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Abstract 

This work investigates the coupling between flow, sediment transport and changes to geometry of 

river dunes. It aims to broaden the understanding of this coupling by examining: a) intrinsic 

differences between flow and sediment transport over equilibrium and non-equilibrium dunes; and 

b) whether the equations relating flow conditions to dune development and geometry developed 

for sand dunes are equally applicable to gravel dunes. To this end three novel laboratory 

experiments were carried out. Two experiments build upon a previous test by Wiebe (2007) in 

which equilibrium dunes were developed and then subjected to a sudden decrease in flow depth. 

The equilibrium dunes in the test under consideration were recreated and immobilized. For the 

first experiment this enabled the study of the flow field at equilibrium state, and just after the flow 

depth was suddenly decreased. In the second experiment a 2 cm layer of sand was placed over two 

of the dunes enabling the measurement of sediment transport for the aforementioned two flow 

conditions. For the third experiment three different flow conditions were run over a flat bed and 

the bed profiles were measured as gravel dunes developed and migrated. The findings of this work 

are as follows: 

1) No differences were found in the patterns of time-averaged velocity and turbulence 

characteristics over the equilibrium and non-equilibrium dunes which would explain the 

observed changes in dune geometry. 

2) An attempt was made to predict bed shear stress over the dunes. Fits were used to extend 

viscous stresses calculated by a RANS numerical model below the bed surface to the 

theoretical wall. Shear stresses calculated in this way exhibited significantly different 

patterns under equilibrium and non-equilibrium conditions and could be used to accurately 

predict bed changes. The validity of this method, however, has yet to be proven. 
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3) The downstream derivatives of bed surface elevation and the bed-load rate was found to 

be proportional to each other at equilibrium state.  

4) The geometry and time of development of gravel dunes appears to be well predicted by 

equations previously developed for sand dunes while their wave spectra are not.  
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τ0  Bed shear stress (Pa) 

τu,w  Streamwise Reynolds stress in x;y-planes (Pa) 

𝜙   Einstein’s parameter (-) 

φs   Lee side slope (-) 

Φ   Wave spectrum (-) 
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Chapter 1 

Introduction 

1.1 Motivation and Objectives 

Dunes are large scale, migrating bed forms generated by the flow of fluid over a 

movable boundary. In open channel and river flows, their length is approximately six times 

the flow depth, while their height can reach up to one third of the flow depth. They tend to 

have a shallow stoss or upstream slope, a steep crest and a lee side slope that is close to the 

angle of repose. A picture of fluvial dunes is given in Figure 1.1. Dunes are typically 

defined by their height Δ, length Λ and steepness δ (= Δ / Λ) as shown in Figure 1.2. Due 

to their size, dunes can substantially obstruct streams leading to increased resistance to 

flow and impacting the stream’s capacity to transport sediment (Julien and Klaassen 1995). 

Such sub-aqueous dunes play a central role in the management of the rivers in which they 

occur (ASCE Task Force 2002) and dune growth and movement has been known to have 

significant detrimental impacts. 

 

Figure 1.1 Exposed dunes along the Paraná River, Argentina, Image courtesy of the 

‘Bedforms in Unsteady Flows’ project, funded by the U.K. National Environment Research 

Council (see www.bedform.co.uk). 
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For example, in Bangladesh aggradation within river channels caused by river 

dunes has led to significant riverbank erosion, which resulted in the loss of much 

agricultural land, infrastructure loss and population displacement (Ashworth et al. 2000, 

Best et al. 2005). As well as the issues associated with erosion, dunes can also have a 

detrimental impact on the navigability of waterways. In the Fraser River, Canada, 

following the snow melt, flow is increased significantly resulting in dunes over doubling 

in size (Pretious and Blench 1951, Kostaschuk et al. 1989). As a result, dredging following 

every snow melt is required for the continuation of commercial shipping. Finally, dunes 

can also cause damage or impound in-stream structures such as water intake systems, 

which can become covered in sediment as dunes migrate downstream, and expose buried 

pipes and bridge piers. One prominent example is given from flooding of the Rio Paraná 

in 1983 in which large dunes, up to 320m long and 6.5m high were formed. As the troughs 

of the dunes moved downstream they temporarily exposed a 250 m long stretch of a tunnel 

to the river flow (Amsler and Garcia 1997, Amsler and Schreider 1999).  Due to these 

impacts it is vitally important to be able to understand dune behavior.  

Dunes are very dynamic features, whose nature is best illustrated by considering a 

series of dunes initially at equilibrium state with a steady flow, in which case they only 

Λ 

Δ δ 

Figure 1.2 Schematic of a typical dune. 
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migrate downstream. If they are subjected to a change in flow conditions, the dunes will 

undergo a series of morphological changes (while continuing to migrate downstream) until 

a new state of equilibrium is reached. These changes are a result of complex interactions 

between flow, sediment transport and dune morphology. Bed forms are generated and 

changed by the flow, and the flow in turn is affected by the geometry of bed forms as they 

produce drag significantly changing mean flow and turbulence fields. For this reason, 

neither can be predicted without the other (Nelson et al. 1993). Due to this interdependence, 

these complex changes remain poorly understood. Engelund and Fredsøe (1982) noted that 

a detailed description of the sediment transport patterns is essential for the calculation of 

dune properties, while more recent studies in this area have highlighted the need to further 

characterize the flow and sediment transport in relation to dune morphology and 

morphological changes (Balachandar and Patel 2008, Goll et al. 2011, Chang and 

Constantinescu 2013). Yet, these characteristics have seldom been studied together. Taking 

this into account, this thesis is primarily intended as a contribution to address this need. 

Although most of the discussion above was devoted to sand dunes, dunes in gravel 

streams are also of significance from both scientific and practical standpoints. Historically 

there was the view that gravel bed rivers were too stable for bed-load transport to produce 

large scale migrating bed forms such as dunes (Parker 1978, Andrews 1984). However, the 

occurrence of dunes in gravel streams has been reported in several works, including 

Dinehart (1992) Carling (1999) and Carling et al. (2005). To this point few studies have 

focused on gravel dunes (Carling et al. 2005, Qin et al. 2015, Attar and Li 2015). Therefore, 

understanding of basic aspects of gravel dunes such as the conditions for their occurrence 

and their geometry are poorly characterized and may not be well represented by existing 



 

4 

 

equations developed for sand dunes. For example, a study by Qin et al. (2015) looking at 

the spectral behavior of gravel dunes found that the ‘−3’ spectral law developed for the 

wavelength of sand dunes was not followed by gravel dunes. As such, this thesis includes 

also a first detailed study on the development and characteristics of gravel dunes.  

1.2 Research Questions 

The specific research questions addressed in this thesis are as follows: 

1. Are there essential differences between the flow and/or turbulence characteristics 

over equilibrium and non-equilibrium dunes that might explain the fact that, at 

equilibrium, dunes are only migrating downstream, while at non-equilibrium they 

are also growing or diminishing in size while migrating downstream? 

2. Can the existing equations for bed-load rate, developed strictly for uniform flows, 

be used to quantify sediment transport over dunes? 

3. Can the hypothesis by Yalin (1992) stating that for equilibrium dunes the bed-load 

rate is ‘in-phase’ with the bed profile, be experimentally validated? 

4. Are the existing equations for dune geometric characteristics and time of 

development, produced on the basis of sand dune data, equally applicable to gravel 

dunes? 

In order to answer questions 1-3, the results of two novel experiments measuring flow, 

turbulence characteristics and sediment transport over dunes are presented in Chapters 2 

and 3 in conjunction with the results of a Reynolds Averaged Navier Stokes (RANS) 

numerical model. A third experiment in which the development of gravel dunes from a flat 
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bed was measured is presented in Chapter 4. The results of this experiment address question 

4.  

1.3  Layout of the Thesis 

This thesis is presented in manuscript format, with each of Chapters 2, 3 and 4 

corresponding to a different manuscript.   

Chapter 2 investigates the coupling between flow, sediment transport and changes 

to dune geometry through a series of laboratory tests measuring flow over fixed dunes.  

Chapter 3 presents a series of measurements of sediment transport over dunes and 

examines the characteristics of its downstream distribution under equilibrium and 

nonequilibrium conditions. These measurements are also compared to the predictions from 

Chapter 2.  

Chapter 4 focuses on the development of gravel dunes from a flat bed and examines 

whether the characteristic equations developed for sand dunes are applicable to gravel 

dunes.  

The material in Chapters 2 to 4 is supplemented by Appendices A to C. These 

include additional results and details on calculations. 
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Chapter 2 

Flow Over Equilibrium and Non-Equilibrium River Dunes and its 

Coupling to Sediment Transport 

2.1 Introduction 

Dunes constitute the most common type of bed forms occurring in low-lying sand 

rivers and are highly dynamic features. Given their significant impact on resistance to flow 

and sediment transport patterns and rates (Yalin 1977, Julien and Klaassen 1995, ASCE 

Task Force 2002), dunes can have extended and serious environmental and economic 

consequences, resulting from, among others, degradation of the physical environment, 

increased flooding risk and impact on river navigability. Such adverse consequences can 

be illustrated with numerous examples from around the world, such as the case of 

Bangladesh, where aggradation within river channels caused by dunes has led to significant 

bank erosion that resulted in a considerable loss of agricultural land and infrastructure, as 

well as displacement of population (Ashworth et al. 2000, Best et al. 2005); or that of the 

Fraser River, Canada, where flow is significantly increased over the snow melt, which 

results in dunes over doubling in size and where, as a consequence, dredging is required 

after every snowmelt to ensure the continuation of commercial shipping (Pretious and 

Blench 1951, Kostaschuk et al. 1989).  

The dynamic nature of dunes is best illustrated by considering a series of dunes 

initially at equilibrium state. If they are subjected to a change in flow conditions, the dunes 

will undergo a series of morphological changes until a new state of equilibrium is reached. 

These changes are a result of complex interactions between flow, sediment transport and 
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dune morphology. Owing to the scientific and practical significance of dunes and their 

responses to changes in flow, several related aspects have been the object of numerous 

laboratory, numerical and field studies for many years.  

The large majority of the studies so far focused on the fluid dynamics of flow over 

dunes. The main flow features have been known for a long time, and are detailed in several 

works (McLean et al. 1979, McLean and Smith 1986, Nelson et al. 1989, McLean 1990, 

Nelson et al. 1993, McLean et al. 1994, 1999a,b, Bennett and Best 1995, Maddux et al. 

2003, Bridge 2003, Kleinhans 2004, Best 2005). They can be briefly described as follows 

(see Figure 1 in Best 2005 and Figure 3.5 in da Silva and Yalin 2017). As the flow suddenly 

expands downstream of the dune crest, it separates from the boundary, and reattaches to it 

at a distance of 4-6 times the dune height. The fluid is then conveyed downstream inducing 

the growth of an internal boundary (or shear) layer over the stoss side of the dune. The flow 

continuously accelerates as it moves downstream in this contracting region. The maximum 

flow velocities occur towards the free surface at a section near the dune crest.  It is also 

understood that spanwise vortices (rollers) are generated at the shear layer occurring at the 

top of the recirculation zone due to Kelvin-Helmholtz instability (Nezu and Nakagawa 

1993, Rodi et al. 2013). The spanwise vortices are either conveyed downstream along the 

shear layer eventually dissipating, or travel towards the free surface. Some of the vortices 

(eddies) generated along the shear layer separating from the dune, or perhaps around the 

reattachment point, are thought to eventually lead to large-scale vertical coherent 

structures, possibly extending throughout the flow depth (Best 2005).  

Substantial advances in measuring equipment and computer hardware and software 

over the past 30 years have enabled increasingly detailed descriptions of the mean flow 
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and turbulence characteristics over dunes. Laboratory measurements of flow over dunes 

have been performed using preferentially Laser Doppler Velocimetry (Lyn 1993, Nelson 

et al. 1993, McLean et al. 1994, Polatel 2006, and Balachandar and Patel 2007, 2008) and, 

more recently, Accoustic Doppler Velocimetry (Venditti and Bennett 2000, Clunie 2012, 

Emadzadeh and Cheng 2016). The earlier laboratory studies by Lyn (1993), Nelson et al. 

(1993), and McLean et al. (1994), who examined mean and turbulence characteristics over 

artificial dunes using Laser Doppler Velocimetry, appear as particularly noteworthy. They 

were among the first to experimentally demonstrate that unlike in the case of a flat bed, 

velocity and Reynolds stresses do not scale with shear velocity except when sufficiently 

far away from the recirculating zone. Nelson et al. (1993) also found that topographically 

induced acceleration over the stoss side of the dune has significant effect on dampening 

turbulence through acceleration induced vortex stretching. In particular, these authors 

stressed the difficulties involved in estimating bed shear stress, noting that their measured 

values of Reynolds stress at the bed fell well outside those predicted using a log-fit of near 

bed velocity. Balachandar and Patel (2008) extended previous works showing that the 

length of the separation zone increases with increasing bed roughness.  

Recent times are marked by an expanded understanding of the coherent structures 

of flow over dunes, enabled by developments in LES (Yue et al. 2006, Grigoriadis et al. 

2009, Omidyeganeh and Piomelli 2011, Rodi et al. 2013); and by efforts to develop 

numerical models for the simulation and prediction of dune morphological changes (Tjerry 

and Fredsøe 2005, Giri and Shimizu 2006, Paarlberg et al. 2009, Niemann et al. 2011, 

Naqshband et al. 2014a,b, Attar and Li 2015, Goll 2016). In this context, it should be noted 

that as pointed out by McLean et al. (1994), “the key to developing predictive tools for 
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dealing with problems related to the formation and evolution of bedforms is an improved 

understanding of the details of the sediment and fluid dynamics.”  

Yet, in spite of the abundance of research so far, several essential questions remain 

regarding the coupling of flow to sediment transport, even for the simplest case of bed-load 

transport. The matter is well illustrated by the ongoing disagreement on how to quantify 

bed-load rate over dunes. 

Indeed, as is well-known, existing equations for the quantification of mean bed-

load rate (Meyer-Peter and Müller, Bagnold, etc.) were developed for uniform flow 

conditions. Such equations invariably give bed-load rate as a function of time-averaged 

bed shear stress. However, the flow over dunes is not only non-uniform, but also internally 

highly complex, even over the stoss side of the dune downstream of the reattachment point. 

Nelson et al. (1993) and McLean et al. (1994) found that there is significant interaction 

between the internal boundary layer and the overlying wake turbulence producing low 

correlation coefficients within the boundary layer. McLean et al. (1994) further inferred 

from their experiment that predicted local bed-load rates over bed forms using the Meyer-

Peter and Müller equation deviated significantly from actual observed rates. On the other 

hand, in direct contradiction to such conclusions, several recent dune hydro-

morphodynamical models employing existing bed-load rate equations have produced 

results on dune morphological changes that seemingly compare favorably with 

experimental and field data (Tjerry and Fredsøe 2005, Paarlberg et al. 2009, Niemann et 

al. 2011). 

The matters highlighted above remain unresolved largely due to a lack of 

experimental studies, and in particular laboratory studies, focusing specifically on the link 
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between flow, sediment transport and associated morphological changes. As follows from 

the content of this Introduction so far, previous studies focusing on flow dynamics were 

conducted over artificial fixed dunes and did not consider aspects outside of flow itself. 

The only attempts so far to link observed flows to measured sediment transport rates and/or 

morphological changes are by Nelson et al. (1993), and McLean et al. (1994) already 

discussed above, and Naqshband et al. (2014a,b), who focused mainly on suspended-load 

transport, not the flow characteristics or bed-load transport.  

The work in this chapter results directly from the above considerations and is 

intended as a contribution towards the development of a better understanding of the 

coupling between flow, sediment transport and dune morphological changes, while 

addressing the existing scarcity of pertinent laboratory studies. The work uses as a frame 

of reference both equilibrium and non-equilibrium dunes. The specific questions under 

investigation are: 

1. Are there essential differences between the flow and turbulence characteristics over 

equilibrium and non-equilibrium dunes that might explain their different 

morphological changes (i.e. explain the fact that at equilibrium, dunes are only 

migrating downstream, while at non-equilibrium they are also growing or 

diminishing in size while migrating)? 

2. Can the existing equations for bed-load rate be used to quantify (bed-load) sediment 

transport over dunes? 

As a starting point in this work, the writer returned to a detailed dune development 

experiment previously carried out by Wiebe (2007) at the Coastal Engineering Research 

Laboratory of Queen’s University. For the present purposes, dunes produced in the course 
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of the just mentioned experiment were recreated and immobilized, to enable the detailed 

study of flow and turbulence characteristics over them, and the analysis of their relation to 

observed morphological changes. Use is also made of the results of a numerical model to 

gain further insight into the matters under investigation.  

Before proceeding further, and for the sake of clarity, a brief review of the 

experiment by Wiebe (2007) is presented in the next section. 

2.2 Review of Experimental Run by Wiebe (2007) 

The flume used in the experiment by Wiebe (2007) is 21 m long, 0.5 m deep and 0.76 m 

wide. The side walls are made of glass. Water is supplied from a reservoir beneath the 

flume with the aid of an axial flow pump (maximum capacity 0.45 m3/s), the flow rate 

being controlled with a discharge valve installed in the flume supply pipe. A system of 

tailgates is provided at the downstream end of the flume to enable control of the free surface 

slope. Immediately downstream of the tailgates, the flow is diverted into three identical 

channels, from where it is discharged into a similarly divided settling basin. A V-notch 

weir is located at the end of the central channel of the settling basin. Finally, the water is 

discharged to a channel underneath the flume, from where it returns to the upstream 

reservoir.   

