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  Abstract 

This work focuses on the coupling between channel geometry, flow, bank erosion and 

planimetric changes in meandering streams. The study has the following three objectives: 1- to 

gain insight into how the flow patterns in meandering streams are affected by the stream 

geometry and flow conditions; 2- to evaluate existing equations for the determination of bank 

erosion rates; and 3- to seek an explanation for why some meandering streams remain regular (or 

symmetric) in plan shape while evolving in plan, while other acquire irregular shapes. 

The thesis is also used as an opportunity to introduce a new technique to immobilize the 

movable boundary and present a series of tests to assess the structural integrity of the coating 

layer and its roughness (Chapter 2). 

Chapter 3 presents a series of laboratory tests carried out to investigate the effect of 

different geometric characteristics and hydraulic conditions on the pattern of the initial flow in 

sine-generated meandering streams. The most significant finding of the work is that it 

demonstrates that the meander wavelength plays a considerable role in determining the location 

in flow plan of the convergence-divergence zone of flow. 

Chapter 4 presents an experimental study involving a meandering stream with a fixed bed 

and movable banks. The initial flow at the beginning of the test is detailed with the aid of 

Acoustic Doppler Velocimetry. The natural deformation of the bank under the action of flow is 

closely monitored and recorded. The location of maximum bank erosion is found to be between 

that of maximum bed deformation (or maximum downstream gradients of flow velocity) and 

maximum flow velocity. This intrinsic shift between the locations in plan of maximum velocity 

gradient (where maximum bed deformation occurs) and the location of maximum bank erosion 

appears as a likely mechanism leading to deviations from regular meandering plan shapes.  
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Fig.  4.7. Variation of ū /uav along the channel near the left and right banks................................. 82 



xii 

 

Fig.  4.8. Cross-sectional profiles of depth-averaged longitudinal velocities at crossover and apex 

sections in the first stage of the present test .................................................................................. 83 

Fig.  4.9. Cross-sectional maximum velocity along the stream (dashed line is a fitted sine curve)83 
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∆ξc normalized distance (by L) along the centreline of a meandering flow between two 

adjacent measurement cross-sections of a meandering flow [-] 
 
η* counterparts of η defining location of s* [-] 
 
θ deflection angle of a meandering flow at any lc [-] 
 
θ0 deflection angle of a meandering flow at crossover [-] 



xx 

 

 
θb bank slope angle [-] 
 
Λi i-th loop of a meandering flow 
 
ΛM meander wavelength of a meandering flow [L] 
 
ν fluid kinematic viscosity [L2/T] 
 
ξc0 normalized (by L) distance measured along the centreline of a meandering flow, from 

crossover Oi  to the upstream end of the first complete L/2-long convergence-
divergence zone downstream of Oi [-]   

 
ξcb normalized (by L) distance measured along the centreline of a meandering, from 

crossover Oi  to the upstream end of the first complete L/2-long erosion-deposition 
zone downstream of Oi [-]   

 

ΠA  dimensionless counterpart of characteristic A of a meandering flow 
 
ρ fluid density [ML-3] 
 
σ standard deviation 
 

τ0 boundary shear stress (for bed = ρv∗
2) [ML-1T-2] 

 
τbc critical shear stress of bank [ML-1T-2] 
 
τc critical shear stress of a flat bed (= Ycr.γs.D50) [ML-1T-2] 
 
φ angle of repose of sediment [-] 
 
φA   functions defining dimensionless characteristic ΠA of a meandering flow  
 

ω   deviation angle (angle between the vertically-averaged streamlines s and the 
coordinate lines l of a meandering flow) [-] 

 

 

Dimensionless combinations 

 

F Froude number (= v/(gh)1/2 in Chapter 2, and uav/(ghav)
1/2 everywhere else) [-] 

 
R flow Reynolds number (= vh/ν in Chapter 2, and uavhav/ν everywhere else) [-] 
 

R* roughness Reynolds number (= v∗ks/ν) [-] 
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Chapter 1 

Introduction 

1.1 Motivation and objectives 

Alluvial meandering streams are very dynamic entities, which strive to achieve an equilibrium, or 

stable, state. Any time 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 changes in bed topography as well as in plan shape (lateral expansion and downstream 

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

until a stable bed and plan shape are reinstated. These changes, which may be very extensive, 

involve active bed and bank erosion and deposition, and result in the displacement and 

downstream transport of very large amounts of material, and substantial repositioning of the 

channel in the landscape.  

 It has since long been recognized that a full understanding of meandering bed and bank 

morphological adjustments and the development of tools to accurately predict them is essential to 

the practice of river engineering and management (see e.g. Lawler, 1992; Yalin and da Silva, 

2001). In particular, such knowledge and tools are relevant in projects involving navigation, 

development of infrastructure (such as dams, bridges, pipeline installation, etc.), flood protection, 

stream restoration or re-naturalization, and land reclamation or conservation. 

 The aforementioned explains why meandering has attracted the attention of engineers and 

scientists since a long time. The work has progressed so that the first works on the topic focused 

primarily on the flow meandering (for a review, see e.g. Chang 1988), with a substantial body of 

the subsequent literature focusing on bed adjustments of equilibrium. The studies on bed 
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development, both theoretical and experimental, extensively covered various aspects of the 

mechanics of bed deformation (Engelund, 1974; Nelson and Smith, 1989; Yalin, 1992; Yalin and 

da Silva, 2001; among many others), and detailed the nature of the deformed bed (Hooke, 1974; 

Makaveyvev, 1975; Hasegawa, 1983; Whiting and Dietrich, 1993a,b; Termini, 1996; 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, 1989; Shimizu, 1991; Jia and Wang, 

1999; Ruether and Olsen, 2006, etc.). 

 In contrast to this, prior to the 1990’s only a few isolated studies were carried out on bank 

erosion (Ikeda et al., 1981; Parker, 1983; Hasegawa, 1989; Odgaard, 1989; Osman and Thorne, 

1988). As evidenced by the literature, it is not until the last ten years or so that a systematic and 

intensive research on meandering bank erosion has been initiated. In spite of this, the processes 

involved in bank erosion and their detailed mechanics are far from being completely understood, 

and their analytical descriptions are often highly empirical. For this reason, even though in recent 

years attempts have been made to couple advanced and well tested 3D hydrodynamic models 

with bank erosion solvers, the computed results differ substantially from conditions in the field.  

 Overall, the application of computer models to the study of meandering morphodynamics 

has highlighted the need to, on one hand, develop a better understanding of the underlying 

physical processes, and, on the other, to develop better analytical descriptions of such processes. 

Additionally, recent work highlights also the need for reliable, high-resolution data to enable the 

further development of computer models with the goal of producing highly reliable tools for 

practical applications. This thesis addresses those needs, by focusing on the coupling between 
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channel geometry, flow, bank erosion and planimetric changes. The specific objectives of the 

thesis are  

1. to gain insight into how the flow patterns in meandering streams are affected by the 

stream geometry and flow conditions; 

2. to evaluate existing equations for the determination of bank erosion rates; and 

3. to seek an explanation for why some meandering streams remain regular (or symmetric) 

in plan shape while evolving in plan, while other acquire irregular shapes. 

 These questions/aspects are investigated on the basis of laboratory experiments carried out 

for the present purposes at Queen’s University. The work is restricted to streams in cohesionless 

alluvium. The simplest case of bankfull conditions with fully saturated banks, comprised of a 

homogenous material and free of vegetation will be considered.  

 In the course of the present thesis, the need arose to immobilize the movable boundary. 

Given that the existing methods have strong limitations, this thesis was used also as an 

opportunity to develop a new technique to immobilize the surface of laboratory streams. This 

forms also the part of this thesis. 

1.2 Layout of the thesis 

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

different manuscript. 

 Chapter 2 presents the new technique for the immobilization of the surface of laboratory 

streams, as well as the work carried out to evaluate the structural integrity and roughness of the 

resulting coating layers. 
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 Chapter 3 explores the dependency of the pattern of meandering flows on geometric 

characteristics and hydraulic conditions. The focus is largely on the effect of meander 

wavelength. 

 Chapter 4 focuses on bank erosion. The analysis rests on a laboratory experiment involving 

a fixed bed and movable banks.  

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

additional information on experimental procedure and techniques, and provide further 

information on the results.  

  



5 

 

References 

Chang, H.H (1988). Fluvial processes in river engineering. John Wiley and Sons Inc., New York, 

United States. 

da Silva, A.M.F., El-Tahawy, T. (2008). On the location in flow plan of erosion-deposition zones 

in sine-generated meandering streams. J. Hydraul. Res., 46(S1), 49-60. 

Engelund, F. (1974). Flow and bed topography in channel bends. J. Hydraul. Div., 100(11), 

1631-1648. 

Hasegawa, K. (1989). Universal bank erosion coefficient for meandering rivers. J. Hydraul. Eng., 

115(6), 744-765. 

Hasegawa, K. (1983). Hydraulic Research on Planimetric Forms, Bed Topographies and Flow in 

Alluvial Rivers. Ph.D. thesis, Hokkaido Univ., Sapporo, Japan (in Japanese). 

Hooke, R.L. (1974). Distribution of sediment transport and shear stress in a meander bend. Rep. 

No. 30, Uppsala Univ., Naturgeografiska Inst., Uppsala, Sweden. 

Ikeda, S., Parker, G., Sawai, K. (1981). Bend theory of river meanders. Part 1. Linear 

development. J. Fluid Mech. 112, 363-377. 

Jia, Y., Wang, S.S.Y. (1999). Numerical model for channel flow and morphological change 

studies. J. Hydraul. Eng. 125(9), 924-933. 

Makaveyvev, N.I. (1975). River bed and erosion in its basin, Press of the Academy of Sciences 

of the USSR, Moscow. 

Nelson, J.M., Smith, J.D. (1989). Evolution and stability of erodible channel beds. River 

Meandering, S. Ikeda, G. Parker, eds., Am. Geophys. Union, Washington D.C., United States. 

Odgaard, A.J. (1989). River-meander model. I: Development. J. Hydraul. Eng., 115(11), 1433-

1450. 



6 

 

Osman, A.M., Thorne, C. R. (1988). Riverbank stability analysis. I: Theory. J. Hydraul. Eng., 

114(2), 134-150. 

Parker, G. (1983). Theory of meandering bend deformation, River Meandering. Proc. Conf. River 

‘83, pp. 722–732, ASCE, Reston, United States. 

Ruether, N., Olsen, N.R.B. (2006). 3D modeling of transient bed deformation in a sine-generated 

channel with two different width to depth ratios. Proc. 3rd Int. Conf. River Flow 2006, R.M.L. 

Ferreira, E.C.T.L. Alves, J.G.A.B. Leal, A.H. Cardoso, eds., Taylor & Francis Group, London, 

1269-1275, United Kingdom.  

Shimizu, Y. (1991). A study on prediction of flows and bed deformation in alluvial streams. Civ. 

Eng. Res. Inst., Hokkaido Development Bureau, Sapporo, Japan (in Japanese). 

Termini, D. (1996).  Evolution of a meandering channel with an initial flat bed. Theoretical and 

experimental study of the channel bed and the initial kinematic characteristics of flow. Ph.D. 

thesis, Univ. of Palermo, Palermo, Italy (in Italian). 

Whiting, P.J., Dietrich, W.E. (1993a). Experimental constraints on bar migration through bends: 

Implications for meander wavelength selection. Water Resour. Res., 29(4), 1091-1102. 

Whiting, P.J., Dietrich, W.E. (1993b). Experimental studies of bed topography and flow patterns 

in large-amplitude meanders. 1. Observations. Water Resour. Res., 29(11), 3605-3614.  

Yalin, M.S. (1992). River Mechanics, Pergamon Press, Oxford, United Kingdom. 

Yalin, M.S., da Silva, A.M.F. (2001). Fluvial Processes, IAHR Monograph, IAHR, Delft, The 

Netherlands.  



7 

 

Chapter 2 

A Cement-based Method for Fixing Sand in Laboratory Channels 

2.1 Introduction 

To properly investigate the mechanics of formation and time-development of a variety of river 

morphodynamics features, it is important to be able to fully characterize the structure of the 

related flows at different instants of the process. In the laboratory, and given that measurements 

of the flow velocity field are time-consuming, such studies require that the deformation of the 

movable boundary be impeded by fixing the granular material, i.e. require the ‘freezing’ of the 

stream at given stages of development. As pointed out by Kashyap et al. (2010), this remains 

challenging, which explains why most studies to date were largely restricted to the study of the 

equilibrium stage. As can be inferred from the considerations below, the problem is compounded 

by the fact that few detailed reports of methods to fix the bed can be found in the literature.  

 Almost invariably, the existing methods involve spraying different chemical products and 

adhesives on the movable bed. The idea behind these methods is for the products to seep into the 

1 to 1.5 cm topmost layer of sediment, leading to bonding of the sediment grains in that layer, 

with minimal effect on grain roughness. Vanoni and Nomicos (1959) appear to have been the 

first to briefly report such a technique. Their method consists of spraying onto the sand separate 

solutions of sodium aluminate and sodium silicate, followed by calcium chloride and finally a 

synthetic varnish. Benson et al. (2001) developed and tested a simplified and more durable 

version of Vanoni and Nomicos method, involving repeated spraying (up to 3-5 times) of 

separate solutions of sodium silicate and sodium bicarbonate, and bypassing the use of varnish. 

The method was used to stabilize dunes formed by 0.84 mm sand in a straight channel, as well as 
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the bed and banks of a meandering channel. After spraying the chemicals, the bed surface looked 

similar to the original sand surface, in both appearance and texture, the effect on grain roughness 

being negligible. The fixed boundaries withstood the action of continuous water flow for periods 

of 24 hours or so. However, longer periods required repairs and recoating. da Silva (1995) and da 

Silva et al. (2006) succeeded to fix the 2.2 mm sand forming the flat initial bed of meandering 

channels by spraying a diluted varnish. Just like in Benson et al. (2001), this method led to the 

formation of a 1 to 1.5 cm fixed topmost sand layer, with the bed surface remaining unchanged in 

appearance. For this reason, da Silva (1995) assumed that the effect on granular skin roughness, 

if any, would be minimal. Each channel was used for a period of 3 to 4 months, although not 

continuously, without any damage to the bed. More recent attempts at Queen’s University to 

apply the same method to 0.65 mm sand were not successful (private communication by Prof. 

A.M. Ferreira da Silva). In this case, the varnish solution failed to percolate deeply into the sand, 

adhering only to the grains in a top layer of 1 to 3 grain diameter thickness. This invariably failed 

to maintain its integrity during testing, breaking at random locations because of water pressure 

from underneath. Khalil (1972) developed a method consisting of spraying a resin (urea-

formaldehyde) based solution followed by spraying a solution of formic acid. The method was 

applied to a movable bed consisting of a rippled pattern formed by 0.705 mm sand. The resulting 

fixed bed can be viewed as permanent as it withstood at least 2 years of hydraulic tests. By 

testing on flat beds of 2.0 and 0.7 mm sands, Khalil found that the method does not change grain 

roughness. 

 Testing over stabilized beds was also carried out by Best (1988), Whiting and Dietrich 

(1993), Blanckaert (2002) and Termini (2009). Best (1988) used two coats of urethane varnish 

spray followed by two coats of an acetone diluted epoxy resin to stabilize deformed beds of 0.49 
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mm sand; Whiting and Dietrich (1993), followed by Termini (2009), impregnated dry sand with 

paint to form the topmost (immobilized) layer of a 0.65 mm flat sand bed in a meandering 

channel; and Blanckaert (2002) used spray paint to immobilize 1.6 to 2.2 mm sand beds. Details 

on the application technique and durability of the hardened beds are not provided in these works. 

To the best knowledge of the writers, the effect on granular roughness was not assessed. 

 Other approaches to produce a stabilized bed were adopted by Termini and Piraino (2011), 

who coated the deformed surface of a meandering channel with a mixture of cement dust and 

paint, and Kashyap et al. (2010), whose method employed a surficial layer of plaster of Paris 

coated by spar urethane. However, not enough details are provided by Termini and Piraino 

(2011) on the adopted hardening technique, while the testing presented in Kashyap et al. (2010) 

could not conclusively establish whether or not the method altered granular roughness.  

 The chemical products in the above methods need to be expertly handled during 

application, as they carry health risks and can damage the walls of the laboratory channels. The 

chemicals used in Khalil’s method, in particular, are highly poisonous and very acid. All methods 

are quite involved, and require some preliminary work to find the best spraying method, curing 

time, etc., especially as these may need to be adjusted for grain sizes different from those used by 

the original authors. 

 In the course of ongoing research on meandering at Queen’s University, the need arose to 

measure flow velocity fields in a meandering stream with movable sand bed and banks ( =50D

0.65 mm), before any deformation would occur. The stream, having a trapezoidal cross-section 

(bank slope angle = 30°; top width = 0.64 m; bottom width = 0.48 m), was formed inside an 

existing meandering channel (0.8 m wide; vertical side walls) that is described elsewhere (da 

Silva and El-Tahawy 2008). This problem was used as an opportunity to explore an alternative to 
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existing hardening methods that would not involve special chemical products and also not change 

the grain roughness in any appreciable way. The method proposed here consists of coating the 

movable boundary with a mixture of sand and a small amount of Portland cement Type III (Type 

HE). This paper is intended as a report of the results of the tests done to assess the viability of 

such a solution. 

2.2 Granular roughness and shear strength of a sand-cement coat 

2.2.1 General 

As a first step in this work, two series of experimental tests were carried out in a small tilting 

flume to assess the extent to which a coat of a sand-cement mixture may alter the hydraulic 

conditions because of changes in granular roughness. The flume is 2 m long, 0.13 m wide and 

0.08 m deep (Fig.  2.1), and has a maximum discharge capacity of 2.5 l/s. The flume walls are 

made of plexiglass, the bottom of aluminum. A tailgate is installed at the downstream end of the 

flume to control the free surface slope. In the first series of tests, movable sand beds were used. 

The results were then compared with those from the second series of tests where the beds were 

fixed. 

2.2.2 Movable bed tests 

In these tests, the bed was formed by a 2cm-thick (compacted) layer of sand, with a flat (scraped) 

bed surface. Four different silica sands, with D50 = 0.195, 0.65, 1.1 and 2.0 mm, were used. The 

sands were well-sorted, with coefficients of uniformity D60/D10 of 1.44, 2.07, 1.64 and 1.56, 

respectively. To avoid erosion at the flume entrance, the first 10 cm of the bed at the upstream 

end of the flume consisted of a gravel layer. The bed slope was achieved by tilting the flume. A 

total of 12 tests were carried out, with hydraulic conditions as summarized in Table  2.1. The test
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Fig.  2.1. Schematic of experimental tilting flume (from Ahmari 2010) 

  

Table  2.1. Hydraulic conditions in movable bed tests (B = 0.13 m) 

Test D50 (mm) h (cm) S Q (l/s) R R∗ 
a Y/Ycr c ks (mm) b 

A-D0195-M 0.195 1.0 1/567 0.230 1770 4.8 0.78 14.4 − 
B-D0195-M 0.195 1.0 1/867 0.173 1330 3.9 0.51 13.4 − 
C-D0195-M 0.195 2.0 1/867 0.537 4130 5.1 0.89 15.7 − 
1-D065-M 0.65 2.0 1/567 0.532 4092 21.1 0.81 12.6 1.49 
2-D065-M 0.65 3.0 1/567 0.967 7438 24.5 1.09 13.2 1.52 
3-D065-M 0.65 2.0 1/369 0.645 4962 26.2 1.25 12.3 1.57 
1-D110-M 1.10 2.0 1/567 0.489 3762 35.8 0.39 11.6 2.06 
2-D110-M 1.10 3.0 1/567 0.930 7154 41.5 0.52 12.7 1.78 
3-D110-M 1.10 2.0 1/369 0.589 4530 44.4 0.60 11.2 2.21 
1-D200-M 2.00 2.0 1/567 0.410 3154 65.1 0.19 9.7 3.81 
2-D200-M 2.00 3.0 1/567 0.760 5846 75.4 0.26 10.3 3.85 
3-D200-M 2.00 2.0 1/369 0.501 3854 80.8 0.29 9.5 3.91 

 a Calculated by adopting ks = 2D50. 
 b Determined from Eq. ( 2.1). 

 

names start with a letter (A, B, C) or a number (1, 2, 3), each designating a particular 

combination of flow depth h and slope S (e.g., ‘1’ implies h = 2 cm and S = 1/567). This is 

followed by D0195, D065, D110 or D200, indicating the sand grain size, and the symbol ‘M’, 

denoting movable bed. Here, Q = measured flow rate, R = flow Reynolds number (= vh/ν, with v 

= Q/(Bh) as average flow velocity and ν as fluid kinematic viscosity), R∗ = roughness Reynolds 
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number (= v*ks/ν, with v* = (gSRh)
1/2 as shear velocity, where g and Rh stand for acceleration due 

to gravity and hydraulic radius; ks as granular skin roughness), and Y/Ycr = relative flow intensity. 

In the latter, Y = mobility number (ρv*
2/(γsD), with ρ as fluid density, γs as submerged specific 

weight of grains, D as typical grain size), and Ycr = value of Y at the critical stage of initiation of 

sediment transport. For the present purposes, ρ, ν and γs were identified with 1000 kg/m3, 10-6 

m2/s and 16186.5 N/m3, and D with D50. As per Eq. (1.34) in Yalin and da Silva (2001), Ycr was 

identified with 0.0611, 0.0310, 0.0382 and 0.0436 for D50 = 0.195, 0.65, 1.1 and 2.0 mm, 

respectively. In this sub-section R∗ could be initially evaluated by adopting ks = 2D50 (Kamphuis 

1974, Yalin 1992). The length of development of the velocity profile, Lent, at the upstream end of 

the flume was estimated from Eq. (2.95) in Yalin (1977). This yielded Lent = 0.2 m for the tests 

with h = 1.0 cm; 0.26 m ≤ Lent ≤ 0.35 m for the tests with h = 2.0 cm, except for test C-D0195-M, 

where Lent = 0.49 m; and 0.45 m ≤ Lent ≤ 0.58 m for the tests with h = 3.0 cm. Considering this, 

for practical purposes the effective flume length was defined as the central 1.2 m of the flume. 

Local flow depths were measured with the aid of a point gauge (resolution ±0.1 mm) every 20 cm 

along the effective length. The flow rate was measured volumetrically, by diverting the water 

discharged by the flume to a container, over a known period of time (usually 60 s, although time 

was reduced to 30 s for flow rates > ≈ 0.6 l/s). The container had a square base with internal area 

0.36 m2. The height of water in the container was measured with a point gauge (resolution ± 0.1 

mm); time was measured with a digital stopwatch (resolution ± 0.01 s).  The estimated error in 

the measurements of slope of the tilted flume (= bed slope) was S ± 2 to 4%, with the smallest 

and largest errors corresponding to the slopes 1/369 and 1/867, respectively. The tilting 

mechanism of the flume used in these experiments was manually operated. Because of this, and 

in order to keep the slope unchanged between equivalent movable and fixed bed tests, first all 
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tests (movable and fixed bed) with S = 1/867 were conducted, then all tests with S = 1/567 and 

finally the tests with S = 1/369.  

 To measure the flow depth a point gauge mounted on the railings forming the top of the 

flume walls was used. The error in the values of flow depth and flow rate was estimated on the 

basis of multiple measurements of these quantities. This yielded h ± 0.2 mm, and an average 

absolute error of 1.8% for the measurements of Q, varying from 1% in tests 1-D065-M, 1-D110-

M and 3-D200-M to 3% in tests C-D0195-M and 2-D110-M.  

 The uniform flow was sub-critical in all tests, with the Froude number F = v/(gh)1/2 

varying from 0.36 in tests 1- and 2-D200-M to 0.56 in tests A-D0195-M and 3-D065-M. In order 

to impede the formation of bed forms, the values of flow depth and slope were selected so that, as 

much as possible, the resulting values of bed shear stress would be smaller than the critical bed 

shear stress. Y/Ycr < 1 was realized in all tests, except in tests 2- and 3-D065-M. In these tests, but 

especially in test 3-D065-M, some sediment transport was noticeable. However, the bed remained 

flat (no bed forms) throughout the tests. To avoid any possible degradation of the bed that could 

affect the h-measurements, in test 3-D065-M, the sand exiting the flume was manually re-inserted 

at the flume upstream end approximately every 5 minutes. This procedure was followed until the 

measurements of h had been accomplished. The amount of sand exiting the flume in test 2-D065-

M was minimal, so that feeding this sand at the entrance was deemed not necessary. It should be 

clear that achieving Y/Ycr < 1 restricts the values of slope and flow depth that could be used and 

thus imposed limitations on the flow conditions that could be produced. The condition Y/Ycr was 

particularly restrictive in the case of the 0.195 and 0.65 mm sands. Keeping this in mind, note 

that in the tests with the 0.65 and 1.1 mm sands the turbulent flow was invariably in the 

transitional regime (≈ 5 ≤ R∗ ≤ ≈ 70). In the tests with the 2.0 mm sand, the conditions were 
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rough turbulent in tests 2- and 3-D200-M, and very nearly so in test 1-D200-M (R∗ = 65). In the 

0.195 mm sand tests the resulting values of R were rather small. In this case, a value of R > 2000 

(where 2000 is the upper limit of the transitional region between laminar and turbulent flows 

(Graf 1998)) was achieved only in test C-D0195-M. In the remaining two tests, but especially in 

test B-D0195-M (where R = 1330), the conditions may have been only transiently turbulent. As 

can be inferred from the content of this paper, the results of these two tests nonetheless provide 

additional insight. Thus they were not excluded from the present analysis.  

