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Abstract 

 

This thesis concerns the nature and time-scale of bed morphological adjustments towards 

equilibrium in alluvial meandering streams. Following the prevailing approach, the 

stream centrelines are assumed to follow sine-generated curves, the banks are fixed, and 

the flow is turbulent and sub-critical. The movable bed is flat at time 



t  0; at 



t  Tb , the 

bed reaches its equilibrium or developed state.  

 The specific objectives of this thesis are: 1) to develop a predictive equation for 

the bed development time 



Tb ; 2) to determine the rate of growth of pool-bar complexes in 

meandering streams; and 3) to determine whether or not the large-scale, curvature-

induced erosion-deposition zones of developing beds migrate upstream or downstream 

throughout their development. This thesis builds on the preliminary work and 

experimental tests by Binns (2006). 

The duration of bed development is found to be proportional to the square of the 

flow width 



B and inversely proportional to the channel-averaged bed-load rate 



(qsb)av , 

the proportionality factor being a function of the initial deflection angle 



0  (i.e., stream 

sinuosity). The form of this function is revealed on the basis of an extensive series of 

experimental runs carried out in meandering channels of varying values of 



0  (i.e., 



0  20o, 



45o, 



70o and 



95o).  

In the present tests, the temporal development of the bed from time 



t  0 to 



t  Tb  

was monitored by periodically stopping the flow in order to measure changes in bed 

surface elevation. In all runs the bed was observed to deform rapidly during the early 

stages of the run and slow down considerably as the bed approached equilibrium 
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conditions. Once formed, the location of the erosion-deposition zones remained invariant 

in flow plan with the passage of time. Results from the runs are used to provide insight 

into the nature of the deformed bed in meandering streams. An expression describing the 

temporal rate of growth of pool-bar complexes in meandering streams of varying 

sinuosity is also proposed. The practical application of the equation for 



Tb  is illustrated 

with available field data. 
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ti1 and 



ti , as defined by Eq. 

(2.9); 

  



Ev  volume of space within a specified stream region that becomes 

void of sand over a specified period of time; 

 

 



F  Froude number (



 uav / ghav ); 

 

 



g   acceleration due to gravity; 

 



hav channel-averaged flow depth (averaged over an integer number of 

meander cycles or half-cycles); 

 



hw  head of water over V-notch weir; 



 xvi 

 



J0(0) Bessel function of the first kind and zero-th order (of 



0 ); 

 



ks granular roughness of bed surface (



ks  2D50); 

 



L  meander length (distance measured along 



lc  between consecutive 

repeating points of the sine-generated curve); 

 

 



LT   total meander length; 

 



lc  longitudinal coordinate along centreline of meandering flow; 



lc  0  at crossover 



Oi  (see Fig. 1.2(a)); 

 



˜ l c  distance measured along the channel centreline from the apex-

section 



a  to the mid-section of a 



L /2-long erosion-deposition 

zone; 

 



n radial coordinate of meandering flow; 



n  0 at flow centreline (see 

Fig. 1.2(a)); 

 



Oi  crossover section of a meandering channel; 

 



p  porosity of bed material; 

  

 



Q  flow rate; 

 



Qb  bankfull flow rate; 

 



qsb  magnitude of the specific (i.e., per unit width) volumetric local 

bed-load rate vector 



qsb; 

 



(qsb)av  specific (i.e., per unit width) volumetric bed-load rate 

corresponding to the channel-averaged flow; 

 

 



R   Reynolds number (



 uavhav / ); 

 

 



R  roughness Reynolds number (



 vks / ); 

 

 



1/R  channel curvature; 

 



1/Ra  channel curvature at the apex (maximum value of channel 

curvature) 

 



Sc   bed slope along centreline of meandering flow; 

 



 xvii 

 



t   time; 

 



Tb  duration of development of the equilibrium (or stable) bed 

topography, starting from an initially flat bed; 

 



U  magnitude of the vertically averaged local flow velocity vector 



U; 

 



uav channel-averaged flow velocity (averaged over an integer number 

of meander cycles or half cycles); 

 



Vse volume of (fully saturated) sand exiting the channel per unit time; 

 



(Vse)const residual value of 



Vse; 

 



v channel-averaged shear velocity (



 (0)av /  ghavSc ); 

 



W  vertical displacement velocity of the bed surface, relative grain 

density; 

 



Y  mobility number (



 (0)av /( sD)  v
2 /( sD) ); 

 



Y /Ycr relative flow intensity; 

 



Z  relative depth (



 h /D); 

 



zb  bed elevation measured with regard to an arbitrary reference 

datum; 

 

 

 



'  dimensionless coefficient dependent on properties of fluid and bed 

material; 

 



 d  developed dune height; 

 



 r developed ripple height; 

 



zb  difference between local elevation of the deformed bed surface and 

elevation of the initial flat bed surface at 



t  0 (



zb  zb  (zb)0); 

 



A  dimensionless function determining the dimensionless version 



A  

of a property 



A ; 

 



 xviii 



T  dimensionless function determining the dimensionless version 



T  

of the duration of bed development development 



Tb ; 

 



  specific weight of fluid; 

 



 s specific weight of grains in fluid (



 g(s )); 

 



 , 



0  deflection angle of meandering flow at any 



lc  and at 



lc  0 , 

respectively; 

 



M  meander wavelength; 

 



d  developed dune length; 

 



 i  meander loop (



i 1, 



2, 



3); 

 



r  developed ripple length; 

 



  dimensionless counterpart of 



˜ l c  (



 ˜ l c /L); 

 



  fluid kinematic viscosity; 

 



c , 



 dimensionless counterparts of 



lc  and 



n , respectively (



c lc /L  

and 



  n /B); 

 



A  dimensionless counterpart of the quantity 



A ; 

 



  fluid density; 

 



s grain density; 

 



 channel sinuosity (



 L /M ), standard deviation; 

 



0 local bed shear stress; 

 



(0)av  channel-averaged bed shear stress (averaged over an integer 

number of meander cycles or half-cycles); 

 



 local vertically-averaged deviation angle (angle between vertically 

averaged streamlines 



s and coordinate line 



l  of meandering flow);  

 



c  value of 



 at centreline of meandering flow; and 

 



 material number (



3  X 2 /Y sD
3 / 2). 

 



 xix 

Subscripts 

 



av  marks the channel-averaged value of a quantity (averaged over an integer 

number of meander cycles or half cycles); 

 



cr  marks the value of a quantity corresponding to initiation of sediment 

transport (to the “critical” stage”); 

 

 



cs marks the cross-sectional average value of a quantity; 

 

 



m  marks the value of a quantity integrated over 



0  t Tb ; 

 

 



T  marks the value of a quantity at time 



t  Tb ; and 

 

 



0 marks the value of a quantity at 



t  0; exceptions are 



0 and 



0 . 
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Chapter 1 

 

Introduction 

 

 

1.1  Motivation and objectives 

Rivers are a valuable natural resource around the world, providing fresh water for human 

use, agricultural activity, aquatic and riparian habitat, recreation and transportation 

corridors. The preservation of natural rivers and the restoration of degraded systems are 

of paramount concern to maintain these functions and ensure sustainable and healthy 

ecosystems for future generations. In order to implement adequate preservation and 

restoration measures it is essential to develop a full understanding of natural river 

behaviour and river response. This doctoral thesis is intended as a contribution towards 

this end.  

The focus of this work is on meandering streams, as meandering is the most 

common plan form exhibited by natural rivers and streams (Langbein and Leopold 1966), 

and one of the most applied stream re-naturalization techniques (see e.g. Soar and Thorne 

2001). According to Yalin (1992), p. 161, meandering is defined as “a self-induced plan 

deformation of a stream that is (ideally) periodic and anti-symmetrically with respect to 

an axis, x  say, which may or may not be exactly straight”. 

Alluvial meandering streams are dynamic systems which strive to achieve a stable 

or equilibrium state. Any time the flow and the stream are brought into a non-equilibrium 
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(unstable) state (as a result of human interference or natural events), substantial 

morphological adjustments occur in order to reinstate equilibrium. Such adjustments 

involve deformation of the bed surface as well as the expansion and migration of the 

meander loops. Since the expansion and migration of meander loops occur on a much 

larger time-scale than the bed adjustments, the bed deformation is typically studied by 

treating the banks as rigid. The bed deformation consists of the growth, in the vertical 



z -

direction, of laterally adjacent deposition bars and erosion pools (see as examples Figs. 

1.1(a and b) from Yalin and da Silva 2001, showing the developed beds measured by 

Losiyevskii (as reported by Makaveyvev 1975) and Jackson 1975, respectively). The bed 

adjustments continue until the state of dynamic equilibrium is reached, in which no net 

erosion or deposition occurs.  

 

 

Fig. 1.1. Examples of measured bed topography. a) Laboratory measurements carried out 

by Losiyevskii and reported by Makaveyvev 1975; b) Measurements carried out by 

Jackson 1975 (from Yalin and da Silva 2001) 
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 As will be further discussed in Section 2.1, past research on the bed development 

of alluvial meandering streams has centred primarily on: 1) various aspects of the 

mechanics of bed deformation; 2) the nature of the deformed bed; and 3) the detailed 

computation of the deformed bed. However, with the exception of Binns (2006), no 

systematic efforts have yet been made to define the time-scale of the bed development 

process. Consequently, at present, no predictions can be made regarding the duration or 

rate of the bed development/adjustment process. As pointed out by several authors (see 

e.g. Doyle and Harbor 2003; Nelson and Smith 1989a; Kassem and Chaudhry 2002), this 

presents a significant knowledge-gap of concern for geomorphologists and river 

engineers. Thus, there is clearly a need to develop a greater understanding of the temporal 

aspects of meandering bed deformation, to ensure the design of safe hydraulic structures 

and to improve numerical modeling capabilities with regards to time-step discretization. 

This thesis aims at addressing this need. 

 The main objectives of the thesis are: 

1) to develop a predictive equation for the bed development time; and  

2) to quantify the temporal rate of bed development. 

The thesis is also used as an opportunity to explore other aspects of the temporal 

development of meandering streambeds. In particular, the present work is used to 

determine whether or not, and if yes to what extent, the erosion-deposition zones of 

developing beds migrate either upstream or downstream with the passage of time. 

 The work to be carried out builds on the preliminary formulation of meandering 

bed development time of Binns (2006). For the present purposes, the initial tests carried 

out by Binns (2006) in an existing 



70o meandering channel are extended. Additionally, 



 4 

an extensive series of experimental runs is carried out in three laboratory meandering 

channels of varying sinuosity, constructed specifically for the present work. In the 

following sections, the assumptions on which this work rests are outlined and some 

pertinent background information is provided.  

 

1.2 Fundamentals of the present work and background information 

1.2.1  Basic assumptions  

In this work, and in agreement with the majority of current research on the topic (see e.g. 

Fausch and White 1983; Chang 1988; Yalin 1992; Imran et al. 1999; Julien 2002; Das et 

al. 2004; El-Tahawy 2004; Huang et al. 2006), it is assumed that the centrelines of the 

streams (in plan view) follow sine-generated curves. The banks are treated as rigid. 

Moreover, the movable bed is assumed to be flat at time 



t  0. Other underlying 

assumptions are outlined in Section 2.1. 

 

1.2.2 Stream plan geometry: geometric properties and consequences of sine-

generated curves  

Sine-generated curves are given by 



 0 cos[2(lc /L)] (Leopold and Langbein 1966; 

Langbein and Leopold 1966), where 



lc  longitudinal coordinate measured along the 

channel centreline from the crossover 



Oi  (see Fig. 1.2(a)), 



L  meander length, 



  

deflection angle at any 



lc , and 



0  deflection angle at 



lc  0 . In this thesis, the meander 

wavelength is assumed to follow the relation 



M  2B  6B due to Yalin 1992 (where 



B is the flow width). da Silva (1991) and Yalin (1992) have demonstrated that the 

sinuosity 



 (



 L /M ) and the dimensionless curvature at the apex 



B /Ra  of sine-
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generated streams are uniquely determined by the initial deflection angle of the stream 



0 , and that 



 and 



B /Ra  can be expressed by the following relations: 

 



 
L

M


1

J0(0)
,             (1.1) 

 

and 

 



B

Ra

0J0(0) ,
             (1.2) 

 

where 



J0(0) is the Bessel function of the first kind and zero-th order of 



0 . The graphs 

of 



J0(0) and 



0J0(0) versus 



0  are shown in Fig. 1.3. As pointed out by Yalin (1992), 

although 



J0(0)  0 (and thus 



L  and 



) when 



0 138o, in reality, this value can 

never be reached, as the meander loops touch when 



0 126o and the meandering pattern 

is destroyed. As observed in this figure, the largest value of 



B /Ra  occurs for intermediate 

values of the initial deflection angle of the stream (



0  70o). 



B /Ra  gradually decreases 

with increasing deviation from this value. 

Since sine-generated streams consist of a (infinite) sequence of anti-

symmetrically identical loops conveying anti-symmetrically identical flows, all geometric 

and mechanical conditions of the stream in sections separated by half the meander 

wavelength 



M /2 (like e.g. the sections 



Oi  and 



Oi1 in Fig. 1.2(a)), are anti-

symmetrically identical (see e.g. Chang 1988; Shimizu and Itakura 1989; Yalin 1992; 

Julien 2002). This has the following two consequences: 
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Fig. 1.2. Definition of variables and coordinate system: (a) plan view of stream;             

(b) cross-section (after Yalin and da Silva 2001) 

 

 

 

Fig. 1.3. Plot of 



J0(0) and 



0J0(0) versus 



0  (after Yalin and da Silva 2001) 
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i) Each bar+pool complex forms a large-scale erosion-deposition zone having the length 



L /2. 

 

ii) At any given instant, the sediment transport rates entering and leaving a meander loop 

are equal. But this means that the bed deforms with the passage of time around an 

unchanging average bed surface, which is the same as the flat initial bed at time 



t  0. 

Moreover, the field and laboratory measurements (see e.g. Levi 1957; Ikeda and 

Nishimura 1986; Yalin and da Silva 2001) indicate that the cross-sectional areas of 

erosion (



 areas) and the cross-sectional areas of deposition (– areas) are (nearly) 

identical at any cross-section and at any 



t , as shown in the schematic Fig. 1.2(b). This, in 

turn, means that the channel-averaged flow depth 



hav, and thus 



B /hav , can be regarded as 

constant throughout the process of bed deformation (and 



hav  h0). Consequently, the 

channel-averaged flow velocity 



uav (



Q/(Bhav)) is also to be regarded as constant 

throughout the process of bed deformation (see e.g. Yalin and da Silva 2001, p. 160). 

 

 

1.2.3  Coordinate system 

 

Throughout this thesis, and following Smith and McLean (1984), Struiksma et al. (1985), 

Nelson and Smith (1989b), Shimizu (1991), Yalin and da Silva (2001), etc., the position 

of a point 



P  in flow plan will be specified by the channel-fitted coordinates 



lc  and 



n  

(see Fig. 1.2(a)) or by their dimensionless counterparts 



c  lc /L  and 



  n /B. The 

difference between the local bed surface elevation 



zb  at any time 



t  and the elevation of 

the initial flat bed surface 



(zb )0 , will be termed 



zb  (see Fig. 1.2(b)).  
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1.2.4 Location in flow plan of meandering erosion-deposition zones: the quantity  

Through dimensional considerations and analysis of all available laboratory and field 

data, da Silva and El-Tahawy (2008) found that the location in flow plan of the (



L /2-

long) erosion-deposition zones is strongly dependent on 



0  and, to some extent, also on 

the ratio of meander wavelength to flow width, 



M /B, as well as the friction factor 



(c f )av. If 



0  is “small” 



(0  30o), then the upstream- and downstream-ends of each 

erosion-deposition zone are very near two consecutive apex-sections (



ai  and 



ai1, say). 

This implies that the most prominent erosion-deposition in any given loop occurs very 

near the crossover-sections (for an example, see Fig. 1.1(a)). If 



0  is “large” 

(



0 100o), then the upstream- and downstream-ends of each erosion-deposition zone 

are very near two consecutive crossover-sections (



Oi  and 



Oi1, say). In this case, the most 

prominent erosion-deposition in any given loop occurs very near the apex-sections (for an 

example, see Fig. 1.1(b)). If 



0  is “intermediate” (



 30o 0 100o), then the erosion-

deposition zones are situated somewhere in between the locations corresponding to small 

and large 



0 . For the same remaining conditions, the location of the upstream-end of 

each 



L /2-long erosion-deposition zone gradually moves upstream from the apex 



ai  to 

the crossover 



Oi  as 



0  increases from small to large (see da Silva and El-Tahawy 2008 

for a more detailed review of the topic). 

In the present work, and following da Silva et al. (2006) and da Silva and El-

Tahawy (2008), the location in flow plan of the erosion-deposition zones will be 

characterized by the quantity 



 . To define this, for any meander loop between two 

consecutive crossovers (



Oi  and 



Oi1, 



Oi1 and 



Oi2, etc.) consider the 



L /2-long erosion-

deposition zone where deposition (



D) occurs at the inner bank and erosion (



E ) occurs at 
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the outer bank. As can be inferred from Fig. 1.1 (showing meander loops between 

crossovers 



Oi  and 



Oi1), such an erosion-deposition zone may be only partially located 

within the meander loop 



OiOi1 (as in Fig. 1.1(a)), or entirely (or nearly-entirely) located 

within the meander loop (as in Fig. 1.1(b)). Let 



˜ l c  be the distance from the apex 



a  (



ai  if 

the meander loop under consideration is 



OiOi1; 



ai1 if the meander loop under 

consideration is 



Oi1Oi2; etc.) to the mid-section of the aforementioned erosion-

deposition zone. The quantity 



  is the dimensionless counterpart of 



˜ l c , defined as 



  ˜ l c /L. This dimensionless distance is visualized in Fig. 1.4, showing hypothetical plan 

distributions of 



L /2-long erosion-deposition zones in a meandering channel and the 

corresponding dimensionless distance 



  (the meandering channel is “straightened” in 

Fig. 1.4 to facilitate the drawing). Observe that for each different distribution in plan of 

the 



L /2-long erosion-deposition zones there exists a unique value of 



 . For the bed 

deformation pattern shown in Fig. 1.4, which is consistent with that in Fig. 1.1(a), 



  0.25. The value of 



  decreases as the sinuosity of the channel increases, reaching 



  0 for erosion-deposition zones in large sinuosity channels. The variation of 



  with 



0  was determined on the basis of existing data by da Silva and El-Tahawy (2008) as 

shown in Fig. 1.5. 

 

 

 

Fig. 1.4. Definition of 



  (from da Silva et al. 2008) 
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Fig. 1.5. Plot of 



  versus 



0  (from da Silva and El-Tahawy 2008) 

 

1.3  Layout of the thesis 

This thesis is presented in manuscript format. Following the Introduction, four separate 

manuscripts are included in Chapters 2 through 5. The first two of these manuscripts 

(Chapters 2 and 3) have already been published. So that Chapters 2 and 3 are 

representative of the published manuscripts, these are largely presented in this thesis as 

published. However, although these two manuscripts focus on different aspects of the 

meandering bed development time, they make use of the same set of experiments. This 

generates some unavoidable repetition, more specifically between Sections 2.3 and 3.2. 

 Chapter 2 presents the manuscript entitled “Quantification of the meandering bed 

development time: a first approach to the problem”. This manuscript was published in 

Vol. 135, No. 5, of the American Society of Civil Engineers’ Journal of Hydraulic 

Engineering (see e.g. Binns and da Silva 2009). In this manuscript, an equation for the 

bed development time is derived on the basis of dimensional principles, physical 

considerations and a series of five experimental runs in a 



70o-channel. The work is a 

substantial extension of the work initiated by the author in his Master’s of Science (In 
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Engineering) thesis (Binns 2006), although three of the experimental runs are from Binns 

(2006).  

 Chapter 3 presents the manuscript entitled “Rate of growth and other features of 

the development of pool-bar complexes in a meandering channel of specified sinuosity”. 

This manuscript was published in Vol. 137, No. 12, of the American Society of Civil 

Engineers’ Journal of Hydraulic Engineering (see e.g. Binns and da Silva 2011). In this 

manuscript, the experiments in Chapter 2 are revisited in order to reveal the rate of bed 

development. The manuscript is also used to document the extent of upstream or 

downstream migration in flow plan of the erosion-deposition zones (i.e., the meandering 

pool-bar complexes). 

 Chapters 4 and 5 present companion journal manuscripts entitled “Time of 

development and rate of growth of pool-bar complexes in meandering streams of varying 

sinuosity. Part 1. Experimental observations.” and “Time of development and rate of 

growth of pool-bar complexes in meandering streams of varying sinuosity. Part 2. 

Analysis and predictive equations.” These two manuscripts extend the work in Chapters 2 

and 3 through an extensive series of experimental runs in sine-generated channels of 

varying sinuosity. The manuscript in Chapter 4 is devoted to describing the experiments 

and the experimental observations. In the manuscript in Chapter 5, the new data are used 

to arrive at final forms of predictive equations for the bed development time and the 

temporal rate of growth of meandering pool-bar complexes. The practical application of 

the expression for the bed development time is illustrated with examples of real rivers.  
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 Chapter 6 summarizes the main findings and conclusions of the present work and 

discusses the practical implications of these results. Opportunities for future research are 

suggested.  
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Chapter 2 

 

Quantification of the meandering bed development time: a first 

approach to the problem 

 

 

2.1 Introduction 

As is well-known, alluvial meandering streams strive to achieve an equilibrium, or stable, 

state. When the flow and the stream are, either naturally or as a result of human 

intervention, in a non-equilibrium state, morphological changes (adjustments) occur. 

These include bed morphological changes as well as plan shape changes (expansion of 

meander loops), the bed and bank adjustments progressing with the passage of time as the 

stream aims to reach the equilibrium (or developed) state. The bed development process, 

however, is invariably considered in the literature by ignoring the bank deformation, i.e. 

by treating the banks as virtually rigid – an approach that is justified as the time-scale of 

the bank deformation is usually much larger than that of the bed deformation. 

Over the past thirty years or so, many theoretical and experimental studies have 

focused exclusively on the bed development of alluvial meandering streams. These 

studies extensively covered various aspects of the mechanics of bed deformation 

(Engelund 1974; Smith and McLean 1984; Nelson and Smith 1989a; Chang 1988; Yalin 

1992; Yalin and da Silva 2001, among many others), and detailed the nature of the 

deformed bed (Hooke 1974; Losiyevskii (as reported by Makaveyvev 1975); Hasegawa 
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1983; Whiting and Dietrich 1993a,b; Termini 1996; Holzwarth 2006; Binns 2006; da 

Silva and El-Tahawy 2008). On the other hand, recent developments in computer 

hardware and software resulted in considerable progress where the simulation and 

prediction of bed morphological changes are concerned (Nelson and Smith 1989a; 

Shimizu 1991; Jia and Wang 1999; Kassen and Chaudhry 2002; Ruether and Olsen 2006; 

Zhang 2007; Dai 2008). However, to date, no systematic effort has been made to define 

the time-scale of the bed development process. Consequently, it is not possible to (a 

priori) answer the question “What exactly will the duration of the bed development be?”. 

Yet, as noted by Nelson and Smith (1989a), p. 322: “Both the mechanism by which the 

channel adjusts to a perturbation from equilibrium and the time scale over which the 

adjustment occurs is of fundamental importance in many problems of concern to 

hydrologists and geomorphologists”. The same, of course, applies to river engineers. 

Considering this, this manuscript is intended as the authors’ contribution to the 

development of an expression for the quantification and prediction of the bed 

development time.  

Following Leopold and Langbein (1966), Langbein and Leopold (1966), the 

centrelines of the streams (in plan view) are idealized as sine-generated curves, as defined 

in Chapter 1 (see Section 1.2.2). It is assumed that the flow rate 



Q is constant, and that 

the flow is turbulent and sub-critical; the flow width 



B does not vary along 



lc , and is 

much larger than the flow depth 



hav (



B /hav 10, say). Moreover, in agreement with the 

majority of current publications on the bed development process, it is also assumed that 

the initial surface of the movable bed is flat: its slope along the stream centreline 



lc  is the 

channel slope 



Sc , its slope in the radial direction being zero. An experimental “run” 
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commences at time 



t  0. With the passage of time, the bed progressively deforms until 

the equilibrium (or developed) state is achieved at time 



t  Tb . The bed remains invariant 

for any 



t Tb , 



Tb  being the duration of development of the equilibrium bed topography, 

or simply, duration of bed development. For the sake of simplicity, the sediment transport 

is assumed to be by bed-load only.  

The specific aims of this paper are: 

(1) to present the results of a series of experimental runs carried out by the writers in a 

sine-generated laboratory channel in order to reveal the duration of bed 

development 



Tb  under different flow conditions; and  

(2) to derive (with the aid of dimensional and physical considerations) a functional 

relationship for 



Tb , and to gain some insight into the mathematical form of this 

relationship. For this purpose, the 



Tb -values resulting from the present 

measurements will be used together with all the available data from previous 

experimental works.  

 

2.2 Expression of the bed development time Tb; dimensional and 

physical considerations 

i) The phenomenon of bed development under study in this paper (the stream centreline 

follows a sine-generated curve; the bed shape is specified (flat) at 



t  0; the flow is 

turbulent, sub-critical and its width-to-depth ratio is “large”; the transport is by bed-load 

only) is fully specified by the following set of n = 10 characteristic parameters: 

 



 16 

 ,,,,,,,,,, 0 
flow

avc

channel

M

material
bed

s

fluid

ghSBD             (2.1) 

            

where 



  fluid density, 



  fluid kinematic viscosity, 



D  typical grain size (



D50), 



s  grain density and 



g  acceleration due to gravity. [Following Yalin (1972), Section 

1.3 and p. 55, and in agreement with the current practice in the applications of 

dimensional analysis, parameters defining the shape of grains and the shape of the grain 

size distribution curve are omitted from (2.1). The reader is further referred to Yalin 

(1972), p. 55, for a discussion of the implications of the omission of “shape” parameters 

where the expressions derived from dimensional analysis are concerned.] 

