrograph peak (i.e. on a plot of bedload transport rate 

with flow rate, the tracks cross-over before the peak flow resulting in a figure-8 

shape); and 

• No: No hysteresis observed within the data.  

Full bedload transport hysteresis results have been plotted in Appendix 4.14.  

 

A clockwise (CW) hysteresis is observed from First Hydrograph results, in agreement 

with the results of Mao (2012), Ahanger (2008) and Kuhlne (1989). However, the very 

clear finding here is that, contrary to the First Hydrograph results, a counter-clockwise 

(CCW) hysteresis is observed from Second Hydrograph results. While this is the first 

example of a multi-sequence hydrograph bedload transport result; the finding does 

indicate agreement with the previously tested principle that an anticlockwise hysteresis 

may be observed where the bed has been armoured (Guney, Bombar & Aksoy, 2013; 

Waters & Curran, 2015). In fact, Kuhlne (1992) indicated that a CCW hysteresis was 

linked to the ‘break-out’ of surface armour layering. The following remains 

unanswered, and further analysis has been conducted to ascertain: 

• If the magnitude of hysteresis reversal is influenced by hydrograph asymmetry 

shape parameter (η) in light of the changing rising/falling limb properties across 

the values of η tested; 

• If there is a critical point on the hydrograph (e.g. peak, rising limb, falling limb) 

that has greater influence over the observed hysteresis effects (observed under 

both First and Second Hydrograph results) than others; and 

• If the observed hysteresis correlates with the bulk near-bed turbulence 

observations which have been made. 



 

114 

 
Figure 4-14 - Comparison hydrograph bedload transport hysteresis above the fine bed mix in 

sequential positions (a) 1; and (b) 2 

 

 

 

Table 4-22 - Summary of hysteresis findings for the ‘Benchmark Hydrographs’ (experiments B-A 

and B-B), First Hydrograph 

Run no. Bed Mix A (Experiment B-A) Bed Mix B (Experiment B-B) 

1 CW CW 

2 No No 

3 CW CW 

4 CW CW 

5 CW CW 

6 Fig-8 CW 

Mean CW CW 
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Table 4-23 - Summary of hysteresis findings for the ‘Benchmark Hydrographs’ (experiments B-A 

and B-B), Second Hydrograph 

Run no. Bed Mix A (Experiment B-A) Bed Mix B (Experiment B-B) 

1 CCW CCW 

2 CCW CCW 

3 CCW CCW 

4 CCW CCW 

5 CCW CCW 

6 CCW CCW 

Mean CCW CCW 

 

 

4.3.3.2. Hysteresis Intensity Parameter 

 Bombar (2016) defined a hysteresis intensity parameter, which calculates the relative 

difference between results observed on the rising and falling limbs and hence provides a 

quantitative definition of hysteresis width. This parameter, ξ is shown in equation (4-9) 

where hi is the rate of bedload transport measured at each measurement time i, and q is 

the rate of flow at either the hydrograph peak or base. Greater values of ξ indicate a 

greater magnitude of hysteresis (i.e. greater difference between rising and falling limb 

results).  

 

ξ =  
∑ (ℎ𝑖+2− ℎ𝑖)𝑢𝑖+1 / 2𝑛−2

𝑖=1

𝑞𝑝𝑒𝑎𝑘− 𝑞𝑏𝑎𝑠𝑒
 (4-9) 

 

 

Table 4-24 and Table 4-25 provides the results of this calculation carried out on the 

mean result for each experiment for total and fractional transport rates above Bed Mix 

A, respectively. Table 4-26 and Table 4-27 provide the results for each experiment for 

total and fractional transport rates above Bed Mix B, respectively. Decreasing values of 

ξ can be seen with increasing values of asymmetry (η) (First Hydrograph) parameter. 

This indicates that hydrographs with shorter and steeper (i.e. flashier) rising limb 

notably attract a greater hysteresis intensity. Recall the results of Section 4.3.2.1 where 

it was reported that that hydrographs with a flashier rising limb yield overall transport 

yield. Based on the hysteresis intensity parameter findings, it can also now be said that a 

flashier rising limb not only creates conditions preferential to greater overall bedload 

transport, but that the realization of this impact (through conditions preferential to 

transport) occurs predominantly on the hydrograph rising limb (resulting in the wider 

hystereses observed for hydrographs with flashier rising limbs).  
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Increasing ξ was seen with increasing and unsteadiness (ΓHG) and total water work (Wk) 

parameters above both bed mixes tested. The finding of increasing ξ with increasing Wk 

parameter is contrary to reports by Mao (2012) whose experiments found a CW 

hysteresis but reported a greater reduction in transport magnitude on the falling limb 

where overall Wk was reduced (i.e. greater ξ for decreasing Wk). A major difference in 

the study by Mao (2012) is their use of a bimodal distribution in the sediment bed mix 

compared with a unimodal distribution in this research. This suggests a potential 

sensitivity of bedload transport hysteresis behaviour across hydrographs of varying total 

water work to the statistical modality of the sediment bed mix used.  

 

Above Bed Mix B, a clear hierarchy is shown where the magnitude of ξ decreased 

between fine fraction → medium fraction → coarse fraction results. The applied 

unsteady flows in these cases have had a greater influence on the fine fraction (i.e. 

greater transport in rising limb) than on the coarser fractions. Looking at the results 

above Bed Mix A, the fractional results do not always fit into this pattern, however. The 

ξ results here often (but not in every case) show the opposite effect where the magnitude 

of ξ increases between the fine fraction → medium fraction → coarse fraction results. 

The finer fraction grains are unlikely to mobilise as easily in the Bed Mix A compared 

with Bed Mix B due to their lower proportion (i.e. less fine fraction grains in Bed Mix 

A), the hiding effects due to larger grain sizes, and also due to greater resistance to 

motion (through coarser grains impeding their path). This is a likely reason for the 

departure from the expected result here above Bed Mix A.  

 

Table 4-24 - Hysteresis Intensity Parameter, ξ, results above Bed Mix A 

Run ID Bed Mix Hydrograph Shape 

Parameter 

Hysteresis Intensity Parameter, ξ 

η ΓHG Wk 

B-A A 1 4.5 32,377 0.207 

S2-A-1 A 0.42 4.5 32,377 0.226 

S2-A-2 A 2.4 4.5 32,377 0.117 

S3-A-1 A 1 7.64 32,377 0.585 

S3-A-2 A 1 2.17 32,377 0.163 

S4-A-1 A 1 4.5 55,082 0.507 

S4-A-2 A 1 4.5 15,669 0.144 

B-A-S5 A 1 4.5 32,377 0.067 

S5-A-1 A 0.42 4.5 32,377 0.060 

S5-A-2 A 2.4 4.5 32,377 0.011 
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Table 4-25 - Hysteresis Intensity Parameter, ξ, fractional results above Bed Mix A 

Run ID Bed 

Mix 

Hydrograph Shape 

Parameter 

Hysteresis Intensity Parameter, ξ 

η ΓHG Wk Fine 

Fraction 

Medium 

Fraction 

Coarse 

Fraction 

B-A A 1 4.5 32,377 0.114 0.090 0.028 

S2-A-1 A 0.42 4.5 32,377 0.055 0.023 0.018 

S2-A-2 A 2.4 4.5 32,377 0.007 0.003 0.007 

S3-A-1 A 1 7.64 32,377 0.114 0.146 0.031 

S3-A-2 A 1 2.17 32,377 0.003 0.003 0.000 

S4-A-1 A 1 4.5 55,082 0.137 0.214 0.072 

S4-A-2 A 1 4.5 15,669 0.029 0.047 0.022 

B-A-S5 A 1 4.5 32,377 0.031 0.029 0.007 

S5-A-1 A 0.42 4.5 32,377 0.045 0.005 0.008 

S5-A-2 A 2.4 4.5 32,377 0.002 0.005 0.008 

 

Table 4-26 - Hysteresis Intensity Parameter, ξ, results above Bed Mix B 

Run ID Bed Mix Hydrograph Shape Parameter Hysteresis Intensity 

Parameter, ξ η ΓHG Wk 

B-B B 1 4.5 32,377 1.174 

S2-B-1 B 0.42 4.5 32,377 1.863 

S2-B-2 B 2.4 4.5 32,377 0.699 

S3-B-1 B 1 7.64 32,377 2.371 

S3-B-2 B 1 2.17 32,377 0.881 

S4-B-1 B 1 4.5 55,082 8.722 

S4-B-2 B 1 4.5 15,669 0.224 

B-B-S5 B 1 4.5 32,377 1.064 

S5-B-1 B 0.42 4.5 32,377 1.306 

S5-B-2 B 2.4 4.5 32,377 0.137 

 

Table 4-27 - Hysteresis Intensity Parameter, ξ, fractional results above Bed Mix B 

Run ID Bed 

Mix 

Hydrograph Shape 

Parameter 

Hysteresis Intensity Parameter, ξ 

η ΓHG Wk Fine Fraction Medium 

Fraction 

Coarse 

Fraction 

B-B B 1 4.5 32,377 1.405 0.411 0.048 

S2-B-1 B 0.42 4.5 32,377 1.321 0.374 0.043 

S2-B-2 B 2.4 4.5 32,377 0.161 0.034 0.009 

S3-B-1 B 1 7.64 32,377 0.585 0.513 0.132 

S3-B-2 B 1 2.17 32,377 0.563 0.148 0.067 

S4-B-1 B 1 4.5 55,082 5.856 2.320 0.545 

S4-B-2 B 1 4.5 15,669 0.144 0.026 0.006 

B-B-S5 B 1 4.5 32,377 0.996 0.235 0.045 

S5-B-1 B 0.42 4.5 32,377 0.855 0.178 0.032 

S5-B-2 B 2.4 4.5 32,377 0.138 0.016 0.016 
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4.4. Bed Surface Roughness 
4.4.1. Background 

 

The bed surface images which were recorded (as described in Section 3.3.3) represent a 

snapshot of the bed surface across each hydrograph can be represented on a time-series 

for comparison with data from the ADV and sediment trap. The images were converted 

to a percentile grain size smaller than (see Section 4.4.2) as quantitative representation 

of the bed surface roughness. This has allowed for statistical comparison of the bed 

surface roughness with hydrograph shape parameter and sequential positions herein.  

 

4.4.2. Analysis Methodology 

 

The three leading methods identified through the literature review to define the surface 

grain size distribution (GSD) from the raw photogrammetry images were assessed.  

Three different test images were first manually measured to obtain a set of known 

results for validation. Key GSD percentiles (D16, D50, D84 and D90) from these manual 

validation images were compared with the calculated results from each of the three 

methods – ImageJ, Sedimetrics and MatLab. Figure 4-15 shows the results of this 

comparison. It was clear that Image J was unable to resolve grain sizes less than 4mm 

and, hence, was not used. Sedimetrics had been used previously in the same lab 

following extensive calibration (Wang, 2005), but the lighting and integration with PIV 

set-up needs here resulted in poorer results and, hence it was not used.  
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Figure 4-15 - Assessment of potential photogrammetric analysis techniques: (a) GSD and (b) % 

error 

 

The MatLab method returned the most reliable results, however a small consistent error 

of 8 – 10% remained in all results. Calibration with the three test images resulted in an 

improvement through application of a constant 0.91 multiplier (as a correction factor) to 

all results reducing the error to ~ 2%. This method was found appropriate for use. The 

method transforms the image into greyscale which allows an algorithm to identify peaks 

and troughs (as white or black respectively, or vice versa) with troughs representative of 

boundaries between grains in a process known as watershed segmentation. Code to 
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carry this out was the same as that used by Rabbani & Ayatollahi (2015), which has 

been openly provided for research purposes and is shown in Appendix 4.15. An 

example of the raw segmentation process and output from image (a), to grain 

identification (b) to statistical count (c) is shown in Figure 4-16.  

 

Bed surface roughness readings of greater accuracy could be gained through use of a 

laser bed scanner, but use of this would have necessitated a dry flume during 

measurements. This was not possible because an important aspect here is the bed 

surface roughness trends across each hydrograph and this, therefore, commanded a 

measurement technique that was viable while the experimental run was ongoing. Hence, 

the above discussed Matlab code (Rabbani & Ayatollahi, 2015) was used in conjunction 

with the DSLR photographs taken (Section 3.4) to calculate the key GSD percentiles 

(D16, D50, D84 and D90) for each measurement period across every run. Time-series plots 

of these key percentiles enabled a representation of bed surface roughness evolution 

across unsteady flows to be formulated – see Section 4.4.3. It is noted that this method 

may still produce small errors, but the output was considered acceptable for 

understanding trends between salient points on the hydrographs run here.  
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Figure 4-16 - Process of (a) segmentation, (b) grain identification and (c) statistical count used by 

MatLab to analyse bed surface photographs 

 

 

4.4.3. Roughness Unsteady Influence 

 

Unsteady flows have been shown to influence the surface roughness of the bed through 

selective fractional transport (i.e. sorting). A consequence of this is the formation of a 

coarsened surface layer (armouring) above smaller/lighter grains (hiding). While past 

work has established the existence of these phenomena, there remains a need to better 

understand their evolution across unsteady flow hydrograph and the impact upon which 

unsteady hydrograph shape has on surface roughness. Uniquely, the concurrent 
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measurements with bedload transport here have made it possible to link surface 

roughness evolution with fractional transport (later, Chapter 6).  

 

To enable ease of comparison with the other measurement results presented throughout 

this chapter, the experimental results from runs under the ‘Benchmark Hydrograph’ 

(First Hydrograph) above Bed Mix B are shown on Figure 4-17 and the equivalent 

Second Hydrograph results shown on Figure 4-18. Equivalent grain sizes were 

nondimensionalised by the bed mix d50, and the mean result is shown as a black dashed 

line on each figure. Full bed surface GSD results have been plotted in Appendix 4.16. 

 

In general, the D16 value remains unchanged across the comparison hydrograph (φ* = 

0.475) for both First and Second Hydrographs. At the same time the equivalent 

nondimensional grain diameter, φ*, associated with D50, D84 and D90 rises and falls in-

line with the flow rate (plus a time lag of approximately t = 10 mins). This indicates the 

grain size distribution to be more sensitive to the influence of unsteady flow nearer the 

top (i.e. D90) of the GSD curve. This shows there to be a base proportion of constant 

small-grain sizes omnipresent with increases in roughness that occur across the 

unsteady flow hydrograph driven by the increasing proportions of larger grains 

populating the bed surface. Therefore, the D90 can be used as a quantitative 

representation of bed surface roughness change across unsteady hydrograph flow.  
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Figure 4-17 – Bed surface GSD measurements across the ‘Benchmark Hydrograph’ (First 

Hydrograph) above Bed Mix B 
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Figure 4-18 - Bed surface GSD measurements across the ‘Benchmark Hydrograph’ (Second 

Hydrograph) above Bed Mix B 

Analysis on the influence of hydrograph shape parameter and sequential position (i.e. 

First Hydrograph or Second Hydrograph) has been carried out for the mean results 

above both bed mixes to understand how the rising limb (i.e. from hydrograph start to 

peak) influences the bed surface GSD, and also how this is influenced by the whole 

hydrograph (i.e. from hydrograph start to finish). However, it is important that 

consideration is made that the starting condition (i.e. mean the start value of D90) is not 

the same for all the data – particularly in the Second Hydrograph results. Hence, a 

proportional change between D90 value at peak compared with the hydrograph start 
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(termed the ‘D90 Rising Limb Change’) and between D90 value at hydrograph end 

compared with the hydrograph start (termed the ‘D90 Hydrograph Change’) have been 

calculated. Results for these calculations can be found in Table 4-28 for Bed Mix A and 

Table 4-29 for Bed Mix B.  

 

Table 4-28 - Mean proportional D90 change across hydrograph rising limb, and whole hydrograph 

(Bed Mix A) 

Run ID Bed 

Mix 

Hydrograph Shape Parameter D90 Rising Limb 

Change 

D90 Hydrograph 

Change η ΓHG Wk 

B-A A 1 4.5 32,377 1.38 1.04 

S2-A-1 A 0.42 4.5 32,377 1.10 1.10 

S2-A-2 A 2.4 4.5 32,377 1.17 1.02 

S3-A-1 A 1 7.64 32,377 1.09 1.05 

S3-A-2 A 1 2.17 32,377 1.14 1.00 

S4-A-1 A 1 4.5 55,082 1.29 1.07 

S4-A-2 A 1 4.5 15,669 1.11 1.03 

B-A-S5 A 1 4.5 32,377 1.09 1.02 

S5-A-1 A 0.42 4.5 32,377 1.17 1.09 

S5-A-2 A 2.4 4.5 32,377 1.23 1.02 

 

Table 4-29 - Mean proportional D90 change across hydrograph rising limb, and whole hydrograph 

(Bed Mix B) 

Run ID Bed 

Mix 

Hydrograph Shape Parameter D90 Rising Limb 

Change 

D90 

Hydrograph 

Change 
η ΓHG Wk 

B-B B 1 4.5 32,377 1.14 1.03 

S2-B-1 B 0.42 4.5 32,377 1.16 1.05 

S2-B-2 B 2.4 4.5 32,377 1.13 1.03 

S3-B-1 B 1 7.64 32,377 1.09 1.01 

S3-B-2 B 1 2.17 32,377 1.05 1.01 

S4-B-1 B 1 4.5 55,082 1.12 1.08 

S4-B-2 B 1 4.5 15,669 1.08 1.01 

B-B-S5 B 1 4.5 32,377 1.15 1.09 

S5-B-1 B 0.42 4.5 32,377 1.17 1.12 

S5-B-2 B 2.4 4.5 32,377 1.14 1.03 

 

 

The clear findings from both of these tables (that are also obvious from Figure 4-17 and 

Figure 4-18) are that the hydrograph rising limb always increases bed surface roughness 

(i.e. the D90 rising limb change proportion is always greater than 1.00) and, despite the 

hydrograph falling limb reducing bed surface roughness, the hydrograph as a whole 

always increases bed surface roughness (i.e. the D90 Hydrograph Change proportion is 

less than the D90 Rising Limb Change proportion but is still always greater than 1.00). 
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No parametric influence can be seen within the D90 Rising Limb Change results. The 

D90 Hydrograph Change results show a greater increase in bed surface roughness across 

the hydrograph from start to finish with decreasing hydrograph asymmetry (η) and also 

with increasing hydrograph unsteadiness (ΓHG). This shows there to be a greater 

increase to bed surface roughness due to an unsteady hydrograph flow where that 

hydrograph has a flashier characteristic rising limb (as is seen in low η and high ΓHG 

parameter hydrographs).  

 

The impact of a preceding ‘prior’ First Hydrograph on the Second Hydrograph can also 

be seen from the results in Table 4-28 and Table 4-29. The D90 Hydrograph Change 

proportion is consistently less in magnitude for the Second Hydrograph in comparison 

with its equivalent First Hydrograph result. This shows the ability of the unsteady flow 

to further coarsen the bed after a preceding First Hydrograph has already done so is 

diminished. The reason for this is likely because the rate of bedload transport resulting 

from the Second Hydrograph compared with the First Hydrograph (as shown in Section 

4.3.3.4) is less and, hence, the corresponding coarsening of the bed is also lesser in 

magnitude.  

 

4.5. Summary of Findings 

 

The bulk measurement results of the experimental series have been investigated over a 

range of parametrically defined unsteady flow hydrographs. Instantaneous velocity 

outputs from the ADV were processed to obtain the mean velocities and turbulence 

intensities (streamwise, wall-normal and lateral directions), TKE and Reynolds stresses 

(streamwise/vertical, streamwise/lateral and lateral/vertical planes) at each measurement 

period across each experimental run. The images of the bed surface were processed 

using photogrammetry to obtain a bed surface grain size distribution (GSD) curve at 

each measurement period. The data processing for both ADV and bed surface images 

yielded a set of results which matches the measurement period over which bedload 

transport was recorded via the sediment trap. The following findings were reported: 

• Streamwise velocities correlate with the unsteady hydrograph flow and were 

found to have low variability between equivalent run results, whereas wall-

normal and lateral velocities do not correlate with the unsteady hydrograph flow 

and high variability was observed between equivalent run results.  

• Turbulence intensities (in all three directions) correlate with the unsteady flow 

hydrograph flow, with low variability between equivalent run results. 
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Correlation with the flow was further investigated using Spearman’s Rank Order 

Correlation Coefficient and the correlation of turbulence intensity with the flow 

was found to be slightly weaker on the hydrograph falling limb in comparison 

with its rising limb.  

• The contribution of the streamwise component to turbulent kinetic energy (TKE) 

was found to be proportionately greatest (≈60%) in comparison with the wall-

normal (≈32%) and lateral (≈8%) components. Across unsteady flow, the 

streamwise component contribution was observed to increase slightly between 

hydrograph base and peak at the expense of the wall-normal and lateral 

component contributions.  

• A strong correlation of Reynolds stress with the unsteady hydrograph flow was 

found in the streamwise/vertical plane only. 

• The turbulent fluctuations in the streamwise (u’/u*) and wall-normal (v’/v*) 

directions were analysed using the quadrant technique to identify trends in 

turbulent events (inward/outward interactions, ejections and sweeps) across the 

unsteady hydrograph flow. Application of a hyperbolic hole size (H’) of 3 to 

exclude lower magnitude turbulent events revealed that the proportion of 

turbulent ejection (Q2) events decreased between hydrograph base and peak 

while the opposite effect was seen to occur for turbulent sweep (Q4) events.  

• Total bedload transport yields were found to be greater under unsteady 

hydrograph shapes which had a greater rate of change of flow on their rising 

limb. 

• Total bedload transport yield is significantly reduced (≈24 – 69%, depending on 

bed conditions) under the Second Hydrograph in sequence compared with the 

First Hydrograph.  

• Bedload transport under unsteady hydrograph flow exhibits a clockwise 

hysteresis (i.e. greater transport on the hydrograph rising limb in comparison 

with the falling limb). The hysteresis was seen to reverse (i.e. counter-

clockwise) under the Second Hydrograph, where the bed had been worked by 

the prior First Hydrograph.  

• Coarsening of the bed surface occurs on the hydrograph rising limb with fining 

on the falling limb. The bed surface was found to be coarser at the end of each 

hydrograph run compared with the start – but the magnitude of this effect was 

reduced under the Second Hydrograph. 
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Chapter 5– Measurements of Individual Grain Motion in Fully 

Turbulent Unsteady Flow  

5.1. Introduction 
 

A review of the literature (Section 2.2) has shown the interest in bedload transport at the 

grain scale. Most of these studies (e.g. Papanicolaou et al., 2001; Righetti & 

Romano,2003) have assumed perfectly spherical grains, all of equal size to enable 

specific experimental measurements. This chapter enables progress from these past 

studies by now measuring the grain motion (and, surrounding fluid motion) in a graded 

sediment bed using photogrammetric (PIV, outlined in Section 3.3) methods.  

 

The aims of this chapter are to: 

• Resolve the argument whether turbulent ejections (Q2) or sweeps (Q4) – or, 

both – are primarily responsible for grain motion in bedload transport;  

• Understand how the forces needed to move a grain change temporally over 

unsteady hydrograph flows; 

• Measure differences in motion over different bed surface roughness and 

conclude what relative impact this has on bedload transport; and 

• Determine any feedback mechanism to the local fluid motion from the mobilised 

sediment grain. 

 

Section 5.2 will describe the data processing techniques to demonstrate how the raw 

PIV data (outlined in Section 3.3) has been analysed to provide the results presented 

herein. The nature of this data means that results are best studied in pairs (of measured 

fluid fluctuations and observed grain motions). Section 5.3 reports the correlations 

between measured turbulent fluid fluctuations at the grain initiating its motion while 

Section 5.4 describes measured grain travel distances and how the bed surface 

roughness can impact these. Finally, Section 5.5 investigates changes that occur within 

the fluid motion as a result of grain motion. A summary of findings is provided in 

Section 5.6   

 

5.2. Data Processing Techniques 
5.2.1. Background 

 

The PIV system used is outlined fully in Section 3.3. The PIV system from 

DantecDynamics, produced two key outputs: i) a series of raw image pairs 300s (t* = 
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1830) apart; and ii) a processed vector map derived from each image pair using the 

bundled PIV software package, Dantec DynamicStudio. An example of the vector map 

is shown in Figure 5-1. Processing of this data was required to extract the information 

pertaining to instantaneous velocities (and their fluctuations) relating to a specific grain 

motion; grain sizes and grain travel distances.  

 

 
Figure 5-1 - Processed vector outputs in u-w directions plane above bed surface 

 

5.2.2. Data Processing 

 

Figure 5-2 summarises the PIV data processing sequence in a flow chart.  

 

Figure 5-2 - Summary of PIV data processing sequence 
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The vector maps have been processed by converting each vector location into 

coordinates (based on the cartesian up wp positions in Figure 5-1) and their 

representative instantaneous streamwise u/u* and lateral w/u* velocity magnitudes into 

scalars. They were then compiled in a series of master spreadsheets. The PIV 

measurements were obtained at the beginning of every measurement period. These 

measurements comprised 250 image pairs, each of which correspond to a specific time 

during the hydrograph. With an overall number of 6,000 image pairs per run – the 

conversion to spreadsheet datasets has enabled the ease of mining the dataset to obtain 

the specific vector properties at a requested time and view location. Within these 

spreadsheets a mean value of velocity (in both directions) was calculated using a 

temporal and spatial mean for each measurement period. This then permitted values of 

u’/u* and w’/u* to be estimated for every image pair too.  

 

To identify grain motions, a mathematical subtraction has been carried out on each 

raster within ArcGIS using the raster math tool. Every raster image was subtracted from 

the previous such that any changes were highlighted, and the colour scheme was set to 

display where a grain had moved from (white) to where a grain had moved to (black). 

An example of this is shown in Figure 5-3. The remainder of the image showed as 

varying shades of grey indicating grain ‘wobble’ but not actual entrainment or 

subsequent motion. Many images contained only grey (showing frames that the grain 

had travelled through on its journey) grain motion was thus defined by those frames (i.e. 

corresponding run names and measurement times) with white areas highlighted. Within 

these frames, the location of the white spot showed the cartesian upwp location where 

grain motion had begun.  
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Figure 5-3 - Example of raster subtraction output 

 

The identified grain motions were then verified within the video sequences for each run 

in Dantec DynamicStudio. At this stage, both equivalent grain diameter and the end (i.e. 

final resting place of the motion) upwp coordinates were measured for each grain 

motion. 

 

Having established each grain motion within each run (and associated time), grain size 

and start/end coordinates; the final query was to establish the streamwise instantaneous 

velocity at motion u/u* and its associated fluctuation u’/u*. The PIV data spreadsheets 

containing the master data in scalar form organized by run and time were then easily 

mined to output this data. However, given that the main interest here was to determine 

the force acting upon the grain causing it to move, care had to be taken with regards to 

the time at which u/u* and u’/u* values were extracted. In particular, this had to take 

account of the fluid motion force (i.e. specific values of u/u* and u’/u* causing the grain 

to move) and the time at which the grain actually moves. This time lag was calculated 

based on Stoke’s Law using Equation 5.1 (after Brennen (2005)), which was subtracted 

from the measured time of grain motion to obtain the time at which the u/u* and u’/u* 

values which caused the grain motion, obtained from the PIV data. Hence, the time lag 

(tp) is given by equation (5-1), where φ2 is the grain equivalent diameter (idealised as a 

sphere), ρg is the density of the grain mixture, ρf is the density of the fluid and ν is the 

kinematic viscosity of water.  
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𝑡𝑝 =  
∅2𝜌𝑔

18𝜌𝑓𝑣
 (5-1) 

 

 

5.3. Correlation of Grain Motion with Fluid Motion 
5.3.1. Background 

 

This section seeks to address elements within research questions 2 & 3 (Section 2.6) 

investigating the motion of different grain sizes across unsteady flow also the 

correlations between near-bed fluid motion and grain motion. Firstly, Section 5.3.2 

reports the observed magnitude of streamwise velocity fluctuations resulting in grain 

motions, with consideration as to whether these may correspond to turbulent ejections 

(Q2) or sweep (Q4) events. The results are also analysed over different bed surface 

roughness and with respect to the hydrograph sequential position (i.e. First Hydrograph 

or Second Hydrograph). Section 5.3.3 then investigates whether the magnitude of u/u*’ 

at grain motion changes with respect to grain size; leading to further discussion on the 

specific forces needed to move an individual grain in Section 5.3.4.   

 

5.3.2. Streamwise Direction Fluid Conditions & Grain Motion 

 

5.3.2.1: Turbulent Fluctuations Observed at Time of Motion 

The nondimensional u’v’ pair plotted on a cartesian coordinate system indicates whether 

a measured event is within one of four quadrants– with Q2 (ejections) and Q4 (sweeps) 

having already been identified as those influential to grain motion (e.g. Santos, Franca 

& Ferreira 2014; Radice et al., 2013; Paiement-Paradis, Marquis & Roy, 2010; 

Cecchetto et al, 2017). Restrictions on the experimental arrangement meant that v’/u* 

values could not be measured by PIV, however the u’/u* values which resulted in grain 

motion have been gathered. A univariate analysis has been performed on this data, and 

Figure 5-4 shows the histogram for these results above the: a) Bed Mix A; and b) Bed 

Mix B.  

 

The nature of the data meant that it could not be described by a parametric (e.g. 

Guassian) distribution. It is clear to see in Figure 5-4 that the distribution is comprised 

of two peaks with a trough around u’/u* = 0. This indicates there to be a negative and 

positive fluctuations resulting in grain motion. The results of the ADV-derived quadrant 

plot in unsteady flow (see Section 4.2.6) showed the majority of events to lie in the Q2 

or Q4 quadrants (i.e. ejections & sweeps). This effect increased the further away from 

u’/u* = 0 (i.e. larger magnitude positive and negative u’/u* values). Therefore, it can be 

reasonably assumed that a large negative u’/u* (hereafter referred to as the negative 
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mechanism) likely corresponds to a Q2 (ejection) event, while a large positive u’/u* 

(hereafter referred to as the positive mechanism) likely corresponds to a Q4 (sweep) 

event. Thus, there appears to be no obvious primary influence from either type of 

turbulent event on grain motion from this result.  

 
Figure 5-4 - Histogram of observed nondimensional instantaneous streamwise velocity fluctuations 

(u’/u*) resulting in the motion of grains above (a) Bed Mix A and (b) Bed Mix B 

 

To better understand the characteristics of each ejections & sweeps and their effects on 

grain motions; their distributions have been split into the positive and negative 

mechanisms as described above to allow them to be described parametrically. This is 
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shown in Figure 5-5 for the combined results from both bed mixes results in the: a) 

negative mechanism; and b) positive mechanism. Both mechanisms have a lognormal 

distribution fit. Furthermore, the associated logarithmic probability plots have been 

generated corresponding to the split histograms in Figure 5-5, shown on Figure 5-6.  

These probability plots indicate the lognormal distribution provides a good 

representation around the mean; with the reliability of the distribution fit diminishing 

moving towards the u’/u* = 0. Reliability also reduces approaching the more extreme 

values of u’/u* with the distribution becoming unreliable in the negative mechanism 

below u’/u* = -5. This suggests that, in fact, the majority of the u’/u* values observed at 

grain motion above the fine bed mix fall within two narrow zones: one within the 

negative mechanism -5 < u’/u* <-1 (hereafter referred to as the ejection range) and the 

other within the positive mechanism 0.5 < u’/u* < 2 (hereafter referred to as the sweep 

range). This also shows that both the range and maximum magnitude of the negative 

mechanism (ejection fluctuations) is greater than that of the positive mechanism (sweep 

fluctuations). This begins to indicate a difference between the two potential transport 

mechanisms that warrants further analysis.  

