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Abstract of a Thesis presented for the Degree of 

Doctor of Philosophy. 

BEDLOAD TRANSPORT IN BRAIDED GRAVEL-BED 

RIVERS: A HYDRAULIC MODEL STUDY 

A 1 :50 scale hydraulic model was designed based on Froude Number similarity using 

hydrological and sediment data from a braided gravel-bed river (the North Branch of the 

Ashburton River, Canterbury, New Zealand). An experimental programme was devised to 

investigate firstly, the relationships between discharge-slope product and bedload transport rate 

under steady and varying discharges; and secondly, the changes in bedload transport rate resulting 

from flow abstractions. Seven experiments using steady flow conditions were conducted (with 

six different discharge-slope combinations), and eleven experiments using unsteady flow 

cOfiditions were also conducted (with five different discharge-slope combinations). The 

experiments were carried out in a 20 m x 3 m tilting flume equipped with a sediment feed device 

and an automated data acquisition and control system. In all experiments water at 30 °c was 

used to reduce viscosity-related scale effects. 

Braided stream development was in some experiments found to be limited by the 3 m flume 

width; however, using available data from the narrower reaches of the North Branch of the 

Ashburton River, it was shown that good hydraulic similarity was achieved. 

Analyses of the experimental results revealed that bedload transport rates in braided 

channels are highly variable, with relative variability being inversely related to mean bedload 

transport rate. Variability was also found to be cyclic with short-term variations being caused by 

the migration of bedforms. 

Assessments of two bedload transport prediction rate equations were made: the Schoklitsch 

(1962) equation and the Bagnold (1980) equation. It was concluded that the Schoklitsch (1962) 

equation is unlikely to be useful for braided gravel-bed rivers, however the Bagnold (1980) 

equation was found to be very reliable, with the experimental data displaying a close adherence to 

the empirical 3/2 power-law dependence.of bedload transport rate on excess stream power which 

is the basis of this equation. 

A verage bedload transport rate was found to be dependent on channel form, although 

insufficient measurements were made to define the relationshb, Bedload transport was found to 

be more efficient under steady flow than under unsteady flow, and it was postulated that this is 

caused by a tendency for channel form to evolve towards a condition which maximises bedload 

transport for the occurring flow. 

Using the results from the unsteady flow experiments, it was shown that stream power is a 

reliable basis for predicting the bedload transport capacity reductions caused by flow abstractions 

from braided rivers. 
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CHAPTER! 

Introduction 

1-1 Overview 

Because of humankind's dependence on water for basic survival rivers have always been an 

important natural resource. Through the ages rivers have provided a source of food, transport 

routes and water for primary production; and more recently rivers have provided water for 

secondary production, widespread irrigation and hydro-electric power generation. Such 

de~elopments have often caused degradation of the river environment by disrupting wildlife 

habitats, lowering water quality, overloading the river with mining wastes or by the presence of 

unsightly engineering structures. The last three decades however have seen an increasing 

awareness of the different aesthetic, recreational and spiritual values of the world's rivers (e.g. 

Tennant, 1976; Daubert and Young, 1981), and a realisation of the need for wise river 

management. Together with the valuable resources that rivers offer come the problems of 

humankind's close interaction with them. Rivers can be major obstructions to land transport 

links, and their flood potential is a constant threat to human lives and to developments undertaken 

on river floodplains. River engineering is concerned with utilising river resources and keeping 

flood risks to an acceptable level, with consideration for environmental values. 

The major braided rivers of New Zealand are a valuable water resource, with considerable 

potential for further irrigation and hydro-electric power generation development. Such 

developments cause modification of the river flow regime either by flow abstraction for irrigation, 

or by flow regulation for hydro-electric power generation. A major concern for the protection of 

environmental values has been the inability to predict the changes to the river environment of 

such flow regime modifications. Of primary interest is prediction of the likely channel form, and 

since this is a direct result of bedload transport (written herein as 'BL T') a first requirement is the 

ability to predict the rate of BLT associated with a given discharge. This requirement is well 

illustrated by the case of the Rakaia River, one of tlJe larg,e, steep, braided gravel-bed rivers of the 

South Island of New Zealand. During the early 1980's proposals were made to divert water from 

the river for irrigation purposes. These proposals initiated considerable conflict because of the 

different values which various groups placed on the river's many attributes. An application for a 

national conservation order was made by several 'Acclimatisation Societies' to the National 

Water and Soil Conservation Authority. The Authority gave public notice of the application 
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inviting written submissions and objections, to which 186 individuals and 59 organisations and 

local authorities responded. As a result a public hearing was held. The following excerpt is from 

the "Final Consideration and Decision" of the report of the National Water and Soil Conservation 

Authority Committee, which was appointed to examine, and make recommendations on, the 

"Rakaia River National Water Conservation Order Application": 

"Concern was expressed that if 70 m3s- 1 was consistently diverted from the river there would be 

a significant reduction in the energy available to transport sediment. This could lead to changes 

in river hydraulics. It would be fair to say that the basis for this concern has not yet been fully 

studied and verified. .. ....... If additional work established that this particular concern is valid, then 

it can either be raised during water right considerations or fOIm the basis of an application to vary 

any order over the Rakaia." 

The above-mentioned report and recommendations were adopted by the National Water and Soil 

Conservation Authority in March 1984. As is apparent from this example, the inability to make 

quantitative predictions concerning the change in sediment transport capacity of a braided river 

system resulting from flow regime modifications, means that it is at present impossible to 

accurately the assess the impacts of proposed river developments. The present study attempts to 

improve this situation by making a quantitative investigation of BLT in braided rivers. 

1-2 Objectives 

The Rakaia River debate clearly identified a need for research into the relationships between 

discharge, BLT and braided river form; to enable reliable quantitative assessments of the 

environmental impacts of proposed river developments. The present study deals specifically wit.~ 

the relationship between discharge (or the discharge-slope product) and BLT. Because of current 

deficiencies in analytical methodology, and the practical difficuities of extensive field work, the 

investigations of the present study are based on hydraulic model studies. The ease of control and 

the speed of channel evolution in mobile-bed models make them a powerful research tool. The 

present study used available hydrological data and sediment data to design a scale-model of one 

of the smaller braided rivers of Canterbury, New Zealand: the North Branch of the Ashburton 

River. Specifically the present study set out to employ hydraulic modelling techniques to: 

(i) investigate the relationship between discharge-slope product and BLT rate in self-formed 

braided channel systems for both steady and varying flows, 
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(ii) quantify the changes in BLT rate resulting from flow regime modifications in braided 

rivers. 

1-3 Thesis Organisation 

This thesis is organised into eight chapters. The discussion of BLT in braided rivers which 

is given in Chapter 2 provides the context for the present study. Chapters 3 and 4 detail the 

methods of investigation, including a synopsis of the theory of hydraulic similarity and a 

description of the experimental apparatus and techniques which were used. Chapters 5 and 6 deal 

with the analyses of the experimental data. Chapter 5 is devoted to the series of experiments 

which used steady flow conditions, and investigates the magnitude and variability of the 

measured BLT ,rates and their dependence on stream power. Chapter 6 is devoted to the series of 

exp'eriments which used unsteady flow conditions, and undertakes similar analyses to those 

presented in Chapter 5, as well as comparing BLT rates between the steady and unsteady flow 

conditions and examining the effects of flow regime modification. Chapter 7 is a detailed 

description of the verification of the hydraulic model, which includes firstly a test of the degree of 

hydraulic similarity that was achieved, and secondly an assessment of the degree of process 

similarity that was achieved. As Chapter 7 uses results from the analyses of the measured BL T 

rate data, this chapter is following, instead of preceding, the data analysis of Chapters 5 and 6. 

Finally Chapter 8 provides a summary of the thesis, suggests future research, and outlines the 

major conclusions. 
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CHAPTER 2 

Braided Rivers: 

The Bedload Transport Problem In Context 

2-1 The Braided River Type 

2·1·1 Introduction 

The field of interest of the present study is defined firstly by the identification of a general 

braided river type, and secondly by specific reference to the braided rivers of Canterbury, New 

Zealand. The need to predict river behaviour for engineering purposes is identified, and possible 

prediction methods are discussed. The need for practical methods of describing braided river 

fOIm is established as being implicit to river behaviour prediction. 

2·1·2 Identification 

The recognition of different river types by fluvial researchers has led to the development of 

a number of river classification systems. These systems differ both in the number of channel 

types they define, and in their basis for differentiation, with combinations of process, planform 

and morphological variables having been used. It is a well accepted fact however that the diverse 

range of river channels represents a continuum of channel types whether described by form or 

process, and hence the divisions made by any classification system are subjective. This partly 

explains why no single system of classification has been universally accepted. 

The braided river type is one of the three basic planforms (straight, meandering, and 

braided) recognised by Leopold and Wolman (1957). It refers to rivers that are "divided into 

several channels which successively meet and re-divide" (Leopold et al., 1964). Chitale (1970) 

however pointed out that since meandering refers to channel sinuosity, and braiding to channel 

multiplicity, these two classifications are not exclusive. Chit ale (1970) thus proposed a 

homogeneous classification system where rivers are classed either as single-channel (straight or 

meandering), or multiple-channel (braided). Because of the wide range of different channel 

planforms other researchers (e.g. Dury, 1969) have proposed classification systems which define 

several subjective planform types. This approach has led to the coining of vague terms like 
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'pseudo-meandering' (Hicken, 1969), and 'wandering' (Carson, 1984a) which are not widely 

used. 

For classification beyond basic planform, the most useful approach is using process and/or 

morphology descriptors. Schumm (1977) devised one of the most notable process-based 

classification systems, which is unfortunately based only on sand-bed river research. The system 

defines three classes of channel: stable, eroding, and depositing; with sub-classes defined by 

predominant sediment transport mode: bedload, mixed load, or suspended load. Two of the most 

descriptive classification systems are that of Kellerhals et ai. (1976) and that ofMiall (1985). The 

former uses both morphology and process descriptors, while the latter classifies channel types by 

a combination of "architectural elements" (macroforms), a channel sinuosity measure, and a braid 

parameter. Such systems go beyond 'classification' and provide useful and systematic 

approaches to describing individual river channels. The simple, albeit subjective, classification of 

rivers by basic planform remains however a useful method of distinction; and it is this basic 

method of classification which identifies the general braided river type which is considered in the 

present study. 

2·1·3 The Braided Rivers Of Canterbury New Zealand 

The hydraulic model of the present study was a characteristic model of one of the several 

braided rivers which flow across the Canterbury Plains of the South Island, New Zealand; where 

both the bed and banks are composed primarily of gravelly alluvium. The management of these 

rivers presents many difficulties, and they have therefore been the subject of a considerable 

amount of research (e.g. Griffiths, 1979, 1981; Carson, 1984a, 1984b, 1986a, 1986b; Mosley and 

Tindale, 1984; Carson and Griffiths, 1987; Laronne et al., 1986; Laronne and Duncan, 1989). 

River management requires an understanding of, and an ability to predict, river behaviour, which 

from an engineering perspective can be defined simply as "the time-varying boundary shape 

(geometric characteristics) and location of the channel" (Davies, 1987b). River behaviour in this 

sense is determined by BLT, and hence an understanding of the sediment transport processes 

occurring in these rivers and an ability to quantify their sediment loads are fundamental to 

successful river management. Most of the recent research on these rivers has therefore 

concentrated on describing and understanding these sedLnent transport processes. 

The most comprehensive of these recent studies is Jlat of Carson and Griffiths (1987) which 

critically assesses both scientific theory and engineering practice as they apply to Canterbury'S 

braided rivers. Two of the most significant conclusions reached therein regarding the application 

of BLT prediction equations, are that there is reasonable evidence to suggest that the use of a 

single representative grain diameter is acceptable (thus avoiding transport calculations by size 
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fraction), but that the use of mean cross-section hydraulic parameters leads to severe 

under-predictions of the BLT rates in braided channels. 

Valuable case studies have been made by Griffiths (1979), Thompson (1985), and by 

Laronne et al. (1986) and Laronne and Duncan (1989). Griffiths (1979) used the extensive 

bed-level survey data for the Waimakiriri River, Canterbury to calculate sediment budgets for 

different reaches of the river, and compared the thus derived sediment loads with predictions 

based on BLT equations. These predictions grossly under-estimated the survey-based values, and 

Griffiths postulated a kinematic wave model for sediment movement to explain this discrepancy. 

Thompson's work on the braided Ohau River, Otago, used delta deposition volumes to assess 

BLT equation predictions. While encouraging agreements were obtained using integrated local 

hydraulic parameters, the comparisons are subject to reservations due to uncertainty regarding the 

bed material size and the critical conditions for transport (as discussed by Carson and Griffiths 

(1987)). The research of Laronne et al. (1986) and Laronne and Duncan (1989) was based on 

extensive field work on the North Branch of the Ashburton River, Canterbury. This study 

concentrated on examining the extent of lateral and vertical bed activity during a flood event, and 

investigating how these vary with discharge. Both scour and fill of significant magnitudes were 

measured at most bed locations, and the study thus revealed much about the inherent variability 

(both temporal and spatial) of BLT in braided rivers at all transporting flows. 

While all these studies have added to the understanding of the BL T processes occurring in 

these rivers, the task of assessing actual sediment loads or predicting sediment loads after 

modifications to a braided river system is still extremely difficult and the resulting estimates very 

uncertain. 

2-1-4 Description Of Braided Rivers 

As mentioned above, successful river management requires an ability to predict river 

behaviour, and no matter what method of prediction is used it is therefore necessary to be able to 

quantitatively describe braided river form. Because of the complex nature of braided river 

systems the amount of data required for a deterministic description of such channels is 

unmanageable (Davies, 1987a). It seems that the best basis for describing braided river systems 

is a statistical one. Useful research in this direction has been done by Pickup and Higgins (1979) 

who developed 'an algorithm for generating sets of hydraulic parameter values for braided rivers, 

for use in sediment transport equations. This approach is based on the assumption that while 

variations in channel conditions occur, these variations conform to consistent frequency 

distributions. The success of such a method depends upon how accurately the parameters of these 

frequency distributions can be estimated. The task of obtaining good estimates of these 



7 

parameters in itself requires an extensive hydraulic data-base, and hence only if the thus obtained 

parameters can be used for a range of rivers is there any advantage in this approach. 