Since the specific weight of grains in fluid s  can be expressed as 



s  g(s ), it 

can be used to replace 



g  in (2.1); on the other hand, the shear velocity 



v (



 (0)av / ) 

can be expressed as 



v  gSchav , and thus it can be used to replace 



Sc . It follows that 

any property 



A  related to the phenomenon under study can be expressed as (where 



vcr   

shear velocity at the critical stage) 

 



A  fA ,,D,s,0,M ,B,v,hav, s(or vcr) .            (2.2) 

 

ii) In agreement with the current view (see e.g. Hooke 1974; Nelson and Smith 1989; 

Struiksma and Crosato 1989; Shimizu 1991; Yalin 1992; da Silva et al. 2006; etc.), the 

bed deformation in “wide” meandering streams is attributed mainly to the convective 

behaviour of the flow and thus of the sediment transport rate in the 



(lc;n) -plane. 
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Accordingly, the bed deformation is governed by the sediment transport continuity 

equation, viz 

 

  



W  (1 p)
zb

t
  qsb ,                                                        (2.3) 

 

where 



W  vertical displacement velocity of the bed surface, 



p  porosity of the bed 

material, 



zb  bed elevation at time 



t , and   



 qsb  (scalar) divergence of the specific 

volumetric bed-load rate vector   



qsb . 

As is well-known,   



qsb  in Eq. (2.3) can be evaluated from a generalized, vector-form 

of any of the available bed-load rate equations. For the purpose of the present discussion, 

let us use as example Bagnold’s equation (this selection being irrelevant to the point 

being made below). Yalin and da Silva (2001), p. 11, have shown that, in this case, 



qsb  in 

Eq. (2.3) is to be evaluated with the aid of its generalized form  

 

  



qsb U ['(0  (0)cr) / s],                        (2.4) 

 

where 



U   vertically-averaged local flow velocity vector, 



 ' dimensionless coefficient 

dependent on the properties of fluid and bed material, 



0  magnitude of the local bed 

shear stress vector (



 U 2 /c
f

2
, where 



c f  is the local dimensionless (Chézy) friction 

factor), and 



(0)cr  value of 



0 corresponding to the initiation of sediment transport. But 

this means that for a specified sine-generated stream (i.e., for given values of 



0 , 



M  and 



B), the parameters 



 , 



 , 



D, 



s, 



v, 



hav and 



 s (or 



vcr ) which are necessary and 
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sufficient to determine 



U , 



0 and 



(0)cr , are necessary and sufficient to determine also 



qsb  (at any instant). 

 

iii) From the explanations above, it follows that the influence of the characteristic 

parameters 



 , 



 , 



D, 



s, 



v, 



hav and 



 s (or 



vcr ) is completely taken into account by the 

bed-load rate. Considering this, and using the specific (i.e., per unit width) volumetric 

bed-load rate 



(qsb)av  corresponding to the channel-averaged flow (which is uniquely 

determined by the aforementioned characteristic parameters) as the representative 

transport rate, one can reduce the form (2.2) to 

 



A  fA (0,M ,B,(qsb)av).                                                                  (2.5) 

 

This relation can be expressed in dimensionless form as 

 



A A (0,M /B),                                                                 (2.6) 

 

where 



A  is the dimensionless counterpart of 



A . 

If 



A  Tb  (where 



Tb   duration of bed development), then, according to (2.6), 



Tb
Tb(qsb)av /B2 T (0,M /B) , which gives for 



Tb  

 



Tb 
B2

(q
sb

)
av

T (0,M /B).                        (2.7) 
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iv) The relation (2.7) is the expression of 



Tb  for a sine-generated stream having any 

arbitrary values of 



0 , 



M  and 



B. However, as is well-known, the characteristic meander 

wavelength 



M  of natural alluvial streams and the flow width 



B are not independent, but 

rather related by a simple proportionality: 



M  const B. According to Yalin (1992), 



const 2 , i.e. 



M  2B. Therefore, for the streams under consideration, the relation 

(2.7) reduces to 

 



Tb 
B2

(q
sb

)
av

T (0).                                    (2.8) 

 

The function 




T
(0) in Eq. (2.8) is a so far unknown function which can be revealed only 

with the aid of experiment. In the following sections, an attempt is made to gain some 

insight into the form of this function. 

 

2.3 Experimental set-up and specification of runs 

The present runs were carried out in an existing sine-generated channel having 



0  70o 

(i.e., a sinuosity 



L /M  equal to 1.52). The flow width 



B and the meander wavelength 



M  



( 2B) were equal to 0.80m and 5.03m, respectively. The channel had the total 

extent 



LT  of two meander lengths 



(LT  2L 15.2m), its first and last sections coinciding 

with apex-sections (see Fig. 2.1). The upstream-end of the meandering channel was 

connected to a 2m-long, 0.8m-wide straight approach channel. The vertical channel walls 

were made of 5mm-thick plywood sheets, painted with an Epoxy paint. The channel bed 

consisted of a well-sorted silica sand having an average grain size 



(D50) of 0.65mm, the 
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values of 



D16 and 



D84  being 0.42mm and 0.85mm, respectively. The specific density of 

the sand was 2.65. 

 

 

Fig. 2.1. Schematic of the experimental facility 

 

The channel was installed in a 21m-long, 7m-wide basin equipped with a re-

circulating water system. The water was pumped from a sump to a constant-head 

reservoir, and from there it was conveyed to the channel through the system shown in 

Fig. 2.1. After its passage through the meandering channel, the water was discharged into 

a 9.3m-long, 2m-wide sand collection channel and then returned to the sump. A tailgate 

was installed at the end of the meandering channel, for the purpose of controlling the free 

surface slope. Further details on equipment and measurements techniques are given in 

Binns (2006). 
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In total, five runs were carried out. In each run, the flow rate 



Q was constant. All 

runs started from a flat bed having zero radial slope and a specified longitudinal slope 



Sc  

(flat initial bed at 



t  0).  The bed was subsequently allowed to deform under the action 

of the flow until a time 



t  substantially beyond the stage where, visually, the bed in the 

channel reach under consideration (see the next section) appeared to have achieved its 

equilibrium state. At the beginning of the runs, the free surface elevation at the 

downstream end of the meandering channel was set so that the free surface slope 



Sf  

along the channel centerline (assumed to be representative of the channel-averaged free 

surface slope) was identical to the slope of the flat initial bed 



Sc  (“uniform” flow 

conditions). Small adjustments to the position of the tailgate were occasionally required 

during the runs in order to maintain 



S f  Sc. The channel-averaged flow depth 



hav was 

identified with the (identical) flow depth 



h0  at the centreline of the four consecutive 

crossovers 



11, 



12, 



13 and 



14  (refer to Section 1.2.2). The flow depth 



h0  at the centreline of 

each crossover was obtained as the difference between the free surface elevation 

measured immediately after the “uniform” flow conditions were established and the 

elevation of the surface of the flat initial bed 



(zb )0 . To avoid any possible interference 

with the natural bed development, no sediment was fed to the channel throughout the 

runs. The consequences of this procedure are discussed later on, in the second and third 

paragraphs of the next section. 

In order to monitor the bed development with the passage of time, the runs were 

stopped at regular time-intervals to allow measurements of the bed surface elevation 



zb . 

In stopping and re-starting the runs, care was taken not to disturb the bed [refer to Binns 

2006 for further details on the procedure followed to stop and re-start the runs]. Upon re-
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starting, the flow conditions were observed to very quickly become re-instated, or at least 

very nearly so. Thus the effect of stopping and re-starting the runs on the estimates of the 

duration of bed development presented later on, is judged to be small, although owing to 

this reason alone these estimates may be somewhat systematically under-estimated.  The 

measurements of the bed surface elevation 



zb  were carried out at sixty-six equally spaced 

cross-sections (see Fig. 2.1). Note that in each of the three consecutive meander loops in 

the channel, 



1, 



2 and 



3, the sixteen equally spaced measurement cross-sections were 

numbered 



1i  to 



16i , the subscript 



i  (



1, 



2 or 



3) marking the loop (



1, 



2 or 



3) to 

which the cross-section belongs to. The distance along the channel centreline between 

any two adjacent measurement cross-sections was equal to 



23.8cm . In each cross-section 

the bed surface elevation was measured at twenty-two equally spaced points, from 



n  36.75cm  to 



n  36.75cm (i.e., from 



 0.46  to 



 0.46). For this purpose, a 

device formed by twenty-two vertical rods installed on a horizontal bar resting on the 

(leveled) top of the channel walls was used. Each rod was individually lowered until the 

pointer on the rod touched the bed surface. All bed surface elevation measurements were 

carried out by using as reference level (datum) a horizontal plane located 30cm below the 

top of the channel walls. The sediment retained in the sand collection channel at the end 

of each time-step was collected and measured volumetrically. This corresponded to bed-

load transport, as in the present runs the material moved as bed-load only. Details on 

measurement precision and error can be found in Binns (2006). 

The hydraulic conditions of the runs are summarized in Table 2.1. In addition to 

the values of quantities defined earlier, Table 2.1 displays also the values of the following 

channel-averaged quantities: 



(c f )av  dimensionless (Chézy) friction factor (evaluated as  
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2.5ln(0.368(hav /ks))Bs, where 



ks  2D50 (Kamphuis 1974) is the granular roughness of 

the bed surface and 



Bs  is the roughness function determined in this paper from Eq. (1.10) 

in Yalin and da Silva 2001), 



R  flow Reynolds number, 



F  Froude number, 



R  

roughness Reynolds number, 



Y /Ycr  relative flow intensity (where 



Y  is the mobility 

number and 



Ycr  is the value of 



Y  at the stage of initiation of sediment transport), and 



(qsb)av  channel-averaged specific volumetric bed-load rate (see List of Symbols for 

definition of quantities above). For the present sand, 



Ycr  was identified with 0.031. The 

values of 



(qsb)av  were obtained on the basis of the sand collected from the sand collection 

channel after the formation of the bar-pool complexes had been accomplished – so as to 

ensure that the reported 



(qsb)av -values were not distorted by local transfers of bed 

material associated with the formation of the bar-pool complexes.  

As can be seen from Table 2.1, the values of 



hav were similar in all runs, their 

average value being 4.38cm; the bed slope 



Sc  was increased from 



1/400 in Run 1 to 



1/125 in Run 5. Consequently, in the present runs the values of 



Y /Ycr  increased from 

3.42 in Run 1 to 10.69 in Run 5, and the values of 



(qsb)av  increased from 



3.87 106m
2
/s 

in Run 1 to 



2.80 105m
2
/s in Run 5; the values of 



B /hav  and 



(c f )av can be regarded as 

fixed (



B /hav 18.3 and 



(c f )av 15). The flow was in the transitional regime of turbulent 

flow (



 5 R  70) in Runs 1 to 4, and in the rough turbulent regime (



R  70) in 

Run 5.  

The total duration of the runs was 180min for Runs 1 and 2, and 120min, 75min 

and 70min for Runs 3, 4 and 5, respectively. The times at which the runs were stopped 

and bed surface elevation measurements were carried out are given in Table 2.2. 
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Table 2.1. Summary of hydraulic conditions in the present experimental runs (



0  70o; 



B 0.80m; 



D0.65mm) 

 
Run Q       

(m
3
/s) 

hav              

(cm) 

Sc uav         

(m/s) 

v*            

(m/s) 

B/hav (cf)av R F R* Y/Ycr (qsb)av ‡    

(m
2
/s) 

1 0.0070 4.55 1/400 0.193 0.033 17.6 15.3 8763 0.29 43 3.42 3.87E-06 

2 0.0095 4.14 1/250 0.286 0.040 19.3 14.9 11838 0.45 52 4.97 8.13E-06 

3 0.0106 4.43 1/200 0.298 0.047 18.1 15.0 13200 0.45 61 6.65 1.24E-05 

4 0.0122 4.34 1/150 0.352 0.053 18.4 14.9 15288 0.54 69 8.69 2.08E-05 

5 0.0138 4.45 1/125 0.387 0.059 18.0 15.0 17238 0.59 77 10.69 2.80E-05 

 

‡  values of 



(q
sb

)av  listed are measured values 

 

Table 2.2. Measurement times of bed surface elevation (



t  0 at the beginning of the 

runs)  

 

Run Measurement times (min) 

1 10 20 30 40 50 60 75 90 105 120 150 180 

2 10 20 30 40 50 60 75 90 105 120 150 180 

3 6 12 18 24 30 40 50 60 75 90 105 120 

4 5 10 15 20 25 30 35 40 50 60 75 - 

5 4 8 12 16 20 30 40 50 60 70 - - 

 

 

2.4 Experimental observations and results 

Using the bed surface elevation measurements, bed elevation contour-plots and 

longitudinal bed profiles were produced for all measurement times. As examples, the bed 

elevation contour-plots corresponding to Run 2 



(Sc 1/250) at 



t 10min and 



75min are 

shown in Figs. 2.2(a and b), respectively; those corresponding to Run 4 (



Sc 1/150) at 



t  5min and 



30min are shown in Figs. 2.3(a and b), respectively. These plots were 

produced from the measured 



zb-values (



zb  0 implying deposition, and 



zb  0, 

erosion). Figs. 2.4 and 2.5 show, also as examples, the longitudinal bed profiles 
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Fig. 2.2. Bed elevation contour-plots for Run 2, 



Sc 1/250 (contours based on 



zb- 

values; units are cm; flow from left to right): (a) at 



t 10min; (b) at 



t  75min 

 

 

 

Fig. 2.3. Bed elevation contour-plots for Run 4, 



Sc 1/150 (contours based on 



zb - 

values; units are cm; flow from left to right): (a) at 



t  5min; (b) at 



t  30min 
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Fig. 2.4. Longitudinal bed profiles corresponding to 



  0.3281 for Run 2 



(Sc 1/250): 

(a) at 



t 10, 20, 30 and 40min; (b) at 



t  50, 60, 75 and 90min 

 

corresponding to 



n 26.25cm  (i.e., 



  0.3281) at different measurement times of Runs 

2 and 4, respectively. In these figures, 



c  0  corresponds to cross-section 



11 (see Fig. 

2.1). [To help visualize the location of the bed profiles, note that the point 



P  in Fig. 

1.2(a) is located at 



 0.3281.] 

As a result of not feeding sand at the channel entrance, the flow picked up sand 

from the upstream-end of the experimental channel (both from the straight approach 

channel as well as the curved part immediately downstream) as needed to compensate for 

the lack of feeding. The amount of bed degradation due to this process as well as the 

channel stretch affected by it increased with the passage of time. This is illustrated in Fig. 

2.6, showing as example the plots of cross-sectional average bed surface elevation
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Fig. 2.5. Longitudinal bed profiles corresponding to 



  0.3281 for Run 4 (



Sc 1/150): 

(a) at 



t  5, 10, 15 and 20min; (b) at 



t  25, 30, 35 and 40min 

 



(zb )cs versus 



c  corresponding to Run 4 at 



t  5min and 30min. Indeed, in the left-hand 

side of these plots 



(zb )cs is seen to deviate more and more from the elevation of the flat 

initial bed as time passes during a run. The deviation of 



(zb )cs from the elevation of the 

flat initial bed is further exaggerated as the flow in all runs (as exemplified by Figs. 2.2 

and 2.3) formed a pool at the inner bank around the first crossover of loop 



1 (the 

material eroded from this pool being deposited immediately downstream to form the bar 

situated around the apex of the same loop). Moreover, the formation of the bar at the 

outer bank around the aforementioned crossover was largely impeded because of the 

break-up of channel periodicity at the channel entrance (for the required upstream pool 

that would act as primary source of sediment for this bar could not form). 
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Fig. 2.6. Plots of cross-sectional average bed surface elevation 



(zb )cs versus 



c for Run 4 



(Sc 1/150) at 



t  0, 5 and 30min 

 

From the 



(zb )cs-plots of all runs, it was estimated that the region affected by 

degradation had extended approximately to the apex-section of the first meander loop 



1 

(i.e., to cross-section 



91 at 



c  0.25) by the time the bed at the downstream reaches had 

achieved its developed or equilibrium state (see the next section, and in particular Table 

2.3, for the values of the related equilibrium times). Therefore, the conditions can be 

regarded as periodic, or at least very nearly so, and thus representative of those under 

study in this work (see Section 1.2.2) only in the region of the channel approximately 

downstream of the apex of loop 



1, where 



c  0.25 . As mentioned earlier, the existence 

of periodic conditions implies that the same pattern of bar-pool complex repeats itself 

throughout the loops (which was observed for 



c 0.25 in the contour-plots of all runs, 

as exemplified by Figs. 2.2 and 2.3). It implies also equality of sediment transport rates 

entering and leaving the loops as reflected by a bed that deforms around an unchanging 

average bed surface coinciding with the flat initial bed (which was observed also for 



c 0.25 in all runs, as exemplified by Fig. 2.6 corresponding to Run 4 (note how in 

this figure 



(zb )cs tends to follow 



(zb )0  once 



c 0.25)). 
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As can be inferred from Figs. 2.2 to 2.5, the bed deformation (consisting of the 

growth of laterally adjacent bars and pools) progressed very rapidly during the early 

stages of each run, and then gradually slowed down with the passage of time.  

The location in flow plan of the bars and pools (i.e., of the 



L /2-long erosion-

deposition zones) was identical in all five runs, irrespective of their value of 



Y /Ycr . The 

beginnings and ends of each erosion-deposition zone in the present runs coincided 

approximately with cross-sections 



5 i  and 



5i1 (



i 1, 2, 3; see Fig. 2.1) – as indicated by 

the bed elevation contour-plots of Runs 2 and 4 shown in Figs. 2.2 and 2.3, respectively. 

Both of these observations are consistent with the findings by da Silva and El-Tahawy 

(2008) (see Section 1.2.4).  

Bed forms such as dunes and ripples did not occur in Run 1. However, dunes 

were observed in Runs 2 to 5. The length and height of the dunes varied (increased) 

throughout the runs as the dunes evolved to a developed stage, the dune height also 

varying (increasing) with the flow depth in the pools. However, the dunes acquired some 

prominence only at the later stages of the runs, particularly in Runs 4 and 5 (having the 

largest values of 



Y /Ycr). But even then the occurrence of dunes that could be viewed as 

significant from the bed roughness standpoint was restricted to a small region strictly 

around the deepest locations of the pools. The effect of dunes on the flow, if any, was 

minor and can be disregarded. 

The only effect of increasing the slope and thus the sediment transport capacity in 

the present runs was to increase the rate of development of the bed. The equilibrium bed 

topographies produced in each of the five runs were similar in nature: not only, as 

mentioned earlier, were the locations of the erosion-deposition zones identical, but the 
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magnitudes of maximum erosion and deposition were also similar. To illustrate this point, 

consider Figs. 2.2 and 2.3, and observe how similar the bed geometry at 



t 10min of 

Run 2 (



Sc 1/250) is to that at 



t  5min of Run 4 (



Sc 1/150); and how similar the bed 

geometry at 



t  75min of Run 2 is to that at 



t  30min of Run 4.  

 

2.5 Determination of duration of bed development 



Tb  

In this work, the duration of bed development 



Tb  is determined on the basis of the 

differences between longitudinal bed profiles at consecutive measurement times. Use is 

made of the fact that these differences tend to zero as equilibrium is approached. Since 

the time between consecutive measurements was increased towards the end of the runs 

(see Table 2.2), the differences per unit time were considered. Only the second 



L /2-long 

erosion-deposition zone (falling within 



 0.625 c 1.125) was used in the 

determination of 



Tb . This region was selected because, as follows from the previous 

section, the bed development in it was unaffected by the lack of feeding as well as the 

break-up of channel periodicity at the channel entrance. Moreover, in contrast to the third 



L /2-long erosion-deposition zone (falling within 



1.125  c 1.625), the selected 

zone is sufficiently far from the downstream-end of the channel so that it can also be 

regarded as unaffected by any possible exit effects. 

For any given value of   



( n /B) within the region 



 0.625 c 1.125, let 

then   



D  be the sum of absolute differences between the ordinates 



zb  of the longitudinal 

bed profiles corresponding to any two consecutive measurement times 



ti1 and 



ti , divided 

by 



ti1  ti: 
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D 

(zb )ti1
 (zb )ti

c 0.625 to 1.125



ti1  ti

.           (2.9) 

 

In order to determine the duration of bed development 



Tb , plots of   



D  versus time were 

produced for all values of 



 at which bed elevation measurements were taken. As 

examples, the plots of   



D  versus time corresponding to 



  0.1969 and 



  0.3281 for 

Run 2 (



Sc 1/250) are shown in Figs. 2.7(a and b), respectively.  

For each plot of   



D  versus time, the duration of bed development was identified 

with the time at which   



D  became zero or reduced to a constant residual value. This 

yielded for each run various estimates of the duration of bed development, with average 

values as shown in Table 2.3. The standard deviations of these estimates were 7.9, 5.6, 

5.3, 2.7 and 3.9min for Runs 1 to 5, respectively. In the following, the values of 



Tb  for 

each of the present runs will be identified with the corresponding average values in Table 

2.3.  

Substitution into Eq. (2.8) of these values of 



Tb , together with 



B 0.80m and the 

measured values of 



(qsb)av  (see Table 2.1), yielded the five estimates of 



T (0  70o) 

shown in Table 2.3. In the following, 



T (0  70o) will be identified with the average 

value of these five estimates, namely 0.056. 

Observe that using 



B 0.80m and 



T (0  70o)  0.056 in Eq. (2.8), one obtains 

the following equation 

 



Tb 
0.0358

(qsb)av

,                                                                                                                 (2.10) 
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which expresses the dependency of 



Tb  with 



(qsb)av  for the specific values of 



B and 



0  of 

the present experimental runs. The graph of Eq. (2.10) is shown, together with the data-

points representing the present runs, in Fig. 2.8. 

 

 

Fig. 2.7. Plots of   



D  versus time for Run 2 



(Sc 1/250): (a) plot corresponding to 



  0.1969; (b) plot corresponding to 



  0.3281 

 

 

Table 2.3. Values of 



Tb  and 



T (0) in the present runs 

Run Tb (min) T(0)

1 108 0.039 

2 82 0.062 

3 46 0.053 

4 29 0.057 

5 26 0.068 

 Average: 0.056 
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Fig. 2.8. Plot of 



Tb  versus 



(qsb)av  for the conditions of the present runs (



B 0.80m; 



0  70o) 

 

2.6 On the variation of 



T (0) with 



0  

From the present experiments, one value of the not yet known function 



T (0) has 

emerged, namely that corresponding to 



0  70o. In order to fully reveal the nature of the 

function 



T (0), several further “points” of this function, corresponding to different 

values of 



0 , are needed. Yet, despite the fact that several authors in the past conducted 

experiments in sine-generated channels where they allowed the flat initial bed to deform 

until the equilibrium state was reached, estimates of the time of development 



Tb  were 

provided only by Hasegawa (1983) for his Run ME-2 in a 



30o-channel (see also Shimizu 

and Itakura 1989), Holzwarth (2006) for one run in the present 



70o-channel, Whiting and 

Dietrich (1993b) for their Run 100-3 (



0 100o), and Termini (1996) for one run in a 
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110o-channel. In the run carried out by Whiting and Dietrich (1993b), large-scale bars 

(“shingle” bars) scaling with the flow width were superimposed on the bar-pool 

complexes brought into being by the meandering of the stream. As a result, the bed 

exhibited not just one pool per meander loop, but superimposed on this also rather 

prominent pools spaced at approximately three to four times the flow width. It is not 

possible to discern whether the reported time of equilibrium corresponds to the formation 

of the shingle bars or of the bar-pool complex attributable to the meandering of the 

stream – nor is it known to what extent the two processes occurring simultaneously 

interfere with each other and their individual times of development. For this reason, the 

run by Whiting and Dietrich (1993b) will not be considered in the analysis presented 

below. 

The hydraulic conditions of the remaining runs and the estimates of 



Tb  given by 

their authors are shown in Table 2.4. Since Hasegawa (1983) and Termini (1996) did not 

report bed-load rate measurements, the values of 



(qsb)av  corresponding to their runs in 

Table 2.4 are calculated values, obtained with the aid of Bagnold’s bed-load equation. As 

is well-known, this equation can be expressed as 



(qsb)av  (s

1/ 2D3/ 2 /1/ 2) (Bs) Y1/ 2(Y Ycr) (see e.g. Yalin 1972; Yalin 1992). For the bed 

materials of the two runs under consideration and water, 



  0.425 (Yalin 1972), 



s 16186.5N /m3and 



 1000Kg /m3; 



Bs  and 



Ycr  were determined as 9.24 and 0.032, 

respectively, for the run by Hasegawa (1983), and 8.90 and 0.031 for the run by Termini 

(1996). 

 

 



 35 

Table 2.4. Hydraulic conditions of experimental runs by previous authors 

Values of 



(q
sb

)av  for runs marked with (*) are estimated with the aid of Bagnold’s equation; 

Value of 



(q
sb

)av  for run marked with (**) is a measured value.  

 

Substituting the values of 



B, 



Tb  and 



(qsb)av  for each of the aforementioned runs into 

Eq. (2.8), one obtains the estimates of 



T (0) shown in the last column of Table 2.4. 

These values are plotted versus 



0 , together with those obtained for the present runs, in 

Fig. 2.9. The data-points in this figure suggest that 



T (0) first decreases as 



0  increases, 

reaches a minimum somewhere around 



0  70o, and then gradually increases as 



0  

increases. This result is analyzed in paragraphs (i) and (ii) below in the light of the 

sediment transport continuity equation and the nature of convective behaviour of flow in 

sine-generated streams. Before proceeding further, however, it seems in order to point out 

the following. Estimates of 



(qsb)av  for the runs by Hasegawa (1983) and Termini (1996) 

were also obtained with the aid of Yalin, van Rijn and Meyer-Peter bed-load equations 

(selected as a means to characterize well-known discrepancies in estimates of 



(qsb)av  

given by different equations/approaches). The values of 



(qsb)av  given by Yalin, van Rijn 

and Meyer-Peter equations were 1.37, 1.82 and 1.75 times larger, respectively, than that 

given by Bagnold’s equation for the run by Hasegawa (1983); and 1.28, 1.54 and 1.77 

times larger, respectively, for the run by Termini (1996). Since 



T (0) ~ (qsb)av  (see Eq. 