 Table  2.1 shows also the values of the (dimensionless) Chézy resistance factor c, 

determined from c = v/v*, as well as the values of ks estimated from the following relation 

(Schlichting 1955, Yalin 1977)  

s

s

h B
k

R

v

v
+







= 368.0ln5.2

*

, ( 2.1) 

where the roughness function Bs = φ(v*ks/ν) was expressed with the aid of the following equation, 

due to Yalin and da Silva (2001),  

}1{5.8]5.5)/ln(5.2[
55.255.2 )]/[ln(0594.0)]/[ln(0705.0 ννν s*s* kvkv

s*s eekvB −− −++= , ( 2.2) 

Here v was determined from the measured flow rate, and v* was as defined earlier (= (gSRh)
1/2). It 

follows that the values of v* used to calculate ks were identical for tests carried out with the same 

slope and flow depth, which, for the case of the tests in Table  2.1, means those tests having the 

same first number 1, 2, 3. On the basis of the estimated errors in the measured values of Q, S and 

h, the error in values of ks was estimated as varying from 12% in tests 3-D200-M to 16% in tests 

3-D065-M, although in tests 1-D200-M and 2-D110-M the estimated error (namely 18% and 

22%, respectively) was higher. 
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 In the case of hydraulically smooth flows, Bs = 2.5ln(v*ks/ν)+5.5, and Eq. ( 2.1) reduces to 

v/v* = 2.5ln[0.368(Rhv*/ν)]+5.5, which does not depend on ks. Hence, ks can be revealed with the 

aid of Eq. ( 2.1) only for transitional and rough turbulent flows. This explains why a value of ks 

could not be determined for test C-D0195-M (and also not for tests A- and B-D0195-M, even if, 

keeping in mind earlier comments on the values of R, these tests were to be treated as being in 

the hydraulically smooth regime of the turbulent flow). For the remaining tests, the ratio of the 

resulting ks values to D50 was invariably close to 2 (the mean value of ks/D50 in Table  2.1 being 

2.04, with a standard deviation of 0.24). 

 As indicated by Yalin (1977), p. 42, the procedure used here to estimate ks is the simplest. 

However, it has the disadvantage of involving the whole cross-section, and thus the influence of 

side walls. Therefore, the procedure is associated with a certain amount of error (an “intrinsic” 

error, independent of any error in measurements). This error is, to some extent, mitigated through 

the use of Rh instead of h in the term h/ks in Eq. ( 2.1). The fact that the estimates of ks/D50 in the 

present tests were comparable to the literature value of 2.0 suggests that the intrinsic error for the 

reason mentioned above was relatively small. However, the matter is inconsequential in this 

paper, as the estimated values of ks are only intended for comparative purposes between movable 

and fixed bed tests with identical side walls. 

2.2.3 Fixed bed tests 

The fixed bed tests are summarized in Table  2.2. In the first fifteen of these tests, with names 

ending with ‘F’, compacted and wet flat sand beds were coated with sand-cement mixtures. Each 

mixture was prepared by mixing sand of a specific D50, cement and water in a concrete mixer: the 

cement/sand volume ratio was 8%; the amount of water was 60% of the cement volume. 
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Table  2.2. Hydraulic conditions in fixed bed tests (B = 0.13 m) 

Test h (cm) S Q (l/s) Q̂  (%) c ĉ (%) ks (mm) 
sk̂  (%) R R∗ 

1-D065-F 2.0 1/567 0.619 16.4 14.6 16.4 0.74 -50.2 4762 12.1 
2-D065-F 3.0 1/567 1.170 21.0 15.9 21.0 0.60 -60.7 9000 11.3 
3-D065-F 2.0 1/369 0.826 28.1 15.7 28.1 0.48 -69.7 6354 9.6 
1-D110-F 2.0 1/567 0.564 15.3 13.3 15.3 1.17 -43.3 4338 19.0 
2-D110-F 3.0 1/567 1.089 17.1 14.8 17.1 0.89 -50.0 8377 16.8 
3-D110-F 2.0 1/369 0.724 22.9 13.8 22.9 0.97 -56.2 5569 19.5 
1-D200-F 2.0 1/567 0.518 26.3 12.2 26.3 1.66 -56.5 3985 27.0 
2-D200-F 3.0 1/567 0.984 29.5 13.4 29.5 1.41 -63.3 7569 26.6 
3-D200-F 2.0 1/369 0.676 34.9 12.9 34.9 1.30 -66.8 5200 26.2 
A-D065-F 1.0 1/567 0.252 − 15.8 − − a − 1938 − a 
B-D065-F 1.0 1/867 0.161 − 12.5 − 0.98 − 1238 9.7 
C-D065-F 2.0 1/867 0.509 − 14.9 − 0.66 − 3915 8.7 
A-D110-F 1.0 1/567 0.181 − 11.4 − 1.47 − 1392 18.0 
B-D110-F 1.0 1/867 0.144 − 11.2 − 1.62 − 1108 16.0 
C-D110-F 2.0 1/867 0.403 − 11.8 − 2.00 − 3100 26.4 
1-D065-G 2.0 1/567 0.580 9.0 13.7 9.0 1.03 -30.8 4462 16.8 
2-D065-G 3.0 1/567 1.041 7.7 14.2 7.7 1.10 -27.4 8008 20.8 
3-D065-G 2.0 1/369 0.692 7.3 13.2 7.3 1.18 -25.0 5323 23.8 
1-D200-G 2.0 1/567 0.444 8.3 10.5 8.3 2.90 -23.8 3415 47.3 
2-D200-G 3.0 1/567 0.813 7.0 11.1 7.0 3.00 -22.0 6254 56.6 
3-D200-G 2.0 1/369 0.535 6.8 10.2 6.8 3.11 -20.4 4115 62.9 

   a No value of ks could be found that would satisfy Eq. ( 2.1) (implying hydraulically smooth flow). 

 

Approximately 5 mm of such mixture was then spread over the flat sand bed, with the aid of a 

scraper. Finally, the flume was covered with a plastic sheet and the mixture was cured for seven 

days, with water being sprayed once a day over the bed surface. After curing, the coating 

appeared as a hardened layer. In the following, this coating surface will be termed ‘hardened 

mortar mixture’. The letters A, B, C and numbers 1, 2, 3 in the test names designate the same 

combinations of h and S as in the movable bed tests previously reported (see the 1st paragraph of 

Sub-section  2.2.2). D065, D110 and D200 indicate the average grain size of the sand in the sand-

cement mixture. Of these fifteen tests, the first nine are the fixed bed counterparts of the movable 

bed tests 1-D065-M to 3-D200-M in Table  2.1. The next six tests (A-D065-F to C-D110-F) are 
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not intended as fixed bed counterparts of any of the movable bed tests in Table  2.1; the reason to 

conduct these tests will become apparent in point 3. below. [As a side note, it should be 

mentioned that the cement/sand volume ratio was selected after examining sample mixtures of a 

0.65 mm sand and cement, prepared with cement/sand volume ratios of 4%, 8% and 15%, and a 

water content of 60% of cement volume. After curing, the 4% samples were found to deform 

somewhat under the pressure of a finger, while those with 8% and 15% not only withstood such a 

pressure, but also resisted well dusting with a soft brush. Out of these two, the 8% cement/sand 

volume ratio was selected, as the smaller the amount of cement, the smaller should be the effect 

on grain roughness.] 

 The last six of the fixed bed tests, with names ending with ‘G’ were carried out merely for 

purposes of further comparison and discussion. In these tests a layer of sand was glued to 

previously fixed beds, after allowing them to dry. The adhesive Sikadure® 330 two-component 

epoxy, with a pot life of 57 minutes, was brushed on the surface, and sand was then sprinkled 

over it so as to ensure a full coverage by sand grains. Tests 1- to 3-D065-G were carried out by 

gluing the 0.65 mm sand; and tests 1- to 3-D200-G, by gluing the 2.0 mm sand. These tests are to 

be viewed as fixed bed counterparts of the movable bed tests 1- to 3-D065-M and 1- to 3-D200-

M. 

 In addition to the measured values of Q, and the values of c and ks (determined as 

described in Subsection  2.2.2), Table  2.1 shows also, as Q̂ , ĉ  and sk̂ , the relative difference (in 

%) between Q, c  and ks in the fixed bed tests and the equivalent movable bed tests. No values of 

Q̂ , ĉ  and sk̂  are shown for tests A-D065-F to C-D110-F, as they do not have equivalent 

movable bed tests. Furthermore, given the low values of R in tests B-D065-F, A-D110-F and B-
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D110-F, the estimated values of ks in these tests must be viewed with caution. The values of R∗ in 

the last column of Table  2.2 were calculated using the values of ks shown in the same table. From 

Table  2.1 and Table  2.2, it follows that: 

1. For the same values of flow depth and slope, the flow rate was considerably higher when 

a hardened mortar mixture of the same sand was used instead of the original sand beds 

(compare the results of the first nine tests in Table  2.2 with their movable bed 

counterparts 1- to 3-D065-M, 1- to 3-D110-M, and 1- to 3-D200-M, noting that the 

relative increase in flow rate was between ≈15% and 35%, with an average of 24%). The 

fact that the fixed beds were considerably smoother than the original beds, despite the 

small content of cement, is also reflected in an appreciable decrease in the values of ks and 

R∗, and increase in the values of c. 

2. As expected, the values of Q  and, consequently, c, ks and R∗ of the tests with glued sand 

were much closer to those of the “equivalent” movable bed tests (compare the last 6 tests 

in Table  2.2 with tests 1- to 3-D065-M and 1- to 3-D200-M in Table  2.1). In this case, Q̂  

remained between 6.8 and 9.0%. 

3. The values of Q, and consequently the values of c and ks in the fixed bed tests 1- to 3-

D200-F were close to those in the movable tests 1- to 3-D065-M, respectively. The 

relative difference between measured flow rates in these tests varied from -2.6% to 4.8%, 

with an absolute average of 3.1%. That is, the granular roughness of a movable bed 

formed by the 0.65 mm sand was comparable to that of a fixed bed where the 2.0 mm 

sand was used in the coating mortar mixture. In other words, in the case of the 0.65 mm 

sand, it was possible to preserve the granular roughness of the original bed by using in the 
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coating mixture a sand with an average grain size ≈ 3 times larger than that of the original 

sand. On the other hand, the values of Q and c in the fixed bed tests A- to C-D065-F were 

close to those in the movable bed tests A- to C-D0195-M, respectively.  In this case, the 

relative difference between measured flow rates varied from -7.5% to 8.7%, with an 

absolute average of 7.2%. Despite the limitations identified earlier associated with the 

tests involving the 0.195 mm sand, the similarities in hydraulic conditions between tests 

A- to C-D065-F and A- to C-D0195-M suggest that in this case too, similar roughness 

conditions were present. This further suggests that, as long as D50 ≤ ≈ 0.65 mm, the 

granular roughness can be preserved if the average grain size in the coating mixture is 

increased by ≈ 3 times in comparison to that of the original sand.  

4. The relative difference in flow rate between the fixed bed tests 1-, 2- and 3-D200-F, and 

the movable bed tests 1-, 2- and 3-D110-M was 5.9%, 5.8% and 14.8% respectively. The 

conditions nonetheless were sufficiently close so that, in practice, the granular roughness 

of a sand-cement mixture where the sand grain size is ≈ 2 mm or slightly larger could be 

viewed as a reasonable approximation to the roughness of a ≈ 1.1 mm movable sand bed.  

 

 Points 3 and 4 above indicate that the relation between the average grain size in the coating 

mixture and that of the original sand is likely to be of a form consistent with that of the solid line 

in Fig.  2.2. Considering the present tests alone, this line was drawn so that for sand up to 0.6 mm, 

the grain size of the sand in the coating mixture is roughly 3 times larger than the grain size of the 

original sand; while for sands from 0.6 mm to 1.1 mm, this relation is gradually reduced to 

roughly 2 times. From the present study, it follows that if D50 > ≈ 1.1 mm, then a better approach 

is to coat the bed with a hardened mixture of (any) sand and cement, and then glue on it a layer of 
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the original sand. For this reason, the solid line in Fig.  2.2 has not been extended beyond D50 of 

the movable bed equal to 1.1 mm. 

 

Fig.  2.2. Plot of D50 of sand in coating sand-cement mixture versus D50 of original movable sand 
bed (solid line drawn so as to follow the trend of the data-points) 

 

2.3 Proposed stabilizing method 

2.3.1 General 

Clearly, the method of application of the coating sand-cement mixture described in the previous 

section can only be used when the bed is flat. In this section, a different method of application is 

explored, with the goal of simplifying the procedure, and, eventually making it also applicable to 

the case of deformed beds – a matter that is dealt with separately in Subsection  2.3.4. 

 In this new procedure, only dry sand and cement were mixed beforehand in a mixer (no 

water was added at this stage; in view of the tests previously reported, a cement/sand volume 

ratio of 8% was adopted). When forming the laboratory sand bed (or sand channel), this dry 

mixture was used to form its topmost layer. For this purpose, a layer ≈ 5 mm thick of the mixture 

was spread (with the aid of a scraper) over the previously compacted and still wet bed. The 

channel was then slowly filled with water so as not to disturb this layer, until the entire surface of 
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the layer was submerged in water; and subsequently slowly drained. This had the effect of 

compacting the layer, while making it fully saturated. The sand-cement layer was then cured in 

the same way that was used for the mortar mixture in the previous section. 

 The tests carried out to assess the durability, shear strength and granular roughness of beds 

stabilized with the method described above are detailed next. 

2.3.2 Durability and shear strength of stabilized beds 

As a preliminary assessment of durability, a sand bed having an immobilized top layer of 0.65 

mm sand (and cement) was subjected to a uniform flow, with S = 1/44 and h = 1.8 cm (Q = 1.7 

l/s), resulting in a bed shear stress τ0 ≈ 3 N/m2 (= ρv*
2). This test, which was conducted in the 0.13 

m wide tilting flume described in Section  2.2, lasted six hours. The bed shear stress was 7.3 times 

larger than the largest bed shear stress in the tests previously reported (namely, 0.41 N/m2 in the 

tests with h = 2.0 cm and S = 1/369). 

 Since the bed did not suffer any damage during the test, the stabilizing layer was then 

subjected to different flow conditions over longer periods of time in an 11.5 m long, 0.385 m 

wide, and 0.41 cm deep tilting flume with plexiglass walls and concrete bottom. For this purpose, 

a 27.5 cm wide, 25.5 cm long and 0.5 cm thick immobilized layer sample, formed also by 0.65 

mm sand and cement, was prepared in a wood box with multiple drainage holes at the bottom. 

The box was fixed at the bottom of the flume (Fig.  2.3), at a location 0.95 m downstream of the 

flume headgate. Four tests were carried out with hydraulic conditions as summarized in 

Table  2.3. Here h and S are the flow depth and slope of the uniform flow sufficiently downstream 

of the wood box so as to be undisturbed by this (note that the box locally disturbs the flow, 

raising the flow depth upstream of the box and leading to a varying flow over the box). 
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Fig.  2.3. Stabilized layer sample in 0.385 m wide tilting flume 

 A purpose of these tests was to subject the hardened surface to bed shear stresses 

substantially larger than those in the tests reported in Section  2.2, and representative of a wide 

range of typical laboratory conditions. The 0.385 m wide tilting flume was selected for these tests 

because this flume can be tilted to produce as large a value of slope as desired, and therefore it 

offered the best conditions to ensure that the objective of the tests was realized. However, the 

flume is not equipped with a flow rate measuring device, from where values of flow rate Q and 

average flow velocity v could be readily obtained. No attempt was made to measure these 

quantities through point measurements of velocity covering a flow cross-section. Instead, the 

values of Q (as well as the values of τ0) for these tests were estimated on the basis of open-

channel flow relations, as described below. Even though this approach is associated with 

substantial uncertainty, it is judged sufficient for the present purposes, where the intention is 

merely to approximately characterize the strength of the flows used for the benefit of the readers. 

Accordingly, the values of Q in Table  2.3 were obtained with the aid of Manning’s equation on 

the basis of the h and S values of the downstream uniform flow, and by adopting n = 0.012 (value 

provided by Crowe et al. 2009 for troweled concrete, in accordance with the material forming the 

flume bottom; the fact that the walls were made of a different material than the bottom was not 

considered in the calculations). The bed shear stress acting in the middle of the immobilized layer 

sample was used as representative of the (variable in flow direction) bed shear stress acting on 
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the sample. This was estimated from τ0 = γSfh, with h and Sf identified with the flow depth and 

friction slope in the middle of the sample, the first being directly measured (h = 10.8, 15.8, 10.5 

and 15.5 cm for tests 1 to 4, respectively) and the latter determined from Q = (1/n)BhSf
1/2Rh

2/3 

(Chaudhry 1993, Jain 2001). In these calculations, n was still assigned the value 0.012. The 

calculations thus rest on the assumption that the material of which the box is made of is not 

particularly relevant where the shape of the free surface over the box is concerned. To give an 

idea of the erosive power of the present flows, values of Y/Ycr are also shown in Table  2.3. Since 

Y/Ycr can only be calculated for movable sand beds, the values of τ0 were converted to values of Y 

(= τ0/γsD) for the movable sand bed that would be immobilized by the mixture of 0.65 mm sand 

and cement, namely a sand having D50 ≈ 0.2 mm (see Fig.  2.2), for which Ycr = 0.060. Each of 

tests 1 to 4 was continued for 4 hours, in a total of 16 hours of testing. No damage to the surface 

was observed at the end of the tests, reflecting the fact that this new method of application 

produces equally strong beds as the ‘hardened mortar mixture’ method described in 

Subsection  2.2.3. 

Table  2.3. Hydraulic conditions in durability and shear strength assessment tests of proposed 
stabilizing method (tests reported in Subsection 3.2, B = 0.385 m) 

Test h (cm) S Q (l/s)a R F τ0 (N/m2)a Y/Ycr 
1 6.6 1/94 31 77922 1.51 2.80 14.4 
2 10.2 1/94 60 145455 1.52 4.92 25.4 
3 6.7 1/64 38 93506 1.83 4.24 21.8 
4 10.5 1/64 75 181818 1.84 7.95 41.0 

a Estimated. 
 
 

2.3.3 Granular roughness 

A question that arises is whether the two different methods of application of the sand-cement 

mixture previously described lead to differences in granular roughness. To answer this question, 

new tests were carried out in the 0.13 m wide tilting flume briefly described in Subsection  2.2.1. 
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In these tests, like in the tests described in Section  2.2, the flow was uniform; however, the bed 

was coated by a sand-cement mixture applied as described in Subsection  2.3.1. The hydraulic 

conditions of these tests were as summarized in the first six rows in Table  2.4. In the first three of 

these tests, the coating mixture consisted of 0.65 mm sand and cement, and in the next three of 

1.1 mm sand and cement. As in all previous tests, in both cases the cement/sand volume ratio 

(here denoted CSVR) was 8%. Note that tests 1- to 3-D110-FD in Table  2.4 are the counterparts 

of tests 1- to 3-D110-F in Table  2.2, while tests A- to C-D065-FD are the counterparts of tests A- 

to C-D065-F (the flow conditions were the same, the only difference being the method of 

application of the sand-cement mixture). The values of c and ks in Table  2.4 were determined as 

described in Subsection  2.2.2; R∗ in the last column was determined using the values of ks in this 

table. To facilitate the comparison between these tests and their counterparts in Table  2.2, 

Table  2.4 shows also, as Q
~

, c~and 
sk

~ , the relative difference (in %) between Q, c and ks of the 

present tests and their counterparts in Table  2.2. As can be inferred from these tables, the 

hydraulic conditions in tests 1- to 3-D110-FD and A- to C-D065-FD were close to those of their 

counterparts. This indicates that the granular roughness of the coating cement-sand mixtures in 

the present tests is comparable to that of the hardened mortar mixture used in the tests in 

Table  2.2. 

 However, due to the large difference in size between sand grains and cement particles, 

mixing sand with D50  ≈ 2 mm and cement (8%) did not produce a uniform dry mixture. As a 

result, the fixed bed was formed by patches with different cement content and variable shear 

strength. To overcome this problem, in this case the cement content was increased from 8% to 

16%. Despite the increase in cement content, the granular roughness of the stabilized bed was 

nonetheless still comparable to that of the hardened mortar mixture. This was concluded after 
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conducting three more tests in the 0.13 m wide tilting flume, with hydraulic conditions as 

summarized in the last three rows of Table  2.4. In these tests, which are the counterparts of tests 

1- to 3-D200-F in Table  2.2, the coating mixture consisted of 2.0 mm sand and cement, the 

cement/sand volume ratio being 16%. It should be noted that in the hardened mortar method, the 

mixture was compacted manually, which likely alters the arrangement of sand grains, especially 

in larger grain sizes; while with the present method of application, the coating mixture was 

naturally compacted by water, likely not changing the arrangement of sand grains. This probably 

explains why a dry mixture of sand-cement with large sand grain size and higher cement content 

that is compacted by water has a granular roughness comparable to that of a mortar mixture of the 

same sand grain size and lower cement content that is compacted manually. Considering the 

aforementioned, a practical rule-of-thumb would be to adopt a cement/sand ratio of 8% for sands 

up to ≈0.65 mm, and then gradually (linearly) increase this ratio up to 16% for ≈ 2 mm sands. 

Table  2.4. Hydraulic conditions in granular roughness assessment tests of proposed stabilizing 
layer (B = 0.13 m) and comparison with equivalent tests using hardened mortar mixture 

Test CSVR (%) h (cm) S Q (l/s) 
Q
~  

(%) 
 c c~  (%) ks (mm)a sk

~
 (%) R R∗ 

A-D065-FD 8 1.0 1/567 0.247 -2.0 15.5 -1.9 −b − 1901 −b 
B-D065-FD 8 1.0 1/867 0.166 3.1 12.9 3.2 −b − 1280 −b 
C-D065-FD 8 2.0 1/867 0.530 4.2 15.5 4.1 0.47 -28.8 4079 6.2 
1-D110-FD 8 2.0 1/567 0.559 -0.9 13.2 -0.8 1.21 3.4 4300 19.8 
2-D110-FD 8 3.0 1/567 1.107 1.7 15.1 2.0 0.82 -7.9 8515 15.4 
3-D110-FD 8 2.0 1/369 0.701 -3.2 13.4 -2.9 1.11 14.4 5392 22.4 
1-D200-FD 16 2.0 1/567 0.551 6.4 13.0 6.6 1.29 -22.3 4238 21.0 
2-D200-FD 16 3.0 1/567 0.967 -1.7 13.2 -1.5 1.52 7.8 7438 28.7 
3-D200-FD 16 2.0 1/369 0.680 0.6 13.0 0.8 1.26 -3.1 5231 25.4 

 a Determined from Eq. ( 2.1). 
   b No value of ks could be found that would satisfy Eq. (1) (implying hydraulically smooth flow). 
 
 

2.3.4 Application of present method to deformed beds 

To test the applicability of the present method to the case of deformed beds, the method was used 

to stabilize dunes in the 0.13 m wide tilting flume (Fig.  2.4 and Fig.  2.5). Three consecutive 
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dunes (dune length = 30 cm; dune height = 2 cm) formed by 0.65 mm sand were built for the 

present purposes as shown in Fig.  2.4a, and subsequently evenly covered by a layer of a dry 

mixture of 0.65 mm sand and cement (the cement-sand volume ratio being 8%). The flume was 

then very slowly filled with water from downstream, so as not to disturb the deformed bed, until 

the dunes were completely drowned. Finally the water was very slowly drained, and the sand-

cement layer was cured for seven days as described in Section 2.3 (see Fig.  2.4b). The dunes 

were then subjected to a flow having average flow depth hav = 2.95 cm (flume slope S = 1/44), 

and yielding Q = 1.29 l/s, v = 33.6 cm/s. After 7 hours of running the flow (in 30 minute-long 

timespans), no erosion occurred, with the stabilizing layer fully maintaining its integrity 

(Fig.  2.4c). 

 However, in the process of stabilizing the dunes, the following was noticed. When filling 

the flume with water, however slowly, as the water overtopped a dune crest, it ran down the dune 

slope on the stoss side, causing some deformations on the sand-cement mixture. Although these 

were negligible in this case, they are likely to be more prominent in the case of deformed beds 

exhibiting steeper slopes between shoals and deeps. To prevent this problem, an alternative 

procedure is to spread the dry mixture of sand-cement over the bed, and then abundantly spray it 

with water, before slowly filling and emptying the channel.   

 As an additional test, the method was also used to successfully stabilize the deformed, 

equilibrium bed of a 0.30 m wide meandering channel, with walls made of ABS (acrylonitrile 

butadiene styrene) plastic. 

 It should be noted that the areas that were stabilized in the tests reported in this paper were 

relatively small. Hence, it was possible to manually spread the dry mixture of sand-cement over 

the deformed beds. In the case of the dunes in the 0.13 m wide flume (Fig.  2.4 and Fig.  2.5), the 
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sand-cement coating mixture was manually applied by following lines drawn on the plexiglass 

walls. In the case of the meandering channel mentioned in the previous paragraph, the coating 

mixture was applied by repeatedly “pulverizing” the bed with the aid of a sieve. Both methods 

are impractical for application to large areas. Furthermore, although the bed topography in the 

meandering channel was not surveyed before and after the application of the mixture, it is very 

difficult to ensure a coating layer of uniform thickness if a sieve is used to spread it. 