2-1-5 Braided River Behaviour Prediction 

Methods of predicting channel shape include empirical regime methods, stability analyses, 

model studies and analytical methods (Davies, 1987b). Empirical regime methods use equations 

based on extensive data from alluvial channels where the BLT is in equilibrium with the flow and 

the channel fonn, and have therefore had little success in braided gravel-bed rivers where this 

equilibrium does not exist. Griffiths (1981) derived regime equations for straight stable 

symmetrical gravel-bed rivers, but even with such strict limitations the equations gave poor 

predictions of channel width. Stability analyses examine the response of of an initially straight 

uniform flow to a small sinusoidal disturbance, and therefore only describe the initial tendency to 

braid. While stability analyses have become quite complex (e.g. Parker, 1976), none are yet 

capable of realistically representing the physical conditions of BLT in braided rivers. Davies 

(1987b) demonstrates that analytical methods based on extremal hypotheses have a rational basis 

in the tendency for channel shape to change so as to increase shear stress, and an explanation is 

given for extremal behaviour in the case where discharge and slope can be considered as 

independent variables. While there is obvious value in such an approach Davies (1987b) cautions 

that until a complete rational explanation of extremal methods can be made, their applicability is 

limited. Furthermore such an approach requires employing semi-empirical equations for 

sediment transport and for flow resistance, and none of the available equations have been proven 

as accurate predictors for braided rivers. The fourth method of predicting channel shape is using 

hydraulic model studies. The degree of control possible and the speed of chromel evolution in the 

flume situation make this method very attractive, and especially suited to predicting channel 

shape change due to modifications to the river system. The ability of such models to provide 

reliable quantitative predictions of prototype behaviour is entirely dependent on the degree of 

dynamic similarity that can be obtained. The scale model study of Ashmore (1985, 1988) 

achieved reasonable similarity of both form and process between model and prototype braided 

streams, and indicated the quantitative prediction potential of hydraulic model studies. 

Furthermore, the ease of observatiml and measurement in the flume situation make hydraulic 

modelling an attractive approach to investigating extremal methods in the search for their rational 

explanation. 

Predicting river behaviour requires not only an ability to predict channel form, but also an 

ability to predict channel location (Davies, 1987b). Because of the stochastic nature of channel 

braiding the best approach to such predictions is a probabilistic one. Useful research in this 
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direction has been carried out by Oraf (1981, 1983, 1984) who used a probabilistic approach to 

predict channel location, and thus assess lateral erosion risks. Such an approach requires a 

considerable data-base of past channel locations, and assumes system stationarity. The work of 

Beschta (1983a, 1983b) on the Kowai River, New Zealand, which investigated_~e long-term 

changes in channel widths due to a single storm-induced hillslope erosion event, suggested that 

the assumption of system stationarity over the length of typically available river width and 

location records may often be invalid. However even when stationarity of the system does not 

hold true short-term predictions may be reasonably reliable, and if data records are sufficient to 

assess the magnitude of any long-term trends, extrapolations of this trend can form a part of the 

prediction process. 

Prediction of braided river behaviour in reasonably stationary systems (Le. where long-term 

changes in channel form and location are slow) is best achieved probabilistically using data of 

past channel shape and location. However for predicting river behaviour when significant 

changes are made to a braided river system, hydraulic modelling is the most powerful method 

available. 

2-2 Bedload Transport Processes In Braided Rivers 

2-2-1 Introduction 

River behaviour is concerned with change, both of channel location and channel boundary 

_ shape. 1be process by which this change occurs is therefore of prime interest if an understanding 

of river behaviour is to be achieved. The following discussion of BLT processes in braided 

gravel-bed rivers deals with both the magnitude and variability of BLT. 

2-2-2 Measurement And Prediction 

The techniques of measuring BL T rate in braided rivers include both direct and indirect 

methods. Direct point sampling of BLT may be achieved using portable devices such as the 

Helley-Smith pressure-difference bedload sampler (Helley and Smith, 1971). SUGh samplers 

provide near instantaneous BL T rates but are very consuming of time and effort to use. They can 

also be rather problematic since the sampler must be weighted and stable, correctly oriented. and 

have an entrance able to accept all grain sizes in transport (Richards, 1982). Hence under 

changing flow conditions it is extremely difficult to obtain a reliable estimate of the mean BLT 

rate even in a single channel, let alone for a braided channel system. 
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Simple permanent sediment traps can be used to assess total BLT for flood events. Such 

traps must have a greater stream wise length than the maximum grain saltation length, and must be 

of sufficient capacity to avoid over-filling. More sophisticated permanent sampling devices can 

J~e used to measure BL T rates rather than loads. Such devices include conveyor-belt traps 

(Klingeman and Emmett, 1982), vortex-tube traps (Klingeman and Milhous, 1970; Hayward and 

Sutherland, 1974), and fixed traps resting on pressure pillows (Reid et al., 1980). While such 

traps are useful in small streams, in wide unstable braided rivers they are impractical. 

Various indirect techniques for measuring BLT rates in sand-bed rivers have been developed 

including tracer particles, bedload noise monitoring and bedform velocity measurements. None 

of these techniques provide reliable estimates ofBLT rates in gravel-bed rivers, although tracer 

particles are often useful for defining the threshold of movement, and for indicating the direction 

and distance of grain movement. 

Bed-level surveys can also provide information on BLT, however only in instances of 

"deltaic deposition (where all bedload is deposited) can such surveys give reliable figures for total 

bedload for a river reach. Re-surveys of aggrading or degrading reaches can provide estimates of 

the minimum load for the reach upstream or downstream respectively; and before and after-event 

surveys can be made to establish the extent of bed activity. Scour-chains as used by Laronne et 

al. (1986, 1989) indicate total scour and fill for an event, and while they cannot account for 

complex scour/fill events, they often reveal bed activity that would not be detected by bed 

re-surveys (Laronne et al., 1986, 1989). 

Another common method for assessing BLT rates is by using one of the many equilibrium 

BLT prediction equations. These equations all assume that a specific relationship exists between 

hydraulic variables, sedimentological parameters and the rate of BLT (Gomez and Church, 1989). 

As observed by Gomez and Church (1989) four general types of BLT equations have been 

developed; those based on bed shear stress such as the classic du Boys (1879) equation, those 

based on discharge (e.g. Schoklitsch, 1934), those which use stochastic functions for sediment 

movement such as the Einstein (1950) equation, and those based on stream power (e.g. Bagnold, 

1980). While several researchers have undertaken tests ofBLT equations (e.g. White et al., 1973; 

Bathurst et al., 1987), the most recent assessment, that of Gomez and Church (1989) is the most 

<;arefully conducted and the most comprehensive of test for gravel-bed rivers. They conclude that 

no formula perfonns consistently well, however" ... to estimate the magnitude of transport ~ith 

limited hydraulIC iTl:formation stream power equations should be used, as they provide the most 

straightforward scale correlation of the phenomena. In particular the approach of Bagnold 

deserves further study." (Gomez and Church, 1989). The case of limited hydraulic data is very 

common in braided river studies, and hence the present study made extensive use of the stream 

power approach, and of the Bagnold equations which are discussed in depth in Chapter 5. 
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BLT equations should be used with caution as all are in part empirical, and there is therefore 

always some danger of applying formulae outside of the hydraulic or sedimentological conditions 

for which they were calibrated. A further caution is the effect of using average cross-section 

hydraulic parameters. As mentioned earlier Carson and Griffiths (1987) stated that the use of 

average cross-section parameters can lead to severe under-estimation of BLT rates in braided 

channels, however as pointed out by Gomez and Church (1989) in most cases cross-section 

averages are the best data that can practically be obtained. With regard to this problem the 

research of Pickup and lUggins (1979), where statistical descriptions of the hydraulic conditions 

in braided rivers were employed, offers an alternative to using cross-section averages. However 

as pointed out earlier considerable data is still required to establish the probability distributions 

for the required hydraulic variables. A further difficulty in applying BLT equations to braided 

rivers is the problem of defining the threshold condition. Direct observation is usually impossible 

due to suspended fines, and variations in cross-section shape and bed material size distribution 

make detennination of the threshold very difficult. It is apparent that for braided rivers both BLT 

measurement, and BLT prediction using equilibrium transport equations are fraught with 

difficulties. 

A third possible approach to assessing the BL T rates and loads of braided rivers is using 

hydraulic model studies. To obtain quantitative predictions of braided river bedloads requires a 

carefully designed hydraulic model which meets specific modelling criteria. Ashmore (1985) 

made a direct (although dimensionless) comparison of his model braided stream BLT rates with 

measurements from Hilda Creek, Alberta. The trends in the data sets were similar, although 

Ashmore noted that due to both sedimentological and hydraulic differences, the two systems were 

not geometric models of one another. Although hydraulic models have not as yet been used to 

quantify BLT in braided rivers, the work of Ashmore (1985) suggests that this approach may be 

worthwhile. 

2·2·3 Variability In Bedload Transport 

Temporal and spatial variations in BLT rates are well accepted as an inherent component of 

BLT processes even under steady flow conditions (Gomez et ai., 1989). In a complex braided 

environment with changing discharge, and changing numbers and locations of channels this 

variability is even greater. In order to understand and describe BLT processes in braijed rivers it 

is necessary to understand how the sediment moves (Carson and Griffiths, 1987). This in part 

requires an understanding of this inherent variability in BLT rates; both the 'how' and 'why' as 

well as the 'how much'. 
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Numerous studies (both field and laboratory) of the nature of temporal variations in BLT 

rates have been made (e.g. Einstein, 1937; Leopold and Emmett, 1977; Carey, 1985; Ashmore, 

1988; Kuhnle and Southard, 1988), and a comprehensive review of these is given by Gomez et ai. 

(1989). Temporal variations in BLT rates have been identified at a variety of time-scales, and are 

caused by several different mechanisms. Long-term variations can be caused by changes in 

sediment supply, which give rise to wave-like downstream translation of bed material as observed 

by Griffiths (1979) and Ashmore (1988). Short-tenn variations are commonly associated with the 

passage ofbedfonns (e.g,. Kuhnle and Southard, 1988; Carey, 1985). 'Ins~antaneous' fluctuations 

in BLT rates have been observed and are attributed to the inherently stochastic nature of the 

entrainment and transport processes (e.g. Einstein, 1937). 

The majority of research on temporal variations in BLT rates has been based on studies of 

bedform migration in sand-bed channels. Recently however several studies have investigated 

BLT rates in gravel-bed rivers (e.g. Klingman and Emmett, 1982; Church, 1985; Ferguson et ai .• 

198'9). Wave-like translations of bed material have been observed in several braided rivers 

including the.Waimakiriri River, New Zealand (Griffiths, 1979), the Kowai River, New Zealand 

(Beschta. 1983a, 1983b) and the Kawerong River. Papua New Guinea (Pickup et ai., 1983). 

Because of the difficulties of obtaining BLT rate measurements in braided rivers, no existing data 

sets are detailed enough to identify short-tenn cycles in BLT rates. Such variations have however 

been measured in model braided streams both by Southard and Smith (1982) and by Ashmore 

(1985. 1988). although in neither case was the mechanism causing the variations clearly 

established. Short-term variations ofBLT rates in braided rivers are most likely caused by the 

passage of gravel bedforms similar to the long. low bedload sheets observed by both Kuhnle and 

Southard (1988) in their narrow laboratory flume, and by Whiting et ai .• (1988) in a small 

gravel-bed stream. It is apparent that although both long and short-tenn variations ofBLT rates 

are known to occur in braided rivers, there is still little understanding of the mechanisms which 

cause them. 

The statistical characterisation of short-term variations in BLT rates by establishing the 

frequency distribution of rates, has also been a subject of considerable research (e.g. Einstein. 

1937; Hamamori, 1962; Sayre and Hubbell, 1965; Yang and Sayre, 1971). These frequency 

distributions have been detennined either by me'asuring the BL T rates variations associated with 

the passage of bedfonns, or by describing the statistical variability of individual particle motion. 

The fonner approach is primarily attributable to research of Hamamori (1962) who derived a 

frequency distribution based on studies of sand dune migration. The pioneering research into the 

statistical description of individual particle motion was by Einstein (1937) who developed a 

stochastic model of particle motion, based on the assumption that particle motion occurs as a 

sequence of random steps and random rest periods. For about a quarter of a century 
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English-speaking researchers were unaware of Einstein's work, however from the early 1960's 

there was a ten year spate of research on this subject. Stochastic models were proposed by 

Crickmore and Lean (1962), Sayre and Hubbell (1965), Sayre and Conover (1967), Shen and 

Todorovic (1971), and Yang and Sayre (1971). The der!~ations, inter-relationships, and 

correctness of these different models are discussed in detail by Hung and Shen (1971). 

Determining the statistical variability of BLT rates in gravel-bed rivers is important for 

calibrating bedload samplers and for assessing the reliability of measurement programmes. For 

these reasons the statistical characterisation of BLT rate variability in gravel-bed rivers has 

received considerable recent attention (e.g. Hubbell, 1987; Hubbell et ai., 1985; Mannerstrom and 

McLean, 1985; McLean and Tassone, 1987), and both the frequency distribution of Einstein 

(1937) and that of Hamamori (1962) have had some measure of success in describing the 

variability of measured BLT rates. 

2-3 Flow Regime Modifications 

Over the last decade there has been an increasing interest in both the development potential 

and the non-developmental values of New Zealand rivers. In the early 1980's the pressure to 

develop rivers for hydro-electric power generation and irrigation was particularly strong, and the 

thus envisaged flow regime modifications led to research firstly into the methods of assessing the 

flow requirements for recreation, fish and wildlife habitats, and other such 'instream uses', and 

secondly into methods for predicting the response of braided rivers to such flow regime 

modifications. For the gravel-bed rivers of the South Island, New Zealand, the research in this 

direction was done primarily by Mosley (1982a, 1982b, 1983a, 1983b). 

Mosley (1983a) used data collected from the Ashley, HUruDUi, Rakaia and Ahuriri Rivers to 

try and establish relationships between discharge and different hydraulic and morphological 

variables; in an attempt to predict the response of braided rivers to flow regime modification. 