In the experiment by Wiebe (2007), the bed consisted of a poorly graded silica sand 

with an average grain size D50 = 1.0 mm (coefficient of uniformity D60 / D10 = 1.6). The 

experiment was conducted in two stages. In the first stage, flow was run over the initially 

flat sand bed for 268 min allowing dunes to form and grow until they were fully developed 

at the equilibrium state. The time to reach equilibrium was estimated as 238 min. In the 

second stage, the flow depth was suddenly decreased and the dunes were once again 
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allowed to deform until a new equilibrium state was reached. Throughout this paper, h1 

and h2 will be used to denote the average flow depth at the end of the first stage and at the 

start of the second stage, respectively.  

The hydraulic conditions for the two stages are summarized in Table 2.1. Here B is 

flume width, S is bed slope, Qc is flow rate in the central third of the flume, h is average 

flow depth (= h1 and h2 at the end of stage 1 and beginning of stage 2, respectively), (uav)c 

is average flow velocity in the central third of the flume, 𝑣∗ is shear velocity (which, on the 

basis of Lynn 1993, was calculated as v* = (gSh)0.5, where g is acceleration due to gravity), 

Re is flow Reynolds number (= (uav)cRh / ν, in which Rh is hydraulic radius and ν is fluid 

kinematic viscosity), Fr is Froude number (= (uav)c / (gh)0.5), 𝑅𝑒∗ is roughness Reynolds 

number (= 𝑣∗ks / ν, in which ks is granular skin roughness), θ is Shields parameter (= (ρv
*

2) 

/ (γsD), in which ρ is fluid density and γs is specific weight of grains in fluid), and θcr is the 

value of θ at the stage of initiation of sediment transport. For the present purposes, ρ, ν and 

γs were identified with 1000 kg/m3, 10-6 m2/s and 16186.5 N/m3; following Kamphuis 

(1974) and Yalin (1977, 1992), ks = 2D50; θ cr = 0.037 was determined from Eq. (14) in da 

Silva and Bolisetti (2000) (see also Eq. (1.34) in da Silva and Yalin 2017). The downstream 

average of vertically-averaged longitudinal flow velocity along the flume centerline was 

found to be 0.57 m/s and 0.41 m/s for the stage 1 and stage 2 flows. Here, the vertically- 

Table 2.1 Summary of hydraulic conditions in the run by Wiebe (2007) [B = 0.76 m; S = 

1/792] 

Stage Qc  

(m3/s) 

h  

(m) 

(uav)c 

(m/s) 

v∗  
(m/s) 

Re Fr 𝑅𝑒∗ θ/θcr 

1* 0.0455 0.320 0.561 0.063 97614 0.32 126 6.62 

2** 0.0200 0.200 0.395 0.050 51745 0.28 100 4.16 

(*) Equilibrium; (**) Non-equilibrium (just after the decrease in flow depth) 
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averaged velocity was determined from velocity profiles over the flow depth, measured as 

reported later on.  

Bed profiles were taken at the end of stage 1 and throughout stage 2 using a Delft 

Hydraulics PV-09 profiler. The results of these profile measurements are shown in Figure 

2.1.  

Over the course of the experiment, sediment transport was entirely in the form of 

bed-load. No sediment was observed to be carried by the flow directly from the crest of 

one dune to the stoss side of the next. Rather sediment passing the crest was observed to 

fall over the lee side entirely under the action of gravity.  

2.3 Present Measurements 

In this study, the focus was on two instants of the experiment by Wiebe (2007): the 

end of stage 1 when the dunes were at equilibrium state (and h1 = 0.32 m), and right at the 

beginning of stage 2 after the sudden reduction in flow depth (when h2 = 0.20 m, and yet 

the dunes were still those formed by the stage 1 flow). To allow for representative results, 

the sequence of equilibrium dunes at the end of stage 1 was replaced by a train of 10 

identical sand dunes (Figure 2.2a), whose overall shape including height, length and lee 

side slope (Λ = 1.3 m, Δ = 0.0743 m, φs = 30o) represented the average values of those 

quantities in the experiment by Wiebe (2007). That is, the dunes used in the present 

measurements are to be viewed as a periodic, idealized version of the equilibrium dunes at 

the end of stage 1 in the experiment by Wiebe (2007). The dunes were immobilized using 

the cement-based method developed by Ebrahimi and da Silva (2013) (Figure 2.2b). 
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Accordingly, the dunes were covered with a ≈ 5 mm thick layer of a mixture of sand and 

Portland cement Type III (Type HE) with a 17% cement/sand volume ratio of the dry  
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Figure 2.1: Measured bed profiles (from Wiebe 2007). Time t = 0 denotes the time just after 

the sudden decrease in flow depth; positive and negative times denote time before and after 

the sudden decrease in flow depth respectively. 

  

Figure 2.2 Experimental set-up (a) and fixed dunes using the cement-based method (b). 

mixture. This layer was then saturated with water and allowed to cure for seven days. The 

sand used in the mixture had an average grain size of 2 mm.  Based on the experiments 

carried out by Ebrahimi and da Silva (2013), this gives the coating layer a granular 

roughness comparable to that of a sand having D50 = 1.0 mm. The mean slope of the bed 

was 1 / 792. 

Instantaneous flow velocity in the x, y, and z directions was measured along 12 

different verticals located at the flume centerline and covering the lee side and stoss side 

of the 5th and 6th dunes, respectively, as shown in Figure 2.3. Additional instantaneous flow 

velocity measurements were carried out at six verticals over the lee and stoss sides of the 

4th and 5th dunes, respectively, at locations equivalent to those of verticals 1, 3, 7, 11 and 
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12 in Figure 2.3. The purpose of these additional measurements was to test flow periodicity. 

[The flow was still adapting to the bed forms, but differences in flow velocity at similar 

locations over the 5th and 6th dunes were found to be already less than 2%.] 

 

Figure 2.3 Location of measurement verticals 1 to 12 over the lee and stoss sides of the 5th 

and 6th dunes, respectively. The zero points correspond the midpoint of the sixth dune and 

all the measurement locations are numbered. 

 

All velocity measurements were carried out using a Nortek Vectrino II Acoustic 

Doppler Velocimeter (ADV). This consists of a probe fitted with an acoustic transmitter, 

four acoustic receivers and an attached signal processing module. The Vectrino II collects 

a velocity profile over a range between 4 and 7.5 cm below the probe. The height of 

individual sampling volumes can be adjusted between 1 and 4 mm; the sampling volume 

diameter is 6 mm. The accuracy of the device as stated by the manufacturer is the sum of 

±0.5% of measured value and ±1 mm/s. The sampling rate of the ADV can be adjusted 

between 1-100 Hz. In the present measurements, the sampling volume was split in eleven 

3 mm cells; the sampling duration was 180 s; the sampling frequency was 20 Hz. This 

value of sampling frequency is in line with the sampling frequencies used by other 

researchers in laboratory experiments over fixed dunes (e.g. Venditti 2003, Venditti and 

Bauer 2005). 
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The majority of the data collected from the ADV was found to be of high quality. 

The measurements had an SNR (signal to noise ratio) with mean value of 46 db and a 

minimum of 34 db, which is well above the 15 db typically recommended for reliable 

measurements (Rusello et al. 2006). The correlation index had a mean value of 84%, with 

only 3.6% of the measurements being below the recommended 70% threshold (Rusello et 

al. 2006). Based on a confidence interval of 95%, it was found that the uncertainty in the 

mean velocity measurements was 1%, and 7% or less for measurements of Reynolds 

stresses. 

The data was despiked using the 3D space method originally proposed by Goring 

and Goring and Nikora (2002), and modified by Wahl (2003). This was implemented using 

the MATLAB code developed by Mori et al. (2007). 

The sampling duration of 180 s was adequate to ensure that the values of the 

pertinent quantities (velocity, turbulence stresses, etc.) represented converged statistics on 

the basis of plots of running averages against time (exemplified in Figure A.1 in Appendix 

A) noting that such plots invariably converged to a constant value somewhere between 100 

and 120 s. García et al. (2005) recommends that the sampling frequency be selected such 

that the dimensionless frequency F = fsl / Uc > 20 to minimize the effects of Doppler noise. 

Here fs is the sampling frequency, l is the energy containing eddy length scale and Uc is the 

convection velocity. Identifying Uc with the average flow velocity (uav)c and l with the flow 

depth h, yields F of 35 and 40 Hz for the present flows with depths of h1 = 0.32 m and h2 

= 0.20 m, respectively. The smaller sampling frequency adopted in this work provided a 

good compromise between these considerations and the efficient post-processing of the 

data. 
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The fact that high frequency fluctuations have been missed due to the adopted 

sampling frequency is well illustrated by the plots of spectral density in Figure 2.4. These 

correspond to velocity measurements carried out at measurement vertical 6, and the flow 

depths h1 (Figure 2.4, top) and h2 (Figure 2.4, bottom). Measurement locations were 15 and 

10 cm above the bed surface for h1 and h2, respectively. The plots in Figure 2.4 are 

representative of spectral density plots at most other measurement locations.  

 The spectral density plots were obtained using a Hanning filter with a window lag of N 

/ 8 and 50% overlap. Here N=3600 (number of velocity measurements in a 180 s long 

record). As follows from the just mentioned figure, the energy dissipation range (viscous 

subrange) was not captured by the measurements; and the -5 / 3 inertial subrange was only 

partially captured. Note that, in agreement with Nikora and Goring (1998) and Nikora 

(1999), the spectral density plot for h1 (Figure 2.4, top) exhibits a slope of -1 between the 

range of energy production and the inertial subrange. This is not the case in the plot for h2 

(Figure 2.4, bottom). The plot also exhibits a flattening close to the Nyquist frequency (in 

the range 5-10 Hz), which is a well-known manifestation of Doppler Noise (Nikora and 

Goring 1998, García et al. 2005). 

2.4 Results 

2.4.1 Flow Field and Turbulence Characteristics 

The fields of measured time averaged longitudinal flow velocity for the flow depths 

h1 and h2 are shown in Figure 2.5. Several well-known features of flow over dunes are 

illustrated by Figure 2.5, as well as subsequent figures: (1) as the flow expands downstream 

of the dunes’ crest, it separates from the boundary and reattaches to it at some distance   
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Figure 2.4 Plots of power spectral density of longitudinal flow velocity measured at profile 6. 

Top graph is for the flow depth of 32 cm, velocity measured 15 cm above the bed surface; 

bottom graph is for the flow depth of 20 cm, velocity measured 10 cm above the bed surface. 

Dashed lines mark the 0, -1 and -5/3 slopes; vertical solid lines mark the frequencies 

corresponding to the length scales of h and 6h. 
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Figure 2.5 Color plots of longitudinal flow velocity. Graphs at the top and bottom correspond 

to the flow depths h1 (0.32 m) and h2 (0.2 m), respectively; flow from left to right. The white 

space represents an area with no measurements. 

 

further downstream with the result that negative flow velocities occur within the separation 

region;  (2) downstream of the reattachment point, the flow accelerates over the stoss side 

of the dune reaching a maximum near the dune crest; and (3) the reattachment point occurs 

in a similar location for both flow depths, which is not surprising as the location of the 

reattachment point depends primarily on dune height, not flow depth.  However, on the 

basis of Figure 2.5 alone it is not possible to determine the exact locations of the 

reattachment points. To do so, the near bed profiles of time averaged longitudinal flow 

velocity (u) were integrated along z in order to determine the location H where ∫ 𝑢 ∙ 𝑑𝑧
𝐻

0
=

0.  Note that the values of H are the z-coordinates of the upper boundary of the separation 

zone, measured with respect to the bed surface. Such upper boundaries for the present flows 

are shown in Figure 2.6.  
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Figure 2.6  Plots of time averaged longitudinal flow velocity in the recirculation zone. The 

line extending through the asterisks represents the location of the upper boundary of the 

separation zone. Graphs at the top and bottom correspond to the flow depths h1 and h2, 

respectively.  

From the plots in Figure 2.6 it was determined that the reattachment points occurred 

at 0.40 m (= 5.4Δ) and 0.44 m (= 5.9Δ) from the dune crest for the flow depths h1 and h2, 

respectively. This is in agreement with results by several other researchers (e.g. Best 2005, 

McLean et al. 1994, Balachandar and Patel 2007, 2008), who found that the reattachment 

point tends to be at four to six times the dune height.  

The vertical profiles of time averaged longitudinal flow velocity for flow depths h1 

and h2 are plotted together in Figure 2.7a. Other than the magnitudes of u (larger for h1 than 

h2), there are no other noticeable differences in pattern between the u plots for flow depths 

h1 and h2. The vertical profiles of the streamwise Reynolds stress τu,w in the x-y planes 
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(= −𝜌𝑢′𝑤′̅̅ ̅̅ ̅̅ , where u′ and w′ are the fluctuating components of longitudinal and vertical 

velocities) for the flow depths h1 and h2 also exhibit similar patterns along the dune (see 

Figure 2.8a). However, for h1 the values of τu,w in the flow regions just above the upper 

boundary of the recirculation zone are considerably larger than those for h2. 

Following Lyn (1993), Nelson et al. (1993) and McLean et al. (1994), the profiles 

of both longitudinal flow velocity and streamwise Reynolds stress in the x-y planes were 

normalized by dividing them by v* and ρv*
2, as shown in Figures 2.7b and 2.8b, 

respectively. In agreement with the just mentioned works, the normalized velocity profiles 

start to overlap remarkably well downstream of the reattatchment point. The normalized 

Reynolds stress profiles also overlap, but only far from the recirculation zone, both in the 

vertical and streamwise directions. In the streamwise direction, the normalized profiles are 

not observed to overlap until 75% of the way along the stoss side of the dune. As an 

extension of previous work, profiles of turbulent kinetic energy (k) normalized by v*
2 and 

turbulence intensity (I) for flows with depth h1 and h2 were plotted as shown in Figures 2.9 

and 2.10, respectively. Here k = 0.5(u'2̅̅ ̅
+v'2̅̅ ̅

+w'
2̅̅ ̅̅

) and 𝐼 = 𝑈′ ∕ �̅�  where 

𝑈′=(u'2̅̅ ̅
+v'2̅̅ ̅

+w'2̅̅ ̅̅
)
0.5

/3  and �̅�=√𝑢2̅̅ ̅+𝑣2̅̅ ̅+𝑤2̅̅ ̅̅ . The situation for turbulent kinetic energy and 

turbulence intensity mirrors what was seen with the Reynolds stress profiles. [Additional 

plots of turbulence characteristics are shown in Figures A.2-A.5 in Appendix A].  

 Even though the magnitudes of mean velocity and turbulence characteristics are 

different for the flow depths h1 and h2, their patterns are generally similar. While there are 

also noticeable differences as reflected by the normalized profiles, they are prominent only 

away from the bed, and not thought to directly affect bed-load transport. Furthermore, on 
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their basis, it is not possible to explain why the dunes were no longer at equilibrium 

conditions after the flow depth was suddenly decreased from h1 to h2. 

 

 

Figure 2.7A Vertical profiles of longitudinal flow velocity u; the circles and pluses correspond 

to the flow depths h1 and h2, respectively. 

 

  

Figure 2.7B Vertical profiles of u/𝒗∗ (normalized longitudinal flow velocity); the circles and 

pluses correspond to h1 and h2, respectively. 
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Figure 2.8A Vertical profiles of τu,w (streamwise Reynolds stresses in x;y-planes); the circles 

and pluses correspond to h1 and h2, respectively. 

 

 

  

Figure 2.8B: Vertical profiles of τu,w / 𝝆𝒗∗
2 (normalized streamwise Reynolds stresses in x;y-

planes); the circles and pluses correspond to h1 and h2, respectively. 
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Figure 2.9 Vertical profiles of k / v*
2 (normalized turbulent kinetic energy); the circles and 

pluses correspond to h1 and h2, respectively. 

 

 

Figure 2.10 Vertical profiles of turbulence intensity, the circles and pluses correspond to h1 

and h2, respectively. 

2.4.2 Bed Shear Stress 

In the following, an effort is made to characterize the bed shear stress (τ0). By 

definition (see e.g. Nezu and Nakagawa 1993, Pope 2000) the shear stress within the fluid 

is given by: 

 𝜏=𝜇
𝑑𝑢

𝑑𝑧
-ρu'w'̅̅ ̅̅ ̅      (2.1) 

     0.2 

    0.02 
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As is well known, in the case of a smooth wall, the flow velocity is zero at the wall itself. 

This boundary condition dictates that all Reynolds stresses are zero at the wall (Pope 2000), 

implying that τ0 = μdu / dz at z = 0. In the case of a rough bed surface composed of a 

granular material, the bed shear stress is usually identified with the shear stress at the bed 

surface, where u ≠ 0. Thus, in principle, τ0 has to be expected to consist of both viscous 

and turbulence stresses. 

 Irrespective of the flow conditions (smooth or rough flows), if the bed shear stress 

is to be determined from measurements, then the measurements need to be performed at 

high spatial resolution in a region very near the wall (or bed surface). Because of limitations 

in the measuring equipment, often, as is the case in this work where data collection did not 

extend below ≈ 3 mm to the bed, such region cannot be resolved by the measurements. 

This is not problematic if the conditions closely approximate those of a two-dimensional, 

uniform flow, for which it is know that the velocity profile follows the law of the wall and 

the shear stress is linearly distributed along z (see e.g. Yalin 1977, Nezu and Nakagawa 

1993, da Silva and Yalin 2001). Indeed, in this case one of two methods can be used to 

reliably estimate the bed shear stress: 1-the Clauser method (Clauser 1956, Fernholz and 

Finley 1996, Kendall and Koochesfahani 2008), which uses a fit of the measured data to 

extend the logarithmic profile all the way to the wall; and 2- use the measured Reynolds 

stress profile and extrapolate it to the bed (Nezu and Nakagawa 1993, Graf and Song 1995). 