 After concluding the tests, it was determined that the best application method of the (dry) 

coating mixture is by adopting the hourglass “principle”. For this purpose, a basket with 

triangular cross-section (or triangular base) ending with a slot, and containing the sand-cement 

mixture, is moved at a constant speed along the railings of the flume or channel, while the 

mixture continuously falls over the deformed bed. In the case in which a flume is equipped with 

an automated carriage, the process is very simple, as the carriage can be used to convey the 

basket at a uniform speed along the flume. This method has recently been used in an independent 

study to fix a train of 10 periodic dunes (dune length = 1.30 m; dune height = 8 cm; flow depth ≈ 

15 cm), in the sediment transport flume (B = 0.76 m, length = 21 m) of Queen’s University (see 

da Silva et al. 2013). However, even if the basket is manually conveyed downstream, it is 

nonetheless possible to achieve a coating layer of almost equal thickness all over. This can be 

inferred from Fig.  2.6, showing a close-up photo of a dune after applying the coating mixture 

with the aid of a basket manually conveyed downstream. This dune was part of a set of dunes 

installed in the present 0.385 m wide tilting flume for the sole purpose of testing this application 

method. (Note that a few sand grains were spread over the coating layer after this was applied to 

make it more clearly visible in the photo).  
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Fig.  2.4. Front view of movable sand dunes versus stabilized dunes with sand-cement coating, in 
the 0.13 m wide flume: (a) sand dunes; (b) stabilized dunes; (c) stabilized dunes after 7 hours of 

test 

 

 

Fig.  2.5. Side view of movable sand dunes versus dunes stabilized with sand-cement coating in 
the 0.13 m wide flume: (a) sand dunes; (b) stabilized dunes; (c) stabilized dunes after 7 hours of 

test 

 
 

 
 
 
 

Fig.  2.6. Side view of sand dune (dune length = 70 cm; dune height = 5 cm) in the 0.385 m wide 
flume, showing coating mixture (gray layer) applied with the aid of a basket manually conveyed 

downstream 
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 To conclude this section, it should be pointed out that, in the case of a deformed bed, the 

present method may have some effect on the surface topography due to the thickness of the 

hardened layer. The effect can be substantial, for example, in the case of scour holes, or 

sequences of throughs and shoals, if their size is “comparable” to the thickness of the hardened 

layer. Depending on the goals of the intended research, this may result in the present method 

being unsuitable for some applications. 

2.3.5 Other aspects 

The purpose of this sub-section is to briefly mention a few aspects related to the application and 

removal of the hardened layer not mentioned earlier, and yet that may be of interest.  

1. In the tests reported in this paper (straight flumes with plexiglass walls and the 0.30 m 

meandering channel with plastic walls), no wall protection was used. The sand-cement 

mixture has a weak bond to plexiglass and some residual material was left on the channel 

walls after removal of the hardened bed. This could be easily removed, although care had 

to be taken not to get the walls scratched in the cleaning process. As a preventive measure 

of any possible damage to the plexiglass, either as a result of the method itself or the 

cleaning process after removal, it is recommended that some form of wall protection be 

used, for the part of the wall that will be in contact with the sand-cement mixture. In the 

authors’ view, the simplest way is to insert along the walls a stripe of thin plastic (or a 

series of plastic stripes). This can be done just before the mixture of sand and cement is 

applied, and left in place until the mixture is cured. Since the mixture has a weak bond to 

plastic, the stripes can be removed (pulled out) after curing is accomplished. However, it 

is preferable to leave them in place, to avoid the potential creation of weak spots of the 
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hardened layer near the walls. In the case of a painted wall, like in our 0.8 m meandering 

channel mentioned in the Introduction, then wall protection should always be used. 

2. Cracking of the hardened layer, or even just a tendency for cracking, was not observed in 

any of the tests. In all tests, the flume or channel entrances were formed by a layer of 

gravel, thus allowing the water to flow under the layer. Tests were often resumed several 

days after a previous test had been completed. However, as a preventive measure, the 

channels were filled relatively slowly, before starting a test.  

3. The hardened layer can be easily removed from the bed. By hitting it with a tool (e.g., a 

hammer), the layer can be made to break into relatively large pieces (we aimed at 10 to 15 

cm), which then need to be picked up and properly disposed of. The process is not 

physically tiring, as the layer breaks easily on impact. 

2.4 Conclusions 

The main findings of the present work can be summarized as follows. 

1. A coating consisting of a mixture of sand and a small amount of Portland cement Type III 

(Type HE) can be used as an effective means to stabilize movable beds. However, if the 

mixture is comprised of the same sand as the original bed, its granular roughness will be 

appreciably smaller than that of the original bed. For sands up to ≈ 1.1 mm, it is 

nonetheless possible to achieve a granular roughness comparable to that of the original 

bed by increasing the size of the sand in the sand-cement mixture (see also point 2. 

below). For sands with D50 > ≈ 1.1 mm, then a better approach is to coat the bed with a 

mixture of (any) sand and cement, and then glue on it a layer of the original sand. 

2. For practical purposes, the grain size D50 to be used in the coating sand-cement mixture is 

perhaps best expressed as a function of D50 of the original sand, i.e. D50 of sand-cement 
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mixture = f (D50 of movable bed). The present tests yielded 3 values (“points”) of this 

function. The solid line in Fig.  2.2, which was drawn so as to capture the trend of these 

points, is thus to be viewed as a first representation of this function. Clearly, considerable 

uncertainty remains regarding the exact form of the function f. Thus, in the absence of 

further work to more precisely define it, and especially if 0.195 mm < D50 < 0.65 mm, it is 

recommended that Fig.  2.2 is used to approximately estimate the grain size of the sand for 

the coating mixture, and that this be then refined as needed through preliminary testing 

comparing flow conditions before and after hardening. It should also be noted that the 

sands used in this work were well-sorted. The sand grain sizes (and the cement content) of 

the coating mixture resulting from this work may need to be somewhat modified for less 

uniform sands than those used in the present tests.  

3. The simplest method of application, valid for both flat and deformed beds, is to evenly 

spread over the bed a ≈ 5 mm layer of a dry mixture of sand and cement. After slowly 

filling the channel so as to fully submerge it in water and slowly emptying the channel, 

the coating mixture should be cured for seven days. In the case of strongly deformed 

beds, it is recommended that the dry mixture of sand-cement be fully saturated with water 

before filling and emptying the channel with water. The cement/sand volume ratio of the 

dry mixture should be 8% for sands up to 0.65 mm, and then gradually increased up to 

16% for sands having D50 = 2.0 mm.  

4. As an alternative to the method of application above, a mortar mixture of sand, cement and 

water can be prepared beforehand in a concrete mixer and then spread on the bed. In this 

case, a cement/sand volume ratio of 8% and a water content of 60% of the cement volume 

are recommended. The considerations in point 1. above regarding the sand grain size to be 
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used in the sand-cement coating mixture are still valid. This alternative method of 

application, however, can be used only when the beds are flat. 

5. On the basis of the appearance of the hardened coating mixture and the tests carried out as 

part of this work, as well as the recent experience at Queen’s University (see da Silva et 

al. 2013)  in using the proposed stabilizing method in the meandering research mentioned 

at the end of the Introduction and the larger scale dune study mentioned at the end of 

Subsection  2.3.4, the authors believe that the resulting stabilized beds can best be defined 

as “semi-permanent”, in the sense that they are able to withstand the action of typical 

laboratory flows over long periods of time, and yet can be easily removed from a flume.  
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Chapter 3 

Effect of Different Variables on the Flow Pattern in Sine-Generated 

Meandering Streams 

3.1 Introduction 

3.1.1 General  

This paper concerns the patterns of flow in meandering streams having a flat bed (i.e. a bed 

having zero slope in radial direction, although with a slope in streamwise direction). 

 As is well-known, as a rule, laboratory and numerical studies on the bed deformation in 

meandering streams are carried out by assuming that the initial surface of the movable bed is flat 

at the beginning of an experiment (“flat initial bed” at time t = 0); the bed is subsequently 

allowed to deform naturally under the action of flow, until it acquires at time t = Tb its 

equilibrium (or “developed”) state (Hooke 1974, Hasegawa 1983, Shimizu and Itakura 1989, 

Whiting and Dietrich 1993b, Termini 1996, Kassem and Chaudhry 2002, Rüther and Olsen 2005, 

da Silva and El-Tahawy 2008, Abad and Garcia 2009, Binns and da Silva 2009, 2011, Xu and 

Bai 2013, Uchida and Fukuoka 2014). In this work, the flow over the flat bed is to be viewed as 

the initial flow just after the beginning of the experiment at t = 0. The significance of such flow 

has been pointed out by da Silva (1995), Yalin and da Silva (2001) and da Silva et al. (2006), 

who have shown that the information needed for a flow to (subsequently) generate its deformed 

bed surface at t = Tb is already locked in the structure of the meandering flow at its initial stage, 

when the bed is still flat. This aspect is further clarified in Sub-section  3.5.2. 

 Following Leopold and Langbein (1966), Langbein and Leopold (1966) (and in agreement 

with Lyness et al. 2001, Termini 2004, da Silva et al. 2006, Duan and Julien 2010, Binns and da 



36 

 

Silva 2009, 2011, He and Chen 2013, and Xu and Bai 2013, among others), in this work the 

stream centrelines (in plan view) are idealized as sine-generated curves given by θ = 

θ0cos(2πlc/L). Here, as shown in the schematic Fig.  3.1, lc is longitudinal coordinate along the 

channel centreline (lc = 0 at the crossover Oi), L is meander length, θ is deflection angle at any lc, 

and θ0 is deflection angle at lc = 0. The work is restricted to “wide” streams, defined here as 

streams having width-to-depth ratio B/hav >≈ 10. It is further assumed that the flow rate Q is 

constant, the flow is turbulent and subcritical, and its width B does not vary along lc. 

 Throughout this paper, the position of a point P in flow plan will be specified by the 

channel-fitted coordinates lc and n (Fig.  3.1) or, equivalently, by their dimensionless counterparts 

ξc = lc/L and η = n/B.  

 
Fig.  3.1. Definition sketch (from Yalin and da Silva 2001) 

 

3.1.2 Background and objectives 

The assumption that B/hav is “large” makes it possible to replace the consideration of the actual 

three-dimensional flow by that of its two-dimensional, vertically-averaged counterpart, as has 

already been done by several authors (e.g. Kalkwijk and de Vriend 1980, Smith and McLean 

1989, Nelson and Smith 1989, Struiksma and Crosato 1989, Shimizu 1991, Duan 2004, Lai 2010, 

Ottevanger et al. 2012). From their numerical solutions, as well as from flow measurements, it is 

well-known that the vertically-averaged streamlines in meandering streams (not necessarily sine-
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generated) are not parallel to each other – that is, their direction deviates from the direction of the 

coordinate lines l (see Fig.  3.2, where ω  is the deviation angle between the vertically-averaged 

streamlines s and the lines l). The streamlines s form, in flow plan, laterally adjacent convergence 

and divergence flow zones as shown schematically in Fig.  3.2. In accordance with Yalin and da 

Silva (2001), da Silva et al. (2006), let s* denote the vertically-averaged streamline separating the 

just mentioned zones. Clearly, at any given cross-section, s* divides the flow rate Q in two equal, 

left and right, parts: if the Q/2 flow on one side of s* is accelerating (and, consequently, the 

vertically-averaged streamlines s are converging to each other), then the Q/2 flow on the other 

side of s* is decelerating (and the streamlines s are diverging from each other). In the case of a 

sine-generated stream the convergence-divergence zones have the length L/2 and periodically 

alternate along lc, the divergence (or convergence) zone periodically alternating from the right to 

left bank. The angle ω  thus also periodically alternates from positive to negative along lc, at 

“intervals” of L/2. 

 
Fig.  3.2. Schematic representation of adjacent convergence-divergence flow zones in a 

meandering flow (from da Silva et al. 2006)  

 From earlier measurements of the vertically-averaged flow in sine-generated channels 

having a flat sand bed by Whiting and Dietrich (1993c), da Silva (1995, 1999), and Termini 

(1996) in channels typifying small and large θ0, it became apparent that such streams possess 
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distinctly different flow patterns, i.e. distinctly different locations of their convergence-

divergence flow zones as shown in the schematic Fig.  3.3. This finding suggests that the flow 

pattern is strongly dependent on θ0. Considering this, da Silva et al. (2006) carried out a series of

experiments involving the systematic variation of the deflection angle θ0 in order to reveal how 

the location in plan of the flow convergence-divergence zones changes as θ0 increases from 

“small” to “large”. In these experiments all conditions were kept (nearly) constant except for θ0, 

which was varied from 30° to 110° (θ0 = 30°, 50°, 70°, 90° and 110°). These authors found that 

(all other conditions remaining the same) the location in flow plan of the convergence-divergence 

zones gradually shifts upstream with θ0 as shown in the schematic Figs. 3.4(a-c) (where the 

meandering channels are straightened for the sake of simplicity). To characterize the different 

locations in flow plan of the flow convergence-divergence zones, da Silva et al. (2006) 

introduced the quantity ξc0 defined as the normalized (by the meander length L) distance 

measured along the channel centreline from a crossover section Oi (where θ0 is positive) to the

a) “small” θ0 

 
b) “large” θ0 

 
Fig.  3.3. Schematic representation of the flow pattern in streams having “small” and “large” 

values of θ0 (from da Silva et al. 2006) 
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upstream end of the first complete L/2-long convergence-divergence zone downstream of Oi 

where flow divergence occurs at the right bank (see Fig.  3.4). The values of ξc0 resulting from the 

experiments by the just mentioned authors were  0.22, 0.19, 0.14, 0.07 and 0.03 for θ0 = 30°, 50°, 

70°, 90° and 110°, respectively. 

 As pointed out by da Silva et al. (2006) (see also da Silva and El-Tahawy 2008), in 

general, the flow pattern must be expected to depend not only on θ0 but also on other channel 

geometric characteristic as well as the flow conditions in the stream. Yet, to the best knowledge 

of the authors, so far no attempt has been made to reveal what other parameters affect the flow 

pattern, and to what extent they do so. Considering this, the objective of this paper is to gain 

some insight on the effect of parameters other than θ0 on the flow pattern. The analysis rests 

entirely on the results of laboratory tests involving measurements of the flow over flat beds in 

sine-generated streams. More specifically, the results of two laboratory tests (tests MS-1 and MS-

 

Fig.  3.4. Schematic representation of the variation with θ0 of the location of convergence-
divergence zones of the initial flow (after da Silva et al. 2008) 
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2) especially carried out by the authors for the present purposes are combined with results from a 

third test, carried out also by the authors, as part of the independent study on bank erosion 

reported in Chapter 4. Henceforth in this paper, this test will be termed test MS-FB.  

3.2 Dimensional considerations 

The periodic (along x) flow in a sine-generated meandering channel having a specified shape of 

its cross-section (e.g. rectangular or trapezoidal), centreline slope Sc, and a bed roughness ks ~ D 

is fully specified by the following n = 8 characteristic parameters 

4342132132143421
flowmaterial bedfluidchannel

               avcM hgSDB ,,,,,,,0 νρθ Λ , ( 3.1) 

where θ0 is initial deflection angle of the stream, ΛM is meander wavelength, B is flow width, ρ is 

fluid density, ν  is fluid kinematic viscosity, D is a typical grain size (in this paper identified with 

the average grain size D50, i.e. D ≡ D50), g is acceleration due to gravity, Sc is bed slope along the 

centreline of meandering flow, and hav is channel averaged flow depth. Since, by definition, v* = 

(gSchav)
1/2, where v* is shear velocity, it follows that any characteristic A of the flow under 

consideration can be expressed as 

A = fA (θ0, ΛM, B, ρ,ν , D, v*, hav). ( 3.2) 

Adopting ρ, ν  and hav as repeaters yields for the dimensionless counterpart of A, namely ΠA, the 

following functional relationship 

ΠA = φA(θ0, ΛM/hav, B/hav, D/hav, v*hav/ν) ( 3.3) 

or, equivalently, 
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ΠA = φA(θ0, ΛM/B, B/hav, hav/D, v*D/ν). ( 3.4) 

Since v*D/ν= R*/2, in which R* is the roughness Reynolds number (= v*ks/ν) (Yalin 1977, 

1992). Eq. ( 3.4) can be expressed as  

ΠA = φA(θ0, ΛM/B, B/hav, hav/D, R*). ( 3.5) 

For rough turbulent flows (R* ≥≈ 70), in which case the viscosity does not play a role, Eq. ( 3.5) 

reduces to  

ΠA = φA(θ0, ΛM/B, B/hav, hav/D). ( 3.6) 

In this work, we focus primarily on the effect of ΛM/B and R*. However, an attempt is also made 

to gain insight into the effect of B/hav and hav/D. 

3.3 Experimental setup and specification of tests 

The laboratory tests used in this work were all conducted in streams “built” inside an existing 

sine-generated channel having θ0 = 70º (see Fig.  3.5). The width Bw of this channel and its 

meander wavelength (= 2πBw) are equal to 0.80 and 5.03 m, respectively; the channel walls are 

vertical. The channel, which covers two meander lengths with the first and last sections 

coinciding with apex sections, has a total length of 15.2 m (= 2L, where L is meander length). 

The upstream end of the channel is connected to a 2-m-long, 0.8-m-wide straight approach 

channel. A tailgate is installed at the end of channel, to enable control of the free surface slope. 

The channel is connected to a water re-circulation system extensively described elsewhere (El-

Tahawy 2004, Binns 2012). 
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Fig.  3.5. Plan view of 70° meandering channel and cross-sections adopted in this work for 

measurement of flow velocity (in this work, lc = 0 at the crossover O1) 
 

 In the present tests (tests MS-1 and MS-2), the cross-section of the experimental stream 

built inside the aforementioned 70º channel was as shown in Fig.  3.6(a). The bed and banks were 

formed by a well-sorted silica sand with D50 = 2.0 mm and a coefficient of uniformity D60/D10 = 

1.56. The sand specific density was equal to 2.65. In the test MS-FB, the cross-section was as 

shown in Fig.  3.6(b). In all tests, the longitudinal slope of the bed, Sc, was produced by placing a 

layer of compacted sand to the desired slope; the banks were then molded on top of the flat bed 

with the aid of a wooden template.  

 As shown later, the conditions in tests MS-1 and MS-2 were below the critical stage of 

initiation of sediment transport, which ensured that the channel did not deform during the 

measurements. However, in the test MS-FB it was necessary to immobilize the bed and banks to 

impede the stream deformation. This was accomplished by adopting the immobilization method 

proposed in Chapter 2. Accordingly, the stream was covered with a layer of ≈ 5 mm of a mixture 

of sand and Portland cement Type III (Type HE). The sand in the coating layer had D50 = 2.00 

mm; the cement/sand volume ratio was 16% for the bed, and 8% for the banks. The bed was
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a) Tests MS-1 and MS-2 

 

b) Test MS-FB 

 
Fig.  3.6. Schematic of the cross-sections of the laboratory streams: a) Tests MS-1 and MS-2; b) 
Test MS-FB; Region of flow velocity measurements is the region between lines A and B; the 

black dots mark the location of the measurements. 
  

immobilized by placing a dry mixture of sand and cement on the bed; this was subsequently fully 

saturated with water, and allowed to cure for seven days. The banks were immobilized by placing 

on them a mortar mixture of the sand and cement, which was then allowed to cure also for seven 

days. Complete details of the procedure followed to immobilize the bed and banks are given in 

Appendix A. According to the experiments in Chapter 2, the roughness of such a coating layer is 

comparable to that of a sand having D50 = 0.65 mm.  

 In all three streams, the bed and banks in the first half of the approach straight channel 

were built using 2.5 cm gravel to ensure that the granular material would not be removed from 

the boundary at the channel entrance. 
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 The flow rate Q was kept constant throughout the duration of each test. The flow free 

surface slope, Sf, was adjusted by means of the tailgate at the end of the channel so that Sf ≈ Sc 

(uniform flow conditions). The channel-averaged flow depth hav was determined on the basis of 

measurements of free and bed surface elevation carried out along the channel centrelines with the 

aid of a point gauge (resolution ±0.1 mm).  

 The flow rate Q was measured with the aid of a 90° V-notch weir installed in a water 

reservoir located upstream of the meandering channel. The head over the weir hw was measured 

with a point gauge installed 1.20 m upstream of the weir. Given that the resolution of the point 

gauge was ± 0.3 mm, the minimum value of hw (namely 7.62 cm in test MS-1) produced a 

maximum relative error of 1.1% in the measured values of Q. 

 The hydraulic conditions of the tests are summarized in Table  3.1, where B is average flow 

width, uav is average flow velocity (= Q/(Bhav)), Y is mobility number (= ρv*
2/(γsD), in which γs is 

submerged specific weight of the granular material), Ycr is the value of Y at the critical stage of 

initiation of sediment transport, R is flow Reynolds number (= uavhav/ν), F is Froude number (= 

uav/(ghav)
1/2), and (cf)av is the dimensionless (Chézy) friction factor. For the present purposes, ρ, ν 

and γs were identified with 1,000 kg/m3, 10-6 m2/s and 16,186.5 N/m3, respectively; (cf)av was 

determined from (cf)av = 2.5ln(0.368hav/ks) + Bs, where Bs = φ(v*ks/ν) is the roughness function 

(see, e.g., Yalin 1977). Here, ks = 2D50 (Kamphuis 1974, Yalin 1977, 1992), while Bs was 

calculated from the following equation due to Yalin and da Silva (2001)  

}1{5.8]5.5)/ln(5.2[
55.255.2 )]/[ln(0594.0)]/[ln(0705.0 ννν s*s* kvkv

s*s eekvB −− −++= . ( 3.7) 

In tests MS-1 and MS-2, Y/Ycr was smaller than one, implying no sediment movement during the 

tests. However, as mentioned earlier, in test MS-FB it was necessary to fix the movable boundary 
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to impede sediment transport. Observe that the turbulent flow was in the transitional regime (≈ 5 

≤ R∗ ≤ ≈ 70) in tests MS-1 and MS-FB and in the rough turbulent regime in test MS-2. 

Table  3.1. Hydraulic conditions in present tests (θ0 = 70°, ΛM = 5.03 m) 

Test 
 

ΛM/B 

 

B 
(m) 

D 
(mm) 

Q 
(l/s) 

hav 
(cm) 

Sc 

 

uav 
(m/s) 

R 
 

F 
 

R∗ 

 
Y/Ycr 

 
(cf)av 

 
B/hav 

 
hav/D 

 
MS-1 11.4 0.44 2.00 1.74 4.10 1/4730 0.095 3940 0.15 37 0.06 12.3 10.7 20.5 
MS-2 11.4 0.44 2.00 4.45 3.90 1/500 0.260 10100 0.42 111 0.54 11.7 11.3 19.5 
MS-FB 9.0 0.56 0.65a 7.44 4.60 1/500 0.290 13290 0.43 39 − 15.4 12.2 70.8 

a Estimated size of sand with granular roughness equivalent to that of the coating layer 

 The flow velocity measurement region consisted of the region between the apex sections 91 

and 93, with measurements being carried out along a total of 33 equally-spaced cross-sections, 

shown in the schematic Fig.  3.5. Observe from this figure that each cross-section is designated by 

a number with a subscript (e.g. section 91). Here the subscript (= 1, 2 or 3) marks the loop (Λ1, Λ2 

or Λ3) to which the cross-section belongs. The number itself marks the location within the loop, 

with the section numbers 1 and 9 coinciding with crossover and apex sections, respectively. The 

distance along the channel centreline between any two adjacent measurement cross-sections was 

equal to 23.8 cm (i.e., ∆ξc = 0.03125).  

 The velocity measurements were carried out with the aid of a 2D 16-MHz SonTekTM Micro 

ADV (velocity range = 3, 10, 30, 100 and 250 cm/s; velocity resolution = 0.1 mm/s; accuracy = 

1% of measured velocity). The sampling volume is a 0.09 cm3 cylinder located 5 cm away from 

the sensor tip (therefore, the presence of the probe in the flow generally does not distort the 

measurements (Wahl, 2000). According to SonTek/YSI (2001), ADV measurements can be 

relied upon as long as the distance between the center of the sampling volume and the solid 

boundary is equal to or greater than 2 cm. The Micro ADV was operated at a sampling frequency 

(SF) of 20 Hz. The sensor was mounted in a side-looking (bank-facing) configuration. 
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 In all tests, the velocity measurements were carried out at the constant level 0.4hav from the 

bed surface. In this work, the values of longitudinal flow velocity measured at this level are 

identified with the vertically averaged flow velocities ū . In tests MS-1 and MS-2, the flow 

velocity was measured at 27 different points (from η = -0.4535 to η = +0.4535) along each of the 

measurement cross-sections (see Fig.  3.6a); while in test MS-FB, it was measured at 29 points 

(from η = -0.4505 to η = +0.4505) (see Fig.  3.6b). Here, η = n/B is the dimensionless radial 

coordinate (n and thus η = 0 at the channel centreline). The duration of the velocity measurement 

at each point was 90 s. Local time-averaged velocities were calculated by averaging 

instantaneous velocities recorded over the sampling duration of 90 s at the given location. It is 

noted that, as follows from Appendix B, in test MS-FB, the measurements at η = -0.4505 and η = 

+0.4505 were located in the region over the banks. The measurements at these two locations 

underestimate the vertically-averaged flow velocity, and thus must be considered with 

reservations – even if they are included in the plots in this thesis. 