(2.8)), if the bed-load equations by Yalin, van Rijn or Meyer-Peter would have been used
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Fig. 2.9. Plot of experimental values of 



T (0) versus 



0  

 

to estimate 



(qsb)av  instead of Bagnold’s equation, then the points representing the runs by 

Hasegawa (1983) and Termini (1996) in the 



(T (0);0) -plan in Fig. 2.9 would be 

situated higher than shown in the figure. The aforementioned trend of the data, however, 

would not be altered (it would, in fact, become only more exaggerated). It should also be 

noted that there is some evidence that the value of 



(qsb)av  in the run by Hasegawa (1983) 

should be much nearer to the lowest estimate provided by Bagnold’s equation than to the 

higher estimate provided by Meyer-Peter equation. Indeed, Shimizu and Itakura (1989), 

who calculated numerically the bed deformation for the run by Hasegawa (1983) using 

Meyer-Peter equation reported that: “in the computations it took 100min to reach the 

equilibrium state … The difference in time to reach the equilibrium state between the 

experiment (240min) and the calculations (100min) can be reduced by introducing a more 

appropriate bed-load transport formula”. Thus, despite the fact that the value of 



T (0) in 
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Table 2.4 for the run by Hasegawa is but an estimate based on the adoption of Bagnold’s 

equation, this value is likely to be realistic. No similar information is available for the run 

by Termini (1996) – the considerations above suggesting that the corresponding value of 



T (0) in Table 2.4 may be underestimated. 

 

i) From both flow measurements and numerical simulations (Engelund 1974; Smith and 

McLean 1984; Nelson and Smith 1989a; Shimizu and Itakura 1989; Yalin 1992; da Silva 

et al. 2006; etc.), it is known that the vertically-averaged flow in meandering channels is 

formed by laterally adjacent converging (convectively accelerating) and diverging 

(convectively decelerating) flow zones (see the schematic Fig. 2.10). In the case of sine-

generated streams, the convergence-divergence zones of flow have the length 



L /2 and 

periodically alternate along 



lc .  

Since the local sediment transport rate   



qsb  is an increasing function of the (local) 

vertically-averaged flow velocity 



U  (see Eq. (2.4)), the convective variation of 



U  in a 

flow zone must inevitably cause the corresponding convective variation of   



qsb  in that 

zone; i.e., it must cause the scalar   



 qsb  to acquire a non-zero value. According to the 

sediment transport continuity equation (Eq. (2.3)), if the flow is convectively 

accelerating, i.e., if   



 qsb  0 , then erosion occurs (



W  0), and if the flow is 

convectively decelerating, i.e., if   



 qsb  0 , then deposition occurs (



W  0). 
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Fig. 2.10. Laterally adjacent convergence-divergence flow zones in meandering flow 

(after da Silva et al. 2006) 

 

 

Let us now integrate Eq. (2.3) along 



0  t Tb . This yields 

 



(1 p)(zb )T    qsbdt  ( qsb)mTb WmTb ,
0

Tb

        (2.11) 

 

i.e., 

 



Tb  (1 p)
(zb )T

( qsb)m

 (1 p)
(zb )T

Wm

. (2.12) 

 

This relation conveys that the duration of development of the bed surface at a location of 

flow plan is a decreasing function of   



( qsb)m Wm, and thus of the “intensity” of the 

convergence-divergence of flow at that location. 
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ii) Let 



 be the local vertically-averaged deviation angle, i.e., the angle between the 

vertically-averaged streamlines 



s and the coordinate lines 



l  of a meandering flow; and 



c  be the value of 



 at the channel centreline. In a sine-generated channel, the cross-

sectional distribution of 



 is as shown in Fig. 2.10: 



  0 at the banks, the largest cross-

sectional values of 



 occurring in the neighbourhood of the channel centerline (see e.g. 

Hasegawa 1983; Nelson and Smith 1989; Yalin and da Silva 2001). Clearly, at the cross-

sections coinciding with the upstream- and downstream-ends of each 



L /2-long 

convergence-divergence zone of flow, 



c  0.  The sign of 



, and thus the sign of 



c , 

remains the same (positive or negative) within each 



L /2-long zone, and therefore it 

alternates periodically along 



c . As first pointed out by Yalin (1992), this means that the 



c - curve, showing how 



c  varies along 



c , fully reflects the location in flow plan of the 



L /2-long convergence-divergence zones of a given flow. [This is illustrated in the 

schematic Fig. 2.11(a), drawn following da Silva et al. (2006), and showing the distinctly 

different 



c -curves (normalized by the maximum value of 



c  along 



c , 



(c)max ) 

corresponding to flows in channels having “small” and “large” values of 



0 . (In the case 

of “small” 



0 , the upstream- and downstream-ends of the 



L /2-long laterally adjacent 

convergence-divergence zones of flow coincide approximately with consecutive apexes; 

in the case of “large” 



0 , with consecutive crossovers).]  

Clearly, the maximum value of 



c  along 



c  (i.e., 



(c)max ) is a measure of the 

“intensity” of the convergence-divergence of flow. da Silva et al. (2006) have observed 

that, all other determining parameters remaining the same, 



(c)max  varies with 



0  as 

shown in the schematic Fig. 2.11(b). Observe that 



(c)max  increases as the deviation of 



0  from 



 70o 



(1.22rad) decreases. But if so, and if as shown in paragraph (i) above, 



Tb  
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and thus 



T (0), vary inversely with the “intensity” of flow (and consequently with 



(c)max ), then 



T (0) must be expected to decrease as the deviation of 



0  from 



 70o 

decreases. This is consistent with the trend of the data in Fig. 2.9, as indicated by the 

dashed line in this figure.  

 

 

 

Fig. 2.11. Descriptors of the convective behavior of meandering flow (schematic 

representations): (a) 



c -curves (normalized by 



(c)max ) showing the variation of 



c  

along 



c for channels having “small” and “large” values of 



0 ; (b) variation of 



(c)max  

with 



0  

 

 

2.7 Conclusions 

The main results of this work can be summarized as follows: 

 

1. The duration of development 



Tb  
of the equilibrium bed topography in alluvial 

meandering streams has been found to be proportional to the square of the flow 

width 



B and inversely proportional to the specific volumetric bed-load rate 
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(qsb)av  corresponding to the channel-averaged flow (Eq. (2.8)), the proportionality 

factor 



T (0) being a function of the initial deflection angle 



0  alone.  

 

2. On the basis of the five experimental runs carried out by the writers in a sine-

generated channel having 



0  70o, it has been found that 



T (0  70o)  0.056. 

 

3. The location in flow plan of the 



L /2-long erosion-deposition zones was identical 

in the present experimental runs, irrespective of their value of 



Y /Ycr . This is 

consistent with Yalin (1992), Whiting and Dietrich (1993b) and da Silva and El-

Tahawy (2008), from where it follows that the location of erosion-deposition 

zones in “wide” meandering streams should be dependent only on 



0 , 



M /B , 

and 



(c f )av. 

 

4. The only effect of increasing 



Y /Ycr (and thus the sediment transport capacity) in 

the present runs was to increase the rate of bed development. The “height” of bed 

deformation at equilibrium was similar in all five runs (irrespective of their value 

of 



Y /Ycr). This is in contrast to the height of bed forms (dunes and ripples) which, 

as is well-known, is strongly dependent on 



Y /Ycr . 

 

5. Fig. 2.9 – where the values of 



T (0) from the runs carried out by previous 

authors in channels having “small” and “large” values of 



0  are plotted together 

with those resulting from the present runs – suggests that the function 



T (0) first 

decreases as 



0  increases, reaches a minimum somewhere around 



0  70o and 
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then gradually increases as 



0  increases. This result is consistent with known 

aspects of the nature of convective behaviour of flow and bed deformation as 

presented in the previous section. 

 

6. The present work cannot be viewed but as a first step towards the determination 

of the function 



T (0) (and thus the quantification of 



Tb ) – for even if some 

insight has been gained into the form of variation of 



T (0), the establishment of 

the exact expression of this function is, at present, clearly hindered by the scarcity 

of pertinent data. This work thus highlights the need for further experimental tests 

involving the systematic variation of 



0  and the measurement of all pertinent 

variables (including 



(qsb)av ), and directed towards the determination of the 

expression of 



T (0). Future research is also needed to address the eventual 

generalization of the present work to the more complicated conditions present in 

natural streams.  
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Chapter 3 

 

Rate of growth and other features of the development of pool-

bar complexes in a meandering channel of specified sinuosity 

 

 

3.1 Introduction 

3.1.1 General 

Owing to the curvature of a meandering stream, the bed deforms by developing large-

scale, laterally adjacent erosion pools and deposition bars, which grow until the 

equilibrium state is achieved. Such pool-bar complexes, which occur once per half 

meander length, are exemplified in Figs. 4a,b in da Silva et al. (2006), showing the 

equilibrium bed topographies measured in two different streams by Losiyevskii 

(measurements reported by Makaveyvev 1975) and Jackson (1975), respectively. [As is 

well-known, migrating bed forms such as ripples, dunes, alternate bars, etc., which are 

caused by other reasons, can be superimposed on these (primary) bed features. In 

particular, the superimposition of bars may lead to the occurrence of additional 

(secondary) pools within a meander bend (see e.g. Parker and Johannesson 1989; Whiting 

and Dietrich 1993b; Termini 2009). This work, however, is restricted to the large-scale 

pool-bar complexes described above, and directly induced (forced) by the meandering of 

the stream. Accordingly, throughout this manuscript, the terms pools and bars (or the 
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term pool-bar complexes) will be used strictly to imply these (primary) meandering bed 

features.] 

 Given its scientific and practical significance, the aforementioned process of bed 

deformation of alluvial meandering streams has been the object of intensive theoretical 

and experimental research for many years. Researchers have particularly sought answers 

to the questions “What is the geometry of the developed bed?” (Hooke 1974; 

Makaveyvev 1975; Hasegawa 1983; Whiting and Dietrich 1993a,b; Termini 1996; da 

Silva and El-Tahawy 2008; da Silva et al. 2008; Abad and Garcia 2009) and “Why does 

the bed develop as it does?”, a question that has led to extensive research on the physical 

mechanisms responsible for the bed development (see e.g. Engelund 1974; Nelson and 

Smith 1989a; Yalin 1992; Yalin and da Silva 2001; Termini 2009, among many others). 

Much insight into the problem has also been gained from the development of numerical 

models for the computation of meandering bed topography and their application to 

various laboratory and field cases (Nelson and Smith 1989a; Shimizu 1991; Jia and Wang 

1999; Ruether and Olsen 2006; Termini 2002; Vasquez et al. 2008; Crosato 2008; Eizel-

Din et al. 2010).  

However, the flow and sediment transport mechanisms responsible for the 

meandering bed development, as well as the bed geometry itself are not the only aspects 

of concern to river engineers and geomorphologists. In many problems, the time-scales of 

bed development, including the total time required for development (i.e., the bed 

development time) and the rate of bed development, are also of fundamental importance 

(Nelson and Smith 1989a; Doyle and Harbor 2003). [In this context, the readers are 

referred also to Di Silvio (2009) and Termini (2011), who, even if focusing on different 
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morphodynamic processes, particularly highlight the importance of the a priori 

knowledge of the temporal (and also spatial) scales of any given morphodynamic process 

when one is faced with the problem of selecting the appropriate temporal (and spatial) 

resolution to be used in the mathematical modeling of the given process.] Yet, no 

research has been carried out to date to specifically and systematically address the just 

mentioned issues. To the best knowledge of the author, the only work so far dealing with 

one of these aspects, namely the meandering bed development time, henceforth denoted 

by 



Tb , is the recent work by Binns and da Silva (2009) [see Chapter 2], where an attempt 

to develop a predictive equation for 



Tb  is presented. This is in remarkable contrast to the 

case of other fluvial processes, such as, for example, the development of bed forms 

(ripples, dunes and alternate bars), or the development of scour holes (due to jets, around 

bridge piers, groyne heads, etc.), where both the development time and the rate of 

development have been systematically investigated by a number of authors, with the 

pioneering works on the topic dating from the 1970s (see e.g. Jain and Kennedy 1971; 

Fok 1975; Bishop 1977; Nikora and Hicks 1997; Rajaratnam and Nwachukwu 1983; 

Kothyari et al. 1992; Melville and Chiew 1999; Chang et al. 2004; Termini 2011).  

The fact that the research carried out to date on the phenomenon under 

consideration focused on aspects other than its time-scales is, of course, reflected in the 

way in which past laboratory experiments were carried out, and the type of observations 

and measurements that were made. Indeed, consider the most recent experiments on the 

process of bed deformation, conducted as a norm in sine-generated channels. The 

objective of these experiments was often just to reveal the geometry of the equilibrium 

bed (Whiting and Dietrich 1993a,b; Holzwarth 2006; da Silva and El-Tahawy 2008), and 
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often also to detail the flow over it (Hooke 1974; Hasegawa 1983; Termini 1996). 

Accordingly, the experiments were carried out starting from a flat movable bed at time 



t  0, the bed being then allowed to develop naturally until the equilibrium state was 

reached, with measurements of bed elevation and flow being carried out only at the end 

of the runs. It should be noted here that even if the rate of development of the pools and 

bars was not a concern of the aforementioned works, nonetheless some qualitative 

information on the topic was gained from them, and most notably from Whiting and 

Dietrich (1993b) and Termini (2009)  who throughout their runs traced the sediment-

water interface on the Plexiglas wall of the outer bank of one meander loop. Even though 

Whiting and Dietrich (1993b) presented the results for only one of their runs (see their 

Fig. 5), it is clear that the bed initially developed rapidly, and that the development 

slowed down as equilibrium was approached. This is consistent with the observations by 

Termini (2009). It is also consistent with the report by da Silva and El-Tahawy (2008) 

who visually monitored the progress of their runs, stating that “the bed development 

progressed very rapidly at the early stages of a run, and then gradually slowed down with 

the passage of time”.  

The lack of detailed monitoring of the bed development has also left 

undocumented, and thus open to debate, some features of the growth of the pools and 

bars under consideration. In particular, the following question arises: does the bed 

development consist essentially of the growth in vertical direction of the pools and bars, 

their location in flow plan remaining approximately the same throughout the 

development, or does the location of the pools and bars change in flow plan (i.e., or do 

the pool-bar complexes somewhat migrate in flow plan either upstream or downstream as 
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the bed development progresses)? As can be inferred from the considerations below, this 

question has not yet been settled for the particular case of “wide” meandering streams.  

Indeed, the modern view (see e.g. Struiksma 1985; Nelson and Smith 1989a,b; 

Struiksma and Crosato 1989; Shimizu 1991; da Silva 1995; Yalin and da Silva 2001; 

Termini 2002, etc.) is that the bed deformation taking place in a “sufficiently wide” 

meandering stream is due mainly to the convective behaviour of flow, and thus of the 

sediment transport in flow plan – and governed by the sediment transport continuity 

equation. In such streams, cross-circulation, whose intensity, and consequently effect, has 

been found to progressively decrease with the increment of the width-to-depth ratio 

(Matthes 1941; Hooke 1974; Kondratiev et al. 1982; Yalin 1992), plays only a secondary 

role in bed deformation (see e.g. Hooke 1974, pp. 51 and 53; Yalin 1992, pp. 191 and 

192; da Silva 1995). That is, at any instant of the bed development process of a “wide” 

meandering stream, the zones of the downward and upward bed displacements (i.e., the 

erosion and deposition zones) approximately coincide with the zones of convective 

acceleration and deceleration of flow, respectively. Bed material eroded from a region 

where flow is convectively accelerated is primarily transported downstream along the 

same side of the channel and deposited in the form of the immediately downstream bar 

where the flow convectively decelerates (Friedkin 1945; Whiting and Dietrich 1993b; 

Yalin and da Silva 2001) – a sediment transport pattern that is in clear contrast with that 

resulting from cross-circulatory motion (see e.g. Hooke 1974; Yalin 1992).  

For the sake of discussion, consider momentarily a curved channel flow where 

bed deformation would be primarily due to cross-circulation. Since the intensity of cross-

circulation is directly dependent on local stream curvature, and since this is a geometric 
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(fixed) property of the channel, then it is only natural to expect the pools and bars in such 

a flow to remain at approximately the same location throughout their development. 

However, if the process is primarily driven by the convective behaviour of flow, the 

answer to the question of whether or not the pool-bar complexes (or, equivalently, the 

flow convergence-divergence zones) remain at approximately the same location is not 

readily obvious, as the plan pattern of flow is known to be affected by bed topography. 

It should be mentioned here that an indication, although indirect, that in the latter 

case too, the location in flow plan of the pool-bar complexes remains approximately the 

same throughout the bed development can be found in da Silva et al. (2006). These 

authors investigated the flow patterns of initial flows (over the flat bed at 



t  0) in 

laboratory streams with different sinuosities. They found that the location of the 

convergence-divergence zones of the investigated initial flows varied with stream 

sinuosity. More importantly in the present context, they also found that this location was 

generally consistent with that of the pool-bar complexes of equilibrium beds in laboratory 

and field streams of various sinuosities as reported in the literature. Nonetheless, the fact 

remains that no measurements have been carried out so far to settle this matter, by 

quantifying the extent, if any, to which the erosion-deposition zones migrate in flow plan 

throughout the bed development (and/or by detailing the regions of convergence-

divergence of flow as the bed changes with time).  

 

3.1.2 Objectives of the present work 

In the previous sub-section, it was mentioned that, as a rule, no detailed monitoring of the 

temporal bed development was pursued in past experiments. To the best knowledge of 

the authors, the one exception to this rule are the recent experiments of Binns and da 
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Silva (2009), who extensively monitored the bed throughout its development. Yet, the 

results and analysis presented in the just mentioned paper focused exclusively on the bed 

development time. In view of the content of the previous sub-section, it thus seems 

particularly worthwhile to extend the analysis in Binns and da Silva (2009) so as to gain 

insight into aspects of the temporal development of the bed topography, and more 

specifically, the aspects discussed earlier. Considering this, in this manuscript the 

laboratory runs by Binns and da Silva (2009) are revisited with the following two 

objectives: 1) to reveal the rate of bed development; and 2) to document the extent of 

upstream or downstream migration in flow plan of the erosion-deposition zones. This 

manuscript thus is to be viewed as complementary to Binns and da Silva (2009). For the 

sake of clarity, a brief review of the laboratory set-up and runs in the just mentioned work 

is presented in the next section. The paper is also used to present some measurements not 

reported in Binns and da Silva (2009), namely the measurements of volume of sand 

exiting the experimental channel (i.e., sediment flux at the channel exit), as these are 

pertinent to the issues dealt with in this manuscript. 

 

3.2 Laboratory runs of Binns and da Silva (2009) 

3.2.1 Experimental set-up and specification of runs of Binns and da Silva (2009): a 

brief review 

The laboratory runs by Binns and da Silva (2009) were conducted in a 



70o sine-generated 

meandering channel, having a width 



B equal to 



0.80m and a meander wavelength 



M  

equal to 



5.03m (following from the relation 



M  2B due to Yalin 1992). The 

meandering channel covered two full meander lengths starting and ending at apex 
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sections (see Fig. 3.1), its total length measured along the centreline being 



15.2m  (



 2L, 

where 



L  is meander length measured along the channel centerline between consecutive 

repeating points of the sine-generated curve). The upstream end of the meandering 

channel was connected to a 



2m-long, 



0.80m-wide straight approach channel. The 

channel walls were vertical. The channel bed consisted of a well-sorted silica sand, with 

an average grain size 



D50 equal to 



0.65mm and a specific density equal to 



2.65. A 

complete description of the channel’s water supply system is given in Binns and da Silva 

(2009) [Chapter 2] and Binns (2006).  

 

 

Fig. 3.1. Schematic of experimental channel, showing the cross-sections for measurement 

of bed surface elevation (with a definition sketch of main geometric quantities and 

coordinate system as insert) 

 

In total, five runs were carried out. All runs started from a flat bed having zero 

radial slope and a specified longitudinal slope (flat initial bed at 



t  0). The bed was 

subsequently allowed to deform under a constant flow rate and “uniform” flow 

conditions, the runs continuing until a time 



t  substantially beyond the stage where 
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visually the bed appeared to have reached the equilibrium state. Each run was stopped at 

regular time intervals to allow measurements of bed surface elevation throughout the 

channel. The hydraulic conditions in the runs are summarized in Table 3.1, where 



Q  

flow rate, 



hav   channel-averaged flow depth, and 



Sc  
bed slope along the channel 

centreline. Table 3.1 displays also the channel-averaged values of relative flow intensity 



Y /Y cr , where 



Y  (channel-averaged) mobility number and 



Ycr   value of 



Y  at the stage 

of initiation of sediment transport. Here 



Y  (0)av / sD, where 



(0)av  



(havSc)  is the 

channel-averaged value of bed shear stress, 



 s is the specific weight of grains in fluid, 

and 



D is the representative grain size 



( D50) .  The flow was turbulent and sub-critical in 

all runs. The values of 



hav (and, consequently, the values of 



B /hav) were kept similar in 

all runs (



hav  4.4cm  and 



B /hav 18.3), while the values of bed slope 



Sc  were increased 

from 



1/400 in Run 1 to 



1/125 in Run 5. Accordingly, the values of 



Y /Ycr increased from 



3.42 in Run 1 to 



10.69 in Run 5. Table 3.1 lists also the total duration of the runs, as well 

as the bed development time 



Tb  as determined by Binns and da Silva (2009). The times at 

which the runs were stopped to enable bed surface elevation measurements are given in 

Table 2 in the just mentioned work (i.e., Table 2.2 in Chapter 2). The bed surface 

elevation measurements were carried out in 



66 equally spaced cross-sections, shown in 

the schematic Fig. 3.1, and in each section at 



22 equally spaced points (see Fig. 3.2), 

with the first and last points lying 



3.25cm from the channel walls. The distance between 

any two consecutive cross-sections measured along the channel centreline was equal to 



23.8cm . Within each of the three meander loops 



1, 



2 and 



3 encompassed by the 

meandering channel (Fig. 3.1), the measurement sections were numbered from 



1 to 



16, 

the subscript 



1, 



2 or 



3 being added to the section numbers to indicate to which loop the 
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section belongs. [The reader interested in further details on these measurements, 

including measuring equipment, etc., is referred to Binns and da Silva (2009).] 

 

Table 3.1. Summary of the hydraulic conditions in the laboratory runs by Binns and da 

Silva (2009) (



0  70o, 



B 0.80m, 



D0.65mm) 

Run Q       

(m
3
/s) 

hav              

(cm) 

Sc B/hav Y/Ycr Duration 

(min) 

Tb         

(min) 

1 0.0070 4.55 1/400 17.6 3.42 180 108 

2 0.0095 4.14 1/250 19.3 4.97 180 82 

3 0.0106 4.43 1/200 18.1 6.65 120 46 

4 0.0122 4.34 1/150 18.4 8.69 75 29 

5 0.0138 4.45 1/125 18.0 10.69 75 26 

                

 

 

Fig. 3.2. Schematic representation of a stream cross-section and bed deformation related 

notation; the black dots in this figure mark the location of the bed surface elevation 

measurement points in any of the measurement cross-sections 

 

In addition to the aforementioned measurements of bed elevation, measurements 

of the volume of sand exiting the channel were also carried out. For this purpose, every 

time the runs were stopped for bed topography measurements, the sand retained in a sand 

collection channel installed at the end of the meandering channel was collected and 

measured volumetrically. The results of these measurements, which were not reported in 

Binns and da Silva (2009), will be presented and discussed later in this paper. 
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Before proceeding further, it should be mentioned that throughout this paper, the 

location in flow plan of a point 



P  will be defined with the aid of the channel-fitted 

coordinates 



lc  and 



n  (see insert in Fig. 3.1). Here 



lc  is the longitudinal coordinate 

measured along the channel centreline, its origin in this work being the crossover-section 



11 (Fig. 3.1); and 



n is the radial coordinate measured from the channel centreline, with 

positive direction as shown in the insert in Fig. 3.1. The dimensionless counterpart 



c  of 



lc , defined as 



c  lc /L  (where 



L  is meander length), will often be used in the sections 

that follow. As indicated in Fig. 3.2, the local bed surface elevation at any time 



t  will be 

denoted by 



(zb )t , and the difference between this and the elevation 



(zb )0  of the initial bed 

surface at 



t  0, by 



(zb)t : 



(zb)t  (zb)t  (zb)0. 

 

3.2.2 Pertinent observations and results 

The main pertinent observations and results reported by Binns and da Silva (2009) can be 

summarized as follows: 

 

1.  For all runs, the bed development, as expected, consisted of the growth of laterally 

adjacent pools and bars, with three complete meandering pool-bar complexes 

forming in the extent of the channel. Each of these extended from a location 

somewhere halfway between the entrance crossover and apex of a meander loop 

(



1, 



2 and 



3), to the equivalent location in the subsequent loop. This is 

exemplified in this manuscript in Fig. 3.3, showing the bed elevation contour-plots 

for Run 3 at three different times of the development process (namely 



t  6min, 



12min and 



50min, the latter representing the equilibrium stage). [Note that given 
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Fig. 3.3. Bed elevation contour-plots for Run 3, 



Sc 1/200 (contours based on 



zb-

values; units are 



cm ; flow from left to right): (a) at 



t  6min; (b) at 



t 12min; and (c) at 



t  50min 

 

the plan geometry of the sine-generated curves, each pool-bar complex forms a 

large-scale erosion-deposition zone having the length 



L /2. Hence, throughout this 

manuscript, the pool-bar complexes will also be referred to as 



L /2-long erosion-

deposition zones, or simply, erosion-deposition zones.] 

 

2.  The equilibrium bed topographies resulting from each of the five runs were found to 

be rather similar in their nature. Indeed, not only was the location in flow plan of 
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the 



L /2-long erosion-deposition zones similar, but so were also the magnitudes of 

maximum erosion and deposition. Beyond the comparisons provided by Binns and 

da Silva (2009), this can further be inferred by comparing Fig. 3.3c in this paper 

(equilibrium bed in Run 3) with Figs. 2.2b and 2.3b in Chapter 2 (Binns and da 

Silva 2009), showing the equilibrium beds in Runs 2 and 4, respectively. Thus, the 

only effect of increasing the slope in the runs, and consequently increase the 

sediment transport capacity, was to decrease the bed development time 



Tb  (see 

Table 3.1).  