However, the velocity and shear stress profiles over dunes deviate considerably from the 

just described situation making it impossible to determine the shear stress from the present 

data. 



 

30 

 

To overcome this difficulty, results from the CFD Reynolds Averaged Navier-

Stokes (RANS) rough wall numerical model introduced in Grover and da Silva (2016) were 

used to determine the bed shear stress. This model provides a solution of the continuity and 

RANS equations for incompressible flow. The governing equations were solved using the 

Pressure-Implicit with Splitting of Operators (PISO) algorithm (Issa 1986) as implemented 

in OpenFOAM CFD package version 5.  OpenFOAM uses a Finite Volume discretization 

scheme which can be applied to unstructured meshes. The k-ω SST turbulence model of 

Menter (1994), which is a hybrid of the k-ω and k-ϵ models, was used. For this study, the 

k-ω SST model was used as a low-Reynolds model in that it integrated the flow down to a 

theoretical wall where u = 0 (zero plane) without resorting to wall functions (Patel 1998). 

Following Bayazit (1976, 1983), Fredsøe et al. (1999) and Sumer et al. 2001, the theoretical 

wall was set at a distance d = 0.25 D below the bed surface (see Figure 2.11). 

The computational domain spanned the length of two dunes with periodic boundary 

conditions imposed at the inlet and outlet. A horizontal pressure gradient was applied based 

on the friction velocity using the approach described in Fuhrman et al. (2010) to obtain 

steady flow conditions. The free surface was modeled using the rigid-lid approximation. 

The no-slip boundary condition (u = 0) was applied at the theoretical wall. Use was made 

of the Colebrook Rough Wall treatment proposed by Aupoix (2015). This imposes 

conditions on the turbulent parameters k and ω at the wall to obtain the desired velocity 

shift from the smooth wall solution based on the interpretation of the experiments by 

Colebrook (1939). 

The approach used to account for the wall roughness, referred to as the equivalent 

sand grain approach, is commonly used to model flows over rough surfaces. The approach  
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Figure 2.11 Schematic representation of flow over a rough wall (after Nezu and Nakagawa 

1993). 

incorporates the sand grain roughness height into the turbulence model through boundary 

conditions defined at the wall for the turbulent parameters. The turbulent parameters are 

adjusted to increase turbulent eddy viscosity which therefore increases the skin friction. As 

the approach developed by Aupoix (2015) assumes a finite turbulent eddy viscosity in the 

wall region, the shear stress at the wall is calculated as: 

 𝜏 = 𝜌(𝜈 + 𝜈𝑡)
𝜕𝑢

𝜕𝑧
|

𝑧=0
 (2.2) 

where νt is the turbulent eddy viscosity.  

A 2-D structured non-orthogonal grid consisting of 688 cells in the streamwise 

direction and 102 and 130 cells in the vertical direction was used for the 20 cm and 32 cm 

cases, respectively. The grid resolution was increased near the wall. The dimensionless 

near-wall distance to the first grid cell above the bed, z+=zpv*/ν, was maintained below 0.5. 

Here zp is the distance to the first cell from the bed. For further details on the model, see 

Grover and da Silva (2016).   
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The resulting shear stress at the theoretical wall and bed surface for the flow depths 

h1 and h2 are shown in Figure 2.12 as solid black and blue lines, respectively (at this point 

disregard the red circles in this figure, as they pertain to matters discussed later on in this 

section). The value of the bed shear stress at the stage of initiation of sediment transport 

(τ0)cr (= γsDθcr = 0.6 Pa) is also indicated in Figure 2.12 (dashed horizontal lines). As 

follows from this figure, the shear stresses at the theoretical wall and bed surface follow 

the same pattern and are within 10% of each other for both depths h1 and h2. For the flow 

depth h2 (Figure 2.12, bottom) the model is thought to overall strongly underestimate the 

bed shear stress, as in the experiment by Wiebe (2007) sediment was observed to be moving 

throughout the better part of the stoss side of the dune. This notwithstanding, the most 

notable characteristic of the calculated shear stress profiles along the dune for the flow 

depths h1 and h2 is that they follow exactly the same pattern - i.e. they are scaled versions 

of each other (the shear stress diagram for h1 can be almost exactly replicated by 

multiplying the shear stress diagram for h2 by 1.75 (see Figure A.6 in Appendix A). Note 

also that the shape of the shear stress profiles in Figure 2.12 is perfectly consistent with 

that determined for flow over dunes by a number of authors using both RANS and LES 

models (see e.g. Stoesser et al. 2006a,b, Omidyeganeh and Piomelli 2011). The results just 

described are problematic for the following reason.  Sediment transport is uniquely 

determined by τ0, while, as dictated by the sediment transport continuity equation, the bed 

deformation is uniquely related to sediment transport. This means that if the bed shear 

stress profiles along the dune exhibit the same pattern, then, as demonstrated in the next 

section, the dunes should undergo similar morphological changes when subjected to the 

flow depths h1 and h2. This, however, is clearly not the case, as for the flow depth h1 the 



 

33 

 

dunes were only migrating downstream, while for h2 they were reducing in size while 

migrating downstream.  

 Faced with this dilemma, the determination of the bed shear stress was further 

explored by returning to the classical approach for smooth walls, and adapting it to the 

present case by identifying τ0 with μdu/dz at the theoretical wall. The velocity data used for 

this purpose was that resulting from the RANS model for selected cross-sections along the 

dune, namely the measurement cross-sections plus three additional sections evenly spaced 

between sections 9-10, 10-11 and 11-12 (see Figure 2.3).  

 

  

 

Figure 2.12 Longitudinal distribution of shear stress. The upper figure is for h1 and the 

bottom is for h2. The black and blue lines are the shear stress calculated with the RANS model 

at the theoretical wall and bed surface, respectively; the dashed horizontal lines mark the 

positive and negative critical shear stresses (τ0)cr; the red circles are the shear stress calculated 

from extending the model’s μdu/dz to the theoretical wall. 
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As a first step, plots of μdu/dz were produced by extracting the velocity data from 

the model grid cell faces. Invariably it was found that the value of μdu / dz for the 1st grid 

cell (closest to the bed) very noticeably deviated from the pattern of the nearby cells as 

demonstrated in Figure 2.13. As such, an effort was made to extrapolate μdu / dz to the 

theoretical wall ignoring the first grid cell above it. The extrapolation was achieved using 

a two-term Levenberg Marquardt power fit to the data within 2.5 mm from the theoretical 

wall. This is exemplified in Figure 2.13.   

  

Figure 2.13 Examples of extending profiles of du/dz to the bed for the flow depth h2 and for 

measurement verticals 10 (left) and 12 (right). Open circles are the results of the RANS model, 

the solid line is the power fit to the data 

  

The resulting values of bed shear stress for the selected cross-sections are shown as 

red circles in Figure 2.12. As can be seen from this figure, unlike for the case of the shear 

stress distribution obtained from the numerical model, there are significant differences if 

τ0 is identified with μdu / dz at the theoretical wall as described above. For the equilibrium 

case (top graph in Figure 2.12), the shear stress increases quasi-linearly past the 
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reattachment point (closely matching the results of the model), whereas in the non-

equilibrium case (bottom graph in Figure 2.12) the increment of shear stress past the 

reattachment point follows a trend much closer to quadratic (differing significantly from 

the results of the model). 

In the next section, it is investigated which patterns of downstream bed shear stress 

distribution, out of the ones described above, best relate to the observed dune 

morphological changes at equilibrium and non-equilibrium states. For the sake of 

simplicity, the bed shear stresses obtained directly from the RANS model will be referred 

to as being obtained by Method 1; those obtained by extending μdu / dz to the theoretical 

wall will be referred to as being obtained by Method 2. 

2.4.3  Coupling to Sediment Transport and Morphological Changes 

In order to correlate the bed shear stress to morphological changes, the bed-load 

rate along the dunes was first calculated with the aid of Bagnold’s equation (Bagnold 

1956), giving 

∅ =
𝜌0.5

𝛾𝑠
0.5𝑑1.5

𝛽𝑢𝑏(𝜏0−𝜏𝑐𝑟)

𝛾𝑠
    (2.3) 

 as well as the Meyer-Peter and Müller (1948) equation: 

     𝜙 = 8(
(𝜏0)−(𝜏0)𝑐𝑟

𝛾𝑠𝐷
)1.5    (2.4) 

 Here ϕ is Einstein’s parameter (= qsbρ
0.5/(γs

0.5D1.5), in which qsb is specific volumetric bed-

load rate, ub is flow velocity at the bed, and β is a coefficient which for the present flow 

conditions can be identified with 0.5. Following da Silva and Yalin (2017), the flow 

velocity at the bed ub can be typified by the average flow velocity in the bed-load layer. 

For orientation purposes the thickness of the bed-load layer ε was calculated using the 
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relation 0.7 0.5/ 0.3 ( / 1)crD  =  −  due to van Rijn (1984), and in which Ξ is the material 

number (=[(γs/D
3)/(ρν2)]1/3). This relation yielded ε = 7 and 4.4 mm for the flow depths h1 

and h2, respectively. Considering this, as well as the location of the velocity measurements 

near the bed (≈ 3 mm, 6 mm, 9 mm etc. from the bed), in this work ub was identified with 

the velocities measured at 6 mm from the bed for h1 and the average of the velocities 

measured at 3 and 6 mm from the bed for h2 (see Figure 2.14). Values of ub at sections 

other than those corresponding to the measurement verticals 1 to 12, were obtained by 

interpolation using a fourth order polynomial fit to the data (black lines in Figure 2.14). 

 

 

Figure 2.14 Longitudinal distribution of ub along dunes of interest. 

 

It should be noted that the above relation from van Rijn (1984) was developed for a flat 

bed and as such there is some uncertainty as to the correct location to use to estimate ub. 

Therefore, a sensitivity analysis was performed on the effect of the locations selected to 

estimate ub on the calculated values of qsb. This has shown that different locations overall 

yield different values of qsb (larger or smaller) but following the same distribution pattern 

along the dunes. This would only affect the time scale of the dune morphological changes, 

but not the nature of those changes. Finally, the effect of the local slope of the dune on bed-

load transport was taken into account with the aid of the slope correction method by Cheng 
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and Chen (2014). According to this method, the slope effect is considered by modifying 

the Shields parameter θ (= τ0/(γsD)) and Einstein’s parameter into θS = θ /η and ϕS = ϕ / η0.5. 

Here 𝜂 is the correction factor given by 𝜂 = 𝑐os𝛽𝑡an𝛼 – 𝑠in 𝛼, in which 𝛼 is the friction 

angle (300), and 𝛽 is the bed slope angle.  

The values of qsb along the pertinent dune for flow depths h1 and h2 are plotted in 

Figures 2.15 and 2.16. Figure 2.15 results from the application of Bagnold’s equation, and 

Figure 2.16, from the application of the equation by Meyer-Peter and Müller. In both cases, 

the values of qsb were calculated using the bed shear stress derived from both Methods 1 

and 2, as described in the previous section. In order to focus on the distribution pattern of  

 

 

 

Figure 2.15 Longitudinal distribution of qsb along one dune; qsb calculated using Bagnold’s 

equation. Bed shear stress τ0 used in the calculation of qsb was derived from Method 1 for 

figures on the left; and Method 2 for figures on the right. 
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Figure 2.16 Longitudinal distribution of qsb along one dune; qsb calculated using the 

equation by Meyer-Peter and Müller. Bed shear stress τ0 used in the calculation of qsb was 

derived from Method 1 for figures on the left; and Method 2 for figures on the right.  

τ0, abstracting from the overall magnitude of its values as produced by the numerical model, 

for the case of h2 = 20 cm and Method 1, the calculations of qsb were performed by 

artificially reducing the value of (τ0)cr from 0.6 Pa to 0.15 Pa – making the location along 

the stoss side of the dune at which τ0 became equal to (τ0)cr to coincide with that resulting 

from Method 2. 

As follows from Figures 2.15 and 2.16, the values of qsb calculated using the 

equation by Meyer-Peter and Müller are considerably larger than those calculated using 

Bagnold’s equation (approximately two times larger). However, the patterns exhibited by 

equivalent plots in these two figures are similar. Note from Figures 2.15 and 2.16 that just 
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like the bed shear stress profiles obtained from Method 1 for the flow depths h1 and h2 in 

the previous section, the qsb  profiles calculated using them also follow exactly the same 

pattern, in the sense that they too are merely scaled versions of each other. This is further 

highlighted by the normalized plot of qsb (Figure 2.16, bottom left), where the profiles of 

qsb / (qsb)max corresponding to h1 and h2 overlap nearly perfectly.  

In contrast to this, the qsb profiles calculated using the bed shear stress profiles 

obtained from Method 2 follow distinctly different patterns. This is especially true of the 

qsb profiles resulting from Bagnold’s equation (Figure 2.15, top right), whose patterns 

mimic those of the associated bed shear stress profiles by increasing quasi-linearly past the 

reattachment point for h1 and following a trend closer to quadratic for h2. The difference in 

the patterns of the qsb profiles is evidenced by the normalized plots of qsb (Figures 2.15 and 

2.16 right, bottom), where, in contrast to the case of Method 1, the profiles of qsb / (qsb)max 

corresponding to h1 and h2 no longer overlap.  

It seems particularly worthwhile to consider here the present results in view of the 

considerations by Yalin (1992). This author theoretically analyzed the sediment transport 

continuity equation and concluded that at equilibrium state the x-derivation of zb and qs 

must be proportional to each other. This implies that the developed bed profile should be 

“in phase” with the sediment transport rate profile. According to Yalin (1992), this 

condition is to be viewed as a defining characteristic of the equilibrium state, and which 

thus will not be present at a non-equilibrium state. Considering the aforementioned, the 

bed profile and the qsb-profiles for the flow depths h1 and h2 calculated on the basis of 

Method 2 (and Bagnold’s equation) are plotted together in Figure 2.17. To facilitate the 

comparison, the plots in Figure 2.17 are normalized, with the abscissa being x / Λ, and the 
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ordinate, qsb / (qsb)max. As can be inferred from Figure 2.17, and in complete agreement 

with the considerations by Yalin (1992), the bed surface and bed-load profiles past the 

reattachment point are perfectly parallel to each other (i.e. they are in-phase) for the 

equilibrium case (Figure 2.17, top); and out-of-phase for the non-equilibrium case (Figure 

2.17, bottom). This is in sharp contrast to the ‘qsb-profiles’ calculated on the basis of 

Method 1.   

 

 

 

Figure 2.17 Comparing the normalized profiles of bed surface and bed-load rate. The top and 

bottom graphs are for the flow depths h1 and h2, respectively. 

Using the qsb-values calculated above, changes in bed elevation were calculated 

using the discretized sediment transport continuity equation, namely: 
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where zb is bed elevation measured with regard to an arbitrary datum, t is time and p is 

porosity of the granular material forming the bed. The calculations were performed using 

Δx = 0.08 m; p was identified with 0.3.   

The predicted changes of bed elevation of the dune profile using qsb resulting from 

both Methods 1 and 2 and the equations by Bagnold and Meyer-Peter and Müller, are 

compared to the changes observed by Wiebe (2007) in Figures 2.18 and 2.19, 

corresponding to the flow depths h1 and h2, respectively. To facilitate the comparisons, the 

calculations were carried out for time intervals equal to those separating the profiles 

measured by Wiebe (2007) and selected for the present purposes (13 min in the case of 

Figure 2.18 and 9 min for Figure 2.19).  Because Eq. (2.5) as it stands can only represent 

the processes downstream of the reattachment point, in this work it was applied only 

downstream of it and up to the dune crest. For this reason, all considerations below pertain 

solely to that region.  

Consider first Figure 2.18. As shown in this figure, there is remarkably good 

agreement between the measured bed changes (Figure 2.18, bottom) and those calculated 

on the basis of Method 2 and Bagnold’s equation (Figure 2.18, middle). As in the 

experiment by Wiebe (2007), the calculated bed profile reflects a dune that is only 

migrating downstream. Furthermore, the time scale of the changes is consistent with that 

in the experiment itself. The agreement between measured and calculated bed changes 

using Method 1 (Figure 2.18, top) is still reasonable, although not quite as good. 
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Figure 2.18 Longitudinal profiles of a fully developed dune at the end of stage 1 (h1 = 32cm) 

of Wiebe’s tests (bottom graph) and comparison with calculated profiles associated with the 

bed shear stress resulting from Method 1 (top graph) and Method 2 (middle graph). Time t = 

0 marks the transition between stages 1 and 2. 
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Figure 2.19 Longitudinal profiles measured by Wiebe (2007) at the beginning of stage 2 (h2 = 

20 cm) of his experiment (bottom graph) and comparison with calculated profiles associated 

with the bed shear stress resulting from Method 1 (top graph) and Method 2 (middle graph). 

Time t = 0 marks the transition between stages 1 and 2.   
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The results obtained using the equation by Meyer-Peter and Müller differ from 

those obtained using the equation by Bagnold for two distinct reasons. The first is that the 

bed changes are considerably larger (because of larger qsb-values). The second is that in 

the case of Method 1 (Figure 2.18, top) the bed profile changes shape, which is due to the 

more curved qsb-profile. For the non-equilibrium case (Figure 2.19) the results using 

Method 1 for both Bagnold and Meyer-Peter and Müller equations (Figure 2.19, top) are 

but a scaled version of those for the equilibrium case. This should not be surprising and is 

a consequence of the fact previously noted that the bed shear stress profile and 

consequently the bed-load rate profile, for h2 was a scaled version of that for h1.  