 The quality of the measured velocities was ensured via live monitoring of the signal-to-noise 

ratio (SNR) and the correlation index, which are automatically reported by the instrument for 

each single velocity measurement (see Appendix B for the definition of SNR and correlation 

index). For sampling frequencies around 25 Hz, the instrument’s manufacturer recommends that 

a SNR of at least 15 dB be maintained (see SonTek/YSI 2001). Values of the correlation index as 

low as 30% are acceptable if the purpose is to measure time-average flow velocity. However, to 

measure turbulence properties, the correlation index should not be less than 70%. In the present 

experiments (in which SF = 20 Hz), the values of the SNR and correlation index were, as a rule, 
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at least 25 dB and 85%. Following da Silva and Ahmari (2009) and Ahmari (2010), this was 

achieved by seeding the flow with talc powder.  

3.4 Experimental results 

3.4.1 Flow fields 

The purpose of this section is to detail the plan and cross-sectional distributions of the vertically-

averaged longitudinal flow velocity ū , as well as the downstream gradients of ū . In all 

subsequent plots, ū  is normalized with the aid of uav. 

 The flow fields resulting from the measured values of ū  in tests MS-1, MS-2 and MS-FB 

are shown in Figs. 3.7(a-c), respectively. In these figures, the black solid lines indicate the 

vertical walls of the meandering channel; the channel walls and the velocity vectors are separated 

by a white space, reflecting the presence of the banks. The meaning of the lines denoted ‘B’ and 

‘E’ will be clarified later in Section  3.4.2.  

 When the u data corresponding to equivalent cross-sections of the loops Λ1, Λ2 and Λ3 

were plotted together for the case of test MS-1, the data overlapped reasonably well for all 

sections. This can be inferred from Fig.  3.8a, showing the plot of the u data at the crossovers 12 

and 13, and Fig.  3.8b, showing a similar plot but for the data at the apex sections 91, 92 and 93 – 

and also from the flow field in Fig.  3.7a. As examples, plots like those in Fig.  3.8 are shown for 

the case of test MS-2 in Figs 3.9a and b. As follows from these figures, the u data at the 

crossovers 12 and 13 still overlapped reasonably well in the case of test MS-2. However, there is 

some divergence of the data at the apex 91 when compared to that at the apexes 92 and 93 

(Fig.  3.9b). This divergence is also noticeable from Fig.  3.7b. The conditions in test MS-FB were 

similar to those of test MS-2 (Appendix E). This indicates that, in contrast to test MS-1, in the
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a) Test MS-1 

  
b) Test MS-2 

  
c) Test MS-FB 

 
Fig.  3.7. Measured fields of ū /uav. The lines B and E mark the beginning and end sections of a 

flow convergence-divergence zones (see Section  3.1.2) 
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latter tests, periodic conditions (or very nearly so) were not established until somewhere between 

the apex 91 and the crossover 12. Figs. 3.10(a-d), corresponding to test MS-2 and shown as an 

example provide a closer view of the changes in velocity profiles in the streamwise direction. 

 Finally, the downstream gradients of ū for tests MS-1, MS-2 and MS-FB are shown in 

Figs. 3.11(a-c). These plots are based on the values of d(ū /uav)/dξ, in which ξ = l/L, l being the 

longitudinal coordinate (see Fig.  3.2). 

 From the considerations in Section  3.1.2, it should be clear that the upstream and 

downstream ends of a L/2-long flow convergence-divergence zone coincide with the flow region 

where the flow velocities are the largest and the downstream gradients of flow velocity reduce to 

zero. The velocity and gradient fields in Fig.  3.7 and Fig.  3.11 clearly indicate that in all of the 

present tests, the upstream ends of the L/2-long convergence-divergence zones are located 

somewhat downstream of the crossover sections. However, it is not possible from the 

aforementioned plots to precisely define the exact location of the convergence- divergence zones. 

This location is determined in the next section. 

 

a) Crossover sections 

 

b) Apex sections 

 
Fig.  3.8. Cross-sectional profiles of depth-averaged longitudinal velocities at crossover and apex 

sections in test MS-1 
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a) Crossover sections 

 

b) Apex sections 

 
Fig.  3.9. Cross-sectional profiles of depth-averaged longitudinal velocities at crossover and apex 

sections in test MS-2 
 

a) Cross-sections 12-52 

 

b) Cross-sections 62-112 

 
c) Cross-sections 122-162 

 

d) Cross-sections 13-53 

 
Fig.  3.10. Cross-sectional profiles of depth-averaged longitudinal velocities at cross-sections 12-

52, 62-112, 122-162 and 13-53 in test MS-2 
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a) Test MS-1 

  
b) Test MS-2 

  
c) Test MS-FB 

 
Fig.  3.11. Plots of downstream gradients of ū /uav. The lines B and E have the same meaning as in 

Fig.  3.7. 
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3.4.2 Location of the flow convergence-divergence zones 

In the following, the locations of the L/2-long convergence-divergence flow zones are determined 

by revealing the values of ξc0 for the present flows (see Section  3.1.2 for the definition of ξc0). 

Two different approaches are used for this purpose, the first based on the ū data itself, and the 

second, on the downstream gradients of flow velocity. 

i) As follows from Fig.  3.4, ξc0 is the (dimensionless) distance from a crossover to the location 

where the streamline s* deviates the most from the stream centreline – or, equivalently, the 

distance from an apex to the location where the streamline s* crosses the stream centreline.

Following da Silva et al. (2006), let η* be the value of η = n/B defining the position of s* at any 

given cross-section, defined by a given value of ξc = lc/L (lc = 0 at the crossover 11 as shown in 

Fig.  3.5). As pointed out by the just mentioned authors, the streamline s* can be represented as an 

η*-curve, showing how η* varies along the channel centreline ξc. The distance ξc0 can then be 

easily determined from the η*-curve. Considering this, in the following we start by determining 

the η*-curves for the present flows. 

 For the present purposes, the values of η* at each cross-section were calculated from the 

measured values of u at that section. The resulting values of η* for tests MS-1, MS-2 and MS-FB 

are as shown in Table  3.2. 

 Figs. 3.12(a-c) show the plots of the normalized values of η*/(η*)max versus ξc for tests MS-

1, MS-2 and MS-FB, respectively. For each channel, the value of (η*)max that was used to 

normalize the data in these plots was determined as the maximum of the trigonometric curve best 

fitting, throughout the measurement region, the plot of the non-normalized η* values versus ξc.
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Table  3.2. Estimated values of η* 

  η*     η*  
ξc Test MS-1 Test MS-2 Test MS-FB  ξc Test MS-1 Test MS-2 Test MS-FB 
0.25 -0.0423 -0.0046 -0.0544  0.78125 0.0228 -0.0105 0.0644 
0.28125 -0.0281 0.0039 -0.0368  0.8125 0.0061 -0.0262 0.0394 
0.3125 -0.0018 0.0300 -0.0139  0.84375 -0.0275 -0.0286 0.0092 
0.34375 0.0168 0.0430 0.0224  0.875 -0.0423 -0.0418 -0.0201 
0.375 0.0456 0.0471 0.0503  0.90625 -0.0442 -0.0445 -0.0457 
0.40625 0.0543 0.0541 0.0782  0.9375 -0.0565 -0.0432 -0.0593 
0.4375 0.0624 0.0647 0.0812  0.96875 -0.0493 -0.0543 -0.0793 
0.46875 0.0671 0.0763 0.0920  1.0 -0.0613 -0.0612 -0.0805 
0.50 0.0770 0.0695 0.0934  1.03125 -0.0605 -0.0701 -0.0811 
0.53125 0.0710 0.0732 0.0881  1.0625 -0.0588 -0.0707 -0.0894 
0.5625 0.0728 0.0705 0.1125  1.09375 -0.0667 -0.0807 -0.0945 
0.59375 0.0724 0.0783 0.1083  1.125 -0.0740 -0.0763 -0.0990 
0.625 0.0814 0.0838 0.1147  1.15625 -0.0736 -0.0720 -0.0853 
0.65625 0.0768 0.0743 0.1143  1.1875 -0.0690 -0.0584 -0.0881 
0.6875 0.0686 0.0646 0.1150  1.21875 -0.0578 -0.0506 -0.0743 
0.71875 0.0687 0.0475 0.1006  1.25 -0.0267 -0.0348 -0.0457 
0.75 0.0525 0.0251 0.0820      
 

This yielded (η*)max = 0.0836, 0.0780 and 0.1150 for tests MS-1, MS-2 and MS-FB, respectively.  

The solid line in each of Figs. 3.12(a-c) is the best visual sine-like fit to the point-pattern formed 

by the η*/(η*)max data. 

 The values of ξc0 resulting from Figs. 3.12(a-c) are shown in Table  3.3 as ( ξc0)1. Using test 

MS-1 as an example, these results show that a L/2-long convergence-divergence zone starts at ξc0 

= 0.0625 from the crossover O2 (i.e., it starts at ξc = 0.5625), and ends at ξc0 = 0.0625 from 

crossover O3 (i.e., it ends at ξc = 1.0625). Then, a divergence-convergence zone starts with the 

same length. 
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a) Test MS-1 

 
b) Test MS-2 

 
c) Test MS-FB 

 
Fig.  3.12. Plots of resulting values of η*/(η*)max versus ξc: Solid line is the sine-curve best fitting 

the data.  
 

Table  3.3. Estimated values of ξc0 

Test (ξc0)1 (ξc0)2 ξc0 
MS-1 0.0625 0.0625 0.0625 
MS-2 0.0312 0.0 0.0156 
MS-FB 0.1094 0.0938 0.1016 

 

ii) To more precisely quantify downstream differences in flow velocity from one cross-section to 

the other, let AADj be, for any cross-section j, the average absolute difference between the 
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velocity profiles at the cross-sections immediately upstream (j-1) and immediately downstream 

(j+1) of it. This can be calculated from 
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( 3.8) 

where N is the number of velocity measurements at each cross-section (N = 27 in tests MS-1 and 

MS-2, and N = 29 in test MS-FB). The resulting values of AAD for tests MS-1, MS-2 and MS-FB 

are plotted versus ξc in Figs. 3.13(a-c). The values of ξc0 determined from these figures are shown 

in Table  3.3 as ( ξc0)2.  

iii) In principle the values of ξc0 resulting from the two methods in points (i) and (ii) above should 

be exactly the same. While this is the case for test MS-1, there is some difference between the 

resulting values of ξc0 for tests MS-2 and MS-FB, reflecting the experimental nature of the work. 

In the following, the values of ξc0 for the present tests will be identified with the average of the 

estimates obtained in points (i) and (ii) above, namely ξc0 = 0.0625, 0.0156 and 0.1016 for tests 

MS-1, MS-2 and MS-FB, respectively, as shown also in the last column of Table  3.3. 

 On the basis of these values of ξc0, the location of the flow convergence-divergence zone 

with its upstream end in loop Λ2 for each test is indicated in Figs. 3.7(a-c) and Figs. 3.11(a-c) 

with the aid of the lines denoted B (beginning) and E (end). Observe from these figures (as well 

as the plots in Fig.  3.12 and Fig.  3.13) that there is a clear difference in the location of the flow 

convergence-divergence zones among the present flows. This is analyzed further in the next 

section. 
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a) Test MS-1 

 
b) Test MS-2 

 
c) Test MS-FB 

 
Fig.  3.13. Plots of resulting values of AAD versus ξc 

 

3.5 Discussion 

3.5.1 Variation of flow pattern with ΛM/B and R∗∗∗∗ 

For discussion purposes, consider Fig.  3.14. In this figure, the values of ξc0 for the present tests as 

estimated in the previous section, are plotted together with the results from the tests by da Silva et 

al. (2006). The conditions in the tests by the just mentioned authors are summarized in Table  3.4. 

As mentioned in the Introduction, these tests focused on the variation of flow pattern with θ0, and 

therefore the values of other pertinent variables were kept (nearly) the same: 12.5 ≤ B/hav ≤ 13.3, 
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13.6 ≤ hav/D ≤ 14.5, 4600 ≤ R ≤ 6325, 0.29 ≤ F ≤ 0.36, 71 ≤ R∗ ≤ 78 and (cf)av ≈ 11.0. These tests 

thus represent B/hav ≈ 12.9, hav/D ≈ 14.1, R ≈ 5345, F ≈ 0.31, R∗ ≈ 76 and (cf)av  ≈ 11.0, as 

indicated in Table  3.4. 

 
Fig.  3.14. Plot of ξc0 versus θ0 

 

Table  3.4. Hydraulic conditions and resulting values of ξc0 in the experiments by da Silva et al. 
(2006) (B = 0.40 m, ΛM = 2πB, D = 2.2 mm) 

θ0 (deg) 
Q 

(l/s) 
hav 

(cm) 
Sc 
 

uav 
(m/s) 

ξc0 

 
30 2.10 3.20 1/1000 0.164 0.22 
50 2.53 3.14 1/1000 0.201 0.19 
70 1.84 3.08 1/1000 0.149 0.14 
90 2.21 3.05 1/1000 0.181 0.07 

110 2.01 3.00 1/1120 0.167 0.03 

B/hav ≈ 12.9;  hav/D ≈ 14.1; R ≈ 5345;  F ≈ 0.31; R∗ ≈ 76; (cf)av ≈ 11.0 

 Consider first test MS-2. Just like in the tests by da Silva et al. (2006), the flow was rough 

turbulent, as R∗ >≈ 70. Hence, any difference in the flow patterns (or, equivalently, in the values 

of ξc0) between test MS-2 and the 70° test by da Silva et al. (2006) cannot be attributed to R∗. On 

the other hand, the value of B/hav in test MS-2 is comparable to that in the tests by the just 

mentioned authors; while the variation in values of hav/D (from hav/D ≈ 13.6 to 14.5) can only be 

viewed as minimal, given that hav/D, even at laboratory scale, can vary by multiple orders of 

magnitude. Hence, the substantial difference in the values of ξc0 between the 70° tests by da Silva 
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et al. (2006) and test MS-2 can only be explained on the basis of the difference between their 

values of ΛM/B. This suggests that the flow patterns, in addition to varying strongly with θ0, vary 

also significantly with ΛM/B. 

 Consider now test MS-1. This test differs from test MS-2 only because of the different 

values of R∗, which in the case of test MS-1 is equal to 37 (transitional regime of turbulent flow). 

Yet, the values of ξc0 in tests MS-1 and MS-2 are comparable. This indicates that the location in 

flow plan of the convergence-divergence flow zones varies only very minimally with R∗, at least 

in the range of R∗ values tested. 

 The conditions in test MS-FB differ from those in test MS-1 because of the different values 

of hav/D and ΛM/B. Some of the difference in the values of ξc0 between these two tests may be due 

to the difference in hav/D. However, the fact that the values of ξc0 in test MS-FB (ΛM/B = 9.0) is 

in between those in test MS-1 (ΛM/B = 11.4) and the 70° test by da Silva et al. (2006) (ΛM/B = 

2π) indicates that, for any given θ0, ξc0 decreases with increasing values of ΛM/B. 

 The values of ξc0 for the present tests are plotted together with the values of ξc0 in the 70° 

test by da Silva et al. (2006) in Fig.  3.15. The solid line in this figure was visually fitted to the 

data. This figure further suggests that, all other conditions remaining the same, the larger the 

value of ΛM/B, the further upstream will the flow convergence-divergence zone be located.  

3.5.2 Variation of flow pattern with B/hav and hav/D 

3.5.2.1 General considerations  

While through the tests in the previous section insight was gained into the effect of ΛM/B and R∗ 

on the flow pattern, they provide no information regarding the effect of the other parameters in 
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Eq. ( 3.5), namely B/hav and hav/D. However, some insight on the effect of these variables can be 

gained indirectly on the basis of the considerations below, concerning the process of bed 

deformation and the nature of the resulting deformed beds. 

 
Fig.  3.15. Plot of ξc0 versus ΛM/B for θ0 = 70° 

 

 Before proceeding further, it is noted that the deformed bed of meandering streams 

consists of a longitudinal sequence of laterally adjacent pools and bars, each pool+bar complex 

forming a large scale erosion-deposition zone (Fig.  3.16). In the case of sine-generated streams, 

each erosion-deposition zone has the length L/2. For the sake of simplicity, in the explanations 

below, it is assumed that sediment transport is by bed-load only. 

 Cross-circulation, whose intensity has been found to progressively decrease with the 

increment of width-to-depth ratio, plays only a secondary role in determining the geometry of the 

bed surface in wide meandering streams (see, e.g., Matthes 1941, Yalin and da Silva 2001). 

Accordingly, the current view (Hooke 1974, Nelson and Smith 1989, Struiksma and Crosato 

1989, Shimizu 1991, Yalin 1992, Yalin and da Silva 2001, da Silva 2006) is that the bed 

deformation in such streams is due mainly to the convective behavior of the flow, and thus of the
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a) “small” θ0 

 
b) “large” θ0 

 
Fig.  3.16. Measured bed topography illustrating typical erosion-deposition patterns of “small” 
and “large” θ0 (from Yalin and da Silva 2001): (a) results of the laboratory experiments carried 

out by Losiyevskii as Makaveyvev (1975); (b) results of the measurements carried out by Jackson 
(1975) in the Helm bend, Lower Wabash River 

 

sediment transport in the (lc; n)-plane. Indeed, since the local bed-load rate qs is an increasing 

function of the (local) vertically-averaged flow velocity U , the convective variation of U in a 

flow zone inevitably causes the corresponding convective variation of qs in that zone; i.e. it 

causes the scalar ∇qs to acquire a non-zero value (for more on the topic see da Silva et al. 2006). 

The emergence of ∇qs ≠ 0, in turn, induces the displacement of the bed surface in vertical 

direction z, as expressed by the sediment transport continuity equation 

s
b

t

z
pW q−∇=

∂
∂

−= )1(  ( 3.9) 

where W is the vertical displacement velocity of the bed surface, p is bed porosity, zb is local bed 

surface elevation measured with regard to an arbitrary datum, t is time, and qs is the specific 

volumetric bed-load rate. From Eq. ( 3.9) it follows that if ∇qs > 0, then W < 0 (erosion) and if 
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∇qs < 0, then W > 0 (deposition). The elevation zb of the bed surface can remained unchanged (W 

= 0) only at the locations where the flow is parallel, and thus ∇qs = 0. 

 It follows that the zones of the downward and upward bed displacements (i.e. the erosion 

and deposition zones) must necessarily approximately coincide with the zones of convective 

acceleration and deceleration of flow, respectively. This approximate coincidence in the location 

of the L/2-long flow convergence-divergence zones and the erosion-deposition zones has been 

confirmed on the basis of experimental data by Yalin and da Silva (2001) and da Silva et al. 

(2006). The variation with θ0 of the location in flow plan of the L/2-long erosion-deposition 

zones is schematically shown in Fig.  3.17 where ξcb is the counterpart of ξc0 (see Fig.  3.4) but 

here defined for the erosion-deposition zones. Furthermore, such coincidence in location is 

present at all stages of the bed development, as the pool+bar complexes grow mainly in vertical 

direction, their location in flow plan remaining nearly invariant from time t = 0 until equilibrium 

is achieved at t = Tb, as demonstrated by numerous experiments (Termini 1996, da Silva and El-

Tahawy 2008, Binns and da Silva 2009, 2011). It follows that it is perfectly valid to consider the 

data from experiments revealing the nature of bed topography to gain further insight into the 

effect of different variables on the location of the convergence-divergence zones of the initial 

flow. This exercise seems particularly worthwhile, as substantial experimental research has been 

carried out in the past to reveal the equilibrium bed topography in sine-generated streams. This is 

in sharp contrast to studies on the initial flow, which has been the subject of only a few works so 

far.  
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Fig.  3.17. Schematic representation of the variation with θ0 of the location of the erosion-

deposition zones (after da Silva et al. 2008) 
 

3.5.2.2 Plot of ξc0 versus θ0 

On the basis of the considerations in the previous sub-section, the values of ξc0 resulting from the 

present tests are plotted together with the values of ξcb resulting from all the bed topography tests 

readily available in the literature, as shown in Fig.  3.18. These tests, which are summarized 

in  Table D.1 in Appendix D, were carried out by Hooke (1974), Losiyevskii (as reported by 

Makaveyvev 1975), Hasegawa (1983), Termini (1996), Whiting and Dietrich (1993a, b), da Silva 

and El-Tahawy (2008), da Silva et al. (2008), Binns and da Silva (2009) and Binns (2012). In this 

figure, the bold solid and bold dashed curves are the same as those in Fig.  3.14 for ΛM/B = 2π and 

ΛM/B = 11.4, respectively. From this figure, it follows that: 

1- The data are clearly sorted according to their values of ΛM/B, and strongly suggest that for 

any given value of θ0, the larger is ΛM/B, the smaller is the value of ξc0 (or ξcb). 
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Fig.  3.18. Plot of ξcb (tests in  Table D.1) and ξc0 (tests MS-1, MS-2 and MS-FB) versus θ0. Bold 
solid curve was fitted by da Silva et al. (2006) over datapoints with 6 ≤ ΛM/B ≤ 8. The dashed 
curve is suggested based on the present results for 10.3 ≤ ΛM/B ≤ 11.4. Other lines define the 

expected range of ξcb and ξc0 variations due to other variables, namely B/hav and hav/D. 

 

2- The totality of the data having 6 ≤ ΛM/B ≤ 8 plots in a relatively narrow band around the 

aforementioned bold solid line. Despite the limited amount of data in the range 10.3 ≤ ΛM/B 

≤ 11.4, the same considerations apply to it.  

 The “scatter” of the data around the thick solid and dashed lines is most likely an expression 

of the dependency of both ξc0 (and, consequently, ξcb) on both B/hav and hav/D. Unfortunately, in 

the absence of further data involving the systematic variation of these two variables, it is not 

possible to determine the form of this dependency. However, on the basis of Fig.  3.18, it is 

possible to assert that ξc0 (and, consequently, ξcb) – or to put it in other words, the location in plan 

of the convergence-divergence zones of the initial flow – is strongly dependent on θ0, as 

indicated by da Silva et al. (2006). This figure shows that ΛM/B also plays a significant role, 
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although to a lesser extent than θ0. Both B/hav and hav/D play some role on the values of ξc0, but to 

a much lesser extent than θ0 and ΛM/B. 

3.6 Conclusions 

The main findings of this paper can be summarized as follows: 

1. On the basis of dimensional analysis, it is found that the location of convergence-

divergence zones of the initial flow, as expressed by ξc0, should be expected to be, at 

most, a function of θ0, ΛM/B, B/hav, hav/D and R*. 

2. From the present experiments involving a variation in ΛM/B, it is found that ΛM/B plays a 

significant role in determining the location of flow convergence-divergence zones. In 

particular, all other conditions remaining the same, the values of ξc0 decrease with 

increasing values of ΛM/B (see Fig.  3.14). The role of ΛM/B is nonetheless considerably 

smaller than that of θ0. 

3. Both B/hav and hav/D play some role on the values of ξc0, but to a much lesser extent than 

θ0 and ΛM/B. As pointed out in the previous section, it is not possible at present to 

determine exactly the form of variation of ξc0 with both of these variables, for the lack of 

sufficient data. 
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Chapter 4 

Coupling between Flow, Bank Erosion and Planimetric Changes in 

Meandering Streams: Insights from a Fixed Bed and Movable Banks Test 

4.1 Introduction 

4.1.1 General; Objectives 

Alluvial meandering streams are very dynamic systems, which 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 nonequilibrium state, morphological changes (adjustments of equilibrium) 

occur. These include bed morphological changes as well as plan shape changes, the bed and bank 

adjustments progressing with the passage of time as the stream aims to reach the equilibrium (or 

developed) state. The plan shape changes determining the stream planimetric evolution are 

known to involve both downstream migration and expansion of meander loops (Friedkin 1945, 

Yalin and da Silva 2001). 

 One of the most intriguing questions related to the planimetric evolution of meandering 

rivers is the following: why do some rivers remain regular in plan shape as their planimetric 

evolution takes place, in which case their plan shape tends to closely follow the sine-generated 

curve proposed by Leopold and Langbein (1966), while others acquire irregular plan shapes? 

Here we are only interested in the case where the irregularity is not imposed by geological 

formations in the terrain, but rather the case where the irregularity occurs as an intrinsic 

characteristic of the meandering phenomenon. A well-known form acquired by irregular 

meandering rivers is the Kinoshita curve (Kinoshita 1961, Abad and Garcia 2009). The sine-

generated curve is given by θ = θ0cos(2πlc/L) (see the definition sketch in Fig.  4.1). The 
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significance of this question is highlighted in the recent works by Seminara (2006), Frascati and 

Lanzoni (2006) and Pittaluga and Seminara (2011), dealing with aspects of the planimetric 

evolution of meandering streams. 

 

Fig.  4.1. Definition sketch of a meandering flow (from Yalin and da Silva 2001) 

 

 The main objective of this paper is to consider the aforementioned question in view of the 

present understanding of the physical mechanisms of bed and bank deformation, and the results 

of a laboratory experiment carried out at Queen’s University especially for the present purposes. 

 A secondary objective of this paper is to provide an evaluation of existing equations for the 

calculation of bank erosion rate. 

4.1.2 Pertinent background information 

In accordance with the majority of current publications on the topic, the present study rests on the 

following assumptions: 1. The stream is imbedded in a cohesionless alluvium which is 
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homogeneous and isotropic; and 2. The width-to depth-ratio of the stream, B/hav, is “large” 

(larger than ≈ 10, say, as in most natural streams).  