 

3.  As explained by Binns and da Silva (2009), in the present experiments the 

conditions became periodic or very nearly so, and thus representative of those in 

(periodic) sine-generated streams, only downstream of the apex of loop 



1 (i.e., 

downstream of cross-section 



91). Although this is evident from a number of plots in 

Binns and da Silva (2009), it can also be inferred from the contour-plots in Fig. 3.3. 

Indeed, observe from this figure that although the conditions are quite similar in 

loops 



2 and 



3, there are noticeable differences between the bed topography in 

the first half of loop 



1, and the first half of the other two loops, and the more so 

the nearer to the loop entrance crossover section. Considering this, and also to avoid 

exit effects, the channel reaches upstream of the apex section 



91 and downstream of 

the crossover section 



14  will be excluded from any analysis in the following 

sections. 
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3.3 Rate of bed development 

In this manuscript, the rate of bed development is established on the basis of the 

difference between the 3-D geometric surface (geometric “figure”) forming the channel 

bed at any time 



t  and the initial flat bed surface at time 



t  0. Henceforth, this difference 

will be denoted 



(DS )t . Clearly, such difference must necessarily increase with time, reach 

a maximum at 



t  Tb , and maintain this value for 



t  Tb   the rate of increase of 



(DS )t  

thus directly reflecting the rate of bed development.  

 Given any stream region for which measurements of bed surface elevation are 

available, 



(DS )t  can be simply calculated as the sum of the absolute values of all 

measured 



(zb)t  in that region, i.e., 



(DS )t  (zb )t  (see Fig. 3.2 for the definition of 



(zb)t ). For the present purposes, the values of 



(DS )t  were calculated using the 



(zb)t -

values measured at all measurement cross-sections in the 



L /2-long region 



0.625  c 1.125 , between (and including) sections 



52 and 



53. As can be inferred from 

Fig. 3.3 (see also Fig. 3.1), this region approximately coincides with the location of the 

second erosion-deposition zone, and is furthest from the channel entrance and exit. 

 As examples, the resulting plots of 



(DS )t  versus time for Run 2   



(Tb  82min) and 

Run 5   



(Tb  26min) are shown in Figs. 3.4 and 3.5, respectively. The solid lines in these 

figures were visually fitted to the point-patterns, with the only intention of highlighting 

their trends. Observe from these figures how the values of 



(DS )t  rapidly increase at the 

early stages of the runs, implying a rather rapid bed development. The bed development 

progressively slowed down as equilibrium was approached, a fact which is reflected in 

Figs. 3.4 and 3.5 by the continuous decrease in the rate of change of 



(DS )t  with time, and 
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the asymptotic approach to equilibrium. The pattern of variation of 



(DS )t  with time in 

Figs. 3.4 and 3.5 is representative of that in the remaining three runs. 

 

 

Fig. 3.4. Plot of 



(DS )t  versus time 



t  for Run 2 (with the values of 



(DS )t  plotted in this 

figure being calculated on the basis of the bed surface elevation measurements in the 



L /2-long region between sections 



52 and 



53) 

 

 

Fig. 3.5. Plot of 



(DS )t  versus time 



t  for Run 5 (values of 



(DS )t  plotted in this figure 

calculated as in Fig. 3.4) 

 

 To better analyze the rate of bed development, consider now Fig. 3.6, where the 

resulting values of 



(DS )t  for all five runs are plotted together. The plot is normalized, the 

abscissa being the dimensionless time 



t /Tb  and the ordinate being 



(DS )t /(DS)Tb
, where 



(DS )Tb
 is the value of 



(DS )t  at 



t  Tb . The values of bed development time used to 
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produce this plot are given in Table 3.1, while the values of 



(DS )Tb
 were determined from 

the dimensional plots of 



(DS )t  versus time. This yielded 



(DS )Tb
 860, 



1120, 



1150, 



1200 

and 



1240cm for Runs 1 to 5, respectively. Before proceeding further, it should be 

mentioned that, as a matter of sensitivity analysis, two other plots like Fig. 3.6 were 

produced, one by selecting as stream region, the region between the crossover-sections 



12 

and 



13 (meander loop 



2), and another, the region between the apex-section 



91 and the 

crossover-section 



14 . These graphs, not included here so as not to unnecessarily extend 

the manuscript, were found to be essentially identical to Fig. 3.6. This is consistent with 

the explanations regarding periodicity in point 3 of Section 3.2.2. 

 

 

Fig. 3.6. Plot of 



(DS )t /(DS)Tb
 versus 



t /Tb  for all runs 

 

 As can be seen from Fig. 3.6, the data-points of the different runs collapse into 

one single point-pattern. This is reasonably well represented by the following exponential 

relation: 
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(DS )t

(DS )Tb

1 [e2.5( t /Tb )0.86

]1.6 ,                           (3.1) 

 

the solid line in Fig. 3.6 being the graph of this equation. 

 From Fig. 3.6, it follows that a large part of the bed development 



( 70%)  was 

accomplished in the first quarter of the bed development time 



(Tb /4) . At half of the bed 

development time 



(Tb /2) , 



 90% of the bed development had been accomplished. The 

rate at which the bed developed continually decreased throughout the development, with 

equilibrium being approached asymptotically, and with only minor bed adjustments 

taking place in the last half of the total bed development time.  

 

3.4 Sediment transport patterns: related observations and 

measurements 

Before proceeding to the determination of the exact location of the erosion-deposition 

zones in the following section, it seems appropriate to report here the visual observations 

regarding the sediment transport patterns and some related measurements. As follows 

from the content of this section, and in view of the considerations on the 5
th

 paragraph of 

Section 3.1.1, these provide a clear indication that the streams were sufficiently wide for 

the bed deformation to be primarily due to the convective behaviour of flow in flow plan. 

 During the early stages of any run, the material eroded from a (developing) pool 

was, seemingly in its entirety, conveyed downstream (as bed-load) in the general 

direction of the longitudinal coordinate lines (parallel to the channel centerline), and 

deposited on the same side of the stream so as to form the bar on the immediately 
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downstream bend (as described earlier in the paragraph mentioned above). As the bars 

grew in prominence, they more and more deflected the flow towards the pools at the 

opposite bank. At the later stages of a run, the flow was being strongly deflected by the 

bars towards the deeps, with sediment being transported downstream mainly along the 

thalweg of the stream.  

 As mentioned earlier, every time the runs were stopped for bed topography 

measurements, the sand retained in a sand collection channel installed at the end of the 

meandering channel was collected and measured volumetrically. For each run, the 

volume of (fully saturated) sand 



Vse exiting the channel per unit time was plotted versus 

time. The trend of the 



Vse plots was similar for all runs: 



Vse was largest at the early times 

of the runs when the bed development was most intense, then exponentially decreased 

with the passage of time until the bed development was accomplished at 



t  Tb  – after 

which, the value of 



Vse remained approximately constant. This is illustrated in Figs. 3.7 

and 3.8, showing as examples the plots of 



Vse versus time for Runs 2   



(Tb  82min) and 4 

  



(Tb  29min), respectively. 

Clearly, if the channel would not end, then as the downstream pool (here termed 



P3 , as in Fig. 3.3) developed with the passage of time, the removed material would have 

been transported downstream along the same side of the channel eventually forming a bar 



B4 . However, since the channel ends, the sediment removed from the pool 



P3  was 

transported downstream to the sand collection channel – and since the rate of 

development decreased with the passage of time, so did the values of 



Vse. 
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Fig. 3.7. Plot of 



Vse versus time 



t  for Run 2 

 

 

Fig. 3.8. Plot of 



Vse versus time 



t  for Run 4 

  

 The local transport rates associated with the development of bars and pools, 

which occur only during 



0  t Tb , are superimposed on the (always present) transport 

rate of the sediment in transit in the channel as a whole (to be identified at any instant 

with the value of the sediment transport rate of the channel-averaged flow). Thus, the 

sediment accumulating during a run (or part of a run) in the sand collection basin of the 

present channel (see Fig. 3.1) is due to both, the local transport associated with the 

growth of bars and pools as well as the “transit” transport rate. The fact that 



Vse does not 
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go to zero, but rather that it exhibits a finite (constant) value for 



t  Tb , is a result of the 

presence of the (finite) “transit” transport rate. The values of 



Vse at equilibrium (i.e., 



Vse 

at 



t  Tb ) were estimated as 0.0003, 0.0006, 0.0009, 0.0015 and 0.0021 m
3
/min for Runs 

1 to 5, respectively. 

 From the aforementioned, it should not be concluded that the sediment transport 

capacity of the channel as a whole, and thus the “transit” transport rate remained constant 

throughout the runs. This too must be assumed to decrease with the passage of time, 

because of somewhat increased flow resistance associated with the deformation of the 

bed. However, as a rule, the measured values of 



Vse, after subtracting the value of 



Vse at 

equilibrium, were found to be largely accounted for by the volumes of material eroded 

from pool 



P3 . This means that increased flow resistance was only a comparatively minor 

factor contributing to the overall decrease in the values of 



Vse. This finding is consistent 

with the discussion in Yalin and da Silva (2010), p. 150, on the effect of meandering 

pool-bar complexes on the overall stream resistance to flow (and also with the fact that in 

the present runs the effect of dunes on the flow was minor – see Binns and da Silva 2009 

(i.e., Chapter 2)). 

 

3.5 Location in flow plan of erosion-deposition zones 

To determine the exact location of the 



L /2-long erosion-deposition zones of the 

deformed beds, the method introduced by da Silva and El-Tahawy (2008) is adopted in 

this manuscript. In order to briefly explain this method, consider the flow region defined 

by any two, near to each other, cross-sections 



ab and 



cd  as shown in Fig. 3.9. For any 

time 



t , let 



Ev  be the volume of space within this region that becomes void of sand over 
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the duration of a run from time 



t  0 to 



t , and 



Dv  the volume of space that becomes 

filled with sand over the same period of time (Fig. 3.9b). By definition, no erosion or 

deposition occurs at the cross-sections coinciding with the beginning (i.e., upstream-end) 

and end (downstream-end) of each erosion-deposition zone. The exact location of these 

cross-sections thus can be revealed by determining the flow regions 



abcd  where 



Ev;Dv  0. 

 

 

Fig. 3.9. Explanatory figure for the production of the 



Ev;Dv-plots: (a) Plan view of 

stretch of meandering channel containing region abcd; and (b) 3-D representation of 

region abcd 

 

 Accordingly, for every measurement time of each of the five runs, the values of 



Ev  and 



Dv  were computed throughout the meandering channel, using as “infinitesimal” 

flow regions 



abcd  the regions defined by two consecutive measurement sections (see 

Fig. 3.1). The resulting values of 



Ev  and 



Dv  were then plotted versus 



c  



( lc /L). As an 

example, some of the resulting 



Ev;Dv-plots corresponding to Run 3 are shown in Fig. 

3.10. More specifically, Fig. 3.10a shows the 



Ev;Dv-plots corresponding to times 



t  6, 



12 and 



18min , while Fig. 3.10b shows those at 



t  24, 



40 and 



60min . The plot extends 

from 



c  0  to 



c 1.5 , i.e., from crossovers 



11 to 



14  (see Fig. 3.1 and note also that
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Fig. 3.10. 



Ev;Dv-plots for Run 3: (a) at times 



t  6, 12 and 18min; and (b) at times 



t  24, 



40 and 60min (abscissa 



c  lc /L ; 



c  0  at cross-section 



11) 
 



c  0.5  and 



1.0 imply the crossover-sections 



12 and 



13, respectively, while 



c  0.25 , 



0.75 and 



1.25 imply the apex-sections 



91, 



92 and 



93, respectively). The location of the 

cross-sections coinciding with the beginnings (and ends) of each erosion-deposition zone 

are marked by the vertical dashed lines labeled “Beginning of nth 



E D” (with 



n 1, 



2, 
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3). The vertical bold line marks cross-section 



91 (at 



c  0.25), downstream of which 

conditions can be regarded as periodic (see point 3 in Section 3.2.2).  

To establish the exact location of the erosion-deposition zones as time passed 

during the run, only the second-erosion deposition zone was considered. This zone was 

selected because, in contrast to the first zone, its upstream end is downstream of cross-

section 



91. Moreover, in contrast to the third erosion-deposition zone, the selected zone 

ends sufficiently far from the downstream end of the channel so that it can be regarded as 

unaffected by any possible exit effects. For the purpose of discussion of the nature of the 



Ev;Dv-plots in the next paragraph, the patterns followed by the 



Ev  and 



Dv  data-points in 

the second erosion-deposition zone at different measurement times are highlighted by 

connecting the corresponding points with solid lines. 

As indicated in Table 3.1, the time of development in Run 3 is   



Tb  46min . Thus 

Fig. 3.10a represents the period 



0  t  0.4Tb , while Fig. 3.10b, 



0.5Tb  t 1.3Tb . As 

shown by Fig. 3.10a, the 



Ev  and 



Dv  data-points at times 



6, 



12 and   



18min follow rather 

regular patterns. The plots in this figure also illustrate the findings in Section 3.3, that the 

development is very fast in the very early stages, and that a large part of it is 

accomplished by 



0.4Tb . Consider now Fig. 3.10b. Clearly, in this figure the 



Ev  point-

patterns are substantially more irregular than those in Fig. 3.10a. This irregularity is due 

to the presence of dunes. As mentioned by Binns and da Silva (2009), dunes were 

observed in Runs 2 to 5, acquiring some prominence only at the later stages of the runs 

(when the bed was substantially deformed), their occurrence being restricted mainly to 

the deepest parts of the flow (the pools). The dunes were observed to increase in length 

and height as they too evolved to a developed stage, and to migrate downstream. The 
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dune height varied (increased) with the flow depth in the pools. In order not to 

overburden Fig. 3.10b, in this figure only the 



Ev  and 



Dv  points corresponding to times 



t  40 and 



60min  are connected by solid lines. 

As implied by Figs. 3.10a and b, the upstream end of the erosion-deposition zones 

was located, at all measurement times, at 



c  0.61 (i.e., at a cross-section situated just 

slightly downstream of a section located halfway between the measurement sections 



42 

and 



52, where 



c  0.594  and 0.625, respectively) – and its downstream end at 



c 1.11 

(i.e., at the “equivalent” cross-section situated between the measurement sections 



43 and 



53). That is, no detectable change occurred in the location in flow plan of the 



L /2-long 

erosion-deposition zones throughout the bed development.  

The conditions were similar in the remaining four runs. Given the manuscript size 

limitations, only one 



Ev;Dv-plot for these runs is shown as an example (Fig. 3.11), 

namely that corresponding to Run 2, at times 



t 10, 



20 and 



30min . By considering the 

totality of the 



Ev;Dv-plots for Runs 1, 2, 4 and 5 at all measurement times, it is concluded 

that in these runs too, the location in flow plan of the 



L /2-long erosion-deposition zones 

remained invariant throughout the bed development. Moreover, this location was 

identical to that observed in Run 3, with the upstream-end of the erosion-deposition zone 

situated at 



c  0.61. The fact that the location of the 



L /2-long erosion-deposition zones 

was identical in all runs is consistent with the findings by da Silva and El-Tahawy (2008), 

from whom it follows that for a sine-generated stream having given values of 



M /B, 

width-to-depth ratio and friction factor, the location in flow plan of the 



L /2-long erosion-

deposition zones (of the equilibrium beds) is uniquely determined by the value of the 

centreline deflection angle 



0  at the crossovers, i.e., by sinuosity. [Recall that in the 
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present runs 



M /B  2  is fixed 



( 2), the width-to-depth ratio 



B /hav  varied only 

slightly around an average value of 



18.3, and, as shown in Binns and da Silva (2009), the 

channel-averaged dimensionless (Chézy) friction factor 



(c f )av varied only slightly around 



15.0.]  

 

 

Fig. 3.11. 



Ev;Dv-plots for Run 2 at times 



t 10, 20 and 30min (abscissa 



c  lc /L ; 



c  0  at cross-section 



11) 

 

The bars formed in the present runs were asymmetric, in the sense that the point 

of maximum elevation on the bar was not located in the midst of the erosion-deposition 

zone, but rather somewhat upstream (see the contour-plots in Fig. 3.3 as well as the 



Ev;Dv-plots in Figs. 3.10 and 3.11; see also the contour-plots corresponding to Runs 2 

and 4 in Binns and da Silva 2009). As can be inferred from these figures, even though the 

location of the erosion-deposition zones remained invariant throughout the bed 

development, the location of minimum elevation (maximum erosion) within the pool 
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noticeably shifted upstream throughout the development, as the pool morphology evolved 

with the passage of time. A similar observation was made by Whiting and Dietrich 

(1993b).  

It is not intended in this manuscript to enter in detail the implications of the 

location in flow plan of the 



L /2-long erosion-deposition zones remaining essentially the 

same throughout the bed development, as these were already discussed somewhere else 

(da Silva et al. 2006). It is nonetheless worth mentioning here that the present findings 

lend further support to the considerations in da Silva et al. (2006), p. 1012, and in 

particular the statement that “… although the flow picture is strongly affected by the 

prominence of shoals and deeps (bars and pools), the location in plan of the convergence-

divergence zones of the flow remains nearly the same as the shoals and deeps develop 

with the passage of time”, and their conclusion that (in wide streams) “the knowledge of 

the convective nature of the initial flow can be used to predict the general features of bed 

topography, i.e. to predict the approximate location in flow plan of erosion-deposition 

zones and also the approximate location of the most intense erosion-deposition”. 

 

3.6 Conclusions 

The main results of this work can be summarized as follows: 

 

1.  For the runs under consideration (where 



0  70o), it was found that the bed 

development was invariably very rapid at the early times of any run, with 



 70% of 

the bed development being accomplished by 



Tb /4  and 



 90% by 



Tb /2 , with only 

minor adjustments taking place in the last half of the bed development time. 
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2.  The growth rate of the pools and bars in the different runs, when scaled to their 

individual bed development times, was identical. This is reflected in the fact that in 

the normalized plot of 



(DS )t /(DS)Tb
 versus 



t /Tb  in Fig. 3.6, the data-points of the 

different runs collapse into one single point-pattern. This point-pattern is reasonably 

well represented by Eq. (3.1), whose graph is the solid line in Fig. 3.6. It should be 

clear that the growth rate of 



(DS )t /(DS)Tb
 is a direct measure of the growth rate of 

the pool-bar complexes. Thus, Eq. (3.1), describing the growth rate of 



(DS )t /(DS)Tb
 

is to be viewed as a (percentual) relation describing the growth rate of the observed 

pool-bar complexes. 

 

3.  The location in flow plan of the pool-bar complexes (the 



L /2-long erosion-

deposition zones) remained invariant throughout the bed development in the runs 

under consideration (for which there is clear evidence that the bed deformation is 

primarily driven by the convective behavior of flow). This suggests that the 

invariance in location of the pool-bar complexes as they develop with time is a 

general characteristic of the curvature-induced meandering bed development, 

irrespective of the factor primarily driving it (cross-circulation or convective 

behavior of flow).  

 

4.  Despite the fact that the location of the erosion-deposition zones remained invariant 

throughout the bed development, the location of maximum erosion within the pool 

noticeably shifted upstream during the development (and especially during the 

early stages of the runs, when the development was most intense). This is consistent 
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with the observations made by Whiting and Dietrich (1993b) in a channel with 

much larger sinuosity 



(0 100o) and different flow conditions.    

 

 The process under consideration in this manuscript is the growth rate of 

(curvature-induced) pool-bar complexes developing from an initially flat bed in regular 

(sine-generated) meandering streams having rigid (or at least comparatively rigid) banks, 

and conveying a steady-state flow. In the context of investigating this process, the present 

experiments cannot but be viewed as very limited, as they involve only one value of 



0  



(70o) and a rather narrow range of flow conditions – with Eq. (3.1) being strictly valid 

for the investigated conditions. It nonetheless seems appropriate to end this manuscript 

with some considerations regarding the possible generalization of Eq. (3.1) to any value 

of 



0  and flow conditions. 

 As mentioned in Section 3.1, even though the rate of development of pools and 

bars has not been studied in detail by previous authors, it is clear that in the experiments 

carried out by Whiting and Dietrich (1993b), da Silva and El-Tahawy (2008) and Termini 

(2009) in channels with values of 



0  and/or flow conditions different from the ones used 

in the present experiments, the bed development was also rapid at the early stages of the 

runs, and that it gradually slowed down as equilibrium was approached. This suggests 

that, in general, the (percentual) growth of pool-bar complexes for the process under 

consideration is likely to be well represented by the following generalized form of        

Eq. (3.1): 
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(DS )t

(DS )Tb

1 [e( t /Tb ) ] ,                  (3.2) 

 

where the “growth rate factors” 



 , 



 and 



  must, in principle, be expected to depend on 



0 , and the flow and bed material parameters. Substantial further tests involving different 

values of 



0  and a broad range of flow and bed material parameters are needed to first 

test the validity of the exponential form (3.2), and if this is asserted, to then establish the 

expressions of the growth rate factors 



 , 



 and 



 . The possibility that the growth rate of 

the pools and bars for any two distinct runs (having any arbitrary values of 



0 , and flow 

and bed material parameters), when scaled to their individual bed development times, 

may be identical, cannot be discarded at this stage. That is, the values of the growth rate 

factors 



 , 



 and 



  could prove to be independent of 



0 , and the flow and bed material 

parameters, or at least independent of some of them – in complete similarity to what has 

been found for the growth rate of dunes developing from an initially flat bed under the 

action of unidirectional, steady-state flows (see e.g. Nikora and Hicks 1997; Coleman et 

al. 2005). 
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Chapter 4 

 

Time of development and rate of growth of pool-bar complexes 

in meandering streams of varying sinuosity.                           

Part 1. Experimental observations 

 

 

4.1 Introduction 

This and the following chapter constitute two companion manuscripts, whose purpose is 

to extend the work in Chapters 2 and 3. Before detailing the specific objectives of these 

manuscripts, the main findings and limitations of the work presented in Chapters 2 and 3 

are briefly summarized below. 

1. In Chapter 2 dimensional principles and physical considerations were used to 

arrive at the following equation for the time of development of pool-bar 

complexes in sine-generated meandering streams: 

 



Tb 
B2

(qsb)av

T (0) ,            (4.1) 

 

where 



Tb   duration of bed development, 



B  flow width, 



(qsb)av  specific 

volumetric bed-load rate corresponding to the channel-averaged flow, and 



T (0)   function of the initial deflection angle 



0  of the stream. As pointed out 
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in Section 2.6, the function 



T (0) in Eq. (4.1) can only be revealed with the aid 

of experiments covering the full extent of the variation of 



0 . Yet, the 

experiments so far were restricted to the case of one value of 



0 , namely 



0  70o. Therefore, only one value of the function 



T (0) was revealed, namely 



0.056 for 



0  70o. 

 

2. In Chapter 3, the growth-rate of the pool-bar complexes in a series of experiments 

in a 



70o-channel was found to be well described by Eq. (3.1). This suggests that, 

in general, the (percentual) growth of pool-bar complexes can be represented by a 

generalized form of Eq. (3.1), namely 

 



(DS )t

(DS )Tb

1 [e( t /Tb ) ] ,

           (4.2) 

 

where 



(DS )t   difference between the 3-D geometric surface forming the channel 

bed at any time 



t  and the initial flat bed at 0t  (see Section 3.3 in Chapter 3), 

and 



(DS )Tb
 value of 



(DS )t  at bTt  . Here, the growth-rate factors 



 , 



 and 



  

must, in principle, be expected to depend on 



0 , and the flow and bed material 

parameters.  

 

Considering the aforementioned, these two companion manuscripts have the 

following three objectives: 
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1. To reveal the form of the function 



T (0) and thereby develop Eq. (4.1) into a 

form that can be used in practical applications; 

2. To investigate whether the growth-rate of pool-bar complexes is still represented 

by Eq. (4.2) in streams of varying sinuosity and flow conditions deviating from 

those in the 



70o-channel in Chapters 2 and 3; and if yes, 

3. To reveal the nature of the growth-rate factors 



 , 



 and 



  in Eq. (4.2). 

 

For the present purposes, three new series of laboratory runs were carried out to 

reveal the duration of bed development 



Tb  in channels of varying sinuosity and flow 

conditions. Values of 



0  20o, 



45o and 



95o were selected so as to cover an appropriate 

range of 



0 -values to assess the form of the function 



T (0). This chapter is devoted to 

the presentation of these runs. The determination of the function 



T (0) and the 

extension of Eq. (4.2) are presented in the next chapter.  

 

4.2  Experimental set-up and specification of runs 

4.2.1  Laboratory set-up 

For the present purposes, the downstream stilling basin of the Queen’s River and 

Estuarine Morphodynamics Research Facility, containing the 



70o channel used in 

Chapters 2 and 3 (see Fig. 4.1), was transformed into an experimental basin where the 



20o, 



45o and 



95o channels were installed. The experimental basin was 



9.30m-long and 



3.25m-wide. The 



70o channel was used to convey water from the facility’s re-circulating 

hydraulic supply system to the present basin. The hydraulic supply system (described in 

detail in Chapter 2) uses a centrifugal pump to pump water from a sump to a constant 
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head tank. Water is first discharged through a series of pipes into a 



2.0m-wide, 



5.5m-

long stilling tank equipped with a V-notch weir at its downstream end. Water flows over 

the weir and enters a 



1.85m-wide, 



8.8m-long head tank directly upstream of the 



70o 

meandering channel (head tank (a) in Fig. 4.1). Water enters the 



70o channel through a 



0.80m-wide opening in the wall of the head tank. The end of the 



70o channel discharges 

directly into a second head tank (head tank (b) in Fig. 4.1), which is 



3.25m-wide and 



2.5m-long. This allowed the water to still before being discharged into the present 

experimental channels. Water entered the present meandering channels through a 



0.30m-

wide opening in the wall of the head tank (b).  