 

Extracting detail from the results above Bed Mix B, the proportion of occurrences 

within the ejection and sweep ranges indicates that they are quite different. Specifically, 

the proportion of all events at grain motion in the ejection range is 65.6% but the sweep 

range proportion is only 21.3% (note these figures do not sum to 100% because of the 

small number of events measured at grain motion around u’/u* = 0 which are not 

included in the ejection or sweep ranges). This begins to indicate a grain transport 

preference under negative fluctuations (i.e. Q2 ejection). Obtaining similar figures 

above Bed Mix A yields proportions of 44.0% of u’/u* at grain motion events in the 

ejection range and 30.2% in the sweep range. These findings again show a preference to 

the ejection range but do not overwhelmingly suggest that the negative mechanism is 

dominant. The position that may be reached from these results is that both mechanisms 

(ejection and sweep; Q2 or Q4) can induce grain motion, and that in both cases the 

ejection mode has been found to be more frequently occurring. Yet, with such a major 

difference between proportions in each range this leads to further questions. As the bed 

mix coarsens, does this induce greater proportions of u’/u* > 0? This would suggest a 

feedback to the fluid and change in fluid dynamics. Or, as the literature has suggested 

(Dwivedi et al., 2011), do u’/u* values occur in the same proportions but those which 
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are in the ejection mode are less successful in resulting in grain motion? These concepts 

will be explored further as more results are examined.  

 
Figure 5-5 - Histogram of observed instantaneous streamwise velocity fluctuation from the mean 

observed at motion of grains above the fine bed mix in the (a) positive mode and (b) negative mode 

with lognormal fit (shown in red) 
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Figure 5-6 - Logarithmic probability plot of normal distribution fit to data shown in Figure 5-5 

 

5.3.2.2: Turbulent Fluctuations Observed at Time of Motion Above a Previously Worked Bed 

One way to begin understanding how changes in bed surface roughness impacts upon 

the likely value (and, therefore mechanism) of u’/u* resulting in grain motion is to 

compare the results of the First Hydrograph with those of the Second Hydrograph. 

Section 4.4 has already shown that the First Hydrograph increases bed surface 

roughness and so it is likely that Second Hydrograph results may be strongly influenced 

by this surface roughness change. Table 5-1 shows the proportions of the turbulent 

events causing grain motion detected in the ejection range and in the sweep range above 

both the First and Second Hydrograph. As changes in roughness are being investigated 

here, the results have been split by bed mixture also.  
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Table 5-1 - Proportion of turbulent events resulting in grain motion in the ejection range and sweep 

range split by Bed Mix and First/Second Hydrograph 

Hydrograph Bed Mix A Bed Mix B 

Ejection Range 

(%) 

Sweep Range (%) Ejection Range (%) Sweep Range (%) 

First 48.4 37.9 65.3 11.7 

Second 23.8 50.5 64.2 26.3 

 

 

First, comparing the Bed Mix B (recall, this mix contained the greater proportion of fine 

fraction grains as described in Section 3.4) results between First and Second 

Hydrographs, it can be seen in Table 5-1 there is minimal difference in the ejection 

range proportion but the sweep range proportion more than doubles. Hence, this does 

not show a general shift away from the negative mechanism to the positive mechanism 

but indicates a shift towards more extreme u’/u* values needed at motion.  

 

This shift can also be seen to occur within the ejection range. Figure 5-7 shows the 

u’/u* causing grain motion above Bed Mix B for both First and Second Hydrograph 

results. Here the most frequent u’/u* value in the ejection range shifts from -1.96 in the 

First Hydrograph to -2.44 in the Second Hydrograph. While v’/u* could not be 

measured by the PIV here, the elliptical shape of quadrant plots in unsteady flow 

(Section 4.2, Figure 4-6) would suggest there may also be a corresponding shift in v’/u* 

distributions moving from First Hydrograph to Second Hydrograph.  

 

Now looking at the Bed Mix A results, the proportion of events falling into the ejection 

range (Table 5-1) is less than those in Bed Mix B results for both First and Second 

Hydrograph results. The proportion of turbulent events causing grain motion observed 

in the sweep range above Bed Mix B compared with Bed Mix A, however, is clearly 

greater (≈ 3x greater in the First Hydrograph results and ≈ 2x greater in the Second 

Hydrograph results). Furthermore, within the Bed Mix A results the proportion of 

events causing grain motion in the sweep range increases by nearly a third in the Second 

Hydrograph compared with the First Hydrograph.  

 

The difference between Bed Mixes A & B is that Bed Mix A contains greater 

proportions of coarser (i.e. medium and coarse fraction) grains in comparison with Bed 



 

138 

Mix B. Hence, the data in Table 5-1 have revealed three comparisons between a finer -> 

coarser bed surface that demonstrate an increased prevalence of the sweep range at 

grain motion: 

• Bed Mix A, First Hydrograph -> Second Hydrograph (surface coarsening due to 

previously worked bed): increase in sweep range proportion by a factor of 1.33; 

• Bed Mix B, First Hydrograph -> Second Hydrograph (surface coarsening due to 

previously worked bed): increase in sweep range proportion by a factor of 2.25; 

• First Hydrograph Bed Mix B -> Bed Mix A comparisons (Bed Mix B coarser 

than Bed Mix A): increase in sweep range proportion by a factor of 3.24; and 

• Second Hydrograph Bed Mix B -> Bed Mix A comparisons (Bed Mix B coarser 

than Bed Mix A): increase in sweep range proportion by a factor of 1.92.  

Therefore, it can be hypothesised here that increasing bed surface roughness requires 

increasing magnitude of u’/u* (i.e. increasing applied force) typically to result in grain 

motion. This operates on the principle that the positive mechanism correlates to a Q4 

(sweep) event, which applies a greater force on the bed than a Q2 (ejection event) as 

suggested by Detert et al. (2010). This concept will be explored further in Section 5.3.4. 
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Figure 5-7 - Histogram of observed nondimensional instantaneous streamwise velocity fluctuations 

(u’/u*) resulting in the motion of grains above Bed Mix B under the (a) First Hydrograph and (b) 

Second Hydrograph experiments 
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5.3.3. Consideration of Grain Size 

 

5.3.3.1: Grain Sizes Observed in Motion 

Figure 5-8 shows the distribution of the grain sizes observed in motion by the PIV 

(across all runs) for: a) Bed Mix A and b) Bed Mix B. Note first that the 

nondimensional equivalent grain diameter, * comprises the measured absolute grain 

diameter,  divided by the bed mix D50 (i.e. * = /D50). This shows there to be a 

greater proportion of grains below the bed mixture D50 in motion above Bed Mix B 

compared with the Bed Mix A. Both distributions are well described by a normal 

Gaussian distribution, which was confirmed by carrying out the chi-square goodness-of-

fit test. The statistical fit properties are shown in Table 5-2. The mean () values of 

/D50 here confirm the observation that most of the grains in motion above Bed Mix A 

are indeed finer than the bed D50, and around the D50 above the Bed Mix B. There is no 

sediment feed at the upstream of the flume in these experiments and, hence, finer grains 

which are removed result in coarsening of the bed surface layer. Therefore, the 

proportionately finer grains (i.e. those /D50 < 1) which have been shown to more 

frequently be transported from Bed Mix A compared with Bed Mix B mean that Bed 

Mix A coarsens more easily than Bed Mix B. Hence, this shows that a coarser bed mix 

(i.e. Bed Mix A) becomes even coarser more easily than a finer bed mix (Bed Mix B). 

This begins to explain the increased force (i.e. major shift towards the sweep range, Q4) 

needed to move a grain in the Second Hydrograph compared with the First Hydrograph. 

 

Table 5-2 - Statistical properties of normal distribution fit to fine mix grain diameter data above 

the fine and coarse bed mixes 

Bed Mix Mean () Std. Deviation () 

Bed Mix A 0.63 0.14 

Bed Mix B 0.96 0.22 
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Figure 5-8 - Distribution of observed nondimensional grain sizes (/D50) measured by the PIV in 

motion above the (a) Bed Mix A and (b) Bed Mix B 

 

 

5.3.4. Forces Acting Upon Grains at Motion 

While there has been much past research carried out on the influence of such turbulent 

events on the bed; few studies have specifically addressed the forces on individual 

grains in motion in relation to turbulence measurements in unsteady flow. 

Understanding these forces will help to reveal some of the other connections between 

fluid flow, grain transport and bed roughness sought by this study.   
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5.3.4.1 - Impulse 

The impulse, J, on a grain has gained recent attention (e.g. Celik, Diplas & Dancey, 

2013; Celik et al, 2010; Valyrakis, Diplas & Dancey, 2011) and is an important way of 

defining the transfer of momentum onto a grain, being defined as the product of the 

applied force and time over which that force is applied. Recent studies have found this 

to be particularly important in driving grain transport where transport is not collision 

dominated (Pähtz et al., 2020) as is the case in this experimental programme. Here, the 

streamwise impulse (indicated by the subscript u) has been calculated based on the drag 

force (using velocities from ADV or PIV measurements) on a simplified equivalent 

spherical grain (equivalent diameters defined from the PIV results) over the duration of 

a detected turbulent event. As the inputs to the calculation were all nondimensional, the 

output impulse, Ju* is also nondimensional. Intuitively, it can be appreciated that the 

longer a force is applied to an object, the greater overall momentum shall be transferred 

to it and greater likelihood of it beginning motion. Hence, the analysis of impulse is 

potentially a powerful tool in understanding how grain motions behave under unsteady 

flow conditions.  

 

Figure 5-9 shows the univariate analysis (by means of histogram) of a measured 

impulse at grain motion above the: a) Bed Mix A and b) Bed Mix B. Note that it has 

been assumed that grains are perfectly spherical (a simplification on the imperfect grain 

spheres used in the experiments), and the impulse has therefore been calculated based 

on the equivalent spherical grain diameter with impulse force applied through the centre 

of this idealised sphere. A striking feature of these charts a bimodal feature similar to 

that observed earlier in Figure 5-4, describing the u’/u* at grain motion. Indeed, further 

investigation here indicated that the impulse values for the negative mechanism were 

relatively low ( Ju/u* <  3.5 - 4.0) and those in the positive mechanism were relatively 

high (Ju/u* >  3.5 - 4.0). This confirms the suggestion that the positive mechanism (i.e. 

likely Q4, sweeps) can greater influence grain motion than the negative mechanism (i.e. 

likely Q2, ejections). With this confirmed, it validates the hypothesis that coarser beds 

require greater magnitude forces on the grains to result in motion. 

 

To test the validity in the above assertion, Figure 5-10 shows the measured value of 

streamwise impulse on a grain at motion, Ju/u* above the Bed Mix B for both First and 

Second Hydrograph (charts (a) & (b), respectively). Results for the First Hydrograph 

appear similar to those for the overall Bed Mix B result shown in Figure 5-9(b).  
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However, results for the Second Hydrograph show the value of impulse take marked 

increase towards greater magnitude (mean value in First Hydrograph was, 3.39 but 

moves to 3.92 in Second Hydrograph). A small increase in the proportion of positive 

mechanism (generally Ju/u* > 4.0) is seen commensurate with earlier reported results; 

but also seen is a clear shift to higher magnitude values of Ju/u* in the negative 

mechanism (generally Ju/u* < 4.0) with very few results below Ju/u* = 3.0. This 

supports the argument that greater magnitude influence is needed on a grain under the 

Second Hydrograph to result in motion. 

 

 
Figure 5-9 - Histogram of observed impulse acting on a grain resulting in motion above the (a) Bed 

Mix A and (b) Bed Mix B 



 

144 

 

 
Figure 5-10 - Histogram of observed impulse acting on a grain resulting in motion above the Bed 

Mix B under (a) First Hydrograph and (b) Second Hydrograph 

 

Figure 5-11 shows the measured impulse at grain motion with the grain diameter. A 

general trend of higher values of impulse, Ju towards larger grain sizes are observed on 

this chart, albeit with considerable scatter. This indicates that there are circumstances 

under which larger grains need greater impulse to be moved (although, from the ranges 

seen there are also circumstances where they need little impulse to be moved as well). 
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Figure 5-11 - Relationship between observed grain size in motion with its associated impulse that 

resulted in the grain motion occurring 
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5.4. Correlation of Grain Motion with Bed Surface Roughness 
5.4.1. Background 

 

This section seeks to improve understanding on how likely changes in bed surface 

roughness will influence a grain motion in unsteady flow conditions. The main 

parameter studied in this section is the grain travel distance, which is used as an 

indicator of the influence of the bed surface roughness on grain motion. If travel 

distances are short, it might be expected that bed armouring is limiting the travel extent 

of grain motions and grain hiding effects (Church & Hassan, 1992) may predominate. If 

travel distances are long, then it can be reasonably assumed that the potential travel path 

for the grain is long and hence bed surface roughness (e.g. resulting in less protrusions 

and hiding effects etc.) is lower.  

 

5.4.2. Grain Travel Ability with Bed Surface Roughness 

 

5.4.2.1: Observations of Grain Travel Distance 

To first understand the nature of the travel distances observed, these are shown in 

Figure 5-12. Charts (a) and (b) show results above the Bed Mix A and Bed Mix B, 

respectively; while (c) and (d) show results above the First Hydrograph and Second 

Hydrograph (Bed Mix A only), respectively. Travel distances have been scaled with the 

bed mix D50 and are expressed as the nondimensional travel distance D*.  In all cases, 

short grain hops account for the greatest measured bedload transport distances (i.e. D* ≤ 

2.5) with the observed number of grain motions declining as travel distance, D* 

increases. This rate of decline is the focus between each chart – with a steep rate of 

decline (exponent of fit, ex; x = -0.350) seen from the Bed Mix A results on chart (a) in 

comparison with Bed Mix B results in chart (b) (exponent of fit, ex; x = -0.128). At D* 

= 10 above Bed Mix A, only approximately 11% of observations reach this distance or 

greater; whereas above Bed Mix B this figure increases to 22%. Within Bed Mix B, a 

similar difference is observed between the First and Second Hydrographs. Again, for a 

travel distance of D* = 10 or above 27% grains are observed in the First Hydrograph 

but this value drops to 19% in the Second Hydrograph. This suggests that one reason for 

the reduced rate of transport observed in the Second Hydrograph (Section 4.3) is the 

influence of the preceding ‘prior’ First Hydrograph bed coarsening (as described in 

Section 4.4), which creates conditions (i.e. through hiding/armouring) where grains 

cannot generally travel as far in a single motion under conditions found during the 

Second Hydrograph compared with the First Hydrograph. 
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Figure 5-12 - Histogram of observed grain travel distances above the (a) Bed Mix A and (b) Bed Mix B; and also above Bed Mix B only for the (c) First Hydrograph 

and (d) Second Hydrograph 
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5.4.2.2: Bed Surface Roughness Influence on Travel Distance 

The findings described in Section 5.4.2.1 (above) indicate that increased bed roughness 

relates to a reduction in the number of grain travel observations that can travel larger 

distances, D*. Table 5-3 provides univariate statistics describing the findings looking at 

bed surface roughness influence on travel distance. None of these results are particularly 

surprising, and the hierarchy is to be expected – those hydrograph positions and 

elements which are subject to greater roughness appear to yield a lesser mean travel 

distance. By contrast, the change between First Hydrograph and Second Hydrograph 

above the both bed mixes is quite different, the mean travel distance for the Bed Mix B 

under the Second Hydrograph being 84% of the First Hydrograph value while the 

equivalent comparison is 96% over the Bed Mix A. This shows that the surface 

coarsening of Bed Mix B has had a greater impact on travel distance than Bed Mix A, 

possibly indicating that Bed Mix B enabled relatively greater travel distances to begin 

with.   

 

Table 5-3 - Univariate statistics of grain travel distances above the coarse and fine bed mixtures 

Group Mean D* Maximum D* Std. Dev (σ) 

Bed Mix A 2.57 25.61 3.36 

Bed Mix B 8.90 60.69 52.59 
 

 

5.4.2.3: Grain Travel Paths 

It is now important to understand the mechanisms by which grains move from start to 

finish. Each of the raster images used in the grain motion analysis (having had raster 

math performed on them to highlight moving grains – see Section 5.2) was examined 

and the different types of grain travel were categorized as follows: 

a) Unimpeded Motion: Defined as a motion which moves in the streamwise 

direction without obvious influence by bed grains from start to finish; 

b) Circumventing Motion: Defined as a motion which is transported but moves in 

both streamwise and lateral directions, avoiding protrusions; and  

c) Blocked Motion: A motion which begins but it deflected away from the 

streamwise direction (i.e. a lateral motion) because of the presence of other 

grains.   

 

8 examples of each of these motions recorded by the PIV are plotted as grain vectors 

looking down on the flume (i.e. plan-view) on Figure 5-13.  
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Each grain motion recorded by the PIV was categorized as the appropriate definition (as 

above) and analysis carried out on the proportion of each motion type above both bed 

mixes and for both hydrograph sequential positions (i.e. First and Second Hydrographs). 

The results of this analysis are shown in Table 5-4.  These results show unimpeded 

motions to be greater in proportion above Bed Mix B compared with Bed Mix A, which 

is unsurprising because this Bed Mix B contains greater proportions of finer fraction 

grain and there is less likelihood of a grain path becoming blocked by larger grains in its 

path. The proportion of unimpeded motions reduces in the Second Hydrograph 

compared with the First Hydrograph in the results for both bed mixes while, an increase 

in the proportion of blocked motions can also be seen in the Second Hydrograph results 

in comparison with those of the First Hydrograph. In all cases, the proportion of 

circumventing motions is greater above Bed Mix A than Bed Mix B showing that this 

coarser bed mixture results in grains taking a longer (i.e. less direct) route to streamwise 

transport. Above both bed mixtures, the proportion of circumventing motions increases 

within the Second Hydrograph results in comparison with those of the First 

Hydrograph. These results overall show that bed surface coarsening which has occurred 

by the First Hydrograph creates conditions which reduce the potential for grains to be 

transported unimpeded over long distances when a proceeding Second Hydrograph is 

applied.  

 

Table 5-4 - Proportion of grain motion categories falling into bed mix and hydrograph sequential 

position groups 

Group No. 

Readings 

% Unimpeded % Circumventing % 

Blocked 

Bed Mix A (All Motions) 232 52.2 24.2 23.5 

Bed Mix A (First 

Hydrograph) 

179 55.9 22.3 21.8 

Bed Mix A (Second 

Hydrograph) 

53 39.8 30.8 29.4 

Bed Mix B (All Motions) 1015 57.6 21.9 20.5 

Bed Mix B (First 

Hydrograph) 

642 62.3 19.0 18.7 

Bed Mix B (Second 

Hydrograph) 

373 49.4 27.0 23.6 
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Figure 5-13 – Example of PIV observed grain motions (plan view grain vectors) that may be 

described as (a) unimpeded, (b) circumventing and (c) blocked  
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5.5. Grain Motion Feedback to Fluid Motion 
5.5.1. Background 

 

This section relates directly to research question 3 (Section 2.6) which asks if the 

turbulence-transport relationship is reciprocal and if the turbulent fluid motion changes 

depending on the changing bed arrangement as a hydrograph progresses.  

 

5.5.2. Changes to Local Turbulence due to Grain Motion 

 

The presence of grains can result in flow separation (Jopling, 1964), particularly if they 

are protruding from the mean bed level. This flow separation phenomenon can impact 

upon local observed fluid turbulence, including the turbulent ejections and sweeps 

considered throughout this research. To investigate the potential change in local flow 

separation due to the motion of grains, the mean local flow velocity was calculated both 

before and after grain motion (with averaging of local velocity carried out over the 

measurement period prior to, and following the grain motion, respectively). The local 

velocity for averaging was extracted from the velocity vector situated in the PIV 

interrogation area (Section 3.3.2) at the pre-motion location of the grain. In some cases, 

there was overlap between two or more grain motions and where this occurred all those 

motions were excluded from the analysis.   

 

A histogram of the ratio of mean local velocity after : before grain motion (for all 

results) is shown in Figure 5-14. This clearly shows the majority of values around 1 (i.e. 

no change after the grain moves). The data fit well to a normal distribution around its 

mean, σ, at ≈ 1.00 which shows only natural variability and does not indicate any 

specific likely change in the local mean velocity due to grain motions.  Further 

investigation was carried out to understand if changes could be detected based on 

grouped grain sizes. To do this, the grains observed in motion were split into four 

quartiles comprising the size ranges as shown in Table 5-5. Figure 5-15 shows the same 

histogram but split by grain size quartile. The main finding here is shown within 

quartile 4, where most motions yielded a u/u* ratio after/before motion of > 1.0 

indicating their presence had been causing flow separation and velocity slowdown 

before they were transported away. Grain sizes in the first 3 quartiles yield similar 

results to what is seen in Figure 5-14 and, hence, this suggests that there is perhaps a 

critical grain size above which its motion would begin to feedback to the bed. This is 

because large grains which protrude above the bed result in the separation of the flow 

field which reduces the local flow velocity at the grain. When such large grains are 
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removed from the bed the flow vectors adjust to the available clear space, flow 

separation ends and local velocities increase. This concept is shown graphically on  

Figure 5-16. 

 

Table 5-5 - Range of grain sizes allocated to each quartile group based on number of grains 

observed in motion by the PIV 

Group No. Observations Range of Grain Sizes (/D50) 

Quartile 1 116 0.4 – 0.8 

Quartile 2 117 0.8 – 1.00 

Quartile 3 117 1.00 – 1.15 

Quartile 4 116 1.15 – 1.60 
 

 

 
Figure 5-14 - Histogram of change in local mean velocity at location of grain after and before 

motion
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Figure 5-15 - Histogram of change in local mean velocity at location of grain after and before motion, split by grain size quartile 
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Figure 5-16 - Protruding grain influence on flow field 

 

5.6. Summary of Findings 
 

The results from the PIV measurements were investigated across the experimental runs 

to gain better understanding of the TTR interdependencies at the grain scale. PIV data 

were processed to obtain a dataset of known grain motions with the velocity vectors 

output from the PIV software and then mined to acquire the velocity values at the 

location of and around the time of grain motion. Grain travel paths, distances and 

diameters were also extracted. The following findings were reported: 

• Both negative and positive fluctuations of u’/u* were found to result in grain 

motion, suggesting that both a negative mechanism (driven by turbulent 

ejections) and positive mechanism (driven by turbulent sweeps) of grain motion 

exist.  

• Segregating the data into these mechanisms allowed a lognormal distribution to 

be fit to the data, revealing two ranges within which each mechanisms events 

were comprised – the ejection range and the sweep range. 

• Proportions of grain motions within the ejection range were found to reduce in 

the Second Hydrograph compared with the First Hydrograph and in the same 

comparison an increase in the proportion of motions within the sweep range was 

also found.  
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• The force of a turbulent event acting on a grain over a period of time was 

defined by the event impulse. A relationship was found showing a general trend 

for greater required impulse to result in motion of larger diameter grains.  

• The travel distance of grains in motion was seen to diminish with increasing bed 

surface roughness demonstrating that the First Hydrograph bedload transport 

(which results in bed surface coarsening) creates conditions where, under the 

following Second Hydrograph, travel distance potential is reduced (thus 

contributing to the reduction in rate of bedload transport here reported in 

Chapter 4).  

• A weak feedback from grain motion to the near-bed fluid was found, from only 

the largest grains whose removal is thought to reduce flow separation effects at 

locations where large protrusions from the bed existed.  
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Chapter 6– Discussion 

6.1. Introduction 
 

This chapter will discuss the findings of the experimental results within the context of 

the research questions, and also in reference to the wider literature. An initial (Section 

6.2) consideration on the predictive errors of some commonly used equations has been 

made, leading to discussion on the influence of unsteady flow on the bedload transport 

process as a whole. For clarity, this thesis does not seek to improve upon existing 

equations nor suggest a new function. It does, however, aspire to better understand the 

underlying mechanisms within unsteady flow that contribute to the disparities observed 

for predictive methods that are based on a steady flow assumption.  

 

The conditions under which the experimental programme have been carried out – 

comprising unsteady flow, nonuniform bed mixtures and, in some cases, a bed which 

has been worked by a prior First Hydrograph before a Second Hydrograph run – are 

some of the most onerous under which a predictive equation can be tested. Hence, the 

TTR interrelationships identified by the thesis problem statement (Section 1.1) are 

explored in greater detail in Section 6.3 (transport – roughness), Section 6.4 (transport – 

turbulence) and Section 6.5 (roughness – turbulence). Finally, Section 6.6 considers the 

findings as a whole and presents a suggestion on how the TTR relationship can be more 

easily linked.     

 

6.2. Unsteady Flow Impacts on the Sediment Transport Process 

 
6.2.1. Background 

 

The literature has repeatedly asserted the poor applicability of predictive sediment 

transport equations under unsteady flow conditions (e.g. Young and Davies, 1990). A 

common theme throughout the time-series bulk measurement results presented in 

Chapter 4 was an apparent correlation of many of the measurements with the flow (e.g. 

streamwise velocity). This, of course, is a generalisation and there are many nuances to 

consider within the results (e.g. First or Second Hydrograph in sequence, Bed Mix A or 

B). Nonetheless, the results have demonstrated that if a time-series result were to be 

considered then the hydrograph shape should also be considered.  
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This sub-section will discuss the findings in relation to unsteady flow impacts and 

address Research Question 1:  

 

“How does the unsteady nature of sediment transport affect each of the three physical 

components involved in sediment transport when they are considered alone?” 

 

The outcomes of this research question have been addressed throughout the results 

chapters. Hence, this sub-section will first discuss the behaviour of bedload transport 

and bed surface roughness in unsteady flow to identify limitations in existing transport 

prediction methods (Section 6.2.2) and then proceed to frame these limitations within 

the context of the results that have been obtained (Section 6.2.3).    

 

6.2.2. Existing Prediction Methods 

There are many equations available for the prediction of bedload transport rate. The 

following three equations have been selected for testing with the unsteady hydrograph 

flow data gathered through the experimental runs: 

 

Meyer-Peter et al. (1934): An empirical formula that was derived from extensive 

laboratory experiments testing uniform bed material ranging 3 – 28mm diameter, and 

also some nonuniform bed material within a range of sizes up to 10mm diameter.  

 

Einstein (1942): An probabilistic theory based on the concept that the transport of 

sediment grains occur as a series of ‘jumps’ of varying length. The formula remains 

partly empirical as the link between the rate of bedload transport with the grain/flow 

properties was derived from experimental runs.    

 

Einstein (1950): The empirical elements of the 1942 formula were replaced with an 

analytical solution, and the underlying probabilistic theory remained the same.  

 

A summary of these equations is shown in Table 6-1. These equations were tested with 

the ‘Benchmark Hydrograph’ by calculating their predicted rate of nondimensional 

bedload transport for the average flow (i.e. a steady equivalent) at each of the 300s 

measurement intervals (Section 3.6) throughout this hydrograph. The results of these 

calculations have been plotted with the ‘Benchmark Hydrograph’ on Figure 6-1 (a). To 

facilitate comparison and discussion, the measured mean bedload transport rate above 
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Bed Mix B for both First and Second Hydrograph has been plotted below on Figure 6-1 

(b). Full transport results were reported in Section 4.3 and in Appendices 4.11 & 4.12.  

 

Table 6-1 - Summary of existing predictive methods tested 

Author(s) Equation Comments 

Meyer-

Peter et al. 

(1934) 

0.4𝑞𝑏

2
3

𝑑35
=  

𝑞
2
3𝑆

𝐷
− 17 

Energy-slope 

approach 

Einstein 

(1942) 

𝑝𝑒

1 − 𝑝𝑒
=  𝐴∗

42∅∗
42

=  (
𝑘1𝑘3

𝑘2𝜆𝑏
) 

1

𝐹
 (

𝑔𝑠

𝛾𝑠
 √

𝜌

𝜌 − 1
√

1

𝑔𝑑3
) 

Probabilistic-

empirical approach 

Einstein 

(1950) 
𝑝𝑒 = 1 −  

1

√𝜋
 ∫ 𝑒−𝜀2

𝐵∗𝜓∗
−1
𝜂0

𝐵∗𝜓∗
−1
𝜂0

𝑑𝜀 =  
𝐴∗𝜙∗

1 + 𝐴∗𝜙∗
 

Probabilistic-

analytical approach 

 

 
Figure 6-1 - Comparison of (a) predicted and (b) measured bedload transport across the 

Benchmark Hydrograph above Bed Mix B 
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6.2.3 Limitations of Existing Methods 

 

There are 3 key areas where the predictive methods tested can be seen to have 

limitations: 

Firstly, the magnitude of predicted bedload transport rate does not match the measured 

values well and furthermore a high variation between the results of the three predictive 

methods themselves can be observed on Figure 6-1(a). None of the predictive methods 

tested adequately predict both the time of transport start/end or the peak rate of bedload 

transport.  

 

Secondly, the shape of the predicted bedload transport rate does not take account of the 

hysteresis effect reported in Section 4.3.3 (i.e. the predicted rate of transport is equal on 

both rising and falling limbs). Section 4.3.2 also reported that greater peak transport 

rates can be expected with greater 
𝑑𝑄∗

𝑑𝑡∗  on the hydrograph rising limb (i.e. greater peak 

transport was observed in experimental hydrograph results with lower η and higher ΓHG 

values).  The effects of the rate of change of the flow on the hydrograph rising limb are 

also not accounted for by the transport equations tested.  

 

Finally, the Second Hydrograph results were shown to be lesser in magnitude than the 

First Hydrograph results (Section 4.3.2). The bedload transport equations tested do not 

take the impact of this bed coarsening into account, and in fact assume that the 

mathematical representation of the bed mixture itself (e.g. d35 value, or similar) is 

representative of the bed surface for the duration of the applied flow. Section 4.4 has 

shown this not to be the case and that the applied hydrograph results in surface 

coarsening on the rising limb and fining on the falling limb – with the end state of the 

bed surface coarser than the beginning which causes reduced transport potential in the 

Second Hydrograph.  

 

This highlights the interactions which are important to improve understanding of the 

transport-turbulence-roughness (TTR) interdependencies which may ultimately assist in 

improving unsteady bedload transport prediction.  

 

6.2.4. Summary 

 

Existing methods of bedload transport prediction are widely known to yield poor 

predictions under unsteady flow conditions. Here, three common predictive methods 
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were evaluated under the ‘Benchmark Hydrograph’ and shown to be deficient under 

unsteady conditions. The response of the bedload transport to the unsteady hydrograph, 

with nuances such as the hysteresis effect and the coarsening of the bed surface by a 

First Hydrograph impacting upon Second Hydrograph results, cannot be captured by 

existing prediction methods and a better understanding of the TTR interdependencies is 

needed to improve upon transport prediction in unsteady flows.  

 

6.3. Interactions Between Bedload Transport and Bed Surface Roughness in 

Unsteady Flow 
6.3.1. Background 

 

Many previous authors have struggled with the uncertainty that a changing bed surface 

roughness instils (Yang et al., 2010), particularly under evolving unsteady flow 

conditions (Wilcock et al., 2001) and especially where a previous unsteady flow has 

worked the bed (Wittenberg and Newton, 2005). The results obtained through the 

current flume studies have provided some insights into how the changing bed surface 

roughness can impact bedload transport. This sub-section will discuss the findings in 

relation to the transport-roughness component of the TTR interdependencies and 

address Research Question 2:  

 

“How does temporal change in flow parameters across an unsteady flow hydrograph 

influence the relationship between sediment transport and bed surface roughness over 

time?” 

 

In addressing this research question, this sub-section will first provide a statistical 

analysis of changing D50 across both the bed surface and the measured bulk bedload 

transport followed by consideration of the roughness-turbulence interactions within the 

context of all the reported results.  