This attempt was unsuccessful largely because the wide braided rivers of Canterbury, are 

characterised by rapidly changing discharges in unstable shifting channels (Mosley, 1982b); 

which makes it very difficult to obtain the data required to establish these relationships. Even if 

additional field-work enabled these relationships to be quantified, should a change in flow regime 

result in a significant change in the sediment transporting capacity of the river, +ris may affect the 

entire channel structure thus invalidating the previously established hydraulic relationships. A 

more logical approach is therefore to quantify the relationship between discharge and BLT rate in 

braided rivers, to enable prediction of the changes in channel form that will result from flow 

regime modifications. This approach is supported by Kellerhals (1982) who concludes that to 

enable mathematical simulations for proposed flow regime modifications, it is necessary to be 



13 

able to quantitatively predict channel morphology which in tum requires quantification of the 

BLT regime. The need to quantify the BLT regime is highlighted by the investigation of Davies 

(1988) who assumed a discharge-transport relationship, and then showed that typical irrigation 

abstractions could cause very significant reductions in the BLT capacity of braided rivers. Such 

reductions in BLT capacity would very likely cause significant changes in river morphology, thus 

invalidating any previously established hydraulic relationships. From the earlier discussion of 

river behaviour prediction methods it was concluded that hydraulic modelling is the most 

powerful method available for investigating proposed modifications to braided river systems, and 

subsequent discussion has identified quantification of the BLT regime as being the key to 

predicting river behaviour. It is concluded therefore that if hydraulic modelling can be used 

quantify the BLT regime for a braided river, it will be a very powerful method for predicting 

braided river behaviour. 

2-4 Conclusions 

Braided river development implies change within the river system, the agent of change 

being BLT. To predict the changes that development will induce it is therefore necessary to 

quantify the BLT regime. The present deficiencies in analytical methodology and the practical 

difficulties associated with obtaining extensive and reliable field measurements, make hydraulic 

modelling the most attractive approach to this problem. 
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CHAPTER 3 

Hydraulic Modelling And Similarity 

3-1 Introduction 

Rates of geomorphic evolution are usually too slow to allow study by direct observation and 

measurement. In the study of such processes it is therefore often necessary to use indirect 

methods of investigation. Many of these methods involve piecing together geomorphic histories 

from studies of the various sedimentary deposits, rock strata, fossil records and organic deposits 

that are accessible to observation or measurement. Another common method is to devise a small 

scale, rapidly evolving representation of the forms and processes of interest. That is, to build a 

physical model. 

Physical models can be divided into three classes: segments of unsealed reality, scale 

models, and analogue models (Chorley, 1967). Segments of unscaled reality refer to small scale 

prototypes which can be considered as models of larger scale systems. Analogue models are 

designed to reproduce some significant aspects of the form and function of a given phenomenon, 

but the forces, materials, and processes of the model may be quite different to those of the 

prototype (Schumm et ai., 1987). The final class, scale models, are based on known quantitative 

relationships between the model and its prototype, and the hydraulic model used in the present 

study belongs to this class. 

3-2 Hydraulic Modelling 

Physical hydraulic modelling has been an important engineering tool for many decades. 

Engineers have used hydraulic models predominantly for site-specific investigations, for which 

the task of maintaining the necessary scale relationships between the model and the known 

prototype is often feasible. In fluvial geomorphology the complex systems under study make this 

task difficult. and many of the researchers who have used such models have regarded then as 

being merely 'process-similar' analogue models (e.g. Leopold and Wolman. 1957; Wolman and 

Brush, 1961; Hooke, 1968; Schumm and Khan, 1972). While this view is often justified, it has 

led to an overly pessimistiC regard for quantitative prototype predictions based on scale models of 

fluvial systems. Characteristically, scale modelling of fluvial systems does require some 



15 

deviations from the exact scale relationships. However, if the approximations made and their 

likely effects are known, and if a detailed verification of the model using prototype data is 

undertaken, then such models can reasonably be used for quantitative predictions of prototype 

behaviour. 

Recent braided gravel-bed river studies which have used scale relationships to relate 

laboratory fonn and process measurements to field data include those of Ashmore (1985), and 

Lee and Davies (1986), Davies and Lee (1988). This study goes beyond Ashmore's (1985) 

approach of modelling ·a general river type, and carries on from the work of Lee and Davies 

(1986) and Davies and Lee (1988) in attempting to use the principles of hydraulic similarity to 

model the characteristic behaviour of a specific braided river. 

3-3 Hydraulic Similarity 

The theory and practice of hydraulic similarity are expounded in detail in several 

engineering texts (e.g. Allen, 1947; Henderson, 1966; Yalin, 1971; Shen, 1979; Novak and 

Cabelka, 1981), and the discussion herein is therefore confined to those aspects of specific 

relevance to the present study. 

Hydraulic models are based on the concept of dynamic similarity. which requires only that 

there be constant values for the scales of the three principal dimensions of mass, length, and time. 

Dynamic similarity implies both geometric and kinematic similarity. For mobile-bed models the 

analysis of Yalin (1971, p.148-150) shows that the two-phase motion of cohesionless granular 

material can be completely described by: 

(i) the nature of the fluid (Le. its viscosity Il and density p). 

(ii) the nature of the granular material (Le. by the material density PS' and by a representative 

grain diameter D). 

(iii) the nature of the flow (Le. the slope S, the flow depth d, and the acceleration due to 

gravity g). 

Two-phase motion of cohesionless granular material can therefore be fully described using the 

following set of seven independent variables: ~,p,D,ps,S,d,g. Making two useful substitutions of 

v*=~ gSd and 'Ys=g(ps·p) yields the alternative variable set: Il'P'Ps,'Ys,v*,d,D; from which 

standard dimensional analysis yields the following four dimensionless variables that represent the 

phenomenon: 
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X4 = p __ s_ 
p 

The variable Xl represents the grain size Reynolds' number (Re*), X2 represents the grain 

size Froude number (Fr*), X3 is the relative depth and X4 is the relative sediment density. 

Using' A' to denote the ratio between prototype and model of any variable, the criteria for 

dynamic similarity can be written as: ~X1=l, ).X2=l, ~X3=I, ~X4=1. Generally the ratio 

between prototype and model values of gravitational acceleration (g), fluid viscosity (JJ,), and fluid 

density (p) are all unity, and given these practical constraints it becomes impossible to 

simultaneously satisfy the requirements for full dynamic similarity, except with a unity length 

scale. The usual solution is to relax the condition of similarity of grain size Reynolds' number. If 

X 1 is larger than a certain critical value, then grain detaclunent and motion are independent of the 

viscosity and hence of Xl itself. This implies the existence of a rough-turbulent flow. The 

critical value of XI is ill-defined although a commonly accepted value is 70 (Yalin, 1971). 

Choosing water as the transporting fluid and using a reasonably coarse quartz sediment 

fulfils the first condition of ).X 1 = I, leaving two criteria to be satisfied: ~ X2= I, and ~ X3= 1. The 

second criterion implies that the grain sizes should be scaled according to the length scale. 

Therefore when ~ p = ~ 'Y s= ~g= I, and with v *=~ gSd, the first criterion implies that ~S= I, that is, 

the slopes in the model and prototype should be equal. When this condition of ~S= 1 is imposed 

the grain Froude similarity criterion reduces to similarity of relative depth. Therefore if the 

following conditions are met: 

(i) sediment density is the same in model and prototype, 

(ii) model grain sizes are scaled geometrically, 

(iii) water is used as the transporting fluid, 

(iv) bed slope is the same in model and prototype, 

(v) the flow is rough-turbulent, 

then to fulfil approximate dynamic similarity only requires that ~X3=1; that is, similarity of 

relative depth. 

Similarity of rela!i"e depth (or g:ra~n Froude number, Fr*) is important for correctly 

modelling local flow conditions in the vicinity of the bed. However to ensure Froude similarity 

throughout the flow it is necessary to also require the more general condition of Froude similarity, 

that is ~Fr=I (where Fr=v/~ gd, and v is the velocity of flow). Thus when testing for hydraulic 

similarity between the model and the prototype it will be necessary to: 
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(i) ensure flow was rough-turbulent 

(ii) check similarity of relative depth (dID) between model and prototype 

(iii) check Froude similarity of the flow 

For a model based on Froude similarity with a length scale }"l' the following scale 

relationships can be derived: 

(i) flow velocity: }"V = (}"l)0.5 [3.1] 

(ii) flow rate: }"Q = (},,1)2.5 [3.2] 

(iii) specific BL T rate: }"gb = (},,1)1.5 [3.3] 

. Time scales for Froude models have often been a subject of confusion; Yalin (1971) 

however makes a careful analysis of time scales for the different processes occurring in a 

mobile-bed Froude model. In summary for an undistorted model they are: 

(i) for erosion and accretion (i.e. for vertical fOImation processes): 

>-t=(},,1)2.0 [3.4J 

(ii) for the displacement of material from one location to another (Le. for horizontal 

formation processes): ;\t=(;\1)0.5 [3.5] 

(iii) for the movement of the fluid: ;\t=(;\IP·5 [3.6] 

(iv) for the movement of individual grains: ~=(}"lr1.0 [3.7] 

(v) for volumetric sediment movement: ;\t=(;\I)1.5 [3.8] 

It is clearly very important to distinguish between these different time scales when scaling 

process rates. 

3-4 Conclusions 

This outline of the relevant hydraulic theory provides the background to the calculations 

used in the model design which are detailed in Chapter 4. It has also clearly established the 

criteria that must be met to achieve hydraulic similarity between the model and the prototype. 
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CHAPTER 4 

Experimental Procedures 

4-1 Introduction 

The hydraulic model of the present study was designed as a scale model of the North Branch 

of the Ashburton River. The description of the experimental procedures begins therefore with a 

general description of this river, which is followed by a description of the laboratory apparatus. 

In the light of the dimensions of t.i.e available flume and the criteria for hydraulic similarity that 

we~ established in Chapter 3, calculations are made to detetmine the optimum scale ratio. Using 

the calculated scale ratio and available prototype data, the model grain size distribution and the 

model flow regimes are designed. The final section of the chapter details the experimental 

programme that was carried out and the measuring techniques that were employed. 

4-2 Prototype Description 

The river used as the specific prototype for this model study was the North Branch of the 

Ashburton River (NBAR). This is a small, steep, braided, gravel-bed river which rises in the 

central mountainous region of the South Island of New Zealand, and flows eastward across the 

Canterbury Plains to the Pacific Ocean (Figure 4.1). 

A good description of the river is found in Keys (1984); this is summarised below. The 'pan 

and handle' shape catchment covers an area of 380 tan2. The upper catchment of 300 Ian2 which 

rises to 2 300 m above mean sea level is composed almost entirely of indurated greywacke and 

argillite. There are actively eroding areas throughout the catchment. The river exits from the 

upper catchment through a gorge at a gradient of 1.2%, and flows between high terraces about 

800 m apart. These terraces gradually diminish in height over the 10 Ian reach from the gorge to 

the Rangitata Diversion Race, below which the river flows out onto the plains at the same grade 

(1.2%) for a further 4 :~. Over the next 12 km the slope gradually decreases to 0.5%, and 

continues at this slope for the next 14 km to the confluence with the South Branch, just above the 

township of Ashburton. 
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There were two prime reasons for the choice of prototype: firstly the size of the available 

laboratory flume and the requirement of rough-turbulent flow precluded using any of the larger 

Canterbury braided rivers as a prototype. Secondly the recent study of Laronne et al.(1986, 1989) 

on the NBAR provided a unique collection of hydraulic, sediment size and BLT rate data. In 

addition aggradation surveys by the South Canterbury Catchment Board enable estimations of 

total loads to be made. Severe aggradation is occurring within the reach where the slope 

decreases from 1.2% to 0.5%. This reach is known as 'Blands Reach', and is located between 

Thompsons Track bridge and 1 km below Shearers Crossing (Figure 4.1). Blands Reach is 9 km 

in length; the first 3 km are confined between lap banks to a fairway width of 160 m, and the 

remainder is confined to a fairway width of 80 m. A fuller description of the river and its 

protection works both past and present are given in Keys (1984). 

4-~ Experimental Apparatus 

The experiments were carried out in the 20 m x 3 m x 0.3 m tilting flume, housed in the Soil 

and Water Laboratory of the Department of Natural Resources Engineering, Lincoln College, 

New Zealand (Figure 4.2). 

The flume was equipped with a travelling instrument carriage set on lateral rails. A 

travelling point gauge mounted on this carriage gave point gauging access to the entire bed. 

Templates for grading the bed and for cutting an initial channel prior to each experiment were 

also mounted on this carriage. The water recirculation system employed two centrifugal pumps, 

one dedicated as a constant base-flow supply pump, the other supplying supplementary flows, 

determined by the setting of the main water feed line control valve. The 3 m x 2 m x 1 m return 

tank was equipped with three heating elements with a total capacity of 4 kW, and with a 

thermostatic control. This allowed hot water to be used, which reduces the viscosity of the water 

and thereby increases the grain size Reynolds' numbers to ensure rough-turbulent flow conditions 

are achieved. A float operated inlet valve and over-flow pipe in the return tank enabled a 

near-constant pump operating head to be maintained even under varying flow conditions. Inflow 

to the flume was over a 250 mm wide sill. Outflow from the flume was over a fixed level 

tail-gate which ensured a constant bed level at this point. Through-flow beneath the tail-gate was 

pO&J~ble thereby avoiding saturation of the bed material upstream. Outflow entered a sediment 

collection and weighing drum and was then routed to the return tank. The sediment collection 

drum was hung from a 350 kg. load cell, calibrated to ± 50 g under static (steady flow) 

conditions. 
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The flume was equipped with a dry sediment feed system which delivered sediment onto the 

inflow sill at the head of the flume, through an inclined rotating tube from a large storage hopper. 

By altering the slope of the rotating tube a wide range of feed rates was obtainable. The feed 

system provided constant delivery rates with no induced sediment size sorting. Sediment 

collected in the weighing drum was dried in large soil-drying ovens, and returned to the sediment 

feed hopper. 

Overhead still photography was carried out using a 3S mm camera fitted with a 28 mm lens, 

which was mounted on the laboratory's travelling crane approximately 4 m above the flume bed. 

During photography white water-based paint was injected into the inflow in order to highlight 

flow areas. All paint-carrying water was routed directly to waste. Six frames were required to 

encompass the full flume length. 

The flume was equipped with an automated control system. A Mac XT Turbo 

micro-computer linked via an IBM/HP interface board to a Hewlett-Packard Data Acquisition and 

Conlrol Unit (HP3214), enabled interactive programme control of the experimental apparatus. 

The necessary software was compiled in GWBASIC (Microsoft Corporation trademark), with an 

additional HP-IB (Hewlett-Packard Interface Bus) command library for addressing the HP3214 

data logger. 

Flow control was achieved using a reversible direct coupled motor (Honeywell, model 

SM24-SRlO) which positioned the main feed line control valve. Operated from a 24 volt supply, 

this motor set the valve position according to the variable driving voltage supplied (zero to 10 

volts). A step variable driving voltage supply controlled by the HP3214 provided this driving 

voltage. The flows for each valve position were carefully calibrated, using the laboratory 

calibration pit. The valve positioning was found to be very precise, giving flow rates accurate to 

± 0.05 I s-I, and thus continuous monitoring of flow rates was not required. This system allowed 

realistic hydro graphs to be modelled. 