However, a rather good agreement is obtained between the measured and calculated 

profiles when both Method 2 and Bagnold’s equation are used (Figure 2.19, middle). The 

combination of Method 2 and the Meyer-Peter and Müller equation (Figure 2.19, middle) 

still yields a profile with the correct pattern but wrong magnitude as was true for the 

equilibrium case.  

2.5 Discussion 

As previously mentioned, no differences were found between the time-averaged 

flow velocity field and turbulence characteristics that could explain the different 

morphological behavior of equilibrium and non-equilibrium dunes. The present analysis, 

however, indicates that there may be small and subtle, yet defining differences in the 

longitudinal distribution of mean bed shear stress. The analysis also raises questions 

regarding the nature and form of distribution of the bed shear stress, as well as its numerical 

computation. Indeed: 
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1- Consider first the measured mean Reynolds stresses τu,w. In particular, see Figure 

2.20, showing their vertical distribution at two measurement verticals (9 and 11) and the 

flow depths h1 and h2. In this figure, the measured τu,w are indicated by red dots. The 

measured τu,w at the two measurement points closest to the bed (≈ 3 and 6 mm from the bed 

surface) either approach zero or are rather small. While the values of τu,w measured closest 

to the bed surface may have a significant degree of uncertainty, nonetheless the overall 

pattern of the data suggest that the values of τu,w are comparatively small as the bed is 

approached. This is generally in agreement with observations by McLean et al. (1994). The 

results above indicate that the turbulence stresses are suppressed near the bed surface in 

comparison to what would be expected over a smooth wall. 

Figure 2.20 indicates also that the sum of the viscous stress and the Reynolds stress 

at the bed surface is considerably smaller than the bed shear stress needed to produce the 

observed motion of sediment (see Figure 2.12). But if so, then there has to be an additional 

component of the shear stress at the bed surface which here is assumed to be a form-induced 

term. The situation seems to have parallels to that described by Pokrajac et. al. (2006), 

except that the additional term arises because of the dune itself, instead of large “grains” 

composing the bed. 

While not advocating that Method 2 (see Section 2.4.2) constitutes the correct 

means of determining the bed shear stress, it seems that, coincidentally or not, it yielded a 

close approximation to the factual bed shear stress - i.e. it provided a means of 

approximating the additional form-induced term. 
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Figure 2.20 Components of shear stress over the flow depth as considered for Method 2; top 

is for h = 32 cm, bottom is for h = 20 cm, left is for profile 9, right is for profile 11; z = 0 in 

this figure is the theoretical wall; red dots are measured Reynolds stresses, black dots are 

measured viscous stresses, the blue line is viscous stress modification near the theoretical 

wall as described for Method 2 in Section 2.4.2. 

2-  Consider now Figure 2.21, showing the vertical distributions of viscous and 

Reynolds stress as calculated by the RANS model. The model, which uses the equivalent 

sand grain approach to account for the bed roughness, has the advantage that it can easily 

be implemented using existing codes for smooth walls (Aupoix 2007). However, as follows 

from Figure 2.21, the values of the turbulent stresses ρνtdu/dz at the bed surface are 

significantly higher than those suggested by the measurements. It should be noted that the 

model artificially increases turbulence stresses to better represent velocity and obtain the  
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Figure 2.21 Components of shear stress over the flow depth resulting from the RANS 

model; top is for h = 32 cm, bottom is for h = 20 cm, left is for profile 9, right is for profile 

11; z = 0 in this figure is the theoretical wall. 

desired velocity shift from the smooth wall solution. By doing so, the model yields values 

of shear stress at the bed surface (bed shear stress) that are considerably higher than the 

sum of the viscous and Reynolds stresses in Figure 2.20. While this is more realistic, the 

model nonetheless fails to yield bed shear stress profiles along the dunes that are consistent 

with the observed bed deformations, specifically for the non-equilibrium case. The fact that 

the bed shear stress resulting from the model does not appear to fully represent reality 

should perhaps not be seen as surprising, as the simulation of flow over rough surfaces is 
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known to remain the Achilles’ heel of Computational Fluid Dynamics (CFD) (Patel 1998; 

see also e.g. Faruque and Balachander 2016, Blanckaert et al. 2012). 

It seems worthwhile at this stage to clarify what the difference in the modeled μdu 

/ dz at the theoretical wall and that resulting by the power fit to the data within 2.5 mm of 

the theoretical wall described in Section 2.4.2, mean for the velocity profiles. The 

differences are illustrated in Figure 2.22, corresponding to h2 = 32 cm and measurement 

verticals 9 (Figure 2.23, top) and 11 (Figure 2.23, bottom). The plots in this figure include 

the velocity profile resulting from the RANS model, as well as the velocity profile obtained 

by integrating the power fit to the μdu/dz data. Note that the velocity profile resulting from 

the RANS model is linear at the bed. This is what would be expected of the velocity profile 

within the viscous sublayer over a smooth wall. The power fit modified the velocity profile 

so that in general, there is a larger velocity gradient at the theoretical wall. 

Finally, this work suggests that existing bed-load equations can be used to quantify 

the bed-load rate over the stoss side of dunes (downstream of the reattachment point). From 

the present analysis, it seems that Bagnold’s equation (implying qsb ~ ubτ0) is able to more 

adequately represent such bed-load rate when compared to Meyer-Peter and Müller 

equation (implying qsb ~ τ0). This is an interesting result, and may be related to the fact 

that, as pointed out by Yalin (1977) (see also da Silva and Yalin 2017) Bagnold’s equation 

more clearly reflects the meaning of the bed-load rate. However, this result cannot be seen 

as conclusive and, in fact, it may be premature to address the matter of the suitability of 

existing bed-load equations until the nature and form of distribution of the bed shear stress 

are better understood, and the existing uncertainty regarding its numerical determination is 

resolved. 
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Figure 2.22 Comparing model values for velocity (orange) and the values gained from 

integrating the fit to μdu/dz (black). The top plot is for the 9th profile and the bottom plot is 

for the 11th profile. Both are for the h = 32 cm flow case.  
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2.6 Conclusions 

The main findings of this work can be summarized as follow: 

1. No significant difference was found in the patterns of time-averaged velocity and 

turbulence characteristics over the equilibrium and non-equilibrium dunes that 

could explain their different behaviors. 

2. It was not possible to calculate bed shear stress solely on the basis of the 

experimental measurements due to the limited resolution of measurements and 

large du / dz gradient near the bed. As such, two methods using the RANS 

numerical model of Grover and da Silva (2016) were used to predict the bed shear 

stress. Method 1 directly took the model’s predicted values of shear stress at the 

bed, while Method 2 extended the model’s calculated profiles of the viscous stress 

to the theoretical wall and used that value as the bed shear stress.  

3. The shear stress profiles produced by Method 1 showed no differences in pattern 

between the equilibrium and non-equilibrium flow conditions and as such cannot 

produce the changes in dune geometry observed by Wiebe (2007). For Method 2 

however significant differences were observed over the stoss side of the dune. In 

the equilibrium case, the bed shear stress was found to increase linearly or quasi-

linearly downstream of the reattachment point; whereas in the non-equilibrium case, 

the increment of bed shear stress past the reattachment point followed a trend closer 

to quadratic. 

4. Furthermore, it was found that using the bed shear stress provided by Method 2 and 

Bagnold’s equation produced bed-load rate profiles and bed changes in-line with 

those observed in the experiment by Wiebe (2007). 
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5. On the basis of Method 2 and Bagnold’s equation the present study suggests also 

that the qsb-diagram over the stoss side of the dune downstream of the reattachment 

point mimics the dune profile for the equilibrium case. This is in agreement with 

the hypothesis by Yalin (1992) that at equilibrium the qsb-diagram is in phase with 

the dune profile and out of phase with it at any other stage of development. However, 

it should be noted that this finding is preliminary and requires the accuracy of 

Method 2 to be verified. 
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Chapter 3 

Variation of Bed-Load Rate over Equilibrium and Non-Equilibrium 

Dunes 

3.1 Introduction 

 Dunes are the most commonly occurring bed forms in low-lying sand rivers and 

streams and are highly prominent under a variety of flow conditions. For example, in the 

lower reach of the Fraser River dunes are 0.3 to 2 m high and 20 to 50 m long under typical 

flow conditions, but they have been observed to reach up to 5 m in height and 100 m in 

length during floods (Pretious and Blench 1951, Kostaschuk et al. 1989). As such, dunes 

have a large impact on bed roughness and can significantly increase water levels. Dunes 

are also dynamic, both migrating downstream and experiencing morphological changes. 

Because dune height is proportional to flow depth, if a train of dunes at equilibrium state 

is subjected to a change in flow levels, the dune geometry will gradually change until a 

new equilibrium geometry is reached. Owing to their prominence and dynamic nature, 

dunes have the potential to cause serious environmental and economic damage (Yalin 

1977, Julien and Klaassen 1995, ASCE Task Force 2002). They increase flooding risk, 

impact river navigability and damage engineering works (e.g. exposing buried pipes or 

covering water intake systems with sedimentation).  

 In this context, it is vitally important to be able to predict dune morphological 

changes. A prerequisite is a good understanding of the coupling of flow and sediment 

transport, and the ability to accurately predict sediment transport rates. This can only be 

achieved though detailed studies to: 1) characterize the flow, including bed shear stress, 

and 2) characterize the spatial structure of sediment transport. It is therefore not surprising 
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that various aspects of dune geometry and morphodynamics have been the object of 

intensive research for many years. 

 A large number of the experimental and numerical studies so far focused on the 

fluid dynamics of flow over dunes, enabling detailed descriptions of the mean flow and 

turbulence characteristics (McLean et al. 1979, 1986, Nelson et al. 1989, McLean 1990; 

Lyn 1993, Nelson et al. 1993, McLean et al. 1994, 1999a,b, Bennett and Best 1995, 

Venditti and Bennett 2000, Maddux et al. 2003, Bridge 2003, Kleinhans 2004, Best 2005, 

Polatel 2006, Balachandar and Patel 2007, 2008, Clunie 2012, Emadzadeh and Cheng 

2016). Considerable insight into the coherent turbulence structures associated with dunes 

has also been provided through recent LES (Large-Eddy Simulation) and DES (Detatched 

Eddy Simulation) studies (Yue et al. 2006, Grigoriadis et al. 2009, Omidyeganeh and 

Piomelli 2011, Rodi et al. 2013, Zhang et al. 2015). However, almost invariably these 

studies were conducted for artificial fixed dunes, and as such did not examine the coupling 

with sediment transport and morphological changes.  

Two prominent exceptions are Nelson et al. (1993) and McLean et al. (1994) who 

despite having used fixed dunes, nonetheless made an effort to link the flow to sediment 

transport rates (discussed in more detail below). Some insight into the coupling of flow and 

sediment transport has also been gained through recent efforts to model dune 

morphological changes (Tjerry 1995, Tjerry and Fredsøe 2005, Giri and Shimzu 2006, 

Paarlberg et al. 2009, Niemann 2003, Niemann et al. 2011, Nabi et al. 2013, Doré et al. 

2016, Goll 2016). 

Previous studies examining the aforementioned coupling have raised significant 

questions regarding the suitability of existing empirical formulae (Meyer-Peter and Müller, 
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Bagnold, etc.) to predict sediment transport rates over dunes. In particular, McLean et al. 

(1994) noted that “the boundary (mean) shear stress alone cannot explain the structure of 

the local transport rate”; while according to Nelson et al. (1993) the interaction between 

the internal boundary layer and the overlying wake turbulence results in low correlation 

coefficients, concluding from it that it may be incorrect to use bottom stress to predict bed-

load rate. On the other hand, Lockwood et al. (2018) and van Scheltinga et al. (2019) 

inferred from their measurements that bed-load rate is well correlated with the mean bed 

shear stress. 

While these questions persist, no systematic research has yet been carried out to 

characterize the spatial structure of sediment transport over dunes. In spite of this, it is well 

understood that there is minimal bed-load transport in the recirculation zone (Paarlberg et 

al. 2009, Naqshband et al. 2014) and that bed-load rate continually increases along the stoss 

side of the dune (Yalin 1992, Tjerry and Fredsøe 2005, Attar and Li 2015). So far only a 

few isolated studies have considered the matter in more detail. These can be divided into 

two categories: experimental (McLean et. al 1994, Naqshband et al. 2014a,b, van 

Scheltinga et al. 2019) and theoretical (Yalin 1992, Tjerry and Fredsøe 2005). McLean et 

al. (1994) observed the evolution of an erodible dune that replaced one of a sequence of 

fixed dunes. He estimated bed-load rates using observed bed level changes (see their Figure 

13). However while confirming the previously mentioned fact that bed-load rate increases 

along the stoss side of the dune and is negligible in the recirculation zone, the work per se 

did not focus on the form of variation of bed-load relative to flow conditions, but rather on 

differences between measured and modeled bed-load rates. van Scheltinga et al. (2019) 

measured sand particle velocities over a dune. While attempting to correlate them to 
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sediment transport, much of the focus of the work was on the potential of particle image 

velocimetry (PIV) for measurements of particle velocity on mobile and sloping beds, with 

sand particles moving closely together.  

Some particularly interesting considerations regarding the spatial structure of bed-

load rate over dunes can be found in Yalin (1992) and Tjerry and Fredsøe (2005). Yalin 

(1992) presented a theoretical analysis of the sediment transport continuity equation, and 

concluded that one of its implications is that for dunes at equilibrium state (when they are 

only migrating downstream without altering their shape), the derivatives of zb (bed surface 

elevation) in the downstream x-direction and the bed-load rate must be proportional to each 

other. This means that the bed-load rate is “in-phase” with the developed bed profile. 

According to this author, this condition is to be viewed as defining the equilibrium state, 

in the sense that it would not be present in any non-equilibrium state (where dunes are 

either growing or decreasing in size while migrating downstream). Independently from 

Yalin (1992), Tjerry and Fredsøe (2005) have also analyzed the implications of the 

sediment transport continuity equation and concluded that for equilibrium dunes the local 

sediment transport has to be proportional to the local height of the dune. This is in complete 

agreement with Yalin (1992), as it means that the sediment transport rate profile is in-phase 

with the bed profile. However, the above conclusions remain hypothetical, as they have 

not yet been demonstrated experimentally. The only related experimental finding is by 

Naqshband et al. (2014a). These authors measured vertical profiles of sediment 

concentration above non-equilibrium dunes and found that the sediment transport 

distribution did not follow the dune shape. This study though, fails to demonstrate the 
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hypothesis by Yalin (1992) and Tjerry and Fredsøe (2005) as it does not consider the case 

of bed-load as well as the equilibrium conditions.  

Considering the aforementioned, the objective of this paper is to test the validity of 

Yalin’s hypothesis as outlined above. For the present purposes the authors conducted a 

special series of measurements of bed-load rate over dunes at equilibrium and non-

equilibrium conditions. These measurements build on a previous dune evolution 

experiment carried out by Wiebe (2007) at the Coastal Engineering Research Laboratory 

of Queen’s University. Before proceeding further and for the sake of clarity, a brief review 

of the experiment by Wiebe (2007) is presented next.  

3.2 Review of Pertinent Previous Work 

The experiment by Wiebe (2007) was carried out in a 21 m long, 0.76 m wide and 

0.5 m deep recirculating flume. The flume side walls are made of glass. Water is supplied 

from the water reservoir beneath the flume with the aid of an axial flow pump (maximum 

discharge capacity of 0.045 m3/s), the flow rate being controlled with a discharge valve 

installed in the flume supply pipe. The flow depth can be controlled with the aid of a 

“transparent” tailgate. A vertical tailgate is also provided immediately after the 

“transparent” tailgate. Just downstream of the tailgates, the flow is conveyed into three 

identical channels, and then discharged into a similarly divided settling basin. A V-notch 

weir is installed at the end of the central basin. 

The bed was composed of silica sand with an average grain size D50 = 1 mm 

(coefficient of uniformity D60 / D10 = 1.6). The experiment was conducted in two stages. 

In the first stage, flow was run over an initially flat bed for 268 min allowing dunes to form 

and grow to their fully developed (equilibrium) state. The time to reach equilibrium was 
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estimated as 238 min. In the second stage, the flow depth was suddenly decreased and the 

flow run for 300 min with the dunes from stage 1 having fully adjusted to the new flow 

conditions after 150 min. Throughout this paper, h1 and h2 will be used to denote the 

average flow depth at the end of stage 1 and the start of stage 2, respectively. The hydraulic 

conditions at the end of stage 1 and start of stage 2 were as summarized in Table 3.1. 

Table 3.1 Summary of hydraulic conditions in the run by Wiebe (2007) [B = 0.76 m; S = 

1/792] 

Stage Qc  

(m3/s) 

h  

(m) 

(uav)c  

(m/s) 

v∗  
(m/s) 

Re Fr 𝑅𝑒∗ θ/θcr 

1* 0.0455 0.320 0.561 0.063 97614 0.32 126 6.62 

2** 0.0200 0.200 0.395 0.050 51745 0.28 100 4.16 

(*) Equilibrium; (**) Non-equilibrium (just after the decrease in flow depth) 

 

Here B is flume width, S is bed slope, Qc is flow rate in the central third of the flume, h is 

average flow depth (= h1 and h2 at the end of stage 1 and beginning of stage 2, respectively), 

(uav)c is average flow velocity in the central third of the flume, 𝑣∗  is shear velocity (= 

(gSh)0.5, in which g is acceleration due to gravity), Re is flow Reynolds number (= (uav)c 

Rh / ν, in which Rh is hydraulic radius and ν is fluid kinematic viscosity), Fr is Froude 

number (= (uav)c / (gh)0.5), 𝑅𝑒∗ is roughness Reynolds number (= 𝑣∗ks / ν, in which ks is 

granular skin roughness), θ is Shields parameter (= (ρv
*

2) / (γsD), in which ρ is fluid density 

and γs is specific weight of grains in fluid), and θcr is the value of θ at the stage of initiation 

of sediment transport. For calculation purposes, ρ, ν, and γs were identified with 1000 

kg/m3, 10-6 m2/s and 16186.5 N/m3, respectively; following Kamphuis (1974) and Yalin 

(1977, 1992), ks = 2D50; on the basis of Eq. (14) in da Silva and Bolisetti (2000) (included 

as Eq. (1.34) in da Silva and Yalin 2017), θcr = 0.037. Bed profiles were taken at the end 
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of stage 1 and throughout stage 2 using a Delft Hydraulics PV-09 profiler. The bed profiles 

taken at the end of stages 1 and the first 48 min of stage 2 are shown in Figure 3.1. 