 

6.3.2. Statistical Analysis of Transport and Bed Surface Roughness 

 

Section 4.3 and 4.4 considered the rates of bedload transport and bed surface roughness 

independent of each other. Here, to more directly compare the evolution of results the 

median (D50) has been calculated for the bulk transport measurements from the 

sediment trap. These have been plotted on Figure 6-2 along with the D50 for the bed 

surface roughness (as reported in Section 4.4) for the ‘Benchmark Hydrograph’ above 

both bed mixes and in both sequential positions. Both bed surface and bulk transport 

D50 have been nondimensionalised using the relevant bed mixture D50 (hence, D50* = 1 
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shows a D50 equal to that of the underlying bed mixture; D50* > 1 indicates grains 

coarser than the underlying bed mixture and D50* < 1 indicates grains finer than the 

underlying bed mixture).
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Figure 6-2 - Comparison of D50 on the bed surface with total bulk transport D50 readings obtained from the sediment trap across the Benchmark hydrograph 
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Four mains points can be inferred from Figure 6-2: 

1. The D50 of material collected in the sediment trap (i.e. transported load) is 

always less (finer) than the D50 of the bed sediment mixture, this applies to both 

Bed Mix A & B; 

2. The D50 of the transported load under the Second Hydrograph is generally less 

than that transported under the First Hydrograph despite the bed surface D50 

being greater for Second Hydrograph experimental runs;  

3. The bed surface D50 rises and falls approximately in line with the hydrograph 

shape but the D50 of the transported load rises to a plateau (maximum) before 

reducing during the hydrograph falling limb (not immediately post-peak);  

4. The D50 of the transported load above Bed Mix B reaches its plateau quicker 

than in Mix A.  

To better understand the impact of bed surface roughness on the transported load, there 

are two comparisons that can be made here where the same hydrograph flow conditions 

have been applied over beds of varying roughness: firstly comparing Bed Mix A and B 

(Mix A has a greater design D50 than Mix B, Section 3.4) and secondly comparing First 

and Second Hydrograph results (Second Hydrograph is applied over a pre-worked bed 

which has been shown to be coarser than the equivalent First Hydrograph, Section 4.4). 

For both these comparisons, where there is a coarser bed mix (Mix A, or Second 

Hydrograph result) there is a consistent reduction in the D50 of the transported load in 

comparison with the equivalent finer bed mix run (Mix B, or First Hydrograph result). 

This shows that increasing bed surface roughness (for equivalent flows) creates 

conditions where the potential for the transport of larger grains is reduced. There is, 

however, an additional dynamic that can be observed on the charts comparing First 

Hydrograph and Second Hydrograph results (comparing charts (a) & (b) for Bed Mix A, 

and charts (c) & (d) for Bed Mix B). First Hydrograph values of transported load D50 

are typically greater (i.e. coarser grain transport) in the hydrograph rising limb 

compared with the falling limb. This is not the case for Second Hydrograph values of 

transported load D50 which are typically the same or, sometimes, greater on the falling 

limb in comparison with the rising limb. This re-iterates the fractional transport findings 

from Section 4.3.2 and is commensurate with the hysteresis reversal presented in 

Section 4.3.3. 
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6.3.3. Transport-Roughness Dependency Cycle 

 

The results which were presented in Chapter 4 have been considered in conjunction 

with the analysis carried out in Section 6.3.2 to describe the cycle of interdependency 

between roughness and bedload transport as part of the TTR-interdependency triangle 

proposed in Chapter 1. Here, the process across a double hydrograph (i.e. First 

Hydrograph followed by Second Hydrograph) ‘Benchmark Hydrograph’ which has 

been inferred from the research findings is described from start to finish.  

 

Following a period of antecedent flow (below transport threshold), flow increases as 

application of the First Hydrograph begins. Once the flow reaches the threshold for 

motion, bedload transport begins initially at low rates. In the initial stage of transport, 

fine fraction grains comprise the greatest proportion of the total transport load, followed 

by the medium fraction grains and finally the coarse fraction grains which comprise the 

smallest proportion of the total transport load (Section 4.3.2, Figure 4-13). This results 

in bed surface coarsening as the hydrograph rising limb progresses (Section 4.4, Figure 

4-17). Further increase in flow along the hydrograph rising limb results in increasing 

proportions of medium and coarse grain fractions comprising the total transport load, 

increasing its D50 with continuing flow increase (Figure 6-2). This results in further bed 

coarsening as the D50 of the bed surface also increases following the entrainment, 

transport and deposition of these medium/coarse fraction grains and the D50 of the bed 

surface reaches its peak around the same time as the flow hydrograph peak (Section 4.4, 

Figure 4-17). The transport of greater proportions of medium/coarse fraction grains 

continues post-peak (Figure 6-2) but reduces shortly following reduction in the rates of 

flow as the rising limb progresses. The relative transport of fine fraction grains increases 

again (Figure 6-2) causing fining of the bed surface along the falling limb. Some of the 

medium/coarse fraction grains which were transported during the rising limb (and 

around the hydrograph peak) remain on the bed surface when transport has ended on the 

falling limb, leaving the bed surface coarser than it was at the hydrograph start (Section 

4.4, Figure 4-17). The First Hydrograph ends with a coarser surface than at its start.  

 

Following a further period of antecedent flow (below transport threshold), flow 

increases as application of the Second Hydrograph begins. The bed surface roughness at 

the start of the Second Hydrograph is the same as it was at the end of the First 

Hydrograph. This means that there is a coarser bed surface at the start of the Second 

Hydrograph compared with the start of the First Hydrograph. Hence, transport begins 
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later (because there is now an increased threshold for motion) and the transport load is 

of lesser magnitude than the First Hydrograph because the increased bed surface 

roughness has reduced the potential for transport to occur through increased 

hiding/armouring features (Section 4.3.2, Figure 4-12).  Finer size grains are transported 

on the hydrograph rising limb (i.e the total load has a smaller representative D50 in 

comparison with the First Hydrograph. This results in a commensurate bed surface 

coarsening, but not to the same magnitude seen along the First Hydrograph rising limb 

(Section 4.4, Figure 4-18). As the rising limb reaches closer to the hydrograph peak, the 

increased flow facilitates the increased proportion of medium/coarse fraction grains 

comprising the total load (Figure 6-2) which removes a static armour layer, thus 

facilitating further transport around and post-hydrograph peak.  Following the 

hydrograph peak, the total transport D50 remains greater than the rising limb D50 until 

the rate of flow on the falling limb causes the transport of larger size grains to slow 

(Figure 6-2). This dynamic results in the counter-clockwise hysteresis reported in 

Section 4.3.3. The Second Hydrograph ends with a bed surface which is coarser than it 

was at the start, similarly to the process in the First Hydrograph, but the magnitude of 

coarsening over the Second Hydrograph is not as great as over the First Hydrograph 

because of the reduced total transport load.  

 

6.3.4. Summary 

 

There is a close relationship between bed surface roughness and the rate of bedload 

transport which may be expected to occur. The clearest findings from the research are 

that a coarser bed mix results in a lesser rate of bedload transport and (ultimately) total 

yield from comparisons of Bed Mix A with Bed Mix B, as detailed in Section 4.3.2. 

Interpretation of the results presented in Section 4.3, Section 4.4 and further analysis to 

obtain the D50 within the transported sediment load has given insight into the process by 

which bedload transport occurs, the sediment bed responds and also how the unsteady 

hydrograph flow influences this transport/bed response cycle. In particular the analysis 

found that the D50 of the total transport load was generally smaller (i.e. finer grains 

transported) on the rising limb of the First Hydrograph whereas the opposite effect was 

seen in the Second Hydrograph result on Figure 6-2 where the D50 was generally 

smaller on the rising limb compared with the falling limb. This is believed to contribute 

to the reversal in observed bedload transport hysteresis reported in Section 4.3.3. 
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6.4. Unsteady Flow Impacts Between Bedload Transport and Near-Bed 

Turbulence in Unsteady Flow 
6.4.1. Background 

 

To better understand the links between individual grain motion leading to bedload 

transport and the near-bed turbulence influence on these motions, use of data from both 

the ADV and PIV was required. As a check that the ADV and PIV measurements are 

comparable, the range of values of turbulent fluctuation from the mean (u’/u*), were 

calculated from both instruments within the same measurement period and compared. 

This comparison was carried out at the hydrograph peak for 6 experimental runs over 

the ‘Benchmark Hydrograph’ – 3 above Bed Mix A (Experiment B-A) and 3 above Bed 

Mix B (Experiment B-B). All comparisons produced similar results, and one of the 

results (from an experiment B-A comparison) is shown on Figure 6-3 where it can be 

seen that a similar overall distribution was obtained from both ADV and PIV.  

 

This sub-section will discuss the findings in relation to the transport-turbulence 

component of the TTR interdependencies and address Research Question 3:  

 

“How does temporal change in flow parameters across an unsteady flow hydrograph 

influence the relationship between sediment transport and near-bed turbulence over 

time?” 

 

In addressing this research question, this sub-section will first analyse the transport data 

(Section 4.3) with the ADV data (Section 4.2) to better identify any potential 

correlations or relationships. Following this, both the ADV and PIV data will be 

considered together to better understand the physical transfer of momentum from fluid 

to grain via near-bed turbulent events.  
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Figure 6-3 - Comparison of streamwise velocity fluctuation from the mean (u'/u*) measured by the 

ADV and PIV 

 

6.4.2. Influence of Prevailing Fluid Conditions 

 

Section 4.2 and Section 4.3 respectively considered the ADV results (velocities, 

turbulence intensities and Reynolds stresses) and bedload transport results independent 

of each other. A direct comparison has been made from all the measurements 

(comprising results from all experimental runs) of total bedload transport rate, qb*, with 

the corresponding prevailing flow velocity, turbulence intensity and Reynolds stress as 

measured by the ADV during the measurement period over which each of the bedload 

transport rate readings were recorded. This comparison is shown on Figure 6-4 for the 

results from Bed Mix A, and Figure 6-5 for those from Bed Mix B.  
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Figure 6-4 - Comparisons of observed bedload transport with prevailing near-bed fluid conditions 

(Bed Mix A) 
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Figure 6-5 - Comparisons of observed bedload transport with prevailing near-bed fluid conditions 

(Bed Mix B) 

 

Both Figure 6-4 and Figure 6-5 show the same general trends. No relationship can be 

seen between the observed rate of bedload transport, qb*, and the wall-normal velocity, 

lateral velocity nor Reynolds stress on the v-w (vertical/lateral) or u-w 

(streamwise/lateral) planes. The remainder of the results would suggest the following: 

• Higher rates of bedload transport appear to correlate well with higher magnitude 

streamwise velocities. Section 4.2.3 showed that the streamwise velocity 

correlated well with the flow, as does the measured rate of bedload transport 

(Section 4.3.2). The result that higher rates of transport occur at higher 

flows/streamwise velocities is as expected. 
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• Higher rates of bedload transport are likely to be found where the magnitude of 

prevailing fluid turbulence intensity is greater. Recall that the turbulence 

intensity is the root-mean-square of the turbulent fluctuations from the mean 

across the measurement period (Section 4.2.2). Thus, transport is preferential to 

fluid conditions where turbulent fluctuations from the mean (u’, v’, w’) are 

either greater in magnitude or more frequent (or, both). 

• Higher rates of bedload transport correlate well with greater magnitude 

Reynolds stress in the streamwise/vertical (u-v) plane. This shows, from the 

definition of Reynolds stresses (Section 4.2.2) that the combination of u’v’ is of 

high importance to bedload transport. This fits closely with the quadrant analysis 

findings (Section 4.2.6) where higher magnitude ejection and sweep events 

(derived from u’v’ pairs) were more prevalent nearer the hydrograph peak 

during the time of greatest bedload transport rate.  

Overall, this shows that greater rates of bedload transport may be expected where there 

are higher streamwise velocities and also greater magnitude turbulent fluctuations from 

the mean in both streamwise (u’) and wall-normal (v’) directions prevalent in the near-

bed fluid.  

 

6.4.3. The Concept of Impulse 

 

The findings in Section 6.4.2, while important, are high-level and in agreement with 

published literature (e.g. Papanicolau et al., 2001). More recently, authors have been 

looking in detail at the forces that turbulent events (e.g. ejections and sweeps) exert on 

grains (e.g. Valyrakis, 2010). A force can be found for the pressure exerted (i.e. 

generated by a turbulent fluctuation) over a grain area. Further to this, the time over 

which the force is applied can be used to find the transfer of momentum into the grain – 

known as the impulse. The concept of impulse has been studied by various authors 

(Valyrakis et al., 2010; Celik et al., 2010; and Valyrakis, Diplas and Dancey, 2011) who 

have all found a concept of critical impulse and then progressed to begin to understand 

how this may be used in defining entrainment.  

 

It was noted in Section 4.2.6.2 that a weakness of the quadrant analysis technique is the 

lack of consideration for the event temporal dimension. The analysis of impulse is a 

more detailed step, further to the quadrant analysis that takes consideration of this. For 

example, a high magnitude turbulent event may fail to result in grain motion if applied 

over a very short period of time; whereas a lower magnitude turbulent event may 
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successfully move a grain if applied over a longer period of time. Recent research has, 

however, shown that the importance of the impulse concept depends on the flow 

regime. Pähtz et al. (2020) have defined shear stress thresholds with regards to transport 

characteristics. Here, lower values of shear stress (analogous to extremely slow 

‘creeping’ motions) were shown to relate to motion directly from flow forces; followed 

by greater values of shear stress (analogous to short rolling ‘hops’ across the bed) 

shown to relate to transfer of momentum from turbulence (i.e. impulses); and then much 

higher values of shear stress (where many grains are in motion at the same time) 

become dominated by the transfer of momentum through collisions. The experimental 

results herein have produced motions in relation to single grain ‘hops’ as bedload 

transport and thus are towards the lower end of the shear stress range referred to by 

Pähtz et al. (2020). Therefore, the consideration of transfer of momentum from near-bed 

turbulence directly to individual grains (i.e. impulses) is appropriate here.  

 

The change in this transfer of momentum has not yet been studied across unsteady 

hydrograph flow. However, the PIV data gathered in this study do not provide a 

continuous stream of results across the entire hydrograph in sufficient numbers to be 

able to formulate such an analysis nor does it provide results where the impulse was 

lower than the threshold for motion. This is because the impulse can only be calculated 

where a grain is known to have moved, and hence streamwise impulse (Ju*) has been 

calculated for all grain motions recorded across the experimental runs by the PIV as 

described in Section 5.3.  The PIV dataset does not provide readings where transport 

does not occur (e.g. near the start of end of the hydrograph) and it is not possible to 

infer below-threshold impulse values because of the difficulty in obtaining the sizes of 

grains which had not moved.  

 

To address these difficulties, the concept of a representative impulse has been 

formulated – this is the impulse that would occur at any given time if a grain were to be 

situated in the ADV sample volume. The size of the grain used in the impulse 

calculation was taken as the average D50 of each of the two bed mixes used as 

representative of a typical grain being present. This allowed the calculation of an 

impulse for each detected turbulent event from ADV data across the entire time-series. 

Additionally, information on the u’ and v’ of the turbulent event from the ADV data 

was used to categorise it into one of quadrants Q1 – Q4 (as per the earlier quadrant 
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analysis, Section 4.2.6) to highlight whether it was an inward or outward interaction 

(Q1, Q3 respectively), ejection (Q2) or sweep (Q4).  

 

The continuous time-series of the representative impulse at each timestep across the 

‘Benchmark Hydrograph’ above Bed Mix B (First Hydrograph) is shown on Figure 6-6. 

This figure does not show the associated rate of flow, but to aid the discussion the 

corresponding mean transport result for this hydrograph (experimental hydrograph B-B) 

from Section 4.3.2 has been plotted.  

 

 

Figure 6-6 - Representative streamwise impulse across the Benchmark Hydrograph (First 

Hydrograph) above Bed Mix B with corresponding measured mean total bedload transport rate, 

qb* 

 

The transfer of momentum from a Q4 (sweep) event into a grain is greater than any 

other event, as indicated by its calculated impulse Ju*. Hofland et al. (2005) also 

concluded that a Q4 (sweep) event is more capable of causing grain motion compared to 

others but reached this conclusion via a different method. This is an encouraging 

validation of the finding, though. Looking at all the representative impulse values, the 

time-series clearly shows the representative impulse increasing and decreasing in line 

with the flow and reaching a peak at the same time as the peak rate of transport. It can 

also be seen on Figure 6-6 that, interestingly, bedload transport does not begin until the 

representative impulse begins to rise from its base value. This indicates a potential 

dependency between the available impulse (from turbulent events) being provided by 

the near-bed fluid and the capacity for transport to occur.  
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Each of the representative impulse values calculated has been matched to its 

corresponding quadrant event using the sign of u’ and v’ from the ADV data. This has 

also allowed a calculation of the frequency with which each event occurs, an aspect 

often neglected within the literature. Figure 6-7 shows the result of this calculation, 

which was carried out for the same ‘Benchmark Hydrograph’ (Bed Mix B, First 

Hydrograph) as the calculation for Figure 6-6 for ease of comparison.  

 

Figure 6-7 - Evolution of turbulent event frequency across the Benchmark Hydrograph (First 

Hydrograph) above Bed Mix B 

 

The plots on Figure 6-7 show a near-constant frequency of Q1 and Q3 events 

throughout the entire hydrograph run, with Q2 and Q4 event frequency showing a small 

increase and decrease (respectively) between the hydrograph base and peak. Earlier 

findings in Section 4.2.6 reported that the proportions of Q2 (ejection) events decrease 

with increasing flow (i.e. decrease along the hydrograph rising limb) with the opposite 

effect occurring on the hydrograph falling limb. This may, at first, seem contrary to the 

finding presented here in Figure 6-6. However, recall that the quadrant plot takes a 

single u’v’ pair and represents the proportion of time that an event occupies each of the 

four quadrants. This means that along the hydrograph rising limb the numbers of Q2 

(ejection) events observed increases (hence, higher frequency in Figure 6-7) but the 

duration of those events becomes shorter (hence, lower proportion reported in Section 

4.2.6). However, there is also an increase in the representative impulse for the Q2 
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(ejection) plot along the hydrograph rising limb (Figure 6-6). Here, it was also 

established that the duration of events reduces moving from base -> peak along the 

hydrograph rising limb and, hence, if the corresponding representative impulse 

increases over that period it indicates that the responsible Q2 (ejection) events must 

therefore increase in magnitude over the rising limb. As increase in the magnitude of a 

turbulent event can be represented by the hole size, H’, on a quadrant plot (Section 

4.2.6) this suggestion can easily be validated by returning to the H’=0 and H’=3 

quadrant plots (Section 4.2.6, Figure 4-8 and Figure 4-9) where it can be clearly seen 

that the Q2 (ejection) magnitude is indeed generally greater nearer the hydrograph peak.  

 

6.4.4. Summary 

 

The evolution of the turbulence-transport interaction across unsteady flow is a complex 

relationship. At a high level, increasing rates of flow with a corresponding increase in 

streamwise velocities were shown to create conditions which are more preferential to 

bedload transport. The prevailing fluid turbulence was seen also to be important to the 

bedload transport, with higher rates of bedload transport obtained where greater 

magnitude turbulence intensities were observed. The bedload transport correlated well 

with prevailing Reynolds stresses in the streamwise/vertical (u-v) plane demonstrating 

the importance of the u’ and v’ fluctuations to transport. The impulse on each grain was 

calculated in Section 5.3 and the need for a continuous time-series impulse (regardless 

of whether grain motion occurred) was identified. The concept of a representative 

impulse using ADV data has facilitated this. This representative impulse (from all 4 

turbulent events – inward/outward interactions, ejections and sweeps) was shown to 

increase and decrease in line with the flow. Consideration of this analysis in conjunction 

with earlier (Section 4.2.6) quadrant plot results revealed a change in event duration, 

frequency and magnitude across unsteady hydrograph flow.  

 

 

6.5. Interactions Between Bed Surface Roughness and Near-Bed Turbulence in 

Unsteady Flow 
6.5.1. Background 

 

The concept of bed surface evolution across unsteady flow has been considered 

throughout this work. Bed coarsening can result in the formation of armour/clusters 

which themselves influence the surrounding fluid turbulence (Billi, 1988). Having 

established that sorting results in coarsening of the bed (Section 4.4); that near-bed 

turbulence exerts influence on grain motion (Section 5.3) and that near-bed turbulence 
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influence on a grain (in the form of impulse) (Section 6.4) all evolve across an unsteady 

hydrograph flow, the final piece of understanding is to discern whether near-bed 

turbulence evolution is a result of changing bed surface roughness.  

 

This sub-section will discuss the findings in relation to the roughness-turbulence 

component of the TTR interdependencies and address Research Question 4:  

 

“How does temporal change in flow parameters across an unsteady flow hydrograph 

influence the relationship between bed surface roughness and near-bed turbulence over 

time?” 

In addressing this research question, this sub-section will consider the findings from 

Section 5.5 before discussing direct correlation of the bed surface roughness with the 

prevailing fluid conditions from the ADV results.  

 

6.5.2. Statistical Analysis of Bed Surface GSD and Near-Bed Turbulence 

 

The influence of a changing bed on near-bed turbulence is a complicated matter because 

all those who approach the subject will have a different bed surface arrangement. For 

example, Tan and Curran (2012) were able to design bed roughness to dampen 

turbulence effects. However, it is generally accepted that increasing surface roughness 

can cause increasing protrusions from the bed that results in a local turbulence increase 

(e.g. Robert et al., 1996). 

 

The results in Section 5.5 showed minimal change to the near-bed turbulence resulting 

from post-grain motion. Further analysis (as shown on Figure 5-15) demonstrated that 

only the largest grains in the bed mixes tested (statistically those falling within the 

fourth quartile) resulted in feedback to the bed. Here, an additional investigation has 

been carried out to directly compare streamwise contributing ADV data with the 

measured bed surface D50. 

 

Figure 6-8 shows plots and associated best-linear regression fit for a changing bed 

surface D50 with measured prevailing streamwise mean velocity, turbulence intensity, 

TKE and Reynolds stress (streamwise-vertical, u-v, plane) above Bed Mix B. Results 

have been shown for both First and Second Hydrograph experimental runs. In all cases 

a clear linear trend is observed between the near-bed fluid measurement (from the 

ADV) and the median bed surface roughness. This has to be considered within the 
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context of the above noted findings from Section 5.5, because clearly 75% of the grains 

which are transported are not in the 4th quartile and the results from Section 4.3.2 

(Figure 4-13) have shown that only finer fraction grains are transported near the 

hydrograph start and end (where fluid velocities are lower, e.g. Section 4.2.3,Figure 

4-1). Hence, grain motion clearly cannot be responsible for the changes seen on Figure 

6-8. The linear trend suggests that the change in near-bed fluid conditions seen are a 

result of the changing flow and that the change in grain diameter is a result of the 

consequential bedload transport that occurs. A strong link between turbulence and 

transport has been found (Section 6.4) and this is the route by which bed surface 

roughness changes are driven. Hence, within the context of Research Question 4 and the 

TTR interdependencies proposed in Chapter 1, it can be said that the turbulence -> 

roughness component is strong where the transport component is taken into 

consideration; but the roughness -> turbulence component (while having a small 

relationship as shown in Section 5.5) is weak. 
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Figure 6-8 - Correlations between bed surface D50 and near-bed fluid a) velocity, b) turbulence intensity, c) TKE and d) Reynolds stress (streamwise/vertical plane) 
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6.5.3. Summary 

 

The relationship between bed surface roughness and the near-bed turbulence evolves 

across an unsteady flow hydrograph because turbulence increases with the applied flow, 

this creates conditions preferential for bedload transport and this transport then results 

in increasing bed surface roughness.  

 

6.6. TTR Interdependencies 
6.6.1. Background 

 

It is extremely difficult to resolve the uncertainty associated with bedload transport. 

This statement is true before consideration of a non-uniform bed mixture and long 

before consideration of the effects of unsteady flow and the associated TTR 

interdependencies that accompany it. Nonetheless, this work has provided novel 

findings that have progressed our knowledge in some areas that could assist in reducing 

bedload transport uncertainty. In particular, the consideration of impulse has revealed 

that its prevailing representative impulse (as defined in Section 6.4) in the fluid changes 

across a hydrograph and that the impulse required to move a grain changes with 

sequential position, bed mix and is also associated with the bed surface roughness 

(Section 5.3). Hence, this section seeks to exploit the possibility that the concept of 

impulse can be used to help reduce uncertainty and unify the TTR interdependencies.  

 

6.6.2. Representative Impulse and Impulse at Motion 

 

During the experimental runs, most of the bed remained static with only some grains in 

motion (typically around 20% of grains were in motion at hydrograph peak). Thus, a 

relatively small proportion of grains met the conditions for motion across all of the 

experimental runs. The concept of representative impulse was developed in Section 6.4 

and its values were notably less than the impulse recorded at grain motion (reported in 

Section 5.3). To find out how these two data sets compared, an overlay of the histogram 

of PIV impulse data at grain motion is plotted with the histogram of ADV 

representative impulse data (at both the hydrograph peak (b), and at transport start (a)), 

on Figure 6-9. The data were agglomerated from all the Bed Mix B results. Note that 

because the numbers within each histogram set were different for the ADV and the PIV 

data, this has been represented here as a percentage of the overall impulse events 

observed within each of the categories (ADV or PIV).  
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Figure 6-9 - Histogram of representative impulse (ADV) and impulse required for grain motion 

(PIV) at a) the time of transport start and b) hydrograph peak above Bed Mix B 

 

The notable finding from Figure 6-9 is that there is an overlap between these two 

histograms. Only a small proportion of the ADV representative impulse histogram (i.e. 

the continuous dataset of impulse on a typical grain, regardless of whether it moves or 

not) overlaps with the PIV impulse data (i.e. the impulse measured where a grain is 

known to have moved). This small area of overlap can be considered the point at which 

conditions are right for grain motion: a turbulent event with impulse value of sufficient 

magnitude has been generated by the fluid and there is also likely to be a grain of 
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preferential size to that impulse which has been generated. This overlap is greater at the 

hydrograph peak than it is at the time of transport start (i.e. there is greater chance of 

grain motion at hydrograph peak than at time of transport start) which aligns with the 

reported bedload transport results in Section 4.3.2.  

  

The idea of using overlapping distributions to describe processes in sediment transport 

is not new. Sechet & Le Guennec (1999) took the hypothesis that overlapping 

probability distributions could be used to predict the motion of transport – where these 

represented grain deposit times, one associated with the ejection period and another 

with the burst/sweep period. There is potential for the overlapping distributions shown 

in Figure 6-9 to help progress our thinking in terms of bedload transport prediction once 

again. This is because: 

• The distribution of impulse at motion from the PIV data provides a distribution 

of results that is known to cause grain motion. This distribution is slightly 

different, depending on physical conditions (e.g. here the distribution for Bed 

Mix A and Bed Mix B is different, thus accounting for the differences in surface 

roughness). 

• The distribution of representative impulse from the ADV data provides an 

understanding of the prevailing fluid conditions through the range of impulse 

from turbulent events that the fluid applies on a typical grain (that may or may 

not move as a result of those events).  

• Both of these can be represented by probability distributions which can, hence, 

be used to formulate a joint probability describing the ‘chance’ of grain motion 

(i.e. the small area of overlap between ADV and PIV data, as in Figure 6-9). 

This concept will be considered further in Section 6.6.3. 

 

6.6.3. Joint Probability 

 

It is first important to assess which probability distribution fit is appropriate for each 

dataset alone. Here, this exercise has been carried out for the data comprising Figure 6-9 

(b). 

 

6.6.3.1 Derivation of Probability Distributions 

The distribution of impulse at grain motion measured by the PIV can be seen to be 

bimodal on Figure 6-10. An initial attempt at distribution-fitting tried a single 

generalised extreme value (GEV) distribution which was found to represent the location 
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of the overall data peak well (it if were lumped together as a single statistical mean). 

However, the GEV distribution completely fails to capture the bimodality of the 

distribution and the central change point (from the ejection range to the sweep range) 

around Ju* = 4 is of high importance. In response to this and in order to better capture 

the double-peak and associated tails of the bimodal distribution, mode has seperately 

been fitted to a normal distribution and, this has been applied to the data as shown on 

Figure 6-10 (a) (note, the minima at the overlap of the two distributions has been 

removed to take account of the data bimodality). 

 

 

Figure 6-10 - Probability distributions fit to the a) PIV results (2x normal distribution fit to the 

bimodal data) and b) ADV result (lognormal distribution) at hydrograph peak above Bed mix B 
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The distribution of representative impulse was, in contrast, not found to be bimodal in 

nature and an initial normal distribution fit was applied to the data. Following studies by 

Valyrakis et al. (2011), it must be considered here that most impulses that result in grain 

motion are high in magnitude and above a critical value (i.e. the lower end of the PIV 

distribution – but this is almost entirely at the higher end of the ADV distribution) and 

hence the need to focus more on the tail of the ADV derived distribution. The 

distribution of representative impulse from the ADV at the hydrograph peak was 

therefore fitted to a lognormal distribution, shown on Figure 6-10 (b), and this was 

found to well-represent both the distribution peak and heavy-tail.  

 

The distribution fit can look misleading when plotted simply on a histogram, and the 

probability plot function within MatLab has been used to check how appropriate these 

fits are for use and to highlight any areas of potential deficiency. The results of these 

checks are shown on Figure 6-11. The PIV fit (charts (a) and (b)) appears to plot well 

with the data, becoming deficient at low values of observed impulse at motion. This has 

occurred because the probability plot function in MatLab can only test the full range of 

a distribution fit, which in the case of the PIV data includes the small region of overlap 

between the two modes of the bimodal histogram (Figure 6-10). The impact of the area 

of deficiency at low values has been reduced through removing the histogram overlap 

area from the analysis as previously indicated on Figure 6-10(a). The ADV fit (Figure 

6-11 (c)) appears to plot well up to a streamwise representative impulse of Ju* > 4. This 

was considered acceptable because it was near to the upper limit of the range of Ju* at 

grain motion measured (i.e. Ju* > 4 will almost certainly cause grain motion and the 

associated probability from the lognormal fit of >95% adequately reflects this). 
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Figure 6-11 - Probability plot outputs accompanying the distribution fits shown in Figure 6-10 
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6.6.3.2 Available Probability Distributions 

Following further checks as described in Section 6.6.3.1, a distribution for the PIV data 

(impulse required for grain motion) above Bed Mix A (First Hydrograph) and also for 

the Second Hydrograph above Bed Mix B was also derived. Derivation of a suitable 

distribution for the Second Hydrograph above Bed Mix A was not possible because too 

few grains were observed in motion under this condition. Overall, this provided three 

distributions for use: 

1. Impulse required for grain motion above Bed Mix A (First Hydrograph); 

2. Impulse required for grain motion above Bed Mix B (First Hydrograph); and 

3. Impulse required for grain motion above Bed Mix B (Second Hydrograph).  

All three of these distributions were slightly different, this takes into account the 

differences in bed surface roughness which have been shown to differ between Bed Mix 

A and B and also between First and Second Hydrographs (Section 4.4); and which have 

also been shown to influence the rate of bedload transport (Section 4.3.2).  

Within these three conditions (Bed Mix A, First Hydrograph; Bed Mix B, First 

Hydrograph and Bed Mix B, Second Hydrograph) a distribution for the ADV data 

(continuous representative impulse data) was derived at every measurement point along 

the ‘Benchmark Hydrograph’. As with the 3 PIV data distributions, this takes account of 

differences in bed surface roughness across the three different conditions being looked 

at here. Additionally, within these three conditions it was important to derive a 

distribution at every measurement point along the unsteady flow hydrograph because 

this also accounts for the prevailing fluid conditions which have been shown to evolve 

across an unsteady flow hydrograph (Section 4.4). 

 

Therefore, this approach begins to unify the TTR interdependencies and takes full 

account of: 

• The transport-turbulence relationship by accounting for the evolving nature of 

near-bed turbulence in the fluid across the unsteady hydrograph through ADV 

distributions at each measurement point; 

• The transport-roughness relationship by providing separate PIV distributions 

where roughness has been shown to have a major impact on bedload transport 

(i.e. between Bed Mix A & Bed Mix B; and between First and Second 

hydrographs); and 
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• The roughness-turbulence relationship by providing separate ADV distributions 

where major roughness changes have been observed (i.e. between Bed Mix A & 

Bed Mix B; and between First and Second hydrographs). 