The automated control system allowed 24 hour operation, with interruptions only for 

photography and hydraulic data collection (a steady flow being required), and for emptying the 

sediment drum. A power back-up was provided for the system, to avoid loss of programme 

control in the event of mains power-cuts. 

4-4 The Model Scale 

The choice of scale for the model was dictated by the physical dimensions of the available 

laboratory flume, and by the requirement of rough-turbulent flow. Using a critical grain 

Reynolds' number of70 (Yalin, 1971), and 'm' and 'p' subscripts to denote model and prototype 

values respectively enabled the following calculations: 
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[ V:D ] ?! 70 [4.1 ] 

m 
thus: 

A A 
v* D ?! 70 [4.2] 

A v D 1 >< 

J p 
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as previously (Section 3-3) AV* = ().1)0.5 and ).D = ).1' and assuming that ).V = 1 yields: 

70 2/3 
[4.3] 

Thh; provides the limiting condition for the choice of length scale ).1' Using typical prototype 

values in this equation (S=0.0115, d=O.4 m, D90=150 mm), and employing this D90 grain size as 

representative of the bed roughness, gave: ).1=0.02; thus indicating a scale of 1:50 as being the 

optimum obtainable. 

In the available 3.0 m wide laboratory flume, this scale meant a total channel width of 

somewhat less than 150 m could be modelled without sidewall interference. The NBAR in its 

steeper reach averages between 150 m and 300 m wide, while in its flatter confined reach it 

averages 80 m to 90 m wide. While the use of heated water could have enabled a slightly more 

favourable scale ratio to be obtained (by reducing the model fluid viscosity), it would not have 

been sufficient to enable these wide reaches of the NBAR to be modelled satisfactorily. Hence 

the 1 :50 length scale was accepted for the model, with the knowledge that stream width 

development was likely to be limited by sidewall interference. This limiting condition was 

indeed reached in several experiments, and therefore at the 1 :50 scale the flume facility could 

only adequately model the narrower reaches of the NBAR. 

4-5 The Model Bed Material 

When selecting the bed material for the model some simplifications were required. Exact 

scaling of the sand fraction of the prototype bed material would have led to the introduction of 

very fine cohesive material into the model. To avoid this, it was necessary to exclude the sand 

equivalent material from the model grain size distribution. The lower bound on model grain sizes 

was set at 0.1 mm, and with the scale ratio of 1 :50 this meant that the fraction of the prototype 
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bed material under 5 mm was not represented in the model. The data of Laronne and Duncan 

(pers. comm., 1987) showed this fraction to be about 27% by weight ofNBAR sediment. 

Figure 4.3 
Grain Size Distribution 

100 
. ~ ............ Desired (Scaled Prototype) 

Actual 

C 
U 80 m 
u 
1 
a 
t 60 
1 
V 
e 

% 40 

F 
1 

11 20 
e 
r· 

o =-----~--~--~~~~~------~--~~~~~~ 
0.1 1 10 

Grain Size (mm) 



25 

The 'desired' grain size distribution of Figure 4.3 is a scaled distribution based on bar 

sub-surface samples (excluding sands) for the NBAR; again using the data of Laronne and 

Duncan (pers. comm., 1987). Using in part the bed material used in a previous research project, 

and supplementary _~actions sieved and weighed from commercial supply mixes, a distribution 

very close to the 'desired' was obtained (Figure 4.3). The mineral density of the sediment was 

2650 kg m -3, and the bulk density of the mixture was measured at approximately 1800 kg m-3 

(both values corresponding well with the prototype sediment densities). 

4-6 Flow Regime Design 

For the NBAR less than three years of continuous hydrological records are available, hence 

the assessed frequency values for extreme events are very approximate. However from these flow 

records both a full-series flow duration curve, and an above-threshold (or partial series) flow 

duration curve were constructed (Figure 4.4). The partial series duration curve is based on a 

threshold flow estimate of 12 m3 s-1 for Blands Reach (Duncan, 1987). 

The flow rates used in the model were restricted to the set of discrete values obtainable with 

the flow control system used. For the steady flow experiments that were conducted, three 

different flows were used, corresponding to above-threshold exceedence values of 58%,42%, and 

18%. For the varying (unsteady) flow experiments that were conducted a synthetic hydro graph 

series was designed. The hydro graph series design was based on the partial series flow duration 

curve, and on hydro graph records for individual flood events. Hydrograph shape is a function of 

several variables; firstly the catchment variables: slope, shape, vegetation cover, and soil moisture 

content; secondly the channel variables: slope, roughness, cross sectional shape, and planform 

shape; and thirdly the stonn variables: speed and direction of travel, and the intensity and duration 

of the precipitation. Hence hydro graph shape reflects several physical characteristics of the 

fluvial system. Scaling several event hydrographs from the NBAR to a common time-base 

revealed a common general shape. This characteristic shape was therefore used for the model 

hydro graphs. The synthetic hydrograph series (Figure 4.6) thus consisted often hydro graphs of 

identical shape, buf of different time-bases, chosen so that the resultant flow duration curve 

matched the partial series flow duration curve of the prototype as closely as possible (Figure 4.5). 

These above-threshold flows w :~ e delivered together with an independently pumped base-flow, 

which was equivalent to the estimated threshold flow (0.71 s-l). The available pump capacity 

limited the maximum flow in the model to a 1.8% above-threshold exceedence value, and the 

stepping nature of the flow control meant that even the derived simple hydro graph shape could 

only be approximated. The ten hydrographs were run in a co~pute!-generated random order to 

avoid any cumulative sequencing effects on the channel development 
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In modelling flow abstractions it was decided to avoid the site-specific approach of 

modelling off-take structures. The aim was to assess the change in sediment transport capacity of 

the system in response to an abstraction-modified flow regime, rather than assessing the extent of 

local deposition near the abstraction site. It was necessary therefore to design hydro graph series 

to represent typical abstraction modified flow regimes. 

To obtain typical flow abstraction values an ~nergy dissipation analysis of the flow regime 

was used. The energy dissipation rate Er of water flow per unit channel length (or total stream 

power) is given by: Er=pgSQ. For a given river reach pgS is constant, and hence by inspecting 

the flow duration curve, the energy dissipated by the different flows for a given regime can be 

evaluated. By considering a small range of flows (h.Q), the probability (p) that a flow in this 

range will occur can be obtained from the flow duration curve: 

p = p(Q) - p(Q + h.Q) [4.4] 

If the flow value for for the range is estimated as: (Q + 0.5h.Q), then the energy dissipated for a 

unit flow interval (Er') is: 

Er ' = pgS.p(O + 0.5h.0) 

h.Q 

[4.5] 

By plotting the dimensionless p(Q + 0.5h.Q)/h.Q against flow rate (Q), reveals how energy 

dissipated varies with flow rate. Figure 4.7 shows this relationship for the full series flow 

duration curve. 

A similar analysis by Davies (pers. comm., 1986) for the Rakaia River, New Zealand, 

showed that two proposed abstraction rulings represented approximately 30% and 60% reductions 

in energy dissipation. For the model, 20% and 40% energy dissipation reduction values were 

taken as being a realistic basis for modelling flow abstractions. On Figure 4.7 the total energy 

dissipated by the regime is given by the area under the curve. For the above-threshold flows, 

curves representing the chosen 20% and 40% reductions were plotted; these curves were seen to 

approximate a sim pIe translation along the flow axis of the unmodified regime' s energy 

dissipation curve. Hence the two energy dissipation reductions could be approximately modelled 

by constant flow abstractions from the original flow regime. These flow abstraction values for 

the 20% and 40% energy dissipation reductions were 2.5 m3s- 1 and 4.5 m3s-1 respectively for 

the prototype, and approximately 0.15 I s-1 and 0.25 I s-1 for the model. These typical 

abstraction modified flow regimes were thus easily modelled using the original synthetic 
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hydro graph series together with base-flows of 0.55 I s-l and 0.45 I s-l respectively instead of the 

threshold base-flow of 0.71 s-l. 

This method is somewhat approximate, and in the analysis of the experimental results more 

rigorous calculations were carried out, to fully assess the actual percentage reductions in energy 

dissipation that these chosen flow abstractions represent. 

4-7 Experimental Programme 

The experimental programme consisted of two series of experiments, one series using steady 

flow conditions and one series using unsteady flow conditions. Prior to both series several 

preliminary runs were made to test the apparatus. These runs allowed checking and adjustment of 

the photography procedures, the hydraulic data collection techniques, and the data acquisition and 

control system. They also provided an opportunity to to check that rough-turbulent flow 

conditions were present in the model. Measurements from these runs showed that during low 

flow conditions, depths and velocities were such that grain Reynolds' numbers were marginal in 

many areas. It was thus decided to run the experiments using heated water, thereby reducing the 

fluid viscosity. Calculations indicated that an operating temperature of 30 °c would give 

satisfactory hydraulic conditions. Testing showed that a temperature loss of only 2 °c was 

incurred over the length of the flume even under varying flow conditions, and hence the inlet 

temperature was set at 31 °c giving a mean operating temperature of 30 °c. It is noted that with 

grain sizes and flow rates set, the geometric scale was set, and changing the viscosity ratio altered 

only the Re ... values. 

With preliminary testing complete, the formal experimental programme was begun; the 

experimental programme structure is shown in Figure 4.8. The first series of experiments that 

was carried out was the series of seven experiments using steady flow conditions. This 

experimental series was run to firstly to investigate the magnitude and variability ofBLT rate for 

a range of steady flows, and secondly to provide a basis for comparisons with subsequent 

unsteady flow experiments. Two different slopes (0.74% and 1.15%) and three different 

discharges (1.441 s·l, 1.011 s-l, and 0.881 s-l) were used; with Run A41 being a replica of Run 

A40. The steady flow experiments were run for 40 hours except for Run A30 which was 

terminated after 23 hours because of control system failure. All experimental runs were started 

from an initial rectangular channel of 1.1 m x 0.025 m cross section, cut using the carriage 

mounted template. For all experiments the sediment feed rate was selected to ensure that the 

system was neither overloaded nor supply-limited. To achieve this required trial and error 

adjustment of the feed rate over the first few hours of each run. The first 2 m downstream of the 

inlet were observed to act as a buffer-storage zone, and feed rate adjustments were made on the 
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basis of build-up or depletion in this zone. The sediment feed rate was therefore adjusted to 

maintain a constant bed level at the head of the channel, and since the bed level was also fixed at 

the flume outlet, the system operated at a constant channel slope. The independent variables for 

the system were therefore the grain sizes (D), the flow rates (Q) and the overall channel slope (S). 

With Q and S as independent variables the flume system is comparable to a natural river channel 

in the short-term, where channel slope does not have time to adjust to rapid fluctuations in 

discharge. (Davies and Sutherland, 1983). This means that the model is limited to predicting 

river behaviour in the short-tenn, i.e. an order of years not decades. 

For the steady flow experiments the weight of collected sediment (output) was logged every 

minute, each logged value being the average of five readings taken over a two second interval. 

Photography and hydraulic data collection were undertaken twice during each run without 

interrupting the flow. The hydraulic data collected were flow depths measured with the carriage 

mounted point gauge, and surface velocities estimated from timing polystyrene beads over 

distance of 0.3 m. These measurements were made across five cross sections at: 6 m, 8 m, 10 m, 

12 m, and 14 m from the head of the flume. This measurement routine was designed only to 

evaluate the average and the range of the depths and velocities for each experiment, and not to 

quantify section profiles. A photographic record was taken immediately following the collection 

of each hydraulic data set. The times at which these hydraulic measurements and photographic 

records were made for each run are shown on Figure 4.9, together with the total run times. The 

intermittent BLT data records for the steady flow runs was caused by continued trouble-shooting 

with the data-logging system. This problem was resolved before the second series of experiments 

was undertaken. 

The second series of experiments used unsteady flow conditions at the same two slopes 

(0.74% and 1.15%). Three flow regimes were used: the modelled NBAR,. above-threshold regime 

('full flow regime '), and the two abstraction-modified flow regimes (based on 20% and 40% 

flow-energy reductions). This experimental series was designed firstly to investigate the 

magnitude of BL T rates under different unsteady flow regimes, and secondly to quantify the 

changes in BL T capacity resulting from typical flow regime modifications. As shown on 

Figure 4.8 several of the eleven runs were replicas. Run lengths were quite variable and were 

detennined by the rate of channel development. 

Two different approaches were used in modelling abstraction-modified flow regimes. The 

first approach was to model the modified flow regime start:...15" from the standard initial straight 

rectangular channel. The second approach was to model the modified regime, starting from a 

braided channel developed under the original flow regime. This second approach approximates 

more closely the prototype situation as it models how an existing channel structure is altered by a 

change in flow regime. Results from this second approach (a two-stage experiment) will be 
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inherently more variable, as the initial channel condition is itself a variable. This again is a better 

representation of the prototype. The runs carried out by this second approach were XB21 and 

XB31, and were started from the channel structures fonned in runs XB12 and XB 13 respectively. 

It was found that it was not feasible to obtain accurate measurements of the accumulated 

sediment in the collection drum under conditions of rapidly changing flow. The cumulative 

sediment weight was therefore only logged at the end of each hydro graph when the flow was 

essentially steady. The readings were therefore unevenly spaced in time, the average interval 

between logging being approximately ten minutes. Again the logged value was the mean of five 

readings, taken over a two second interval. Because of the irregular spacing of the measurements 

time-series analysis of the unsteady flow BLT rate data was not possible. Hydraulic 

measurements and photographic records were taken in the same manner as in the steady flow 

runs. However for the unsteady flow runs it was necessary to interrupt the experiment and set a 

standard steady flow to allow collection of these data. The flow used was 0.71 s-1, the estimated 

threshold flow for the lower slope. Experiment durations and the extent of the data collected are 

shown on Figure 4.9. 