 

Figure 3.1 Measured bed profiles (from Wiebe 2007). Time t = 0 denotes the time just after 

the sudden decrease in flow depth; positive and negative times denote time before and after 

the sudden decrease in flow depth, respectively. 

Throughout the duration of the experiment, sediment transport was entirely by bed-

load. Invariably sediment passing a dune crest was observed to fall down the lee side rather 

than being carried further along by the flow. 

3.3 Present Measurements 

In this study, the focus was on two instants of the experiment by Wiebe (2007): 

the end of stage 1, when the dunes were at equilibrium and h1 = 0.32 m; and the 

beginning of stage 2, right after the reduction in flow depth where h2 = 0.20 m. The 
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goal was to determine the bed-load rate along the dunes at the end of stage 1 and at the 

beginning of stage 2. The study was conducted in the flume used by Wiebe (2007) in 

his experiment. The study follows from Chapter 2, where to enable the study of the 

flow field, the dunes at the end of stage 1 were replaced by a train of 10 identical dunes, 

whose overall shape including height, length and lee side slope (Λ = 1.3 m, Δ = 0.0743 

m, φs = 300) represented the average values of the equilibrium dunes in Wiebe’s 

experiment. The dunes were fixed in place using the cement-based method developed 

by Ebrahimi and da Silva (2013). Accordingly, the dunes were coated with an ≈ 5 mm 

thick layer of a cured mixture of sand and Portland cement Type III (Type HE) with a 

17% cement/sand volume ratio of the dry mixture. The sand used in the mixture had an 

average grain size of 2.0 mm. Based on the experiments by Ebrahimi and da Silva 

(2013) this gives the coating layer a granular roughness comparable to that of sand 

having average grain diameter of 1.0 mm as used in the original experiment. The mean 

bed slope was 1 / 792. The just described dunes are to be viewed as a periodic, idealized 

version of the equilibrium dunes at the end of stage 1 in the experiment by Wiebe 

(2007). In this study, the set-up described above was used as an alternative to recreating 

the movable bed experiment by Wiebe (2007). This set up offers the advantage that it 

allows for representative results, abstracting from local dune geometric irregularities 

inherent to the phenomenon.  

Two tests were carried out, using the same flow conditions (h1 = 32 cm and h2 

= 20 cm) as Wiebe (2007) (see Table 3.1). Before initiating the tests, an ≈ 2 cm layer 

of sand (D50 =1 mm) was placed over the lee and stoss sides of the 5th and 6th dunes, 

respectively. In each test, the flow was run for a total of 12 min, during which the 
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changes to the just described sand layer were monitored. Bed profile measurements 

were conducted before and after the sand layer was added; after initiating a test, bed 

profile measurements were carried out every 3 min. The test had to be stopped and the 

flume drained to acquire the bed profiles. Care was taken not to disturb the sand layer 

when stopping and starting or restarting the experimental runs.  

To assess how long it took for the flow conditions to be reinstated after re-

starting a test, flow velocity measurements were carried out for the flow case with h1 = 

32 cm. These measurements were obtained at the flume centerline at a location ≈ 15 

cm above the average bed level, using a 2D 16-MHz micro acoustic Doppler 

velocimeter (ADV) by SonTek (San Diego, California). The ADV was operated at a 

frequency of 20 Hz; the sampling duration was 180 s. The measurements are shown in 

Figure 3.2. To ensure that the sand layer would not be disturbed upon starting and re-

starting a test, the flume was first very slowly filled with an auxiliary pump and with 

the tailgate closed. Once the water in the flume reached a level close to that desired for 

the run, the primary pump was engaged, and the tailgate opened as fast as possible 

while not creating waves. The time zero in Figure 3.2 corresponds to an instant just 

after the tailgate started to be opened. As follows from this figure it took ≈ 20 s for the 

flow conditions to be fully stabilized (for the flow case h1 = 32 cm) These interim 

conditions may have caused bed changes to occur somewhat faster or slower, but they 

are not thought to have had any significant impact on the observed bed-load rate and 

bed deformation patterns. 

At every measurement time step, nine bed profiles were acquired. These were 

equally spaced at 4 cm intervals, starting at 22 cm from the left side wall and ending at 22 
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cm from the right side wall, with the fifth profile located at the flume centerline.  The 

profiles were taken using a 2D / 3D Micro-Epsilon 2700 scanControl line laser scan system. 

The system has a horizontal range of roughly 0.10 m (depending on the distance from the 

surface to be measured) and collects 640 points per profile, which results in a horizontal 

resolution of ≈ 0.16 mm. The vertical range of the instrument is 0.30 m with a vertical 

resolution of 40 μm (linearity = ± 0.2% of full-scale output). In the present tests, the 

horizontal range was ≈ 0.12 m. The laser scanner was mounted on a sliding platform 

controlled by a crankshaft which, in turn, was mounted on a trolley running on the walls 

of the flume. This enabled the laser to be moved in both the x and y directions while taking 

measurements. Here x is the longitudinal direction and y is the direction horizontally 

perpendicular to it. The laser was moved by 0.10 m for each new bed scan, giving an 

overlap of ≈ 0.02 m between consecutive scans. The overlapping regions were used to 

estimate the error in the bed surface elevation measurements. This yielded ± 0.85 mm 

(standard deviation = 0.8 mm). The totality of measured bed profiles for both tests are 

shown in Appendix B (Figures B.1-B.3). In this work, bed-load rate along the dunes will 

be determined from the measured changes with time in bed profiles. 

 

Figure 3.2 Plot of instantaneous longitudinal flow velocity versus time at an arbitrary location 

≈ 15 cm above the average bed level for the flow having h1 = 32 cm. 
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3.4 Results 

3.4.1 Bed Profiles 

For the present purposes, the 9 longitudinal profiles acquired at each measurement 

time of each test were averaged, so as to produce a single representative profile. The 

resulting (averaged) profiles for the test with flow depths h1 = 32 cm (equilibrium state) 

and h2 = 20 cm (non-equilibrium state) are shown in Figures 3.3 and 3.4, respectively. Note 

that for the 32 cm case, the 12 min time step is not included as by that point the 2 cm sand 

layer had been fully removed.  

 

 

Figure 3.3 Average bed profiles for the test with flow depth h1 = 32 cm, 

 

 

Figure 3.4 Average bed profiles for the test with flow depth h2 = 20 cm. 
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In both tests, the material eroded from the stoss side of the 6th dune in the 3 min 

duration between any two consecutive measurement times was observed to be transported 

downstream and deposited on the lee side of the next dune. No material was observed to 

be carried directly from the crest of the 6th dune to the stoss side of the subsequent dune. 

This is consistent with the observations by Wiebe (2007) (see Section 3.2). Observe from 

Figure 3.4 (h1 = 32 cm) that over the stoss side of the 6th dune the bed profiles at the 

different time steps are nearly parallel to each other. As would be expected for the 

equilibrium case, the recorded bed deformation is indicative of dunes that are merely 

migrating downstream without changing their geometry. 

A very different situation is encountered for the test with flow depth h2 = 20 cm 

(Figure 3.4). In this case, the slope of the stoss side of the 6th dune became increasingly 

shallow as time progressed. The recorded bed changes are typical of non-equilibrium 

dunes, that are migrating downstream but also diminishing in size as they adjust to a smaller 

flow depth. 

The present bed profiles are compared with those from the experiment by Wiebe 

(2007) in Figures 3.5 and 3.6, corresponding to h1 = 32 cm and h2 = 20 cm, respectively. 

The top plots in Figures 3.5 and 3.6 show the present profiles at 0 and 9 min. The bottom 

plots in the same figures are sample profiles from Wiebe (2007). Figure 3.5 (bottom) shows 

the two profiles measured by Wiebe (2007) at the end of stage 1 of his run, when the dunes 

were at equilibrium.   
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Figure 3.5 Present bed profiles for the 32 cm flow depth (top) at times 0 and 9 min and bed 

profiles by Wiebe (2007) (bottom) at the end of stage 1 of his run with a 13 min interval 

between the two. The black line is the first measured and the red line is the second. 

 

The time interval between the two profiles is 13 min. Figure 3.6 (bottom) shows 

the profile measured by the same author at the beginning of stage 2 of his run, just after the 

reduction in flow depth as well as that measured 9 min later. Despite the fact that there was 

no sediment upstream of the crest of the 5th dune, the present bed profiles over the stoss 

side of the 6th dune and those measured by Wiebe (2007) are remarkably similar both in 

terms of shape and amount of deformation.   
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Figure 3.6 Present bed profiles for the 20 cm flow depth (top) at times 0 and 9 min and bed 

profiles by Wiebe (2007) (bottom) at the beginning of stage 2 of his run with a 9 min 

interval between the two. The black line is the first measured and the red line is the second. 

3.4.2 Bed-Load Rate 

The sediment transport (bed-load rate) over the stoss of the 6th dune was estimated 

using the changes in bed elevation in combination with the sediment transport continuity 

equation, which in discretized form can be written as: 

(1 − 𝑝)
∆𝑧𝑏

∆𝑡
=

∆𝑞𝑠𝑏

∆𝑥
                   (3.1) 

Here zb is the bed surface elevation measured with regard to an arbitrary datum, qsb is 

specific volumetric bed-load rate, p is porosity of the granular material, t is time and x is 

longitudinal direction.  

 Eq. (3.1) was applied using forward differencing moving upstream from the dune 

crest. For any two points 1 and 2, where 2 is upstream of 1, Eq. (3.1) can be expressed as 
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𝑞𝑠𝑏2
= 𝑞𝑠𝑏1

− ∆𝑥1−2(1 − 𝑝)
∆𝑧𝑏1−2

∆𝑡
    (3.2) 

where qsb1 and qsb2 are the bed-load rates at points 1 and 2, respectively, ∆𝑧𝑏1−2
 is the 

change in bed elevation at the mid-point between points 1 and 2, and Δt is the time over 

which ∆𝑧𝑏1−2
 occurs. In the present calculations p was identified with 0.3; ∆𝑥1−2 = 0.2 

mm; Δt = 3 min. 

Clearly, the value of qsb at the crest of the 6th dune, henceforth denoted by qsb,crest, 

is required to initiate the calculations. For each time step, this was determined from the 

volume of sand Vs accumulated (in that time step) on the lee side of the 6th dune, with the 

aid of the following equation:  

    qsb,crest= (Vs/t)(1-p)    (3.3) 

The calculated values of qsb,crest for both tests are shown in Figure 3.7. 

 

 

Figure 3.7 Estimated values of qsb,crest at each time step. 

Note that the estimated qsb,crest for the first time step was significantly higher than at later 

time steps. This is likely due to the layer of sand locally increasing the dune size and thus 

locally decreasing the flow depth, and consequently leading to an increase in flow velocity 

and, by association, sediment transport. 
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 The calculated values of qsb in the region under consideration, as determined from 

Eq. (3.2), are plotted in Figures 3.8 and 3.9 corresponding to the tests with flow depths 32 

and 20 cm, respectively. 

 

Figure 3.8 Bed-load rate profiles for the test with flow depth for h1 = 32 cm. 

 

 

Figure 3.9 Bed-load rate profiles for the test with flow depth for h2 = 20 cm. 

As can be seen from Figure 3.8, for the test with h1 the profiles of qsb are nearly 

parallel for the first two time steps. However, qsb is larger for the first time step, which is 

due to the additional dune height from the sand layer as discussed above. Note from Figure 

3.6 that, for all practical purposes, at 9 min the sand layer had been eroded down to the 

fixed bed. The fact that the bed-load rate profile for 7.5 min is not parallel to the earlier 

profiles is likely a manifestation of the just described circumstances. Consider now Figure 

3.9. This shows that there was considerably less sediment transport for the test with the 
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flow depth of 20 cm than for the test with the flow depth of 32 cm, as the values of bed-

load in Figure 3.9 are in general much smaller than those in Figure 3.8. This is because of 

the smaller sediment transport capacity of the flow with smaller flow depth. Notably, for 

the first time step there is a significant difference in the shape of qsb profiles between 

Figures 3.8 and 3.9. In the former, the profile is nearly linear, while in the latter it acquires 

a concave shape. In Figure 3.9, there is also a marked difference between the shape of the 

bed-load profiles for the second and third time steps and that for the first time step. This is 

because the dune adjusted rapidly to the flow during the first time step, but to a lesser 

degree in subsequent time steps. 

3.4.3 Yalin’s Hypothesis 

In the following, Yalin’s hypothesis as detailed in the Introduction is analyzed in 

view of the present measurements. To this end, the bed profile in the region under study 

will be compared with the measured bed-load rate profiles. Use will be made of the bed-

load rate profile determined for t = 4.5 min for the test with flow depth of 32 cm, and t = 

1.5 min for the test with flow depth of 20 cm. These bed-load profiles were selected because 

they were deemed to be the most representative of the equilibrium and non-equilibrium 

conditions. As noted earlier, for the 32 cm case, there is no difference in shape between the 

bed-load rate profiles at the first two time steps, other than magnitude, with the profile at t  

= 4.5 min being calculated on the basis of two bed profiles, namely 3 and 6 min, more 

closely matching the shape of the equilibrium dunes in the experiment by Wiebe (2007). 

On the other hand, for the 20 cm case, the earlier stages of deformation of the sand layer 

appear as the most representative because the majority of the changes in dune shape occur 

within the first time step.  
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 For comparison purposes, the bed profile and the selected qsb profiles are plotted 

together, in normalized form, in Figure 3.10. Here qsb is normalized by the maximum value 

of qsb along the dune, which coincides with qsb,crest, and zb is normalized by Δ / 2. This 

ensures that the normalized profiles all reach the value 1 at the dune crest.   

 

Figure 3.10 Normalized profiles of bed elevation and bed-load rate. 

As follows from Figure 3.10, for the equilibrium case (h1 = 32 cm) the bed profile and bed-

load rate profiles are parallel to each other, meaning that indeed they are in phase with each 

other. In contrast to this, for the non-equilibrium case, the normalized bed elevation and 

bed-load rate profiles have distinct shapes through the stoss side of the dune, meaning that 

they are out-of-phase. These observations are in complete agreement with Yalin’s 

hypothesis. 

3.4.4 Comparison of Measured and Predicted Bed-Load Rates 

To end this chapter, and as an extension of Chapter 2, the present bed-load rate 

profiles are compared with those predicted in Chapter 2. 

 It is recalled that in Chapter 2, two different estimates of bed shear stress were 

obtained. The first of such estimates was the direct result of a Reynolds-Averaged Navier-
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Stokes (RANS) numerical model (Method 1); the second estimate made use of only the 

velocity profiles calculated by the model, and was obtained by determining the velocity 

gradient at the theoretical wall where the velocity is, by definition, equal to zero (Method 

2). The calculated bed shear stresses were used to determine bed-load rates using Bagnold’s 

equation (Bagnold 1956). 

 The present bed-load rate profiles are plotted together with the profiles obtained 

using both Methods 1 and 2 in Figures 3.11 and 3.12 corresponding to the flow depths of 

32 and 20 cm, respectively. The measured bed-load rate profiles are those selected for the 

purposes of the previous section. In spite of the differences in magnitude, the shape of the 

measured bed-load rate profiles is in remarkable agreement with that of those calculated 

by Method 2, while the profiles calculated by Method 1 fail to capture the observed 

patterns. This serves to further highlight the fact that the bed shear stresses calculated by 

the CFD RANS model in Chapter 2 are not compatible with the bed deformation observed 

by Wiebe (2007). 

 

Figure 3.11 Comparison of measured (present Chapter) and predicted (Chapter 2) bed-load 

rate profiles for the test with flow depth h2 = 32 cm. 



 

80 

 

 

Figure 3.12 Comparison of measured (present Chapter) and predicted (Chapter 2) bed-load 

rate profiles for the test with flow depth h2 = 20 cm. 

3.5 Conclusions: 

The main findings of this chapter can be summarized as follows: 

1. At equilibrium state, the distribution of bed-load rate along the stoss side of a 

dune (i.e. the bed-load profile) was found to mimic the bed elevation profile, 

while at non-equilibrium they were found to follow different patterns. This can 

be inferred from Figure 3.10, where the present dune profile is plotted, in 

normalized form, together with the measured bed-load profiles for the 

equilibrium and non-equilibrium cases. 

2. The observations described in the previous point are fully in agreement with 

Yalin’s hypothesis that the developed bed profile is “in-phase” with the 

sediment transport profile, and out-of-phase for any non-equilibrium state.  