The next step is to combine the derived distributions and calculate a joint-probability 

distribution.  

 

6.6.3.3 Joint Probability Calculation 

Each of the probability distributions which were derived as described in Section 6.6.3.2 

were evaluated for Ju* ranging 0 – 6 and this has enabled the calculation of the joint 

probability at every measurement point across the ‘Benchmark Hydrograph’ for the 

three conditions looked at (Bed Mix A, First Hydrograph; Bed Mix B, First Hydrograph 

and Bed Mix B, Second Hydrograph). As the impulse required for grain motion (PIV 

distributions) were bimodal and had separate distributions derived for each mode 

(which, recall Section 5.3 represented the negative mechanism (turbulent ejection-

driven) and the positive mechanism (turbulent sweep-driven)) this has allowed for the 

joint probability for each of the two identified transport mechanisms to be calculated 

separately.  

 

The results of the joint probability calculations are plotted on Figure 6-12. This figure 

represents the ‘chance’ that a grain will initiate motion and be transported at a given 

hydrograph time. 
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Figure 6-12 - Joint probability of impulse required for motion (from PIV results) with prevailing 

fluid representative impulse (from ADV results) 
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6.6.4. Linking with Transport 

 

It is important to assess the outcome of the joint probability shown on Figure 6-12. At a 

high-level, the results do show what would be in line with expectations: probability of 

grain motion is less above Bed Mix A compared with Bed Mix B and is also less under 

the Second Hydrograph compared with the First Hydrograph. Also, the positive 

transport mechanism (driven by turbulent sweeps) predicted to cause grain motion less 

often than the negative mechanism (driven by turbulent ejections) agrees with the earlier 

reported findings in Section 5.3.  

 

To further assess the validity of the joint probability exercise, the results have been 

plotted on Figure 6-13 along with the corresponding mean observed bedload transport 

curve (for Bed Mix B results) from Section 4.3.2. This provides an independent check 

on the idea because none of the bulk (sediment trap) measured transport rates were used 

in the joint-probability formulation.  

 

In both First and Second Hydrograph comparisons, the total joint probability peak 

equals the transport peak, which is encouraging. The Second Hydrograph peak joint 

probability is approximately 0.38 times the value of the First Hydrograph result. This is 

much less than the reduction in bedload transport rate between the First and Second 

Hydrographs (Section 4.3.2) and hence the collection of grains which were capture in 

motion may not have fully reflected the range of Ju* that could result in motion under 

the Second Hydrograph. More data would be needed to improve this result. The impact 

of hydrograph shape has been taken into account, with the plotted joint probabilities 

mimicking the shape of the ‘Benchmark Hydrograph’ but also additionally capturing the 

concept that there is a rapid increase in transport as it begins on the rising limb followed 

by a period of steady increase in the rate of transport prior to a ‘plateau’ at the 

hydrograph peak. Lack of consideration for this behaviour was one of the main 

deficiencies in the existing bedload transport prediction functions tested in Section 6.2. 

 

The concept of using joint-probability distributions calculated from representative 

impulse (ADV) data and known impulse required for motion (PIV) data has the 

potential to unify the TTR interdependency cycle by accounting for the transport-

turbulence, transport-roughness and roughness-turbulence feedback cycles across 

unsteady flow. The example joint-probability distribution from Figure 6-13 is the 

product of the analysis of all the data gathered as part of this research and in response to 
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the findings that answered the four research questions. Figure 6-13 does still contain 

deficiencies and limitations that have been discussed throughout Chapter 6 – but the 

idea that the TTR interdependences can be unified and that a probabilistic approach in 

this manner can yield improvements in sediment transport prediction under unsteady 

conditions has been shown to have merit.  

 

 

Figure 6-13 - Comparison of joint probability of impulse required for motion /prevailing 

representative impulse with measured bedload transport rates under the Benchmark Hydrograph 

above Bed Mix B 
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No research has, to date, formulated an expression that accounts for unsteady flow and 

the TTR interdependencies discussed herein. Significant further research is still needed 

to reach such an expression, however the proof of concept shown here allows for the 

following to be considered in order to progress to the next steps: 

1. Greater range of PIV-derived probability distributions to enable formulation of 

a factor to take account of how a probability distribution representative of 

impulse required for grain motion changes with a changing bed surface 

roughness for a known input bed mixture and bed slope; 

2. Further research to understand in greater detail how the bed surface roughness 

may be expected to evolve across hydrographs of varying shape parameter, 

across different bed mixtures and bed slopes with improved understanding of 

the confidence interval applicable to these relationships; and 

3. Greater range of ADV-derived probability distributions to enable formulation of 

a factor to take account of how a probability distribution representative of 

impulse generated for a known rate of flow and temporal position on the 

hydrograph changes for a known input hydrograph shape parameter. 

This suggests that the starting point for any formulation should include the following 

parameters as a minimum: rate of flow, hydrograph shape parameter, bed mixture GSD, 

bed surface roughness evolution parameter, bed slope, and temporal position(s) on the 

hydrograph. These could then feed-in to the improvements in knowledge described 

under the 3 bulletpoints above to progress with an improved expression that accounts 

for unsteady flow and TTR interdependency. It is hoped that in future, this concept can 

be taken and – with further study and more data – refined and improved to help better 

predict bedload transport rates under a wide range of unsteady flow conditions.  

 

 

6.6.5. Summary 

 

Comparing the calculated continuous representative impulse (from the ADV data) with 

the known impulse required for motion (from the PIV data) on a single histogram plot 

revealed that most turbulent events in the prevailing flow do not generate impulse of 

sufficient magnitude to cause grain motion. A small area of overlap between the two 

distributions was observed where motion would likely occur. The representative 

impulse (from the ADV data) was shown to be well represented by a lognormal 

distribution and the impulse required for motion (PIV data) was shown to be well 

represented by 2 normal distributions – one for the positive (sweep-driven) mechanism 
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and another for the negative (ejection-driven) mechanism. The joint probability of these 

distributions was compared with measured bedload transport data and the result found 

to mimic the shape of the measured bedload transport results from unsteady flow better 

than the existing prediction methods tested. The main advantage of this approach is that 

it takes account of the TTR interdependencies through using: i) representative impulse 

distributions at each measurement period across an unsteady hydrograph (thus, 

accounting for the changes in prevailing near-bed fluid conditions) and ii) distributions 

appropriate to the bed mixture and hydrograph sequential position (i.e. First Hydrograph 

or Second Hydrograph).  

 

6.7. Summary 
 

The experimental findings have been considered in relation to the overall problem, the 

research aims and the research questions. The problem was further demonstrated 

through the application of three commonly used bedload transport functions to the 

unsteady flow ‘Benchmark Hydrograph’. This highlighted the limitations of existing 

prediction approaches to account for nuances in unsteady hydrograph flow such as the 

hysteresis effect, or the impacts of bed surface coarsening and fining. Hence, the 

discussion highlighted potential new knowledge within the context of TTR 

interdependencies that may help address this problem in the future:  

• A coarsened bed results in a proportional increase in the transport of finer 

fraction grains and reduces the potential for the transport of large grains.  

• Higher rates of bedload transport were observed where the prevailing near-bed 

streamwise velocity, turbulence intensity (all directions and Reynolds stress 

(streamwise/vertical plane) are generally greater in magnitude.  

• A representative impulse can be calculated form ADV data to provide a 

continuous time-series of applied impulse on a typical grain across each 

hydrograph run. The representative impulse resulting from turbulent sweep (Q4) 

events was found to be greatest in magnitude and was also observed to increase 

in magnitude between hydrograph base and peak.  

• A small increase in the frequency of turbulent ejection (Q2) events was found 

between hydrograph base and peak with a corresponding decrease in the 

frequency of turbulent sweep (Q4) events, suggesting an increase in magnitude 

of turbulent sweep events over the hydrograph rising limb.  
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• Bed surface roughness was found to increase with an increase in the prevailing 

near-bed turbulence, but this was indirectly through the transport of bedload 

driven by the unsteady flow.  

• A comparison of the representative impulse (ADV) with the known impulse 

required for motion (PIV) revealed a small area of overlap in their distributions 

within which grain motion is most probable. 

• A joint probability calculation based on the representative impulse and the 

known impulse required for motion showed the joint probability of these to 

closely mimic the corresponding bedload transport results when compared on a 

time-series.  

• This approach accounts for the hydrograph shape (through representing 

corresponding prevailing near-bed turbulence), bed surface roughness and the 

observed nuances of bedload transport under unsteady hydrograph flow 

conditions. It is hoped that this can unify the TTR interdependencies and form a 

basis for future investigation into improved prediction of bedload transport 

under unsteady conditions.  
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Chapter 7– Conclusions 

7.1 Summary of Main Experimental Findings 
 

A series of experiments were carried out under parametrically defined unsteady flow 

conditions to investigate TTR interdependencies - those between bedload transport, 

near-bed turbulence and bed surface roughness. Bulk measurements of these were made 

by use of a sediment trap, ADV and DSLR camera; respectively. Additional detail was 

gained through the use of a PIV which provided data on bedload transport and near-bed 

turbulence at an individual grain scale. The main findings from these experiments can 

be summarized as follows: 

 

Firstly, the bulk measurements of the influences of bedload transport, near-bed 

turbulence and bed surface roughness that comprise the TTR interdependency cycle 

were each considered individually. They key findings include: 

• Streamwise velocities were found to rise and fall in magnitude similarly to the 

prevailing unsteady flow hydrograph, with a counter-clockwise hysteresis 

observed in agreement with previous studies.  

• The peak streamwise velocity across unsteady flow hydrographs was found to 

increase with increasing ΓHG and WK shape parameters and with decreasing η in 

the First Hydrograph results but with increasing η in the Second Hydrograph 

results. 

• Turbulence intensities in all three directions were found to rise and fall in 

magnitude similarly to the prevailing unsteady flow hydrograph, with increases 

in turbulence intensity magnitude between 4 - 35% observed between 

hydrograph base and peak.  

• The turbulent kinetic energy (TKE) calculation comprises velocity readings in 

all three directions. The proportional contribution from each direction was 

calculated for the ‘Benchmark Hydrograph’ above Bed Mix B which revealed 

the streamwise contribution to TKE to be significantly greater (≈60%) than the 

wall-normal (≈32%) or lateral (≈8%) contributions. This highlighted the 

importance of the streamwise and wall-normal velocity fluctuations to the 

production of near-bed turbulence.  

• The quadrant analysis technique was used to identify inward/outward 

interactions (Q1/Q3), ejection (Q2) and sweep (Q4) events from the ADV 
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velocity time-series data. Analysis of the proportion of events falling into the 

Q1+Q3 categories and also the Q2+Q4 categories showed that the application of 

a hyperbolic hole size H’ = 3 could appropriately exclude lower magnitude 

events that may be of less interest.  

• The plot of each quadrant on a proportional time-series showed a small 

reduction in observed Q1+Q3 events over the hydrograph rising limb with a 

corresponding small increase in Q2+Q4 events. Application of a hole size H’ = 3 

to the data revealed the same trend, but where the combined Q1+Q3 proportion 

reduced to ≈0% over the hydrograph rising limb with a corresponding increase 

of the combined Q2+Q4 proportion to ≈100%. 

• Within the proportional time-series of the quadrant results with application of a 

hole-size H’ = 3 the proportion of turbulent ejection (Q2) events was observed to 

decrease between hydrograph base and peak with a corresponding increase of 

the proportion of turbulent sweep (Q4) events. This trend was observed to be 

stronger in the Second Hydrograph compared with the First Hydrograph.  

• Hydrographs with shapes that have greater magnitude peak flow (e.g. increasing 

WK parameter) or higher rates of change of flow on their rising limb (e.g. 

decreasing η or increasing ΓHG) resulted in greater magnitude total transport 

yield above both bed mixes tested.  

• The bedload transport yield under the Second Hydrograph was found to be 

reduced in comparison with the equivalent First Hydrograph results. The ratio of 

total transport yield from the Second Hydrograph/First Hydrograph showed a 

greater change above Bed Mix A (WT2*/WT1* = 0.31 – 0.61) than Bed Mix B 

(WT2*/WT1* = 0.45 – 0.76) indicating the likely creation of hiding/armouring 

features during passage of the First Hydrograph that could cause reduced 

bedload transport potential under the Second Hydrograph.  

• A clockwise hysteresis was found in the bedload transport results across the 

First Hydrograph which was seen to reverse to a counter-clockwise hysteresis 

under the Second Hydrograph.  

• A hysteresis intensity parameter was used to define the relative difference 

between results observed on the hydrograph rising and falling limbs. This 

showed the hysteresis width (i.e. difference between rising and falling limb 

results) to be smallest in the fine fraction results above Bed Mix B followed by 

the medium fraction and finally the coarse fraction (greatest). In most cases 

above Bed Mix A, this trend was reversed showing increased hiding and 
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armouring features of this coarser bed mixture to disrupt the transport of finer 

grains to a greater extent compared with Bed Mix B.  

 

Next, the PIV was used to obtain measurements of individual grain motion along with 

the streamwise and lateral behaviour of the surrounding fluid. The key findings include: 

• The streamwise turbulent fluctuation from the mean (u’/u*) velocity resulting in 

grain motion was plotted for the range of observed grains in motion as recorded 

by the PIV. This plot revealed a bimodal distribution, centred with its minima 

around u’/u* = 0. Comparison with the earlier (Chapter 4) quadrant plot results 

inferred the u’ < 0 readings to likely correspond to turbulent ejection (Q2) events 

with u’ > 0 readings likely to correspond to turbulent sweep (Q4) events. This 

suggested two mechanisms of bedload transport, one driven by turbulent 

ejections (negative mechanism) and another driven by turbulent sweeps (positive 

mechanism).  

• A lognormal distribution fit showed a range within the negative and positive 

mechanisms where the majority of observed u’/u* at grain motion could be 

attributed to turbulent ejection or sweep events, respectively. These ranges were 

termed the ejection range and sweep range.  

• A clear increase in the proportion of events resulting in grain motion falling into 

the sweep range was recorded in the Second Hydrograph results compared with 

those in the First Hydrograph. This demonstrated the change in bed surface 

roughness under the First Hydrograph created conditions where events falling 

into the ejection range become less likely to cause grain motion under the 

Second Hydrograph in comparison to the First Hydrograph. This assertion was 

further validated by the finding that the proportion of events resulting in grain 

motion falling within the sweep range above Bed Mix A (which is a coarser bed 

mixture) was found to be greater than the equivalent results above Bed Mix B.  

• The impulse on a grain was calculated based on the force acting on the grain 

from a turbulent event multiplied by the duration of that event. Analysis of this 

data for all grain motions also produced a similar bimodal distribution to that 

found for the distribution of u’/u* that caused grain motions. This distribution 

was shown to shift from lower values of impulse (attributed to the negative 

mechanism) to greater values of impulse (attributed to the positive mechanism) 

between the First and Second Hydrograph results. This aligned with the earlier 
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finding that greater turbulent events in the positive range were found to result in 

grain motion under the Second Hydrograph. 

• The impulse found at grain motion was plotted with the observed corresponding 

grain diameters. An increasing trend of impulse at motion was observed with 

increasing grain diameter, and this trend was better defined above Bed Mix A 

compared with Bed Mix B. Hence, this showed that larger grains generally 

require greater impulse for motion but also that the nature of a coarser bed 

mixture (i.e. Bed Mix A) limits the range of impulse over which grain motion 

may occur with increasing grain size.  

• Grain travel distance was found to be reduced above Bed Mix A in comparison 

with Bed Mix B, a result which was not unexpected in light of the previous 

findings with regards to hiding/armouring. This demonstration that a coarser bed 

surface can reduce the potential grain travel distance was extended through 

comparison of First and Second hydrograph results which also showed a 

diminished potential for longer grain travel distances in the Second Hydrograph. 

This shows that a reciprocal relationship exists between transport and bed 

surface coarsening under the First Hydrograph which then impacts upon the 

transport capacity of the following Second Hydrograph.  

• Grain travel paths were examined and categorised as ‘unimpeded’, 

‘circumventing’ or ‘blocked’ motions. The proportion of unimpeded motions 

was found to reduce between First and Second hydrograph results while a 

corresponding increase in the proportion of circumventing and blocked motions 

was recorded. This reinforces the assertion that the First Hydrograph bedload 

transport has resulted in bed surface changes which diminish the potential for 

bedload transport under a following Second Hydrograph.  

 

Finally, comparisons were made between each of the reciprocal influences of bedload 

transport, near-bed turbulence and bed surface roughness with discussion on how these 

TTR interdependencies could be unified. The key findings include:  

• The D50 of bedload material collected within the sediment trap was found to 

always be finer than the corresponding bed surface D50, showing the transported 

load to generally be of finer nature than the bed surface over which it is being 

transported. The gap between D50 bedload transport and D50 bed surface was 
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found to be greater under the Second Hydrograph, again highlighting its reduced 

potential to transport bed material in comparison with First Hydrograph.  

•  Comparisons of measured rates of bedload transport with the prevailing fluid 

near-bed turbulence conditions showed close correlation with Reynolds stress in 

the streamwise/vertical (u-v) plane, illustrating the importance of the u’ and v’ 

fluctuations to bedload transport.  

• Impulse values resulting in each grain motion as recorded by the PIV were 

calculated. As the PIV was unable to provide a continuous result across the 

unsteady hydrograph (i.e. showing the impulse on a grain at any given time, 

regardless of whether the grain moved or not), the concept of a representative 

impulse was introduced where the continuous ADV data were used to calculate 

impulse on a typical (diameter equal to the bed mix D50) sediment grain. Each 

representative impulse event corresponded to a turbulent fluctuation falling into 

one of the four defined quadrants (i.e. Q1/Q3 inward/outward interactions, Q2 

ejections or Q4 sweeps). The evolution of the representative impulse across the 

‘Benchmark Hydrograph’ showed the shape of the impulse curves to closely 

match that of the measured bedload transport curve and also showed the greatest 

magnitude impulse events to originate from turbulent sweeps (Q4).   

• The distribution of representative impulse results (from the ADV) and known 

impulse required for grain motion results (from the PIV) showed the 

representative impulse results to generally be of low magnitude, and impulse 

required for grain motion to generally be of higher magnitude. A small envelope 

of overlap between the two distributions was observed, however, and within this 

area is the greatest opportunity for grain motion.  

• The overlap between the representative impulse distribution (ADV) and the 

known impulse required for grain motion (PIV) was found to be greater at the 

hydrograph peak than it was on the hydrograph rising limb at the time of 

bedload transport initiation. This further supported the idea that the use of these 

overlapping distributions may be an appropriate way to better estimate the 

likelihood of bedload transport.  

• The distribution of representative impulse (ADV) is different when calculated at 

each measurement period across each unsteady hydrograph flow, and this is 

because it takes account of the prevailing near-bed turbulence conditions at that 

time which change and evolve across an unsteady hydrograph and differ with 

hydrograph shape parameter.  
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• The distribution of impulse required for grain motion (PIV) is different when 

calculated above Bed Mix A and Bed Mix B, and also when calculated from 

results under the First Hydrograph and Second Hydrograph. This is because the 

underlying bed surface conditions across these comparisons are different, with 

coarser mixes that contain more hiding/armouring features generally 

commanding a greater value of impulse to move a typical grain.  

• The joint probability distribution of the representative impulse (ADV) and the 

known impulse required for motion (PIV) was calculated. When this was 

applied across the time-series of the ‘Benchmark Hydrograph’, the shape of the 

curves representing the joint-probability of grain motion were seen to closely 

match the shape of the corresponding bedload transport results across three 

scenarios tested. Thus, while the approach here was unable to progress to a stage 

where bedload transport quantities could be predicted, it has been shown to have 

merit in unifying the nuances of bedload transport in unsteady flow that result 

from the TTR interdependencies through two distributions which account for: i) 

evolving prevailing turbulence in unsteady flow; and ii) the grain response to a 

specific bed surface roughness condition.   

 

7.2. Limitations and Potential Areas of Future Study 

 

In any experimental study, there will always be limitations as one cannot fully test 

infinite possibilities. In the case of these experiments, the limitations may be 

summarised as such: 

• No sediment feed was provided at the upstream, and hence the experimental 

condition comprised an erodible bed that was not necessarily replaced. To 

mitigate the impact of this, all experimental measurements were taken at the 

furthest possible downstream location on the flume, hence allowing for grains to 

have been transported from the upstream of the flume in lieu of a feed. Ideally, 

the grains which were captured in the sediment trap would have been 

recirculated to the flume upstream, but this was not possible.  

•  Only two bed surface mixtures were considered. This meant that where 

differences arose in measurement results between these two bed mixtures the 

explanation could only be inferred from the results. Tests over a wider range of 

bed mixtures would have permitted correlations and direct relationships to be 
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formed and provide a better understanding of the influence of bed surface 

content on bedload transport in unsteady flows.  

• The hydrographs tested were smooth, mathematically idealized to fit the shape 

parameters tested. These types of hydrographs do not occur in nature, and the 

simulation of a scaled realistic hydrograph shape may have permitted 

comparison with past field observations from the literature.  

• The PIV could measure velocities only in the streamwise and lateral directions. 

This is the key limitation of the study, because the measurement of a wall-

normal direction would have enabled direct comparison with quadrant output 

from the ADV.  

 

The study itself has gathered a large volume of data, and in fact may reasonably be 

described as a ‘big-data’ project. The concurrent measurements of bedload transport, 

bed surface roughness and near-bed turbulence both at bulk and grain scale is a unique 

and novel approach to understanding how the interactions between all three evolve over 

unsteady flow. Nonetheless, what has been presented herein is only a foundation for this 

type of concurrent measurement to continue, and the following ideas have spawned 

from the findings of this research: 

1. The use of only two bed mixtures for comparison has already been cited as a 

limitation. However, this has not yet been parameterized and studied 

experimentally. A study into a defined suite of bed mixtures would be useful.  

2. The influence of grain presence on surrounding fluid turbulence needs much 

more attention. Recent advances would facilitate the 3D printing of a bed 

surface, that would allow specifically defined grain arrangements to be tested 

(albeit, under immobile conditions). This would provide an understanding, using 

appropriate ADV or PIV measurements, of how specific arrangements could 

feed-back to the near-bed turbulence and this knowledge could then be framed in 

the context of an evolving mobile sediment bed. 

3. Obtaining more of the same type of data presented within Chapter 5 would 

advance knowledge further and permit extension of the concept proposed in 

Section 6.6, particularly if the known impulse required for motion distribution 

(from PIV) could be provided for a wide range of bed surface roughness.  

4. Expansion upon and extension of the ‘big-data’ concept in relation to sediment 

transport research is an essential to further tackle the problem of unsteady flow 
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prediction and TTR interdependency; with the following suggestions for future 

approaches to the problem: 

a. Set-up of a completely automated data gathering procedure with robotic 

elements employed (where needed) to capture as a minimum the same 

types of measurements as have been presented throughout this thesis. 

This would reduce the manual labour-intensive element of the research 

presented herein that would enable a much wider range of hydrograph 

shapes, bed slope conditions and bed sediment mixtures to be studied 

thus enabling progress with resolving the joint-probability distributions 

proposed in Chapter 6 over a wider range of inputs. 

b. Further to the automated data gathering procedure proposed in (a), a 

subsequent automated data analysis procedure (possibly driven through 

bespoke coding) to reduce data processing & analysis time, with (where 

possible) integration of artificial intelligence (AI) and/or machine 

learning techniques (e.g. similar to those currently available in Matlab) 

to help progress with formulation of a predictive method.  

c. Smart spheres for use in laboratory flumes in lieu of real sediment grains, 

similar to those proposed by Al-Obaidi, Xu & Valyrakis (2020) which 

include an accelerometer, magnetometer and angular displacement 

sensor that would provide motion data permitting ‘back-calculation’ of 

forces and an improved understanding of how the concept of critical 

impulse range for motion may be impacted by hiding and armouring 

effects.  

d. Field adaptation of the findings from research using smart spheres and an 

understanding of how the lab-based findings can be transposed to an 

‘imperfect’ natural environment.  

  



 

200 

REFERENCES 

Ackers, P., & White, W. R. (1973). Sediment transport: new approach and analysis. Journal of 

the Hydraulic Division of the ASCE, 99. 

Adrian, R., Meinhart, C. D., & Tomkins, C. D. (2000). Vortex organisation in the outer region 

of the turbulent boundary layer. Journal of Fluid Mechanics, 422, 1-54. 

Afzalimehr, H. (2010). Effect of non-uniformity of flow on velocity and turbulence intensities 

over a cobble-bed. Hydrological Processes, 24, 331-341. 

Ahanger, M. A., Asawa, G. L., & Lone, M. A. (2008). Experimental Study of Sediment 

Transport Hysteresis. Journal of Hydraulic Research, 46(5). 

Aksoy, H., & Kavvas, M. L. (2005). A review of hillslope and watershed scale erosion and 

sediment transport models. Catena, 64(2), 247-271. 

Allen, J. R. (1965). Sedimentation to the Lee of Small Underwater Sand Waves: An 

Experimental Study. Journal of Geology, 73, 95-116. 

Al-Obaidi, K., Xu, Y., & Valyrakis, M. (2020). The design and calibration of instrumented 

particles for assessing water infrastructure hazards. Journal of Sensor and Actuator 

Networks. 

Ancey, C., Böhm, T., Jodeau, M., & Frey, P. (2006). Statistical Description of Sediment 

Transport Experiments. Physical Review E, 74(1). 

Andrews, E. D. (1983). Entrainment of Gravel from Naturally sorted Riverbed Material. 

Geological Society of America Bulletin, 94, 1225-1231. 

Ashida, K., & Michiue, M. (1971). An Investigation of River Bed Degradation Downstream of 

a Dam. Hong Kong: Proceedings of the 14th Congress of the IAHR. 

Bagherimiyab, F., & Lemmin, U. (2010). Sediment flux dynamics in turbulent unsteady open-

channel flow over a gravel bed. Proceedings of the 6th International Symposium on 

Environmental Hydraulics. 

Bagnold, R. A. (1941). The Physics of Blown Sand and Desert Dunes. New York: Methuen. 

Batalla, R. J. (1998). Evaluating Bed-material Transport Equations using Field Measurements in 

a Sandy Gravel-bed Stream, Arbúcies River, NE Spain. Earth Surface Processes and 

Landforms, 22(2). 

Battacharya, B., Price, R. K., & Solomatine, D. P. (2007). Machine Learning Approach to 

Modeling Sediment Transport. Journal of Hydraulic Enginering, 133(4). 

Billi, P. (1988). A Note on Cluster Bedforms Behaviour in a Gravel River Bed. Catena, 15(5), 

473-481. 

Blanckeart, K., & Lemmin, U. (2006). Means of noise reduction in acoustic turbulence 

measurements. Journal of Hydraulic Research, 44(1), 1-37. 

Blom, A., Ribberink, J. S., & de Vriend, H. J. (2003). Vertical Sorting in Bed Forms: Flume 

Experiments with a Natural and a Trimodal Sediment Mixture. Water Resources 

Research, 39(2). 

Bombar, G., Elçi, Ş., & Güney, Ş. (2011). Experimental and Numerical Investigation of Bed-

Load Transport under Unsteady Flows. Journal of Hydraulic Enginering, 137(10). 



 

201 

Bombar, G., Guney, M. S., Tayfur, G., & Sebnem, E. (2010). Calculation of the time-varying 

mean velocity by different methods and determination of the turbulence intensities. 

Scientific Research and Essays, 572-581. 

Bottacin-Busolin, A., Tait, S. J., Marion, A., Chegini, A., & Tregnaghi, M. (2008). Probabilistic 

Description of Grain Resistance from Simultaneous Flow Field and Grain Motion 

Measurements. Water Resources Research, 44(9). 

Boyer, C., Roy, A. G., & Best, J. L. (2006). Dynamics of a river channel confluence with 

discordant beds: Flow turbulence, bed load sediment transport and bed morphology. 

Journal of Geophysical Research, 111(F4). 

Brayshaw, A. C. (1985). Bed Microtopography and Entrainment Thresholds in Gravel Bed 

Rivers. Geological Society of American Bulletin, 96, 218-223. 

Brennen, C. E. (2005). Fundamentals of Multiphase Flows. Pasadena, CA: Cambridge 

University Press. 

Bridge , J. S., & Bennett, S. J. (1992). A Model for the Entrainment and Transport of Sediment 

Grains of Mixed Sizes, Shapes and Densities. Water Resources Research, 28(2), 337-

363. 

Brownlie, W. R. (1981). Prediction of flow depth and sediment discharge in open channels. 

Pasadena, CA: California Institute of Technology. 

Buffin-Bélanger, T., & Roy, A. G. (1998). Effects of a Pebble Cluster on the Turbulent 

Structure of a Depth-Limited Flow in a Gravel-Bed River. Geomorphology, 25(3), 249-

267. 

Buffington, J. M., & Montgomery, D. R. (1997). A Systematic Analysis of Eight Decades of 

Incipient Motion Studies with Special Reference to Gravel Bedded Rivers. Water 

Resources Research, 33, 1993-2029. 

Buffington, J. M., & Montgomery, D. R. (1999). Effects of Hydraulic Roughness on Surface 

Textures of Gravel-Bed Rivers. Water Resources Research, 35(11), 3507-3521. 

Buffington, J. M., Dietrich, W. E., & Kirchner, J. W. (1992). Friction Angle Measurements on a 

Naturally Formed Gravel Streambed: Implications for Critical Boundary Shear Stress. 

Water Resources Research, 28, 411-425. 

Cao, Z. (1997). Turbulent Bursting-Based Sediment Entrainment Function. Journal of 

Hydraulic Engineering, 123(3). 

Cao, Z., Li, Z., Pender, G., & Hu, P. (2012). Non-capacity or Capacity Model for Fluvial 

Sediment Transport. Proceedings of the Institution of Civil Engineers - Water 

Management, 165(4), 193-211. 

Cardoso, A., Graf, W., & Gust, G. (2010). Steady gradually accelerating flow in a smooth open 

channel. Journal of Hydraulic Research, 29(4), 525-543. 

Carling, P. A., & Hurley, M. A. (1987). A Time-Varying Stochastic Model of the Frequency 

and Magnitude of Bed Load Transport Events in Two Small Trout Streams. In C. R. 

Thorne, J. C. Bathurst, & R. D. Hey (Eds.), Sediment Transport in Gravel-Bed Rivers 

(pp. 897-920). New York: John Wiley. 

Cecchetto, M., Tregnaghi, M., Bottacin-Busolin, A., & Tait, S. (2017). Statistical Description 

on the Role of Turbulence and Grain Interference on Particle Entrainment from Gravel 

Beds . Journal of Hydraulic Engineering, 143(1). 



 

202 

Celik, A. O., Deiplas, P., & Dancey, C. L. (2013). Instantaneous turbulent forces and impulse 

on a rough bed: Implications for initiation of bed material movement. Water Resources 

Research, 49(4). 

Celik, A. O., Diplas, P., Dancey, C. L., & Valyrakis, M. (2010). Impulse and Particle 

Dislodgement Under Turbulent Flow Conditions. Physics of Fluids, 22(4). 

Chanson, H., & Brown, R. (2014). Turbulence in an inundated urban environment during a 

major floow: Implications in terms of people evacuation and sediment deposition. 

Mechanics and Industry, 101-106. 

Chanson, H., Trevethan, M., & Aoki, S.-I. (2008). Acoustic Doppler Velocimetry (ADV) in a 

small estuary: Field experience and signal post-processing. Flow Measurement and 

Instrumentation, 307-313. 