 An important implication of assumption 2 is that the role of cross-circulation (Γ) becomes 

of secondary importance in determining both bed and bank deformation (see the relation (5.34) in 

Yalin and da Silva 2001, and related discussion). The irrelevance of Γ with regard to the 

formation of wide natural streams has been independently pointed out in the past by many 

eminent field-research engineers (such as Leliavsky 1959, Matthes 1941 and 1948, Velikanov 

1955, Makaveyvev 1975, Kondratiev et al. 1982). [More on the topic in Chapter 5 of Yalin and 

da Silva 2001]. 

 As follows from the considerations in Chapter 3, in the case of such streams the bed 

deformation is primarily due to the convective behavior of the flow – with the L/2-long erosion-

deposition zones coinciding with the convergence-divergence zones of flow, the phenomenon 

being governed by the sediment transport equation. As further discussed also in Chapter 3, the 

overall erosion-deposition pattern of a meandering flow, even at the later stages of an 

experimental run, can be rather accurately predicted from the overall convective pattern of the 

initial flow (just after the beginning of an experiment at time t = 0). In particular, the zones of 

maximum erosion-deposition are closely in coincidence with the region of the maximum 

downstream gradient of flow velocity (just after t = 0); while the zones of negligible erosion-

deposition are closely in coincidence with the region where the downstream gradient of flow 

velocity reduces to zero.  

 The situation, however, is completely different where bank erosion is concerned. Indeed, 

because of the bank slope, the material eroded at any given point on the bank tends to slide down 

the bank, thus being removed from it. The phenomenon is no longer governed by the sediment 
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transport continuity equation (unless the bank slope is very small). There seems to be agreement 

that bank erosion is, instead, directly related to the flow velocity (or bank shear stress), with 

maximum erosion tending to occur toward the location of maximum velocity (or shear stress). 

This concept is behind the well-known equations of bank erosion by, e.g., Arulanandan et al. 

(1980), Ikeda et al. (1981), and Parker (1983). Mosselman (1995) modified these equations by 

adding a term that would take into account the bank slope, yielding a model that combines the 

effect of both, velocity and flow acceleration, on the rate of erosion at any given location. The 

equation by Mosselman (1995) implies that for small bank slopes, bank erosion may occur 

somewhere in between the location of maximum erosion at the bed and maximum velocity in the 

proximity of the bank. We will return to this topic later in this chapter. 

4.2 Experimental set-up and test description 

4.2.1 Test conditions and procedures 

The present test was conducted in an existing sine-generated channel having θ0 = 70º (see 

Fig.  4.2). The channel is installed in the Queen’s River and Estuarine Morphodynamics Research 

Facility, which consists of a 21 m long, 7 m wide and 0.6 m deep basin equipped with a re-

circulating hydraulic system extensively described elsewhere (El-Tahawy 2004, Binns 2012). 

The width Bw of this channel and its meander wavelength (= 2πBw) are equal to 0.80 and 5.03 m, 

respectively; the channel walls are vertical. The channel, which covers two meander lengths with 

the first and last sections coinciding with apex sections 90 and 94, has a total length of 15.2 m (= 

2L, where L is meander length). The upstream end of the channel is connected to a 2-m-long, 0.8-

m-wide straight approach channel. A tailgate is installed at the end of channel, for the purpose of 

controlling the free surface slope. 
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 For the present purposes, a sand stream (D50 = 0.65 mm) with cross-section as shown in 

Fig.  4.3 was formed inside the aforementioned 70º-channel. The meaning of the bold thick 

horizontal line along the cross-section in this figure will be explained later in this sub-section. It 

is noted that the centreline of this stream followed a sine-generated curve. However, its value of 

ΛM/B, namely 9.0, differs from that of the existing 70º-channel (namely, 2π). 

 
Fig.  4.2. Plan view of stilling basin, 70° meandering channel and measurement cross-sections 

(after da Silva and El-Tahawy, 2008) 

 
Fig.  4.3. Schematic of initial stream cross-section 

 

 The stream longitudinal bed slope was produced by placing compacted sand to the desired 

slope (Sc = 1/500, in which Sc is bed slope along the channel centreline). The banks were added 
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on top of the flat bed with the aid of wooden templates. In the first half of the approach straight 

channel the bed and banks were built using 2.5 cm gravel to ensure that the bed material would 

not be removed from the boundary at the channel entrance. Due to practical considerations, the 

average bank height (= 6.3 cm) was slightly larger than the flow depth (= 4.6 cm). The width of 

the bank crest was equal to 6.5 cm. 

 The experiment was conducted in two stages. In the first stage, the entire movable 

boundary was fixed, to enable detailed measurements of the initial flow field. In the second stage, 

only the bed was fixed (as in Fig.  4.3). The banks were then subjected to the action of the flow 

and allowed to deform naturally. In this (second) stage, the bank deformation was monitored over 

time; no velocity measurements were carried out. 

 The immobilization of bed and banks was achieved by adopting the cement-based method 

introduced in Chapter 2. Accordingly, the stream (only bed in the second stage of the experiment; 

bed and banks in the first stage) was covered with a layer ≈ 5 mm thick of a mixture of 2.0 mm 

sand and Portland cement Type III (Type HE). Complete details on the procedure used to apply 

the immobilizing layer are given in Appendix A. It is noted that for the first stage of the present 

test, the banks were made 0.5 cm thinner than their desired size, so that the stream cross-section 

after the application of the (≈ 5 mm) immobilizing layer would be identical to that in the first 

stage. On the basis of the measurements reported in Chapter 2, the roughness of the coating layer 

is estimated to be equivalent to that of a sand with D50 = 0.65 mm. 

 The total duration of the run in the second stage was 40 minutes. The flow rate Q was kept 

constant throughout the duration of the run. The flow free surface slope, Sf, was adjusted by 

means of the tailgate at the end of the channel so that Sf  ≈ Sc (uniform flow conditions). The 

channel-averaged flow depth hav was identified with the (identical) flow depth at the centreline of 
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the four consecutive crossovers 11, 12, 13 and 14 (see Fig.  4.2). This was measured with the aid of 

a point gauge with resolution ±0.1 mm. The run was carried out in a series of time steps where 

the flow was stopped at pre-determined times (every 8 minutes) in order to monitor the bank 

deformation (see Table  4.2). Once the flow was stopped, water was slowly drained from the 

channel to enable the measurements of bed/bank surface elevation. Care was taken not to disturb 

the movable boundary when stopping and re-starting the runs. The flow conditions in the first 

stage (when both the band and banks were immobilized) were identical to those of the second 

stage.  

 The hydraulic conditions in the test are summarized in Table  4.1. Here, Q is flow rate, hav 

is average flow depth, Sc is stream centreline slope, uav is channel-averaged flow velocity (= 

Q/(Bhav), in which B is average flow width), Y is mobility number (=ρv*
2/γsD, in which ρ is fluid 

density, v* = (gSchav)
1/2 is shear velocity, γs is submerged specific weight of the granular material 

and D is representative size of the granular material, in this text invariably identified with D50), 

Ycr is the value of Y at the critical stage of initiation of sediment transport, R is flow Reynolds 

number (= uavhav/ν , in which ν is fluid kinematic viscosity), F is Froude number (= uav/(ghav)
1/2) 

and (cf)av is the dimensionless (Chézy) friction factor. For the present purposes, ρ, ν and γs were 

identified with 1,000 kg/m3, 10-6 m2/s and 16,186.5 N/m3, respectively; (cf)av was determined 

from (cf)av = 2.5ln(0.368hav/ks) + Bs, where Bs = φ(v*ks/ν) is the roughness function. Here, ks = 

2D50 (Kamphuis 1974, Yalin 1992), while Bs was calculated from the following equation, due to 

Yalin and da Silva (2001),  

}1{5.8]5.5)/ln(5.2[
55.255.2 )]/[ln(0594.0)]/[ln(0705.0 ννν s*s* kvkv

s*s eekvB −− −++= . ( 4.1) 
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Table  4.1. Summary of hydraulic conditions in the present test (θ0 = 70°; B = 0.56 m; D50 = 0.65 
mm) 

Q (l/s) hav (cm) Sc uav (m/s) R F R∗ Y/Ycr (cf)av

 
B/hav hav/D 

7.44 4.6 1/500 0.290 13290 0.43 39 2.76 15.4 12.2 70.8 
 

Since, as mentioned earlier, the roughness of the immobilizing layer is estimated to be equivalent 

to that of sand with D50 = 0.65 mm, ks = 1.3 mm was used in the calculations. From the present 

value of Y/Ycr (= 2.76), it should be clear that sediment transport would always be present in the 

absence of coating layer. Observe that the turbulent flow was in the transitional regime (≈ 5 ≤ R∗ 

≤ ≈ 70). 

Table  4.2. Measurement times (min) of bank deformation 

Time step Measurement time (min) 

1 8 
2 16 
3 24 
4 32 
5 40 

 
 

4.2.2 Measurements 

The flow rate Q was measured with the aid of a 90° V-notch weir installed in a water reservoir 

located upstream of the meandering channel. The head over the weir hw was measured with the 

aid of a point gauge installed 1.20 m upstream of the weir. Given that the resolution of the point 

gauge was ± 0.3 mm, the value of hw (namely 13.63 cm) produced a relative error of 0.7% in the 

measured values of Q.  

 The region for both the flow velocity measurements (carried out in the first stage of the 

present test) and the bed/bank surface measurements (carried out in the second stage) consisted of 

the region between cross-sections 91 and 93 (at ξc = 0.25 and 1.25, respectively, in which ξc = 
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lc/L). More specifically, the measurements were carried out along a total of 33 equally-spaced 

cross-sections, shown in the schematic Fig.  4.2. Observe from this figure that each cross-section 

is designated by a number with a subscript (e.g., section 91). Here the subscript (= 1, 2 or 3) 

marks the loop (Λ1, Λ2 or Λ3) to which the cross-section belongs. The number itself marks the 

location within the loop, with the section numbers 1 and 9 coinciding with crossover and apex 

sections, respectively. The distance along the channel centreline between any two adjacent 

measurement cross-sections was equal to 23.8 cm (i.e., ∆ξc = 0.03125).  

 The velocity measurements were carried out at the constant level 0.4hav from the bed 

surface, with the aid of a 2D 16-MHz SonTekTM Micro ADV. Velocity range of the instrument is 

3, 10, 30, 100 and 250 cm/s; velocity resolution is 0.1 mm/s; sampling volume is a cylinder with 

the volume of 0.09 cm3 located 5 cm away from the sensor tip (therefore, the presence of the 

probe in the flow generally does not distort measurements; Wahl, 2000), and accuracy is 1% of 

the measured velocity. According to SonTek/YSI (2001) Technical Documentation, ADV 

measurements are accurate as long as the distance between the center of sampling volume and the 

boundary is kept more than 2 cm. The ADV was operated at a sampling frequency (SF) of 20 Hz, 

with the sensor mounted in a side-looking (bank-facing) configuration. 

 At each measurement cross-section, the velocity was measured at 29 different points (see 

Fig.  4.4) from η = -0.4505 to η = +0.4505, or from ηw = -0.3125 to ηw = +0.3125. Here, η = n/B 

and ηw = n/Bw are the dimensionless radial coordinates relative to the present stream average 

width B, and the width of the original 70° channel Bw (n and thus η = ηw = 0 at the channel 

centreline). The duration of velocity measurement at each point was 90 s. Local time-averaged 

velocities were calculated by averaging instantaneous velocities recorded over the sampling 

duration of 90 s at the given location. The measurements at η = -0.4505 and η = +0.4505 were 
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located in the region over the banks. As follows from Appendix B, the measurements at these two 

locations underestimate the vertically-averaged flow velocity, and thus must be considered with 

reservations – even if they are included in the plots in this thesis. 

 

Fig.  4.4. Location of flow velocity measurements 

 The quality of the measured velocities was ensured via live monitoring of the signal-to-

noise ratio (SNR) and the correlation index, which are automatically reported by the instrument 

for each single velocity measurement (see Appendix B for the definition of SNR and correlation 

index). For sampling frequencies around 25 Hz, the instrument’s manufacturer recommends that 

a SNR of at least 15 dB be maintained (see SonTek/YSI 2001). Values of the correlation index as 

low as 30% are acceptable if the purpose is to measure time-average flow velocity. However, to 

measure turbulence properties, the correlation index should not be less than 70%. In the present 

experiments (in which SF = 20 Hz), the values of the SNR and correlation index were, as a rule, 

at least 25 dB and 85%. Following da Silva and Ahmari (2009) and Ahmari (2010), this was 

achieved by seeding the flow with talc powder. 

 In each cross-section, the bed/bank surface elevation was measured at 45 equally spaced 

points from n = -39.8 cm n = +39.8 (i.e. from ηw = -0.3725 to ηw = +0.3725). For this purpose, a 

device formed by 45 vertical rods (4.5 mm diameter) installed on a horizontal bar resting on the 
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(leveled) top of the channel walls was used. Each rods was individually lowered until the pointer 

on the rod touched the bed/bank surface. All bed/bank surface elevation measurements were 

carried out by using as reference level (datum) a horizontal plane located 28.5 cm below the top 

of the channel walls. 

 When the measurement of the bank deformations at each time step was accomplished, the 

sand eroded from the banks and deposited on the fixed bed between the initial toes of the banks 

(shown by dashed lines in Fig.  4.3) was collected. For this purpose, the channel was divided into 

three segments (from section 90 to 91, 91 to 93 and 93 to the downstream end of the channel 

(tailgate)). The sand collected from each segment was measured volumetrically. Additionally, the 

sand deposited in the settling basin downstream of the channel was also collected and measured 

volumetrically. 

4.3 Experimental observations and results  

4.3.1 Initial flow field 

The flow field resulting from the measured values of ū  is shown in Fig.  4.5. In this figure, ū  is 

normalized with the aid of uav (= 0.290 m/s); the black solid lines indicate the vertical walls of the 

meandering channel; the channel walls and the velocity vectors are separated by a white space, 

reflecting the presence of the banks. The lines B and E in this figure mark the beginning and end 

of a complete L/2-long convergence-divergence flow zone, as determined in Chapter 3.  

 When the ū -data corresponding to equivalent crossover sections 12 and 13 were plotted 

together, it was found that they overlap reasonably well (see Fig.  4.6a). However, as can be 

inferred from Fig.  4.6b, there is some divergence of the data at the apex 91 when compared to that 

at the apexes 92 and 93 (see Fig.  4.6b). This is a reflection of the fact that periodic conditions (or 
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very nearly so) were not established until somewhere between the apex 91 and the crossover 12. 

This can also be inferred from the flow field in Fig.  4.5. 

 
Fig.  4.5. Measured field of ū /uav. The lines B and E mark the beginning and end sections of a 

flow convergence-divergence zone. 
 

a) Crossover sections 

 

b) Apex sections 

 
Fig.  4.6. Cross-sectional profiles of ū /uav at crossover and apex sections of initial flow field 

 To gain further insight into the flow velocity field, the values of measured ū /uav measured 

near the left and right banks are plotted versus ξc in Figs. 4.7a and b, respectively. These figures 

include the data collected 8, 6, 4, 3 and 2 cm away from the banks, i.e. at ηw = ± 0.2375, ± 

0.2625, ± 0.2875, ± 0.3 and ± 0.3125. Figs. 4.7a and b clearly show that the maximum flow 

velocity in the channel occurs somewhere between the crossover and apex sections, moving from 

the left bank in loop Λ2 to the right bank in loop Λ3.  
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 The same can be inferred from Fig.  4.8 showing the cross-sectional plots of the measured 

values of ū /uav at the equivalent cross-sections  42 and 43 (Fig.  4.8a) and those at the (equivalent) 

cross-sections 52 and 53 – which, out of all cross-sectional plots of ū /uav, exhibited the largest 

difference in the values of ū /uav between the left and right banks.  

a) left bank 

 
b) right bank 

 

Fig.  4.7. Variation of ū /uav along the channel near the left and right banks 

 Fig.  4.9 shows the ultimate maximum velocity at each cross-section versus ξc (it should be 

noted that the ultimate maximum velocity at different cross-sections might occur at different 

values of η, and that this is not reflected by Fig.  4.8). The dashed line is a sine curve visually 

fitted to the data. Based on the fitted curve and data points, two maximum velocities can be 

located between cross-sections 42 and 52 (corresponding to ξc = 0.6016) near the left bank, and 

between cross-section 43 and 53 (corresponding to ξc = 1.1016) near the right bank. This is in 

agreement with the findings in the previous paragraph. 
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a) Crossover sections 

 

b) Apex sections 

 
Fig.  4.8. Cross-sectional profiles of depth-averaged longitudinal velocities at crossover and apex 

sections in the first stage of the present test 

 
Fig.  4.9. Cross-sectional maximum velocity along the stream (dashed line is a fitted sine curve) 

 

 Finally, the downstream gradients of ū are plotted in Fig.  4.10. For the purposes of this 

figure, these were calculated as d(ū /uav)/dξ, in which ξ = l/L, where l is longitudinal coordinate. 

The lines B and E in this figure have the same meaning as in Fig.  4.5. The maximum gradient 

(maximum acceleration), shown by red shades, occurs downstream of the apexes, approximately 

at the outer bank of cross-section 12i, while the minimum gradient (maximum deceleration), 

shown by blue shades, occurs approximately at the inner bank of the same cross-section. This can 

be inferred also from Fig.  4.11, showing the variation of d(ū /uav)/dξ along the channel and near 

the banks (at ηw = ±0.2375, ±0.2625, ±0.2875, ±0.3 and ±0.3125). From these gradient fields, it 

follows that the maximum erosion-deposition at the bed must be expected to occur just 

downstream of the apexes, the L/2-long erosion-deposition zone in loop Λ2 extending from the 
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line B to the line E. 

 
Fig.  4.10. Downstream gradients of ū /uav 

 
a) left bank 

 
b) right bank 

 
Fig.  4.11. Variation of d(ū /uav)/dξ along the channel near the left and right banks 
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of the sediment due to direct action of near-bank flow, while mass failure is an intermittent 

process consisting of the collapse of bank material due to geotechnical instability. In other words, 

in general both fluvial erosion and mass failure contribute to the bank retreat process. However, 

for the case of homogenous and non-cohesive bank material (Constantine et al. 2009, Motta et al. 

2012), fluvial erosion dominates the process. 

 In the present experiment, bank erosion was entirely due to fluvial erosion. This is not 

surprising, because the bank material was cohesionless and the height of the water depth (4.6 cm)  

was close to the height of the banks. Some undercutting of the banks at the water surface level 

was observed, resulting in sporadic sudden failures of the overhanging material. However, given 

the proximity in values of flow depth and bank height, these were not very prominent.  

 Fig.  4.12 is a plan view of the channel, showing the location of the bank crest (square 

dotted lines) at the different time steps of the test. This figure shows also the location of the bank 

toe at the beginning of the test (black dashed lines), as well as a set of long dashed lines marking 

the end of the deposition zone. The temporal variation of bank crest width is shown in greater 

detail in Figs. 4.13a and b, showing the plots of crest width versus ξc along the left and right 

banks, respectively. 

 As can be inferred from Fig.  4.12, erosion occurred from section 121 to 52 (ξc = 0.3438 to 

0.625) on the left bank and from section 122 to 53 (ξc = 0.8438 to 1.125) on the right bank, with 

the maximum erosion during any time step occurring around the crossovers. In the areas where 

erosion was the largest, the banks became fully eroded (section 141 to 32, 152 to 23). This can also 

be inferred from Appendix F, showing all the cross-sectional profiles for the present run. 

 Although a substantial amount of the deposited material was found near the sections from 

where it was eroded, some of the material was transported downstream and deposited on the
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Fig.  4.12. Plan view of bank crest variation and deposition of sand in the present test 

 
a) left bank 

 
b) right bank 

 

Fig.  4.13. Temporal variation of bank crest width along the channel, for left and right banks 

 

same side of the stream, near (or even over) the bank. Thus, for example, although erosion at the 

left bank occurred from section 121 to 52, deposited material could be found all way to cross-

section 112 along the same bank. The same applies to the erosion from cross-section 122 to 53 

along the right bank, and the corresponding deposition, which extends at least to cross-section 93. 
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Note also how deposition is found from cross-section 91 to 111 along the right bank. This was a 

result of material being eroded from the right bank, at an upstream region, and subsequently 

transported downstream.  

4.3.2.2 Bank erosion rates  

The rate of bank retreat was determined at the level of the water surface. In the remaining parts of 

this paper, this will be identified with the bank erosion rate E. The results of the calculations for 

the first time step are shown in Fig.  4.14. From this figure, it can be inferred that the maximum 

bank erosion occurred very near the crossover sections 12 and 13 (between sections 161 and 12, 

and between sections 162 and 13). The rate of bank retreat was ≈ 0.57 cm/min on the left bank 

around crossover 12 and ≈ 0.47 cm/min on the right bank around crossover 13. In Fig.  4.14, small 

finite values of bank retreat occur at almost all of the measurement sections (see Fig.  4.2), 

identified in Subsection  4.3.2.1 as remaining intact. While for all practical purposes these cross-

sections indeed can be viewed as remaining intact throughout the duration of the test, in reality 

some small deformation occurred. When building the banks, it was found that it was impossible 

to keep them fully saturated. Hence, some degree of consolidation took place during the run, 

which explains the small bank deformation and related bank retreat recorded for the first time 

step. 

 

Fig.  4.14. Bank erosion rate at water surface level along the channel between t = 0 and t = 8 min 
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The erosion rates calculated at all cross-sections and measurement times are plotted 

versus ξc in Figs. 4.15a and b, corresponding to the left and right banks, respectively. For 

discussion purposes, consider also the cross-sectional profiles for the crossovers 12 and 13 shown 

in Fig.  4.16. As follows from these figures, the rate of bank erosion was larger at the initial stages 

of the run, and quickly decreased afterwards. This is partly due to the fact that the profile of the 

banks changes to an exponential shape. However, both Fig.  4.15 and Fig.  4.16 suggest that the 

a) left bank 

 
b) right bank 

 
Fig.  4.15. Bank erosion rate at water surface level along the channel at t = 4, 12, 20, 28 and 36 

min: a) left bank; b) right bank 

  

Fig.  4.16. Temporal variation of bank profiles in cross-sections 12 and 13 
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rate of bank erosion decreased with the passage of time. It is interesting to notice that the shape of 

the bank profiles at the latest stages of the run closely followed that implied by the equation by 

Yalin (1992) (see Fig.  4.16). 

 A question that arises where bank erosion is considered is whether the rate of erosion 

remains constant with the passage of time, or whether the phenomenon is such that erosion 

gradually decreases until an equilibrium stage is reached (where erosion stops). The above results 

cannot be regarded as conclusive. However, they point towards the second possibility.  

4.3.2.3 Bank eroded area  

The area of eroded material at all time steps was calculated for cross-section 121 to 52 and 122 to 

53. The methodology adopted in these calculations can be inferred from Fig.  4.17, where cross-

section 13 is used as an example. The dashed vertical line in this figure sets the limits of the 

region of calculations. This line coincides with the location of the bank toe at the beginning of the 

test (“initial bank”). The results of these calculations are summarized in Figs. 4.18a and b, for the 

left and right banks, respectively. At some cross-sections the deposition outweighed the erosion, 

since material from upstream deposited on the bank. The deposition is marked as negative 

erosion in Fig.  4.18. Just like in the plots in the previous subsection, Figs. 4.18a and b, and 

especially Fig.  4.18b, suggest that the rate of erosion continuously decreased with the passage of 

time. It is noted that the amount of erosion actually increased in time step 5. This increase seems 

to be entirely due to the fact that once erosion reached the channel walls, the material tended to 

collapse.   

4.3.2.4 Additional considerations  

Fig.  4.19 shows the volume of (fully saturated) sand collected from the bed as described in 

Section  4.2. This was calculated on the basis of the entire amount of sand collected throughout 
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Fig.  4.17. Definition of bank eroded area at cross-section 13 

a) left bank 

 

b) right bank 

 

Fig.  4.18. Variation with time of bank eroded area (relative to initial bank area) within the erosion 
zone 

the channel from cross-section 90 to the tailgate, and including also the sand from downstream 

stilling basin. Observe that the data points in this plot exhibit a decreasing trend. This is 

consistent with the considerations in the previous section. 
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Fig.  4.19. Sum of collected volumes of sand deposited throughout the stream and within the sand 
collection channel in the present run 

4.4 Discussion 

4.4.1 Summary of present results 

The cross-sections of maximum flow velocity, maximum velocity gradient and maximum bank 

erosion, as determined in Section  4.3, are summarized in Table  4.3 and Table  4.4, corresponding 

to the left and right banks, respectively. 

Table  4.3. Longitudinal location of maximum velocity and velocity gradient in initial flow field 
and maximum bank erosion in second stage of the present test: left bank 

 Cross-section # 
Longitudinal 

coordinate (ξc) 
Maximum velocity 42~52 0.6016 
Maximum velocity gradient 121~131 0.3516 
Maximum bank erosion 161~12 0.4844 

 
Table  4.4. Longitudinal location of maximum velocity and velocity gradient in initial flow field  

and maximum bank erosion in second stage of the present test: right bank 

 Cross-section # 
Longitudinal 

coordinate (ξc) 
Maximum velocity 43~53 1.1016 
Maximum velocity gradient 122~132 0.8516 
Maximum bank erosion 162~13 0.9844 

 As follows from Table  4.3 and Table  4.4, bank erosion in the present test did not occur at 

the location of maximum flow velocity, but rather in between the locations of maximum gradient 

and maximum flow velocity. The implications of this result are analyzed in further detail in the
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next two sections. 

4.4.2 Evaluation of existing equations of bank erosion rate 

As is well-known, the two most popular equations to estimate bank erosion are those known as 

the excess shear stress equation and the excess velocity equation. 