3. The patterns of the measured bed-load rate profiles, both at equilibrium and 

non-equilibrium states, were found to be in in remarkable agreement with those 

of the bed-load rate profiles predicted by using the bed shear stresses calculated 

in Chapter 2 with the aid of Method 2 (see Section 3.4.4). This highlights the 
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fact that bed shear stresses directly calculated by a RANS numerical model for 

the same flow conditions are not compatible with the bed deformation for the 

cases analyzed. This brings into question the present numerical approach to the 

determination of bed shear stress.   
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Chapter 4 

Geometric Characteristics of Gravel Dunes  

4.1 Introduction 

Dunes are large scale, migrating bed forms generated by the flow of fluid over a 

movable boundary. In open channel and river flows composed of sand, their length is 

roughly six times the flow depth, while their height can reach up to one third of the flow 

depth. Due to their size, dunes can substantially obstruct streams leading to increased 

resistance to flow and impacting the stream’s capacity to transport sediment (Julien and 

Klaassen 1995). As such, sub-aqueous dunes play a central role in the management of the 

rivers in which they occur (ASCE Task Force 2002) and there is a significant body of 

research in this area. Studies such as those of Yalin (1977), Yalin and Karahan (1979), and 

van Rijn (1984) provide equations for equilibrium dune geometry; van Rijn (1993) and 

Tsujimoto and Nakagawa (1984) estimate the time of development of dunes; and Yalin and 

da Silva (2001), among others, present the existence region for dunes detailing the flow 

conditions under which they occur. There have also been numerous studies looking at flow, 

sediment transport and their coupling to morphological changes over dunes, both through 

numerical modelling (Tjerry and Fredsøe 2005, Giri and Shimizu 2006, Paarlberg et al. 

2009, Niemann et al. 2011, Attar and Li 2015) as well as laboratory and field work (van 

Rijn 1984, Nelson et al.  1993, Mclean et al. 1994, Julien and Klaassen 1995, Wilbers and 

Brinke 2003, Toyama et al. 2007, Tuijnder et al. 2009, Naqshband et al. 2014a,b, Attar and 

Li 2015, Emadzadeh and Cheng 2016).  
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Most of this research though is devoted to sand dunes. Historically it was thought 

that the beds of most gravel rivers are stable enough that bed-load transport will not 

produce large scale migrating bed forms such as dunes (Parker 1978, Andrews 1984). 

However, at present, it is clearly understood that dunes occur also in gravel streams, as 

their occurrence has been reported in a few works, and most prominently by Dinehart 

(1992), Carling (1999), Carling et al. (2005). So far only a few isolated studies have 

focused on gravel dunes (Carling et al. 2005, Qin et al. 2015, Attar and Li 2015). Therefore, 

both basic aspects of gravel dunes (the conditions for their occurrence and their geometry), 

as well as their dynamics, are poorly characterized and understood. An early study by 

Dinehart (1992) measured the bed profile of the North Fork Toutle River, noted the 

evolution of dunelike bed forms and measured the development of their steepness. 

Following this, a series of experiments to determine the hydraulic conditions under which 

gravel dunes first develop was conducted by Carling et al. (2005). It was found that gravel 

dunes would start to develop at near threshold conditions (η* = 1-1.016) with near bed 

turbulence initiating their growth and larger-scale coherent turbulent structures affecting 

their development. More recently a study by Qin et al. (2015) looked at the spectral 

behavior of gravel dunes and noted that the ‘−3’ spectral law that applies for sand dunes is 

not applicable for gravel dunes. This indicates that the distribution of wave lengths is 

different for sand and gravel dunes and suggests that other equations developed for sand 

dunes may also not be applicable to gravel dunes. Considering this, the goal of this study 

is to determine whether the characteristic equations developed for sand dunes are equally 

applicable for gravel dunes. To this end a series of laboratory tests was conducted in the 

Tilting Flume of the Queen’s Coastal Engineering Research Laboratory to detail the 
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development of gravel dunes starting from an initially flat bed. Further detail is provided 

in the following sections.  

4.2 Description of Laboratory Tests 

The tilting flume used in the present tests is 11 m long, 0.382 m wide, and 0.41 m 

deep. Water is supplied from a sump to a constant head reservoir with the aid of a 

centrifugal pump (maximum capacity of 0.23 m3/s). The pipe conveying the water from 

the reservoir to the flume is fitted with a valve to enable control of the flow rate. A vertical 

tailgate is installed at the downstream end of the flume. The flume side walls are made of 

glass.  

The material used to form the bed was pea stone gravel (Topfin Premium Aquarium 

Gravel) with grain sizes between ≈ 2 and 10 mm (average grain size D50 = 5 mm; 

uniformity coefficient D60 / D10 = 1.9). The gravel grain size distribution curve is shown in 

Figure 4.1. Each test was initiated on a flat bed, consisting of a 5 cm thick layer of gravel, 

set to the desired slope by tilting the flume. The bed in the first meter of the flume was 

formed by a coarser gravel (D50 = 4 cm) to prevent scour at the entrance. In total, three 

tests (T1, T2 and T3) were carried out with hydraulic conditions as summarized in Table 

4.1. Here Q is flow rate, S is bed slope, h is flow depth, uav is average flow velocity, v* is 

shear velocity (= (gSh)0.5), Re is flow Reynolds number (= vh / ν, in which ν is fluid 

kinematic viscosity), Fr is the Froude number (= uav  / (gh)0.5, in which g is acceleration 

due to gravity), Re* is the Roughness Reynolds number (= v*ks / ν, in which ks is height of 

granular roughness), c is the dimensionless Chézy resistance factor (= uav / v*), θ is Shields 

parameter (= (ρv*
2) / (γsD)), in which ρ is fluid density, γs is the submerged specific weight 

of the granular material, D is the representative grain size (throughout this work identified 
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with D50) and θcr is the value of θ at the stage of initiation of sediment transport (θcr = 

0.045). For calculation purposes, ρ, ν and γs were identified with 1000 kg/m3, 10-6 m2/s and 

16186.5 N/m3, respectively; following Kamphuis (1974) and Yalin (1977, 1992), ks = 2D.  

The free surface was initially set up parallel to the bed to ensure uniformity of the 

flow; it generally remained parallel to the bed throughout the tests, without having to adjust 

the position of the tailgate during the tests. Flow depths were measured with a point gauge 

(resolution ± 0.1 mm). The error in the point gauge measurements was estimated from 

multiple measurements of flow depth. This gave an uncertainty in h of ± 0.5mm. The flow 

rate was estimated using the velocity-area integration method. To avoid the effect of 

migrating bed forms on flow velocity, velocities were measured for a flow having the same 

flow rate (same position of the valve of the flume supply pipe) but flowing over the 

concrete floor of the flume. The velocity measurements covered half of a cross-section and 

were taken at 0.5, 1.5, 10, and 19.1 cm from the flume side wall, while in the vertical 

direction they were taken at 2 and 4 cm from the bed, and then every 4 cm up to ~5 cm 

below the free surface (5 cm for tests T1 and T3, 7 cm for test T2). All flow velocity 

measurements were carried out with a 2D 16-MHz micro acoustic Doppler velocimeter 

(ADV) by SonTek (San Diego, California) (velocity range  = 3, 10, 30, 100 and 250 cm/s; 

velocity resolution = 0.1 mm/s; sampling volume = cylinder with volume of 0.09 cm3 

located 5 cm away from the sensor tip; accuracy = 1% of the measured velocity). The ADV 

was operated at a frequency of 20 Hz, with the sensor mounted in a side-looking (side wall 

facing) configuration. The sampling duration at each point was 180 s. Plots of the measured 

flow velocities are given in Appendix C.1 (Figures C.1-C.3). A sharp decrease of flow 

velocity because of the side wall occurred only within 1.5 cm of the wall, with the velocity 
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appearing as very nearly two-dimensional through most of the flume’s cross-section. As a 

result, the difference between average flow velocity in the central 1/3 of the flume and the 

cross-sectional average flow velocity was no more than 2% (1.9, 2 and 1.9% in tests T1, 

T2 and T3, respectively). Note that in the present tests, h / D varied from 40 to 60; and θ / 

θcr varied within a narrow range (2.42 ≤ θ / θcr ≤ 2.69). The tests are to be viewed as 

representing a fixed value θ / θcr (≈ 2.5 - 2.6) for variable values of h / D. Within the 

constraints imposed by the flume dimensions, h was varied as much as possible; and θ / θcr 

was made as large as possible in an attempt to make the resulting dunes have a measurable 

height, while ensuring that Fr < 1.  

 

Figure 4.1 Gravel grain size distribution curve. 

Table 4.1 Hydraulic conditions in present tests (B = 0.382 m, D = 0.5 cm) 

Test Q 

(l/s) 

S h  

(cm) 

uav  

(m/s) 

v* 

(m/s) 

Re Fr Re* c θ/θcr h/D 

T1 87 0.005 20 1.14 0.10 227750 0.81 990 11.39 2.69 40 

T2 105 0.004 25 1.09 0.10 274870 0.70 990 10.99 2.69 50 

T3 131 0.003 30 1.14 0.09 342930 0.67 940 12.70 2.42 60 
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The tests are plotted in the existence region diagram of ripples and dunes from da Silva 

and Yalin (2017) in Figure 4.2, where they are represented as a black dot.  As follows from 

Figure 4.2, the tests plot in the dune existence region as implied by this diagram. 

 

Figure 4.2 Existence region diagram of ripples (R), dunes (D) and ripples superimposed on 

dunes (from da Silva and Yalin, 2017); η* and X in this diagram are equivalent to θ / θcr and 

Re* / 2. 

The development length (L) of the flow was estimated using Eq. (2.95) in Yalin 

(1977), namely L / h = 0.0152 (ks / h) em, in which m = 2.3 [ln(30.1h / ks)]
4/5. For the coarser 

gravel at the entrance (ks = 8 cm), this yielded L = 3.0, 3.3 and 3.5 m for tests T1, T2 and 

T3, respectively; and for the gravel in the remaining part of the flume (ks = 1 cm), it yielded 

3.9, 5.2 and 6.5 m. Well-developed dunes could be identified starting from 2-3 m from the 

flume entrance. The above estimates of flow development length suggest that the boundary 

layer may not have been fully developed at such distance from the flume entrance. 

However, these upstream dunes did not exhibit any particular characteristics that would 
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distinguish them from those further downstream. Since the boundary layer at first develops 

fast, this suggests that 2-3 m from the flume entrance it had already developed to a point 

where it no longer had a noticeable effect on dune formation and/or geometry.  

Each test was conducted in three stages. The first stage was used to obtain a rough 

estimate of the time of development of the dunes. Starting from the initially flat bed, the 

flow was run for 50 min stopping every 3.5 min to measure the bed profiles at the flume 

centerline. Care was taken not to disturb the bed when stopping and restarting the tests. 

Measurements of bed surface elevation were performed using a point gauge (resolution ± 

0.1 mm) and taken every 100 mm along the flume. Degradation of the bed was observed 

to occur at the interface of the coarse and fine gravel and extend ~1 m downstream. As 

such, gravel in this area was refilled before restarting the tests. It was found that the dune 

development time in all three tests was roughly between 20 and 30 min. The second and 

third stages were subsequently run primarily to determine the dune dimensions at 

equilibrium. For the second stage, the bed was re-flattened and flow was run for ≈ 100 min, 

with the test stopped every 3.5 min to refill the degraded area at the upstream end of the 

flume. For tests T1 and T3, this stage was also used to acquire further data from the earliest 

stages of dune development from the initially flat bed, in order to enable more precise 

estimates of the time of development. In test T1, bed measurements were performed every 

3.5 min up to 17.5 min, then every 7 min up to 31.5 min, and thereafter every 14 min. In 

test T3, bed measurements were performed every 3.5 min up to 14 min, then every 7 min 

up to 28 min, and thereafter every 14 min. In test T2, bed measurements were initiated at 

41 min, and thereafter were taken every 14 min. The procedure of the second stage was 

repeated for the third stage, but measurements were only taken every 14 min, starting from 
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41 min after the start of the run. The 14 min-interval was selected as this was the time 

estimated for roughly half the number of dunes to have exited the flume and be replaced 

by new dunes. As an example, the equilibrium dunes resulting from test T3 are shown in 

the photo in Figure 4.3. 

 

 

Figure 4.3 Example of equilibrium dunes formed during test T3 (Photo courtesy of Mr. Saeid 

Ahadi). 

 In both the second and third stages, bed profiles along the flume centerline, starting 

at 1.2 m from the flume entrance, were acquired with a 2D / 3D scanControl line laser scan 

system developed by Micro-Epsilon. The system has a horizontal range of roughly 0.10 m 

(depending on the distance from the surface to be measured) and collects 640 points per 
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profile, which results in a horizontal resolution of ≈ 0.16 mm. The vertical range of the 

instrument is 0.30 m with a vertical resolution of 40 μm (linearity = ± 0.2% of full-scale 

output). The laser scanner was installed on a trolley mounted on the flume side walls. It 

was moved forward 0.10 m for each new bed scan. Each profile was ≈ 12 cm long. The 

overlapping regions were used to estimate the error in the bed surface elevation 

measurements. This yielded ± 1.5 mm (standard deviation=1 mm). The resulting bed 

profiles for the three tests and all measurement times are shown in Appendix C (Section 

C.2). 

4.3  Data Processing 

Bed level profiles were used to determine individual dune heights and lengths. 

Dunes were identified as bed forms with clearly identifiable stoss and lee sides that have 

shallow and steep slopes, respectively. Indentations with a depth of 5 mm or less on the 

stoss side of larger dunes were ignored as this is the size of the average grain diameter and 

could easily be the result of a single stone out of place. Also, small deformations with a 

shallower slope than the lee side of dunes were occasionally observed within larger dunes. 

These deformations while often occurring at the centerline of the flume, and hence being 

measured, did not extend all the way across the channel. As such they were not treated as 

a bed form separate from the larger dunes they occurred within.  Following e.g. Gabel 

(1993) and Wiebe (2007), whenever the measurements were taken at 3.5 min intervals the 

bed forms needed to be present in multiple consecutive profiles so as to avoid counting 

short-lived bed features as dunes. Finally, in the rare instances where dunes were not 

clearly identifiable within a region, the region was excluded from the analysis. 
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Following convention (see e.g. Bishop 1977, Wiebe 2007), average dune length for 

a given profile was calculated by dividing the longitudinal distance between the first dune 

crest and the last by the number of dunes. Individual dune heights were obtained by 

measuring the vertical distance between dune crest and trough. Average dune height for a 

given profile was determined as the arithmetic average of the individual dune heights. Two 

examples of dune length and height calculations are given below in Figure 4.4.  

 

 

Figure 4.4 Examples of identification of dunes and determination of their length and height; 

all horizontal distances are in m, vertical distances are in cm. Top: Bed profile from test T3 

(h/D = 60), stage 2, measurement time 14 min; Bottom: Bed profile from test T2 (h/D = 50), 

stage 2, measurement time 83 min. 

Figure 4.4 (top) shows the bed profile corresponding to test T3 (h / D = 60), stage 

2, at 14 min. Two dunes of height 2.9 and 2.8 cm were identified in a 5.27 m long stretch. 

This yields values of average dune length and height of 2.63 m and 2.45 cm, respectively. 
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Figure 4.4 (bottom) shows the bed profile corresponding to test T2 (h / D = 50), stage 2, at 

83 min. Three dunes of height 2.3, 2.6, and 1.9 cm were identified in a 7 m long stretch. 

This yields values of average dune length and height of 2.33 m and 2.25 cm, respectively. 

The results for the totality of the bed profiles are given in Appendix C (Section C.3, Tables 

C.1 and C.2). 

4.4 Results 

4.4.1 Quantification of Bedform Development 

Development diagrams of average dune length, height, and steepness are shown in 

Figures 4.5-4.7, 4.8-4.10 and 4.11-4.13 respectively. As follows from these figures, and in 

agreement with all previous sand bed experiments involving dune growth from a flat bed 

(e.g. Bishop 1977, Nikora and Hicks 1997, Wiebe 2007), the dunes approached equilibrium 

length and height asymptotically. As previously noted by Bishop (1977) and Yalin and 

Bishop (1977) for their experiments (see also e.g. Nikora and Hicks 1997), dune steepness 

remained approximately constant throughout the tests. Following Prins (1969) and Gee 

(1973) dune development was expressed by the following equations:  

Λ𝑡 = Λ𝑒 − (Λ𝑒 − Λ0)𝑒−𝛼𝑡    (4.1) 

∆𝑡= ∆𝑒 − (∆𝑒 − ∆0)𝑒−𝛽𝑡    (4.2) 

where t is time, Δ is dune height, Λ is dune length, α and β are dimensionless coefficients 

inversely proportional to the time of development Td; the subscripts t, 0 and e indicate the 

actual, initial and equilibrium bed form length and height. At the start of an experiment, 

dune height is zero (Δ0 = 0) and Eq. (4.2) reduces to 

∆𝑡= ∆𝑒(1 − 𝑒−𝛽𝑡)     (4.3) 



 

99 

 

The term Λ0 is the length of the dunes first appearing on the bed and thus it is not equal to 

zero. Non-linear regression analysis using the Levenberg-Marquadt algorithm was used to 

find equations of the form (4.1) and (4.3) best fitting the dune length and height in Figures 

4.5-4.10. This yielded least square estimates of α, Λ0 and Λe in Eq. (4.1), and β and Δe in 

Eq. (4.3), as shown in Table 4.2. The resulting best fit equations are plotted as solid lines 

in Figures 4.5-4.10.  

 In agreement with the prevailing practice (see e.g. Baas 1994, Nikora and Hicks 

1997), the times of development of dune length TdΛ and height TdΔ were obtained as the 

time it took for the dune length and height to reach 99% of their equilibrium value. This 

yielded TdΛ = 22, 25, and 27 min and TdΔ = 11, 20 and 27 min for tests T1, T2 and T3 

respectively (see Table 4.2). 