The sine-generated laboratory channels of initial deflection angles 



0  20o, 



45o 

and 



95o (Fig. 4.2) were 



0.30m-wide (



B 0.30m). Following the relation 



M  2B, due 

to Yalin (1992), the meander wavelength of each channel was 



1.885m. Each meandering 

channel progressed for a total of two meander lengths, the channel length being 



3.887m, 



4.427m, and 



8.903m for the 



20o, 



45o and 



95o channel, respectively. The first and last 

section of each meandering channel coincided with apex sections, with the upstream-ends 

connected to a 



0.75m-long straight approach channel. The walls were made of 

acrylonitrile butadiene styrene (ABS plastic) of thickness 



2.5mm. The sediment in each 

channel consisted of a well-sorted silica sand having average grain size (



D50) equal to 



0.65mm, 



D16 and 



D84  being 



0.42 and 



0.85mm, respectively. The specific density of the 

sand was assumed to be equal to 



2.65. 

A tailgate installed at the downstream-end of the channels was used to control the 

free surface slope. The downstream-ends of the channels were connected to a sand 

collection channel for the purpose of retaining the sediment exiting the channel during 
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Fig. 4.2. Schematics of the experimental channels (



c 1.25  and 



2.25 at cross-sections 



91 and 



93, respectively): (a) 



20o meandering channel; (b) 



45o meandering channel; (c) 



95o meandering channel 
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the experimental runs. Photographs of the 



20o, 



45o and 



95o meandering channels are 

shown in Fig. 4.3. 

 

 

 

Fig. 4.3. Photographs of laboratory meandering channels: (a) 



20o-channel; (b) 



45o-

channel; (c) 



95o-channel 

 

 

a) b) 

c) 
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4.2.2 Experimental procedure 

The experimental procedure for the present series of runs was similar to the procedure 

followed in the experimental runs described in Chapter 2. In all runs the flow rate 



Q  was 

kept constant. Each run started from a flat bed having zero radial slope and a specified 

longitudinal bed slope 



Sc  (flat initial bed at 



t  0). To achieve “uniform” flow conditions 

the tailgate at the downstream-end of the channels was set so that the free surface slope 



S f  along the channel centreline (assumed to be representative of the channel-averaged 

free surface slope) was identical to the slope of the flat initial bed 



Sc . The channel-

averaged flow depth 



hav was identified with the (identical) flow depth 



h0  at the centreline 

of the four consecutive crossover sections 



11, 



12, 



13 and 



14  (see Fig. 4.2). The flow depth 



h0  at each crossover-section was obtained as the difference between the free surface 

elevation measured immediately after the “uniform” flow conditions were established and 

the elevation of the flat initial bed surface 



(zb )0 . Values of the flow depth 



h0  were 

measured to a precision of 



0.1cm . The minimum reading of 



h0  (



 7.2cm  in Run 95-3M) 

produced a maximum relative error in 



h0  readings of 



1.39%.  

 The flow rate 



Q was measured with the aid of the V-notch weir located at the 

downstream end of the stilling tank (see Fig. 4.1). The flow passing over the weir was 

determined from the well-known expression for a V-notch weir with a central angle of 



90o, 



Q Cd 2.36hw

5/ 2, where 



hw  is the head over the weir measured in metres and 



Q  is in 



m3 /s (see e.g. Streeter and Wylie 1985). El-Tahawy (2004) determined the coefficient of 

discharge 



Cd  for this weir, concluding that for 



Q 0.030m3 /s, 



Cd  0.46. The head 

over the weir 



hw  was measured with a point gauge installed 



1.20m upstream of the weir. 

Readings of 



hw  were only recorded after the flow over the weir had reached steady-state 
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conditions. Values of 



hw  were measured to a precision of 



0.3mm. The minimum value of 



hw  (



 7.5cm in Runs 45-1 and 95-1) produced a maximum relative error in 



hw  readings 

of 



0.40%.  

 Each individual run was conducted three times, yielding one main run and two 

auxiliary runs for each set of flow conditions. First, an auxiliary run was conducted by 

allowing the bed to deform under the action of flow until a time well beyond equilibrium 

conditions had been reached (by visual inspection). In this run, no sediment was fed at 

the channel entrance. The volume of sediment accumulating in the sand collection 

channel was measured at regular time intervals. This value was then used to determine 

how much sediment to feed at the channel entrance for the subsequent runs (Section 

4.2.3.2). This run was also used to roughly estimate the duration of bed development in 

order to determine the length of the subsequent runs. The main experimental run was 

carried out in a series of time-steps where the flow was stopped at predetermined times in 

order to monitor the bed deformation with the passage of time. Throughout the entire run 

a specified volume of sediment (determined from the first auxiliary run) was 

continuously fed in the straight-approach channel so as to be evenly distributed into the 

incoming flow. At the end of each time-step the flow was stopped and the water was 

slowly drained from the channel to enable bed elevation measurements. At the end of 

each time-step, the sediment accumulated in the sand collection channel was removed for 

measurement purposes. Care was taken to not disturb the bed in stopping and re-starting 

the runs. After the main run was completed, a second auxiliary run was carried out. This 

run was conducted as a continuous run (no stoppages) with sediment being fed in the 

straight-approach channel throughout the entire run. The duration of the second auxiliary 
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run was equal to the total duration of the main run. This run was used as a means to 

record the final bed surface elevation for comparison with the results from the main run. 

 The bed elevation measurements at the different time-steps of the main run as 

well as at the end of the second auxiliary run were conducted at 



33 equally spaced cross-

sections between cross-section 



91 and 



93 (see Fig. 4.2). The distance between 

consecutive measurement cross-sections was 



6.07cm , 



6.92cm  and 



13.95cm  for the 



20o, 



45o and 



95o channel, respectively. This corresponds to a dimensionless distance 



c  0.03125  (where 



c  lc /L). Cross-sections were numbered according to their 

respective meander loop in the channel, 



1, 



2 and 



3. For each meander loop the 



16 

equally spaced measurement cross-sections were numbered 



1i  to 



16i , the subscript 



i  (



1, 



2 or 



3) indicating the loop (



1, 



2 or 



3) to which the cross-section belongs. In this and 

the next chapter, 



c  is defined as equal to 



0 at cross-section 



11. The measurement region 

thus extends from 



c  0.25  (apex 



a1) to 



1.25 (apex 



a3).  

 At each cross-section the bed elevation was measured at 



17 equally-spaced 

points, the distance between points being 



1.75cm . The first and last bed elevation 

measurement points were located 



1.00cm  from the left and right banks (corresponding to 



n  14.00cm  and 



n 14.00cm , or 



  0.4667 and 



  0.4667, where 



  n /B). The 

bed elevation measurement device consisted of 



17 vertical rods installed on a horizontal 

bar resting on the (leveled) top of the channel walls. Each rod was individually lowered 

until the pointer on the rod touched the bed surface. All bed surface elevation 

measurements were carried out by using as reference level (datum) a horizontal plane 

located 



25.0cm  below the top of the channel walls. Readings of 



zb  were measured to a 

precision of 



0.1cm . The minimum reading of 



zb  (



8.3cm  in Run 95-3M) produced a 
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maximum relative error in 



zb  readings of 



1.20%. The elevation of the free surface at each 

crossover section (i.e., 



11, 



12, 



13 and 



14 ) was also monitored and recorded throughout the 

duration of the runs.  

 In the present runs the material moved as bed-load only. The sediment collected 

in the sand collection channel (at the end of each time-step of the main and first auxiliary 

runs) was measured volumetrically using a water-displacement method. A known volume 

of water was added to a 



1000mL  graduated cylinder. Each fully saturated sediment 

sample was then added into the cylinder and the final height of water was recorded. The 

volume of fully saturated sediment 



Vse, was then determined as the difference between 

the final volume (water and sediment) and the initial volume (only water). Values of 



Vse 

were measured to a precision of 



10mL . The minimum value of 



Vse (



140mL in Run 45-

1.A2) produced a maximum relative error in 



Vse readings of 



7.14%. 

 

4.2.3 Specification of runs 

4.2.3.1 Hydraulic conditions 

In total 12 runs were conducted in the three experimental channels, the hydraulic 

conditions in the main and auxiliary runs being as summarized in Tables 4.1 and 4.2, 

respectively. Here 



uav  channel-averaged velocity, 



v  shear velocity, 



(c f )av  

channel-averaged dimensionless (Chézy) friction factor, 



R  flow Reynolds number, 



F  Froude number, 



R   roughness Reynolds number, 



Y /Ycr  relative flow intensity 

(where 



Y  mobility number and 



Ycr   value of 



Y  at the stage of initiation of sediment 

transport), and 



(qsb)av  channel-averaged  specific volumetric bed-load rate. As per Eq. 

(1.34) in Yalin and da Silva (2001), 



Ycr  for the present sand was identified with 



0.031.
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Table 4.1. Summary of hydraulic conditions in main runs (



B 0.30m; 



D0.65mm) 

 

 

Table 4.2. Summary of hydraulic conditions in auxiliary runs (



B 0.30m; 



D0.65mm) 

 

 



 84 

The values of 



(qsb)av  reported in Table 4.1 were obtained based on the measurements 

described in the previous section. Further details on the evaluation of 



(qsb)av  are given in 

Section 4.2.3.3. 

Five runs were carried out in each of the 



45o
 and 



95o
 channels, and two runs in 

the 



20o
 channel. The reasons for conducting only two runs in the 



20o
 channel will be 

discussed in Section 4.3.4.  The parameters of the experimental runs were selected so as 

to assess the bed deformation over the greatest possible range possible of 



Y /Ycr , 



Z  and 



B /hav . The ranges of achievable 



Y /Ycr  and 



Z -values were constrained by the size of the 

present experimental facilities. In order to keep 



B /hav 10, the values of flow depth 



hav 

were restricted to 



3.0cm (i.e., 



Z 45). Based on this constraint, the range of values 

of 



Y /Ycr were restricted to 



5.0  in order to ensure sub-critical flow conditions (i.e., 



F 1.0) in all runs.  

Taking into account these experimental limitations, two groups of runs were 

devised for the 



45o and 



95o channels. The first group included three runs where it was 

aimed to have 



hav  2.0cm  (i.e., 



Z  30 and 



B /hav 15); the second group included two 

runs, where it was aimed to have 



hav  3.0cm (i.e., 



Z  45 and 



B /hav 10). Within the 

first group of runs (i.e., Runs 45-1 to 45-3 and Runs 95-1 to 95-3) the value of the 

longitudinal bed slope 



Sc  was increased from 



1/200 to 



1/130 (yielding an increase in 



Y /Ycr-values from 



 3.00 to 



 4.65). Within the second group of runs (i.e., Runs 45-4 to 

45-5 and Runs 95-4 to 95-5) the value of 



Sc  was increased from 



1/250 to 



1/200 

(yielding an increase in 



Y /Ycr  from 



 3.60 to 



 4.50).  

The conditions in Run 20-1 were similar to those in the first group of 



45o and 



95o 

runs (i.e., 



hav  2.17cm, 



Z  33.4 and 



Y /Ycr  3.26); and the conditions in Run 20-2 
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were similar to those of the second group of 



45o and 



95o runs (i.e., 



hav  2.91cm, 



Z  44.8 and 



Y /Ycr  4.99). 

In all runs the flow was in the transitional regime of turbulent flow 

(



 5  R  70). The total duration of each run is as shown in Tables 4.1 and 4.2. The 

bed elevation measurement times for all runs are displayed in Table 4.3. 

 As stated in Chapter 1, the aim of the present work is to investigate the large-scale 

“forced” bed deformations induced by the curvature of the stream. Therefore, the 

experimental conditions of all runs were selected also so as to minimize as much as 

possible the occurrence of small-scale bed forms (namely, dunes, ripples and bars), 

superimposed on the large-scale bed deformation (see Appendix A for a discussion of 

this aspect). 

 

Table 4.3. Measurement times of bed surface elevation (



t  0 at beginning of runs) 

Run Measurement times [min] 

20-1M 15.0 25.0 35.0 45.0 55.0 65.0 

20-2M 4.0 8.0 12.0 16.0 22.0 28.0 

45-1M 9.0 18.0 27.0 36.0 45.0 54.0 

45-2M 6.0 12.0 18.0 24.0 32.0 40.0 

45-3M 4.5 9.0 13.5 18.0 24.0 32.0 

45-4M 8.0 16.0 24.0 32.0 44.0 56.0 

45-5M 5.0 10.0 15.0 20.0 30.0 40.0 

95-1M 10.0 20.0 30.0 42.0 54.0 70.0 

95-2M 7.0 14.0 21.0 31.0 41.0 54.0 

95-3M 5.0 10.0 15.0 22.0 29.0 39.0 

95-4M 7.0 14.0 21.0 30.0 39.0 52.0 

95-5M 5.5 11.0 16.5 23.5 30.5 42.0 
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4.2.3.2 Volume of sediment fed to channel in main and second auxiliary runs 

The determination of the sediment to feed to the channel during the main and second 

auxiliary runs is clarified below. For this purpose, consider Fig. 4.4, showing as examples 

the plots of 



Vse versus time for the first auxiliary runs 45-2.A1 and 95-1.A1. The 

complete set of plots of 



Vse versus time for all first auxiliary runs are presented in 

Appendix B.1. In all runs, a consistent point-pattern is exhibited; 



Vse-values decrease 

exponentially with the passage of time until an approximate constant value of 



Vse, termed 



(Vse)const, is reached. This trend is illustrated in Fig. 4.4 by the smooth exponential lines 

decreasing until the value of 



(Vse)const is reached for each respective run.  

 The larger values of 



Vse observed during the early stages of the experimental runs 

are associated with the formation of the pool-bar complexes (see discussion in Section 

3.4). More specifically, they are due to the volume of sand that is eroded from the pool 

developing in the last meander loop and transported downstream by the flow. Once the 

bed features in the channel are fully formed (i.e., once the bed has reached equilibrium 

conditions) the values of 



Vse remain approximately constant with the passage of time. As 

follows from the discussion in Section 3.4, this constant value of 



Vse (i.e., 



(Vse)const) is to 

be identified with the volume of sand required to be fed at the channel entrance to ensure 

that the initial average level of the bed surface is preserved. Table 4.4 presents the values 

of 



(Vse)const for all first auxiliary runs. 

The volumes of sediment fed into the channel in both the main and second 

auxiliary runs were identified with the values of 



(Vse)const in Table 4.4. 
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Table 4.4. Values of 



(Vse)const resulting from first auxiliary runs 

Run (Vse)const   

[m
3
/s] 

20-1.A1 1.60E-06 

20-2.A1 3.15E-06 

45-1.A1 1.60E-06 

45-2.A1 2.60E-06 

45-3.A1 3.72E-06 

45-4.A1 1.65E-06 

45-5.A1 2.65E-06 

95-1.A1 2.00E-06 

95-2.A1 3.00E-06 

95-3.A1 3.27E-06 

95-4.A1 2.30E-06 

95-5.A1 2.63E-06 

 

4.2.3.3 Representative bed-load rate 

The values of 



Vse were also measured throughout the main runs. A complete set of the 

plots of 



Vse versus time for the main runs is included in Appendix B.2.  

 The values of 



(Vse)const were determined from these plots and then converted to 

values of representative bed-load rate with the aid of the relation 



(qsb)av  (Vse /B) (1 p), 

where 



p  is porosity (assumed equal to 



0.35 for the present sand). The resulting values of 



(qsb)av  are included in Table 4.1 in the second-to-last column. 

 

4.3 Experimental observations and results 

4.3.1 General observations 

As evidenced by many of the plots in subsequent sections, and in complete agreement 

with the observations in the experiments in Chapters 2 and 3, in all runs the bed was 

observed to deform rapidly during the early stages of the run and slow down considerably 
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Fig. 4.4. Plot of 



Vse versus time 



t  for: (a) Run 45-2.A1; (b) Run 95-1.A1 

 

with the passage of time. The bed deformed by developing a series of laterally-adjacent 

deposition bars and erosion pools of length 



L /2. The location in flow plan of the 



L /2-

long erosion-deposition zones varied depending on sinuosity, this variation being 

generally consistent with the findings of da Silva and El-Tahawy (2008) (see Section 

1.2.4). Small dunes were observed to develop in the erosion pools during the course of 
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the experimental runs due to the flow depth becoming larger over the pools as the bed 

deformed. The dunes, while never exceeding a few centimeters in height, became 

increasingly prominent with time as the bed became more deformed. 

 Appendix C shows the plots of averaged bed surface elevation 



(zb )cs versus time 

for all runs. As can be inferred from Figs. C.3 to C.7, the average bed surface elevation 

remained approximately constant throughout the 



45o runs, with the average bed level 

along the channel oscillating around the initial bed level. A similar trend was observed in 

the runs carried out in the 



95o channel (as shown in Figs. C.8 to C.12 in Appendix C). 

While oscillation around the initial bed surface elevation is observed throughout the 

channel, consistent deviation from this elevation is observed at specific locations in all 

runs. Sharp decreases in 



(zb )cs followed by a slightly elevated bed level, which become 

increasingly prominent at the later times of the run, can be seen in Figs. C.8 to C.12. This 

aspect will be further discussed in Section 4.3.2 in light of the results of the experimental 

runs in the 



95o channel. The 



(zb )cs-trend observed in the 



20o channel varied significantly 

from the observations in the 



45o and 



95o channels. Despite feeding sediment, a 

consistent lowering of the average bed surface elevation was observed. As shown in Figs. 

C.1 and C.2 in Appendix C, values of 



(zb )cs in the region 



0.50  c 1.00  fall 

significantly below the initial bed surface elevation. There is considerable deviation at 



c  0.85 (at cross-section 



122) where values of 



(zb )cs fall 



1.0cm  below the initial 

bed surface elevation. This observation will be further discussed in Section 4.3.4 together 

with the results from the runs in the 



20ochannel.  

 Specific observations for the experimental runs in each channel will be discussed 

separately in the sub-sections below. As described above, the flow was stopped at 
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specified time intervals in the main experimental runs in order to facilitate the 

measurements of the bed surface elevation. A discussion on the effect of stopping and re-

starting the flow on the final bed topographies is presented in Appendix D.  

 

4.3.2 95-degree channel 

To illustrate the conditions of the runs carried out in the 



95o channel, Figs. 4.5 and 4.6 

show the bed elevation contour-plots and longitudinal bed profiles for Run 95-2M 

(



B /hav 14.79). The longitudinal bed profiles correspond to 



  0.4083, i.e., to 

locations situated 



2.75cm  from both the right and left banks. Bed elevation contour-plots 

and longitudinal profiles for all other runs conducted in the 



95o channel can be found in 

Appendix E.1. 

 In the measurement region, the morphological conditions were observed to repeat 

themselves from loop to loop, demonstrating that conditions in the channel seemed 

periodic. In all runs the upstream-ends of the 



L /2-long erosion-deposition zones were 

situated between cross-sections 



2 i  and 



3i  (see Fig. 4.2), and the downstream-ends, 

between cross-sections 



2i1 and 



3i1, irrespective of values of 



Y /Ycr, 



Z  and 



B /hav . In 

order to more accurately assess the location in flow plan of the erosion-deposition zones, 

the 



Ev;Dv-plots for Run 95-2M at 



t  7.0, 



14.0 and 



41.0min  are shown in Fig. 4.7 

(



Ev;Dv-plots for all other runs in the 



95o channel can be found in Appendix E.1; see 

Section 3.5 for definition of 



Ev;Dv-plots). From Fig. 4.7, it follows that the upstream-end 

of the 



L /2-long erosion-deposition zone is located at 



c  0.55 and the downstream-end 

located at 



c 1.05. This location corresponds to a value of 



  0.050. From the bed 
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Fig. 4.5. Bed elevation contour-plots for Run 95-2M, 



Sc 1/160 and 



B /hav 14.79  
(contours based on 



zb  values; units are 



cm ; flow from left to right): (a) at 



t  7.0min ; 

(b) at 



t 14.0min ; (c) at 



t  21.0min ; (d) at 



t  31.0min ; (e) at 



t  41.0min ; (f) at 



t  54.0min  
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Fig. 4.6. Longitudinal bed profiles corresponding to 



n  0.1225m (



  0.4083) for 

Run 95-2M (



Sc 1/160; 



B /hav 14.79): (a) at 



t  7.0, 



14.0 and 



21.0min ; (b) at 



t  31.0, 



41.0 and 



54.0min  
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Fig. 4.7. 



Ev;Dv-plots for Run 95-2M at times 



t  7.0, 



t 14.0 and 



41.0min  (abscissa 



c  lc /L ; 



c  0  at cross-section 



11) 

 

elevation contour-plots and 



Ev;Dv-plots no evidence of the bars shifting upstream or 

downstream with the passage of time can be detected. 

As can be inferred from Figs. 4.5 and 4.6, in all runs the bed deformed by 

developing erosion-deposition zones of length 



L /2. As the bed developed, the erosion 

pools split into two distinct pool features. The development of multiple pools initiated 

during the early stages of each run. As shown in Fig. 4.6, the presence of multiple pools 

was detected by the first time-step (i.e., 



t  7.0min) in Run 95-2M. However, the 

longitudinal bed profile for Run 95-4M (see Fig. E.8 in Appendix E.1) reveals that while 

only one pool was present at the end of the first time-step (i.e., 



t  7.0min), by the end of 

the second time-step (i.e., 



t 14.0min ) the erosion pool had split into two distinct pools. 
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The location in flow plan of the multiple pools was near-identical in each run. As shown 

in Fig. 4.6, the first pool was situated between 



c  0.55 and 



c  0.80, and the second 

pool was situated between 



c  0.80 and 



c 1.05. Once formed, their location in flow 

plan remained invariant with the passage of time. The presence of the second pool 

coincides with the sharp decrease in average bed level noted in the plots of 



(zb )cs versus 

time in Appendix C (refer to Figs. C.8 to C.12), suggesting that this feature is responsible 

for the overdeepening of the average bed level followed by an elevated average bed level 

to balance the difference. In addition to multiple pools in the present 



95o runs, dunes 

became prominent in the deeps at the later times of the runs. These dunes were 

superimposed on top of the large-scale bed morphology, and were observed to develop 

mainly in the second pool between 



c  0.80 and 



c 1.05, as can be observed by the 

fluctuating 



zb -values in Fig. 4.6 between these 



c -values. 

The presence of multiple pools in large amplitude meandering streams has been 

previously noted in the field (see e.g. Kinoshita 1961) and in laboratory experiments (see 

e.g. Struiksma et al. 1985; Whiting and Dietrich 1993b,c; Parker and Johannesson 1989; 

Blanckaert 2010). A more detailed discussion on the development of multiple pools in 

meandering streams and their presence in the present series of runs is included in 

Appendix F.  

 The developed morphology shown for Run 95-2M is representative of those 

observed in Runs 95-1M and 95-3M, where 



B /hav 15.0. Lower values of 



B /hav  in 

Runs 95-4M and 95-5M produced some notable differences in bed morphology. The 

decrease in 



B /hav  from 



15.0 to 



10.0 produced erosion pools that initiated further 

towards the channel centreline, as shown in Figs. E.7 and E.10. As shown in Fig. 4.5, in 
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Runs 95-1M, 95-2M and 95-3M, where 



B /hav 15.0, the erosion pools began to form 

along the outer bank of the channel. The influence of 



B /hav  on the shape of the erosion 

pools was previously observed by da Silva and El-Tahawy (2008) who conducted a series 

of runs in a 



70o sine-generated channel, where 



B /hav  was varied. In their runs, da Silva 

and El-Tahawy (2008) observed that the location of the erosion pool formed at a location 

closer to channel centreline in runs with lower 



B /hav .  

 

4.3.3 45-degree channel 

To illustrate the conditions of the experimental runs in the 



45o channel, Figs. 4.8, 4.9 and 

4.10 show the bed elevation contour-plots, longitudinal bed profiles (corresponding to 



  0.4083) and 



Ev;Dv-plots for Run 45-2M (



B /hav 14.63). Bed elevation contour-

plots, longitudinal bed profiles and 



Ev;Dv-plots for all other runs conducted in the 



45o 

channel are included in Appendix E.2. 

In all runs the bed deformed by developing one erosion pool and one deposition 

bar per 



L /2-long channel region. In contrast to the 



95o channel, no multiple pools 

formed. As can be inferred from Figs. 4.8, 4.9 and 4.10, there were some noticeable 

differences between the bed topography in consecutive loops, common to all runs 

conducted in the 



45o channel, which became more pronounced with the passage of time. 

On the basis of measurements in a 



30o channel by da Silva et al. (2006), the flow at the 

initial stages is not expected to differ appreciably from loop to loop. This likely explains 

why the morphological conditions in each loop at the early stages are similar to each 

other, as can be inferred from Fig. 4.8(a) and Fig. 4.9(a). Furthermore, the trend in the 



Ev;Dv-plot for 



t 12.0min  (as shown by the solid line in Fig. 4.10) demonstrates very 
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Fig. 4.8. Bed elevation contour-plots for Run 45-2M, 



Sc 1/150 and 



B /hav 14.63 

(contours based on 



zb  values; units are 



cm ; flow from left to right): (a) at 



t  6.0min ; 

(b) at 



t 12.0min ; (c) at 



t 18.0min ; (d) at 



t  24.0min ; (e) at 



t  32.0min ; (f) at 



t  40.0min  
 

similar conditions from loop to loop, both in magnitude of erosion and deposition as well 

as in overall bar-pool pattern. However, as the runs progressed, the pool that formed at 

the upstream end of the channel did not become as prominent as the next pool. The same 

applies to the bars, as the size and shape of the first bar (located just downstream of bed 

elevation measurement section 



91 – refer to Fig. 4.2) differed more and more from the 

second as time passed during a run. The bar in the first loop is considerably shorter, and 

as illustrated in Fig. 4.9, it did not grow to the same magnitude as the bar in the second 

loop. The first bar also exhibited a less steep upstream slope than the second bar. 
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Fig. 4.9. Longitudinal bed profiles corresponding to 



n  0.1225m (



  0.4083) for 

Run 45-2M (



Sc 1/150; 



B /hav 14.63): (a) at 



t  6.0, 



12.0 and 



18.0min ; (b) at 



t 24.0, 



32.0 and 



40.0min  
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Fig. 4.10. 