 The excess shear stress equation, which was originally introduced by Partheniades (1965) 

is as follows 

E = kd.( τ0 -τbc)
α ( 4.2) 

where E is the erosion rate, kd is an erodibility coefficient, τ0 and τbc are flow shear stress acting 

on the boundary surface and critical shear stresses, respectively, and α is an empirical exponent 

usually identified with 1. The erodibility coefficient, kd [L2TM-1] is assumed to depend on 

sediment characteristics, flow properties and channel planform shape (Howard, 1992), and is 

usually used as a calibration parameter. However, in some studies (Darby et al. 2007 and 

Constantine et al. 2009) it has been estimated using in situ testing devices. Arulanandan et al. 

(1980) proposed a slightly different expression to calculate bank erosion, namely E = kd2.[(τ0 - 

τbc)/τbc] where kd2 is an erodibility coefficient, with dimensions of L/T. 

 The excess velocity equation is basically the same as the excess-shear stress equation, but 

uses near-bank flow velocity instead of shear stress. This equation was initially proposed by 

Ikeda et al. (1981) for meander migration as 

E = kd3.(ub - ucs) ( 4.3) 

where E is bank erosion rate, kd3 is a dimensionless erodibility coefficient, and ub and ucs are 

near-bank and cross-sectionally averaged velocities. Based on this equation, bank erosion occurs 

when near-bank velocity is larger than the cross-sectionally averaged velocity. 
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 In the following, these two equations are applied to the case of the present test. 

i) When calibrated against the present data, Eq. ( 4.2) and the equation by Arulanandan et al. 

(1980) gave similar results. Therefore, only Eq. ( 4.2) is used in the following. The shear stress 

acting on the surface of the bank was calculated using τ0 = ρu
2/(cf)av

2 where ρ is density of 

water, u  is depth-averaged near-bank velocity and (cf)av is (dimensionless) Chézy resistance 

factor calculated from 2.5ln(0.368hav/ks)+Bs. In the latter expression, hav is the channel-

averaged flow depth, ks = 2D50 is the granular roughness of the bank (with D50 standing for the 

median grain size equal to 0.65 mm here), Bs is roughness function, which was calculated with 

the aid of Eq. ( 4.1). In the present work, u  was calculated by averaging the measured 

velocities in the 2 to 4 cm away from the bank (i.e. velocities measured at η = 0.4505, 0.4324, 

0.4144 near the left bank and η = -0.4505, -0.4323, -0.4144 near the right bank). Critical shear 

stress of the bank, τbc, was calculated using the equation proposed by Lane (1955) for a 

particle on a slope, namely 

2

tan

tan
1cos 








−=

ϕ
θ

θ
τ
τ b

b

c

bc  
( 4.4) 

where τc is critical shear stress of a flat bed (= Ycr.γs.D50, where Ycr is mobility number at the 

critical stage of initiation of sediment transport, identified with 0.031 for D50 = 0.65 mm, and 

γs is submerged specific weight of grains equal to 16186.5 N/m3), θb is bank angle, and φ is 

angle of repose of the sediment. τc was identified with 0.327 N/m2, while the bank angle and 

angle of repose were identified with θb = 30° and φ = 40° (the latter was estimated based on 

visual observation; however its imprecision does not affect the trend of the calculations). 

Therefore, Eq. ( 4.4) gives τbc = 0.205 N/m2. The erodibility coefficient, kd, was determined via 

calibration using the available data of crest width variations. This yielded kd = 19×10-5 
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m3/(N.s). This value is comparable with the values reported by other authors; for instance, in 

Nardi et al. (2013) the average kd was equal to 3.46×10-5 m3/(N.s) for gravel in composite 

cross-sections of a real river. 

ii) In order to apply Eq. ( 4.3), ub was defined as proposed by Parker et al. (2011). To do so, as 

shown in Fig.  4.20, near-bank maximum and minimum velocities were found in each cross-

section. This was performed by finding near-bank velocities at the two ends of the almost 

linear part of velocity profile at each section. As stated by Parker et al. (2011) these velocities 

are defined as “an appropriate measure of the thickness of the near-bank boundary layer”. 

Although the procedure requires some judgment, this is not expected to substantially affect the 

calculated result of the erosion rate as long as consistency is met in calculations for all cross-

sections. In the present calculations, η = ±0.3784, which is 6 cm away from the bank surface, 

was considered as the end of the linear part of velocity profiles. In addition, and similarly to 

the excess shear stress equation, the erodibility coefficient, kd3, was determined by calibration. 

This yielded kd3 = 67×10-5.  

 
Fig.  4.20. Location (fine dashed lines) of near-bank velocities in cross-section 12 
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iii)  The results of the excess shear stress and excess velocity equations, i.e. Eqs.( 4.2) and ( 4.4), 

are compared with the measured data in Fig.  4.21. The comparison is only made for the first 

timestep. As can be inferred from Fig.  4.21, neither the excess shear stress nor the excess 

velocity equations predict the observed trend of bank erosion correctly. In the experiment, 

bank erosion occurred locally around the crossover regions; however, the equations predict 

the location of maximum bank erosion further downstream. This is due to the fact that these 

equations include only the velocity component of flow field and do not consider the effect of 

velocity gradient.  

iv)  The fact that in the present test the maximum bank erosion occurred between the locations of 

maximum downstream gradient of flow velocity and maximum velocity, suggests that the 

bank erosion is best expressed as combination of both, as proposed by Mosselman (1995). 

4.4.3 Meandering planimetric evolution 

This work highlights the fact that for non-deformed beds (or weakly deformed beds), there is a 

shift between the plan location of maximum bed deformation (which coincides with the location 

of maximum downstream gradient of flow velocity) and the location of maximum bank erosion 

(as this is invariably located downstream of the former, closer to the location of maximum flow 

velocity). This shift appears as an efficient mechanism leading to deviation from regular plan 

shapes. Indeed, consider a situation where the banks are rather unerodible. In this case, only bed 

erosion occurs. This will lead to bank toe scour at the same location where bed erosion occurs, 

which eventually may lead to bank failure at the same location.  
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a) left bank 

 
b) right bank 

 
Fig.  4.21. Comparison of calculated rate of bank erosion at free surface (E) with measured data 

between t = 0 and t = 8 min: (a) left bank; (b) right bank 
 

 However, if the banks are quite erodible, then an episodic event of sudden bank failure (at 

the location of maximum bed scour) will temporarily eliminate the scour at the bed. This will 

change the flow pattern, which will then become more consistent with the flow over a flat initial 

bed, and thus able to attack the banks substantially further downstream. This will lead to 

deviations from a regular plan shape, and likely the more so the more erodible will the bank be. 

The present experiments suggest that such process can indeed determine the planimetric fate of 

the stream. 

4.5 Conclusions 

The main findings of this paper are as follows: 
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1. In the present test, bank erosion was observed from cross-section 121 to 52 on the left 

bank and cross-section 122 to 53 on the right bank. The maximum bank erosion occurred 

very near the crossover sections 12 and 13. To be more exact, it occurred between cross-

sections 162 and 12 and between sections 162 and 13 (see Fig.  4.13). Although a large part 

of the sand deposited on the bed was found near the cross-sections from where it was 

eroded, some of the sand was transported downstream and deposited on the same side of 

the stream near the bank. Thus, as indicated in Subsection  4.3.2.1, material eroded from 

the bank in cross-sections 121 to 52 deposited on the bed all way down to cross-section 

112 on the same side of the channel, while material eroded from cross-sections 122 to 53 

deposited all way down to cross-section 93. 

2. In the first time step, the rate of bank retreat at the left bank of crossover 12 was found to 

be ≈ 0.57 cm/min, and ≈ 0.47 cm/min at the right bank of crossover 13. The bank retreat 

was found to decrease with time as implied by Fig.  4.15 and Fig.  4.16. 

3. The measured flow field was as shown in Fig.  4.5. The maximum flow velocities were 

found between cross-sections 42 and 52 close to the left bank, and between cross-sections 

43 and 53 close to the right bank. The location of maximum flow velocity was thus shifted 

considerably downstream when compared to the location of maximum bank erosion. 

4. The discrepancy mentioned in the previous point demonstrates that the existing excess 

parameter equations for the calculation of bank erosion rate do not capture the essence of 

the bank erosion/bank retreat phenomenon. 

5. The regions of flow acceleration/deceleration are as shown in Fig.  4.10 showing the plot 

of d(ū /uav)/dξ for the present flow field. By comparing the flow velocity field and the 

field of downstream velocity gradient with the locations of bank erosion, it is concluded 
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that the maximum bank erosion occurs somewhere in between the locations of maximum 

velocity and maximum acceleration. As indicated in Subsection  4.4.2, this suggests that 

an equation such as proposed by Mosselman (1995) is, in principle, more appropriate to 

calculate the rate of bank erosion. 

6. The inherent shift between the locations in plan of maximum velocity gradient (where 

maximum bed deformation occurs) and the location of maximum bank erosion appears as 

a possible mechanism leading to deviations from regular plan shapes. In the authors’ 

view, this is more likely to be the more erodible the bank will be.   
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Chapter 5 

Conclusions and Recommendations for Future Research 

5.1 Conclusions 

Chapter 2 introduces a new laboratory technique to immobilize movable boundaries, and presents 

a series of tests to investigate the structural integrity of the coating layer and its roughness. The 

main findings of the work are as follows: 

1. A coating consisting of a mixture of sand and a small amount of Portland cement Type III 

(Type HE) can be used as an effective means to stabilize movable beds. However, if the 

mixture is comprised of the same sand as the original bed, its granular roughness will be 

appreciably smaller than that of the original bed. For sands up to ≈ 1.1 mm, it is 

nonetheless possible to achieve a granular roughness comparable to that of the original 

bed by increasing the size of the sand in the sand-cement mixture (see also point 2. 

below). For sands with D50 > ≈ 1.1 mm, then a better approach is to coat the bed with a 

mixture of (any) sand and cement, and then glue on it a layer of the original sand. 

2. For practical purposes, the grain size D50 to be used in the coating sand-cement mixture is 

perhaps best expressed as a function of D50 of the original sand, i.e. D50 of sand-cement 

mixture = f (D50 of movable bed). The present tests yielded 3 values (“points”) of this 

function. The solid line in Fig.  2.2, which was drawn so as to capture the trend of these 

points, is thus to be viewed as a first representation of this function. Clearly, considerable 

uncertainty remains regarding the exact form of the function f. Thus, in the absence of 

further work to more precisely define it, and especially if 0.195 mm < D50 < 0.65 mm, it is 

recommended that Fig.  2.2 is used to approximately estimate the grain size of the sand for 
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the coating mixture, and that this be then refined as needed through preliminary testing 

comparing flow conditions before and after hardening. It should also be noted that the 

sands used in this work were well-sorted. The sand grain sizes (and the cement content) of 

the coating mixture resulting from this work may need to be somewhat modified for less 

uniform sands than those used in the present tests.  

3. The simplest method of application, valid for both flat and deformed beds, is to evenly 

spread over the bed a ≈ 5 mm layer of a dry mixture of sand and cement. After slowly 

filling the channel so as to fully submerge it in water and slowly emptying the channel, 

the coating mixture should be cured for seven days. In the case of strongly deformed 

beds, it is recommended that the dry mixture of sand-cement be fully saturated with water 

before filling and emptying the channel with water. The cement/sand volume ratio of the 

dry mixture should be 8% for sands up to 0.65 mm, and then gradually increased up to 

16% for sands having D50 = 2.0 mm.  

4. As an alternative to the method of application above, a mortar mixture of sand, cement 

and water can be prepared beforehand in a concrete mixer and then spread on the bed. In 

this case, a cement/sand volume ratio of 8% and a water content of 60% of the cement 

volume are recommended. The considerations in point 1 above regarding the sand grain 

size to be used in the sand-cement coating mixture are still valid. This alternative method 

of application, however, can be used only when the beds are flat. 

5. On the basis of the appearance of the hardened coating mixture and the tests carried out as 

part of this work, as well as the recent experience of the authors in using the proposed 

stabilizing method in the meandering research mentioned at the end of the Introduction 

and the larger scale dune study mentioned at the end of Subsection  2.3.4, the authors 
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believe that the resulting stabilized beds can best be defined as “semi-permanent”, in the 

sense that they are able to withstand the action of typical laboratory flows over long 

periods of time, and yet can be easily removed from a flume.  

 Chapter 3 is intended as an extension of previous work by da Silva et al. (2006), who 

investigated the effect of θ0 on the pattern of initial flow in sine-generated meandering streams. 

In particular, this chapter explores a possible dependency of the flow pattern on ΛM/B, R*, B/hav 

and hav/D. The work suggests that R* plays only a very minor role, if any, in determining the 

location in flow plan of the convergence-divergence zones of flow. The main findings in this 

chapter are as follows: 

6. From the present experiments involving a variation in ΛM/B, it is found that ΛM/B plays a 

significant role in determining the location of flow convergence-divergence zones. In 

particular, all other conditions remaining the same, the values of ξc0 decrease with the 

increasing values of ΛM/B (see Fig.  3.15). The role of ΛM/B is nonetheless considerably 

smaller than that of θ0. 

7. Both B/hav and hav/D play some role on the values of ξc0, but to a much lesser extent than 

θ0 and ΛM/B. As pointed out in the previous section, it is not possible at present to 

determine exactly the form of variation of ξc0 with both of these variables, for the lack of 

sufficient data. 

 Chapter 4 presents an experimental study involving a meandering stream with a fixed bed 

and movable banks. The main findings of this study can be summarized as follows: 

8. In the present test, bank erosion was observed from cross-section 121 to 52 on the left 

bank and cross-section 122 to 53 on the right bank. The maximum bank erosion occurred 

very near the crossover sections 12 and 13. To be more exact, it occurred between cross-
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sections 162 and 12 and between sections 162 and 13 (see Fig.  4.13). Although a large part 

of the sand deposited on the bed was found near the cross-sections from where it was 

eroded, some of the sand was transported downstream and deposited on the same side of 

the stream near the bank. Thus, as indicated in Subsection  4.3.2.1, material eroded from 

the bank in cross-sections 121 to 52 deposited on the bed all way down to cross-section 

112 on the same side of the channel, while material eroded from cross-sections 122 to 53 

deposited all way down to cross-section 93. 

9. In the first time step, the rate of bank retreat at the left bank of crossover 12 was found to 

be ≈ 0.57 cm/min, and ≈ 0.47 cm/min at the right bank of crossover 13. The bank retreat 

was found to decrease with time as implied by Fig.  4.15 and Fig.  4.16. 

10. The measured flow field was as shown in Fig.  4.5. The maximum flow velocities were 

found between cross-sections 42 and 52 close to the left bank, and between cross-sections 

43 and 53 close to the right bank. The location of maximum flow velocity was thus shifted 

considerably downstream when compared to the location of maximum bank erosion. 

11. The discrepancy mentioned in the previous point demonstrates that the existing excess 

parameter equations for the calculation of bank erosion rate do not capture the essence of 

the bank erosion/bank retreat phenomenon. 

12. The regions of flow acceleration/deceleration are as shown in Fig.  4.10 showing the plot 

of d(ū /uav)/dξ for the present flow field. By comparing the flow velocity field and the 

field of downstream velocity gradient with the locations of bank erosion, it is concluded 

that the maximum bank erosion occurs somewhere in between the locations of maximum 

velocity and maximum acceleration. As indicated in Subsection  4.4.2, this suggests that 



107 

 

an equation such as proposed by Mosselman (1995) is, in principle, more appropriate to 

calculate the rate of bank erosion.  

13. The inherent shift between the locations in plan of maximum velocity gradient (where 

maximum bed deformation occurs) and the location of maximum bank erosion appears as 

a likely mechanism leading to deviations from regular plan shapes. In the authors’ view, 

this is more likely to be the more erodible the bank will be.  

5.2 Recommendations for future research 

The following four suggestions are provided for future research: 

1. Conduct a series of tests involving the systematic variation of B/hav and hav/D, to enable 

determination of the dependency of ξc0 on these variables. 

2. Extend the test in Chapter 4 by conducting a test under the same hydraulic conditions but 

with movable bed and banks, so as to gain further insight into the coupling of the flow, 

bed deformation and planimetric changes. 

3. Properly evaluate the bank erosion equation by Mosselman (1995) against laboratory and 

field data. 

4. Use the databases resulting from this work to improve the state-of-the-art where the 

computer simulation and prediction of meandering bank retreat is concerned. 
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Appendix A 

Immobilization of the Meandering Stream in the Test Reported in Chapter 4 

This appendix describes the steps used to form and immobilize the meandering stream used in the 

test reported in Chapter 4, results of which are used also in Chapter 3. The bed was formed and 

immobilized first. Subsequently, the banks were built and immobilized. In the following, the 

procedures used for the bed and the banks are presented separately since different methods were 

used for each part.  

A.1. Installation and immobilization of the bed  

To prevent any possible damage to the channel walls by the immobilizing material, as a 

preliminary step, the walls were protected with the aid of 1.5 mm thick PVC-coated polyester 

scrim ( Fig. A.1). This was applied in the form of ≈ 5-cm-wide stripes glued along the walls so as 

to cover the region of contact between the immobilizing layer and the walls. The glue was a 

removable and transparent thermoplastic sealant commercialized under the name of “Zip Seal N’ 

Peel”. 

 

Fig. A.1. Plastic stripes glued to the side walls for wall protection 
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The sand bed was formed by sand compacted and scraped to the desired slope (Sc = 

1/500). It is noted that the size of the sand used to form the bed (namely 2.0 mm) is not relevant, 

since the immobilizing layer completely covered it. 

 The method introduced in Chapter 2 was used to immobilize the bed. The coating layer 

consisted of a mixture of 2.0 mm sand and Portland cement Type III (Type HE); the cement/sand 

volume ratio was 16%. After mixing the (dry) sand and cement in a concrete mixer, an ≈ 5-mm-

thick layer of the resulting mixture was uniformly spread over the bed, between cross-sections 90 

and 74. Subsequently, the channel was slowly filled with water using a hose at the downstream 

end ( Fig. A.2), until the coating layer was fully submerged in water. Finally, the water was very 

slowly drained from the channel. The channel was then covered with plastic sheets for seven days 

in order to cure the coating layer. During this period, water was sprayed on the bed once a day 

using a fine pistol nozzle attached to a hose. 

 

Fig. A.2. Photo of channel during the process of slowly filling it 
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A.2. Installation and immobilization of the banks  

The 30°-sand banks were formed by 0.65 mm sand. The banks were installed with the aid of 

prefabricated wooden templates ( Fig. A.3). The original sand banks before immobilization were 

0.5 cm thinner than the desired size of the banks ( Fig. A.4). 

 

Fig. A.3. Photo illustrating the procedure to build the sand banks using a prefabricated template 

 

For ease of application, the bank immobilization was achieved by spreading on the banks 

a 0.5-cm-thick layer of sand-cement mortar (instead of a dry mixture of sand-cement as used on 

the bed). The sand-cement mortar was prepared beforehand by mixing 2.0 mm sand, Portland 

cement Type III (Type HE) and water in a concrete mixer. Following the recommendations in 

Chapter 2, the cement/sand volume ratio was 8%; the amount of water was 60% of the cement 

volume. Fig. A.5 shows a photo taken during the application of the sand-cement mortar mixture.  

 

Fig. A.4. Cross-section of the immobilized stream 
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 After application of the mortar mixture, this was cured for seven days following the same 

procedure as that adopted for the bed (i.e. by coating the channel with plastic sheets over that 

period of time and by spraying water once a day).  

 

Fig. A.5. Sand banks partially coated with sand-cement mortar 
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Appendix B 

Details of Measurement Instrumentation and Measurement Techniques 

The following quantities were measured in all of the tests of the present work: flow rate Q, 

average flow depth hav, and local flow velocities at the level 0.4hav. Additionally, in the tests 

reported in Chapter 4, the topography of the bed and banks was surveyed. Details on the 

measurement instrumentation and techniques are presented below. 

 Measurement of flow rate Q  B.1.

The flow rate Q was measured with the aid of a 90° V-notch weir installed at the downstream end 

of a first stilling basin located upstream of the head tank shown in Fig.  4.2, from which water 

entered into the meandering channel. The flow passing over the weir was determined from the 

well-known expression Q = Cd2.36hw
5/2, where hw is the head over the weir measured in meters 

and Q is in m3/s (see, e.g., Streeter and Wylie 1985). El-Tahawy (2004), who determined the 

coefficient of discharge Cd for the present weir, found that for Q < ≈ 0.030 m3/s, Cd = 0.46. The 

head over the weir hw was measured with the aid of point gauge installed 1.20 m upstream of the 

weir. These measurements were carried out after the flow over the weir had reached a steady-

state condition. The resulting values of hw were 7.62, 11.10 and 13.63 cm in tests MS-1, MS-2 

and the test reported in Chapter 4, respectively. [Recall that this test is invoked also in Chapter 3, 

where it is denoted as test MS-FB.] Given that the resolution of the point gauge was ± 0.3 mm, 

the just mentioned values of hw produced relative errors of 1.1% (test MS-1), 0.9% (test MS-2) 

and 0.7% (test in Chapter 4). 
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 Determination of average flow depth hav B.2.

In all tests, the channel-averaged flow depth hav was determined on the basis of measurements of 

bed surface elevation along the stream centreline and free surface elevation at the centreline of 

the four consecutive crossovers 11, 12, 13 and 14 as shown in Figs. B.1 (a-c). This yielded hav = 

4.1, 3.9 and 4.6 cm for tests MS-1, MS-2, and the test reported in Chapter 4, respectively. 

The aforementioned free surface and bed surface elevation measurements were carried out 

with the aid of a point gauge (resolution ± 0.1 mm). The values of local flow depth at the 

crossover sections 11 to 14 resulting from these measurements were as shown in Table B.1. The 

maximum deviation between a measured local value of flow depth and the average flow depth hav 

was equal to 2.4%. This occurred in test MS-1, at the crossover 11. 

Table. B.1. Measured values of local flow depth (in cm) at the four consecutive crossovers 11 
to 14 of tests MS-1, MS-2 and test in Chapter 4 

Crossover Test MS-1 Test MS-2 Test in Chapter 4 
11 4.20 3.93 4.50 
12 4.16 3.88 4.56 
13 4.11 3.88 4.59 
14 4.00 3.89 4.63 

 

 Measurement of local flow velocities; special considerations  B.3.

B.3.1. Positioning of ADV probe  

Since in the case of a logarithmic velocity distribution, the vertically-averaged flow velocity 

occurs at ≈ 0.4h, in this work ū   is identified with the velocity at the constant level 0.4hav from the 

bed surface. However, it should be noted that because of superelevation due to the stream 

meandering (defined as the difference in free surface elevation between the stream inner and 

outer banks, as shown in the schematic  Fig. B.2), the (variable) level 0.4h from the bed surface 

deviates somewhat from 0.4hav. Therefore, it seems worthwhile to quantify possible differences
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a) Test MS-1 b) Test MS-2 

  

c) Test in Chapter 4 (= test MS-FB)   

 

 

Fig. B.1. Longitudinal profiles of bed and water surfaces in tests MS-1, MS-2 and test in 
Chapter 4 (= test MS-FB in Chapter 3). The black squares and diamonds represent 

measured values; the solid lines are the best fit to the data 

 

 

Fig. B.2. Schematic representation of cross-sectional variation of flow depth  due to 
superelevation in a meandering stream 
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between the flow velocities at the level 0.4hav and 0.4h, as done below using test MS-FB as an 

example. 

Superelevation ∆zfs is here calculated with the aid of the following equation recommended 

by the U.S. Army Corps of Engineers (1991) for trapezoidal bends: 

c

av
fsfs

gr

u
Bz

2

=∆  (B.1) 

in which uav is channel-averaged flow velocity, Bfs is water free surface width, g is acceleration 

due to gravity, and rc is radius of curvature at the centreline. For test MS-FB (uav = 0.290 m/s, Bfs 

= 0.633 m, g = 9.81 m2/s), Eq. (B.1) yields ∆zfs = 5.5 mm at the apex (where rc = 0.99 m). In a 

sine-generated channel, superelevation is invariably close to zero at the crossovers; and 

maximum at the apex section. This means that for the test under consideration, the difference in 

free surface elevation between the outer bank and the centreline, or the inner bank and the 

centreline, was, at most, ≈ 3 mm. But if so, then the maximum difference between the levels 0.4h 

and 0.4hav was ≈ 1.2 mm, occurring at the inner and outer banks of the apex section. 

Consider now  Fig. B.3 showing the results of velocity measurements carried out at six 

different verticals along cross-section 43. For the verticals at η = -0.1982, 0.0, 0.1622 and 0.3784 

(in which η = n/B is dimensionless radial coordinate), the flow velocity was measured at three 

different levels, namely 0.794 cm, 0.4hav and 0.77hav from the bed surface; for those at η = -

0.4144 and η = 0.4595, it was measured at the levels 0.4hav and 0.77hav. As follows from  Fig. 

B.3, as long as the verticals are not located over the banks, the measured velocities show an 

insignificant variation in vertical direction around the elevation 0.4hav. In particular, the absolute 

value of the maximum percentual difference in flow velocity between the level 0.4hav and the 

levels 1.2 mm above and below 0.4hav was found to be 0.8, 1.0, 0.8, 0.5 and 0.9% of the 
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measured velocity at 0.4hav for η = - 0.4144, -0.1982, 0.0, 0.1622 and 0.3784, respectively. This 

means that the fact that in this work superelevation was disregarded for the purpose of measuring 

flow velocity is inconsequential.  