Cheng, C.-Y., Atkinson, J., & Bursik, M. (1997). Direct measurement of turbulence structures 

in mixing jar using PIV. Journal of Environmental Engineering, 123(2), 115-125. 

Cheng, N.-S. (1998). Pickup Probability for Sediment Entrainment. Journal of Hydraulic 

Engineering, 124(2). 

Cheng, N.-S., & Chiew, Y.-M. (1999). Closure to Discussion of 'Pickup Probability for 

Sediment Entrainment'. Journal of Hydraulic Engineering, 125(7), 789-789. 

Chin, C. O., Melville, B. W., & Raudkivi, A. J. (1994). Streambed Armoring. Journal of 

Hydraulic Engineering, 120, 899-917. 

Choi, S.-U., & Kwak, S. (2001). Theoretical and Probabilistic Analyses of Incipient Motion of 

Sediment Particles. KSCE Journal of Civil Engineering, 5(1), 59-65. 

Church, M., & Hassan, M. A. (1992). Size and distance of travel of unconstrained clasts on a 

streambed. Water Resources Research, 28(1). 

Clifford, N. J., McClatchey, J., & French, J. R. (1991). Measurements of Turbulence in the 

Benthic Boundary Layer over a Gravel Bed and Comparison between Acoustic 

Measurements and Predictions of the bed Load Transport of Marine Gravels. 

Sedimentology, 38, 161-171. 

Cuthbertson, A., & Ervine, D. (2007). Experimental study of fine sand particle settling in 

turbulent open channel flows over rough porous beds. Journal of Hydraulic 

Engineering, 8(133). 

Dancey, C. L., Diplas, P., Papanicolaou, A., & Bala, M. (2002). Probability of Individual Grain 

Movement and Threshold Condition. Journal of Hydraulic Engineering, 128(12). 

DantecDynamics. (2011). DynamicStudio v3.20 User's Guide. Skovlunde: DantecDynamics 

A/S. 

Detert, M., Weitbrecht, V., & Jinka, G. H. (2010). Laboratory Measurements of Turbulence in 

the Benthic Boundary Layer over a Gravel Bed and Comparison Between Acoustic 

Measurements and Predictions of the Bedload Tranasport of Marine Gravels. 

Sedimentology, 136(10), 779-789. 

Dey, S., Sarkar, S., & Solari, L. (2011). Near-Bed Turbulence Characteristics at the Entrainment 

Threshold of Sediment Beds. Journal of Hydraulic Engineering, 137(9). 

Dinehart, R. L. (1999). Correlative Velocity Fluctuations over a Gravel River Bed. Water 

Resources Research, 35, 569-582. 



 

203 

Diplas, P., Dancey, C. L., Celik, A. O., Valyrakis, M., Greer, K., & Akar, T. (2008). The Role 

of Impulse on the Initiation of Particle Movement Under Turbulent Flow Conditions. 

Science, 322, 717. 

Drake, T. G., Shreve, R. L., Dietrich, W. E., Whiting, P. J., & Leopold, L. B. (1988). Bedload 

Transport of Fine Gravel Observed by Motion Picture Photography. Journal of Fluid 

Mechanics, 192, 193-217. 

Dwivedi, A., Melville, B. W., Shamseldin, A. Y., & Guha, T. K. (2011). Flow Structures and 

Hydrodynamic Force During Sediment Entrainment. Water Resources Research, 47(1). 

Egiazaroff, I. V. (1965). Calculation of Nonuiform Sediment Concentration. Journal of the 

Hydraulic Division of the Proceedings of the American Society of Civil 

Engineers(HY4). 

Einstein, H. A. (1942). Formulas for the transportation of bed load. Transactions of the Society 

of Civil Engineering, 107, 561-597. 

Einstein, H. A. (1950). The Bed-Load Function for Sediment Transportation in Open Channel 

Flows. US Department of Agriculture. 

Engelund, F., & Fredsoe, J. (1976). A Sediment Transport Model for Straight Alluvial 

Channels. Nordic Hydrology, 7, 293-306. 

Fang, D., & Yu, G. L. (1998). Bedload Transport in Cobble-Bed Rivers. Memphis, TN: 

Proceedings of the International Water Resources Engineering Conference. 

Fenton, J. D., & Abbott, J. E. (1977). Initial Movement of Grains on a Stream Bed: The Effect 

of Relative Protrusion. Proceedings of the Royal Society of London: A, 352, 523-537. 

French, R. H. (1985). Open Channel Hydraulics. New York: McGraw Hill. 

Furbish, D. J., & Schmeeckle, M. W. (2013). A Probabilistic Derivation of the Exponential-Like 

Distribution of Bed Load Particle Velocities. Water Resources Research, 49(3). 

Furbish, D. J., Haff, P. K., Roseberry, J. C., & Schmeeckle, M. W. (2012). A Probabilistic 

Description of the Bed Load Sediment Flux: 1. Theory. Journal of Geophysical 

Research: Earth Surface, 117(F3). 

Gessler, J. (1970). Self-Stabilizing Tendencies of Alluvial Channels. Journal of Waterways and 

Harbours: Coastal Engineering Division of the American Society of Civil Engineers, 

96, 235-249. 

Gordon, C. M. (1975). Sediment entrainment and suspension in a turbulant tidal flow. Marine 

Geology, 18, 57-64. 

Graf, W. H., & Suzka, L. (1985). Unsteady flow and its effect on sediment transport. 

Proceedings of the institution of civil engineers - Water management, 45-52. 

Grass, A. J. (1970). Initial Instability of Fine Bed Sand. Journal of Hydraulic Engineering, 96, 

619-632. 

Grass, A. J. (1971). Structural Features of Turbulent Flow over Smooth and Rough Boundaries. 

Journal of Fluid Mechanics, 50(2), 233-255. 

Guney, M. S., Bombar, G., & Aksoy, A. O. (2013). Experimental study of the coarse surface 

development effect on the bimodal bed-load transport under unsteady flow conditions. 

Journal of Hydraulic Engineering, 139(1), 12-21. 



 

204 

Habersack, H. M., Nachtnebel, H. P., & Laronne, J. B. (2001). The Continuous Measurement of 

Bedload Discharge in a Large Alpine Gravel Bed River. Journal of Hydraulic Research, 

39, 125-133. 

Hager, W. H. (2005). Du Boys and Sediment Transport. Journal of Hydraulic Research, 43(3), 

227-233. 

Harrison, A. S. (1950). Report on Special Investigation of Bed Sediment Segrigation in a 

Degrading Bed. Berkeley: University of California. 

Haschenburger, J. K., & Church, M. (1998). Bed MAterial Transport Estimated from the Virtual 

Velocity of Sediment. Earth Surface Processes and Landforms, 23(9). 

Hassan, M. A., & Church, M. (2000). Experiments on Surface Structure and Partial Sediment 

Transport. Water Resources Research, 36, 1885-1895. 

Hassan, M. A., Egozi, R., & Parker, G. (2006). Experiments on the effect of hydrograph 

characteristics on vertical grain sorting in gravel bed rivers. Water Resources Research, 

42(9). 

Hayashi, T. S., Ozaki, & Ichibashi, T. (1980). Study on Bed Load Transport of Sediment 

Mixture. Proceedings of the 24th Japanese Conference on Hydraulics. 

Haynes, H., Ockelford, A.-M., Vignag, E., & Holmes, W. M. (2012). A New Approach to 

Define Surface/Sub-Surface Transition in Gravel Beds. Acta Geophysica, 60(6), 1589-

1606. 

Hirano, M. (1971). On bed lowering accompanying armoring. Transactions of the Japanese 

Society of Civil Engineers, 195. 

Hjertager, L. K., Hjertager, B. H., Deen, N. G., & Solberg, T. (2003). Measurement of turbulent 

mixing in a confined wake flow using combined PIV and PLIF. The Canadian Journal 

of Chemical Engineering. 

Hoey, T. B., & Ferguson, R. (1994). Numerical Simulation of Downstream Fining by Selective 

Transport in Gravel Bed Rivers: Model Development and Illustration. Water Resources 

Research, 30(7). 

Hofland, B., Battjes, J. A., & Booij, R. (2005). Measurement of Fluctuating Pressures on Coarse 

Bed Material. Journal of Hydraulic Engineering, 131(9). 

Hopkinson, L. C., & Walburn, C. Z. (2016). Near-boundary velocity and turbulence in depth-

varying stream flows. Environmental Fluid Mechanics, 16, 559-574. 

Hsu, L., Finnegan, N. J., & Brodsky, E. E. (2011). A Seismic Signature of River Bedload 

Transport During Storm Events. Geophysical Research Letters, 38. 

Humphries, R., Venditti, J. G., Sklar, S., & Wooster, J. K. (2012). Experimental Evidence for 

the Effect of Hydrographs on Sediment Pulse Dynamics in Gravel-Bedded Rivers. 

Water Resources Research, 48. 

Jackson , W. L., & Beschta, R. L. (1982). A Model of Two-Phase Bedload Transport in an 

Oregon Coast Range Stream. Earth Surface Processes Landforms, 9, 517-527. 

Jain, R. K., Kumar, A., & Kothyari, U. C. (2015). Turbulence statistics of flow through 

degraded channel bed of sand-gravel mixture. Journal of Hydro-Environment Research, 

1-11. 



 

205 

James, C. S. (1993). Entrainment of Spheres - An Experimental Study of Relative Size and 

Clustering Effects. International Association of Sedimentologists, Special Publication 

17, 3-10. 

Jay Lacey, R. W., & Roy, A. G. (2007). A Comparative Study of the Turbulent Flow Field With 

and Without a Pebble Cluster in a Gravel Bed River. Water Resources Research, 43(5). 

Jopling, A. V. (1964). Laboratory study of sorting processes related to flow separation. Journal 

of Geophysical Research, 69(16). 

Karim, F. (1998). Bed Material Discharge Prediction for Nonuniform Bed Sediments. Journal 

of Hydraulic engineering, 124(6), 597-604. 

Kim, H. T. (1971). The Production of Turbulence Near a Smooth Wall in a Turbulent Boundary 

Layer. Journal of Fluid Mechanics, 30, 741-773. 

Kirchner, J. W., Dietrich, W. E., Iseya, W. E., & Ikeda, H. (1990). The Variability of Critical 

Shear Stress Friction Angle, and Grain Protrusion in Water-Worked Sediments. 

Sedimentology, 37, 647-672. 

Kline, S. J., Reynolds, W. C., Schraub, F. A., & Runstadler, P. W. (1967). The Structure of 

Turbulent Boundary Layer. Journal of Fluid Mechanics, 30, 741-773. 

Kuhlne, R. A. (1989). Bed-Surface Size Changes in Gravel-Bed Channel. Journal of Hydraulic 

Engineering, 115, 731-743. 

Kuhlne, R. A. (1992). Bed-Load Transport During Rising and Falling Stages on Two Small 

streams. Earth Surface Processes and Landforms, 17(2), 191-197. 

Kundu, D. H. (1990). Fluid Dynamics. New York: Elsevier. 

Larionov, G. A., Krasnov, S. F., Dobrovol'skaya, N. G., Kiryukhina, Z. P., Litvin, L. F., & 

Bushueva, O. G. (2006). Equation of Sediment Transport for Slope Flows. Eurasian 

Soil Science, 39(8), 868-878. 

Lawless, M., & Robert, A. (2001). Scales of Boundary Resistance in Coarse-Grained Channels: 

Turbulent Velocity Profiles and Implications. Geomorphology, 39(3-4), 221-238. 

Lee, K. T., Liu, Y.-L., & Cheng, K.-H. (2004). Experimental Investigation of Bedload Transport 

Processes Under Unsteady Flow Conditions. Hydrological Processes, 18, 2439-2454. 

Little, W. C., & Mayer, P. G. (1972). The Role of Sediment Gradation on Channel Armoring. 

Atlanta: Georgia Institute of Technology. 

Lu, S. S., & Willmarth, W. W. (1973). Measurement of the Structure of the Reynolds Stress in a 

Turbulent Boundary Layer. Journal of Fluid Mechanics, 60, 481-511. 

Ma, J., & Williams, J. J. (2009). Implication of Horizontal Force Moments for the Threshold of 

Bed Entrainment in an Open-Channel Flow. Journal of Hydro-Envrionment Research, 

3(1), 2-8. 

MacVicar, B., & Roy, A. (2007). Hydrodynamics of a forced riffle pool in a gravel bed river: 1. 

Mean velocity and turbulence intensity. Water Resources Research, 43. 

Mao, L. (2012). The Effect of Hydrographs on Bed Load Transport and Bed Sediment Spatial 

Arrangement. Journal of Geophysical Research, 117. 

McEwan, I., & Heald, J. (2001). Discrete Particle Modeling of Entrainment from Flat 

Uniformly Sized Sediment Beds. Journal of Hydraulic Engineering, 127(7), 588-597. 



 

206 

McLaren, P., & Bowles, D. (1985). The Effects of Sediment Transport on Grain-Size 

Distributions. Journal of Sedimentary Research, 55(4), 457-470. 

Meyer-Peter, E., & Muller, R. (1948). Formula for bed load transport. Proceedings of the 2nd 

International Association of Hydraulics Researchers. 

Meyer-Peter, E., Favre, H., & Einstein, H. A. (1934). Neuere Versuchsresultate uber den 

Geschiebetrieb.  

Milan, D., Heritage, G., & Hetherington, D. (2007). Application of a 3D laser scanner in the 

assessment of erosion and deposition volumes and channel change in a proglacial river. 

Earth Surface Processes and Landforms, 32(11), 1657-1674. 

Milhous, R. T. (1973). Sediment Transport in a Gravel-Bottomed Stream. Corvallis, OR: 

Oregon State University [Ph.D Thesis]. 

Monteith, H., & Pender, G. (2005). Flume Investigations into the Influence of Shear Stress 

History on a Graded Sediment bed. Water Resources Research, 41(12). 

Mujal-Colilles, A., Mier, J. M., Christensen, K. T., Bateman, A., & Garcia, M. H. (2014). PIV 

experiments in rough-wall, laminar-to-turbulent, oscillatory boundary-layer flows. 

Experiments in Fluids, 1633. 

Nakagawa, H., & Nezu, I. (1993). Turbulence in Open Channel Flows (1st ed.). CRC Press 

(Taylor & Francis Group). 

Nelson, J. M., Shreve, R. L., McLean, S. R., & Drake, T. G. (1995). Role of Near-Bed 

Turbulence Structure in Bed Load Transport and Bed Form Mechanics. Water 

Resources Research, 31(8), 2071-2086. 

Nelson, J., McLean, S., & Wolfe, S. (1993). Mean Flow Turbulence over Two-Dimensional 

Bed Forms. Water Resources Research, 29, 3935-3953. 

Nezu, I., Kadota, A., & Nakagawa, H. (1997). Turbulent Structure in Unsteady Depth-Varying 

Open-Channel Flows. Journal of Hydraulic Engineering, 123(9). 

Nortek AS. (2015). Comprehensive Manual. Vangkroken: Nortek AS. 

Ockelford, A.-M. (2011). The impact of stress history on non cohesive sediment bed stability 

and structure. PhD Thesis: Glasgow: University of Glasgow. 

Offen, G. R., & Kline, S. J. (1975). A Proposed Model of the Bursting Process in Turbulent 

Boundary Layers. Journal of Fluid Mechanics, 70(2), 209-228. 

Pahtz, T., Clark, A. H., Valyrakis, M., & Duran, O. (2020). The physics of sediment transport 

initiation, cessation, and entrainment across aeolian and fluvial environments. Reviews 

of Geophysics. 

Paiement-Paradis, G., Marquis, G., & Roy, A. (2010). Effects of Turbulence on the Transport of 

Individual Particles as Bedload in a Gravel-Bed River. Earth Surface Processes and 

Landforms, 36(1). 

Paiement-Paradis, G., Marquis, G., & Roy, A. (2011). Effects of turbulence on the transport of 

individual particles as bedload in a gravel-bed river. Earth Surface Processes and 

Landforms, 36(1), 107-116. 

Paintal, A. S. (1971). A Stochastic Model of Bed Load Transport. Journal of Hydraulic 

Research, 9(4). 



 

207 

Papanicolaou, A. N., Diplas, P., Dancey, C. L., & Bakrishnan, M. (2001). Surface Roughness 

Effects in Near-Bed Turbulence: Implications to Sediment Entrainment. Journal of 

Engineering Mechanics, 127(3). 

Papanicolaou, A. N., Diplas, P., Evaggelopoulos, N., & Fotopoulos, S. (2002). Stochastic 

Incipient Motion Criterion for Spheres Under Various Bed Packing Conditions. Journal 

of Hydraulic Engineering, 128(4). 

Paphitis, D. (2001). Sediment movement under unidirectional flows: an assessment of empirical 

treshold curves. Coastal Engineering, 227-245. 

Parker, G., & Klingeman, P. C. (1982). On Why Gravel Bed Streams are Paved. Water 

Resources Research, 18, 1409-1423. 

Parker, G., & Sutherland, A. J. (1990). Fluvial armor. Journal of Hydraulic Research, 28, 529-

544. 

Parker, G., Paola, C., & Leclair, S. (2000). Probabilistic Exner Sediment Continuity Equation 

for Mixtures with no Active Layer. Journal of Hydraulic Engineering, 126, 818-826. 

Pedlosky, J. (1987). Geophysical Fluid Dynamics (2nd ed.). New York: Springer. 

Phillips, B. C., & Sutherland, A. J. (1990). Temporal Lag Effect in Bed Load Sediment 

Transport. Journal of Hydraulic Research, 28(1). 

Plate, E. J. (1994). The Need to Consider Nonstationery Sediment Transport. International 

Journal of Sediment Research, 9, 117-123. 

Praturi , A. K., & Brodkey, R. S. (1978). A stereoscopic visual study of coherent structures in 

turbulent shear flow. Journal of Fluid Mechanims, 251-272. 

Profitt, G. T., & Sutherland, A. J. (1983). Transport of Non-Uniform Sediments. Journal of 

Hydraulic Research, 21, 33-43. 

Rabbani, A., & Ayatollahi, S. (2015). Comparing three image processing algorithms to estimate 

the grain-size distribution of porous rocks from binady 2D images and sensitivity 

analysis of the grain overlapping degree. Special Topics & Reviews in Porous Media: 

An International Journal, 71-89. 

Radice, A., Ballio, F., & Nikora, V. (2009). On Statistical Properties of Bed Load Sediment 

Concentration. Water Resources Research, 45. 

Reid, I., & Hassan, M. A. (1992). The influence of microform bed roughness elements on flow 

and sediment transport in gravel bed rivers: A reply. Earth Surface Processes and 

Landforms, 17(5). 

Righetti, M., & Romano, G. P. (2004). Particle-Fluid Interactions in a Plane Near-Wall 

Turbulent Flow. Journal of Fluid Mechanics, 505, 93-121. 

Robert, A. (1993). Bed Configuration and Microscale Processes in Alluvial Channels. In 

Progress in Physical Geography (pp. 123-136). 17. 

Robert, A., Roy, A. G., & De Serres, B. (1992). Changes in Velocity Profiles at Roughness 

Transition in Coarse-Grained Channels. Sedimentology, 39, 725-735. 

Robert, A., Roy, A. G., & De Serres, B. (1996). Turbulence at a Roughness Transition in a 

Depth-Limited Flow over a Gravel-Bed River. Geomorphology, 16, 175-187. 

Robinson, S. K. (1991). Coherent Motions in the Turbulent Boundary Layer. Annual Review of 

Fluid Mechanics, 23, 601-639. 



 

208 

Saarenrinne, P., Piirto, M., & Eloranta, H. (2001). Experiences of turbulence measurement with 

PIV. Measurement Science and Technology, 12(11), 1904-1910. 

Santos, B. O., Franca, J. M., & Ferreira, R. M. (2014). Coherent Structures in Open Channel 

Flows with Bed Load Transport over an Hydraulically Rough Bed. Lausanne: River 

Flow. 

Sarkar, K., & Mazumder, B. S. (2014). Turbulent flow over the trough region formed by a pair 

of forward-facing bedform shapes. European Journal of Mechanics B/Fluids, 126-143. 

Schindler, R. J., & Robert, A. (2005). Flow and Turbulence Structure Across the Ripple-Dune 

Transition: An Experiment Under Mobile Bed Conditions. Sedimentology, 52(3). 

Schmeeckle, M. W., Nelson, J. M., & Schreve, R. L. (2007). Forces on Stationery Particles in 

Near-Bed Turbulent Flows. Journal of Geophysical Research, 112. 

Schmelter, M. L., & Stevens, D. K. (2013). Traditional and Bayesian Statistical Models in 

Fluvial Sediment Transport. Journal of Hydraulic Engineering, 139(3). 

Schmelter, M. L., Erwin, S. O., & Wilcock, P. R. (2012). Accounting for Uncertainty in 

Cumulative Sediment Transport Using Bayesian Statistics. Geomorphology, 175-176, 

1-13. 

Schmelter, M. L., Hooten, M. B., & Stevens, D. K. (2011). Bayesian Sediment Transport Model 

for Unisize Bed Load. Water Resources Research, 47(11). 

Scvidchenko, A. B., & Pender, G. (2000). Flume Study of the Effect of Relative Depth on the 

Incipient Motion of Coarse Uniform Sediments. Water Resources Research, 36(2). 

Scvidchenko, A. B., & Pender, G. (2001). Macroturbulent Structure of Open-Channel Flow over 

Gravel Beds. Water Resources Research, 37(3). 

Sear, D. A. (1992). Impact of Hydroelectric Power Release on Sediment Transport Processes in 

Pool-Riffle Sequences. In P. Billi, R. D. Hey, C. R. Thorne, & P. Tacconi (Eds.), 

Dynamics of Gravel Bed Rivers (pp. 629-650). Chichester: Wiley. 

Sear, D. A. (1995). The Effect of 10 Years River Regulation for Hydropower on the 

Morphology and Sedimentology of a Gravel-Bed River. Regulated Rivers, 10, 247-264. 

Sear, D. A. (1996). Sediment Transport in Riffle-Pool Sequences. Earth Surface Processes and 

Landforms, 21, 147-164. 

Sechet, P., & Le Guennec, B. (1999). Bursting Phenomenon and Incipient Motion of Solid 

Particles in Bed-Load Transport. Journal of Hydraulic Research, 5, 683-696. 

Shafi, H. S., & Antonia, R. A. (1997). Small-Scale Characteristics of a Turbulent Flow over a 

Rough Wall. Journal of Fluid Mechanics, 342, 263-293. 

Shields, A. (1936). Anwendung der Aehnlichkeitsmechanik und der Turbulenzforschung auf die 

Geschiebebewegung. Berlin: Mitteilungen der Preussiischen Versuchsanstalt für 

Wasserbau und Schiffhau. 

Singh, A., Foufoula-Georgiou, E., Porté-Agel, F., & Wilcock, P. R. (2012). Coupled Dynamics 

of the Co-Evolution of Gravel Bed Topography, Flow Turbulence and Sediment 

Transport in an Experimental Channel. Journal of Geophysical Research: Earth 

Surface, 117(F4). 

Smart, G. M. (2005). A novel gravel entrainment investigation. Urbana, IL: 4th IAHR 

Symposium on River, Coastal and Estuarine Morphodynamics. 



 

209 

Smart, G. M., & Habersack, H. M. (2007). Pressure Fluctuations and Gravel Entrainment in 

Rivers. Journal of Hydraulic Research, 45, 667-673. 

Song, T., & Chiew, Y. (2001). Turbulence measurement in nonuniform open-channel flow 

using acoustic doppler velocimeter (ADV). Journal of Engineering Mechanics, 127(3), 

219-232. 

Song, T., & Graf, W. H. (1995). Velocity and turbulence distribution in unsteady open-channel 

flow. Journal of Hydraulic Engineering. 

Song, T., Graf, W., & Lemmin, U. (1994). Uniform flow in open channels with movable gravel 

bed. Journal of Hydraulic Research, 32(6), 861-876. 

Sulaiman, M., Sinnakudin, S., & Shukor, M. (2013). Near bed turbulence measurement with 

Acoustic Doppler Velocimeter (ADV). KSCE Journal of Civil Engineering, 17(6), 

1515-1528. 

Sumer, B. M., Cokgor, S., & Fredsoe, J. (2001). Suction Removal of Sediment from betwen 

Amrour Blocks. Journal of Hydraulic Engineering, 127(4), 293-306. 

Tabarestani, M. K., & Zarrati, A. (2014). Sediment transport during flood event: a review. 

International Journal of Environmental Science and Technology, 12(2), 775-788. 

Tan, L., & Curran, J. C. (2012). Comparison of turbulent flows over clusters of varying density. 

Journal of Hydraulic Engineering, 1031-1044. 

Telionis, D. P. (1981). Unsteady Viscous Flows. Blacksburg, VA: Springer. 

Townsend, A. A. (1976). The Structure of Turbulent Shear Flow (2nd ed.). Cambridge: 

Cambridge University Press. 

Tregnaghi, M., Bottacin-Busolin, A., Tait, S., & Marion, A. (2012). Stochastic Determination of 

Entrainment Risk in Uniformly Sized Sediment Beds at Low Transport Stages: 2. 

Experiments. Journal of Geophysical Research: Earth Surface, 117(F4). 

Tu, H., & Graf, W. (1992). Vertical distribution of shear stress in unsteady open-channel flow. 

Proceedings of the Institution of Civil Engineers Water, Maritime & Energy, 63-69. 

Ullum, T., Larsen, P. S., & Ozcan, O. (2004). Three-dimensional flow and turblence structure in 

electrostatic precipitator by stereo PIV. Experiments in Fluids, 91-99. 

Valyrakis, M., Diplas, P., & Dancey, C. L. (2012). Entrainment of coarse particles in turbulent 

flows: An energy approach. Journal of Geophysical Research Atmospheres, 118(1). 

Valyrakis, M., Diplas, P., Dancey, C. L., Greer, K., & Celik, A. O. (2010). The Role of 

Instantaneous Force Magnitude and Duration on Particle Entrainment. Journal of 

Geophysical Research, 115. 

van Rijn, L. C. (1984). Sediment Transport, Part I; Bed Load Transport. Journal of Hydraulic 

Engineering, 110(10), 1431-1456. 

Vollmer, S., & Kleinhans, M. G. (2007). Effects of Particle Exposure, Near-Bed Velocity and 

Pressure Fluctuations on Incipient Motion of Particle-Size Mixtures. Enschede: River, 

Coastal and Estuarine Morphodynamics. 

Wahl, T. L. (2000). Analyzing ADV data using WinADV. Conference on Water Resources 

Engineering and Water Resources Planning & Management. Minnieapolis. 

Wallace, J. M., Eckelmann, H., & Brodkey, R. S. (1972). The Wall Region in Turbulent Shear 

Flow. Journal of Fluid Mechanics, 54(1), 39-48. 



 

210 

Wang, L. (2015). Bedload sediment transport and bed evolution in steady and unsteady flows. 

Edinburgh: Heriot-Watt University: Ph.D. Thesis. 

Wang, L., Cuthbertson, A. J., Pender, G., & Cao, Z. (2015). Experimental investigations of 

graded sediment transport under unsteady flow hydrographs. International Journal of 

Sediment Research, 306-320. 

Wang, L., Cuthbertson, A., Pender, G., & Cao, Z. (2014). The response of bed-load sediment 

transport and bed evolution under unsteady hydrograph flows. The Hague: Proceedings 

of the International Conference on Fluvial Hydraulics. 

Wang, Z. (1994). An Experimental Study of Motion and Deposition of Gold Particles in a 

Mountain River. Journal of Hydraulic Research, 32(5), 643-648. 

Waters, K. A., & Curran, J. C. (2015). Linking bed morphology changes of two sediment 

mixtures to sediment transport predictions in unsteady flows. Water Resources 

Research. 

Wilcock, P. R., & DeTemple, B. T. (2005). Persistence of Armor Layers in Gravel Bed Streams. 

Geophysical Research Letters, 32(8). 

Wilcock, P. R., & McArdell, B. W. (1993). Surface-Based Fractional Transport Rates: 

Mobilization Thresholds and Partial Transport of a Sand-Gravel Sediment. Water 

Resources Research, 29, 1297-1312. 

Wilcock, P. R., Kenworthy, S. T., & Crowe, J. C. (2001). Experimental Study of the Transport 

of Mixed Sand and Gravel. Water Resources Research, 37, 3349-3358. 

Willmarth, W. W., & Lu, S. S. (1972). Structure of the Reynolds Stress Near the Wall. Journal 

of Fluid Mechanics, 55(1), 65-92. 

Wittenberg, L., & Newton, M. D. (2005). Particle Clusters in Gravel-Bed Rivers: An 

Experimental Morphological Approach to Bed Material Transport and Stability 

Concepts. Earth Surface Processes and Landforms, 30(11). 

Wong, M., & Parker, G. (2006). One-dimensional Modeling of Bed Evolution in a Gravel Bed 

River Subject to a Cycled Flood Hydrograph. Journal of Geophysical Research: Earth 

Surface, 111(F3). 

Wu, F.-C., & Chou, Y.-J. (2003). Rolling and Lifting Probabilities for Sediment Entrainment. 

Journal of Hydraulic Engineering, 129(2). 

Wu, F.-C., & Yang, K.-H. (2004). Entrainment Probabilities of Mixed-Size Sediment 

Incorporating Near-Bed Coherent Flow Structures. Journal of Hydraulic Engineering, 

130(12). 

Wu, W., Wang, S. S., & Jia, Y. (2000). Nonuniform Sediment Transport in Alluvial Rivers. 

Journal of Hydraulic Research, 38(6). 

Yang, C., Jiang, C., & Kong, Q. (2010). A graded sediment transport and bed evolution model 

in estuarine basins and its application to the Yellow River delta. Procedia 

Environmental Sciences, 2, 372-385. 

Yang, S.-Q., & Chow, A. (2008). Turbulence structures in non-uniform flows. Advances in 

Water Resources, 31, 1344-1351. 

Yen, C. L., Chang, S. Y., & Lee, H. Y. (1992). Aggradation Degradation Process in Alluvial 

Channels. Journal of Hydraulic Enginering, 118(12), 1651-1669. 



 

211 

Young, W. J., & Davies, T. R. (1990). Prediction of bedload transport rates in braided rivers: A 

hydraulic model study. Journal of Hydrology (New Zealand), 29(2), 75-92. 

Zanke, U. C. (2003). On the Influence of Turbulence on the Initiation of Sediment Motion. 

International Jounral of Sediment Research, 18(1), 17-31. 