Ev;Dv-plots for Run 45-2M at times 



t 12.0 and 



40.0min  (abscissa 



c  lc /L ; 



c  0  at cross-section 



11) 

 

Similarly to what happened in the experiments in the 



70o-channel (see Chapter 2), the 

reason for the first bar to not reach the same magnitude is the break-up of channel 

periodicity at the channel entrance. As a result, there was insufficient material supplied 

from the erosion of the upstream pool to build the first bar. The interaction of this 

uncharacteristic bar morphology with the flow field caused the location of the pool in the 

first loop to be located further downstream and to not erode to the same depth as the pool 

in the second loop. This difference in depth of erosion and shape of pool is clearly shown 

in Fig. 4.9(b). In addition to the first pool not reaching the same depth, this figure also 

shows the location of maximum erosion within the pool to be different. The maximum 

erosion in the second pool was located near the beginning of the pool (



c  0.80), while 
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the maximum depth of erosion in the first pool was located at the middle of the pool 

(



c  0.45). 

On the basis of the aforementioned, the characteristic location in flow plan of the 



L /2-long erosion-deposition zones for the runs conducted in the 



45o channel is identified 

with the beginning of the second zone at the first measurement time. As revealed by the 



Ev;Dv-plot at 



t 12.0min  (shown in Fig. 4.10), this coincides with 



c  0.70 (i.e., at a 

location between bed elevation measurement sections 



72  and 



82), corresponding to a 

value of 



  0.20. 

The growth of the bars had some effect on the development of the bed in the 

downstream region between the tip of the point bar and the inner bank. As shown in Fig. 

4.8, the bars appeared to shield the bed in this region from undergoing significant bed 

elevation changes. This phenomenon was also observed by da Silva and El-Tahawy 

(2008), who carried out a series of experimental runs in a 



70o sine-generated channel. In 

the present runs this is further evidenced in Fig. 4.9 where relatively flat topography in 

the regions shielded by the bars, namely in the regions 



0.50  c  0.70  and 



0.95   1.10, is observed. The extent of shielding became less pronounced with time.  

 The location in flow plan of the 



L /2-long erosion-deposition zones remained 

fixed in flow plan throughout each run. However, the location of maximum erosion in the 

pools was observed to shift upstream during the early stages of each run. As exhibited in 

Fig. 4.9, the location of maximum erosion in the second loop shifts slightly upstream 

until 



t 18.0min , after which it remains relatively fixed at 



c  0.80. This trend is 

consistent with the observations in the experiments in the 



70o-channel in Chapter 3 and 

the observations by Whiting and Dietrich (1993b,c). 
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 Small dunes were observed to develop primarily in the erosion pools in all runs. 

While smaller than those observed in the 



95o runs, these dunes became increasingly 

prominent at the later times of the runs. Evidence of dune presence is shown at the later 

times of the longitudinal bed profiles (Fig. 4.9) in the erosion pools in the regions 



0.35  c  0.60  and 



0.85  c 1.05 . 

 Consistent with previous findings (see Chapter 2), flow conditions (namely 



Y /Ycr  

or the sediment transport capacity) had no noticeable effect on the location in flow plan 

of the 



L /2-long erosion-deposition zones. However, as observed in the 



95o channel, 

reducing 



B /hav  from 



15.0 in Runs 45-1M, 45-2M and 45-3M to 



10.0 in Runs 45-4M 

and 45-5M had an effect on the morphology of the erosion pools. Bed elevation contour-

plots for Run 45-5M where 



B /hav 10.05  (see Fig. E.22 in Appendix E.2.) show the 

location of the erosion pools initiating further towards the centreline of the channel, while 

in Run 45-2M where 



B /hav 14.63 (see Fig. 4.8) the erosion pool initiates near the outer 

channel bank.  

 

4.3.4 20-degree channel 

To illustrate the conditions of the experimental runs in the 



20o channel, Figs. 4.11, 4.12 

and 4.13 show the bed elevation contour-plots, longitudinal bed profiles (corresponding 

to 



  0.4083) and 



Ev;Dv-plots for Run 20-1M (



B /hav 14.63). Bed elevation contour-

plots, longitudinal bed profiles and 



Ev;Dv-plots for Run 20-2M (



B /hav 10.31) are 

included in Appendix E.3. 

The bed deformation process starts the with typical curvature-induced (“forced”) 

bed deformation expected in a meandering channel of small sinuosity, with the pool-bar 
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Fig. 4.11. Bed elevation contour-plots for Run 20-1M, 



Sc 1/200 and 



B /hav 13.82  

(contours based on 



zb  values; units are 



cm ; flow from left to right): (a) at 



t 15.0min ; (b) at 



t  25.0min ; (c) at 



t  35.0min ; (d) at 



t  45.0min ; (e) at 



t  55.0min ; (f) at 



t  65.0min  
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Fig. 4.12. Longitudinal bed profiles corresponding to 



n  0.1225m (



  0.4083) for 

Run 20-1M (



Sc 1/200;



B /hav 13.82): (a) at 



t 15.0, 



25.0 and 



35.0min ; (b) at 



t  45.0, 



55.0 and 



65.0min  
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Fig. 4.13. 



Ev;Dv-plots for Run 20-1M (



Sc 1/200;



B /hav 13.82) at times 



t 15.0 and 



65.0min  (abscissa 



c  lc /L ; 



c  0  at cross-section 



11) 

 

complexes centred at the crossover-sections. This can be inferred from the contour-plot in 

Fig. 4.11(a), the longitudinal bed profile corresponding to 



t 15.0min  in Fig. 4.12(a), 

and the 



Ev;Dv-plot corresponding to 



t 15.0min  in Fig. 4.13. However, from the early 

stages of the runs, it became apparent that the formation of alternate bars superimposed 

on the large-scale curvature-induced bed deformation was occurring. This is illustrated in 

Figs. 4.11 and 4.12 showing the bars and pools elongating (growing) in the downstream 

direction with the passage of time, which is consistent with the development process of 

alternate bars. From the 



Ev;Dv-plots corresponding to 



t  65.0min  and 



t 15.0min  (see 

Fig. 4.13), it is clear that there is a significant elongation in the downstream direction of 

the erosion-deposition pattern over the course of the run. As a consequence of this, the 
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erosion-deposition zones now appear to be significantly longer than 



L /2. The erosion-

deposition pattern displays gently sloping upstream slopes and steep lee faces as 

illustrated in Fig. 4.14, showing the longitudinal bed profiles corresponding to 



  0.0583 (a location near the stream centreline) for the later times of Run 20-1M. 

While the shape of the bar is noticeable in the contour-plots shown in Fig. 4.11, the bars 

are also especially prominent in the contour-plots for Run 20-2M shown in Fig. E.25 in 

Appendix E.3. 

 

 

Fig. 4.14. Longitudinal bed profiles corresponding to 



  0.0583 for Run 20-1M 

(



Sc 1/200; 



B /hav 13.82) at 



t  45.0, 



55.0 and 



65.0min  

 

While the bars are observed to elongate in the downstream direction as they 

develop, the alternate bars formed in this channel are non-migrating bars. This is 
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consistent with their plotting position in Fig. 4.15 due to Whiting and Dietrich (1993a), 

defining a criterion for the occurrence of non-migrating versus migrating alternate bars in 

small sinuosity channels. 

 

 

Fig. 4.15. Plot of 



0  versus 



M /B depicting the boundary between migrating and non-

migrating alternate bars (after Whiting and Dietrich 1993a) 
 

Due to the occurrence of overlapping phenomena (curvature-induced bed 

deformation and alternate bars), with maximum erosion occurring at different locations, 

in the region just downstream of apex 



92 the channel exhibits erosion from one side to 

the other.  This is noticeable from the contour-plots in Figs. 4.11 and E.25, as well as 

from the significant “dip” at 



c  0.85 in the 



Ev;Dv-plots in Fig. 4.13. This is also 
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noticeable from the downward deviation from the average bed surface elevation in the 

plots of 



(zb )cs versus 



c  shown in Appendix C (also occurring at 



c  0.85). 

The alternate bars in these experiments are quite pronounced and they completely 

obfuscate the development of the bar-pool complexes due to the stream curvature. Any 

conclusion regarding time of development is only applicable to the development of 

alternate bars, and therefore, these tests cannot be used to assess the time of development 

of the curvature-induced pool-bar complexes, as it represents a different phenomenon. 

Due to the presence of these features, only two runs were carried out in the 



20o
 channel. 

Results form these runs are removed from further analysis in this chapter as well as in 

Chapter 5. 

 

4.4 Determination of the bed development time and 



T (0) 

The duration of bed development was assessed based on an analysis of the difference 

between the 3-D geometric surface forming the channel bed at any time 



t  and the surface 

(plane) forming the initial flat bed at time 



t  0. This difference, termed 



(DS )t , increases 

with the passage of time, reaching a maximum value at 



t  Tb , after which values of 



(DS )t  remain approximately constant.  Complete details on this analytical procedure are 

given in Chapter 3 (Section 3.3) 

 The duration of bed development 



Tb  can be estimated from the various plots of 



(DS )t  versus 



t  for the present experimental runs. As examples, the plots of 



(DS )t  versus 



t  for Runs 45-2M and 95-4M are shown in Figs. 4.16 and 4.17, respectively. Plots of 



(DS )t  versus 



t  for the remaining experimental runs in the 



45o and 



95o-channels are 

presented in Appendix G. The totality of measured bed elevation values
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Fig. 4.16. Plot of 



(DS )t  versus 



t  for Run 45-2M 

 

Fig. 4.17. Plot of 



(DS )t  versus 



t  for Run 95-4M 
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from cross-section 



91 to 



93 was used for the calculation of 



(DS )t  for the runs in the 



95o 

channel. However, in the 



45o channel, only the region from cross-sections 



92 to 



93 was 

considered when calculating 



(DS )t , as this is the part of the channel where the conditions 

can be viewed as representative of those in a periodic channel. An exponential curve is 

drawn to best estimate the rate of bed development in each of the 



(DS )t  versus time plots. 

At the point where the curve flattens the bed is assumed to have reached equilibrium 

conditions (i.e., 



t  Tb). For Run 45-2M (shown in Fig. 4.16), the duration of bed 

development was determined to be 



Tb  35.0min . For this run, the value of 



(DS )Tb
 (where 



(DS )Tb
 is the value of 



(DS )t  at 



t  Tb) was equal to 



 480cm. As shown in Fig. 4.17, for 

Run 95-4M, the duration of bed development was determined to be 



Tb  45.0min  and 



(DS )Tb
1075cm . Table 4.5 summarizes the estimates of the duration of bed development 

for all runs, along with the corresponding values of 



(DS )Tb
. 

 

Table 4.5. Values of 



Tb , 



(DS )Tb
 and 



T (0) in the present runs 

Run Tb      

[min] 



(DS )Tb

 

[cm] 

T(0)

45-1M 60.00 510.00 0.1300 

45-2M 35.00 480.00 0.1271 

45-3M 30.00 490.00 0.1131 

45-4M 50.00 560.00 0.1223 

45-5M 40.00 640.00 0.1271 

95-1M 47.50 925.00 0.1525 

95-2M 33.50 940.00 0.1322 

95-3M 25.00 1000.00 0.1313 

95-4M 45.00 1075.00 0.1228 

95-5M 32.50 1150.00 0.1472 
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As can be inferred from the 



Tb -estimates in Table 4.5 and the hydraulic conditions 

of the runs summarized in Table 4.1, for similar flow conditions (i.e., for similar values 

of 



Y /Ycr and 



B /hav), the bed developed slightly more rapidly in the runs in the 



95o 

channel than in the 



45o channel.  

As follows from the 



(DS )t -plots, the present values of 



Tb  are subject to a certain 

degree of error or approximation in their estimation. Due to the fact that the duration of 

bed development is estimated from six data points of 



(DS )t  measured throughout the 

development process, it is safe to conclude that the actual values of 



Tb  are 



 5.0min  from 

the estimated values of 



Tb  presented in Table 4.5. Values of 



(DS )t  are also expected to 

vary in the range 



 20cm . 

Following the formulation for the bed development time presented in Eq. (4.1), 

the value of 



T (0) was calculated for each run (i.e., 



T (0)  (Tb (qsb)av) /B2), as shown 

in Table 4.5. For the runs conducted in the 



45o channel, the values of 



T (0) ranged 

from 



0.1131 to 



0.1300, with an average value of 



T (0  45o)  0.1239. For the runs 

carried out in the 



95o channel, the values of 



T (0) varied from 



0.1228 to 



0.1525, with 

an average value of 



T (0  95o)  0.1372 . 

 

4.5 Concluding remarks 

A series of experimental runs were conducted in three sine-generated laboratory channels 

of 



0  20o, 



45o and 



95o in order to assess the temporal features of the development of 

pool-bar complexes in meandering streams of varying sinuosity. In each laboratory 
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channel, two values of the width-to-depth ratio 



B /hav  were tested (



B /hav 15 and 



B /hav 10). The following specific conclusions are drawn from the present work: 

i) In all runs the bed was observed to develop rapidly during the early stages of the 

run, and slow down progressively with time as the bed approached equilibrium 

conditions. The beds deformed by producing a series of 



L /2-long erosion-

deposition zones that once formed, remained relatively invariant in flow plan with 

the passage of time. Similarity in equilibrium bed topographies was observed 

between runs carried out in the same experimental channel (i.e., same value of 



0 ) 

and with near-identical values of 



B /hav . The increase in flow depth 



hav (and 

corresponding decrease in 



B /hav) produced slightly different pool morphology; 

the location in flow plan of the 



L /2-long erosion-deposition zones remained 

approximately identical. 

ii) The primary difference in bed development amongst similar runs (i.e., same value 

of 



0  and similar value of 



B /hav) was the duration of bed development. In such 

runs the time for the bed to reach equilibrium conditions was observed to decrease 

with an increase in relative flow intensity 



Y /Ycr  (i.e., with an increase in sediment 

transport capacity).  

iii) Equilibrium bed topographies for runs conducted in the 



95o channel produced 



L /2-long erosion-deposition zones that were situated further upstream than the 

erosion-deposition zones produced by runs in the 



45o channel. For runs in the 



95o 

channel, the erosion-deposition zones were centred just downstream from apex-

sections (i.e., corresponding to a value of 



  0.05), while for runs in the 



45o 

channel the erosion-deposition zones were centred further downstream at a 
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location between the apex-section and crossover-section (i.e., corresponding to a 

value of 



  0.20). 

iv) Unlike the bed development observed in the 



45o channel and in the experimental 

runs conducted in a 



70o meandering channel (presented in Chapters 2 and 3), the 

bed deformation in the 



95o channel produced 



L /2-long erosion-deposition zones 

that consisted of one deposition bar and an erosion pool that split into two pools. 

The development of multiple pools in these runs is suggested to be caused by the 

interaction between the flow and channel curvature, combined with repeated 

topographic steering. 

v) The experimental runs conducted in the 



20o channel produced growing bar 

features that extended beyond the expected 



L /2 length, consistent with alternate 

bars. As the presence of these totally obscures the growth of the curvature-

induced pool-bar complexes, the results of these runs were therefore removed 

from further consideration in this and the next chapter. 

vi) The duration of bed development in all runs was determined following the method 

in Chapter 3 (see Section 3.3). For this method, the cumulative total change in the 

3-D geometric bed surfaces was analyzed. Equilibrium conditions were associated 

with the time at which the cumulative change in bed surface elevations reduced to 

an approximately constant value. For similar flow conditions (i.e., for similar 

values of 



Y /Ycr and 



B /hav), the bed developed slightly more rapidly in the 



95o 

channel than in the 



45o channel. 

vii) Following the formulation for the bed development time proposed in Chapter 2 

and presented in Eq. (4.1), values of 



T (0) were calculated for each run. On the 
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basis of the five runs carried out in the 



45o channel an average value of 



T (0  45o)  0.1239 was found (with values of 



T (0) ranging from 



0.1131 to 



0.1300). On the basis of the five runs carried out in the 



95o channel an average 

value of 



T (0  95o)  0.1372  was found (with values of 



T (0) ranging from 



0.1228 to 



0.1525). 
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Chapter 5 

 

Time of development and rate of growth of pool-bar complexes 

in meandering streams of varying sinuosity. Part 2. Analysis 

and predictive equations 

 

 

5.1 Introduction 

This chapter is a companion manuscript to the manuscript in Chapter 4. It has the 

following two objectives: 1 – to reveal the form of the function 



T (0) in Eq. (4.1), 

thereby developing this equation into its final form; and 2 – to establish an expression for 

the growth rate of pool-bar complexes in meandering streams. The chapter ends with 

some examples of application of the resulting equation for the duration of bed 

development 



Tb  to field examples, to illustrate the application of the method. 

 However, before proceeding further, it seems appropriate to start this chapter with 

a discussion of the validity of the formulation of the bed development time introduced in 

Chapter 2 (Section 2.2), carried out on the basis of the totality of the tests in Chapters 2, 3 

and 4, and conducted in the 



45o, 



70o and 



95o channels. For the sake of completeness, 

Table 5.1 presents a summary of the pertinent parameters in these tests. The reason for 

the column showing the values of 



Tbv /hav will be clarified in Section 5.2.1. 
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Table 5.1. Values of pertinent dimensionless parameters for the runs in the 



45o, 



70o and 



95o channels (



 16.4) 

Run 0 Y/Ycr  Z B/hav Tbv*/hav Tb(qsb)av/B
2
 

45-1M 45 3.25 33.25 13.88 5423.37 0.1300 

45-2M 45 4.11 31.54 14.63 3750.86 0.1271 

45-3M 45 4.64 30.88 14.94 3489.86 0.1131 

45-4M 45 3.86 49.46 9.33 3314.33 0.1223 

45-5M 45 4.49 45.94 10.05 3075.87 0.1271 

1 70 3.42 70.00 17.58 4771.98 0.0390 

2 70 4.97 63.70 19.32 4802.78 0.0624 

3 70 6.65 68.20 18.06 2876.42 0.0533 

4 70 8.69 66.80 18.43 2168.37 0.0566 

5 70 10.69 68.50 17.98 2036.63 0.0683 

95-1M 95 3.03 31.04 14.87 4443.83 0.1525 

95-2M 95 3.81 31.21 14.79 3494.27 0.1322 

95-3M 95 4.66 31.00 14.89 2902.80 0.1313 

95-4M 95 3.63 46.44 9.94 3078.33 0.1228 

95-5M 95 4.52 46.29 9.97 2489.61 0.1472 

 

 

 

5.2 Present formulation of meandering bed development time 

5.2.1 Basic dimensionless formulation as an alternative to the present formulation 

In order to discuss the present formulation of meandering bed development time, in this 

section the problem will first be considered by invoking exclusively dimensional 

principles. 

 As follows from Chapter 2 (Section 2.2(i)), any property 



A  related to the 

phenomenon under study can be expressed as 

 



A  fA (,, D, s,0,M , B, v, hav,  s (or vcr)),         (5.1) 
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where 



  fluid density, 



  fluid kinematic viscosity, 



D  typical grain size (



D50), 



s  

grain density, 



0  initial deflection angle of the stream, 



M  meander wavelength, 



B  flow depth, 



v  channel-averaged shear velocity, 



hav   channel-averaged flow 

depth, 



 s  specific weight of grains in fluid, and 



vcr   shear velocity at the critical 

stage. 

 Identifying 



A  with the bed development time 



Tb , and adopting 



 , 



v and 



hav as 

repeaters, one obtains from (5.1) the following functional relationship for the 

dimensionless time 



Tbv /hav: 

 



Tbv

hav


vhav


,

hav

D
,
s


,0,

M

hav

,
B

hav

,
v

2

 shav









          (5.2) 

 

or, equivalently, 

 



Tbv

hav

(0,M /B, X,Y, Z,W , B /hav),          (5.3) 

 

where 



X  vD/ is the grain size Reynolds number, 



Y  v
2 /( sD)  is the mobility 

number (commonly referred to also as Shields parameter), 



Z  hav /D is the relative flow 

depth and 



W  s / is the relative grain density. 

 The relation (5.3) is the functional relationship for 



Tb  for a sine-generated stream 

having any arbitrary values of 



M  and 



B. However, as pointed out in Chapter 2 (Section 

2.2), in natural alluvial streams the (average) meander wavelength 



M  is not arbitrary, 
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but rather related to the flow width by a simple proportionality (



M  const B). 

According to Yalin (1992), 



const 2 , i.e. 

 



M  2B.              (5.4) 

 

Considering this, the relation (5.3) can be reduced to 

 



Tbv

hav

(0, X,Y, Z,W , B /hav).           (5.5) 

 

Eq. (5.5) can be expressed equivalently as 

 



Tbv

hav

(0,,Y /Ycr, Z,W , B /hav),           (5.6) 

 

where 



  (X 2 /Y)1/ 3  (sD
3 / 2)1/ 3  is the material number and 



Y /Ycr  is the relative 

flow intensity. Here 



Ycr  is the value of 



Y  at the critical stage (stage of initiation of 

sediment transport). This, as is well-known, can be expressed in the form of the modified 

Shields function, of the form 



Ycr (). 

 The variable 



W  s / in (5.6) reflects the role of 



s. However, the grain mass, 

and thus 



s, is of importance only with regard to the (accelerated) motion of an 

individual grain (Yalin 1972, 1992). Since the present phenomenon is defined by grain 

motion en mass, the dimensionless variable 



Tbv /hav is thus likely to be a function of (at 

most) 



0 , 



, 



Y /Ycr, 



Z  and 



B /hav , i.e., 
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Tbv

hav

(0,,Y /Ycr, Z, B /hav).           (5.7) 

 

Clearly, the functional relationship (5.7) implies that in order to establish, for practical 

purposes, an expression for 



Tb , it would be necessary to reveal first the function of five 

variables, 



(0,,Y /Ycr, Z, B /hav). Such a task would require very extensive 

experimentation, involving systematic variation of all the variables involved – an 

undertaking that would certainly consume immense amount of time and resources. The 

incorporation of physical considerations into the formulation of bed development time in 

Chapter 2 (Section 2.2) enabled the derivation of the considerably simpler form 

 



Tb (qsb)av

B2
T (0).             (5.8) 

 

This relation implies that the development of a predictive equation for 



Tb  is a problem 

requiring the determination of the function of only one variable 



T (0), the involved 

determination of the function of five variables in (5.7) becoming totally redundant. Yet, 

the present deviation from a strict application of the 



-theorem may not be clearly 

obvious, and therefore it seems particularly worthwhile to demonstrate its validity with 

the aid of the data resulting from all the tests in this thesis. This forms the topic of the 

next section.  
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5.2.2 Discussion of formulations (5.7) and (5.8) 

For the present purposes, let us momentarily assume that the transformation (reduction) 

of (5.1) into (5.8), as done in Section 2.2, would not be valid. If that would be the case, 

then a clear implication is that the dimensionless time 



Tb(qsb)av /B2  would not be a 

function of 



0  only, but that instead it would still be dependent on some or all of 



0 , 



, 



Y /Ycr, 



Z  and 



B /hav . But this means that the experimental “proof” of the validity of the 

present formulation (5.8) consists of showing, with the aid of data, that in contrast to the 

combination 



Tbv /hav, the combination 



Tb(qsb)av /B2  indeed depends only on 



0 . 

 Taking this into account, consider first Figs. 5.1, 5.3 and 5.5, showing the plots of 

the experimental values of 



Tbv /hav versus 



Y /Ycr  for the runs in the 



45o, 



70o and 



95o 

channels, respectively. The earlier experimental run by Holzwarth (2006) is also included 

in Fig. 5.3. The hydraulic conditions for this run are given in Table 2.4: 



 16.4 , 



Y /Ycr  5.77, 



Z  36.9 and 



B /hav  33.3. In all experiments, the bed material had 



D0.65mm, and thus 



  const 16.4 . The diamonds in Fig. 5.1 correspond to Runs 

45-4M and 45-5M, having 



Z  48 and 



B /hav 10; the triangles correspond to Runs 45-

1M, 45-2M and 45-3M, having rather distinct values of 



Z  and 



B /hav  from those just 

cited, namely 



Z  32 and 



B /hav 14.5. The dashed lines are drawn so as to generally 

indicate the trend followed by the data-points. This figure clearly shows that all other 

parameters remaining constant, 



Tbv /hav is strongly dependent on 



Y /Ycr . The figure also 

suggests that there is sorting of the data according to values of 



Z  and/or 



B /hav . Indeed, 

note how the triangles (



Z  32;



B /hav 14.5) plot distinctly away from the dashed line 

passing through the diamonds corresponding to Runs 45-4M and 45-5M 

(



Z  48;



B /hav 10). Similar considerations apply to Figs. 5.3 and 5.5 (noting that in Fig.
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Fig. 5.1. Plot of experimental values of 



Tbv /hav versus 



Y /Ycr for the present runs in the 



45o channel 

 

 

 
Fig. 5.2. Plot of experimental values of 



Tb(qsb)av /B2  versus 



Y /Ycr  for the present runs in 

the 



45o channel 
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Fig. 5.3. Plot of experimental values of 



Tbv /hav versus 



Y /Ycr for the present runs in the 



70o channel (triangles) and the earlier run by Holzwarth (2006) in the same channel 

(diamond) 

 

 

             
Fig. 5.4. Plot of experimental values of 



Tb(qsb)av /B2  versus 



Y /Ycr  for the present runs in 

the 



70o channel (triangles) and the earlier run by Holzwarth (2006) in the same channel 

(diamond) 
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Fig. 5.5. Plot of experimental values of 



Tbv /hav versus 



Y /Ycr for the present runs in the 



95o channel 

 

 

 

 

Fig. 5.6. Plot of experimental values of 



Tb(qsb)av /B2  versus 



Y /Ycr  for the present runs in 

the 



95o channel 
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5.3 the dashed line passing through the diamond being an indication of the likely trend of 

variation with 



Y /Ycr of data having 



Z  37 and 



B /hav  33 (as well as 



0  70o and 



 16.4)). 

Consider now Figs. 5.2, 5.4 and 5.6, showing the plots of the experimental values 

of 



Tb(qsb)av /B2  versus 



Y /Ycr for the runs in the 



45o, 



70o and 



95o channels, respectively. 