4-8 Conclusions 

A 1 :50 scale model of the NBAR was designed using closely matched grain size distribution 

and varying flow regime. Flume width was established as a likely limitation to stream 

development. Two series of experiments were carried out, the first using steady discharges and 

the second using unsteady flow regimes, including the modelled NBAR above-threshold flow 

duration curve and two abstraction-modified flow regimes. The focus of the experiments was on 

BLT rate measurement, an automated data-acquisition system being used to obtain extensive data 

records. The steady flow experiments saw BLT rate measured every minute, these data records 

thus being ideal for both time-series analysis and statistical variability analysis, as well as for 

establishing a relationship between stream power and BLT rate. In the unsteady flow 

experiments BL T rate was measured less frequently due to the practical 'difficulties of obtaining 

accurate measurements under rapidly changing flow conditions. The measurements were 

irregularly spaced so time-series analysis is not possible. The data obtained do however enable an 

assessment to be made of the reductions in BLT capacity due to typical flow abstractions, as well 

as establishing a relationship between stream power and BLT rate for these unsteady flow 

conditions. 
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Figure 4.8 : Experimental Programme Structure 
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CHAPTERS 

The Steady Flow Experiments 

5-1 Introduction 

Seven experiments were carried out using steady flow conditions (Figure 4.8), with the BLT 

rate being measured at one minute intervals. The extensive BLT rate data that were thus obtained 

allowed a detailed investigation of several aspects of BLT processes to be made. 

The first section of this chapter deals with BLT rate prediction. Following a general 

discussion of the different types of BL T rate prediction equations, a brief history and the reasons 

for selection of the two equations used in this study (the Schoklitsch (1962) equation and the 

Bagnold (1980) equation) are given. Because of the particular value of stream power predictors 

that is established, a detailed discussion of the development of the Bagnold (1980) equation is 

presented. A preliminary investigation of the dependence of BLT on stream power is then made, 

prior to an assessment of the Bagnold (1980) equation and the Schoklitsch (1962) equation. 

The second section of this chapter deals with the statistical nature of the variability in BLT 

rates. Two approaches to the characterisation of this variability are identified, and the 

experimental data are used to assess which approach is most suitable for braided gravel-bed 

rivers. 

The third section of this chapter investigates the cyclic nature of the variability in BL T rates. 

Short-tenn pulsing is detected and a physical explanation is offered. Long-tenn pulsing is also 

detected, however the data records are too short to confinn its persistence. Previous work is cited 

which supports the suggestion that neither long nor short-term pulsing of BLT rates are 

uncommon in braided gravel-bed rivers. An attempt to scale the detected periodicities to 

prototype values is made, however these are tentative and unsupported by the sparse prototype 

data. 

The chapter concludes with a brief discussion of the long-tenn trends in the BLT rate data 

series. 
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5-2 Bedload Transport Rate Prediction 

5-2-1 Introduction 

The ability to predict the quantities of sediment transported as bedload by flowing water is 

frequently of importance to engineers. The last century has hence seen innumerable ~onnulae 

developed for predicting BLT rates, many of which use descriptors of excess shear stress, excess 

discharge or excess stream power, with others being based on probabilistic considerations of grain 

motion. Some of these formulae are basically empirical having been derived from analyses of 

experimental data, and subsequently tested with further data not used in the initial analyses (e.g. 

Meyer-Peter et ai., 1934). Several BLT formula however are based on attempts to define a 

general relationship be~een BLT and various hydraulic and sedimentological parameters, which 

was. then followed by a 'calibration' procedure, where the coefficients and constants involved 

were evaluated using available data (e.g. Ackers and White, 1973). Careful analyses of the more 

commonly used formulae have been made in several texts (e.g. Henderson, 1966; Yalin, 1972), 

and both White et al. (1973) and Gomez and Church (1989) have undertaken detailed 

comparisons of the performance of many of these equations. The review of White et ai. (1973) 

employed test data from both flume and field studies, however the flume data were restricted to 

essentially uniform sediments and only two of the ten field data sets were for gravel-bed rivers. 

The review of Gomez and Church (1989) was made specifically for gravel-bed rivers, and also 

used test data from both flume and field studies. Perhaps the major obstacle to such evaluations 

of BLT equations is the paucity of reliable data sets with which to test them. This, together with 

the fact that the physics of BLT remains incompletely analysed, explains why no equation 

performs consistently well (Gomez and Church, 1989). However an important conclusion of 

Gomez and Church (1989) is that for the case when hydraulic data is limited, as is nearly always 

true in braided river studies, stream power equations should be used as stream power provides the 

simplest scale correlation with BLT rate. 

Two BLT equations were used in the present study; the Bagnold (1980) equation, and the 

Schoklitsch (1962) equation. The B agnold (1980) equation is based on studies of the physics 

governing two-phase flow (Bagnold, 1956, 1966), which led to an equation describing the BLT 

rate as the product of (1; energy (or power) available to do work in moving bedload, and the 

efficiency of the energy conversion. Being unable to establish a method for determining the 

efficiency parameter, Bagnold (1977) used empirical correlations to obtain a useable BLT 

equation. The calibration procedure however used only sand-bed channel data, and this limitation 

masked a considerable overall variation of BLT rate with grain size. Bagnold (1980) therefore 

amended his earlier equation to include this factor, and by doing so made the equation applicable 
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to a wide range of rivers including gravel-bed rivers. In the present study where flow abstractions 

were modelled by specified reductions in the available energy of the system, the stream power 

approach of Bagnold was of particular interest, and the findings of Gomez and Church (1989) 

mentioned above indicate good cause for its use. 

The second equation used in the present study, the Schoklitsch (1962) equation, was 

developed from the earlier equation of Schoklitsch (1934) which is an empirical equation based 

on sand transport data from Schoklitsch's own flume experiments and sand and gravel transport 

data from the flume experiments of Gilbert (1914). For graded sediments the Schoklitsch (1934) 

equation calculates the BLT rate for each size fraction independently. The later version 

(Schoklitsch, 1962) which used an extended calibration data set of both flume and field data does 

not require calculation by size fraction, the D 40 grain size being specified to characterise graded 

sediments. The Schoklitsch (1962) equation was developed as an easily applicable equation for 

engineering use, rather than a precise or fundamentally correct equation. The equation does not 

involve depth or shear stress explicitly, and therein lies its attractive simplicity and the reason for 

its use in the present study. Applied originally by Schoklitsch to rivers with coarse sediments, it 

is used in the present study to investigate its suitability for braided gravel-bed rivers. 

5-2-2 The Bagnold Equations 

Because of the attractiveness of the stream power approach to predicting BLT in braided 

rivers that was mentioned above, it is of interest to review the development of the stream power 

basis of the Bagnold (1980) equation. 

B agnold 's interest in the stream power approach for describing BL T stemmed from his 

considerations of flowing fluid as a transporting machine (Bagnold, 1956), whereby the rate of 

useful work is given as the product of the available power and the system efficiency. This led to 

the Bagnold (1966) BLT equation which can be written simply as: 

where: 

ib = BL T rate by submerged weight, per unit width 

(kg m-1s-1) 

tano: = dynamic coefficient of inter-grain solid friction 

w = specific stream power 

eb = BL T efficiency = bedload work rate 

specific stream power 

[5.1 ] 
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It is necessary to carefully define the two quantities above which determine the BLT 

efficiency. Since tana! is dimensionless, it is clear that ib, w, and the bedload work rate in 

equation 5.1 must all be dimensionally the same, i.e. kg m- 1s- l . These however are not the 

correct dimensions for a power or work rate. The strict definitions of total and specific stream 

power are as follows: 

Total stream power: 

Specific stream power: 

n= pgQS 

measured in kg m s-3 or W m- l 

i.e. power per unit channel length 

w= pgqS 

measured in kg s-3 or W m-2 

i.e. power per unit bed area 

[5.2] 

[5.3] 

However as pointed out by Bagnold (1966), quantities involving g have ambiguous definitions 

and values depending on the ambiguous definition of weight (kg or N). In relationships between 

such quantities (e.g. equation 5.1), g cancels out and has therefore been ommitted to allow the 

quantities to be expressed in practical units. Hence generally herein specific stream power (w) is 

expressed in kg m -1 s-l, even though these are not strictly speaking the units of power per unit 

bed area. In line with this adopted convention, the bedload work rate of equation 5.1 which 

represents that portion of the specific stream power which performs work in moving bedload, is 

also measured in kg m -1 s-l. 

To apply equation 5.1 requires a method of determining the BLT efficiency (e~. Bagnold 

(1966) derived limiting maximum values for BLT efficiencies by considering the BL T as a 

moving carpet of thickness much less than the flow depth. For fully turbulent flow the limiting 

maxima are approximately: eb=0.17 (for small grains of Stokes Law fall velocity), and eb=O.ll 

(for larger grains). Efficiencies derived by this method only hold true when the thickness of the 

bedload zone is small relative to the flow depth. In the present model study where flow depth 

even at low discharge was nearly 20 times the median grain diameter this method is considered 

acceptable. At lower relative depths however, the efficiency increases up to a maximum of three 

times these limiting vuues, for the case when the flow depth is equal to the saltation height. For 

the grain sizes and average flow velocities from the present experiments, the theoretical limit for 

the BLT efficiency was approximately eb=0.14 (Bagnold, 1966; Figure 3). 
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On a logarithmic plot ofBLT (i~ versus specific stream power (w) the general shape of the 

transport relationship is easily detennined. At high stream powers the relationship is asymptotic 

to the maximum efficiency line (of unity slope), and as stream power decreases the relationship 

becomes asymptotic to the threshold value of specific stream power (wo) which defines the onset 

of bedload motion (Figure 5.1). Although able to def'me the limiting maximum efficiency for this 

relationship Bagnold was unable to develop a method for assessing the BLT efficiency variable 

(e~, and he therefore reverted to empirical correlations (Bagnold, 1977, 1980) to obtain a useable 

BLT equation. Bagnold (1977) plotted the experimental data of Williams (1970) as ib versus w, 

and stressed the curvature introduced to the plot by the decay towards the threshold power. 

However curvature is also present at high powers where the relationship approaches the limiting 

efficiency asymptote. Hence on Bagnold's second plot of ib versus (w-wo) the straight line of 

slope 1.5 that is fitted to the data cannot apply over the full domain of (w-wo)' as although the 

curvature towards the threshold has been removed, the curvature towards the limiting efficiency 

asymptote remains at high excess specific stream powers. This empirical relationship of 

ib cc (w-Wo)1.5 for constant depth and grain size has been shown however to describe several data 

sets from both flume and river studies (Bagnold, 1977, 1980). It should be noted however that 

where a data set extends over only one order of magnitude of excess specific stream power, the 

slope on a logarithmic plot can be effectively dictated by the choice of the threshold power value, 

a quantity which is difficult to define. It is thus emphasised that this 3i2 power law is entirely 

empirical, there being no apparent physical reason for the exponent value; and it is therefore 

unlikely that this value is exact 

In the light of the above discussion it is of interest to plot the transport relationship as a 

function of excess specific stream power (Figure 5.2). On this plot the maximum efficiency (eb) 

asymptote from Figure 5.1 is seen to be unaltered at high values of (w-wo)' but to decay 

asymptotically at low excess powers towards the constant value C I from Figure 5.1. It is 

therefore useful to define a new efficiency eb" such that: 

eb' = bedload work rate [5.4] 

excess specific stream power 

whi.ch plots as a straight line on Figure 5.2. The transport relationship is similarly unaltered at 

hig~ values of (w-wo)' hence at high excess powers the relationship still approaches a unity slope. 

At very low excess powers the relationship becomes linear, since ib and (w-wo) decay towards 

zero simultaneously. The shape of the curved section between these extremes, depends on the 

way in which the BLT efficiency approaches its maximum. 
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If the slope of the lower linear section of the transport relationship is 1.5, as found 

empirically by Bagnold (1977), then the form of the eb' versus (w-wo) relationship can be 

deduced as follows 

eb' = bedload work rate 

excess specific stream. power 

e 'a (w-w )1.5 
b 0 

(w-w ) o 

( ) 0.5 
w-w o [5.5] 

Hence for these low excess powers eb' a (w-wop.s, and at high excess powers eb'is asymptotic 

to the limiting maximum efficiency (Figure 5.3). Note that this relationship does not include the 

origin, since if (w-wo) is zero, then by the definition of the threshold condition, ib is also zero and 

hence eb' is indetenninate. This relationship is based on the empirical 3/2 power law of the 

transport relationship, and again as there is no apparent physical reason ~hy the BLT efficiency 

should vary with the square root of excess specific stream power, the dependence may not be 

exact. 

Figure 5.3 
BLT Efficiency versus Excess Specific Stream Power 

e'.--------------------------------------------------------------------------------, b 

-------------------------------------
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The above discussion has concentrated on the strength of dependence of BLT on excess 

specific stream power given the conditions of constant flow depth (d) and constant grain size (0). 

However from the empirical correlations of Bagnold (1977) it was also concluded that for 

constant excess stream power, ib varies as d-2/3. Simply to obtain a dimensionally homogeneous 

equation a factor of D-2/3 was also introduced giving the following equation: 

[5.6] 

The correlations of Bagnold (1977) were based on sand-bed data only, and subsequent work 

(Bagnold, 1980) using data for a wider range of grain sizes revealed that for constant excess 

power and flow depth, ib varies as 0-1/2. Hence the following relationship was established: 

[5.7] 

This however is dimensionally incomplete and by simply replacing each of the four quantities by 

non-dimensional ratios to pre-determined reference values Bagnold (1980) arrived at the fmal 

form of his BLT equation. 

The Bagno1d (1980) equation is therefore based on theoretical considerations yet still relies 

largely on empirical correlations. Hence although the 3/2 power-law dependence of BLT rate on 

excess specific stream power was shown to be incorrect for very high excess powers, the Bagnold 

(1980) equation has proved successful in many practical situations. In the present study its use in 

braided gravel-bed rivers is investigated. 

5-1-3 The Experimental Data 

Seven experiments using steady flow conditions were carried out, and as shown in 

Figure 4.9 the BLT rate data records were in each case incomplete. To obtain a data set for each 

of the seven runs the longest unbroken section of each record was selected, so as to be useful for 

time-series analysis as well as for defining the average BLT rate. Also in an attempt to more 

accurately assess the 'long term equilibrium' BLT rate, any data for the first ten hours in the 'A' 

series runs, and any data for the first twenty hours in the 'B' series runs were omitted. This 

somewhat arbitrary truncation of the data records removed the high BLT rate values associated 

with the initial rapid width development stages. A description of the data selected is found in 

Table 5.1, along with the average BLT rates for these data sets. Also shown in Table 5.1 are 

some simple planform variables that were measured from the second photographic record of each 

experiment (Appendix C.l), including average total channel width (TW), average flow width 
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(FW), and the average number of channels (NC) as a measure of braiding intensity. Unless 

otherwise stated each of these values represents the average of the eleven 1.0 m spaced cross 

sections from 8.0 m to 18.0 m (measured from the head of the flume). The quoted error levels 

were assessed from the degree of acc~~cy possible in making these measurements from the 

original photographs. 