  



 

212 

 APPENDICES 

Appendix 3.1: ADV Reynolds Stress Vertical Profiles 

 
 

 
Figure A3.1 (a) – 8 l s-1 Reynolds Stress vertical profile 

 

 

 

 
Figure B3.1 (b) - 10 l s-1 Reynolds Stress vertical profile 
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Figure C3.1 (c) - 12 l s-1 Reynolds Stress vertical profile 

 
Figure D3.1 (d) - 14 l s-1 Reynolds Stress vertical profile 
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Figure E3.1 (e) - 16 l s-1 Reynolds Stress vertical profile 

 
Figure F3.1 (f) - 18 l s-1 Reynolds Stress vertical profile 
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Figure G3.1 (g) - 20 l s-1 Reynolds Stress vertical profile 
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Appendix 4.1: ADV Measurements – Velocity (All Results) 

 

Streamwise Velocity Results (Bed Mix A)  

 

 
Figure A4.1 (a) - Streamwise velocity data for all 'Benchmark Hydrograph' (first hydrograph) runs 
above bed mix A 

 
Figure A4.1 (b) - Streamwise velocity data for all asymmetry varied η = 0.42 (first hydrograph) runs 
above bed mix A 
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Figure A4.1 (c) - Streamwise velocity data for all asymmetry varied η = 2.40 (first hydrograph) runs 
above bed mix A 

 

 

 
Figure A4.1 (d) - Streamwise velocity data for all unsteadiness varied ΓHG = 7.64 runs above bed mix A 



 

218 

 
Figure A4.1 (e) - Streamwise velocity data for all unsteadiness varied ΓHG = 2.17 runs above bed mix A 

 

 
Figure A4.1 (f) - Streamwise velocity data for all total water work varied WK = 55,082 runs above bed 
mix A 
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Figure A4.1 (g) - Streamwise velocity data for all total water work varied WK = 15,669 runs above bed 
mix A 

 

 

 
Figure A4.1 (h) - Streamwise velocity data for all 'Benchmark Hydrograph' (second hydrograph) runs 
above bed mix A 
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Figure A4.1 (i) - Streamwise velocity data for all asymmetry varied η = 0.42 (second hydrograph) runs 
above bed mix A 

 

 

 
Figure A4.1 (j) - Streamwise velocity data for all asymmetry varied η = 2.40 (second hydrograph) runs 
above bed mix A 
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Streamwise Velocity Results (Bed Mix B)  

 

 
Figure B4.1 (a) - Streamwise velocity data for all 'Benchmark Hydrograph' (first hydrograph) runs 
above bed mix B 

 

 

 
Figure B4.1 (b) - Streamwise velocity data for all asymmetry varied η = 0.42 (first hydrograph) runs 
above bed mix B 
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Figure B4.1 (c) - Streamwise velocity data for all asymmetry varied η = 2.40 (first hydrograph) runs 
above bed mix B 

 

 

 
Figure B4.1 (d) - Streamwise velocity data for all unsteadiness varied ΓHG = 7.64) runs above bed mix B 
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Figure B4.1 (e) - Streamwise velocity data for all unsteadiness varied ΓHG = 2.17 runs above bed mix B 

 

 

 
Figure B4.1 (f) - Streamwise velocity data for all total water work varied WK = 55,082 runs above bed 
mix B 



 

224 

 
Figure B4.1 (g) - Streamwise velocity data for all total water work varied WK = 15,669 runs above bed 
mix B 

 

 

 
Figure B4.1 (h) - Streamwise velocity data for all 'Benchmark Hydrograph' (second hydrograph) runs 
above  
bed mix B 
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Figure B4.1 (i) - Streamwise velocity data for all asymmetry varied η = 0.42 (second hydrograph) runs 
above  
bed mix B 

 

 

 
Figure B4.1 (j) - Streamwise velocity data for all asymmetry varied η = 2.40 (second hydrograph) runs 
above bed mix B 
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Wall-Normal Velocity Results (Bed Mix A)  

 

 
Figure C4.1 (a) – Wall normal velocity data for all 'Benchmark Hydrograph' (first hydrograph) runs 
above bed mix A 

 

 

 
Figure C4.1 (b) - Wall normal velocity data for all asymmetry varied η = 0.42 (first hydrograph) runs 
above bed mix A 
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Figure C4.1 (c) - Wall normal velocity data for all asymmetry varied η = 2.40 (first hydrograph) runs 
above bed mix A 

 

 

 
Figure C4.1 (d) - Wall normal velocity data for all unsteadiness varied ΓHG = 7.64 runs above bed mix A 
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Figure C4.1 (e) - Wall normal velocity data for all unsteadiness varied ΓHG = 2.17 runs above bed mix A 

 

 

 
Figure C4.1 (f) - Wall normal velocity data for all total water work varied WK = 55,082 runs above bed 
mix A 
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Figure C4.1 (g) - Wall normal velocity data for all total water work varied WK = 15,669 runs above bed 
mix A 

 

 

 
Figure C4.1 (h) - Wall normal velocity data for all 'Benchmark Hydrograph' (second hydrograph) runs 
above bed mix A 
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C4.1 (i) - Wall normal velocity data for all asymmetry varied η = 0.42 (second hydrograph) runs above 
bed mix A 

 
Figure C4.1 (j) - Wall normal velocity data for all asymmetry varied η = 2.40 (second hydrograph) runs 
above bed mix A 
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Wall-Normal Velocity Results (Bed Mix B)  

 

 
Figure D4.1 (a) – Wall normal velocity data for all 'Benchmark Hydrograph' (first hydrograph) runs 
above bed mix B 

 

 

 

 
Figure D4.1 (b) - Wall normal velocity data for all asymmetry varied η = 0.42 (first hydrograph) runs 
above bed mix B 
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Figure D4.1 (c) - Wall normal velocity data for all asymmetry varied η = 2.40 (first hydrograph) runs 
above bed mix B 

 

 

 

 
Figure D4.1 (d) - Wall normal velocity data for all unsteadiness varied ΓHG = 7.64 runs above bed mix B 
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Figure D4.1 (e) - Wall normal velocity data for all unsteadiness varied ΓHG = 2.17 runs above bed mix B 

 

 

 

 
Figure D4.1 (f) - Wall normal velocity data for all total water work varied WK = 55,082 runs above bed 
mix B 
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Figure D4.1 (g) - Wall normal velocity data for all total water work varied WK = 15,669 runs above bed 
mix B 

 

 

 

 
Figure D4.1 (h) - Wall normal velocity data for all 'Benchmark Hydrograph' (second hydrograph) runs 
above bed mix B 
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Figure D4.1 (i) - Wall normal velocity data for all asymmetry varied η = 0.42 (second hydrograph) runs 
above bed mix B 

 

 

 

 
Figure D4.1 (j) - Wall normal velocity data for all asymmetry varied η = 2.40 (second hydrograph) runs 
above bed mix B 
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Lateral Velocity Results (Bed Mix A)  

 

 
Figure E4.1 (a) – Lateral velocity data for all 'Benchmark Hydrograph' (first hydrograph) runs above 
bed mix A 

 

 

 

 
Figure E4.1 (b) - Lateral velocity data for all asymmetry varied η = 0.42 (first hydrograph) runs above 
bed mix A 
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Figure E4.1 (c) - Lateral velocity data for all asymmetry varied η = 2.40 (first hydrograph) runs above 
bed mix A 

 

 

 

 
Figure E4.1 (d) - Lateral velocity data for all unsteadiness varied ΓHG = 7.64 runs above bed mix A 
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Figure E4.1 (e) - Lateral velocity data for all unsteadiness varied ΓHG = 2.17 runs above bed mix A 

 

 

 

 
Figure E4.1 (f) - Lateral velocity data for all total water work varied WK = 55,082 runs above bed mix A 
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Figure E4.1 (g) - Lateral velocity data for all total water work varied WK = 15,669 runs above bed mix A 

 

 

 

 
Figure E4.1 (h) - Lateral velocity data for all 'Benchmark Hydrograph' (second hydrograph) runs above 
bed mix A 
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Figure E4.1 (i) - Lateral velocity data for all asymmetry varied η = 0.42 (second hydrograph) runs above 
bed mix A 

 

 

 

 
Figure E4.1 (j) - Lateral velocity data for all asymmetry varied η = 2.40 (second hydrograph) runs above 
bed mix A 
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Lateral Velocity Results (Bed Mix B)  

 

 
Figure F4.1 (a) – Lateral velocity data for all 'Benchmark Hydrograph' (first hydrograph) runs above 
bed mix B 

 

 

 

 
Figure F4.1 (b) - Lateral velocity data for all asymmetry varied η = 0.42 (first hydrograph) runs above 
bed mix B 
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Figure F4.1 (c) - Lateral velocity data for all asymmetry varied η = 2.40 (first hydrograph) runs above 
bed mix B 

 

 

 

 
Figure F4.1 (d) - Lateral velocity data for all unsteadiness varied ΓHG = 7.64 runs above bed mix B 
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Figure F4.1 (e) - Lateral velocity data for all unsteadiness varied ΓHG = 2.17 runs above bed mix B 

 

 

 

 
Figure F4.1 (f) - Lateral velocity data for all total water work varied WK = 55,082 runs above bed mix B 
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Figure F4.1 (g) - Lateral velocity data for all total water work varied WK = 15,669 runs above bed mix B 

 

 

 

 
Figure F4.1 (h) - Lateral velocity data for all 'Benchmark Hydrograph' (second hydrograph) runs above 
bed mix B 
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Figure F4.1 (i) - Lateral velocity data for all asymmetry varied η = 0.42 (second hydrograph) runs above 
bed mix B 

 

 

 

 
Figure F4.1 (j) - Lateral velocity data for all asymmetry varied η = 2.40 (second hydrograph) runs above 
bed mix B 
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Appendix 4.2: Velocity Variability Calculation Results 

 

Variability has been calculated as the mean percentage (%) deviation across all the runs 

that comprise each experimental hydrograph from the average result for that 

experiment. Each experimental hydrograph has its own unique Run ID. Full details on 

the experimental programme can be found in Section 3.6.3. 

 
Table B4.2 - Velocity variability calculation results 

Run ID Bed Mix Hydrograph Shape Parameter Variability (%) in Results 
η ΓHG Wk U/u* V/u* W/u* 

B-A A 1.00 4.50 32,377 2.4 25.4 24.1 

S2-A-1 A 0.42 4.50 32,377 4.2 24.6 26.1 

S2-A-2 A 2.40 4.50 32,377 2.9 26.1 28.2 

S3-A-1 A 1.00 7.64 32,377 3.5 25.3 26.5 

S3-A-2 A 1.00 2.17 32,377 4.7 27.4 26.7 

S4-A-1 A 1.00 4.50 55,082 3.5 24.0 25.6 

S4-A-2 A 1.00 4.50 15,669 3.2 27.4 27.4 

B-A-S5 A 1.00 4.50 32,377 2.8 25.1 28.0 

S5-A-1 A 0.42 4.50 32,377 3.7 26.1 25.3 

S5-A-2 A 2.40 4.50 32,377 4.0 23.8 28.0 

B-B B 1.00 4.50 32,377 2.3 27.2 28.1 

S2-B-1 B 0.42 4.50 32,377 3.8 26.0 26.8 

S2-B-2 B 2.40 4.50 32,377 3.0 26.9 28.1 

S3-B-1 B 1.00 7.64 32,377 2.3 24.9 24.1 

S3-B-2 B 1.00 2.17 32,377 2.9 25.6 24.2 

S4-B-1 B 1.00 4.50 55,082 4.1 26.8 27.0 

S4-B-2 B 1.00 4.50 15,669 3.6 27.7 28.2 

B-B-S5 B 1.00 4.50 32,377 2.4 26.4 27.9 

S5-B-1 B 0.42 4.50 32,377 3.7 26.1 24.1 

S5-B-2 B 2.40 4.50 32,377 3.8 25.6 27.5 
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Appendix 4.3: ADV Measurements – Turbulence Intensity (All Results) 

 

Streamwise Turbulence Intensity Results (Bed Mix A)  

 

 
Figure A4.3 (a) – Streamwise turbulence intensity data for all 'Benchmark Hydrograph' (first 
hydrograph) runs above bed mix A 

 

 
Figure A4.3 (b) - Streamwise turbulence intensity data for all asymmetry varied η = 0.42 (first 
hydrograph) runs above bed mix A 
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Figure A4.3 (c) - Streamwise turbulence intensity data for all asymmetry varied η = 2.40 (first 
hydrograph) runs above bed mix A 

 

 

 

 
Figure A4.3 (d) - Streamwise turbulence intensity data for all unsteadiness varied ΓHG = 7.64 runs 
above bed mix A 
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Figure A4.3 (e) - Streamwise turbulence intensity data for all unsteadiness varied ΓHG = 2.17 runs 
above bed mix A 

 

 

 

 
Figure A4.3 (f) - Streamwise turbulence intensity data for all total water work varied WK = 55,082 runs 
above  
bed mix A 
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Figure A4.3 (g) - Streamwise turbulence intensity data for all total water work varied WK = 15,669 runs 
above  
bed mix A 

 

 

 

 
Figure A4.3 (h) - Streamwise turbulence intensity data for all 'Benchmark Hydrograph' (second 
hydrograph) runs above bed mix A 
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Figure A4.3 (i) - Streamwise turbulence intensity data for all asymmetry varied η = 0.42 (second 
hydrograph) runs above bed mix A 

 

 

 

 
Figure A4.3 (j) - Streamwise turbulence intensity data for all asymmetry varied η = 2.40 (second 
hydrograph) runs above bed mix A 
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Streamwise Turbulence Intensity Results (Bed Mix B)  

 

 
Figure B4.3 (a) – Streamwise turbulence intensity data for all 'Benchmark Hydrograph' (first 
hydrograph) runs above bed mix B 

 

 

 

 
Figure B4.3 (b) - Streamwise turbulence intensity data for all asymmetry varied η = 0.42 (first 
hydrograph) runs above bed mix B 
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Figure B4.3 (c) - Streamwise turbulence intensity data for all asymmetry varied η = 2.40 (first 
hydrograph) runs above bed mix B 

 

 

 

 
Figure B4.3 (d) - Streamwise turbulence intensity data for all unsteadiness varied ΓHG = 7.64 runs 
above bed mix B 
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Figure B4.3 (e) - Streamwise turbulence intensity data for all unsteadiness varied ΓHG = 2.17 runs above 
bed mix B 

 

 

 

 
Figure B4.3 (f) - Streamwise turbulence intensity data for all total water work varied WK = 55,082 runs 
above  
bed mix B 
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Figure B4.3 (g) - Streamwise turbulence intensity data for all total water work varied WK = 15,669 runs 
above  
bed mix B 

 

 

 

 
Figure B4.3 (h) - Streamwise turbulence intensity data for all 'Benchmark Hydrograph' (second 
hydrograph) runs above bed mix B 
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Figure B4.3 (i) - Streamwise turbulence intensity data for all asymmetry varied η = 0.42 (second 
hydrograph) runs above bed mix B 

 

 

 

 
Figure B4.3 (j) - Streamwise turbulence intensity data for all asymmetry varied η = 2.40 (second 
hydrograph) runs above bed mix B 
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Wall-Normal Turbulence Intensity Results (Bed Mix A)  

 

 
Figure C4.3 (a) – Wall normal turbulence intensity data for all 'Benchmark Hydrograph' (first 
hydrograph) runs above bed mix A 

 

 

 

 
Figure C4.3 (b) - Wall normal turbulence intensity data for all asymmetry varied η = 0.42 (first 
hydrograph) runs above bed mix A 
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Figure C4.3 (c) - Wall normal turbulence intensity data for all asymmetry varied η = 2.40 (first 
hydrograph) runs above bed mix A 

 

 

 

 
Figure C4.3 (d) - Wall normal turbulence intensity data for all unsteadiness varied ΓHG = 7.64 runs 
above bed mix A 
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Figure C4.3 (e) - Wall normal turbulence intensity data for all unsteadiness varied ΓHG = 2.17 runs 
above bed mix A 

 

 

 

 
Figure C4.3 (f) - Wall normal turbulence intensity data for all total water work varied WK = 55,082 runs 
above  
bed mix A 
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Figure C4.3 (g) - Wall normal turbulence intensity data for all total water work varied WK = 15,669 runs 
above  
bed mix A 

 

 

 

 
Figure C4.3 (h) - Wall normal turbulence intensity data for all 'Benchmark Hydrograph' (second 
hydrograph) runs above bed mix A 
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Figure C4.3 (i) - Wall normal turbulence intensity data for all asymmetry varied η = 0.42 (second 
hydrograph) runs above bed mix A 

 

 

 

 
Figure C4.3 (j) - Wall normal turbulence intensity data for all asymmetry varied η = 2.40 (second 
hydrograph) runs above bed mix A 
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Wall-Normal Turbulence Intensity Results (Bed Mix B)  

 

 
Figure D4.3 (a) – Wall normal turbulence intensity data for all 'Benchmark Hydrograph' (first 
hydrograph) runs above bed mix B 

 

 

 

 
Figure D4.3 (b) - Wall normal turbulence intensity data for all asymmetry varied η = 0.42 (first 
hydrograph) runs above bed mix B 
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Figure D4.3 (c) - Wall normal turbulence intensity data for all asymmetry varied η = 2.40 (first 
hydrograph) runs above bed mix B 

 

 

 

 
Figure D4.3 (d) - Wall normal turbulence intensity data for all unsteadiness varied ΓHG = 7.64 runs 
above bed mix B 
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Figure D4.3 (e) - Wall normal turbulence intensity data for all unsteadiness varied ΓHG = 2.17 runs 
above bed mix B 

 

 

 

 
Figure D4.3 (f) - Wall normal turbulence intensity data for all total water work varied WK = 55,082 runs 
above  
bed mix B 
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Figure D4.3 (g) - Wall normal turbulence intensity data for all total water work varied WK = 15,669 
runs above  
bed mix B 

 

 

 

 
Figure D4.3 (h) - Wall normal turbulence intensity data for all 'Benchmark Hydrograph' (second 
hydrograph) runs above bed mix B 
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Figure D4.3 (i) - Wall normal turbulence intensity data for all asymmetry varied η = 0.42 (second 
hydrograph) runs above bed mix B 

 

 

 

 
Figure D4.3 (j) - Wall normal turbulence intensity data for all asymmetry varied η = 2.40 (second 
hydrograph) runs above bed mix B 
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Lateral Turbulence Intensity Results (Bed Mix A)  

 

 
Figure E4.3 (a) – Lateral turbulence intensity data for all 'Benchmark Hydrograph' (first hydrograph) 
runs above bed mix A 

 

 

 

 
Figure E4.3 (b) - Lateral turbulence intensity data for all asymmetry varied η = 0.42 (first hydrograph) 
runs above bed mix A 
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Figure E4.3 (c) - Lateral turbulence intensity data for all asymmetry varied η = 2.40 (first hydrograph) 
runs above bed mix A 

 

 

 

 
Figure E4.3 (d) - Lateral turbulence intensity data for all unsteadiness varied ΓHG = 7.64 runs above bed 
mix A 
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Figure E4.3 (e) - Lateral turbulence intensity data for all unsteadiness varied ΓHG = 2.17 runs above bed 
mix A 

 

 

 

 
Figure E4.3 (f) - Lateral turbulence intensity data for all total water work varied WK = 55,082 runs 
above bed mix A 
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Figure E4.3 (g) - Lateral turbulence intensity data for all total water work varied WK = 15,669 runs 
above bed mix A 

 

 

 

 
Figure E4.3 (h) - Lateral turbulence intensity data for all 'Benchmark Hydrograph' (second hydrograph) 
runs above bed mix A 
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Figure E4.3 (i) - Lateral turbulence intensity data for all asymmetry varied η = 0.42 (second 
hydrograph) runs above bed mix A 

 

 

 

 
Figure E4.3 (j) - Lateral turbulence intensity data for all asymmetry varied η = 2.40 (second 
hydrograph) runs above bed mix A 
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Lateral Turbulence Intensity Results (Bed Mix B)  

 

 
Figure F4.3 (a) – Lateral turbulence intensity data for all 'Benchmark Hydrograph' (first hydrograph) 
runs above bed mix B 

 

 

 

 
Figure F4.3 (b) - Lateral turbulence intensity data for all asymmetry varied η = 0.42 (first hydrograph) 
runs above bed mix B 
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Figure F4.3 (c) - Lateral turbulence intensity data for all asymmetry varied η = 2.40 (first hydrograph) 
runs above bed mix B 

 

 

 

 
Figure F4.3 (d) - Lateral turbulence intensity data for all unsteadiness varied ΓHG = 7.64 runs above bed 
mix B 
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Figure F4.3 (e) - Lateral turbulence intensity data for all unsteadiness varied ΓHG = 2.17 runs above bed 
mix B 

 

 

 

 
Figure F4.3 (f) - Lateral turbulence intensity data for all total water work varied WK = 55,082 runs 
above bed mix B 
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Figure F4.3 (g) - Lateral turbulence intensity data for all total water work varied WK = 15,669 runs 
above bed mix B 

 

 

 

 
Figure F4.3 (h) - Lateral turbulence intensity data for all 'Benchmark Hydrograph' (second hydrograph) 
runs above bed mix B 
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Figure F4.3 (i) - Lateral turbulence intensity data for all asymmetry varied η = 0.42 (second 
hydrograph) runs above bed mix B 

 

 

 

 
Figure F4.3 (j) - Lateral turbulence intensity data for all asymmetry varied η = 2.40 (second 
hydrograph) runs above bed mix B 
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Appendix 4.4: Turbulence Intensity Variability Calculation Results 

 

Variability has been calculated as the mean percentage (%) deviation across all the runs 

that comprise each experimental hydrograph from the average result for that 

experiment. Each experimental hydrograph has its own unique Run ID. Full details on 

the experimental programme can be found in Section 3.6.3. 

 
Table A4.4 - Turbulence intensity variability calculation results 

Run ID Bed Mix Hydrograph Shape Parameter Variability (%) in Results 
η ΓHG Wk u’rms/u* v’rms/u* w’rms/u* 

B-A A 1.00 4.50 32,377 3.2 3.8 2.4 

S2-A-1 A 0.42 4.50 32,377 2.1 4.1 2.9 

S2-A-2 A 2.40 4.50 32,377 3.3 3.6 2.8 

S3-A-1 A 1.00 7.64 32,377 4.0 2.1 2.3 

S3-A-2 A 1.00 2.17 32,377 4.4 2.8 3.0 

S4-A-1 A 1.00 4.50 55,082 3.1 2.2 4.1 

S4-A-2 A 1.00 4.50 15,669 3.6 2.1 2.2 

B-A-S5 A 1.00 4.50 32,377 2.5 2.7 3.5 

S5-A-1 A 0.42 4.50 32,377 4.4 4.0 4.0 

S5-A-2 A 2.40 4.50 32,377 4.2 2.9 2.5 

B-B B 1.00 4.50 32,377 2.2 4.6 3.3 

S2-B-1 B 0.42 4.50 32,377 3.9 3.1 2.8 

S2-B-2 B 2.40 4.50 32,377 2.8 2.6 4.5 

S3-B-1 B 1.00 7.64 32,377 3.6 4.8 2.8 

S3-B-2 B 1.00 2.17 32,377 2.0 3.4 3.4 

S4-B-1 B 1.00 4.50 55,082 3.7 5.0 4.3 

S4-B-2 B 1.00 4.50 15,669 2.4 2.5 2.7 

B-B-S5 B 1.00 4.50 32,377 3.8 2.3 3.9 

S5-B-1 B 0.42 4.50 32,377 3.8 3.5 3.7 

S5-B-2 B 2.40 4.50 32,377 2.4 2.4 4.2 

 

 
  



 

278 

Appendix 4.5: Turbulence Intensity / Flow Correlation Calculation Results 

 

The following tables provide the output from a Spearman’s Rank Order Correlation of 

each turbulence intensity direction (u’rms/u*, v’rms/u* and w’rms/u*) with the applied 

unsteady flow.  

 
Table A4.5 - Turbulence intensity/flow correlation calculation results - hydrograph rising limb 

Run ID Bed Mix Hydrograph Shape Parameter Spearman’s Correlation 

Coefficient rs  
η ΓHG Wk u’rms/u* v’rms/u* w’rms/u* 

B-A A 1.00 4.50 32,377 0.915 0.922 0.909 

S2-A-1 A 0.42 4.50 32,377 0.940 0.941 0.961 

S2-A-2 A 2.40 4.50 32,377 0.968 0.930 0.924 

S3-A-1 A 1.00 7.64 32,377 0.931 0.921 0.904 

S3-A-2 A 1.00 2.17 32,377 0.953 0.948 0.929 

S4-A-1 A 1.00 4.50 55,082 0.983 0.940 0.978 

S4-A-2 A 1.00 4.50 15,669 0.918 0.938 0.918 

B-A-S5 A 1.00 4.50 32,377 0.922 0.931 0.925 

S5-A-1 A 0.42 4.50 32,377 0.914 0.940 0.966 

S5-A-2 A 2.40 4.50 32,377 0.918 0.929 0.911 
B-B B 1.00 4.50 32,377 0.907 0.962 0.945 

S2-B-1 B 0.42 4.50 32,377 0.976 0.933 0.962 

S2-B-2 B 2.40 4.50 32,377 0.975 0.944 0.976 

S3-B-1 B 1.00 7.64 32,377 0.927 0.978 0.927 

S3-B-2 B 1.00 2.17 32,377 0.967 0.946 0.958 

S4-B-1 B 1.00 4.50 55,082 0.988 0.941 0.946 

S4-B-2 B 1.00 4.50 15,669 0.968 0.953 0.936 

B-B-S5 B 1.00 4.50 32,377 0.922 0.934 0.927 

S5-B-1 B 0.42 4.50 32,377 0.934 0.909 0.966 

S5-B-2 B 2.40 4.50 32,377 0.957 0.951 0.940 
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Table B4.5 - Turbulence intensity/flow correlation calculation results - hydrograph falling limb 

Run ID Bed Mix Hydrograph Shape Parameter Spearman’s Correlation 

Coefficient rs  
η ΓHG Wk u’rms/u* v’rms/u* w’rms/u* 

B-A A 1.00 4.50 32,377 0.919 0.890 0.824 
S2-A-1 A 0.42 4.50 32,377 0.892 0.820 0.855 
S2-A-2 A 2.40 4.50 32,377 0.884 0.895 0.861 
S3-A-1 A 1.00 7.64 32,377 0.902 0.910 0.824 
S3-A-2 A 1.00 2.17 32,377 0.876 0.881 0.899 
S4-A-1 A 1.00 4.50 55,082 0.888 0.885 0.900 
S4-A-2 A 1.00 4.50 15,669 0.901 0.850 0.847 

B-A-S5 A 1.00 4.50 32,377 0.899 0.862 0.851 

S5-A-1 A 0.42 4.50 32,377 0.871 0.855 0.872 

S5-A-2 A 2.40 4.50 32,377 0.877 0.864 0.824 
B-B B 1.00 4.50 32,377 0.857 0.909 0.885 

S2-B-1 B 0.42 4.50 32,377 0.914 0.854 0.824 
S2-B-2 B 2.40 4.50 32,377 0.857 0.881 0.910 
S3-B-1 B 1.00 7.64 32,377 0.839 0.888 0.845 
S3-B-2 B 1.00 2.17 32,377 0.864 0.882 0.824 
S4-B-1 B 1.00 4.50 55,082 0.898 0.866 0.858 
S4-B-2 B 1.00 4.50 15,669 0.907 0.899 0.800 

B-B-S5 B 1.00 4.50 32,377 0.857 0.909 0.885 

S5-B-1 B 0.42 4.50 32,377 0.860 0.842 0.822 

S5-B-2 B 2.40 4.50 32,377 0.851 0.879 0.845 
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Appendix 4-6: ADV Measurements – TKE (All Results) 

 

Streamwise TKE Results (Bed Mix A)  

 

 
Figure A4.6 (a) – TKE data for all 'Benchmark Hydrograph' (first hydrograph) runs above bed mix A 

 

 

 

 
Figure A4.6 (b) - TKE data for all asymmetry varied η = 0.42 (first hydrograph) runs above bed mix A 
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Figure A4.6 (c) - TKE data for all asymmetry varied η = 2.40 (first hydrograph) runs above bed mix A 

 

 

 

 
Figure A4.6 (d) - TKE data for all unsteadiness varied ΓHG = 7.64 runs above bed mix A 
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Figure A4.6 (e) - TKE data for all unsteadiness varied ΓHG = 2.17 runs above bed mix A 

 

 

 

 
Figure A4.6 (f) - TKE data for all total water work varied WK = 55,082 runs above bed mix A 
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Figure A4.6 (g) - TKE data for all total water work varied WK = 15,669 runs above bed mix A 

 

 

 

 
Figure A4.6 (h) - TKE data for all 'Benchmark Hydrograph' (second hydrograph) runs above bed mix A 
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Figure A4.6 (i) - TKE data for all asymmetry varied η = 0.42 (second hydrograph) runs above bed mix A 

 

 

 

 
Figure A4.6 (j) - TKE data for all asymmetry varied η = 2.40 (second hydrograph) runs above bed mix A 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

285 

Streamwise TKE Results (Bed Mix B)  

 

 
Figure B4.6 (a) – TKE data for all 'Benchmark Hydrograph' (first hydrograph) runs above bed mix B 

 

 

 

 
Figure B4.6 (b) - TKE data for all asymmetry varied η = 0.42 (first hydrograph) runs above bed mix B 
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Figure B4.6 (c) - TKE data for all asymmetry varied η = 2.40 (first hydrograph) runs above bed mix B 

 

 

 

 
Figure B4.6 (d) - TKE data for all unsteadiness varied ΓHG = 7.64 runs above bed mix B 
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Figure B4.6 (e) - TKE data for all unsteadiness varied ΓHG = 2.17 runs above bed mix B 

 

 

 

 
Figure B4.6 (f) - TKE data for all total water work varied WK = 55,082 runs above bed mix B 
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Figure B4.6 (g) - TKE data for all total water work varied WK = 15,669 runs above bed mix B 

 

 

 

 
Figure B4.6 (h) - TKE data for all 'Benchmark Hydrograph' (second hydrograph) runs above bed mix B 
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Figure B4.6 (i) - TKE data for all asymmetry varied η = 0.42 (second hydrograph) runs above bed mix B 

 
Figure B4.6 (j) - TKE data for all asymmetry varied η = 2.40 (second hydrograph) runs above bed mix B 
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Appendix 4.7: ADV Measurements – Reynolds Stress (All Results) 

 

[u -v] Reynolds Stress Results (Bed Mix A)  

 

 

 
Figure A4.7 (a) – Reynolds Stress (u-v plane) data for all 'Benchmark Hydrograph' (first hydrograph) 
runs above bed mix A 

 

 

 

 
Figure A4.7 (b) - Reynolds Stress (u-v plane) data for all asymmetry varied η = 0.42 (first hydrograph) 
runs above bed mix A 
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Figure A4.7 (c) - Reynolds Stress (u-v plane) data for all asymmetry varied η = 2.40 (first hydrograph) 
runs above bed mix A 

 

 

 

 
Figure A4.7 (d) - Reynolds Stress (u-v plane) data for all unsteadiness varied ΓHG = 7.64 runs above bed 
mix A 
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Figure A4.7 (e) - Reynolds Stress (u-v plane) data for all unsteadiness varied ΓHG = 2.17 runs above bed 
mix A 

 

 

 

 
Figure A4.7 (f) - Reynolds Stress (u-v plane) data for all total water work varied WK = 55,082 runs 
above bed mix A 
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Figure A4.7 (g) - Reynolds Stress (u-v plane) data for all total water work varied WK = 15,669 runs 
above bed mix A 

 

 

 

 
Figure A4.7 (h) - Reynolds Stress (u-v plane) data for all 'Benchmark Hydrograph' (second hydrograph) 
runs above bed mix A 
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Figure A4.7 (i) - Reynolds Stress (u-v plane) data for all asymmetry varied η = 0.42 (second 
hydrograph) runs above bed mix A 

 

 

 

 
Figure A4.7 (j) - Reynolds Stress (u-v plane) data for all asymmetry varied η = 2.40 (second 
hydrograph) runs above bed mix A 
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[u -v] Reynolds Stress Results (Bed Mix B)  

 

 
Figure B4.7 (a) – Reynolds Stress (u-v plane) data for all 'Benchmark Hydrograph' (first hydrograph) 
runs above bed mix B 

 

 

 

 
Figure B4.7 (b) - Reynolds Stress (u-v plane) data for all asymmetry varied η = 0.42 (first hydrograph) 
runs above bed mix B 
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Figure B4.7 (c) - Reynolds Stress (u-v plane) data for all asymmetry varied η = 2.40 (first hydrograph) 
runs above bed mix B 

 

 

 

 
Figure B4.7 (d) - Reynolds Stress (u-v plane) data for all unsteadiness varied ΓHG = 7.64 runs above bed 
mix B 
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Figure B4.7 (e) - Reynolds Stress (u-v plane) data for all unsteadiness varied ΓHG = 2.17 runs above bed 
mix B 

 

 

 