As indicated in Section  3.3, in the case of the present tests MS-1 and MS-2 the velocity 

measurements did not extend into the region over the banks. However, in test MS-FB (see 

Sections  3.3 and  4.2), the measurements carried out at η = -0.4505 and η = 0.4505 fell over the 

bank. As demonstrated by the present measurements at η = 0.4595, over the banks (see  Fig. B.3), 

the flow velocity around the level 0.4hav varies in vertical direction considerably more than along 

verticals not falling over the banks. The matter is, however, irrelevant, as in these regions, the 

flow velocity at the (constant) level 0.4hav invariably underestimates the value of the vertically-

averaged flow velocity ū . 

 

Fig. B.3. Vertical profiles of longitudinal flow velocity across cross-section 43 in test MS-FB, 
based on measurements at three different elevations 

B.3.2. Determination of time-averaged values of flow velocities  

As mentioned in Chapters 3 and 4, the sampling duration in the present velocity measurements 

was 90 seconds. The adequacy of this duration to determine values of time-averaged velocity is 
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demonstrated below. Test MS-1 is used as example because in this test the instantaneous 

velocities exhibited the largest fluctuations (see Appendix C). 

For the present purposes, values of time-averaged longitudinal flow velocities ū  

determined by using different sampling durations are compared as shown in Figs. B.4a and b, 

where ū is plotted versus sampling duration.  Fig. B.4a shows the results for measurements carried 

out at the centreline of cross-sections 91, 121, 12, 52, 92, 132, 13, 53 and 93; Fig. B.4b, those for 

measurements carried out near the left bank (η = +0.4535) of the same cross-sections. As can be 

inferred from these figures, for all practical purposes, ū  invariably reaches a constant value for a 

sampling duration of ≈ 70 s. The average value of the percentual absolute deviation between 

values of ū determined from sampling durations of 70 and 80 s against a duration of 90 s for all 

of the above sections was 0.2%. The maximum percentual deviation was 0.8%. This corresponds 

to the measurements at the centreline of cross-section 12, and sampling duration of 70 s. These 

small values reflect the negligible differences, if any, between the values of ū for sampling 

duration equal or greater than 70 s. 

B.3.3. Sampling quality  

As is well known (see, e.g., Wahl 2000), the quality of the measured velocities using ADV’s can 

be ensured with the aid of signal to noise ratio and correlation index, which are automatically 

reported by the instrument. In the following, these are analyzed for the present measurements. 

B.3.3.1. Signal to noise ratio 

The signal to noise ratio (SNR) is a measure of the strength of the reflected acoustic signal 

received by the instrument’s receivers relative to the noise level generated by the instrument. This 

quantity is a function of the amount of scattered material in the flow. As mentioned in Chapters 3 
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a) Centreline (η = 0.0) 

 

 

b) Near the left bank (η = +0.4535) 

 

Fig. B.4. Variation of longitudinal average velocity with sampling duration at various cross-
sections of test MS-1; (a) at centreline (η = 0.0); (b) near the left bank (η = +0.4535) 
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and 4, for sampling frequency around 25 Hz the instrument’s manufacturer recommends 

maintaining SNR of at least 15 dB (SonTek/YSI, 2001). 

In the present tests, in which the sampling frequency was 20 Hz, the values of SNR were, 

in general, higher than 25 dB throughout the flow domain. Following da Silva and Ahmari (2009) 

and Ahmari (2010), this was achieved by seeding the flow with talc powder. In particular, values 

of SNR less than 20 dB were recorded only very occasionally. For example, in test MS-1, at the 

centreline (η = 0) of cross-sections 91, 121, 12, 52, 92, 132, 13, 53 and 93, values of SNR less than 

20 dB occurred in between 0 and 1.4% out of the 1800 (= 90×20) data points constituting each 90 

s long record of longitudinal velocity u; and in between 0 and 2.2% out of the 1800 data points 

constituting each 90 s long record of transversal velocity v. Such values appear to occur at 

random locations in the flow.  

The large values of SNR in the present tests are evidenced by  Figs. B.5(a-c), Figs. B.6 (a-

c), Figs. B.7(a-c) and Figs. B8(a-c). Here, Figs. B.5(a-c) and Figs. B.6(a-c) show the plan 

distribution of values of SNR (averaged over 90 s) for u and v in tests MS-1, MS-2 and MS-FB, 

respectively; while Figs. B.7(a-c) and Figs. B.8(a-c) show  the corresponding values of standard 

deviation. 

As can be inferred from Figs. B.5(a-c) and Figs. B.6(a-c), the plan distribution of SNR 

values followed the same trend in all tests, the SNR of both u and v tending to be lower in the 

downstream half of each loop (i.e. cross-sections 91-161 and 92-162) than in the upstream half of 

each loop (i.e., cross-sections 12-92 and 13-93). 

It should be noted that the seeding technique was perfectioned from test MS-1 to test MS-

FB. Local differences in SNR values from one test to the other are largely due to this.  
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a) Test MS-1 

 

b) Test MS-2 

 

c) Test MS-FB 

 

Fig. B.5. Plan distribution of SNR (averaged over 90 s) for longitudinal velocity u in tests MS-1, 
MS-2 and MS-FB (flow from left to right) 
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a) Test MS-1 

 

b) Test MS-2 

 

c) Test MS-FB 

 

Fig. B.6. Plan distribution of SNR (averaged over 90 s) for transversal velocity v in tests MS-1, 
MS-2 and MS-FB (flow from left to right) 
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a) Test MS-1 

 

b) Test MS-2 

 

c) Test MS-FB 

 

Fig. B.7. Plan distribution of standard deviation (σ) values corresponding to  Fig. B.5. (flow from 
left to right) 
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a) Test MS-1 

 

b) Test MS-2 

 

c) Test MS-FB 

 

Fig. B.8. Plan distribution of standard deviation (σ) values corresponding to  Fig. B.6 (flow from 
left to right) 
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B.3.3.2. Correlation index 

The correlation index is another data quality checking parameter. This is expressed as a 

percentage, with the value 100% implying a perfect correlation condition. According to the 

manufacturer (SonTek/YSI 2001), the correlation index needs to be at least 30% if the purpose is 

to measure time-averaged flow velocities. However, for a good description of turbulence 

characteristics the correlation index needs to be at least 70%.  

In the present tests, the values of the correlation index, in general, were equal or higher 

than 85% throughout the flow domain. Values of the correlation index lower than 70%, in 

particular, were recorded only very occasionally. For example, in test MS-1 and at the centreline 

of cross-sections 91, 121, 12, 52, 92, 132, 13, 53 and 93, the correlation index was lower than 70% 

for between 0 and 0.06% of each set of 1800 (= 20×90) data points forming one (90 s) record of 

longitudinal velocity u, while it was always higher than 70% for the case of transversal velocity 

v. 

The large values of correlation index are evidenced by  Fig. B.9 to  Fig. B.12. Figs. B.9(a-

c) and Figs. B.10(a-c) show the plan distribution of the correlation index (averaged over 90s) for 

tests MS-1, MS-2 and MS-FB, respectively; while Figs. B.11(a-c) and Figs. B.12 (a-c) show the 

plan distribution of the standard deviation of the values of the correlation index. As follows from 

these figures, the patterns of the plan distribution of the correlation index are similar for tests 

MS-1, MS-2 and MS-FB.  
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a) Test MS-1 

 

b) Test MS-2 

 

c) Test MS-FB 

 

Fig. B.9. Plan distribution of correlation index (averaged over 90 s) for longitudinal velocity u 
(flow from left to right) 
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a) Test MS-1 

 

b) Test MS-2 

 

c) Test MS-FB 

 

Fig. B.10. Plan distribution of correlation index (averaged over 90 s) for transversal velocity v in 
tests MS-1, MS-2 and MS-FB (flow from left to right) 
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a) Test MS-1 

 

b) Test MS-2 

 

c) Test MS-FB 

 

Fig. B.11. Plan distribution of standard deviation (σ) values corresponding to    Fig. B.9 (flow 
from left to right) 
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a) Test MS-1 

 

b) Test MS-2 

 

c) Test MS-FB 

 
Fig. B.12. Plan distribution of standard deviation (σ) values corresponding to  Fig. B.10 (flow 

from left to right) 
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B.3.4. Data despiking 

The occurrence of spikes in the velocity data depended on the location in flow plan of the 

measurements. Spikes tended to occur rarely throughout most of the flow domain. For example, 

in the case of test MS-FB, at the centreline (η = 0) of cross-sections 91, 121, 12, 52, 92, 132, 13, 53 

and 93, spikes constituted between 0 and 2.1% of the corresponding velocity records. However, 

the spike content of the data near the banks was occasionally much greater. An example is cross-

section 132, at η = 0.4505, where spikes in test MS-FB occurred in 14.1% of the velocity record. 

However, for the same value of η of cross-sections 91, 121, 12, 52, 92, 13, 53 and 93, spikes 

occurred in between 0.6 and 2.9% of the velocity records.  

 Considering the aforementioned, despiking of the data was carried out for all velocity 

records. In this study, despiking was achieved by post-processing the data with the WinADV 

software, which uses the phase-space thresholding method of Goring and Nikora (2002) modified 

by Wahl (2003). 

 Measurement of bed/bank surface elevation  B.4.

As follows from Subsection  4.2.2, the bed surface elevation measurements were carried out using 

a simple device manufactured in-house. Thus it seems worthwhile to assess the accuracy of bed 

surface measurements by comparing its results with those obtained against a laser scanning 

device, as done below. The laser scanning device was the line laser MICRO-EPSILON 

scanCONTROL 2700-100. This has a precision equal to 0.04 mm (resolution 0.04% FSO).  

 For the present purposes, consider Figs. B.13(a-c), showing three examples of deformed 

cross-sectional profiles measured with both the present device and the line laser. The examples 
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shown correspond to cross-sections 161, 112 and 43, at time t = 140 min of an independent 

movable bed and banks test not reported in this thesis. 

 As illustrated by Figs. B.13(a-c), the results by two different methods are quite 

comparable. The average absolute difference between the two methods was 1.28, 1.28 and 1.16 

mm, with standard deviations of 0.087, 0.089 and 0.089 mm, for sections 161, 112 and 43, 

respectively. Due to the lack of railings on the channel, precisely positioning the laser device 

would be very time consuming.  
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Fig. B.13. Comparison of surface elevation profiles at cross-sections 161, 112 and 43 measured at 
t = 140 min, measured using the present device and a laser scanner 
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Appendix C 

Turbulence Characteristics in Tests Reported in Chapter 3 

 

The analysis in this thesis rests entirely on time-averaged flow velocities. However, as follows 

from Chapters 3, 4 and Appendix B, the present flow velocity measurements were carried out 

with sufficiently high values of SNR and correlation index to enable the determination of 

turbulence characteristics. Considering this, the purpose of this appendix is to supplement the 

information in Chapter 3 by presenting a series of plots showing plan distributions of various 

turbulence characteristics (at the level 0.4hav from the bed surface) for tests MS-1, MS-2 and MS-

FB. Even if these plots are not discussed in detail in this appendix, it nonetheless seems 

particularly worthwhile to present them, as they may be useful for future purposes. Accordingly, 

in the following: 

1. Figs. C.1(a-c) show the plan distribution of turbulence intensity Iu of longitudinal flow 

velocity, while Figs. C.2(a-c) show that of turbulence intensity Iv of transversal flow 

velocity. These are defined as 

*

2

v

u
I u

′
=  (C.1) 

*

2

v

v
I v

′
=  (C.2) 

in which u' and v' are the fluctuating components of the longitudinal and transversal 

velocities u and v, and v* = avc hgS is shear velocity (= 0.009, 0.028 and 0.030 m/s in 
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tests MS-1, MS-2 and MS-FB, respectively). Here g is acceleration due to gravity, Sc is 

channel centreline slope, and hav is average flow depth. 

2. Figs. C.3(a-c) show the plan distributions of planar turbulent kinetic energy (TKE) k. This 

is given by 

( )22

2

1
vuk ′+′=  

 
(C.3) 

In Fig. C.3, the values of k are normalized as k/(0.5v*
2). 

3. Figs. C.4(a-c) show the plan distributions of 22 / vu ′′ . As can be inferred from these 

figures, in the present tests 2u ′ had the dominant contribution to TKE.  

4. Figs. C.5(a-c) and Figs. C.6(a-c) show the plan distributions of the turbulent stresses 2u ′

and 2v′ , respectively. In these plots, and following convention, they are normalized by 

v*
2. 

5. Figs. C.7(a-c) show the plan distributions of the turbulent stresses vu ′′− , also normalized 

by v*
2. 
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a) Test MS-1 

 

b) Test MS-2 

 

c) Test MS-FB 

 

Fig. C.1. Plan distribution of turbulence intensity Iu (flow from left to right) 
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a) Test MS-1 

 

b) Test MS-2 

 

c) Test MS-FB 

 

Fig. C.2. Plan distribution of turbulence intensity Iv (flow from left to right) 
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a) Test MS-1 

 

b) Test MS-2 

 

c) Test MS-FB 

 

Fig. C.3. Plan distribution of normalized planar TKE (flow from left to right) 
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a) Test MS-1 

 

b) Test MS-2 

 

c) Test MS-FB 

 
Fig. C.4. Plan distribution of 22 / vu ′′ (flow from left to right) 
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a) Test MS-1 

 

b) Test MS-2 

 

c) Test MS-FB 

 
Fig. C.5. Plan distribution of normalized turbulent stresses 2

*
2 / vu ′ (flow from left to right) 
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a) Test MS-1 

 

b) Test MS-2 

 

c) Test MS-FB 

 
Fig. C.6. Plan distribution of normalized turbulent stresses 2

*
2 / vv ′ (flow from left to right) 
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 a) Test MS-1 

 

b) Test MS-2 
 

 

c) Test MS-FB 

 
Fig. C.7. Plan distribution of normalized turbulent stresses 2

*/vvu ′′−  (flow from left to right) 
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Appendix D 

Table of the experiments reviewed in Chapter 3 
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Table D.1. Hydraulic conditions of previous bed-topography experiments in sine-generated streams reviewed in Chapter 3 
 
 

Author 
θ0 

(deg) 
ΛM/B 

(-) 
D 

(mm) 
Q 

(l/s) 
B (m) 

hav 
(cm) 

Sc 

(-) 
uav 

(m/s) 
B/hav 

(-) 
hav/D 

(-) 

R 
(-) 

F 
(-) 

R∗ 
(-) 

(cf)av 

(-) 
ξcb 
(-) 

Losiyevskii (a) 20 ≈ 6.0 (b) (b) (b) (b) (b)        0.23 
Whiting and Dietrich (1993a) 20 8.0 0.67 1.04 0.25 1.45 0.0064 0.29 17.2 21.6 4160 0.76 40 12.4 0.26 
Hasegawa (1983) 20 10.6 0.43 0.54 0.22 0.93 0.00625 0.26 23.7 21.6 2455 0.87 20 12.8 0.25 
 20 10.6 0.43 0.59 0.22 1.37 0.00625 0.20 16.1 31.9 2682 0.53 25 13.7 0.25 
 30 6.8 0.43 0.75 0.3 0.89 0.0141 0.28 33.7 20.7 2500 0.95 30 12.5 0.23 
 30 6.8 0.43 1.87 0.3 2.6 0.00333 0.24 11.5 60.5 6233 0.47 25 15.3 0.24 
Binns (2012) 45 2π 0.65 1.6 0.3 2.16 0.005 0.25 13.9 33.2 5333 0.54 42 13.4 0.20 
 45 2π 0.65 1.8 0.3 2.05 0.006666 0.29 14.6 31.5 6000 0.65 48 13.2 0.20 
 45 2π 0.65 1.9 0.3 2.01 0.007692 0.32 14.9 30.9 6333 0.71 51 13.2 0.20 
 45 2π 0.65 2.3 0.3 3.22 0.004 0.24 9.3 49.5 7667 0.42 46 14.4 0.20 
 45 2π 0.65 2.5 0.3 2.99 0.005 0.28 10.0 46.0 8333 0.51 50 14.2 0.20 
Hooke (1974) 55 10.3 0.3 10 1 5.2 0.00213 0.19 19.2 173.3 10000 0.27 20 18.0 0.05 
 55 10.3 0.3 20 1 7.3 0.00207 0.27 13.7 243.3 20000 0.32 23 18.8 0.05 
 55 10.3 0.3 35 1 9.5 0.00221 0.37 10.5 316.7 35000 0.38 27 19.3 0.06 
 55 10.3 0.3 50.5 1 12.8 0.00223 0.39 7.8 426.7 50500 0.35 32 20.0 0.06 
da Silva and El-Tahawy (2008) 70 2π 0.65 11 0.8 7.5 0.002222 0.18 10.7 115.4 13750 0.21 53 16.4 0.125 
 70 2π 0.65 13.4 0.8 7.4 0.003448 0.23 10.8 113.8 16750 0.27 65 16.3 0.120 
 70 2π 0.65 10.5 0.8 6 0.002380 0.22 13.3 92.3 13125 0.29 49 15.9 0.100 
 70 2π 0.65 9.8 0.8 5 0.004 0.25 16.0 76.9 12250 0.35 58 15.4 0.135 
 70 2π 0.65 7.6 0.8 4.4 0.004 0.22 18.2 67.7 9500 0.33 54 15.1 0.135 
 70 2π 0.65 6.5 0.8 3 0.004 0.27 26.7 46.2 8125 0.50 45 14.2 0.145 
da Silva et al. (2008) 70 2π 0.65 6.1 0.8 2.4 0.0080 0.32 33.3 36.9 7625 0.65 56 13.5 0.145 
 70 2π 0.65 2.1 0.8 1.2 0.0080 0.22 66.7 18.5 2625 0.64 40 12.0 0.142 
Binns and da Silva (2009) 70 2π 0.65 7 0.8 4.550 0.0025 0.19 17.6 70.0 8750 0.29 43 15.3 0.11 
 70 2π 0.65 9.5 0.8 4.140 0.004 0.29 19.3 63.7 11875 0.45 52 14.9 0.11 
 70 2π 0.65 10.6 0.8 4.430 0.005 0.30 18.1 68.2 13250 0.45 61 15.0 0.11 
 70 2π 0.65 12.2 0.8 4.340 0.006666 0.35 18.4 66.8 15250 0.54 69 14.9 0.11 
 70 2π 0.65 13.8 0.8 4.450 0.008 0.39 18.0 68.5 17250 0.59 77 15.0 0.11 
Binns (2012) 95 2π 0.65 1.6 0.3 2.02 0.005 0.26 14.9 31.1 5333 0.59 41 13.3 0.05 
 95 2π 0.65 1.7 0.3 2.03 0.00625 0.28 14.8 31.2 5667 0.63 46 13.2 0.05 
 95 2π 0.65 1.8 0.3 2.02 0.007692 0.30 14.9 31.1 6000 0.67 51 13.2 0.05 
 95 2π 0.65 2.1 0.3 3.02 0.004 0.23 9.9 46.5 7000 0.43 45 14.2 0.05 
 95 2π 0.65 2.3 0.3 3.01 0.005 0.25 10.0 46.3 7667 0.47 50 14.2 0.05 
Whiting and Dietrich (1993b) 100 8.0 0.62 1.18 0.25 1.66 0.0040 0.28 15.1 26.8 4720 0.70 32 13.1 0.06 
Termini (1996) 110 2π 0.65 6.5 0.50 3.0 0.0037 0.43 16.7 46.2 13000 0.80 43 14.2 0.067c 
a Experiment reported by Makaveyvev (1975).b Values not reported. c Average of three tests with the same hydraulic conditions. 
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Appendix E 

Velocity Data and Cross-Sectional Velocity Profiles in Tests MS-1, MS-2 and 

MS-FB 

This appendix contains the cross-sectional profiles of longitudinal velocity measured in tests MS-

1, MS-2 and MS-FB. Velocity profiles at crossover and apex sections are superimposed to 

demonstrate the periodicity within the stream. The velocity profiles are also illustrated in apex 

zones, i.e. cross-sections 91-111 and 92-112 corresponding to the region of considerable changes 

in longitudinal velocity, and in crossover zones, i.e. cross-sections 12-52 and 13-53 corresponding 

to the region of small changes in velocity. At the end of this appendix, tubular data of velocity is 

presented for different measurement points within tests MS-1, MS-2 and MS-FB. 
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a) Crossovers b) Apexes 

  

Fig. E.1. Cross-sectional profiles of depth-averaged longitudinal velocities at crossover and apex 
sections in test MS-1 

 

a) Cross-sections 91-111 b) Cross-sections 12-52 

  

c) Cross-sections 92-112 d) Cross-sections 13-53 

  

Fig. E.2. Cross-sectional profiles of depth-averaged longitudinal velocities at cross-sections 12-52, 92-
112 and 13-53 in test MS-1 
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a) Crossovers b) Apexes 

  

Fig. E.3. Cross-sectional profiles of depth-averaged longitudinal velocities at crossover and apex 
sections in test MS-2 

 

a) Cross-sections 91-111 b) Cross-sections 12-52 

 

c) Cross-sections 92-112 d) Cross-sections 13-53 

 

Fig. E.4. Cross-sectional profiles of depth-averaged longitudinal velocities at cross-sections 12-52, 92-
112 and 13-53 in test MS-2 
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a) Crossovers b) Apexes 

  

Fig. E.5. Cross-sectional profiles of depth-averaged longitudinal velocities at crossover and apex 
sections in test MS-FB 

 

a) Cross-sections 91-111 b) Cross-sections 12-52 

  

c) Cross-sections 92-112 d) Cross-sections 13-53 

 

Fig. E.6. Cross-sectional profiles of depth-averaged longitudinal velocities at cross-sections 12-52, 92-
112 and 13-53 in test MS-FB 
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Table E.1. Normalized longitudinal velocities (ū /uav) in test MS-1(Bav = 0.44 m, uav = 0.095 m/s) 
Section η -0.4535 -0.4308 -0.4082 -0.3855 -0.3628 -0.3401 -0.2948 -0.2494 -0.2041 -0.1587 -0.1134 -0.0680 -0.0227 0.0 0.0227 0.0680 0.1134 0.1587 0.2041 0.2494 0.2948 0.3401 0.3628 0.3855 0.4082 0.4308 0.4535 

91 

ū  /uav 

1.003 1.057 1.109 1.120 1.134 1.151 1.145 1.151 1.135 1.135 1.102 1.072 1.063 1.060 1.037 1.013 0.984 0.975 0.966 0.951 0.955 0.942 0.906 0.907 0.824 0.741 0.658 

101 0.950 1.051 1.067 1.087 1.098 1.084 1.106 1.119 1.094 1.116 1.111 1.084 1.068 1.057 1.055 1.018 1.022 1.007 1.026 1.002 1.006 0.962 0.919 0.913 0.837 0.761 0.686 

111 0.837 0.932 0.963 0.982 1.021 1.013 1.035 1.039 1.076 1.096 1.078 1.099 1.047 1.041 1.045 1.050 1.047 1.038 1.016 1.020 1.018 1.024 1.017 1.005 0.956 0.907 0.858 

121 0.836 0.882 0.910 0.936 0.949 0.978 0.989 1.003 1.021 1.031 1.033 1.047 1.031 1.037 1.046 1.050 1.057 1.066 1.070 1.079 1.094 1.102 1.104 1.050 0.997 0.943 0.889 

131 0.752 0.826 0.879 0.883 0.893 0.919 0.913 0.942 0.958 0.967 0.970 0.970 1.009 1.028 1.025 1.045 1.055 1.082 1.109 1.124 1.154 1.179 1.181 1.181 1.173 1.151 1.098 

141 0.641 0.777 0.828 0.862 0.889 0.887 0.938 0.943 0.940 0.990 0.990 0.975 0.995 1.033 1.019 1.026 1.039 1.071 1.085 1.132 1.161 1.198 1.199 1.222 1.222 1.226 1.218 

151 0.712 0.760 0.789 0.823 0.841 0.864 0.890 0.894 0.918 0.933 0.958 0.987 0.996 1.015 1.015 1.046 1.039 1.076 1.114 1.150 1.177 1.224 1.246 1.255 1.256 1.278 1.225 

161 0.706 0.752 0.780 0.804 0.818 0.841 0.873 0.886 0.907 0.932 0.948 0.982 1.000 1.025 1.027 1.054 1.067 1.110 1.141 1.165 1.206 1.235 1.248 1.275 1.293 1.275 1.143 

12 0.636 0.695 0.736 0.764 0.803 0.835 0.848 0.867 0.911 0.929 0.948 0.982 0.998 1.011 1.018 1.044 1.082 1.125 1.152 1.173 1.215 1.249 1.279 1.296 1.312 1.313 1.261 

22 0.640 0.692 0.752 0.785 0.804 0.831 0.860 0.897 0.899 0.948 0.957 0.994 1.023 1.020 1.044 1.068 1.081 1.104 1.125 1.174 1.199 1.226 1.245 1.287 1.286 1.290 1.246 

32 0.603 0.704 0.755 0.789 0.819 0.834 0.882 0.863 0.895 0.943 0.960 0.981 1.016 1.017 1.023 1.061 1.091 1.107 1.167 1.175 1.218 1.252 1.271 1.281 1.272 1.274 1.222 

42 0.612 0.705 0.722 0.754 0.769 0.795 0.847 0.887 0.916 0.943 0.963 0.988 1.021 1.036 1.069 1.072 1.110 1.161 1.194 1.210 1.251 1.291 1.342 1.322 1.319 1.231 1.040 