RUN SELECTED No. OF AVERAOEBL1 S.E. TW(m) FW(m) NC 
No. DATA(hr) VALUES kg/s-x 103 x. 103 ±0.02 ±0.02 ±0.1 

A20 10-26 960 7.03 0.13 2.54 0.68 3.8 
A30 10-20 600 4.82 0.11 1.90 0.61 2.5 
A40 20-36 960 3.13 0.07 2.00 0.61 2.8 
A41 20.5-40 1170 2.75 0.06 2.05 0.55 2.9 
B20 20-34 840 1.98 0.06 1.71 0.66 2.6 
B30 20-40 1200 1.50 0.04 1.54 0.68 2.8 
B40 24-40 960 1.22 0.04 1.71 0.56 2.6 

Table 5.1 : Selected BLT data and planform variables 

Using these data plots of total BLT rate (Ob) versus total stream power index (n'=QS) and 

specific BLT rate (gb) versus specific stream power (w) were constructed (Figures 5.4 and 5.5). 

The best fit regression equations for these plots are: 

[5.8] 

[5.9] 

The plotted errors on Figures 5.4 and 5.5 are ± 2(S.E.), where the standard error of the mean: 

S.E. = a/~ n (a being the sample variance and n the sample size). For a normal distribution this 

corresponds to a 95.4 % confidence interval, and although subsequent analyses showed the 

distributions to be non-normal, the standard error was retained as a useful measure of the relative 

spread about the mean for each data set. _ 

The BLT rate data show a strong dependence on stream power. There is however a 

considerable degree of scatter, and the repll(;~ experimental runs (A40 and A41) show a 

significant difference in average BL T rate. Discussion of these points is found in Chapter 6 

where a detailed comparison of the BLT rates from both the steady and unsteady flow 

experiments is made. 
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5·1·4 Bedload Transport Rate Prediction Equations 

Using the average BLT rates from the steady flow experiments assessments of both the 

Bagnold (1980) equation and the Schoklitsch (1962) equation were made. 

The Bagnold (1980) equation takes the following form: 

[5.10] 

where ib is the submerged mass transport rate. The asterisk subscripts denote reference values for 

the respective variables, which Bagnold (1980) gives as: 

(i~* = 0.1 kg m- 1s- 1 , d* = 0.1 m 

(w - 'wo) * = 0.5 kg m-1s- 1 , D* = 1.1 mm 

The threshold condition in the flume was defined by the 0.71 s-1 flow that was observed to 

initiate bedload motion in the initial 1.1 m wide straight-cut channel at a slope of 0.74%. This 

condition corresponds to a threshold specific stream power of wo=0.004S kg m -1 s-l. 

Calculations for the Bagnold (1980) equation used this value for wo' the DSO grain size and the 

measured average depths (Appendix B.1). Comparisons between measured (actual) rates and 

predicted rates are detailed in Table 5.2, and these values are plotted on Figure 5.6. 

RUN 
No. 

A20 
A30 
A40 
A41 
B20 
B30 
B40 

SPECIFIC STREAM 
POWER 

(kgm-Is- 1) 

0.0243 
0.0190 
0.0166 
0.0184 
0.0161 
0.0109 
0.0116 

FLOW BLT (kg m-1s-1) 
DEPTH 

(m) ACTUAL CALC 

0.012 0.00625 0.00447 
0.009 0.00479 0.00339 
0.010 0.00311 0.00260 
0.010 0.00303 0.00297 
0.013 0.00182 0.00190 
0.011 0.00134 0.00087 
0.010 0.00132 0.00108 

Average discrepancy ratio .. 
Average absolute error ......... 

Table 5.2: Bagnold (1980) BLT predictions 

CALC ERROR 
ACTUAL 

(%) 

0.72 -28 
0.71 -29 
0.84 -16 
0.98 -2 
1.05 +5 
0.65 -35 
0.82 -18 

0.82 
19% 
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The 1: 16 scale braided stream model of Ashmore (1985) which used graded sands with 

D50= 1.2 mm, provides a data set useful for comparison with the present studies results. Run 

conditions and BLT rates from Ashmore's (1985) experiments are summarised in Table 5.3, and 

the BLT rate data are plotted on Figure 5.6 for comparison with the present studies results. 

RUN 
No. 

1 
2 
3 
4a 
4b 
6 
7 
8 
.9 

10 
11 

SLOPE FLOW RATE FLOWWIDTfl FLOWDEPTE BRAIDING 
% 

1.5 
1.5 
1.0 
1.5 
1.5 
1.5 
1.0 
1.0 
1.5 
1.5 
1.5 

I s-1 m cm INDEX 

3.0 0.975 0.86 -
3.0 0.950 0.87 2.44 
1.5 0.640 1.06 1.60 
1.5 0.728 0.85 2.10 
1.5 0.378 1.21 1.10 
1.5 0.680 0.79 2.00 
l.5 0.460 1.09 1.30 
4.5 1.060 1.10 2.02 
4.5 1.050 1.00 2.20 
2.25 0.880 0.83 2.15 
1.20 0.570 0.77 1.39 

Table 5.3 : Run conditions and BLT rates, Ashmore (1985) 

("': geometric mean BLT rate, as used by Ashmore (1985) 

BLTRATE 
gs -1 '" 

9.08 
9.25 
1.38 
3.28 
5.47 
2.52 
0.90 
7.93 

21.00 
4.76 
1.13 

The above calculations show that the Bagnold (1980) equation predicts the magnitude of the 

measured BLT rates well, averaging an underprediction of only 18% and an average absolute 

error of only 19% for the present study. For the data of Ashmore (1985) an overprediction of 

15% was obtained. This result is somewhat fortuitous as because of the considerable scatter of 

the data the average absolute error was 32%. 

Figure 5.6 shows that the Bagnold (1980) equation also predicts the trend in the 

experimental data very well. This is reflected in the regressions for this plot which give 

ib 01 [Bagnold (1980) prediction] 1.06 , for the present study and 

ib 01 [Bagnold (1980) prediction] 1.14 , for Ashmore (1985). 

For the second of these regressions the visual outlier of 'Run 3' was omitted. 
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The Schoklitsch (1962) equation takes the following form: 

[5.11] 

where qo is the threshold specific discharge. This equation can be conveniently re-written for 

specific volumetric bedload discharge (q~ as: 

qb = 2.5 S3/2 (q-'lQ) 

pglp 

[5.12] 

as used by Bathurst et al. (1987). This latter form of the equation was used in the present study. 

Schoklitsch (1962) gives the following expression for the threshold specific discharge: 

CIa :; 0.26 (pgl p - 1)5{3 (D4o)3/2 
S7/6 

[5.13] 

Bathurst et al. (1987) found however that for wide sediment distributions a D 16 grain size in the 

above equation gave a better predictor of the initiation of transport than a D40 grain size. Using 

the appropriate value for the wide grain size distribution of the present studies experiments 

(D16=0.21 mm), gave the following values for qo: 

(i) CIa = 0.60 x 10-3 m2s-1 , for S = 0.74% 

(ii) CIa = 0.36 x 10-3 m2s-1 , for S = 1.15% 

The critical specific stream power used earlier yields the essentially equivalent values of: 

(i) CIa = 0.58 x 10-3 m2s- 1 , for S = 0.74% 

(ii) qo = 0.38 x 10-3 m2s-1 , for S = 1.15% 

The similarity of these values indicates that the use of the D16 grain size was appropriate in this 

case. 

Comparisons between actual (measured) and predicted bedload disc.1Jrges are detailed 

below in Table 5.4, and are plotted together for with the values for the data of Ashmore (1985) on 

Figure 5.7. 



RUN FLOW RATE ACTUALBLT CALCBLT CALC ERROR 
No. (m2s-1) (m2s-1) (m2s-1) ACTUAl 

x 103 x 106 x 106 (%) 

A20 
A30 
A40 
A41 
B20 
B30 
B40 

2.12 
1.66 
1.44 
1.60 
2.18 
1.49 
1.57 

6.00 
4.59 
2.98 
2.91 
1.74 
1.28 
1.27 

Average discrepancy ratio .. 
Average absolute error .......... . 

2.02 
1.48 
1.23 
1.41 
0.96 
0.54 
0.59 

0.34 
0.32 
0.41 
0.49 
0.55 
0.42 
0.47 

0.43 

Table 5.4 : Schoklitsch (1962) BLT predictions 

-66 
-68 
-59 
-51 
-45 
-58 
-53 

57% 
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·The Schoklitsch (1962) equation is seen to under-predict bedload discharges by 57% on 

average for the present study, and it is apparent from Figure 5.7 that for both data sets the trend in 

bedload discharges is considerably steeper than that predicted by the Schoklitsch (1962) equation. 

This is reflected by the greater than unity exponents of the regression equations for actual versus 

predicted bedload discharges, which give the following relationships: 

qb O! [ Schoklitsch prediction] 1.29 , for the present study and 

qb O! [ Schoklitsch prediction] 1.58 , for Ashmore (1985) 

where the visual outlier (Run 3) was again omitted in the second regression above. 

As well as assessing the overall prediction accuracy of the Bagnold (1980) equation, it was 

of interest to separately assess the strength of dependence of BLT rates on the excess specific 

stream power, with regard to the discussion of Section 5-1-2. The ib versus w plot of Figure 5.8 

shows where the experimental data lie in relation to the transport relationship asymptotes of 

maximum efficiency and threshold specific stream power. A regression of specIfic BLT rate on 

excess specific stream power gave the following relationship: ib O! (w-wo) 1.42 , R2=0.89; the 

exponent value being very close to the empirical 3/2 power-law dependence established by 

Bagnold (1977). 

A summary of the perfonnance of the Bagnold (1980) equation and the Schoklitsch (1962) 

equation is given by the measures in Table 5.5. It is apparent that the Bagnold (1980) equation is 

both a better descriptor of the trend in the data sets, and a better predictor of the magnitude of the 

BLT rates than the Schoklitsch (1962) equation. 



BAGNOLD (1980) SCHOKLITSCH (1962) 

THIS STUDY ASHMORE THIS STUDY 

AV. DISCREPANCY RATIO 0.82 1.15 0.43 
A V. ABSOLUTE ERROR 19 32 57 
BEST -FIT EXPONENT 1.06 1.14* 1.29 
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The 3/2 power-law dependence of BLT rate on excess specific stream power which is the 

basis of the Bagnold (1980) equation can be re-expressed in the following fonn: 

BLT rate a S1.5 (q - <Jo}1.5 [5.14] 

Expressed in this fOI1Il it is clear that the Bagnold (1980) equation predicts a stronger dependence 

of BLT rate on stream power than the Schoklitsch (1962) equation which has: 

BLT rate as 1.5 (q - <Jo) [5.15] 

The greater than unity exponents of the best fit equations for the Schoklitsch (1962) equation 

predictions (Table 5.5), reflects the stronger dependence of BLT rates on excess stream power 

than is implied by the Schoklitsch (1962) equation. This observation and the regression 

ib ot (w-wo) 1.42 that was obtained, lead to the conclusion that the 3/2 power of excess specific 

stream power is a useful empirical basis for predicting BLT rates. 

5-3 Bedload Transport Rate Variability - Statistical Description 

5·3·1 Introduction 

The extensive data obtained from the steady flow experiments provide a good opportunity 

for investigating the nature of the variability inherent in bedload transport processes. Two 

different approaches to the characterisation of this variability are investigated. 

The first approach is based on stochastic models of the movement of individual grains. 

These models consider the movement of bedload particles as sequences of 'steps' and 'rests', and 

the variability in BLT is thus characterised by obtaining the probability distributions of step 

lengths and rest periods. The earliest work of this kind was Einstein's (1937) model which 

employs exponential distributions for both step length and rest peliod. Several other such models 

have been developed by other researchers, most notably Hubbell and Sayre (1964), Sayre and 

Hubbell (1965), Yang and Sayre (1971), Crickmore and Lean (1962), Sayre and Conover (1967), 

and Shen and Todorovic (1971). Two BLT prediction equations of note have derived from these 

stochastic models: that of Einstein (1942,1950), and that of Hubbell and Sayre (1964). An 

excellent discussion of all these models can be found in Hung and Shen (1971). 
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Of these models, only Einstein (1937) applied his directly to the problem of predicting the 

volume of sediment that would accumulate in a trap during a specified sampling period. He 

found that the probability PT(t)df, that a given relative amount of sediment f, would accumulate 

in a trap during the non-dimensional sampling time T, to be : 

[5.16] 

where 11 is a modified Bessel function of the first order, T is measured in average particle rest 

periods, and PO=e-T when f=O. The cumulative distribution is shown in Figure 5.9 with the 

dimensionless relative BLT rate being a given rate divided by the sample average rate. From 

Figure 5.9 it is seen that for short sampling intervals, a wide distribution of relative BLT rates 

with a significant proportion of zero values is generated; while long sampling intervals generate 

narrower distributions with fewer zero values. The model therefore predicts that sampling over 

longer intervals averages out the higher frequency variations in BLT rates. 

The second approach to the characterisation of BL T variability is based on descriptions of 

bedform migration. This approach derives primarily from the work of Hamamori (1962), who 

conducted laboratory investigations into the downstream migration of sand dunes. From his 

observations Hamamori derived a cumulative distribution for relative BLT rates y, given as: 

F(y) = (y/4)[loge(4/y) +1] [5.17] 

which is plotted on Figure 5.10. This distribution has no zero values and has a constant ratio of 

maximum BLT rate to mean BLT rate of 4. The Hamamori (1962) distribution is hence fairly 

simple, and is easier to use than the Einstein (1937) distribution as it is not necessary to know the 

average particle rest period. It is however based on the strong and regularly varying BLT rates 

associated with sand dune migration, and may be of limited value for describing BLT rate 

variability in gravel-bed rivers where transport is often weak and sporadic, and where the average 

particle rest period is usually long relative to the sampling time. 

5-3-2 The Experimental Data 

Before considering the cumulative distributions of BLT rates, an inspection of some simple 

measures of variability for the seven steady flow data sets is informative (Table 5.6). 
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RUN MEAN* STD.* COEFF. MAX. * MAX. %OF 
No. DEY. YAR. MEAN ZEROS 

A20 7.03 3.90 55.5 21.02 2.99 1.0 
A30 4.82 2.58 53.6 18.85 3.91 2.7 
A40 3.13 2.18 69.7 12.49 3.99 8.2 
A41 2.75 2.02 73.3 18.04 6.56 9.6 
B20 1.98 1.72 86.6 11.48 5.80 17.4 
B30 1.50 1.37 91.1 10.00 6.67 21.7 
B40 1.22 1.33 109.6 11.53 9.45 29.1 

* : measured in kg s-l x 103 

Table 5.6 : BLT rate variability statistics 

These statistics clearly show a higher degree of variability associated with the lower average 

BLT rates. One implication of these values is in the prediction of extreme transport rates, as 

while there is a six-fold range in mean BLT rate, there is only a two-fold range in the maxima. 