 
Figure B4.7 (f) - Reynolds Stress (u-v plane) data for all total water work varied WK = 55,082 runs 
above bed mix B 
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Figure B4.7 (g) - Reynolds Stress (u-v plane) data for all total water work varied WK = 15,669 runs 
above bed mix B 

 

 

 

 
Figure B4.7 (h) - Reynolds Stress (u-v plane) data for all 'Benchmark Hydrograph' (second hydrograph) 
runs above bed mix B 
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Figure B4.7 (i) - Reynolds Stress (u-v plane) data for all asymmetry varied η = 0.42 (second 
hydrograph) runs above bed mix B 

 

 

 

 
Figure B4.7 (j) - Reynolds Stress (u-v plane) data for all asymmetry varied η = 2.40 (second 
hydrograph) runs above bed mix B 
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[u -w] Reynolds Stress Results (Bed Mix A)  

 

 
Figure C4.7 (a) – Reynolds Stress (u-w plane) data for all 'Benchmark Hydrograph' (first hydrograph) 
runs above bed mix A 

 

 

 

 
Figure C4.7 (b) - Reynolds Stress (u-w plane) data for all asymmetry varied η = 0.42 (first hydrograph) 
runs above bed mix A 
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Figure C4.7 (c) - Reynolds Stress (u-w plane) data for all asymmetry varied η = 2.40 (first hydrograph) 
runs above bed mix A 

 

 

 

 
Figure C4.7 (d) - Reynolds Stress (u-w plane) data for all unsteadiness varied ΓHG = 7.64 runs above bed 
mix A 
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Figure C4.7 (e) - Reynolds Stress (u-w plane) data for all unsteadiness varied ΓHG = 2.17 runs above bed 
mix A 

 

 

 

 
Figure C4.7 (f) - Reynolds Stress (u-w plane) data for all total water work varied WK = 55,082 runs 
above bed mix A 
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Figure C4.7 (g) - Reynolds Stress (u-w plane) data for all total water work varied WK = 15,669 runs 
above bed mix A 

 

 

 

 
Figure C4.7 (h) - Reynolds Stress (u-w plane) data for all 'Benchmark Hydrograph' (second hydrograph) 
runs above bed mix A 
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Figure C4.7 (i) - Reynolds Stress (u-w plane) data for all asymmetry varied η = 0.42 (second 
hydrograph) runs above bed mix A 

 

 

 

 
Figure C4.7 (j) - Reynolds Stress (u-w plane) data for all asymmetry varied η = 2.40 (second 
hydrograph) runs above bed mix A 
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[u -w] Reynolds Stress Results (Bed Mix B)  

 

 
Figure D4.7 (a) – Reynolds Stress (u-w plane) data for all 'Benchmark Hydrograph' (first hydrograph) 
runs above bed mix B 

 

 

 

 
Figure D4.7 (b) - Reynolds Stress (u-w plane) data for all asymmetry varied η = 0.42 (first hydrograph) 
runs above bed mix B 
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Figure D4.7 (c) - Reynolds Stress (u-w plane) data for all asymmetry varied η = 2.40 (first hydrograph) 
runs above bed mix B 

 

 

 

 
Figure D4.7 (d) - Reynolds Stress (u-w plane) data for all unsteadiness varied ΓHG = 7.64 runs above bed 
mix B 



 

307 

 
Figure D4.7 (e) - Reynolds Stress (u-w plane) data for all unsteadiness varied ΓHG = 2.17 runs above bed 
mix B 

 

 

 

 
Figure D4.7 (f) - Reynolds Stress (u-w plane) data for all total water work varied WK = 55,082 runs 
above bed mix B 
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Figure D4.7 (g) - Reynolds Stress (u-w plane) data for all total water work varied WK = 15,669 runs 
above bed mix B 

 

 

 

 
Figure D4.7 (h) - Reynolds Stress (u-w plane) data for all 'Benchmark Hydrograph' (second hydrograph) 
runs above bed mix B 
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Figure D4.7 (i) - Reynolds Stress (u-w plane) data for all asymmetry varied η = 0.42 (second 
hydrograph) runs above bed mix B 

 

 

 

 
Figure D4.7 (j) - Reynolds Stress (u-w plane) data for all asymmetry varied η = 2.40 (second 
hydrograph) runs above bed mix B 
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[v -w]  Reynolds Stress Results (Bed Mix A)  

 

 
Figure E4.7 (a) – Reynolds Stress (u-w plane) data for all 'Benchmark Hydrograph' (first hydrograph) 
runs above bed mix A 

 

 

 

 
Figure E4.7 (b) - Reynolds Stress (u-w plane) data for all asymmetry varied η = 0.42 (first hydrograph) 
runs above bed mix A 
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Figure E4.7 (c) - Reynolds Stress (u-w plane) data for all asymmetry varied η = 2.40 (first hydrograph) 
runs above bed mix A 

 

 

 

 
Figure E4.7 (d) - Reynolds Stress (u-w plane) data for all unsteadiness varied ΓHG = 7.64 runs above bed 
mix A 
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Figure E4.7 (e) - Reynolds Stress (u-w plane) data for all unsteadiness varied ΓHG = 2.17 runs above bed 
mix A 

 

 

 

 
Figure E4.7 (f) - Reynolds Stress (u-w plane) data for all total water work varied WK = 55,082 runs 
above bed mix A 
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Figure E4.7 (g) - Reynolds Stress (u-w plane) data for all total water work varied WK = 15,669 runs 
above bed mix A 

 

 

 

 
Figure E4.7 (h) - Reynolds Stress (u-w plane) data for all 'Benchmark Hydrograph' (second hydrograph) 
runs above bed mix A 
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Figure E4.7 (i) - Reynolds Stress (u-w plane) data for all asymmetry varied η = 0.42 (second 
hydrograph) runs above bed mix A 

 

 

 

 
Figure E4.7 (j) - Reynolds Stress (u-w plane) data for all asymmetry varied η = 2.40 (second 
hydrograph) runs above bed mix A 
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[v -w]  Reynolds Stress Results (Bed Mix B)  

 

 
Figure F4.7 (a) – Reynolds Stress (u-w plane) data for all 'Benchmark Hydrograph' (first hydrograph) 
runs above bed mix B 

 

 

 

 
Figure F4.7 (b) - Reynolds Stress (u-w plane) data for all asymmetry varied η = 0.42 (first hydrograph) 
runs above bed mix B 
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Figure F4.7 (c) - Reynolds Stress (u-w plane) data for all asymmetry varied η = 2.40 (first hydrograph) 
runs above bed mix B 

 

 

 

 
Figure F4.7 (d) - Reynolds Stress (u-w plane) data for all unsteadiness varied ΓHG = 7.64 runs above bed 
mix B 
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Figure F4.7 (e) - Reynolds Stress (u-w plane) data for all unsteadiness varied ΓHG = 2.17 runs above bed 
mix B 

 

 

 

 
Figure F4.7 (f) - Reynolds Stress (u-w plane) data for all total water work varied WK = 55,082 runs 
above bed mix B 
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Figure F4.7 (g) - Reynolds Stress (u-w plane) data for all total water work varied WK = 15,669 runs 
above bed mix B 

 

 

 

 
Figure F4.7 (h) - Reynolds Stress (u-w plane) data for all 'Benchmark Hydrograph' (second hydrograph) 
runs above bed mix B 
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Figure F4.7 (i) - Reynolds Stress (u-w plane) data for all asymmetry varied η = 0.42 (second 
hydrograph) runs above bed mix B 

 

 

 

 
Figure F4.7 (j) - Reynolds Stress (u-w plane) data for all asymmetry varied η = 2.40 (second 
hydrograph) runs above bed mix B 
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Appendix 4.8: Reynolds Stress / Flow Correlation Calculation Results 

The following tables provide the output from a Spearman’s Rank Order Correlation of 

each Reynolds stress plane with the applied unsteady flow.  

 
Table A4.8 - Turbulence intensity/flow correlation calculation results - hydrograph rising limb 

Run ID Bed Mix Hydrograph Shape Parameter Spearman’s Correlation 

Coefficient rs  
η ΓHG Wk u’rms/u* v’rms/u* w’rms/u* 

B-A A 1.00 4.50 32,377 -0.981 -0.121 -0.888 

S2-A-1 A 0.42 4.50 32,377 -0.977 -0.107 -0.876 

S2-A-2 A 2.40 4.50 32,377 -0.919 -0.144 -0.942 

S3-A-1 A 1.00 7.64 32,377 -0.891 -0.136 -0.936 

S3-A-2 A 1.00 2.17 32,377 -0.924 -0.153 -0.927 

S4-A-1 A 1.00 4.50 55,082 -0.931 -0.178 -0.948 

S4-A-2 A 1.00 4.50 15,669 -0.939 -0.158 -0.962 

B-A-S5 A 1.00 4.50 32,377 -0.957 -0.144 -0.907 

S5-A-1 A 0.42 4.50 32,377 -0.982 -0.148 -0.886 

S5-A-2 A 2.40 4.50 32,377 -0.884 -0.111 -0.893 

B-B B 1.00 4.50 32,377 -0.981 -0.146 -0.875 

S2-B-1 B 0.42 4.50 32,377 -0.895 -0.139 -0.918 

S2-B-2 B 2.40 4.50 32,377 -0.891 -0.161 -0.931 

S3-B-1 B 1.00 7.64 32,377 -0.976 -0.142 -0.927 

S3-B-2 B 1.00 2.17 32,377 -0.921 -0.162 -0.938 

S4-B-1 B 1.00 4.50 55,082 -0.966 -0.17 -0.948 

S4-B-2 B 1.00 4.50 15,669 -0.954 -0.161 -0.922 

B-B-S5 B 1.00 4.50 32,377 -0.958 -0.168 -0.914 

S5-B-1 B 0.42 4.50 32,377 -0.951 -0.177 -0.933 

S5-B-2 B 2.40 4.50 32,377 -0.94 -0.14 -0.958 

 
Table B4.8 - Turbulence intensity/flow correlation calculation results - hydrograph falling limb 

Run ID Bed Mix Hydrograph Shape Parameter Spearman’s Correlation 

Coefficient rs  
η ΓHG Wk u’rms/u* v’rms/u* w’rms/u* 

B-A A 1.00 4.50 32,377 -0.895 -0.128 -0.895 

S2-A-1 A 0.42 4.50 32,377 -0.917 -0.155 -0.922 

S2-A-2 A 2.40 4.50 32,377 -0.964 -0.180 -0.914 

S3-A-1 A 1.00 7.64 32,377 -0.966 -0.181 -0.955 

S3-A-2 A 1.00 2.17 32,377 -0.911 -0.115 -0.890 

S4-A-1 A 1.00 4.50 55,082 -0.980 -0.160 -0.937 

S4-A-2 A 1.00 4.50 15,669 -0.928 -0.117 -0.900 

B-A-S5 A 1.00 4.50 32,377 -0.899 -0.158 -0.945 

S5-A-1 A 0.42 4.50 32,377 -0.941 -0.134 -0.896 

S5-A-2 A 2.40 4.50 32,377 -0.929 -0.161 -0.938 

B-B B 1.00 4.50 32,377 -0.904 -0.172 -0.933 

S2-B-1 B 0.42 4.50 32,377 -0.866 -0.168 -0.894 

S2-B-2 B 2.40 4.50 32,377 -0.971 -0.122 -0.875 

S3-B-1 B 1.00 7.64 32,377 -0.892 -0.117 -0.877 

S3-B-2 B 1.00 2.17 32,377 -0.911 -0.142 -0.894 

S4-B-1 B 1.00 4.50 55,082 -0.928 -0.172 -0.924 

S4-B-2 B 1.00 4.50 15,669 -0.892 -0.129 -0.961 

B-B-S5 B 1.00 4.50 32,377 -0.924 -0.154 -0.922 

S5-B-1 B 0.42 4.50 32,377 -0.939 -0.159 -0.96 

S5-B-2 B 2.40 4.50 32,377 -0.961 -0.171 -0.938 
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Appendix 4.9: ADV Measurements – Quadrant Analysis, Hole Size H’ = 0 (All 

Results) 

 

Quadrant 1 (Inward Interactions) Results (Bed Mix A)  

 

 
Figure A4.9 (a) – Quadrant Analysis Q1 (H’ = 0) data for all 'Benchmark Hydrograph' (first hydrograph) 
runs above bed mix A 

 

 

 

 
Figure A4.9 (b) - Quadrant Analysis Q1 (H’ = 0) data for all asymmetry varied η = 0.42 (first 
hydrograph) runs above bed mix A 
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Figure A4.9 (c) - Quadrant Analysis Q1 (H’ = 0) data for all asymmetry varied η = 2.40 (first hydrograph) 
runs above bed mix A 

 

 

 

 
Figure A4.9 (d) - Quadrant Analysis Q1 (H’ = 0) data for all unsteadiness varied ΓHG = 7.64 runs above 
bed mix A 
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Figure A4.9 (e) - Quadrant Analysis Q1 (H’ = 0) data for all unsteadiness varied ΓHG = 2.17 runs above 
bed mix A 

 

 

 

 
Figure A4.9 (f) - Quadrant Analysis Q1 (H’ = 0) data for all total water work varied WK = 55,082 runs 
above bed mix A 
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Figure A4.9 (g) - Quadrant Analysis Q1 (H’ = 0) data for all total water work varied WK = 15,669 runs 
above bed mix A 

 

 

 

 
Figure A4.9 (h) - Quadrant Analysis Q1 (H’ = 0) data for all 'Benchmark Hydrograph' (second 
hydrograph) runs above bed mix A 
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Figure A4.9 (i) - Quadrant Analysis Q1 (H’ = 0) data for all asymmetry varied η = 0.42 (second 
hydrograph) runs above bed mix A 

 

 

 

 
Figure A4.9 (j) - Quadrant Analysis Q1 (H’ = 0) data for all asymmetry varied η = 2.40 (second 
hydrograph) runs above bed mix A 
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Quadrant 2 (Ejections) Results (Bed Mix A)  

 

 
Figure B4.9 (a) – Quadrant Analysis Q2 (H’ = 0) data for all 'Benchmark Hydrograph' (first hydrograph) 
runs above bed mix A 

 

 

 

 
Figure B4.9 (b) - Quadrant Analysis Q2 (H’ = 0) data for all asymmetry varied η = 0.42 (first 
hydrograph) runs above bed mix A 
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Figure B4.9 (c) - Quadrant Analysis Q2 (H’ = 0) data for all asymmetry varied η = 2.40 (first hydrograph) 
runs above bed mix A 

 

 

 

 
Figure B4.9 (d) - Quadrant Analysis Q2 (H’ = 0) data for all unsteadiness varied ΓHG = 7.64 runs above 
bed mix A 
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Figure B4.9 (e) - Quadrant Analysis Q2 (H’ = 0) data for all unsteadiness varied ΓHG = 2.17 runs above 
bed mix A 

 

 

 

 
Figure B4.9 (f) - Quadrant Analysis Q2 (H’ = 0) data for all total water work varied WK = 55,082 runs 
above bed mix A 
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Figure B4.9 (g) - Quadrant Analysis Q2 (H’ = 0) data for all total water work varied WK = 15,669 runs 
above bed mix A 

 

 

 

 
Figure B4.9 (h) - Quadrant Analysis Q2 (H’ = 0) data for all 'Benchmark Hydrograph' (second 
hydrograph) runs above bed mix A 
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Figure B4.9 (i) - Quadrant Analysis Q2 (H’ = 0) data for all asymmetry varied η = 0.42 (second 
hydrograph) runs above bed mix A 

 

 

 

 
Figure B4.9 (j) - Quadrant Analysis Q2 (H’ = 0) data for all asymmetry varied η = 2.40 (second 
hydrograph) runs above bed mix A 
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Quadrant 3 (Outward Interactions) Results (Bed Mix A)  

 

 
Figure C4.9 (a) – Quadrant Analysis Q3 (H’ = 0) data for all 'Benchmark Hydrograph' (first hydrograph) 
runs above bed mix A 

 

 

 

 
Figure C4.9 (b) - Quadrant Analysis Q3 (H’ = 0) data for all asymmetry varied η = 0.42 (first 
hydrograph) runs above bed mix A 
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Figure C4.9 (c) - Quadrant Analysis Q3 (H’ = 0) data for all asymmetry varied η = 2.40 (first hydrograph) 
runs above bed mix A 

 

 

 

 
Figure C4.9 (d) - Quadrant Analysis Q3 (H’ = 0) data for all unsteadiness varied ΓHG = 7.64 runs above 
bed mix A 
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Figure C4.9 (e) - Quadrant Analysis Q3 (H’ = 0) data for all unsteadiness varied ΓHG = 2.17 runs above 
bed mix A 

 

 

 

 
Figure C4.9 (f) - Quadrant Analysis Q3 (H’ = 0) data for all total water work varied WK = 55,082 runs 
above bed mix A 



 

334 

 
Figure C4.9 (g) - Quadrant Analysis Q3 (H’ = 0) data for all total water work varied WK = 15,669 runs 
above bed mix A 

 

 

 

 
Figure C4.9 (h) - Quadrant Analysis Q3 (H’ = 0) data for all 'Benchmark Hydrograph' (second 
hydrograph) runs above bed mix A 
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Figure C4.9 (i) - Quadrant Analysis Q3 (H’ = 0) data for all asymmetry varied η = 0.42 (second 
hydrograph) runs above bed mix A 

 

 

 

 
Figure C4.9 (j) - Quadrant Analysis Q3 (H’ = 0) data for all asymmetry varied η = 2.40 (second 
hydrograph) runs above bed mix A 

 

 

 

 

 

 

 

 

 

 

 



 

336 

 

Quadrant 4 (Sweeps) Results (Bed Mix A)  

 

 
Figure D4.9 (a) – Quadrant Analysis Q4 (H’ = 0) data for all 'Benchmark Hydrograph' (first hydrograph) 
runs above bed mix A 

 

 

 

 
Figure D4.9 (b) - Quadrant Analysis Q4 (H’ = 0) data for all asymmetry varied η = 0.42 (first 
hydrograph) runs above bed mix A 
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Figure D4.9 (c) - Quadrant Analysis Q4 (H’ = 0) data for all asymmetry varied η = 2.40 (first hydrograph) 
runs above bed mix A 

 

 

 

 
Figure D4.9 (d) - Quadrant Analysis Q4 (H’ = 0) data for all unsteadiness varied ΓHG = 7.64 runs above 
bed mix A 
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Figure D4.9 (e) - Quadrant Analysis Q4 (H’ = 0) data for all unsteadiness varied ΓHG = 2.17 runs above 
bed mix A 

 

 

 

 
Figure D4.9 (f) - Quadrant Analysis Q4 (H’ = 0) data for all total water work varied WK = 55,082 runs 
above bed mix A 
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Figure D4.9 (g) - Quadrant Analysis Q4 (H’ = 0) data for all total water work varied WK = 15,669 runs 
above bed mix A 

 

 

 

 
Figure D4.9 (h) - Quadrant Analysis Q4 (H’ = 0) data for all 'Benchmark Hydrograph' (second 
hydrograph) runs above bed mix A 
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Figure D4.9 (i) - Quadrant Analysis Q4 (H’ = 0) data for all asymmetry varied η = 0.42 (second 
hydrograph) runs above bed mix A 

 

 

 

 
Figure D4.9 (j) - Quadrant Analysis Q4 (H’ = 0) data for all asymmetry varied η = 2.40 (second 
hydrograph) runs above bed mix A 
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Quadrant 1 (Inward Interactions) Results (Bed Mix B)  

 

 
Figure E4.9 (a) – Quadrant Analysis Q1 (H’ = 0) data for all 'Benchmark Hydrograph' (first hydrograph) 
runs above bed mix B 

 

 

 

 
Figure E4.9 (b) - Quadrant Analysis Q1 (H’ = 0) data for all asymmetry varied η = 0.42 (first hydrograph) 
runs above bed mix B 
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Figure E4.9 (c) - Quadrant Analysis Q1 (H’ = 0) data for all asymmetry varied η = 2.40 (first hydrograph) 
runs above bed mix B 

 

 

 

 
Figure E4.9 (d) - Quadrant Analysis Q1 (H’ = 0) data for all unsteadiness varied ΓHG = 7.64 runs above 
bed mix B 
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Figure E4.9 (e) - Quadrant Analysis Q1 (H’ = 0) data for all unsteadiness varied ΓHG = 2.17 runs above 
bed mix B 

 

 

 

 
Figure E4.9 (f) - Quadrant Analysis Q1 (H’ = 0) data for all total water work varied WK = 55,082 runs 
above bed mix B 
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Figure E4.9 (g) - Quadrant Analysis Q1 (H’ = 0) data for all total water work varied WK = 15,669 runs 
above bed mix B 

 

 

 

 
Figure E4.9 (h) - Quadrant Analysis Q1 (H’ = 0) data for all 'Benchmark Hydrograph' (second 
hydrograph) runs above bed mix B 
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Figure E4.9 (i) - Quadrant Analysis Q1 (H’ = 0) data for all asymmetry varied η = 0.42 (second 
hydrograph) runs above bed mix B 

 

 

 

 
Figure E4.9 (j) - Quadrant Analysis Q1 (H’ = 0) data for all asymmetry varied η = 2.40 (second 
hydrograph) runs above bed mix B 
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Quadrant 2 (Ejections) Results (Bed Mix B)  

 

 
Figure F4.9 (a) – Quadrant Analysis Q2 (H’ = 0) data for all 'Benchmark Hydrograph' (first hydrograph) 
runs above bed mix B 

 

 

 

 
Figure F4.9 (b) - Quadrant Analysis Q2 (H’ = 0) data for all asymmetry varied η = 0.42 (first hydrograph) 
runs above bed mix B 
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Figure F4.9 (c) - Quadrant Analysis Q2 (H’ = 0) data for all asymmetry varied η = 2.40 (first hydrograph) 
runs above bed mix B 

 

 

 

 
Figure F4.9 (d) - Quadrant Analysis Q2 (H’ = 0) data for all unsteadiness varied ΓHG = 7.64 runs above 
bed mix B 
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Figure F4.9 (e) - Quadrant Analysis Q2 (H’ = 0) data for all unsteadiness varied ΓHG = 2.17 runs above 
bed mix B 

 

 

 

 
Figure F4.9 (f) - Quadrant Analysis Q2 (H’ = 0) data for all total water work varied WK = 55,082 runs 
above bed mix B 
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Figure F4.9 (g) - Quadrant Analysis Q2 (H’ = 0) data for all total water work varied WK = 15,669 runs 
above bed mix B 

 

 

 

 
Figure F4.9 (h) - Quadrant Analysis Q2 (H’ = 0) data for all 'Benchmark Hydrograph' (second 
hydrograph) runs above bed mix B 
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Figure F4.9 (i) - Quadrant Analysis Q2 (H’ = 0) data for all asymmetry varied η = 0.42 (second 
hydrograph) runs above bed mix B 

 

 

 

 
Figure F4.9 (j) - Quadrant Analysis Q2 (H’ = 0) data for all asymmetry varied η = 2.40 (second 
hydrograph) runs above bed mix B 
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Quadrant 3 (Outward Interactions) Results (Bed Mix B)  

 

 
Figure G4.9 (a) – Quadrant Analysis Q3 (H’ = 0) data for all 'Benchmark Hydrograph' (first hydrograph) 
runs above bed mix B 

 

 

 

 
Figure G4.9 (b) - Quadrant Analysis Q3 (H’ = 0) data for all asymmetry varied η = 0.42 (first 
hydrograph) runs above bed mix B 
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Figure G4.9 (c) - Quadrant Analysis Q3 (H’ = 0) data for all asymmetry varied η = 2.40 (first 
hydrograph) runs above bed mix B 

 

 

 

 
Figure G4.9 (d) - Quadrant Analysis Q3 (H’ = 0) data for all unsteadiness varied ΓHG = 7.64 runs above 
bed mix B 
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Figure G4.9 (e) - Quadrant Analysis Q3 (H’ = 0) data for all unsteadiness varied ΓHG = 2.17 runs above 
bed mix B 

 

 

 

 
Figure G4.9 (f) - Quadrant Analysis Q3 (H’ = 0) data for all total water work varied WK = 55,082 runs 
above bed mix B 
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Figure G4.9 (g) - Quadrant Analysis Q3 (H’ = 0) data for all total water work varied WK = 15,669 runs 
above bed mix B 

 

 

 

 
Figure G4.9 (h) - Quadrant Analysis Q3 (H’ = 0) data for all 'Benchmark Hydrograph' (second 
hydrograph) runs above bed mix B 



 

355 

 
Figure G4.9 (i) - Quadrant Analysis Q3 (H’ = 0) data for all asymmetry varied η = 0.42 (second 
hydrograph) runs above bed mix B 

 

 

 

 
Figure G4.9 (j) - Quadrant Analysis Q3 (H’ = 0) data for all asymmetry varied η = 2.40 (second 
hydrograph) runs above bed mix B 
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Quadrant 4 (Sweeps) Results (Bed Mix B)  

 

 

 
Figure H4.9 (a) – Quadrant Analysis Q4 (H’ = 0) data for all 'Benchmark Hydrograph' (first hydrograph) 
runs above bed mix B 

 

 

 

 
Figure H4.9 (b) - Quadrant Analysis Q4 (H’ = 0) data for all asymmetry varied η = 0.42 (first 
hydrograph) runs above bed mix B 
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Figure H4.9 (c) - Quadrant Analysis Q4 (H’ = 0) data for all asymmetry varied η = 2.40 (first 
hydrograph) runs above bed mix B 

 

 

 

 
Figure H4.9 (d) - Quadrant Analysis Q4 (H’ = 0) data for all unsteadiness varied ΓHG = 7.64 runs above 
bed mix B 
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Figure H4.9 (e) - Quadrant Analysis Q4 (H’ = 0) data for all unsteadiness varied ΓHG = 2.17 runs above 
bed mix B 

 

 

 

 
Figure H4.9 (f) - Quadrant Analysis Q4 (H’ = 0) data for all total water work varied WK = 55,082 runs 
above bed mix B 
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Figure H4.9 (g) - Quadrant Analysis Q4 (H’ = 0) data for all total water work varied WK = 15,669 runs 
above bed mix B 

 

 

 

 
Figure H4.9 (h) - Quadrant Analysis Q4 (H’ = 0) data for all 'Benchmark Hydrograph' (second 
hydrograph) runs above bed mix B 
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Figure H4.9 (i) - Quadrant Analysis Q4 (H’ = 0) data for all asymmetry varied η = 0.42 (second 
hydrograph) runs above bed mix B 

 

 

 

 
Figure H4.9 (j) - Quadrant Analysis Q4 (H’ = 0) data for all asymmetry varied η = 2.40 (second 
hydrograph) runs above bed mix B 
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Appendix 4.10: ADV Measurements – Quadrant Analysis, Hole Size H’ = 3 (All 

Results) 

 

Quadrant 1 (Inward Interactions) Results (Bed Mix A)  

 

 
Figure A4.10 (a) – Quadrant Analysis Q1 (H’ = 3) data for all 'Benchmark Hydrograph' (first 
hydrograph) runs above bed mix A 

 

 

 

 
Figure A4.10 (b) - Quadrant Analysis Q1 (H’ = 3) data for all asymmetry varied η = 0.42 (first 
hydrograph) runs above bed mix A 
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Figure A4.10 (c) - Quadrant Analysis Q1 (H’ = 3) data for all asymmetry varied η = 2.40 (first 
hydrograph) runs above bed mix A 

 

 

 

 
Figure A4.10 (d) - Quadrant Analysis Q1 (H’ = 3) data for all unsteadiness varied ΓHG = 7.64 runs above 
bed mix A 
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Figure A4.10 (e) - Quadrant Analysis Q1 (H’ = 3) data for all unsteadiness varied ΓHG = 2.17 runs above 
bed mix A 

 

 

 

 
Figure A4.10 (f) - Quadrant Analysis Q1 (H’ = 3) data for all total water work varied WK = 55,082 runs 
above bed mix A 
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Figure A4.10 (g) - Quadrant Analysis Q1 (H’ = 3) data for all total water work varied WK = 15,669 runs 
above bed mix A 

 

 

 

 
Figure A4.10 (h) - Quadrant Analysis Q1 (H’ = 3) data for all 'Benchmark Hydrograph' (second 
hydrograph) runs above bed mix A 
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Figure A4.10 (i) - Quadrant Analysis Q1 (H’ = 3) data for all asymmetry varied η = 0.42 (second 
hydrograph) runs above bed mix A 

 

 

 

 
Figure A4.10 (j) - Quadrant Analysis Q1 (H’ = 3) data for all asymmetry varied η = 2.40 (second 
hydrograph) runs above bed mix A 
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Quadrant 2 (Ejections) Results (Bed Mix A)  

 

 
Figure B4.10 (a) – Quadrant Analysis Q2 (H’ = 3) data for all 'Benchmark Hydrograph' (first 
hydrograph) runs above bed mix A 

 

 

 

 
Figure B4.10 (b) - Quadrant Analysis Q2 (H’ = 3) data for all asymmetry varied η = 0.42 (first 
hydrograph) runs above bed mix A 
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Figure B4.10 (c) - Quadrant Analysis Q2 (H’ = 3) data for all asymmetry varied η = 2.40 (first 
hydrograph) runs above bed mix A 

 

 

 

 
Figure B4.10 (d) - Quadrant Analysis Q2 (H’ = 3) data for all unsteadiness varied ΓHG = 7.64 runs above 
bed mix A 
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Figure B4.10 (e) - Quadrant Analysis Q2 (H’ = 3) data for all unsteadiness varied ΓHG = 2.17 runs above 
bed mix A 

 

 

 

 
Figure B4.10 (f) - Quadrant Analysis Q2 (H’ = 3) data for all total water work varied WK = 55,082 runs 
above bed mix A 
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Figure B4.10 (g) - Quadrant Analysis Q2 (H’ = 3) data for all total water work varied WK = 15,669 runs 
above bed mix A 

 

 

 

 
Figure B4.10 (h) - Quadrant Analysis Q2 (H’ = 3) data for all 'Benchmark Hydrograph' (second 
hydrograph) runs above bed mix A 
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Figure B4.10 (i) - Quadrant Analysis Q2 (H’ = 3) data for all asymmetry varied η = 0.42 (second 
hydrograph) runs above bed mix A 

 

 

 

 
Figure B4.10 (j) - Quadrant Analysis Q2 (H’ = 3) data for all asymmetry varied η = 2.40 (second 
hydrograph) runs above bed mix A 
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Quadrant 3 (Outward Interactions) Results (Bed Mix A)  

 

 
Figure C4.10 (a) – Quadrant Analysis Q3 (H’ = 3) data for all 'Benchmark Hydrograph' (first hydrograph) 
runs above bed mix A 

 

 

 

 
Figure C4.10 (b) - Quadrant Analysis Q3 (H’ = 3) data for all asymmetry varied η = 0.42 (first 
hydrograph) runs above bed mix A 
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Figure C4.10 (c) - Quadrant Analysis Q3 (H’ = 3) data for all asymmetry varied η = 2.40 (first 
hydrograph) runs above bed mix A 

 

 

 

 
Figure C4.10 (d) - Quadrant Analysis Q3 (H’ = 3) data for all unsteadiness varied ΓHG = 7.64 runs above 
bed mix A 
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Figure C4.10 (e) - Quadrant Analysis Q3 (H’ = 3) data for all unsteadiness varied ΓHG = 2.17 runs above 
bed mix A 

 

 

 

 
Figure C4.10 (f) - Quadrant Analysis Q3 (H’ = 3) data for all total water work varied WK = 55,082 runs 
above bed mix A 
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Figure C4.10 (g) - Quadrant Analysis Q3 (H’ = 3) data for all total water work varied WK = 15,669 runs 
above bed mix A 

 

 

 