 

 

Figure 4.5 Plot of measured values of average dune length versus time for test T1 (h / D = 40), 

r2 = 0.5724, Λt = Λe – (Λe – Λ0)e-αt  where α = 0.21, Λe = 1.78 and Λ0 = 0.25 
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Figure 4.6 Plot of measured values of average dune length versus time for test T2 ( h / D = 

50), r2 = 0.626, Λt = Λe – (Λe – Λ0)e-αt  where α = 0.18, Λe = 1.88 and Λ0 = 0.30. 

 

 

 

Figure 4.7 Plot of measured values of average dune length versus time for test T3 (h / D = 60) 

r2 = 0.54 , Λt = Λe – (Λe – Λ0)e-αt  where α = 0.16, Λe = 2.5 and Λ0 = 0.41. 

  



 

101 

 

 

 

Figure 4.8 Plot of measured values of average dune height versus time for test T1 (h / D = 40) 

r2 = 0.35, Δt = Δe ( 1–e-𝛽t) where β = 0.35, and Δe = 1.6. 

 

 

 

Figure 4.9 Plot of measured values of average dune height versus time for test T2 (h/D = 50) 

r2 = 0.34, Δt = Δe ( 1–e-𝛽t) where β = 0.23, and Δe = 2.1. 
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Figure 4.10 Plot of measured values of average dune height versus time for test T3 (h/D = 60) 

r2 = 0.51, Δt = Δe ( 1–e-𝛽t) where β = 0.17, and Δe = 2.8. 

 

 

 

Figure 4.11 Plot of measured values of average dune steepness versus time for test T1 (h/D = 

40). 
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Figure 4.12 Plot of measured values of average dune steepness versus time for test T2 (h/D = 

50). 

 

 

Figure 4.13 Plot of measured values of average dune steepness versus time for test T2 (h/D = 

60). 

 

Table 4.2 Development of dune length and height: values of pertinent quantities 

Test α Λ0  

(m) 

Λe  

(m) 

TdΛ  

(min) 

β Δe  

(cm) 

TdΔ  

(min) 

T1 0.21 0.25 1.78 22 0.35 1.6 11 

T2 0.18 0.30 1.88 25 0.23 2.1 20 

T3 0.16 0.41 2.46 27 0.17 2.8 27 
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The dune length and height data from the three tests are plotted together in Figures 

4.14 and 4.15, respectively. The plots are normalized: the abscissa is t / Td, and the ordinates 

are Λt / Λe (for Figure 4.14) and Δt / Δe (Figure 4.15). As follows from Figure 4.14, the dune 

length data from the three tests collapse into one single data pattern; and the same is true 

for the dune height data (Figure 4.15). The data pattern in Figures 4.14 and 4.15 are 

reasonably well represented by the following equations: 

𝛥𝑡  / 𝛥𝑒  = 1 − e(−4.55(𝑡 / 𝑇𝑑)0.9)   (4.4) 

𝛬𝑡 / 𝛬𝑒  = 1 − (1 − 0.12)e(−4.5(𝑡 / 𝑇𝑑)1.1)   (4.5) 

 

The solid lines in Figures 4.14 and 4.15 are the graphs of these equations and have r2 values 

of 0.43 and 0.36 respectively. Note from these figures that both dune length and height had 

developed by ≈ 75% of their equilibrium values by Td /4; and to ≈ 90% by Td /2.  

 

 

Figure 4.14 Plots of normalized average dune length versus normalized time. 
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Figure 4.15 Plots of normalized average dune height versus normalized time. 

 

In addition to the values of average dune length and height at equilibrium, it seems 

worthwhile to also consider the properties of the individual dunes at the equilibrium stage. 

For this purpose, consider Figures 4.16 and 4.17 showing the probability density functions 

of equilibrium dune length and height, respectively. These plots were produced using the 

characteristics of individual dunes past t = Td.   

As follows from Figures 4.16 and 4.17, the frequency plots exhibit positive 

skewness and are well represented by log-normal distributions. For dune length, these have 

mean values of 1.8, 1.9 and 2.4 m with standard deviations of 0.63, 0.62 and 0.74 m for 

tests T1, T2, and T3, respectively; while for dune height they have mean values of 1.7 (T1), 

2.1 (T2) and 2.8 cm (T3), with standard deviations of 0.33, 0.41 and 0.58 cm, respectively. 

These mean values of dune length differ from the values of equilibrium dune length 

determined earlier in this section from 0 (test T2) to 4% (test T3). In the case of dune height, 

such values differ from 0 (test T2) to 6% (test T1). Notably for both dune length and height, 

the standard deviation increases with increasing values of h / D. It is not clear to the author 

whether this result is coincidental or the expression of some physical mechanism.  
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Figure 4.16 Probability density functions of dune length for tests T1, T2 and T3 (top to 

bottom). 
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Figure 4.17 Probability density function of dune height for tests T1, T2 and T3 (top to 

bottom).  
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The matter of whether individual dunes at equilibrium were self-similar was also 

explored. For the dunes to be similar, their height should be related to length by a constant 

factor. To test this, plots of dune height versus length were produced for all three tests 

(Figure 4.18). As follows from these figures, the data does not exhibit any relationship 

between dune height and length, i.e. the dunes were not self-similar. 

4.4.2 Measured Versus Predicted Values of Pertinent Quantities 

4.4.2.1 Equilibrium Dune Geometry 

In the following, the measured values of average dune length, height and steepness 

at equilibrium (Λe, Δe, and δe) are compared with those obtained using the empirical 

equations by van Rijn (1984) and da Silva and Yalin (2017) (listed in Appendix C, Section 

C.4). The equations by van Rijn (1984) were developed on the basis of 84 flume 

experiments and 22 field observations; those by da Silva and Yalin (2017), on the basis of 

1150 flume experiments and 185 field observations. Both equations are founded on detailed 

analyses of the data, guided by dimensional considerations.  

The values of Λe, Δe, and δe resulting from the just mentioned equations are shown 

in Table 4.3, where they are compared with the measured values. In Figure 4.19 Λ is plotted 

versus the flow depth h. The figure includes three data points corresponding to the present 

tests, as well as the line of best fit for the data. The data are well represented by the 

following equation: 

Λ = 8.1h    (4.6) 



 

109 

 

 

 

 

Figure 4.18 Plots of dune height vs length for tests T1, T2 and T3 (top to bottom). 
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Table 4.3 Measured and predicted dune geometry 

  Measured van Rijn (1984) da Silva and Yalin (2017) 

Test Λe (m) Δe (m) δe Λe (m) Δe (m) δe Λe (m) Δe (m) δe 

T1 1.8 0.017 0.009 1.46 0.018 0.012 1.20 0.017 0.014 

T2 1.9 0.021 0.011 1.83 0.018 0.010 1.50 0.023 0.015 

T3 2.4 0.028 0.012 2.19 0.024 0.011 1.80 0.025 0.014 

 

 

Figure 4.19 Comparison of dune length as a function of h and using the methods of Yalin and 

da Silva (2001) (=6h), van Rijn’s (1984) (=7.3h), and the experimental results. A linear fit of 

the results yields Λ=8.1h with r2=0.76.  

 

Dune length is 10 and 26% greater than what is predicted by the equations of van Rijn 

(1984) (Λ = 7.3h) and da Silva and Yalin (2017) (Λ = 6h). It should, however, be noted that 

the values 6 and 7.3 of the proportionality coefficients in the dune length equations by van 

Rijn (1984) and da Silva and Yalin (2017) were obtained as averages of much larger data 

sets. While the measured values of Λe are in line with those obtained from the length 

equations under consideration, it cannot be asserted whether or not the differences found 

are statistically significant. The percentage differences between the calculated and 
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measured values of Δe are 6, 14, and 14% for tests T1, T2 and T3, respectively, for van 

Rijn’s equation (0, 9, and 11% for da Silva and Yalin); while those between the calculated 

and measured values of δe are 36, 27, and 14% for tests T1, T2 and T3, respectively, for da 

Silva and Yalin’s equation (25, 9, and 8% for van Rijn). In spite of the comparatively larger 

percentage difference for δe in the case of test T1, the values of Δe and δe observed in the 

present tests are predicted remarkably well by the equations of van Rijn (1984) and da Silva 

and Yalin (2017). 

4.4.2.2 Time of Development 

Next, the estimated times of dune development are compared with those resulting 

from the Td-equations developed by Bishop (1977) and van Rijn (1993) for sand dunes. 

The two methods give a single time of development for dune length and or height. The 

equation by Bishop (1977) which originates in the earlier work by Yalin and Price (1974), 

takes the form  

    𝑇𝑑 = 2.5
∆𝛬

�̃�𝑠𝑏
     (4.7)   

in which �̃�𝑠𝑏 is a representative value of the specific volumetric bed-load transport rate. 

The equation by van Rijn is as follows: 

𝑇𝑑 =
𝛼(1−𝑝)(∆2Λ2−∆1Λ1)

0.5(𝑞𝑠𝑏1+𝑞𝑠𝑏2)
    (4.8) 

where α is a dimensional constant experimentally determined to be 4, p is porosity of 

granular material and the subscripts 1 and 2 imply two stages of development. If �̃�𝑠𝑏 in Eq. 

(4.7) is identified with the average bed-load rate in a test, and this is estimated as the 

average value between qsb at the beginning of a test (when the bed is still flat) and qsb at 

the equilibrium state, makes it possible to express Eq. (4.7) as  
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    𝑇𝑑 = 2.5
∆𝑒𝛬𝑒

0.5(𝑞𝑠𝑏0+𝑞𝑠𝑏𝑒)
      (4.9) 

Consider now Eq. (4.8). Expressing this equation for the initial and equilibrium states (i.e. 

by treating subscripts ‘1’ as ‘0’ and ‘2’ as ‘e’) by adopting p = 0.3 and noting that Δ0 = 0, 

yields  

    𝑇𝑑 = 2.8
∆𝑒𝛬𝑒

0.5(𝑞𝑠𝑏0+𝑞𝑠𝑏𝑒)
      (4.10) 

which is essentially the same as Eq. (4.9). Given the small difference in the numerical 

values of the constants in Eqs. (4.9) and (4.10), the following form 

    𝑇𝑑 = 2.65
∆𝑒𝛬𝑒

0.5(𝑞𝑠𝑏0+𝑞𝑠𝑏𝑒)
     (4.11) 

 is subsequently used to represent both the equations by Bishop (1977) and van Rijn (1993). 

Three bed-load rate equations were used to estimate qsb, namely Meyer-Peter and Müller 

(1948), Bagnold (1956), and van Rijn (1984). For a flat bed these equations take the form 

ϕ = 8 (θ − θ𝑐𝑟)1.5 (Meyer-Peter and Müller), ϕ = 4.25 θ0.5 (θ − θ𝑐𝑟) (Bagnold), ϕ = 0.053 

Ξ−0.3 (θ / θ𝑐𝑟 − 1)2.1 (van Rijn). Here ϕ is the Einstein’s parameter given by ϕ = qsb ρ
0.5 / (γs

0.5 

D1.5), and Ξ is the material number (= (γs D
3 /(ρ ν2)1/3). Following the convention (van Rijn 

1984, Raudkivi 1990), it is assumed that bed forms do not alter the mathematical form of 

a sediment transport equation as such, and that their influence on the transport rate can be 

taken into account by appropriately modifying the flow velocities and/or bed shear stresses. 

This modification can be written as qsb =qsbf .λc (θ/θ𝑐𝑟 λc
2 - 1) / (θ/θ𝑐𝑟 - 1) where λc is the 

ratio of the Chézy resistance factor c (= uav/v*) and the (Chézy) friction factor cf for a flat 

bed. 
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Table 4.4 Estimated values of bed-load rate qsb at the beginning and equilibrium stages of 

the tests 

  Meyer-Peter and Müller Bagnold   van Rijn   

Test 
qsb1 x104 

(m2/s) 

qsb2 x104 

(m2/s) 

qsb1 x104 

(m2/s) 

qsb2 x104 

(m2/s) 

qsb1 x104 

(m2/s) 

qsb2 x104 

(m2/s) 

T1 2.38 2.00 1.60 1.37 0.53 0.41 

T2 2.38 0.89 1.60 0.69 0.53 0.13 

T3 1.84 0.90 1.28 0.70 0.37 0.14 

 

In the following we consider only the results by Bagnold and Meyer-Peter and Müller 

equations, as they yield the closest estimates of Td to the measured values. The resulting 

values of Td using Meyer-Peter and Müller equation are 6, 10 and 22 min for tests T1, T2 

and T3, respectively; and using Bagnold’s equation, they are 9 (T1), 15 (T2) and 30 min 

(T3). A comparison of these equations and the experimental results is given in Figure 4.20. 

 

Figure 4.20 Comparing experimental values for Td with those predicted using the equations 

by Bishop (1977) and Yalin and Price (1974) with qsb calculated using Meyer-Peter and Müller 

and Bagnold bed-load rate equations. 

  

As can be seen, while the experimentally determined times of development of dunes do 

differ from those predicted theoretically, the difference is much smaller than the one that 
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can be observed simply by changing the method by which qsb is calculated. As such it is 

reasonable to say that these results are in the bounds of what could be expected. 

4.4.3 Spectral Behavior of Dunes 

On the basis of dimensional analysis and experimental data, Hino (1968) proposed 

the following scaling law for the wavelength spectrum of equilibrium stage sand dunes  

Φ=Ak-3      (4.12) 

where Φ is the wavelength spectrum, A is a constant and k is the wave number. This result 

has since been verified repeatedly through various laboratory experiments and field 

observations (Jain and Kennedy 1974, Levey et al. 1980, Tsujimoto and Nakagawa 1984, 

Nikora and Hicks 1997, Best 2005, Jerolmack and Mohrig 2005, Tuijnder et al. 2009, 

Aberle et al. 2010, Singh et al. 2011, Qin et al., 2013).  On the basis of their recent 

laboratory experiments, Singh et al. (2012) and Qin et. al. (2015) have suggested that this 

‘-3’ spectral law is not applicable to gravel dunes. It thus seems particularly worthwhile to 

determine the spatial spectrum for the present experiments as a means of gaining further 

insight into the matter.  

For this purpose, and in order to have sufficiently long records of bed surface 

elevation to enable the computation of the spectrum, the bed profiles measured after the 

time of development using the laser profiler (total of 13 profiles for T1, 10 for T2 and 11 

for T3) were stitched together as shown in Figure 4.21.  The profiles were stitched together 

by removing the area of scour from each, bringing them into a frame of reference such that 

there was no net slope, and horizontally aligning the end of one profile with the start of the 

next. Using this method there were few significant disjoints observed between the 

connected profiles. The spectral density plots were obtained using a Hanning filter with a 
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window lag of N / 10 and a 50% overlap and are shown in Figures 4.22-4.24. As follows 

from these figures the spectra are composed of three distinct sections. At the grain scale 

(≈102 to 103 cycles/m) the spectra follow a declining straight line with a slope of ≈ -2; at 

the larger scale (≈0.25 to 10 cycles/m) the spectra still follow a declining straight line with 

slope -2, however this line is disjointed from the former. In the section between ≈10 and 

102 cycles/m, the spectra acquires a curved profile connecting the aforementioned -2 lines. 

 

 

 

Figure 4.21 Stitched profiles for h / D = 40 (top), h / D = 50 (middle) and h / D = 60 (bottom). 
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Figure 4.22 Wave-number spectra for test T1 (h / D = 40). The dashed line represents the 

slope expected for the ‘-3’ power law. 

  

Figure 4.23 Wave-number spectra for test T2 (h / D = 50). The dashed line represents the 

slope expected for the ‘-3’ power law. 
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Figure 4.24 Wave-number spectra for test T3 (h / D = 60). The dashed line represents the 

slope expected for the ‘-3’ power law. 

 

Three key findings can be taken from Figures 4.21-4.24: 

1) In agreement with previous findings by Singh et. al. (2012) and Qin et. al. 

(2015), the spatial spectrum is found to deviate significantly from the ‘-3’ power 

law, and follow a shallower slope. In the case of the present tests, this slope is 

the same for all three tests irrespective of their values of h / D.  

2) Qin et al. (2015) conducted four experiments (D50 = 7.7 mm), with values of h 

/ D ranging from 56 to 83 (56, 71, 76, 83). These authors found that the 

declining slope of the spectrum decreased from -2.5 for their test with h / D = 

83 to -2 for their test with h / D = 56. It is interesting to note that in our tests the 

largest value of h / D (60) is comparable to their smallest value, and the slope 

of the spectrum is identical to their -2. When the results from the present tests 
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are considered together with the work from Qin et al. (2015), they suggest that 

the declining slope of -2 may be a limiting value reached when h / D becomes 

sufficiently small (≈ 60). 

3) Lastly, the above mentioned discontinuity in the spatial spectra has not 

previously been reported. In the present tests, such discontinuity is clearly more 

prominent the smaller h / D is. The author cannot offer an explanation for such 

a feature, but it is unlikely that it is a mere coincidence that, moving from large 

to small frequencies, the discontinuity develops at the scale of the largest grain 

size. This is clearly a matter that requires further investigation. 

4.5 Conclusions 

In this paper gravel dunes were formed under three different flow conditions and 

their profiles were measured over time to determine whether or not the characteristic 

equations developed for sand dunes are also applicable to gravel dunes. The main findings 

of this work can be summarized in three main points: 

1. The geometry of the fully developed dunes appears to match well with the 

predictions from the equations by van Rijn (1984) and da Silva and Yalin 

(2017). The measured dune heights match quite well, and while the 

measured dune lengths are slightly greater than expected they do follow the 

same trend as the equations would predict. 