Hence lower discharge events exhibit much greater BLT rate maxima relative to their mean than 

higher discharge events. This agrees with the findings of Kuhnle and Southard (1988), who 

found variability (max./mean) to be less in their high transport flume runs. Also apparent from 

Table 5.6 is the strong trend in values for 'max./mean' and '% zeros', indicating that the 

Hamamori (1962) distribution (with no zeros and a constant max./mean=4) will not describe these 

data well. Hubbell (1987) while investigating laboratory BLT rate data, also found maximu.tn 

rates in excess of four times the mean, these however he eliminated: "In every run, the highest 

one per cent of weigh-pan rates were eliminated due to the existence of a few disproportionately 

large (8-10 times the mean) weigh-pan values." The present study would suggest that these may 

well have been true rates. Also in a discussion of Hubbell (1987) by Mclean and Tassone (1987), 

reference is made to quasi-steady flow data from the Fraser River, British Columbia, where: 

" ... the range of transport rates on the Fraser River varied by up to eight times the mean." It is 

noted that in both these cases the BLT rate measurements were' at a point', and will thus be 

inherently more variable than the full cross section measurements of this study, although of 

course 'max./mean' values are dependent on the sampling duration. From these observations it 

seems clear that the short term fluctuations in BL T rates are of the order of 8-10 times the mean 

rate. 

The cumulative distributions for the seven steady flow runs are shown in 

Figures 5.11a-5.11g which are found at the end of this chapter, as are Figures 5.12-5.16. For 

these experiments the sampling interval was constant at one minute, hence for the lower transport 

runs with their longer average particle rest periods, the non-dimensional sampling interval T, as 

defined for the Einstein (1937) model, was less. As predicted by the Einstein (1937) model, 
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where T is low, the cumulative distribution is wider and has a higher percentage of zero values. 

U sing the values for' % zeros', estimates of the average particle rest period were calculated from 

the condition at f=O for the Einstein (1937), namely: PO=e-T ; these estimates are listed in 

Table 5.6. Although L.~e zero value percentages and the distribution widths may be described well 

by the Einstein (1937) model, the distributions obtained were distinctly 'S-shaped~, which is not 

true of the 'exponential-exponential' distribution of the Einstein (1937) model when TS5. The 

S-shape derives from the 'bell-curve' probability density functions of these data (omitting zero 

values), ~hich were best described by general gamma distributions with r>1. ?ese S-shape 

distributions are likely to be best fitted by the 'gamma-exponential' model of Yang and Sayre 

(1971), however without data for the actual step lengths and rest periods, the parameters of this 

model could not be evaluated. It is noted that the 'exponential-exponential' model is the special 

case of the 'gamma-exponential' model for when r= 1. This conclusion is in agreement with the 

extensive work of Hung and Shen (1971), which confirmed the step length distribution to be 

bell-shaped, able to be fitted by a gamma density (with 1'> 1), but not by an exponential density. 

RUN %OF SAMPLING AVERAGE REST 
No. ZEROS INTERVAL PERIOD (s) 

A20 1.0 4.6 13 
A30 2.7 3.6 17 
A40 8.2 2.5 24 
A41 9.6 2.3 26 
B20 17.4 1.8 33 
B30 21.7 1.5 40 
B40 29.1 1.2 50 

Table 5.7 : Particle rest periods 

From this study the following conclusions for braided gravel-bed systems were drawn: 

(i) BLT rates under steady flow conditions vary from zero to a maximum of 8-10 times the 

mean rate. 

(ii) low transport regimes have a higher percentage of zero values and higher relative 

v ariabili ty. 

(iii) the Hamamori (1962) distribution did not fit the experimental data sets well, and is not 

considered useful for describing BLT rate variability in gravel-bed rivers. 

(iv) the trends in distribution width and occurrence of zero values matched the trends 

predicted by the Einstein (1937) model for bedload volumes. 
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(v) the S-shaped cumulative distributions suggested that a stochastic model based on a 

gamma distribution of particle step lengths would provide a better fit than one based on 

an exponential distribution. 

The most important implication of these conclusions is the practical impossibility of 

obtaining reliable BL T measurements in braided rivers using conventional sampling procedures. 

Assuming variations in BLT rate from zero to 4 times the mean, Hubbell (1987) demonstrated 

_how the accuracy of BLT rate measurements varied with the number of samples taken. Davies 

(1987c) showed that even given only this level of variability, it is unlikely that conventional 

sampling methods can measure BLT rates in braided rivers with less than 100% error. Given the 

first conclusion above, even Davies' (1987c) assessment is conservative. It is apparent therefore 

that while extensive simultaneous lateral BLT rate sampling could give reliable results, routine 

point sampling ofBLT rates in braided rivers is not worthwhile. 

5-4 Bedload Transport Rate Variability - Temporal Description 

5·4·1 Cyclic Patterns 

Having investigated the statistical nature of the variability of BLT rates for the steady flow 

experiments, the next logical step was to attempt to detect, measure, and explain any temporal 

patterns of this variability. Of the many methods for analysing time series, one of the simplest for 

detecting periodicities in a series is using autocorrelation. Before undertaking any such analysis 

however, an inspection of the plotted series (Figures 5.12a-5.12g) revealed a significant trend in 

. several of the data sets, and each series was therefore transformed, the new series comprising of 

the residuals about a fitted linear regression. Another characteristic of these data sets which 

causes problems in many types of time series analysis (including autocorrelation), is the 

occurrence of zero values (termed 'intermittency'). While teChniques exist for coping with 

intermi ttency, a consideration of the braided system under study made it apparent that as BL T 

.often occurred in more than one channel at a time any pulsing of BLT was unlikely to be so 

mathematically regular as to be revealed by a simple autocorrelation analysis. Hence an analysis 

was performed whereby the probabilities of occurrence of both significantly high and 

significantly low values within a moving 'window' of time were calculated for each series. This 

technique enables even somewhat irregular pulsing to be detected. Inspection of the plotted 

. time-series led to the choice of a forty minute window, selected as being longer than any visible 

'cycles' in the data. Setting significance levels-at: x>1.5X and x<O.5X (where 'x' is any value in 
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the series, and 'X' is the series mean), enabled the plots of Figures 5.13a-5.13g to be constructed. 

On these plots the probability trace for 'low' values is shown in red, and the probability trace for 

'high' values is shown in black. 

Care must be taken when interpreting these diagrams, and the method employed and what is 

thus being shown clearly understood. Essentially each data set has been divided into three ranges 

(x<O.5X, O.5X:Sx~n.5X, x>1.5X), and the probabilities of occurrence of each of the two extremes 

within a moving window have been plotted. The sum probabilities of high and low values is not 

constant within or between data sets. If they were, then a high probability of a significantly high 

BLT rate occurring, would by 'continuity of variability' imply a low probability of a significantly 

low BLT rate occurring, and vice versa. But this is not the case, indeed there are some instances 

(e.g. Run A20), where pulses of high probability for both the high and the low values coincide; 

hence the inverse mirroring that can be observed between corresponding high and low value 

probability traces, is not merely a mathematical phenomenon, but is due (if only in part) to the 

phY:ilical processes occurring. These probability diagrams reflect many of the characteristics of 

BLT rate variability: 

(i) the increased incidence of zero values in the lower BLT runs is reflected by the greater 

area under the low value probability plot than under the high value probability plot for 

these runs. 

(ii) the increasing variability with decreasing BLT rate is reflected by the increasing total area 

under both plots for progressively lower transport regimes. 

(iii) the high and low value probability traces exhibit a somewhat irregular pulsing, but with 

each pair (high and low) having a similar periodicity although opposite in phase. 

Numerous studies have identified BLT variations as being related to bedform migration. 

Gomez et al. (1988) provide a good summary of previous studies (both field and laboratory) 

which have associated temporal fluctuations in BLT with various transport mechanisms, 

including bedform migration. The predominant bed macroforms observed in this study were 

long, low, tongue-shaped bedforms with advancing avalanche faces; similar in form to the 

bedload sheets described by Kuhnle and Southard (1988). The downstream migration of these 

bedforms caused 'at a point' variations in BLT; the avalanching face of a migrating bedform 

being associated with predominantly high BLT rates, and the long J.OYJ tail of the bedform being 

associated with predominantly low BLT rates. In the present study however BLT rate was not 

measured 'at a point', but across a full section of a braided channel system and hence the 

measured variations in BL T rate are not a simple function, as shown by the irregular spacing and 

size of the probability pulses (Figures 5.13). 
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From the probability diagrams (Figures 5.13) it is seen that although somewhat irregular, the 

frequency of the pulsing tended to be greater for the higher transport regimes. This can be 

explained by the bedform migration concept, whereby the bedforms both migrated at a faster rate, 

and were closer together in these higher transport regimes. Furthermore, it is postulated that in 

the lower transport regimes there was a narrow BLT region in each channel characterised by a 

single train of bedforms, while in the higher transport regimes the bedforms occurred over a 

greater width within each channel and hence they overlapped laterally and end-to-tail. This gave 

rise to the lower degree of variability observed in these regimes. Because of the irregular nature 

of the probability pulses it is difficult to assess their periodicities, however the range is from 

approximately 70 minutes in the highest transport regime to approximately 125 minutes in the 

lowest transport regime (1.2-2.1 hours). 

In an attempt to identify the presence of any longer term periodicities in the data, each data 

set was reduced to a series of multi-term averages. Forty-term averages were chosen as a 

reasonable basis for identifying periodicities longer than the 1.2-2.1 hour cycle previously 

detected. The seven series of forty-term averages are plotted on Figures 5.14a-5.14g. As a 

preliminary investigation of these series, a 'runs test' was performed. This test counts 

consecutive samples above or below the median, and thus gives a measure of the likelihood that 

the samples are dependent and therefore non-random. From these test results (Table 5.8) it is 

seen that in all but two cases the existence of some sequence in the data sets is strongly 

suggested. 

RUN SAMPLE 'RUNS' 'RUNS' PROB OF:S; PROB OF 
No. SIZE ABOVE BELOW TOTAL No NON-RANDOM 

MEDIAN MEDIAN OF RUNS ORDER 

A20 24 5 5 0.15 0.85 
A30 15 4 4 0.62 0.38 
A40 24 4 4 0.03 0.97 
A41 29 6 6 0.17 0.83 
B20 21 3 4 0.05 0.95 
B30 30 8 6 0.58 0.42 
B40 24 5 5 0.15 0.85 

Table 5.8 : Runs test 

To detect the presence of any dominant periodicities in these reduced series, a similar 

method to that employed earlier was used. In this instance a five-term moving window, and 

significance levels of: x> 1.2X and x<0.8X were used. The probability diagrams for the 

occurrence of high and low values are plotted in Figures 5.15a-5.15g, with the solid lines 
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representing the 'high' probability value trace. Generally, as before, there is a cyclic nature to the 

probability traces, with the high and low value traces being directly out of phase. In all except the 

very short series of Run A30, there exists a periodicity of the order of 7-9 hours. It is noted that 

this observed cycle is long relative to the length of these reduced series, and hence its persistence 

is uncertain, even though it was detected in the data for nearly all the steady flow experiments. In 

the absence of either direct measurements or observations of any long term cyclic phenomenon in 

the flume, explanations of the process causing this suggested pulsing are speculative. The length 

of the cycle is clearly too great to be associated with the migration of individual bed macroforms. 

and it is possible that it reflects the cyclic passage of assemblages of the type of bedform 

described earlier. With regard to the identification of the suggested long-term pulsing. it should 

be noted that while the use of moving averages can both mask existing periodicities and introduce 

spurious periodicities (Beschta. 1982). these effects concern periodicities less than the length of 

the moving average window. In the analysis herein the long-term pulsing suggested is of the 

order of 10 times the length of the moving average window. 

Southard and Smith (1982) detected both long and short-term pulsing of sediment in their 

laboratory model of Hilda Creek, Alberta, Canada. They attributed the short-term pulses to 

within-channel processes (e.g. gravel bedform migration), and the long-term pulses to 

'aggradation-degradation cycles' affecting the whole system. The waves of aggradation and 

degradation postulated by Griffiths (1979) to be occurring in the Waimakiriri River. 

New Zealand, are a field example of such a phenomenon. Griffiths was of the opinion that these 

waves (of approximately I Ian in length), moved as "groups of bars with plane bed transport 

across the upper bar surface and avalanching downstream faces." From his laboratory model of a 

braided stream, Ashmore (1985) also detected sediment pulsing on two distinct time scales. A 

short-term pulsing was observed: " ... with a minimum frequency of about I or 2 hours.", similar 

therefore to the 1.2-2.1 hour cycles detected in the present study. Also a long-term pulsing with a 

periodicity of 6-8 hours was observed, again similar to the 7-9 hour cycle observed herein. 

Ashmore (1985) assumed both his 1-2 hour and 6-8 hour pulses to be the same phenomenon. 

since the 6-8 hour pulses were more obvious at low discharges. However as the short-term pulses 

also occurred in some of the low discharge runs, it would appear that the two periodicities were 

separate features. This agreement is considered as confirmation of the existence of two separate 

time scales of sediment pulsing in small-scale braided gravel-bed systems. 

Time scaling to predict sediment pulsing for (I. prototype river is very difficult. The time 

scale for en-masse sediment movement is given by AI3/2, however the time scale for the 

displacement of sediment from one location to another is given by All/2 (Section 3-3). It is 

postulated that since the short-term pulses (associated with individual bedform migration) are 

essentially a horizontal formation process, the time scale for the displacement of sediment from 



58 

one location to another applies. With Al = 1/50, these short-tenn pulses therefore scale to a 7-14 

hour cycle for the prototype, depending on the flow magnitude. The long-tenn cycles are thought 

to result from the passage of large waves of sediment, and are thus thought to scale as for 

volumetric sediment movement with At = .~}12. Hence with an adjustment for the duration of 

below-threshold flows in the NBAR, the long-tenn cycle scales to represent a 1.2-1.6 year cycle 

for the prototype. This figure is very approximate, since the steady flows used in these 

experiments were not considered to be equivalent to the varying flow regime of the prototype. It 

is unknown whether such long-term cycles are in fact occurring in the NBAR. The only 

long-tenn feature apparent from the existing survey records is the rapid aggradation occurring 

over much of the river. 