 
Figure C4.10 (h) - Quadrant Analysis Q3 (H’ = 3) data for all 'Benchmark Hydrograph' (second 
hydrograph) runs above bed mix A 
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Figure C4.10 (i) - Quadrant Analysis Q3 (H’ = 3) data for all asymmetry varied η = 0.42 (second 
hydrograph) runs above bed mix A 

 

 

 

 
Figure C4.10 (j) - Quadrant Analysis Q3 (H’ = 3) data for all asymmetry varied η = 2.40 (second 
hydrograph) runs above bed mix A 
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Quadrant 4 (Sweeps) Results (Bed Mix A)  

 

 
Figure D4.10 (a) – Quadrant Analysis Q4 (H’ = 3) data for all 'Benchmark Hydrograph' (first 
hydrograph) runs above bed mix A 

 

 

 

 
Figure D4.10 (b) - Quadrant Analysis Q4 (H’ = 3) data for all asymmetry varied η = 0.42 (first 
hydrograph) runs above bed mix A 



 

377 

 
Figure D4.10 (c) - Quadrant Analysis Q4 (H’ = 3) data for all asymmetry varied η = 2.40 (first 
hydrograph) runs above bed mix A 

 

 

 

 
Figure D4.10 (d) - Quadrant Analysis Q4 (H’ = 3) data for all unsteadiness varied ΓHG = 7.64 runs above 
bed mix A 
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Figure D4.10 (e) - Quadrant Analysis Q4 (H’ = 3) data for all unsteadiness varied ΓHG = 2.17 runs above 
bed mix A 

 

 

 

 
Figure D4.10 (f) - Quadrant Analysis Q4 (H’ = 3) data for all total water work varied WK = 55,082 runs 
above bed mix A 
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Figure D4.10 (g) - Quadrant Analysis Q4 (H’ = 3) data for all total water work varied WK = 15,669 runs 
above bed mix A 

 

 

 

 
Figure D4.10 (h) - Quadrant Analysis Q4 (H’ = 3) data for all 'Benchmark Hydrograph' (second 
hydrograph) runs above bed mix A 
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Figure D4.10 (i) - Quadrant Analysis Q4 (H’ = 3) data for all asymmetry varied η = 0.42 (second 
hydrograph) runs above bed mix A 

 

 

 

 
Figure D4.10 (j) - Quadrant Analysis Q4 (H’ = 3) data for all asymmetry varied η = 2.40 (second 
hydrograph) runs above bed mix A 
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Quadrant 1 (Inward Interactions) Results (Bed Mix B)  

 

 
Figure E4.10 (a) – Quadrant Analysis Q1 (H’ = 3) data for all 'Benchmark Hydrograph' (first hydrograph) 
runs above bed mix B 

 

 

 

 
Figure E4.10 (b) - Quadrant Analysis Q1 (H’ = 3) data for all asymmetry varied η = 0.42 (first 
hydrograph) runs above bed mix B 
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Figure E4.10 (c) - Quadrant Analysis Q1 (H’ = 3) data for all asymmetry varied η = 2.40 (first 
hydrograph) runs above bed mix B 

 

 

 

 
Figure E4.10 (d) - Quadrant Analysis Q1 (H’ = 3) data for all unsteadiness varied ΓHG = 7.64 runs above 
bed mix B 
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Figure E4.10 (e) - Quadrant Analysis Q1 (H’ = 3) data for all unsteadiness varied ΓHG = 2.17 runs above 
bed mix B 

 

 

 

 
Figure E4.10 (f) - Quadrant Analysis Q1 (H’ = 3) data for all total water work varied WK = 55,082 runs 
above bed mix B 
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Figure E4.10 (g) - Quadrant Analysis Q1 (H’ = 3) data for all total water work varied WK = 15,669 runs 
above bed mix B 

 

 

 

 
Figure E4.10 (h) - Quadrant Analysis Q1 (H’ = 3) data for all 'Benchmark Hydrograph' (second 
hydrograph) runs above bed mix B 
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Figure E4.10 (i) - Quadrant Analysis Q1 (H’ = 3) data for all asymmetry varied η = 0.42 (second 
hydrograph) runs above bed mix B 

 

 

 

 
Figure E4.10 (j) - Quadrant Analysis Q1 (H’ = 3) data for all asymmetry varied η = 2.40 (second 
hydrograph) runs above bed mix B 
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Quadrant 2 (Ejections) Results (Bed Mix B)  

 

 
Figure F4.10 (a) – Quadrant Analysis Q2 (H’ = 3) data for all 'Benchmark Hydrograph' (first hydrograph) 
runs above bed mix B 

 

 

 

 
Figure F4.10 (b) - Quadrant Analysis Q2 (H’ = 3) data for all asymmetry varied η = 0.42 (first 
hydrograph) runs above bed mix B 
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Figure F4.10 (c) - Quadrant Analysis Q2 (H’ = 3) data for all asymmetry varied η = 2.40 (first 
hydrograph) runs above bed mix B 

 

 

 

 
Figure F4.10 (d) - Quadrant Analysis Q2 (H’ = 3) data for all unsteadiness varied ΓHG = 7.64 runs above 
bed mix B 
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Figure F4.10 (e) - Quadrant Analysis Q2 (H’ = 3) data for all unsteadiness varied ΓHG = 2.17 runs above 
bed mix B 

 

 

 

 
Figure F4.10 (f) - Quadrant Analysis Q2 (H’ = 3) data for all total water work varied WK = 55,082 runs 
above bed mix B 



 

389 

 
Figure F4.10 (g) - Quadrant Analysis Q2 (H’ = 3) data for all total water work varied WK = 15,669 runs 
above bed mix B 

 

 

 

 
Figure F4.10 (h) - Quadrant Analysis Q2 (H’ = 3) data for all 'Benchmark Hydrograph' (second 
hydrograph) runs above bed mix B 
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Figure F4.10 (i) - Quadrant Analysis Q2 (H’ = 3) data for all asymmetry varied η = 0.42 (second 
hydrograph) runs above bed mix B 

 

 

 

 
Figure F4.10 (j) - Quadrant Analysis Q2 (H’ = 3) data for all asymmetry varied η = 2.40 (second 
hydrograph) runs above bed mix B 
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Quadrant 3 (Outward Interactions) Results (Bed Mix B)  

 

 
Figure G4.10 (a) – Quadrant Analysis Q3 (H’ = 3) data for all 'Benchmark Hydrograph' (first 
hydrograph) runs above bed mix B 

 

 

 

 
Figure G4.10 (b) - Quadrant Analysis Q3 (H’ = 3) data for all asymmetry varied η = 0.42 (first 
hydrograph) runs above bed mix B 
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Figure G4.10 (c) - Quadrant Analysis Q3 (H’ = 3) data for all asymmetry varied η = 2.40 (first 
hydrograph) runs above bed mix B 

 

 

 

 
Figure G4.10 (d) - Quadrant Analysis Q3 (H’ = 3) data for all unsteadiness varied ΓHG = 7.64 runs above 
bed mix B 
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Figure G4.10 (e) - Quadrant Analysis Q3 (H’ = 3) data for all unsteadiness varied ΓHG = 2.17 runs above 
bed mix B 

 

 

 

 
Figure G4.10 (f) - Quadrant Analysis Q3 (H’ = 3) data for all total water work varied WK = 55,082 runs 
above bed mix B 
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Figure G4.10 (g) - Quadrant Analysis Q3 (H’ = 3) data for all total water work varied WK = 15,669 runs 
above bed mix B 

 

 

 

 
Figure G4.10 (h) - Quadrant Analysis Q3 (H’ = 3) data for all 'Benchmark Hydrograph' (second 
hydrograph) runs above bed mix B 
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Figure G4.10 (i) - Quadrant Analysis Q3 (H’ = 3) data for all asymmetry varied η = 0.42 (second 
hydrograph) runs above bed mix B 

 

 

 

 
Figure G4.10 (j) - Quadrant Analysis Q3 (H’ = 3) data for all asymmetry varied η = 2.40 (second 
hydrograph) runs above bed mix B 
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Quadrant 4 (Sweeps) Results (Bed Mix B)  

 

 

 

 
Figure H4.10 (a) – Quadrant Analysis Q4 (H’ = 3) data for all 'Benchmark Hydrograph' (first 
hydrograph) runs above bed mix B 

 

 

 

 
Figure H4.10 (b) - Quadrant Analysis Q4 (H’ = 3) data for all asymmetry varied η = 0.42 (first 
hydrograph) runs above bed mix B 
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Figure H4.10 (c) - Quadrant Analysis Q4 (H’ = 3) data for all asymmetry varied η = 2.40 (first 
hydrograph) runs above bed mix B 

 

 

 

 
Figure H4.10 (d) - Quadrant Analysis Q4 (H’ = 3) data for all unsteadiness varied ΓHG = 7.64 runs above 
bed mix B 



 

398 

 
Figure H4.10 (e) - Quadrant Analysis Q4 (H’ = 3) data for all unsteadiness varied ΓHG = 2.17 runs above 
bed mix B 

 

 

 

 
Figure H4.10 (f) - Quadrant Analysis Q4 (H’ = 3) data for all total water work varied WK = 55,082 runs 
above bed mix B 
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Figure H4.10 (g) - Quadrant Analysis Q4 (H’ = 3) data for all total water work varied WK = 15,669 runs 
above bed mix B 

 

 

 

 
Figure H4.10 (h) - Quadrant Analysis Q4 (H’ = 3) data for all 'Benchmark Hydrograph' (second 
hydrograph) runs above bed mix B 



 

400 

 
Figure H4.10 (i) - Quadrant Analysis Q4 (H’ = 3) data for all asymmetry varied η = 0.42 (second 
hydrograph) runs above bed mix B 

 

 

 

 
Figure H4.10 (j) - Quadrant Analysis Q4 (H’ = 3) data for all asymmetry varied η = 2.40 (second 
hydrograph) runs above bed mix B 
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Appendix 4.11: Bedload Transport Measurements – Total (All Results) 

 

Total Transport Results (Bed Mix A)  

 

 
Figure A4.11 (a) – Total bedload transport data for all 'Benchmark Hydrograph' (first hydrograph) runs 
above bed mix A 

 

 

 

 
Figure A4.11 (b) - Total bedload transport data for all asymmetry varied η = 0.42 (first hydrograph) 
runs above bed mix A 
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Figure A4.11 (c) - Total bedload transport data for all asymmetry varied η = 2.40 (first hydrograph) 
runs above bed mix A 

 

 

 

 
Figure A4.11 (d) - Total bedload transport data for all unsteadiness varied ΓHG = 7.64 runs above bed 
mix A 
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Figure A4.11 (e) - Total bedload transport data for all unsteadiness varied ΓHG = 2.17 runs above bed 
mix A 

 

 

 

 
Figure A4.11 (f) - Total bedload transport data for all total water work varied WK = 55,082 runs above 
bed mix A 
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Figure A4.11 (g) - Total bedload transport data for all total water work varied WK = 15,669 runs above 
bed mix A 

 

 

 

 
Figure A4.11 (h) - Total bedload transport data for all 'Benchmark Hydrograph' (second hydrograph) 
runs above bed mix A 
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Figure A4.11 (i) - Total bedload transport data for all asymmetry varied η = 0.42 (second hydrograph) 
runs above bed mix A 

 

 

 

 
Figure A4.11 (j) - Total bedload transport data for all asymmetry varied η = 2.40 (second hydrograph) 
runs above bed mix A 
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Total Transport Results (Bed Mix B)  

 

 

 
Figure B4.11 (a) – Total bedload transport data for all 'Benchmark Hydrograph' (first hydrograph) runs 
above bed mix B 

 

 

 

 
Figure B4.11 (b) - Total bedload transport data for all asymmetry varied η = 0.42 (first hydrograph) 
runs above bed mix B 
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Figure B4.11 (c) - Total bedload transport data for all asymmetry varied η = 2.40 (first hydrograph) 
runs above bed mix B 

 

 

 

 
Figure B4.11 (d) - Total bedload transport data for all unsteadiness varied ΓHG = 7.64 runs above bed 
mix B 
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Figure B4.11 (e) - Total bedload transport data for all unsteadiness varied ΓHG = 2.17 runs above bed 
mix B 

 

 

 

 
Figure B4.11 (f) - Total bedload transport data for all total water work varied WK = 55,082 runs above 
bed mix B 
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Figure B4.11 (g) - Total bedload transport data for all total water work varied WK = 15,669 runs above 
bed mix B 

 

 

 

 
Figure B4.11 (h) - Total bedload transport data for all 'Benchmark Hydrograph' (second hydrograph) 
runs above bed mix B 
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Figure B4.11 (i) - Total bedload transport data for all asymmetry varied η = 0.42 (second hydrograph) 
runs above bed mix B 

 

 

 

 

 
Figure B4.11 (j) - Total bedload transport data for all asymmetry varied η = 2.40 (second hydrograph) 
runs above bed mix B 
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Appendix 4.12: Bedload Transport Measurements – Fractional (All Results) 

 

Fractional Transport Results (Bed Mix A)  

 

 

 
Figure A4.12 (a) – Fractional bedload transport data for all 'Benchmark Hydrograph' (first hydrograph) 
runs above bed mix A 

 

 

 

 
Figure A4.12 (b) - Fractional bedload transport data for all asymmetry varied η = 0.42 (first 
hydrograph) runs above bed mix A 
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Figure A4.12 (c) - Fractional bedload transport data for all asymmetry varied η = 2.40 (first 
hydrograph) runs above bed mix A 

 

 

 

 
Figure A4.12 (d) - Fractional bedload transport data for all unsteadiness varied ΓHG = 7.64 runs above 
bed mix A 
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Figure A4.12 (e) - Fractional bedload transport data for all unsteadiness varied ΓHG = 2.17 runs above 
bed mix A 

 
Figure A4.12 (f) - Fractional bedload transport data for all total water work varied WK = 55,082 runs 
above bed mix A 
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Figure A4.12 (g) - Fractional bedload transport data for all total water work varied WK = 15,669 runs 
above bed mix A 

 

 

 

 
Figure A4.12 (h) - Fractional bedload transport data for all 'Benchmark Hydrograph' (second 
hydrograph) runs above bed mix A 
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Figure A4.12 (i) - Fractional bedload transport data for all asymmetry varied η = 0.42 (second 
hydrograph) runs above bed mix A 

 

 

 

 
Figure A4.12 (j) - Fractional bedload transport data for all asymmetry varied η = 2.40 (second 
hydrograph) runs above bed mix A 
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Fractional Transport Results (Bed Mix B)  

 

 
Figure B4.12 (a) – Fractional bedload transport data for all 'Benchmark Hydrograph' (first hydrograph) 
runs above bed mix B 

 

 

 

 
Figure B4.12 (b) - Fractional bedload transport data for all asymmetry varied η = 0.42 (first 
hydrograph) runs above bed mix B 
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Figure B4.12 (c) - Fractional bedload transport data for all asymmetry varied η = 2.40 (first 
hydrograph) runs above bed mix B 

 

 

 

 
Figure B4.12 (d) - Fractional bedload transport data for all unsteadiness varied ΓHG = 7.64 runs above 
bed mix B 
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Figure B4.12 (e) - Fractional bedload transport data for all unsteadiness varied ΓHG = 2.17 runs above 
bed mix B 

 

 

 

 
Figure B4.12 (f) - Fractional bedload transport data for all total water work varied WK = 55,082 runs 
above bed mix B 
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Figure B4.12 (g) - Fractional bedload transport data for all total water work varied WK = 15,669 runs 
above bed mix B 

 

 

 

 
Figure B4.12 (h) - Fractional bedload transport data for all 'Benchmark Hydrograph' (second 
hydrograph) runs above bed mix B 



 

420 

 
Figure B4.12 (i) - Fractional bedload transport data for all asymmetry varied η = 0.42 (second 
hydrograph) runs above bed mix B 

 

 

 

 
Figure B4.12 (j) - Fractional bedload transport data for all asymmetry varied η = 2.40 (second 
hydrograph) runs above bed mix B 
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Appendix 4.13: Bedload Transport Variability Calculation Results 

 

Variability has been calculated as the mean percentage (%) deviation across all the runs 

that comprise each experimental hydrograph from the average result for that 

experiment. Each experimental hydrograph has its own unique Run ID. Full details on 

the experimental programme can be found in Section 3.6.3. 

 
Table A4.13 - Bedload transport variability calculation results (Run Series 1 & 2 only) 

Run 

ID 

Bed 

Mix 

Hydrograph Shape 

Parameter 

Variability (%) in Results 

η ΓHG Wk Whole 

Hydrograph 
Rising 

Limb 
Falling 

Limb 

Hydrograph 

Peak 
B-A A 1.00 4.50 32,377 49.45 35.55 62.75 41.79 

S2-A-1 A 0.42 4.50 32,377 40.01 42.87 38.59 37.15 

S2-A-2 A 2.40 4.50 32,377 62.27 64.16 53.70 36.28 

B-B B 1.00 4.50 32,377 47.91 50.00 43.65 19.74 

S2-B-1 B 0.42 4.50 32,377 39.91 33.74 41.44 18.23 

S2-B-2 B 2.40 4.50 32,377 46.01 47.43 39.40 15.27 
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Appendix 4.14: Bedload Transport Measurements – Hysteresis (All Results) 

 

Transport Hysteresis Results (Bed Mix A)  
 

 
Figure A4.14 (a) – Bedload transport hysteresis data for all 'Benchmark Hydrograph' 
(first hydrograph) runs above bed mix A 

 

 

 

 
Figure A4.14 (b) - Bedload transport hysteresis data for all asymmetry varied η = 0.42 
(first hydrograph) runs above bed mix A 
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Figure A4.14 (c) - Bedload transport hysteresis data for all asymmetry varied η = 2.40 
(first hydrograph) runs above bed mix A 

 

 

 

 
Figure A4.14 (d) - Bedload transport hysteresis data for all unsteadiness varied ΓHG = 
7.64 runs above bed mix A 
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Figure A4.14 (e) - Bedload transport hysteresis data for all unsteadiness varied ΓHG = 
2.17 runs above bed mix A 

 

 

 

 
Figure A4.14 (f) - Bedload transport hysteresis data for all total water work varied WK 
= 55,082 runs above bed mix A 
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Figure A4.14 (g) - Bedload transport hysteresis data for all total water work varied 
WK = 15,669 runs above bed mix A 

 

 

 

 
Figure A4.14 (h) - Bedload transport hysteresis data for all 'Benchmark Hydrograph' 
(second hydrograph) runs above bed mix A 
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Figure A4.14 (i) - Bedload transport hysteresis data for all asymmetry varied η = 0.42 
(second hydrograph) runs above bed mix A 

 

 

 

 
Figure A4.14 (j) - Bedload transport hysteresis data for all asymmetry varied η = 2.40 
(second hydrograph) runs above bed mix A 

 

 

 

 

 

 



 

427 

 

 

 

Transport Hysteresis Results (Bed Mix B)  

 

 
Figure B4.14 (a) – Bedload transport hysteresis data for all 'Benchmark Hydrograph' 
(first hydrograph) runs above bed mix B 

 

 

 

 
Figure B4.14 (b) - Bedload transport hysteresis data for all asymmetry varied η = 0.42 
(first hydrograph) runs above bed mix B 
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Figure B4.14 (c) - Bedload transport hysteresis data for all asymmetry varied η = 2.40 
(first hydrograph) runs above bed mix B 

 

 

 

 
Figure B4.14 (d) - Bedload transport hysteresis data for all unsteadiness varied ΓHG = 
7.64 runs above bed mix B 
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Figure B4.14 (e) - Bedload transport hysteresis data for all unsteadiness varied ΓHG = 
2.17 runs above bed mix B 

 

 

 

 
Figure B4.14 (f) - Bedload transport hysteresis data for all total water work varied WK 
= 55,082 runs above bed mix B 
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Figure B4.14 (g) - Bedload transport hysteresis data for all total water work varied 
WK = 15,669 runs above  
bed mix B 

 

 

 

 
Figure B4.14 (h) - Bedload transport hysteresis data for all 'Benchmark Hydrograph' 
(second hydrograph) runs above bed mix B 
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Figure B4.14 (i) - Bedload transport hysteresis data for all asymmetry varied η = 0.42 
(second hydrograph) runs above bed mix B 

 

 

 

 
Figure B4.14 (j) - Bedload transport hysteresis data for all asymmetry varied η = 2.40 
(second hydrograph) runs above bed mix B 
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Appendix 4.15: MatLab Code to Process Bed Surface Grain Size Distribution 

(GSD) from High Definition Photographs 

 

This code has been made openly available for research purposes by Rabbani & 

Ayatollahi (2015). The original code is provided herein. To enable efficient processing 

throughout the project, note that this code was later modified to handle multiple images 

under a single code execution; and also to provide outputs in mm rather than microns.  

 

 

 
% Grain size distribution of 2D porous media images 
% Grain size distribution is a fundamental parameter for describing 

the fabric  
% and facies of porous media. This code calculates this parameter from 

2D black 
% and white images.  
% This code is developed by Arash Rabbani. It uses watershed 

segmentation algorithm  
% to detect and separate the grains and represents the relative 

frequency, average  
% and standard deviation of grain sizes. The inputs of this code 

include a black  
% and white image which shows the pores and grains of the porous media 

as well as  
% the value of image resolution in micron per pixel. The segmented map 

of the detected 
% grains is also shown in the final results. If you want to use this 

code in your  
% research activities you can cite this article:  
% Rabbani, A., Ayatollahi, S. (2015). Comparing three image processing 

algorithms  
% to estimate the grain-size distribution of porous rocks from binary 

2d images and  
% sensitivity analysis of the grain overlapping degree. Special Topics 

& Reviews in  
% Porous Media: An International Journal 6 (1), 71-89. 

  
% Good luck  
% Arash Rabbani  
% Site: arashrabbani.ir  
% Mail: rabarash@yahoo.com 

  

  
clc;clear; close all; 
% INPUTS 
A=imread('Input.png'); 
Resolution=5; % micron/pixel 
Number_of_categories=20; % This is the number of bars for histogram 

chart 

  
% CALCULATIONS 
if size(A,3)==3 
A=im2bw(A,graythresh(A)); 
end 
Conn=8; 
[s1,s2]=size(A); 
A=~bwmorph(A,'majority',10); 
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Poro=sum(sum(~A))/(s1*s2); 
D=-bwdist(A,'cityblock'); 
B=medfilt2(D,[3 3]); 
B=watershed(B,Conn); 
Pr=zeros(s1,s2); 

  
for I=1:s1 
    for J=1:s2 
        if A(I,J)==0 && B(I,J)~=0 
            Pr(I,J)=1; 
        end 
    end 
end 
Pr=bwareaopen(Pr,9,Conn); 
[Pr_L,Pr_n]=bwlabel(Pr,Conn); 
V=zeros(Pr_n,1); 
for I=1:s1 
    for J=1:s2 
        if Pr_L(I,J)~=0 
            V(Pr_L(I,J))=V(Pr_L(I,J))+1; 
        end 
    end 
end 
R=Resolution.*(V./pi).^.5; % Pore radius 

  
%Outputs 
Average_grain_radius_micron=mean(R) 
Standard_deviation_of_grain_radius_micron=std(R) 
figure('units','normalized','outerposition',[0 0 1 1]) 
subplot(1,2,1) 
RGB=label2rgb(Pr_L,'jet', 'w', 'shuffle'); 
imshow(RGB) 
imwrite(RGB,'Output.png') 
subplot(1,2,2) 
Rel_Frequencies=hist(R,[1:round(max(R)/Number_of_categories):round(max

(R))])./sum(sum(hist(R,[1:round(max(R)/Number_of_categories):round(max

(R))])));  
bar([1:round(max(R)/Number_of_categories):round(max(R))],Rel_Frequenci

es);  
xlabel('Equivalent Grain Radius (micron)'); ylabel('Relative 

Frequency'); axis([1 max(R) 0 max(Rel_Frequencies)]); axis square; 
annotation('textbox',[.2 .85 .1 .1], 'String', [ 'Average grain radius 

= ' num2str(Average_grain_radius_micron) ' micron']) 
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Appendix 4.16: Bed Surface Roughness Measurements – Surface GSD (All 

Results) 

 

D16 / D50 Results (Bed Mix A)  

 

 
Figure A4.16 (a) – Bed surface grain size distribution (GSD) data (D16 & D50 readings) for all 'Benchmark 
Hydrograph' (first hydrograph) runs above bed mix A 

 

 

 

 
Figure A4.16 (b) - Bed surface grain size distribution (GSD) data (D16 & D50 readings) for all asymmetry 
varied η = 0.42 (first hydrograph) runs above bed mix A 
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Figure A4.16 (c) - Bed surface grain size distribution (GSD) data (D16 & D50 readings) for all asymmetry 
varied η = 2.40 (first hydrograph) runs above bed mix A 

 

 

 

 
Figure A4.16 (d) - Bed surface grain size distribution (GSD) data (D16 & D50 readings) for all 
unsteadiness varied ΓHG = 7.64 runs above bed mix A 
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Figure A4.16 (e) - Bed surface grain size distribution (GSD) data (D16 & D50 readings) for all 
unsteadiness varied ΓHG = 2.17 runs above bed mix A 

 

 

 

 
Figure A4.16 (f) - Bed surface grain size distribution (GSD) data (D16 & D50 readings) for all total water 
work varied WK = 55,082 runs above bed mix A 
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Figure A4.16 (g) - Bed surface grain size distribution (GSD) data (D16 & D50 readings) for all total water 
work varied WK = 15,669 runs above bed mix A 

 

 

 

 
Figure A4.16 (h) - Bed surface grain size distribution (GSD) data (D16 & D50 readings) for all 'Benchmark 
Hydrograph' (second hydrograph) runs above bed mix A 
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Figure A4.16 (i) - Bed surface grain size distribution (GSD) data (D16 & D50 readings) for all asymmetry 
varied η = 0.42 (second hydrograph) runs above bed mix A 

 

 

 

 
Figure A4.16 (j) - Bed surface grain size distribution (GSD) data (D16 & D50 readings) for all asymmetry 
varied η = 2.40 (second hydrograph) runs above bed mix A 
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D16 / D50 Results (Bed Mix B)  

 

 
Figure B4.16 (a) – Bed surface grain size distribution (GSD) data (D16 & D50 readings) for all 'Benchmark 
Hydrograph' (first hydrograph) runs above bed mix B 

 

 

 

 
Figure B4.16 (b) - Bed surface grain size distribution (GSD) data (D16 & D50 readings) for all asymmetry 
varied η = 0.42 (first hydrograph) runs above bed mix B 
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Figure B4.16 (c) - Bed surface grain size distribution (GSD) data (D16 & D50 readings) for all asymmetry 
varied η = 2.40 (first hydrograph) runs above bed mix B 

 

 

 

 
Figure B4.16 (d) - Bed surface grain size distribution (GSD) data (D16 & D50 readings) for all 
unsteadiness varied ΓHG = 7.64 runs above bed mix B 
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Figure B4.16 (e) - Bed surface grain size distribution (GSD) data (D16 & D50 readings) for all 
unsteadiness varied ΓHG = 2.17 runs above bed mix B 

 

 

 

 
Figure B4.16 (f) - Bed surface grain size distribution (GSD) data (D16 & D50 readings) for all total water 
work varied WK = 55,082 runs above bed mix B 
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Figure B4.16 (g) - Bed surface grain size distribution (GSD) data (D16 & D50 readings) for all total water 
work varied WK = 15,669 runs above bed mix B 

 

 

 

 
Figure B4.16 (h) - Bed surface grain size distribution (GSD) data (D16 & D50 readings) for all 'Benchmark 
Hydrograph' (second hydrograph) runs above bed mix B 
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Figure B4.16 (i) - Bed surface grain size distribution (GSD) data (D16 & D50 readings) for all asymmetry 
varied η = 0.42 (second hydrograph) runs above bed mix B 

 
Figure B4.16 (j) - Bed surface grain size distribution (GSD) data (D16 & D50 readings) for all asymmetry 
varied η = 2.40 (second hydrograph) runs above bed mix B 
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D84 / D90 Results (Bed Mix A)  

 

 
Figure C4.16 (a) – Bed surface grain size distribution (GSD) data (D84 & D90 readings) for all 'Benchmark 
Hydrograph' (first hydrograph) runs above bed mix A 

 

 

 

 
Figure C4.16 (b) - Bed surface grain size distribution (GSD) data (D84 & D90 readings) for all asymmetry 
varied η = 0.42 (first hydrograph) runs above bed mix A 
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Figure C4.16 (c) - Bed surface grain size distribution (GSD) data (D84 & D90 readings) for all asymmetry 
varied η = 2.40 (first hydrograph) runs above bed mix A 

 

 

 

 
Figure C4.16 (d) - Bed surface grain size distribution (GSD) data (D84 & D90 readings) for all 
unsteadiness varied ΓHG = 7.64 runs above bed mix A 
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Figure C4.16 (e) - Bed surface grain size distribution (GSD) data (D84 & D90 readings) for all 
unsteadiness varied ΓHG = 2.17 runs above bed mix A 

 

 

 

 
Figure C4.16 (f) - Bed surface grain size distribution (GSD) data (D84 & D90 readings) for all total water 
work varied WK = 55,082 runs above bed mix A 
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Figure C4.16 (g) - Bed surface grain size distribution (GSD) data (D84 & D90 readings) for all total water 
work varied WK = 15,669 runs above bed mix A 

 

 

 

 
Figure C4.16 (h) - Bed surface grain size distribution (GSD) data (D84 & D90 readings) for all 'Benchmark 
Hydrograph' (second hydrograph) runs above bed mix A 
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Figure C4.16 (i) - Bed surface grain size distribution (GSD) data (D84 & D90 readings) for all asymmetry 
varied η = 0.42 (second hydrograph) runs above bed mix A 

 

 

 

 
Figure C4.16 (j) - Bed surface grain size distribution (GSD) data (D84 & D90 readings) for all asymmetry 
varied η = 2.40 (second hydrograph) runs above bed mix A 
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D84 / D90 Results (Bed Mix B)  

 

 

 
Figure D4.16 (a) – Bed surface grain size distribution (GSD) data (D84 & D90 readings) for all 'Benchmark 
Hydrograph' (first hydrograph) runs above bed mix B 

 

 

 

 
Figure D4.16 (b) - Bed surface grain size distribution (GSD) data (D84 & D90 readings) for all asymmetry 
varied η = 0.42 (first hydrograph) runs above bed mix B 
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Figure D4.16 (c) - Bed surface grain size distribution (GSD) data (D84 & D90 readings) for all asymmetry 
varied η = 2.40 (first hydrograph) runs above bed mix B 

 

 

 

 
Figure D4.16 (d) - Bed surface grain size distribution (GSD) data (D84 & D90 readings) for all 
unsteadiness varied ΓHG = 7.64 runs above bed mix B 
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Figure D4.16 (e) - Bed surface grain size distribution (GSD) data (D84 & D90 readings) for all 
unsteadiness varied ΓHG = 2.17 runs above bed mix B 

 

 

 

 
Figure D4.16 (f) - Bed surface grain size distribution (GSD) data (D84 & D90 readings) for all total water 
work varied WK = 55,082 runs above bed mix B 
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Figure D4.16 (g) - Bed surface grain size distribution (GSD) data (D84 & D90 readings) for all total water 
work varied WK = 15,669 runs above bed mix B 

 

 

 

 
Figure D4.16 (h) - Bed surface grain size distribution (GSD) data (D84 & D90 readings) for all 'Benchmark 
Hydrograph' (second hydrograph) runs above bed mix B 
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Figure D4.16 (i) - Bed surface grain size distribution (GSD) data (D84 & D90 readings) for all asymmetry 
varied η = 0.42 (second hydrograph) runs above bed mix B 

 

 

 

 
Figure D4.16 (j) - Bed surface grain size distribution (GSD) data (D84 & D90 readings) for all asymmetry 
varied η = 2.40 (second hydrograph) runs above bed mix B 

 

 