Just like in Fig. 5.3, the triangles in Fig. 5.4 correspond to the present runs in the 



70o-

channel (Runs 1 to 5 in Table 5.1, having 



Z  67 and 



B /hav 18), while the diamond 

corresponds to the run by Holzwarth (2006) (



Z  36.9; 



B /hav  33.3). Let us for now 

disregard the data-point (triangle) at 



Y /Ycr  3.42  in Figs. 5.3 and 5.4, which will be 

individually discussed in the next paragraph. The remaining data-points in Figs. 5.2, 5.4 

and 5.6 exhibit neither a dependency on 



Y /Ycr , nor a trend for sorting according to 



Z  

and/or 



B /hav  (as reflected by the fact that the data merely “scatters” around the dashed 

horizontal lines in these figures). Rather, the data, even though scarce, suggests that 



Tb(qsb)av /B2  is indeed independent of 



Y /Ycr, 



Z  and/or 



B /hav . [Since the data used in this 

analysis correspond to a specified value of 



, it is not possible to shed any light on a 

possible dependency of 



Tb(qsb)av /B2  on 



.] On the other hand, as shown in Chapter 2 

(Section 2.6), there is strong evidence suggesting that 



Tb(qsb)av /B2  is strongly dependent 

on 



0 . Both the present experimental findings and those in Chapter 2 are congruent with 

the formulation (5.8). 

The present Run 1 in the 



70o-channel (



Y /Ycr  3.42) clearly plots substantially 

below the level of the dashed horizontal line “fitting” the remaining data in Fig. 5.4. 

Before discussing this point, it should first be noted that when 



Y /Ycr 1, then 



Tb  

and 



(qsb)av 0, that is, 



Tb(qsb)av /B2  is undefined at 



Y /Ycr 1. It should also be noted 



 123 

that the present values of 



Y /Ycr are calculated so as to represent the channel-averaged 

flow intensity. However, as the flow goes around a meander, in some locations the values 

of local flow intensity will exceed the channel-averaged value, while in others the values 

of local flow intensity will be smaller than the channel-averaged value. The smaller the 

value of the channel-averaged flow intensity, the more likely it is that locally the critical 

stages (stage of inception of sediment transport) will be reached, with the flow no longer 

having the capacity to transport sediment. The laboratory observations suggest that at the 

later stages of Run 1 (when the bed was strongly deformed), substantial parts of the bed 

may have reached the critical value of flow intensity. This likely impeded the full bed 

development, and resulted in a skewed estimate of 



Tb  for Run 1 – with the corresponding 

data-point, as a consequence, consistently deviating from the trend of the remaining data.  

 

5.3 The function 



T (0) 

In order to reveal the function 



T (0), Fig. 2.10 was extended by plotting also the values 

of 



T (0) resulting from the runs in the 



45o and 



95o channels in Chapter 4. The resulting 

plot is shown in Fig. 5.7. The additional data confirms the trend suggested by the 

previously plotted data in Chapter 2. 



T (0) first decreases as 



0  increases, it reaches a 

minimum somewhere around 



 70o, and then gradually increases as 



0  increases.  
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Fig. 5.7. Plot of 



T (0) versus 



0  

 

On the basis of the trend of the data resulting from the experiments in the 



45o, 



70o and 



95o channels in this thesis, the following equation is proposed for 



T (0): 

 



T (0)  [0.275(0 1.18)2 0.05]2.1e5.6 0 [e0.00025 0
9.20

1],       (5.9) 

 

where 



0  is in radians. The graph of Eq. (5.9) is the solid line in Fig. 5.7. The first term 

on the right-hand side is of the form of the equation of a parabola 



y  [a(x  h)2  k], 

where 



h  and 



k  are the abscissa and ordinate of the parabola vertex, and 



a  is the parabola 

shape parameter. The parabola 



y  [0.275(x 1.18)2 0.05] is plotted as a dashed line in 

Fig. 5.7. The second term on the right-hand side of Eq. (5.9) is the difference between the 
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solid and dashed lines in the region 



0  67.5o (



1.18rad ); the third term is the 

difference between the solid and dashed lines in the region 



0  67.5o. 

 

5.4 Rate of bed development 

Fig. 5.8 is the extended version of Fig. 3.6, where the values of 



(DS )t  resulting from the 

new runs in the 



45o and 



95o channels are also plotted. The data-points of the different 

runs collapse reasonably well into one single point-pattern. However, the data from the 

experiments in the 



70o channel appear to tend to consistently plot below the data from 

the experiments in the 



45o and 



95o channels. Although the difference may be due to 

scatter, it is also possible that the observed trend is a manifestation of some dependency 

of the shape of the growth rate curves on 



0 . Since the difference is small, it seems 

reasonable in view of the existing data, to disregard the difference. Considered as a 

whole, the point-pattern is reasonably well represented by the following relation 

 



(DS )t

(DS )Tb

1[e2.1(t /Tb )0.84

]1.8 68(t /Tb )1.88 e18.5(t /Tb ).       (5.10)  

 

This equation is to be viewed as a modified version of Eq. (3.1), better fitting the 

totality of the data resulting from this thesis. For the purposes of comparison, Eq. (3.1) is 

also plotted in Fig. 5.8. For practical purposes, the findings in Section 3.3 can still be 

regarded as valid. That is, 



 70% of the bed development is accomplished in the first 

quarter of the bed development time (



Tb /4 ). At half of the bed development time (



Tb /2), 



 90% of the bed development is accomplished. 
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Fig. 5.8. Plot of 



(DS )t /(DS)Tb
 versus 



t /Tb  for all runs carried out in the 



45o, 



70o and 



95o 

channels 

 

5.5 Examples of application of present 



Tb  equation to real rivers 

In order to illustrate the potential utilization of the present 



Tb -equation, this is applied to 

the case of three rivers included in the database by Chitale (1970), namely the Savannah, 

the Jhelum (Out Fall Channel) and the Purna. Chitale (1970) provides the values of 

bankfull flow rate 



Qb , 



D, 



h , slope 



S , and sinuosity. These are summarized in Table 5.2, 

where sinuosity 



 was converted to 



0  with the aid of Eq. (1.1). These particular rivers 

were selected as they meet the following selection criteria: 1) 



40o 0 110o; and 2) 



Y /Ycr  25. The reason for the first criterion was to include examples representative of 

the values of 



0  used in the present experiments. The reason for the second criterion was 

to include only data where bed-load would be the dominant mode of sediment transport. 
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Table 5.2. Field data from Chitale (1970) and resulting values of 



Tb  

River 0             

[deg]

Q         

[m
3
/s] 

D         

[mm] 

B               

[m] 

h          

[m] 

S Y/Ycr (qsb)av     

[m
2
/s] 

Tb           

[days] 

Savannah 52 849.5 0.80 106.7 5.18 0.00011 12.81 1.65E-05 666.6 

Jhelum (Out         

Fall Channel) 
69 481.4 0.67 152.4 4.57 0.00009 11.21 1.17E-05 1239.9 

Purna 74 1982.2 4.00 160.0 7.92 0.00090 24.04 2.66E-04 64.0 

 

 

For the reported conditions, the values of 



(qsb)av  were calculated with the aid of 

the modified version of Bagnold’s equation for flow past undulated bed (Eq. (2.92) in 

Yalin and da Silva 2001). The resulting values of 



Tb , in days, are shown in Table 5.2. 

 These estimated values are plotted together with the data from the present runs in 

Figs. 5.9 and 5.10. The present equation 



Tb  [T (0) /(qsb)av]B
2 implies that if 



Tb  is 

plotted versus 



B on a log-log graph, then for any specified value of 



0 , the data should 

be aligned along straight lines with slope 



2 to 



1, each line corresponding to a value of 



Y /Ycr (since 



qsb  is a strongly increasing function of 



Y /Ycr). Considering this, the top 

straight line in Figs. 5.9 and 5.10 are the estimated lines for 



Y /Ycr 1, while the bottom 

straight lines are estimated lines for 



Y /Ycr 25. While further validation involving 

assessing the duration of bed development in real streams is required, the graphs in Figs. 

5.9 and 5.10 can be used as graphical methods for a quick estimation of the time of 

development in streams having 



40o 0  55o and 



55o 0  85o. 
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Fig. 5.9. Plot of 



Tb  versus 



B for the present runs and available field data from Chitale 

(1970) covering the range 



40o 0  55o 

 

 

Fig. 5.10. Plot of 



Tb  versus 



B for the present runs and available field data from Chitale 

(1970) covering the range 



55o 0  85o 
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5.6 Conclusions 

The main findings of this manuscript can be summarized as follows: 

1 – The function 



T (0) in Eq. (5.8) is given by Eq. (5.9). 

 

2 – The growth-rate curve of pool-bar complexes in meandering streams is best expressed 

by Eq. (5.10). 

 

3 – The graphs in Figs. 5.9 and 5.10 can be used to approximate the development time of 

meandering pool-bar complexes in streams having 



0  around 



45o and 



70o, respectively. 

In these graphs, the upper and lower solid lines correspond to 



Y /Ycr 1 and 



Y /Ycr 25 , 

respectively. While further work is required to assess the duration of bed development in 

natural rivers and streams to validate the expression for 



Tb , Figs. 5.9 and 5.10 can be used 

to gain an estimate of 



Tb  in real rivers. 
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Chapter 6 

 

Discussion and conclusions 

 

 

In this final chapter, the main findings and conclusions of this work are presented. After a 

summary of the experimental runs presented in this thesis, the main findings are divided 

into three categories: the nature of the deformed bed; the duration of bed development; 

and the rate of bed development. Suggestions for future research are subsequently 

discussed.  

 

6.1  Conclusions 

6.1.1 Summary of experimental runs 

This thesis presented a comprehensive series of experimental runs carried out in four 

different laboratory meandering channels. Two new runs were conducted in an existing 



0.80m-wide 



70o sine-generated meandering channel to complement the initial three runs 

by Binns (2006) (see Chapter 2). In these runs the value of 



Y /Ycr was varied (therefore 

varying the sediment transport capacity) while the value of 



B /hav  was kept 

approximately constant. Five experimental runs were conducted in each of the 



0.30m-

wide 



45o and 



95o sine-generated meandering channels, also varying the value of 



Y /Ycr  

from run to run. In each set of five runs, three runs were conducted with a value of 



B /hav 15 and two runs were conducted with a value of 



B /hav 10 (see Chapter 4). Two 
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further experimental runs were carried out in a 



0.30m-wide 



20o sine-generated channel, 

varying 



Y /Ycr as well as 



B /hav  (see Chapter 4). 

 

6.1.2 Nature of the deformed bed 

The main findings regarding the nature of the deformed bed in sine-generated alluvial 

meandering streams can be summarized as follows: 

1) In all experimental runs, the bed deformation progressed rapidly during the early 

stages of each run, then gradually slowed down with the passage of time as the 

bed approach equilibrium conditions. Sediment that was eroded from the pools 

was primarily transferred along the channel longitudinal coordinates and 

deposited so as to form the deposition bar located directly downstream on the 

same side of the channel. 

2) In the experimental runs carried out in the 



45o, 



70o and 



95o meandering 

channels, the bed deformed by producing a series of 



L /2-long erosion-deposition 

zones, consisting of laterally-adjacent erosion “pools” and deposition “bars”. For 

each channel (i.e., for each value of 



0 ), the location of the 



L /2-long erosion-

deposition zones in flow plan was identical, irrespective of the value of 



Y /Ycr  or 



B /hav . This is consistent with the findings of Yalin (1992), Whiting and Dietrich 

(1993b) and da Silva and El-Tahawy (2008), who suggested that the location of 

erosion-deposition zones in “wide” meandering streams is only dependent on 



0 , 



M  and 



(c f )av. 

3) In the 



20o meandering channel, the bed deformed by producing a series of 

alternate bars, superimposed on the large-scale (“forced”) 



L /2-long erosion-
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deposition zones. This phenomenon distorts the typical development of the 



L /2-

long erosion-deposition zones, making it impossible to assess not only the 

location in flow plan of the erosion-deposition zones, but also the duration and 

rate of bed development. The results from these runs were therefore omitted from 

further consideration in the analysis presented in this thesis. 

4) In each experimental channel, the only effect of increasing 



Y /Ycr  (and thus the 

sediment transport capacity) for similar values of 



B /hav  was to increase the rate 

of bed development. The bed deformation pattern and the magnitude of the bed 

development at equilibrium (i.e., the height of the deposition bars, the depth of the 

erosion pools) was similar in all runs (irrespective of their value of 



Y /Ycr). The 

only effect of varying 



B /hav  in the experimental runs conducted in the 



45o and 



95o channels was to produce a slightly different pool morphology. A reduction of 



B /hav  from 



15 to 



10 in the experimental runs in the 



45o and 



95o channels 

produced erosion pools that initiated further towards the centreline of the channel 

(as oppose to near the outer bank). 

5) The location in flow plan of the 



L /2-long erosion-deposition zones was not of 

standard nature for different values of 



0 . The erosion-deposition zones formed 

further upstream for greater value of 



0 . For runs in the 



45o meandering channel, 

the upstream ends of the erosion-deposition zones formed between bed elevation 

measurement cross-sections 



7 i and 



8 i  and extended to a location between 



7i1 

and 



8i1 (refer to Fig. 4.2 in Chapter 4 for location of bed elevation measurement 

cross-sections). For runs carried out in the 



70o meandering channel the erosion-

deposition formed between cross-sections 



5 i  and 



5i1 (refer to Fig. 2.2 in Chapter 
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2). For runs carried out in the 



95o channel, the erosion-deposition zones formed 

furthest upstream, with their upstream-ends situated between cross-sections 



2 i  

and 



3i , and extending until a location between 



2i1 and 



3i1 (refer to Fig. 4.2 in 

Chapter 4). These locations in flow plan correspond to 



 -values of 



 0.20, 



 0.11, and 



 0.05, for the 



45o, 



70o and 



95o channels, respectively, in 

approximate agrement with the variation of 



  with 



0  proposed by da Silva and 

El-Tahawy (2008) [see Fig. 1.5].  

6) The 



L /2-long erosion-deposition pattern that developed in the 



95o meandering 

channel produced erosion pools that split into two distinct pool features. The 

development of multiple pools per bend has been previously noted in large-

amplitude field and laboratory meandering channels (see e.g. Kinoshita 1961; 

Whiting and Dietrich 1993b,c; Struiksma et al. 1985; Parker and Johannesson 

1989). The pools, forming at the beginning of each run, remained invariant in 

flow plan with the passage of time. As proposed by Whiting and Dietrich 

(1993b,c), the development of multiple pools in these runs is suggested to be 

caused by the interaction between the flow and channel curvature, combined with 

repeated topographic steering. Their presence did not disrupt the overall erosion-

deposition pattern observed in the channel. 

7) The stability of the bed deformations (e.g., whether the erosion-deposition zones 

migrate in the longitudinal direction during their formation) was studied by 

analyzing the acquired temporal bed morphological data. The experimental data 

for all runs carried out in the 



45o, 



70o and 



95o meandering channels, confirm the 

hypothesis of da Silva and Yalin (2006) that once formed, the location of the 
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L /2-long erosion-deposition zones remains approximately invariant in flow plan 

with the passage of time. This suggests that the invariance in location of the pool-

bar complexes as they develop with time is a general characteristic of the 

curvature-induced meandering bed development, irrespective of the factor 

primarily driving it (cross-circulation or convective behaviour of flow).  

8) Despite the fact that the location of the erosion-deposition zones remained 

invariant throughout the bed development, the location of maximum erosion 

within a pool in the 



45o and 



70o channels was observed to shift upstream during 

the development. This was primarily prominent during the early stages of the 

runs, when the development was most intense. This finding is consistent with 

observations made by Whiting and Dietrich (1993b). 

 

6.1.3  Duration of bed development 

The main findings and conclusions regarding the duration of bed development in alluvial 

meandering streams are summarized as follows: 

1) From dimensional analysis principles presented in Chapter 2, the duration of 

development 



Tb  of the equilibrium topography in alluvial meandering streams 

was found to be proportional to the square of the flow width 



B and inversely 

proportional to the specific volumetric bed-load rate 



(qsb)av  corresponding to the 

channel-averaged flow: 

 



Tb 
B2

(qsb)av

T (0)             (6.1) 
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where the proportionality factor 



T (0) is a function of the initial deflection angle 



0  alone. 

2) The form of the function 



T (0) was revealed with the aid of the present 

experiments in the 



45o, 



70o and 



95o channels. The resulting expression for 



T (0) is as follows:  

 



T (0)  [0.275(0 1.18)2 0.05]2.1e5.6 0 [e0.00025 0
9.20

1],      (6.2) 

 

where, 



0  is in radians. The data from all experimental runs, plotted together with 

data acquired from the literature and Eq. (6.2), are shown in Fig. 5.7 in Chapter 5. 

3) On the basis of available field data from Chitale (1970), the graphs in Fig. 5.9 and 

5.10 were produced. These can be used to quickly obtain an estimate of the bed 

development time in streams having 



0  45o and 



0  70o. 

 

6.1.4  Rate of bed development 

The main findings and conclusions regarding the rate of bed development in alluvial 

meandering streams are summarized as follows: 

1) For all experimental runs conducted in the 



45o, 



70o and 



95o meandering 

channels, it was found that the bed development was invariably very rapid at the 

early times of a run, with 



 70% of the bed development being accomplished by 



Tb /4  and 



 90% by 



Tb /2 , with only minor adjustments taking place in the last 

half of the bed development time. 



 136 

2) The growth rate of the pools and bars in the different runs conducted in the 



70o 

meandering channels, when scaled to their individual bed development times, was 

identical. This is reflected in the normalized plot of 



(DS )t /(DS)Tb
 versus 



t /Tb  (see 

Fig. 3.6 in Chapter 3), showing the data-points of the different runs collapsing 

into one single point-pattern. Eq. (3.1) was proposed to represent the growth rate 

of 



(DS )t /(DS)Tb
. 

3) When considering the growth rate of the pools and bars from the data acquired 

from the 



45o and 



95o meandering channels, together with the analysis for the rate 

of development for the runs in the 



70o channel, it was determined that the growth 

rate of pools and bars for the different runs, irrespective of value of 



0 , produced 

identical point-patterns of 



(DS )t /(DS)Tb
 versus 



t /Tb . Fig. 5.8 in Chapter 5 

illustrates this relation. After revising the analysis presented in Chapter 3 to take 

into account the results from the 



45o and 



95o
 channels, it was proposed that this 

point-pattern is reasonably represented by the following expression: 

 



(DS )t

(DS )Tb

1[e2.1(t /Tb )0.84

]1.8 68(t /Tb )1.88 e18.5(t /Tb ).        (6.3) 

 

The graph of Eq. (6.3), plotted together with all of the data-points from the 

experimental runs, is presented in Fig. 5.8 (Chapter 5). The growth rate of 



(DS )t /(DS)Tb
 is to be viewed as a (percentual) relation describing the growth rate 

of the observed pool-bar complexes. 

 



 137 

6.2 Recommendations for future research 

The following recommendations for future research are suggested to extend the present 

work: 

1) Conduct further experimental testing to determine the duration and rate of bed 

development and verify the form of the function 



T (0) for meandering streams 

with small values of sinuosity (i.e., for 



0  45o). When conducting such 

laboratory runs, care should be taken to ensure that the laboratory channel is of 

sufficient length to ensure the development of periodic flow conditions. Special 

attention should also be given to the design of the hydraulic parameters of the 

runs in order to minimize the presence of other morphological features (i.e., 

alternate bars). 

2) Generalize the formulation for the duration and rate of bed development to cases 

where sediment is transported as suspended-load in addition to bed-load transport.  

3) Conduct a comprehensive experimental study examining the cause of multiple 

pools in large-amplitude meandering channels in order to predict the nature of the 

bed deformation in such channels. 

4) Investigate the duration and rate of bed development in meandering streams 

starting from a non-flat initial bed in order to better understanding bed 

morphological adjustments in response to dramatic alterations in flow regime. 

5) Extend the research to study the nature and temporal aspects of the bed 

development for plan form geometries that are not ideal sine-generated curves.  
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6) Collect additional field data on the bed development in meandering streams to 

further verify the expression for the duration of bed development and generalize 

the expression for application in river restoration and rehabilitation projects. 
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Appendix A 

 

Assessment of the likelihood of the presence of ripples, dunes 

and bars in the experimental runs presented in Chapter 4 
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In order to minimize as much as possible the presence of ripples, dunes and bars, 

the hydraulic conditions of the planned runs were checked against the criteria presented 

in Yalin and da Silva (2001). The procedure is illustrated here with the adopted hydraulic 

conditions for the present runs. For this purpose, the runs were plotted in the ripple/dune 

existence region plan (



Y /Ycr;X -plan, where 



X  vD/) due to Yalin and da Silva (2001) 

and the alternate/multiple bar existence region plan due to da Silva (1991) and recently 

updated by Ahmari and da Silva (2011), as shown in Figs. A.1 and A.2, respectively. Fig. 

A.1 shows all 12 experimental runs plotting in the “ripples superimposed on dunes” 

region, very near to the boundary of the “dunes only” region. The location of the present 

runs in the 



Y /Ycr;X -plan signifies that ripples should essentially be non-existent and 

dunes should not be prominent. Fig. A.2 shows the runs plotting in two main clusters near 

the boundary between the “A & M (alternate bar and meandering)” and “M (meandering 

only, no bars)” regions.  The cluster that plots closest to the boundary represent the group 

of runs with 



B /hav 10, while the cluster of runs plotting further into the “A & M” 

region represent the group of runs with 



B /hav 15. The location of the present runs in 

this plan suggests the possibility of alternate bars being present in the runs, with an 

increasing likelihood of alternate bars for the group of runs with 



B /hav 15. However, 

alternate bars are typical of straight and mildly sinuous channels. Hence, despite the 

plotting position of the 



95o-runs in Fig. A.2, alternate bars should not be expected in 

these runs. 
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Fig. A.1. Ripples/dunes existence region plan (after Yalin and da Silva 2001) 

 

The program RFACTOR (included in the CD-ROM accompanying the IAHR 

Monograph Fluvial Processes by Yalin and da Silva 2001) was used to acquire an idea of 

the possible size of ripples and dunes. RFACTOR computes the length 



 and height 



  

of the bed forms from input values of 



D, 



Sc  and 



hav (as listed in Table 4.1 – reflecting 

the parameters of the main experimental runs), and using the equations proposed by Yalin 

and da Silva in the same reference. Table A.1 presents the resulting values of ripple 

length 



r , ripple height 



 r, dune length 



d  and dune height 



 d  for all experimental 

runs. The resulting length of the ripples and dunes was 



0.15m and 



0.16m, respectively, 

for all runs. The computed height of the ripples varied from 



0.855mm to 



1.830mm, and 

showed a decreasing trend with increase in longitudinal channel slope 



Sc . The computed 
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dune height varied from 



2.208mm to 



3.184mm, and was found to be considerably larger 

for the flow conditions associated with the greater flow depth (i.e., for runs with 



hav  3.0cm) than for the runs associated with 



hav  2.0cm . 

 

 

Fig. A.2. Alternate/multiple bars existence region plan (after Ahmari and da Silva 2011 

and Yalin and da Silva 2001) [where “A” refers to alternate bar region; “M” refers to 

meandering region; “B” refers to braiding region; “P” refers to plane bed region; and 

“C2” and “C3” refer to two-row and three-row alternate bar region, respectively] 
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Table A.1. Geometric characteristics of ripples and dunes for the hydraulic conditions of 

the present runs 

Run r        

[m]

r        

[mm]

d       

[m]

d        

[mm]

20-1M 0.15 1.725 0.16 2.368 

20-2M 0.15 0.855 0.16 3.152 

45-1M 0.15 1.740 0.16 2.352 

45-2M 0.15 1.290 0.16 2.384 

45-3M 0.15 1.020 0.16 2.272 

45-4M 0.15 1.410 0.16 3.136 

45-5M 0.15 1.095 0.16 3.168 

95-1M 0.15 1.830 0.16 2.208 

95-2M 0.15 1.440 0.16 2.352 

95-3M 0.15 1.005 0.16 2.288 

95-4M 0.15 1.530 0.16 2.944 

95-5M 0.15 1.080 0.16 3.184 
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Appendix B 

 

Plots of Vse versus time for the experimental runs presented in 

Chapter 4
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In this appendix, the plots of 



Vse (the volume of fully-saturated sand that exited the 

channel per unit time) versus time for the experimental runs presented in Chapter 4. Plots 

for the first auxiliary runs are presented in Appendix B.1, and plots for the main runs are 

presented in Appendix B.2. Plots of 



Vse versus 



t  for Runs 45-2.A1 and 95-1.A1 are 

shown in Fig. 4.4 in Chapter 4 and are therefore not reproduced here. 
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Appendix B.1 

 

First auxiliary runs 
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Fig. B.1. Plot of 



Vse versus time 



t  for the Runs 20-1.A1 and 20-2.A1 

 

 

Fig. B.2. Plot of 



Vse versus time 



t  for the Runs 45-1.A1 and 45-3.A1 
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Fig. B.3. Plot of 



Vse versus time 



t  for the Runs 45-4.A1 and 45-5.A1 

 

 

Fig. B.4. Plot of 



Vse versus time 



t  for the Runs 95-2.A1 and 95-3.A1 
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Fig. B.5. Plot of 



Vse versus time 



t  for the Runs 95-4.A1 and 95-5.A1 
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Appendix B.2 

 

Main runs 
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Fig. B.6. Plot of 



Vse versus time 



t  for the Runs 20-1M and 20-2M 

 

 

Fig. B.7. Plot of 



Vse versus time 



t  for the Runs 45-1M and 45-2M 
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Fig. B.8. Plot of 



Vse versus time 



t  for the Runs 45-3M and 45-4M 

 

 

Fig. B.9. Plot of 



Vse versus time 



t  for the Run 45-5M 



 163 

 

Fig. B.10. Plot of 



Vse versus time 



t  for the Runs 95-1M and 95-2M 

 

 

Fig. B.11. Plot of 



Vse versus time 



t  for the Runs 95-3M and 95-4M 
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Fig. B.12. Plot of 



Vse versus time 



t  for the Run 95-5M 
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Appendix C 

 

Plots of (zb)cs versus c for all experimental runs presented in 

Chapter 4 
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In this appendix, plots of the average cross-sectional bed elevation 



(zb )cs versus 



c  with 

the passage of time are shown for all main experimental runs presented in Chapter 4.  