52 0.535 0.595 0.655 0.715 0.764 0.785 0.828 0.857 0.897 0.933 0.969 1.009 1.013 1.052 1.062 1.100 1.126 1.156 1.195 1.213 1.269 1.306 1.320 1.329 1.311 1.285 1.176 

62 0.517 0.583 0.649 0.715 0.781 0.780 0.814 0.862 0.919 0.966 0.991 1.013 1.041 1.098 1.091 1.110 1.120 1.152 1.210 1.221 1.276 1.306 1.318 1.302 1.290 1.229 1.081 

72 0.687 0.731 0.749 0.777 0.801 0.833 0.864 0.866 0.904 0.928 0.970 0.978 1.030 1.033 1.057 1.074 1.101 1.134 1.164 1.229 1.263 1.264 1.263 1.258 1.233 1.198 1.090 

82 0.721 0.750 0.787 0.798 0.814 0.836 0.839 0.845 0.898 0.908 0.932 0.980 1.025 1.034 1.050 1.090 1.128 1.161 1.196 1.234 1.260 1.265 1.254 1.241 1.216 1.163 1.033 

92 0.704 0.784 0.783 0.829 0.782 0.872 0.896 0.926 0.951 0.980 0.988 0.996 1.037 1.065 1.064 1.119 1.163 1.182 1.180 1.181 1.195 1.180 1.171 1.167 1.154 1.097 0.929 

102 0.737 0.779 0.820 0.861 0.902 0.943 0.932 0.977 1.035 1.040 1.065 1.057 1.073 1.101 1.091 1.093 1.108 1.132 1.114 1.103 1.091 1.066 1.055 1.054 1.050 1.002 0.897 

112 0.783 0.828 0.873 0.917 0.962 1.007 1.003 1.022 1.043 1.062 1.068 1.094 1.089 1.095 1.061 1.075 1.079 1.082 1.107 1.086 1.062 1.056 1.020 1.014 0.990 0.920 0.802 

122 0.945 0.990 1.036 1.081 1.127 1.135 1.110 1.102 1.102 1.061 1.054 1.058 1.045 1.114 1.046 1.035 1.047 1.033 1.021 1.011 0.985 0.956 0.935 0.914 0.874 0.790 0.698 

132 1.141 1.174 1.176 1.166 1.146 1.128 1.117 1.109 1.090 1.073 1.064 1.043 1.034 1.047 1.026 1.023 1.006 1.006 0.978 0.947 0.945 0.904 0.886 0.861 0.824 0.786 0.716 

142 1.122 1.192 1.179 1.163 1.163 1.134 1.121 1.128 1.105 1.085 1.063 1.052 1.039 1.044 1.020 1.029 1.001 1.003 0.990 0.965 0.935 0.887 0.868 0.834 0.792 0.750 0.690 

152 1.177 1.225 1.232 1.211 1.190 1.172 1.154 1.151 1.115 1.097 1.088 1.064 1.057 1.047 1.040 1.018 1.001 0.971 0.950 0.928 0.891 0.853 0.826 0.799 0.763 0.713 0.657 

162 1.086 1.202 1.211 1.209 1.199 1.187 1.141 1.146 1.128 1.085 1.068 1.052 1.041 1.039 1.023 1.020 1.002 0.992 0.977 0.936 0.920 0.859 0.845 0.828 0.802 0.763 0.717 

13 1.157 1.271 1.256 1.232 1.210 1.198 1.174 1.162 1.136 1.118 1.097 1.071 1.036 1.028 1.008 0.981 0.967 0.950 0.933 0.909 0.889 0.855 0.847 0.820 0.790 0.750 0.692 

23 1.095 1.265 1.269 1.262 1.242 1.211 1.175 1.173 1.135 1.114 1.085 1.067 1.053 1.043 1.007 1.000 0.972 0.948 0.924 0.906 0.883 0.841 0.825 0.798 0.788 0.750 0.705 

33 1.044 1.214 1.257 1.247 1.249 1.207 1.183 1.196 1.158 1.114 1.091 1.049 1.035 1.032 1.019 0.994 0.973 0.935 0.926 0.911 0.875 0.849 0.844 0.823 0.795 0.753 0.709 

43 1.130 1.240 1.263 1.256 1.231 1.222 1.204 1.193 1.172 1.119 1.104 1.071 1.052 1.046 1.032 1.013 0.960 0.949 0.930 0.891 0.857 0.831 0.802 0.776 0.744 0.678 0.613 

53 1.106 1.227 1.272 1.281 1.258 1.234 1.218 1.236 1.198 1.151 1.135 1.100 1.084 1.060 1.067 1.004 0.958 0.930 0.892 0.880 0.816 0.789 0.774 0.742 0.690 0.638 0.586 

63 1.035 1.192 1.267 1.286 1.261 1.265 1.243 1.240 1.214 1.166 1.134 1.116 1.084 1.043 1.043 1.001 0.993 0.919 0.902 0.850 0.802 0.766 0.795 0.748 0.701 0.654 0.606 

73 1.056 1.165 1.212 1.265 1.259 1.265 1.233 1.234 1.203 1.149 1.126 1.095 1.068 1.032 1.027 0.975 0.934 0.914 0.880 0.885 0.829 0.822 0.806 0.794 0.774 0.750 0.695 

83 1.037 1.131 1.145 1.172 1.183 1.211 1.223 1.205 1.178 1.146 1.117 1.074 1.060 1.035 1.011 0.985 0.958 0.944 0.916 0.892 0.895 0.859 0.833 0.830 0.801 0.762 0.731 

93 0.946 0.996 1.038 1.055 1.068 1.074 1.121 1.120 1.107 1.120 1.119 1.066 1.065 1.039 1.030 1.011 1.024 0.983 0.980 0.976 0.981 0.970 0.963 0.919 0.869 0.865 0.797 
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Table E.2. Normalized longitudinal velocities (ū /uav) in test MS-2 (Bav = 0.44 m, uav = 0.260 m/s) 
Section η -0.4535 -0.4308 -0.4082 -0.3855 -0.3628 -0.3401 -0.2948 -0.2494 -0.2041 -0.1587 -0.1134 -0.0680 -0.0227 0.0 0.0227 0.0680 0.1134 0.1587 0.2041 0.2494 0.2948 0.3401 0.3628 0.3855 0.4082 0.4308 0.4535 

91 

ū  /uav 

0.818 0.866 0.908 0.946 0.968 0.998 1.034 1.051 1.066 1.092 1.120 1.117 1.101 1.096 1.088 1.078 1.076 1.059 1.039 1.024 1.023 0.991 0.974 0.948 0.923 0.878 0.786 

101 0.782 0.837 0.882 0.916 0.945 0.978 1.023 1.033 1.065 1.086 1.085 1.100 1.097 1.104 1.114 1.111 1.092 1.091 1.079 1.057 1.034 1.012 1.001 0.945 0.889 0.834 0.778 

111 0.733 0.791 0.844 0.861 0.872 0.911 0.947 0.974 0.992 1.023 1.051 1.064 1.049 1.065 1.081 1.060 1.078 1.086 1.094 1.102 1.109 1.121 1.121 1.118 1.112 1.056 0.937 

121 0.733 0.769 0.804 0.843 0.856 0.900 0.927 0.961 0.975 0.989 1.011 1.022 1.032 1.030 1.035 1.067 1.081 1.071 1.106 1.139 1.143 1.161 1.162 1.167 1.137 1.164 1.026 

131 0.693 0.751 0.783 0.812 0.841 0.871 0.912 0.958 0.960 0.997 1.010 1.028 1.046 1.055 1.064 1.081 1.099 1.117 1.136 1.171 1.193 1.203 1.192 1.162 1.102 1.021 0.940 

141 0.686 0.741 0.767 0.806 0.834 0.864 0.899 0.933 0.946 0.966 0.997 1.028 1.038 1.039 1.059 1.082 1.102 1.135 1.166 1.208 1.239 1.235 1.204 1.144 1.104 1.001 0.940 

151 0.630 0.689 0.731 0.766 0.785 0.812 0.862 0.910 0.923 0.973 1.014 1.032 1.037 1.049 1.048 1.063 1.086 1.118 1.159 1.188 1.209 1.248 1.254 1.278 1.261 1.155 1.050 

161 0.643 0.683 0.717 0.722 0.745 0.769 0.804 0.858 0.902 0.960 0.987 1.017 1.022 1.027 1.047 1.098 1.122 1.156 1.214 1.247 1.283 1.293 1.287 1.267 1.208 1.120 1.032 

12 0.549 0.663 0.730 0.753 0.776 0.782 0.827 0.891 0.927 0.979 0.996 1.020 1.035 1.069 1.103 1.121 1.153 1.177 1.185 1.212 1.258 1.263 1.247 1.206 1.137 1.073 1.009 

22 0.530 0.637 0.696 0.736 0.772 0.801 0.840 0.885 0.934 0.968 0.972 1.020 1.033 1.064 1.081 1.113 1.142 1.171 1.200 1.219 1.241 1.246 1.267 1.295 1.207 1.120 1.032 

32 0.507 0.593 0.678 0.715 0.765 0.788 0.841 0.916 0.950 0.959 0.999 1.041 1.064 1.063 1.098 1.121 1.124 1.150 1.176 1.202 1.239 1.337 1.262 1.234 1.206 1.115 1.000 

42 0.549 0.644 0.701 0.688 0.698 0.730 0.825 0.878 0.916 0.970 1.000 1.012 1.014 1.061 1.061 1.105 1.129 1.155 1.221 1.250 1.337 1.370 1.279 1.247 1.166 1.085 1.004 

52 0.578 0.669 0.688 0.705 0.707 0.731 0.798 0.851 0.881 0.939 0.968 0.999 1.025 1.041 1.049 1.085 1.120 1.150 1.204 1.230 1.315 1.387 1.409 1.388 1.260 1.119 1.019 

62 0.669 0.739 0.748 0.751 0.754 0.766 0.792 0.850 0.888 0.944 0.977 1.001 1.011 1.026 1.052 1.083 1.114 1.150 1.233 1.303 1.331 1.335 1.296 1.242 1.155 1.032 0.947 

72 0.677 0.753 0.775 0.787 0.816 0.823 0.831 0.843 0.876 0.920 0.973 1.027 1.052 1.051 1.075 1.107 1.152 1.181 1.204 1.254 1.300 1.261 1.223 1.161 1.116 1.015 0.921 

82 0.741 0.784 0.821 0.832 0.843 0.855 0.877 0.900 0.922 0.945 0.967 1.046 1.059 1.087 1.115 1.117 1.163 1.184 1.205 1.225 1.246 1.176 1.123 1.084 1.005 0.901 0.830 

92 0.720 0.784 0.814 0.826 0.849 0.878 0.932 0.984 0.995 1.026 1.057 1.088 1.141 1.142 1.151 1.160 1.168 1.182 1.171 1.124 1.111 1.076 1.032 0.969 0.902 0.835 0.765 

102 0.809 0.888 0.967 0.969 1.006 1.008 1.034 1.063 1.064 1.099 1.109 1.133 1.148 1.169 1.164 1.140 1.128 1.092 1.058 1.011 0.968 0.931 0.877 0.855 0.817 0.757 0.696 

112 0.936 1.014 1.094 1.116 1.113 1.083 1.089 1.084 1.092 1.075 1.075 1.078 1.085 1.104 1.106 1.106 1.077 1.064 1.069 0.977 0.944 0.891 0.893 0.804 0.796 0.725 0.645 

122 1.014 1.078 1.075 1.117 1.118 1.113 1.090 1.073 1.081 1.075 1.056 1.054 1.060 1.066 1.067 1.062 1.047 1.000 1.030 1.001 0.974 0.933 0.902 0.870 0.840 0.784 0.685 

132 1.032 1.108 1.131 1.153 1.139 1.146 1.131 1.118 1.111 1.090 1.076 1.079 1.057 1.060 1.044 1.029 1.014 1.012 0.993 0.973 0.943 0.891 0.858 0.829 0.807 0.764 0.666 

142 1.062 1.092 1.158 1.160 1.176 1.143 1.141 1.123 1.106 1.083 1.073 1.086 1.038 1.054 1.071 1.028 1.018 1.007 0.997 0.966 0.936 0.874 0.855 0.828 0.812 0.766 0.636 

152 1.017 1.095 1.124 1.134 1.157 1.139 1.143 1.132 1.130 1.089 1.066 1.069 1.068 1.052 1.053 1.043 1.022 0.989 1.002 0.960 0.922 0.892 0.870 0.815 0.802 0.782 0.686 

162 0.995 1.065 1.135 1.188 1.196 1.208 1.172 1.158 1.145 1.131 1.118 1.104 1.091 1.084 1.060 1.044 1.016 1.002 0.972 0.893 0.863 0.833 0.825 0.774 0.757 0.732 0.675 

13 1.080 1.205 1.212 1.218 1.183 1.181 1.155 1.152 1.159 1.131 1.120 1.107 1.085 1.062 1.038 1.013 1.022 0.991 0.946 0.926 0.884 0.854 0.829 0.782 0.733 0.652 0.542 

23 1.139 1.265 1.228 1.209 1.221 1.200 1.198 1.182 1.182 1.130 1.118 1.128 1.099 1.059 1.054 1.049 1.003 0.985 0.931 0.896 0.867 0.792 0.771 0.713 0.666 0.592 0.504 

33 1.067 1.168 1.302 1.274 1.247 1.239 1.213 1.184 1.154 1.147 1.136 1.111 1.078 1.070 1.047 1.026 0.999 0.969 0.931 0.891 0.877 0.810 0.768 0.733 0.691 0.599 0.511 

43 1.197 1.279 1.305 1.288 1.295 1.282 1.232 1.203 1.175 1.147 1.119 1.099 1.090 1.076 1.063 1.039 0.982 0.952 0.913 0.875 0.836 0.755 0.702 0.698 0.611 0.549 0.487 

53 1.058 1.205 1.278 1.330 1.301 1.289 1.263 1.195 1.169 1.154 1.129 1.099 1.062 1.070 1.050 1.015 0.973 0.952 0.935 0.878 0.819 0.756 0.732 0.721 0.710 0.612 0.540 

63 0.953 1.106 1.200 1.266 1.330 1.348 1.300 1.215 1.177 1.150 1.119 1.112 1.082 1.065 1.047 1.001 0.970 0.937 0.895 0.858 0.807 0.777 0.762 0.758 0.751 0.697 0.610 

73 1.020 1.191 1.265 1.294 1.328 1.329 1.308 1.277 1.225 1.180 1.138 1.084 1.047 1.029 1.011 0.975 0.940 0.904 0.868 0.833 0.797 0.761 0.744 0.726 0.708 0.690 0.624 

83 0.889 1.005 1.083 1.124 1.161 1.154 1.187 1.228 1.230 1.184 1.137 1.089 1.062 1.050 1.037 1.011 0.986 0.960 0.935 0.910 0.884 0.859 0.846 0.835 0.820 0.786 0.702 

93 0.911 0.995 1.041 1.059 1.081 1.093 1.125 1.130 1.141 1.149 1.142 1.132 1.139 1.114 1.101 1.076 1.051 1.026 1.001 0.967 0.909 0.851 0.822 0.794 0.765 0.721 0.678 
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Table E.3. Normalized longitudinal velocities (ū /uav) in test MS-FB (Bav = 0.56 m, uav = 0.290 m/s) 
Section η -0.4505 -0.4324 -0.4144 -0.3784 -0.3423 -0.3063 -0.2703 -0.2342 -0.1982 -0.1622 -0.1261-0.0901 -0.0541 -0.0180 0.0000 0.0180 0.0541 0.0901 0.1261 0.1622 0.1982 0.2342 0.2703 0.3063 0.3423 0.3784 0.4144 0.4324 0.4505 

91 

ū  /uav 

1.052 1.117 1.139 1.166 1.209 1.191 1.224 1.202 1.166 1.149 1.150 1.135 1.101 1.093 1.097 1.081 1.057 1.036 1.003 0.975 0.942 0.895 0.875 0.867 0.829 0.812 0.760 0.722 0.656 

101 0.996 1.048 1.056 1.086 1.122 1.150 1.152 1.140 1.145 1.127 1.128 1.128 1.129 1.086 1.100 1.092 1.061 1.054 1.043 1.033 1.001 0.992 0.975 0.941 0.888 0.831 0.761 0.695 0.637 

111 0.690 0.843 0.921 0.995 1.060 1.110 1.129 1.155 1.161 1.145 1.125 1.167 1.149 1.121 1.130 1.120 1.101 1.083 1.059 1.043 1.036 1.021 1.007 0.999 0.977 0.946 0.850 0.793 0.691 

121 0.538 0.634 0.730 0.874 0.931 0.976 1.007 1.048 1.087 1.099 1.120 1.137 1.153 1.161 1.162 1.161 1.140 1.133 1.112 1.108 1.104 1.108 1.115 1.110 1.095 1.063 0.969 0.914 0.820 

131 0.439 0.515 0.591 0.743 0.859 0.925 0.951 0.985 1.023 1.027 1.083 1.106 1.119 1.143 1.185 1.166 1.162 1.154 1.177 1.180 1.173 1.165 1.156 1.155 1.162 1.176 1.101 1.039 0.968 

141 0.348 0.402 0.457 0.567 0.717 0.842 0.855 0.929 1.005 1.039 1.048 1.103 1.113 1.127 1.149 1.166 1.154 1.180 1.228 1.223 1.183 1.208 1.221 1.210 1.243 1.244 1.240 1.216 1.190 

151 0.343 0.408 0.472 0.602 0.743 0.821 0.850 0.905 0.967 1.013 1.036 1.078 1.092 1.135 1.167 1.154 1.176 1.172 1.189 1.198 1.212 1.231 1.230 1.253 1.266 1.295 1.278 1.267 1.139 

161 0.438 0.501 0.536 0.655 0.717 0.787 0.839 0.863 0.894 0.937 0.962 0.992 1.049 1.073 1.106 1.119 1.129 1.160 1.148 1.200 1.237 1.260 1.282 1.309 1.336 1.348 1.358 1.261 1.169 

12 0.424 0.495 0.546 0.646 0.710 0.797 0.806 0.854 0.901 0.972 0.970 1.023 1.050 1.060 1.083 1.093 1.126 1.166 1.170 1.197 1.219 1.232 1.270 1.309 1.344 1.376 1.354 1.335 1.179 

22 0.494 0.541 0.595 0.669 0.742 0.790 0.813 0.849 0.891 0.932 0.972 1.011 1.043 1.072 1.088 1.115 1.138 1.150 1.165 1.191 1.208 1.240 1.278 1.302 1.341 1.390 1.382 1.261 1.042 

32 0.439 0.482 0.526 0.602 0.670 0.727 0.758 0.785 0.837 0.881 0.926 0.961 1.015 1.046 1.063 1.085 1.113 1.151 1.196 1.213 1.244 1.265 1.319 1.357 1.370 1.427 1.484 1.452 1.370 

42 0.470 0.525 0.564 0.604 0.679 0.733 0.764 0.791 0.840 0.884 0.928 0.970 1.008 1.061 1.077 1.078 1.108 1.138 1.181 1.201 1.243 1.282 1.306 1.336 1.369 1.459 1.493 1.434 1.300 

52 0.496 0.505 0.558 0.603 0.667 0.677 0.735 0.722 0.830 0.870 0.891 0.944 0.992 1.055 1.064 1.076 1.117 1.154 1.187 1.227 1.265 1.298 1.349 1.401 1.422 1.472 1.513 1.416 1.258 

62 0.477 0.520 0.565 0.610 0.663 0.695 0.729 0.749 0.810 0.821 0.935 0.910 1.020 1.062 1.067 1.068 1.115 1.155 1.201 1.247 1.266 1.271 1.330 1.388 1.434 1.497 1.500 1.410 1.267 

72 0.540 0.562 0.608 0.642 0.670 0.687 0.728 0.727 0.764 0.798 0.857 0.903 1.015 1.015 1.051 1.087 1.122 1.173 1.183 1.217 1.327 1.372 1.410 1.428 1.488 1.520 1.401 1.325 1.148 

82 0.534 0.616 0.633 0.663 0.698 0.711 0.747 0.775 0.816 0.866 0.897 0.942 0.964 1.028 1.090 1.101 1.152 1.210 1.236 1.293 1.270 1.306 1.392 1.437 1.401 1.404 1.308 1.197 1.036 

92 0.601 0.664 0.694 0.757 0.771 0.800 0.801 0.820 0.845 0.882 0.936 0.983 1.011 1.049 1.059 1.093 1.105 1.166 1.211 1.234 1.296 1.295 1.318 1.375 1.367 1.275 1.201 1.081 0.981 

102 0.621 0.687 0.736 0.777 0.800 0.810 0.841 0.856 0.876 0.921 0.967 1.016 1.037 1.106 1.121 1.144 1.202 1.223 1.269 1.289 1.333 1.331 1.279 1.245 1.224 1.172 1.077 0.939 0.783 

112 0.640 0.694 0.786 0.861 0.893 0.912 0.918 0.941 0.948 0.948 1.002 1.088 1.077 1.158 1.128 1.155 1.194 1.230 1.291 1.242 1.248 1.206 1.181 1.125 1.117 1.072 1.022 0.867 0.717 

122 0.703 0.771 0.838 0.907 0.940 0.956 1.003 1.029 1.055 1.073 1.126 1.117 1.150 1.201 1.156 1.192 1.173 1.216 1.198 1.159 1.161 1.143 1.105 1.083 0.983 0.929 0.917 0.776 0.635 

132 0.799 0.885 0.977 1.053 1.079 1.091 1.096 1.098 1.107 1.117 1.120 1.145 1.146 1.153 1.127 1.170 1.129 1.122 1.125 1.116 1.098 1.068 1.035 1.000 0.958 0.900 0.758 0.643 0.527 

142 0.873 0.972 1.071 1.150 1.175 1.189 1.178 1.174 1.170 1.155 1.160 1.159 1.152 1.147 1.146 1.141 1.119 1.095 1.094 1.069 1.049 1.021 0.985 0.927 0.860 0.805 0.618 0.525 0.433 

152 0.973 1.088 1.158 1.206 1.210 1.223 1.203 1.191 1.186 1.169 1.150 1.154 1.148 1.129 1.127 1.113 1.109 1.102 1.087 1.079 1.053 1.020 0.966 0.910 0.810 0.707 0.509 0.435 0.362 

162 1.132 1.237 1.289 1.291 1.275 1.243 1.228 1.219 1.201 1.193 1.178 1.156 1.138 1.132 1.134 1.117 1.094 1.067 1.044 1.012 0.978 0.958 0.892 0.839 0.737 0.650 0.480 0.410 0.339 

13 1.075 1.225 1.302 1.334 1.305 1.281 1.255 1.226 1.203 1.180 1.160 1.146 1.125 1.116 1.112 1.102 1.085 1.049 1.011 0.988 0.953 0.917 0.895 0.844 0.779 0.663 0.554 0.459 0.367 

23 1.069 1.213 1.302 1.320 1.301 1.272 1.251 1.227 1.214 1.198 1.176 1.158 1.132 1.119 1.103 1.095 1.071 1.044 1.019 0.996 0.965 0.911 0.865 0.815 0.761 0.673 0.552 0.486 0.393 

33 1.133 1.309 1.397 1.374 1.330 1.296 1.273 1.235 1.199 1.183 1.172 1.153 1.129 1.115 1.115 1.091 1.065 1.047 0.999 0.969 0.930 0.884 0.845 0.792 0.733 0.641 0.540 0.447 0.368 

43 1.118 1.289 1.389 1.412 1.350 1.304 1.284 1.255 1.245 1.220 1.184 1.168 1.137 1.121 1.091 1.080 1.058 1.021 0.989 0.952 0.906 0.881 0.813 0.774 0.698 0.624 0.522 0.478 0.368 

53 1.150 1.348 1.433 1.444 1.382 1.327 1.299 1.260 1.234 1.210 1.182 1.163 1.131 1.094 1.092 1.076 1.040 1.011 0.979 0.930 0.889 0.863 0.784 0.728 0.669 0.625 0.564 0.476 0.405 

63 1.044 1.223 1.331 1.416 1.376 1.309 1.268 1.245 1.215 1.179 1.172 1.144 1.123 1.086 1.083 1.067 1.045 1.018 0.972 0.944 0.907 0.860 0.816 0.771 0.717 0.704 0.655 0.592 0.499 

73 1.060 1.259 1.374 1.442 1.391 1.340 1.299 1.247 1.214 1.158 1.139 1.147 1.109 1.056 0.993 1.011 0.953 0.919 0.975 0.943 0.910 0.874 0.834 0.785 0.758 0.745 0.686 0.615 0.529 

83 0.904 1.092 1.221 1.338 1.361 1.336 1.266 1.221 1.231 1.204 1.195 1.161 1.129 1.098 1.079 1.051 1.024 0.965 0.944 0.922 0.893 0.866 0.850 0.846 0.835 0.813 0.716 0.589 0.526 

93 0.666 0.760 0.854 1.043 1.185 1.272 1.292 1.342 1.302 1.257 1.213 1.195 1.162 1.133 1.141 1.130 1.077 1.068 1.020 0.948 0.918 0.902 0.902 0.896 0.881 0.864 0.808 0.728 0.619 
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Appendix F 

Cross-Sectional Morphological Profiles Measured in the Test Presented in 

Chapter 4 

This appendix contains the cross-sectional morphological profiles for cross-sections 91-93 

measured in the second stage of the test presented in Chapter 4. These profiles, which show the 

variation of cross-section shape during the test with fixed bed and movable banks, were measured 

at time t = 0 and five subsequent time steps corresponding to t = 8, 16, 24, 32 and 40 min. 
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