2. The time of development of the dunes fell within the same range as what 

would be predicted using the equations by Bishop (1977) and van Rijn 

(1993). While there is not perfect agreement between the experimental 

results and these equations, they do follow the same pattern and the variance 
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in values is comparable to the variance produced simply by using different 

equations to calculate qsb. 

3. In agreement with the previous studies by Singh et. al. (2012) and Qin et. 

al. (2015), the ‘-3’ power law for the wave spectra of dunes does not appear 

to be applicable to gravel dunes. Rather the slope of the spectra is closer to 

-2. Unlike the prior two studies however, a discontinuity in the spectra was 

observed for all three tests and this appears to grow larger with decreasing 

values of h / D. The author at this stage cannot explain this feature and 

suggest that this be a topic of further research. 

These findings come with the caveats that: a) the width to depth ratio of the tests was quite 

low (1.9, 1.5 and 1.3 for tests T1, T2 and T3, respectively); b) the total flume length was 

relatively short given the celerity and time of development of the dunes; and c)  the small 

size of the dunes (0.016-0.028 m) relative to grain size (0.005 m) leads to a certain degree 

of uncertainty with these results. As such, further tests and comparisons with field results 

would be useful to confirm the findings.  
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Chapter 5 

Conclusions and Recommendations for Future Research 

5.1 Conclusions 

Chapter 2 investigates the coupling between flow, sediment transport and changes 

to dune geometry through a combination of laboratory tests measuring the flow over fixed 

dunes and the application of a RANS numerical model.  

1. No significant difference was found in the patterns of time-averaged velocity and 

turbulence characteristics over the equilibrium and non-equilibrium dunes that could 

explain their different behaviors. 

2. It was not possible to calculate bed shear stress solely on the basis of the 

experimental measurements due to the limited resolution of measurements and large 

velocity gradients near the bed. As such, two methods using the RANS numerical model 

of Grover and da Silva (2016) were used to predict the bed shear stress. Method 1 directly 

took the model’s predicted values of shear stress at the bed, while Method 2 extended the 

model’s calculated profiles of the viscous stress to the theoretical wall and used that value 

as the bed shear stress. 

3. The shear stresses profiles produced by Method 1 showed no differences in pattern 

between the equilibrium and non-equilibrium flow conditions and as such cannot produce 

the changes in dune geometry observed by Wiebe (2007). For Method 2 however 

significant differences were observed over the stoss side of the dune. In the equilibrium 

case, the bed shear stress was found to increase linearly or quasi-linearly downstream of 
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the reattachment point; whereas in the non-equilibrium case, the increment of bed shear 

stress past the reattachment point followed a trend closer to quadratic. 

4. Furthermore, it was found that using the bed shear stress provided by Method 2 and 

Bagnold’s equation produced bed-load rate profiles and bed changes in-line with those 

observed in the experiment by Wiebe (2007). 

5. On the basis of the results obtained by combining Method 2 and Bagnold’s 

equation, the present study suggests also that the qsb-diagram over the stoss side of the dune 

downstream of the reattachment point mimics the dune profile for the equilibrium case. 

This is in agreement with the hypothesis by Yalin (1992) that at equilibrium the qsb-diagram 

is in phase with the dune profile and out of phase with it at any other stage of development. 

It should be noted that this finding is preliminary and requires the accuracy of Method 2 to 

be independently verified. 

Chapter 3 presents a series of measurements of sediment transport over dunes and 

examines the characteristics of said sediment transport’s distribution under equilibrium and 

nonequilibrium conditions. These measurements are also compared with the predictions 

from Chapter 2. The main findings of this chapter are as follows: 

1. At equilibrium state, the distribution of bed-load rate along the stoss side of a dune 

(i.e. the bed-load profile) was found to mimic the bed elevation profile, while at non-

equilibrium they were found to follow different patterns. This can be inferred from Figure 

3.10, where the present dune profile is plotted, in normalized form, together with the 

measured bed-load profiles for the equilibrium and non-equilibrium cases. 



 

128 

 

2. The observations described in the previous point are fully in agreement with Yalin’s 

hypothesis that the developed bed profile is “in-phase” with the sediment transport profile, 

and out-of-phase for any non-equilibrium state.  

3. The patterns of the bed-load rate profiles, both at equilibrium and non-equilibrium 

states were found to be in in remarkable agreement with those of the bed-load rate profiles 

observed by using the bed shear stresses calculated in Chapter 2 with the aid of Method 2 

(see Section 3.4.4). This highlights the fact that bed shear stresses directly calculated by a 

RANS numerical model for the same flow conditions are not compatible with the bed 

deformation for the cases analyzed. This brings into question the present numerical 

approach to the determination of bed shear stress. 

Chapter 4 focuses on the development of gravel dunes from a flat bed and examines 

whether the characteristic equations developed for sand dunes are applicable to gravel 

dunes. The main findings of this work can be summarized in three main points: 

1. The geometry of fully developed dunes appears to match well with the predictions 

from the equations of van Rijn (1984) and da Silva and Yalin (2017). The measured dune 

heights match quite well, and while the measured dune lengths are slightly greater than 

expected they do follow the same trend as the equations would predict. 

2. The time of development of the dunes fell within the same range as what would be 

predicted using the equations of Bishop (1977) and van Rijn (1993). While the agreement 

between the experimental results and the just mentioned equations is not perfect, they do 

follow the same pattern and the variance in values is comparable to the variance produced 

simply by using different equations to calculate qsb. 
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3. In agreement with the previous studies by Singh et. al. (2012) and Qin et al. (2015) 

the ‘-3’ power law for the wave spectra of dunes does not appear to be applicable to gravel 

dunes. Rather the slope of the spectra is closer to -2. Unlike the prior two studies however, 

a discontinuity in the spectra was observed for all three tests that appears to grow larger 

with decreasing values of h / D.  

5.2 Recommendations for Future Research 

The following three suggestions are made for future research: 

1. To further test the accuracy of Method 2 as described in Chapters 2 and 3, this 

should be applied to other experiments where a series of dune profiles have been 

measured over time and the flow conditions are well defined. 

2. As highlighted by this work, a proper understanding of the coupling of flow, 

turbulence characteristics and sediment transport is critical to ongoing efforts to 

develop models for the simulation and prediction of dune response to flow changes. 

As such it would be of great value to perform further studies examining this 

coupling. 

3. There has yet to be a conclusive explanation as to why gravel dunes do not follow 

the ‘-3’ spectral law that sand dunes do. This topic bears further exploration to 

understand the mechanisms behind this difference. Furthermore a discontinuity was 

observed in the spatial spectra that has not previously been reported. It would be 

worthwhile performing another series of tests under similar conditions to examine 

if this feature is reproduceable or simply an artefact of the data collection and 

processing. 
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4. As an extension of Chapter 3, the results of field studies involving gravel dunes 

could be used to help verify the findings from the experimental results. 
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Appendix A 

Supplemental Material for Chapter 2 

 

 

 

 

Figure A.1 Time averaged longitudinal flow velocity and time averaged Reynolds stresses 

(−𝝆𝒖′𝒘′̅̅ ̅̅ ̅̅ ) plotted as a function of time. Both plots result from the measurements at the 6th 

vertical (see Figure 2.2); flow depth = 0.32 m; measurement location = 15 cm above the bed 

surface. 
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Figure A.2 Color plots of τu,w (streamwise Reynolds stresses in x;y-planes). Graphs at the top 

and bottom correspond to the flow depths h1 and h2, respectively 



 

134 

 

 

Figure A.3 Color plots of k (turbulent kinetic energy). Graphs at the top and bottom 

correspond to the flow depths h1 and h2, respectively 

 

 

Figure A.4 Vertical profiles of k (turbulent kinetic energy); the blue and red circles 

correspond to h1 and h2, respectively. 

 

    0.01J/kg 
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Figure A.5 Color plots of I (turbulence intensity). Graphs at the top and bottom correspond 

to the flow depths h1 and h2, respectively. 

 

Figure A.6 Demonstrating the similarity of the shear stress profiles generated by the model. 
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Appendix B 

Supplemental Material for Chapter 3 
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Figure B.1 Measured bed profiles for the 32 cm flow depth. Top left corresponds to 22 cm 

from the left side wall; moving left to right and top to bottom is indicative of a 4 cm 

displacement of the measurement location towards the right side wall. 
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Figure B.2 Measured bed profiles for the 20 cm flow depth. Top left corresponds to 22 cm 

from the left side wall; moving left to right and top to bottom is indicative of a 4 cm 

displacement of the measurement location towards the right side wall. 
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Figure B.3 3d bed profiles for no sand (top), 0min (middle), and after 6min (bottom). Left is 

for test T1(the flow case h1) and right is test T2 (the flow case h2). 
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Appendix C 

Supplemental Material for Chapter 4 

C.1 Flow Velocity Measurements 

 

Figure C.1 Flow velocity profiles measured when determining flow rate for test T1 (h = 21 

cm, uav = 1.08 m/s) 

 

 

 

Figure C.2 Flow velocity profiles measured when determining flow rate for test T2 (h = 23 

cm, uav = 1.20 m/s) 
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Figure C.3 Flow velocity profiles measured when determining flow rate for test T3 (h = 27 

cm, uav = 1.27 m/s) 
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C.2 Dune Profile Measurements 

Zero minutes represents the start time, -10min would be 10 minutes after the start of testing, 

-20min is 20min after the start time and so on.  

 

Figure C.4 Measured bed profiles for test T1 (h/D = 40); Stage 1. 
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Figure C.5 Measured bed profiles for test T1 (h/D = 40); Stage 2. 
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Figure C. 6 Measured bed profiles for test T1 (h/D = 40); Stage 3. 
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Figure C.7 Measured bed profiles for test T2 (h/D=50); Stage 1. 
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Figure C.8 Measured bed profiles for test T2 (h/D = 50); Stage 2. 
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Figure C.9 Measured bed profiles for test T2 (h/D = 50); Stage 3. 
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Figure C.10 Measured bed profiles for test T3 (h/D = 60); Stage 1. 
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Figure C.11 Measured bed profiles for test T3 (h/D = 60); Stage 2. 
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Figure C. 12 Measured bed profiles for test T3 (h/D = 60); Stage 3. 

  



 

152 

 

C.3 Results of Data Processing  

Table C.1 Measurement times and corresponding values of average dune length (yellow, grey 

and green mark the times and corresponding values of measurements carried out in stages 1, 

2 and 3 respectively. Values with * next to them were not included in the calculations as they 

were outliers. 

T1 (h/D=40)   T2 (h/D=50)   T3 (h/D=60) 

Time  

(min) 

Length 

(m) 

Time  

(min) 

Length 

(m) 

Time 

(min) 

Length 

(m) 

3.5 1.1 6 1.2 6 1.7 

7 1.3 9.5 1.5 9.5 1.8 

10.5 1.4 13 1.8 13 2.4 

14 1.7 16.5 2 16.5 2.8 

17.5 1.9 20 1.9 20 2.5 

21 2 23.5 2 23.5 2.7 

24.5 1.7 27 2 27 2.8 

28 1.7 30.5 2.1 30.5 2.4 

31.5 2 34 1.7 34 2.6 

35 1.9 37.5 1.8 37.5 2.1 

38.5 1.6 41 1.5 41 2.2 

42 2 41 1.8 44.5 2.4 

45.5 1.7 55 1.9 48 2.6 

49 1.7 69 1.7 3.5 1.5 

3.5 1.4 83 2 7 1.7 

7 1.5 97 2.1 10.5 1.5 

10.5 1.4 41 1.5 14 2.5 

14 1.5 55 2.4 21 2.8 

17.5 1.8 69 1.8 28 2.7 

24.5 1.7 83 1.8 42 2.8 

31.5 1.8 97 1.7 56 2.0 

45.5 1.8     70 2.5 

59.5 1.7     84 2.5 

73.5 1.8     98 2.2 

87.5 1.6     41 2.4 

101.5 1.6     55 1.9 

41 1.9     69 1.5* 

55 1.8     83 2.5 

69 1.7     97 2.7 

83 1.9         

97 2         
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Table C.2 Measurement times and corresponding values of average dune height (yellow, grey 

and green mark the times and corresponding values of measurements carried out in stages 1, 

2 and 3 respectively. Values with * next to them were not included in the calculations as they 

were outliers. 

T1 (h/D = 40)   T2 (h/D = 50)   T3 (h/D = 60)   

Time  

(min) 

Height 

(cm) 

Time  

(min) 

Height 

(cm) 

Time 

(min) 

Height 

(cm) 

3.5 1.3 6 1.7 6 2.1 

7 1.5 9.5 1.9 9.5 2.2 

10.5 1.3 13 1.9 13 2.8 

14 1.5 16.5 2 16.5 3.1 

17.5 1.6 20 2 20 3.3 

21 1.6 23.5 2.1 23.5 3.1 

24.5 1.5 27 1.9 27 2.8 

28 1.5 30.5 2 30.5 3 

31.5 1.7 34 2.1 34 3.2 

35 1.8 37.5 2.1 37.5 3 

38.5 1.8 41 2.3 41 3 

42 1.7 41 2 44.5 2.7 

45.5 1.8 55 2.2 48 3.2 

49 1.8 69 2 3.5 1.5 

3.5 1.3 83 2.3 7 1.8 

7 1.5 97 2.4 10.5 1.9 

10.5 1.6 41 2.7 14 3.1 

14 1.6 55 1.7 21 2.5 

17.5 1.5 69 1.9 28 3 

24.5 1.6 83 2.2 42 1.5* 

31.5 1.6 97 1.8 56 2.5 

45.5 1.6     70 2.8 

59.5 1.5     84 2.1 

73.5 1.6     98 2.3 

87.5 1.4     41 2.4 

101.5 1.5     55 2.9 

41 1.5     69 2.0* 

55 1.8     83 2.4 

69 1.7     97 2.8 

83 1.5         

97 1.5         
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C.4 Existing Equations for Dune Height, Length and Steepness 

 C.4.1 Equations by van Rijn (1984) 

van Rijn (1984) provides equations for dune length Λ and height Δ. These are as follows:  

Λ = 7.3h      (C.1) 

Δ

ℎ
= 0.11 (

𝐷

ℎ
)

0.3

(1 − 𝑒−0.5𝑇)(25 − 𝑇)  (C.2) 

Here T is the “transport stage parameter” given by:  

𝑇 =
(𝑣∗′)2−(𝑣∗𝑐𝑟)2

(𝑣∗𝑐𝑟)2      (C3) 

in which v*’ is shear velocity related to grains and v*cr is the value of shear velocity at the 

critical stage of initiation of sediment transport. Zhang (1999)1 has shown that θ/θcr and T 

are related as follows 

𝑇 = (
𝑐

𝑐𝑓
)2𝜂∗ − 1     (C4) 

in which c and cf are dimensionless (Chézy) friction and resistance factors, respectively. In 

this work, cf was evaluated with the aid of the following equation:    

𝑐𝑓 =
1

𝜅
ln (

0.368ℎ

𝑘𝑠
) + 𝐵𝑠     (C5) 

where κ is the von Karman coefficient (= 0.4), ks = 2D50, and for rough turbulent conditions 

such as the ones present in the tests, Bs=8.5. The graphs representing Eq. (C.2) for h/D = 

40, 50 and 60 are plotted together with the data from the present tests in Figure C.13. An 

equation for steepness was obtained by combining Eqs. (C.1) and (C.2). The graphs 

representing such equation for h/D = 40, 50, and 60 are plotted together with the present 

experimental data in figure C.14.  

1 Zhang, Y. (1999). Bed form geometry and friction factor of flow over a bed covered by dunes. Master’s 

thesis, University of Windsor, Windsor, Canada 
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Figure C.13 Comparison of normalized dune height as a function of the transport stage 

parameter T using equations from van Rijn’s method (1984) and the experimental results. 

 

Figure C.14 Comparison of normalized dune height as a function of the transport stage 

parameter T using equations from van Rijn’s method (1984) and the experimental results. 
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C.4.2 Equations by da Silva and Yalin (2017) 

da Silva and Yalin (2017) provide equations for dune length Λ and dune steepness δ. They 

are as follows: 

Λ = 6 h      (C.6) 

𝛿𝑑 = 𝛿𝑚𝑎𝑥(𝜁𝑑𝑒1−𝜁𝑑)𝑚𝛿   (C.7) 

in which  

𝛿𝑚𝑎𝑥 = 0.00047𝑍1.2𝑒−0.17𝑍0.47
+ 0.04(1 − 𝑒−0.002𝑍) (C.8) 

𝜁𝑑 =
𝜂∗−1

𝜂∗𝑑−1
     (C.9) 

𝜂∗𝑑 = 35(1 − 𝑒−0.074𝑍0.4
) − 5  (C.10) 

𝑚𝛿 = 1 + 0.6𝑒−0.1(5−log(𝑍))3.6
  (C.11) 

Here η* = θ/θcr and Z=h/D. 

The graphs representing Eq. (C.7) for h/D = 40, 50 and 60 are plotted together with the 

data from the present tests in Figure C.15. An equation for steepness was obtained by 

combining Eqs. (C.6) and (C.7). The graphs representing such equation for h/D = 40, 50, 

and 60 are plotted together with the present experimental data in Figure C.16.  
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Figure C.15 Comparison of normalized dune height as a function of η* (=θ/θcr) using 

equations from da Silva and Yalin (2017) and the experimental results. 

 

Figure C.16 Comparison of dune steepness as a function of η* (=θ/θcr) and Z using equations 

from da Silva and Yalin (2017) and the experimental results. 

 

 