 

 

Fig. C.1. Plot of 



(zb )cs versus 



c  at all measurement times for Run 20-1M 

 

 

Fig. C.2. Plot of 



(zb )cs versus 



c  at all measurement times for Run 20-2M 
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Fig. C.3. Plot of 



(zb )cs versus 



c  at all measurement times for Run 45-1M 

 

 

Fig. C.4. Plot of 



(zb )cs versus 



c  at all measurement times for Run 45-2M 
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Fig. C.5. Plot of 



(zb )cs versus 



c  at all measurement times for Run 45-3M 

 

 

Fig. C.6. Plot of 



(zb )cs versus 



c  at all measurement times for Run 45-4M 
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Fig. C.7. Plot of 



(zb )cs versus 



c  at all measurement times for Run 45-5M 

 

 

Fig. C.8. Plot of 



(zb )cs versus 



c  at all measurement times for Run 95-1M 
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Fig. C.9. Plot of 



(zb )cs versus 



c  at all measurement times for Run 95-2M 

 

 

Fig. C.10. Plot of 



(zb )cs versus 



c  at all measurement times for Run 95-3M 
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Fig. C.11. Plot of 



(zb )cs versus 



c  at all measurement times for Run 95-4M 

 

 

Fig. C.12. Plot of 



(zb )cs versus 



c  at all measurement times for Run 95-5 
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Appendix D 

 

A discussion on the effect of stopping and re-starting the flow 

in the main experimental runs presented in Chapter 4 
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Stopping and re-starting the flow in order to monitor the bed elevation changes with time 

in the main experimental runs could have had some undesired effect on the final bed 

topographies. As described in Section 4.2.2, the final bed topography was also measured 

in the second auxiliary run of each respective experimental run, thus making it possible to 

assess the impact of stopping and re-starting the flow on the bed topography from 

measurements conducted in a run with near-identical hydraulic conditions.  

Figs. D.1 and D.2 show the bed elevation contour-plots (based on 



zb  values) for 

Run 45-5.A2 at 



t  40.0min  and Run 95-4.A2 at 



t  52.0min , respectively. For 

comparative purposes, Fig. E.22(f) displays the bed elevation contour-plot for Run 45-

5M at 



t  40.0min  and Fig. E.7(f) displays the bed elevation contour-plot for Run 95-4M 

at 



t  52.0min . 

 

 

Fig. D.1. Bed elevation contour-plot for Run 45-5.A2, 



Sc 1/200 and 



B /hav  9.62  

(contours based on 



zb  values; units are 



cm ; flow from left to right) at 



t  40.0min  
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Fig. D.2. Bed elevation contour-plot for Run 95-4.A2, 



Sc 1/250 and 



B /hav  9.86  

(contours based on 



zb  values; units are 



cm ; flow from left to right) at 



t  52.0min  

 

 The bed elevation contour-plots for Runs 45-5.A2 and 45-5M at 



t  40.0min  

(Figs. D.1 and E.22(f), respectively) show strong similarities in location and magnitude 

of erosion-deposition patterns. Although minor (local) differences between the two plots 

exist, the overall pattern of erosion and deposition is approximately the same. The 

location in flow plan of the 



L /2-long erosion-deposition zones is nearly identical; 

starting between cross-sections 



 7i 8i  and extending until 



 7i1 8i1 in both runs. 

Minor (local) differences are primarily situated in the transition sections between 

subsequent erosion-deposition zones (i.e., between cross-sections 



42  72 and 



43  73). 

Like in Run 45-5M, the deposition bar located just downstream of cross-section 



91 in 

Run 45-5.A2 is not as fully developed as the subsequent bar on the opposite side of the 
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channel downstream of cross-section 



92. As can be seen in Fig. D.1, the second bar 

reached a height of 



 3.5cm, while the first bar only developed to a height of 



 3.0cm. 

The overall magnitude of deposition was slightly greater in Run 45-5.A2 compared to 

Run 45-5M. The deposition bar located just downstream of cross-section 



92 grew to a 

height of 



 3.5cm in Run 45-5.A2 (Fig. D.1), while only reaching 



 3.0cm in Run 45-5M 

(Fig. E.22(f)). The magnitude of erosion appears to be nearly identical in both runs.  

 Likewise, as can be observed from Figs. D.2 and E.7(f), while minor differences 

exist, the bed topographies in Runs 95-4.A2 and 95-4M are very similar in nature. The 



L /2-long erosion-deposition zones are situated in the same approximate location in flow 

plan; extending between cross-sections 



 2i  3i and 



 2i1  3i1 in both runs. The final 

bed topography for Run 95-4.A2 displayed the same presence of multiple pools as 

observed in Run 95-4M. In both Runs 95-4M and 95-4.A2 two pools are observed within 

the 



L /2-long erosion-deposition zone at 



t  52.0min , with evidence of the presence of 

migrating small-scale bed forms (i.e., dunes) in the pools. The pools also developed in the 

same approximate location in flow plan in both runs; the first pool centred slightly 

upstream of bed elevation measurement cross-section 



92, and the second pool centred 

between cross-sections 



122 and 



132 . The magnitude of erosion in both runs appears to be 

approximately identical. Similar to the 



45o channel, there is evidence that the magnitude 

of deposition was slightly greater in Run 95-4.A2. The height of the bar centred 

approximately at cross-section 



92 reached 



 3.0cm in Run 95-4.A2 (Fig. D.1) and only 



2.5cm  in Run 95-4M (Fig. E.7(f)).  

 As mentioned above and inferred from Figs. D.1 and E.22(f) and Figs. D.2 and 

E.7(f), minor differences between the final bed topographies of Run 45-2M and 45-2.A2 
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and Runs 95-4M and 95-4.A2 were observed. While procedural effects (i.e., the effect of 

stopping and re-starting the flow) may have produced some minor irregularities in bed 

topography, there are two other possible reasons to explain the minor differences 

observed in the contour-plots. First, the presence of migrating, small-scale bed forms 

(i.e., dunes) in the erosion pools are likely responsible for creating local differences in the 

erosion pools. Unlike the large-scale curvature-induced bed deformation, dunes (and 

other small-scale bed forms) possess a degree of randomness and do not develop in the 

same location for equivalent hydraulic conditions. Secondly, slight differences in 

hydraulic conditions between Runs 45-2M and 45-2.A2 and Runs 95-4M and 95-4.A2 

were unavoidable. While relatively constant, 



hav varied from 



2.05cm to 



2.07cm  from 

Run 45-2M to 45-2.A2 and from 



3.02cm to 



3.04cm  from Run 95-4M to 95-4.A2. 

Although this variation in 



hav is not dramatic, it could be responsible for producing minor 

differences in final bed topographies. 

In order to more precisely quantify and visualize the differences between the final 

bed topographies, a comparative analysis was conducted between the final bed elevation 

contour-plots from the main experimental runs and the corresponding bed elevation 

contour-plots from the second auxiliary runs. Bed elevation contour-plots were created 

that displayed the difference in 



zb-values between the main experimental runs and the 

second auxiliary runs. [In these plots, negative values infer that the bed elevation reading 

from the second auxiliary run was less than the corresponding bed elevation reading from 

the main experimental run. Correspondingly, positive values infer that the bed elevation 

values from the second auxiliary run were greater than the bed elevation reading from the 

main run.]  
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Fig. D.3 shows the comparative bed elevation contour-plot for Runs 45-5M and 

45-5.A2. As can be seen in this figure, for the vast majority of the deformed bed, the bed 

elevations stay primarily within the range of 



 0.5cm  from each other. There are 

localized differences that are especially evident in the transition between erosion-

deposition zones (i.e., between cross-sections 



42 and 



72). Fig. D.4 shows the 

comparative bed elevation contour-plot for Runs 95-4M and 95-4.A2. Consistent with the 

comparative plot for Runs 45-5M and 45-5.A2, although there are some localized 

differences, bed elevations rarely differ by more than 



 0.5cm . Significant localized 

differences (i.e., differences greater than 



 0.5cm) are primarily located in the erosion 

pools. This reflects the presence of the migrating dunes that developed in the erosion 

pools and became especially prominent towards the end of the runs.   

 

 

Fig. D.3. Bed elevation contour-plot showing the differences between bz -values from 

Runs 45-5M (at 



t  40.0min) and 45-5.A2 (at 



t  40.0min) [negative values infer bed 

elevation reading from Run 45-5.A2 was less than the bed elevation reading for Run 45-

5M; positive values infer bed elevation from Run 45-5.A2 was greater than the bed 

elevation reading for Run 45-5M] (flow from left to right; units are cm) 
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Fig. D.4. Bed elevation contour-plot showing the differences between bz -values from 

Runs 95-4M (at 



t  52.0min ) and 95-4.A2 (at 



t  52.0min ) [negative values infer bed 

elevation reading from Run 95-4.A2 was less than the bed elevation reading for Run 95-

4M; positive values infer bed elevation from Run 95-4.A2 was greater than the bed 

elevation reading for Run 95-4M] (flow from left to right; units are cm) 
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Appendix E 

 

Bed elevation contour-plots, longitudinal bed profiles and 

Ev;Dv-plots corresponding to the experimental runs presented 

in Chapter 4
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In Appendix E.1, bed elevation contour-plots, longitudinal bed profiles and 



Ev;Dv-plots 

are shown for Runs 95-1M, 95-3M, 95-4M and 95-5M presented in Chapter 4. Bed 

elevation contour-plots, longitudinal bed profiles and 



Ev;Dv-plots corresponding to Run 

95-2M are shown in Figs. 4.5, 4.6 and 4.7, respectively (Chapter 4).  

In Appendix E.2, bed elevation contour-plots, longitudinal bed profiles and 



Ev;Dv-plots are shown for Runs 45-1M, 45-3M, 45-4M and 45-5M presented in Chapter 

4. Bed elevation contour-plots, longitudinal bed profiles and 



Ev;Dv-plots corresponding 

to Run 45-2M are shown in Figs. 4.8, 4.9 and 4.10, respectively (Chapter 4).  

Appendix E.3 shows the bed elevation contour-plots, longitudinal bed profiles and 



Ev;Dv-plots for Run 20-2M presented in Chapter 4. Bed elevation contour-plots, 

longitudinal bed profiles and 



Ev;Dv-plots corresponding to Run 20-1M are shown in 

Figs. 4.11, 4.12 and 4.13, respectively (Chapter 4). 
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Appendix E.1 

 

Runs 95-1M, 95-3M, 95-4M and 95-5M



 182 

 
 

Fig. E.1. Bed elevation contour-plots for Run 95-1M, 



Sc 1/200 and 



B /hav 14.87  

(contours based on 



zb  values; units are 



cm ; flow from left to right): (a) at 



t 10.0min ; (b) at 



t  20.0min ; (c) at 



t  30.0min ; (d) at 



t  42.0min ; (e) at 



t  54.0min ; (f) at 



t  70.0min  
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Fig. E.2. Longitudinal bed profiles corresponding to 



n  0.1225m (



  0.4083) for 

Run 95-1M (



Sc 1/200; 



B /hav 14.87): (a) at 



t 10.0, 



20.0 and 



30.0min ; (b) at 



t  42.0, 



54.0 and 



70.0min  
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Fig. E.3. 



Ev;Dv-plots for Run 95-1M (



Sc 1/200; 



B /hav 14.87) at times 



t 10.0, 



t  30.0 and 



54.0min  (abscissa 



c  lc /L ; 



c  0  at cross-section 



11) 
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Fig. E.4. Bed elevation contour-plots for Run 95-3M, 



Sc 1/130 and 



B /hav 14.89  

(contours based on 



zb  values; units are 



cm ; flow from left to right): (a) at 



t  5.0min ; 

(b) at 



t 10.0min ; (c) at 



t 15.0min ; (d) at 



t  22.0min ; (e) at 



t  29.0min ; (f) at 



t  39.0min  
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Fig. E.5. Longitudinal bed profiles corresponding to 



n  0.1225m (



  0.4083) for 

Run 95-3M (



Sc 1/130; 



B /hav 14.89): (a) at 



t  5.0, 



10.0 and 



15.0min ; (b) at 



t 22.0, 



29.0 and 



39.0min  
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Fig. E.6. 



Ev;Dv-plots for Run 95-3M (



Sc 1/130; 



B /hav 14.89) at times 



t  5.0, 



t 15.0 and 



29.0min  (abscissa 



c  lc /L ; 



c  0  at cross-section 



11) 
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Fig. E.7. Bed elevation contour-plots for Run 95-4M, 



Sc 1/250 and 



B /hav  9.94  

(contours based on 



zb  values; units are 



cm ; flow from left to right): (a) at 



t  7.0min ; 

(b) at 



t 14.0min ; (c) at 



t  21.0min ; (d) at 



t  30.0min ; (e) at 



t  39.0min ; (f) at 



t  52.0min  
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Fig. E.8. Longitudinal bed profiles corresponding to 



n  0.1225m (



  0.4083) for 

Run 95-4M (



Sc 1/250; 



B /hav  9.94): (a) at 



t  7.0, 



14.0 and 



21.0min ; (b) at 



t  30.0, 



39.0 and 



52.0min  
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Fig. E.9. 



Ev;Dv-plots for Run 95-4M (



Sc 1/250; 



B /hav  9.94) at times 



t  7.0, 



t 21.0 and 



39.0min  (abscissa 



c  lc /L ; 



c  0  at cross-section 



11) 
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Fig. E.10. Bed elevation contour-plots for Run 95-5M, 



Sc 1/200 and 



B /hav  9.97  

(contours based on 



zb  values; units are 



cm ; flow from left to right): (a) at 



t  5.5min ; 

(b) at 



t 11.0min ; (c) at 



t 16.5min ; (d) at 



t  23.5min ; (e) at 



t  30.5min ; (f) at 



t  42.0min  
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Fig. E.11. Longitudinal bed profiles corresponding to 



n  0.1225m (



  0.4083) for 

Run 95-5M (



Sc 1/200; 



B /hav  9.97): (a) at 



t  5.5, 



11.0 and 



16.5min ; (b) at 



t 23.5, 



30.5 and 



42.0min  
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Fig. E.12. 



Ev;Dv-plots for Run 95-5M (



Sc 1/200; 



B /hav  9.97) at times 



t  5.5, 



t 16.5 and 



30.5min  (abscissa 



c  lc /L ; 



c  0  at cross-section 



11) 
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Appendix E.2 

 

Runs 45-1M, 45-3M, 45-4M and 45-5M
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Fig. E.13. Bed elevation contour-plots for Run 45-1M, 



Sc 1/200 and 



B /hav 13.88  

(contours based on 



zb  values; units are 



cm ; flow from left to right): (a) at 



t  9.0min ; 

(b) at 



t 18.0min ; (c) at 



t  27.0min ; (d) at 



t  36.0min ; (e) at 



t  45.0min ; (f) at 



t  54.0min  
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Fig. E.14. Longitudinal bed profiles corresponding to 



n  0.1225m (



  0.4083) for 

Run 45-1M (



Sc 1/200;



B /hav 13.88): (a) at 



t  9.0, 



18.0 and 



27.0min ; (b) at 



t  36.0, 



45.0 and 



54.0min  
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Fig. E.15. 



Ev;Dv-plots for Run 45-1M (



Sc 1/200;



B /hav 13.88) at times 



t 18.0 and 



54.0min  (abscissa 



c  lc /L ; 



c  0  at cross-section 



11) 
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Fig. E.16. Bed elevation contour-plots for Run 45-3M, 



Sc 1/130 and 



B /hav 14.94  

(contours based on 



zb  values; units are 



cm ; flow from left to right): (a) at 



t  4.5min ; 

(b) at 



t  9.0min ; (c) at 



t 13.5min ; (d) at 



t 18.0min ; (e) at 



t  24.0min ; (f) at 



t  32.0min  
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Fig. E.17. Longitudinal bed profiles corresponding to 



n  0.1225m (



  0.4083) for 

Run 45-3M (



Sc 1/130;



B /hav 14.94): (a) at 



t  4.5, 



9.0 and 



13.5min ; (b) at 



t 18.0, 



24.0 and 



32.0min  



 200 

 
Fig. E.18. 



Ev;Dv-plots for Run 45-3M (



Sc 1/130;



B /hav 14.94) at times 



t  9.0 and 



32.0min  (abscissa 



c  lc /L ; 



c  0  at cross-section 



11) 
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Fig. E.19. Bed elevation contour-plots for Run 45-4M, 



Sc 1/250 and 



B /hav  9.33 

(contours based on 



zb  values; units are 



cm ; flow from left to right): (a) at 



t  8.0min ; 

(b) at 



t 16.0min ; (c) at 



t  24.0min ; (d) at 



t  32.0min ; (e) at 



t  44.0min ; (f) at 



t  56.0min  
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Fig. E.20. Longitudinal bed profiles corresponding to 



n  0.1225m (



  0.4083) for 

Run 45-4M (



Sc 1/250;



B /hav  9.33): (a) at 



t  8.0, 



16.0 and 



24.0min ; (b) at 



t  32.0, 



44.0 and 



56.0min  
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Fig. E.21. 



Ev;Dv-plots for Run 45-4M (



Sc 1/250;



B /hav  9.33) at times 



t 16.0 and 



56.0min  (abscissa 



c  lc /L ; 



c  0  at cross-section 



11) 
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Fig. E.22. Bed elevation contour-plots for Run 45-5M, 



Sc 1/200 and 



B /hav 10.05  

(contours based on 



zb  values; units are 



cm ; flow from left to right): (a) at 



t  5.0min ; 

(b) at 



t 10.0min ; (c) at 



t 15.0min ; (d) at 



t  20.0min ; (e) at 



t  30.0min ; (f) at 



t  40.0min  
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Fig. E.23. Longitudinal bed profiles corresponding to 



n  0.1225m (



  0.4083) for 

Run 45-5M (



Sc 1/200; 



B /hav 10.05): (a) at 



t  5.0, 



10.0 and 



15.0min ; (b) at 



t 20.0, 



30.0 and 



40.0min  
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Fig. E.24. 



Ev;Dv-plots for Run 45-5M (



Sc 1/200; 



B /hav 10.05) at times 



t 10.0 and 



40.0min  (abscissa 



c  lc /L ; 



c  0  at cross-section 



11) 
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Appendix E.3 

 

Run 20-2M
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Fig. E.25. Bed elevation contour-plots for Run 20-2M, 



Sc 1/175 and 



B /hav 10.31 

(contours based on 



zb  values; units are 



cm ; flow from left to right): (a) at 



t  4.0min ; 

(b) at 



t  8.0min ; (c) at 



t 12.0min ; (d) at 



t 16.0min ; (e) at 



t  22.0min ; (f) at 



t  28.0min  
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Fig. E.26. Longitudinal bed profiles corresponding to 



n  0.1225m (



  0.4083) for 

Run 20-2M (



Sc 1/175;



B /hav 10.31): (a) at 



t  4.0, 



8.0 and 



12.0min ; (b) at 



t 16.0, 



22.0 and 



28.0min  
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Fig. E.27. 



Ev;Dv-plots for Run 20-2M (



Sc 1/175;



B /hav 10.31) at times 



t  4.0 and 



28.0min  (abscissa 



c  lc /L ; 



c  0  at cross-section 



11) 
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Appendix F 

 

Discussion of the presence of multiple pools in the 

experimental runs conducted in the 95-degree channel 

presented in Chapter 4



 212 

As can be inferred from the bed elevation contour-plots for the runs carried out in 

the 



95o channel presented in Chapter 4 (refer to Fig. 4.5 in Chapter 4 and Figs. E.1, E.4, 

E.7 and E.10 in Appendix D), the erosion pool in the 



L /2-long erosion-deposition zone 

split into two distinct pool features during the early stages of each run. As first noted by 

field observations by Kinoshita (1961), large amplitude meanders can produce multiple 

scour holes (erosion pools) per bend (i.e., multiple pools per 



L /2-long erosion-deposition 

zone). Whiting and Dietrich (1993b,c) conducted an in-depth study into the presence and 

mechanisms responsible for the development of multiple pools. Whiting and Dietrich 

(1993c) attributed the development of multiple pools to be a consequence of an alternate 

bar-like instability combined with the influence of curvature that strongly modifies the 

distribution in flow plan of the bars. Other authors have noted multiple pools in 

meandering streams, notably Struiksma et al. (1985) and Parker and Johannesson (1989), 

however the pools described by Whiting and Dietrich (1993b,c) are distinctly different 

from these morphological features. Struiksma et al. (1985) and Parker and Johannesson 

(1989) investigated “overdeepening” in meandering streams whereby a series of transient 

alternate bars were produced either upstream or downstream of a large bend (Zolezzi et 

al. 2005). These bed features form as a series of repeated alternate bars and pools located 

on either side of the channel. In contrast, the multiple pools described by Whiting and 

Dietrich (1993b,c) form only on one side of the channel with all of the depositional lobes 

forming along the inner bank of the bend. The depositional bars form as a series of 

“shingled” shapes, prompting the authors to refer to these features as “shingle bars”.  

Many similarities exist between the multiple pools produced in the runs of 

Whiting and Dietrich (1993b,c) and the present series of runs in the 



95o channel. 
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Consistent with the observations of Whiting and Dietrich (1993b,c), the erosion pools 

developed along the outer bank with all deposition occurring along the inner bank of the 

bend. The first pool was always located upstream of the apex, and coincided with the 

approximate location where the projection of the tangent to the inner bank at the 

upstream crossover section intersected the outer bank (see tangent drawn in Fig. F.1 

showing the location of the first pool in Run 95-2M at 



t  21.0min ). The upstream and 

downstream edges of the deposition bar curved into the pools. Whiting and Dietrich 

(1993b) noted that the multiple pools were spaced 



3.4B and 



4.0B apart for their 



100o 

and 



115o channels, respectively, and that the number of pools per bend increased in 

larger amplitude meanders. In the present series of runs in the 



95o channel there were 

typically two erosion pools per bend, and these pools were spaced approximately 



3.0B 

apart – a figure consistent with the extrapolation from the pool spacing figures in the 



100o and 



115o
 runs of Whiting and Dietrich (1993b).  

Whiting and Dietrich (1993c) hypothesized that the outward forcing of the flow 

due to channel curvature and the growth of the deposition bars along the inner bank 

controlled the location of the first pool. This results in the “high velocity core” shifting 

towards the bank approximately along the tangent line to the inner bank at the crossover 

section. The first pool is therefore located further upstream for larger bend angles, as 

observed in their runs. Subsequent pools in the bend are not tied to particular locations in 

flow plan. The subsequent multiple pools arise from repeated topographic steering. 
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Fig. F.1. Bed elevation contour-plot for Run 95-2M, 



Sc 1/160 and 



B /hav 14.79  
(contours based on 



zb  values; units are 



cm ; flow from left to right), at 



t  21.0min , 

illustrating the location of the multiple pools 

 

Whiting and Dietrich (1993b) noted that sometimes just one pool could be 

discerned at the very early stages of a run, but multiple pools were observed to form very 

early in the bed development process. For example, in their Run 100-3, the development 

of two distinct pools was observed to initiate at approximately 



t  9min  in a run where 

equilibrium conditions were reached at approximately 



t 150min . For the present series 

of runs, we note that in Run 95-4M only one erosion pool is present at 



t  7.0min , but by 



t 14.0min  two distinct erosion pools had formed (see Figs. E.7 and E.8 in Appendix 

D). In Run 95-2M, however, two distinct erosion pools formed from the very first time-

step (i.e., see 



t  7.0min  in Figs. 4.5 and 4.6 in Chapter 4). In this run, it is not possible 



 215 

to determine whether the development of the multiple pools initiated from the start of the 

run or developed at some point between 



t  0 and 



t  7.0min  when the flow was stopped 

to record the first series of bed elevation measurements. Whiting and Dietrich (1993b) 

also noted that the first pool is often the deepest of the successive pools. For the present 

runs, this is true for some of the runs (i.e., Run 95-4M), but not so for all (i.e., Run 95-

2M). Once formed, the multiple pools remained fixed in flow plan with the passage of 

time. In both runs the first pool extended between 



c  0.60 and 



c  0.80, and the 

second pool extended between 



c  0.80 and 



c 1.10. 

In addition to multiple pools in the present 



95o runs, dunes became prominent in 

the deeps at the later times of the runs. These dunes were superimposed on top of the 

large-scale bed morphology. Whiting and Dietrich (1993c) also noted small-scale bed 

forms being superimposed on their multiple pools. In their case, they observed ripples 

developing in the pools, which were clearly discernible from their large-scale bed 

morphology. The dunes developed mainly in the second pool between 



c  0.80 and 



c 1.10. 

 



 216 

 

 

 

 

 

Appendix G 

 

Plots of (DS)t versus t corresponding to the experimental runs 

carried out in the 45 and 95-degree channels presented in 

Chapter 4
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In this appendix, plots of 



(DS )t  versus 



t  for all experimental runs carried out in the 



45o 

and 



95o channels presented in Chapter 4 are shown. Plots of 



(DS )t  versus 



t  for Runs 45-

2M and 95-4M can be found in Figs. 4.16 and 4.17, respectively.  

 

 

Fig. G.1. Plot of 



(DS )t  versus 



t  for Run 45-1M 
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Fig. G.2. Plot of 



(DS )t  versus 



t  for Run 45-3M 

 

Fig. G.3. Plot of 



(DS )t  versus 



t  for Run 45-4M 
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Fig. G.4. Plot of 



(DS )t  versus 



t  for Run 45-5M 

 

Fig. G.5. Plot of 



(DS )t  versus 



t  for Run 95-1M 
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Fig. G.6. Plot of 



(DS )t  versus 



t  for Run 95-2M 

 

Fig. G.7. Plot of 



(DS )t  versus 



t  for Run 95-3M 
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Fig. G.8. Plot of 



(DS )t  versus 



t  for Run 95-5M 

 