It is concluded that although the prototype periodicities are uncertain, the experimental data 

suggest that both short-tenn and long-tenn cyclic variations in BLT are common in braided 

gravel-bed rivers. 

5-4-2 Long-Term Trend 

In the previous section the trend in mean BL T rate within each data set was removed to 

facilitate the identification of any cyclic patterns in the data; in this section these trends are 

discussed. 

The trends in mean BLT rates were usefully depicted by plotting how the each mean BLT 

rate changed with increasing sample size (Figures 5.16a-5.16g). These plots all exhibit 

oscillations, which reflect the pulsing already detected; generally, as expected, these oscillations 

are progressively damped. Only A20 still had a strong downward trend in the mean BLT rate at 

the end of the run; although both A30 and B30 still had a weak downward trend. The other four 

runs appear from the plots to have been oscillating about an equilibrium mean, with no significant 

trend. From these plots two important conclusions were drawn. Firstly, because of the long tenn 

pulsing in BL T rates the final calculated average rates are not as accurate as estimates of the 

equilibrium BLT rates, as their standard error values imply. Secondly, the strong trend in mean 

BL T rate throughout Run A20 implies that the time taken to reach an equilibrium BLT condition 

is not constant, and yet does not appear to be simply related to the energy level of the regime. 

Because of this rather unpredictable nature of the trends in mean BLT rates, no attempt was made 

to extrapolate these plots to obtain the 'true equilibrium' values. The calculated average BLT 

rates were thus used as being the best available estimates of the 'true equilibrium' average BLT 

rates. 
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5-5 Conclusions 

From the investigations of the steady flow BLT rate data several conclusions can be drawn. 

Firstly it is concluded that the Schoklitsch (1962) equation is probably not useful for predicting 

BLT rates in braided gravel-bed rivers. The Bagnold (1980) equation however is considered 

useful, and the experimental data support the empirical 3(2 power-law dependence of BLT rate on 

excess specific stream power that was established by Bagnold (1977). 

An investigation of the statistical nature of BLT rate variability led to the conclusion that the 

cumulative distribution of Hamamori (1962) is not suitable for describing the variability of BLT 

rates in gravel-bed rivers. The more complex distribution of Einstein (1937) predicted the trends 

in distribution shapes that were obtained, however the basic shape of the distributions did not 

exactly match that of the Einstein (1937) distribution. 

An investigation of the cyclic nature of the variability in BLT rates saw the development of 

a useful technique for detecting irregular pulses. The data suggested that both long-term and 

short-term pulsing occurred, however only the short-term phenomenon was supported by 

observations. 
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Figure 5.11 C • Run A40 
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Figure 5.11 e ' Run 820 
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Figure 5.11 g . Run 840 
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Figure 5.12c . Run A40 
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Figure 5.12e . Run 820 
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Figure 5.14c Run A40 

6 

B 5 
L 
T 

4 
R 
a 3 
t 
e 

2 

7 1 
S 

0 
0 80 160 240 320 400 480 560 640 720 800' 880 960 

Time (minutes) 

Figure 5.14d Run A41 

7 

B 6 
L 
T 5 

R 4 
a 
t 3 
e 

\\ 2 

7 
s 

0 
0 160 320 480 640 800 960 1120 

Time (minutes) 



74 

Figure 5.14e Run B20 
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Figure 5.14g Run B40 
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Figure 5.15a Run A20 
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Figure 5.15c Run A40 
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Figure 5.15e Run B20 
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Figure 5.16c . Run A40 
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Figure 5.16e . Run 820 
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Figure 5.16g Run 840 
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CHAPTER 6 

The Unsteady Flow Experiments 

6-1 Introduction 

Eleven experiments were carried out using unsteady flow conditions (Figure 4.8) several of 

these being replica (or repeat) experiments. The average BLT rates measured in these replica 

experiments are shown to be significantly different, and this leads to a discussion of the influence 

of channel morphology on BLT. To provide a basis for stream power descriptions of the BLT 

rate data, representative discharges for each of the unsteady flow regimes are defined. A 

comparison of the BLT rates occurring at equivalent stream powers under steady and unsteady 

flow conditions is made. This reveals significant differences between the two and a discussion of 

the causes and implications of these follows. An assessment of the Bagnold (1980) and 

Schoklitsch (1962) BL T rate prediction equations using the unsteady flow BLT rate data is 

undertaken, with results similar to those obtained from the steady flow data. The final section of 

this chapter deals with flow abstraction modelling. Using the Bagnold (1980) equation a 

relationship between above threshold energy reduction and BLT capacity reduction is derived, 

which data from the unsteady flow experiments are shown to match very closely. 

6-2 The Replica Experiments 

6-2-1 Statistical Inferences 

The mean BL T rates for the eleven unsteady flow experiments are shown in Table 6.1. 

Inspection of these results revealed considerable differences in the mean BLT rates obtained for 

replica experiments, and it was therefore necessary to detemJne with what degree of confidence it 

could be stated that these data were samples from the same pcpulation. The sthlldard approach to 

this problem is to test for equality of means using statistical inference procedures. 
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REGIME RUN LENGTl:l MEANBLT S.E.OF MEANBLT % DIFFERENCE 
No. No. (HGHS) FOR RUN tvtEAN FOR REGIME RUN/REGIME 

XA1 XAlO 55 1.73 0.11 + 17.3 
XAll 60 1.22 0.07 1.48 - 17.3 

XA2 XA20 30 1.07 0.10 1.07 --
XB1 XBlO 12 4.45 0.27 + 13.2 

XBll 13 4.00 0.21 + 1.8 
XB12 10 3.74 0.46 - 5.0 
XB13 10 3.54 0.25 3.93 - 10.0 

XB2 XB20 25 3.29 0.23 + 9.5 
XB21 25 2.72 0.09 3.01 - 9.5 

XB3 XB30 30 2.34 0.10 - 4.1 
XB31 12 2.54 0.16 2.44 + 4.1 

Average % difference ... 9.2 

Table 6.1 : Run and regime mean BLT rates (kg s-1 x 103) 

Many statistical inference procedures (including the common Students t-test for the 

comparison of two means) are based on the assumption that the samples were derived from 

populations having a normal distribution; these are known as nonnal-theory parametric inference 

procedures. The analyses of the steady flow data showed the distributions ofBLT rates to be best 

described by a general gamma density, suggesting that non-parametric inference procedures 

would need to be used. Such procedures do not assume a specific structure for the population 

distribution, and are consequently are less powerful and their confidence intervals are generally 

wider than for corresponding parametric tests (Bhattacharyya and Johnson, 1977). The longer 

sampling periods used in the unsteady flow experiments resulted in less variability in the 

measured BLT rates, and hence shorter tailed distributions than were obtained from the steady 

flow data. However nonnality tests on the eleven data sets (using correlations between the data 

values and their respective 'normal scores '), indicated that in no case could it be stated with at a 

95% level of confidence, that the distribution was normal. This confirmed the need to use 

non-parametric inference procedures for testing equality of means. 

The standard non-parametric test for testing the equality of means from two samples of 

unequal size is known as the Mann-Whitney two-sample rank. test (Hollander and Wolfe, 1973). 

The test assumes that the data are two independent random samples with the same shape and 

variance. However testing for equal variances between replica experiment pairs (using a squared 

ranks test), showed that this assumption of equal variances was invalid in each case making the 
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Mann-Whitney test inapplicable. It is possible to test for the equality of two means when the 

samples have unequal variances by using an unpooled two~sample t-test. By using an unpooled 

variance, this test does not make the assumption of equal variances (Hollander and Wolfe, 1973). 

For testing the equality of means in the four-sample case (R_l.!?s: XB 10, XB 11, XB 12, XB 13) a 

Kruskal-Wallis test was employed. This test is applicable when the samples do not come from 

normal populations and/or when the variances are unequal (Zar, 1984). The results from these 

tests are summarised in Table 6.2. 

REPLICA RUNS TEST EMPLOYED CONFIDENCE WITH 
WHICH CAN ASSUME 
MEANS ARE EQUAL 

XAlO, XA11 UNPOOLED T -TEST < 0.01 
XB20, XB21 UNPOOLED T-TEST < 0.01 
XB30, XB31 UNPOOLED T -TEST 0.85 
XBlO--XB13 KRUSKAL-WALLIS 0.20 

Table 6.2 : Means testing 

From these results the conclusion was reached that for none of the replica experiments could 

it be stated with a sufficient degree of confidence, that the data represented samples from the 

same population. The data from replica experiments must therefore be treated as samples from 

different populations. This is a very significant result, the implications of which are discussed in 

the following section. 

6-2-2 Bedload Transport Rates and Channel Morphology 

The conclusion that the measured data from replica experiments are samples from different 

populations implies that some factor other than the controlled variables (discharge, slope, 

sediment) is important in determining the BLT rate. For some of the replica experiments different 

initial channel conditions were used (Section 4-7); either a stt:aight-cut channel or a pre-formed 

braided channeL Neither condition resulted in a consistently higher or lower average BLT rate, 

and therefore this variable was discounted as an explanat10n for the statistically different mean 

BLT rates between replica experiments. The influence of channel morphology on BLT is well 

accepted if perhaps poorly understood, and this is the other factor which is necessary to define the 

BLT condition (e.g. Ashmore, 1988). The conclusion reached above therefore implies that 

hydraulically different channel structures developed in replica experiments, thus giving rise to 
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different mean BLT rates. It is postulated that not only can hydraulically different channel 

structures occur in a given fluvial system, but also that these different channel structures are of 

differing stability. That is, it requires flow events of different magnitude to cause each of these 

channel structures to change to a significantly different structure. For the replica experiments, 

hydraulically different channel structures developed from the initial straight-cut channel, and in 

many cases these were of sufficient stability to remain essentially unaltered by even the largest 

flow modelled. The largest discharge in the unmodified flow regime, corresponded to a flow 

exceeded on average abo:ut two times in a year. While this flow appeared to cause dramatic 

changes to the channel network, this was mainly by re-occupying previously abandoned channels 

within the braided system. It was thought that to cause a change to a hydraulically different 

channel structure would have required a flow larger than any that were modelled. Hence the 

long-term average BLT rate for a given slope-discharge-sediment regime should be determined 

by considering the BLT rate associated with each channel structure, together with its frequency of 

occurrence. For the present study, neither the range nor stability of the different BLT conditions 

that could occur in the modelled regimes were known, and hence the best estimate of the 

long-term average BLT rate that could be made was simply the average of different rates 

measured. The measured average BL T rates for each of the eleven unsteady flow experiments, 

and the further averaged rates for each of the five separate regimes, are listed in Table 6.1. 

The replica experiments indicate that channel form has a statistically significant influence 

on the BLT rate. However the percentage differences between run and regime average BLT rates 

(Table 6.1) suggest that within a braided river environment, the changes in channel form that 

occur cause changes in the medium-term average BLT rate of the order of only ± 10%, and the 

influence of channel form is therefore not very significant from a river engineering or managemnt 

perspective. 

While the depth and velocity measurements (Appendix B.2) were not extensive or accurate 

enough to confirm the existence of hydraulically different channel structures in replica 

experiments, the photographic records (Appendix C.2) enabled comparisons between BLT rates 

and some simple planfonn variables. As with the steady flow experiments, measures of average 

total width (TW), average flow width (FW), and average number of channels (NC) were taken 

from the final photographic record for each run. The values obtained are listed in Table 6.3. It is 

noted that the FW and NC values for run XAl1 were calculated using the last five cross sections 

only. This was done so as to assess the characteristics of the braided channel system of this lower 

section, where the BL T rates were measured; the channel being of single channel form in the 

upper section. 
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RUN NC TW(m) FW(m) REGIME 
No. to.l to.02 to.02 FW(m) 

XAlO 2.7 1.69 0.62 
XAll 2.8 1.71 0.74 0.68 

XA20 1.3 1.15 0.42 0.42 

XBlO 2.4 1.72 0.55 
XBll 2.6 1.45 0.70 
XB12 2.8 1.52 0.70 
XB13 2.6 1.39 0.71 0.67 

XB20 2.3 1.78 0.66 
XB21 2.6 1.76 0.70 0.68 

XB30 2.5 1.46 0.69 
XB3l 2.6 1.44 0.67 0.68 

Table 6.3 : Planfonn variables 

Inspection of the measured average flow width values for the five regimes (Table 6.3), 

shows the value for the XA2 regime to be considerably different to the other four. Since no 

reason for this difference was immediately apparent, a check was made using continuity 

calculations based on the measured depths and velocities. All hydraulic measurements in the 

unsteady flow runs were made when the discharge was steady at 0.71 s-l, therefore the low width 

of the XA2 regime would suggest either greater flow depths, greater flow velocities, or both, for 

this regime. The measured depths and velocities show if anything the opposite trend (Table 6.4), 

thus creating some doubt as to the accuracy of the measured flow width value for the XA2 

regime. 

REGIME MEAN FLOW MAX FLOW FW dav·vmax·FW Qest 
DEPTH VELOCITY 

(m) (m.s- l ) (m) Q Qact 

XAI 0.010 0.31 0.68 2.8 1.18 
XA2 0.008 0.27 0.42 1.2 0.50 
XBl 0.009 0.31 0.67 2.5 1.04 
XB2 0.008 0.29 0.68 2.1 0.88 
XB3 0.008 0.32 0.68 2.3 0.96 

Table 6.4': Continuity calculations 
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The values of (dav.vmax.FW)/Q, represent the ratio vmaxlvav' and excluding the XA2 

regime value, the average ratio is 2.4. More extensive calculations using all the hydraulic data 

(Appendix B.2) confirmed this value to be correct. Using 2.4 as the 'true' value for this ratio led 

to the ratios of estimated to actual discharge; which show the estimate for regime XA2 to be 

clearly in error. Close inspection of the XA20 photograph set (Appendix C.2) suggested that not 

only was the concentration of paint tracer too low, but also that the photographs were taken before 

adequate tracer diffusion into the low velocity zones had occurred. It was assumed therefore that 

the measured flow width value for the XA2 regime was too low; this assumption was confirmed 

by the locations at which the depth and velocity measurements were made, as on the XA20 

photograph set, some of the locations defined by the 'Distance' values lie well outside the 

paint-indicated flow zones. Using a flow width of 0.68 m for all five regimes, led to an average 

ratio for estimated to actual discharge of 0.99 (with 0.85 for the XA2 regime). From this good 

agreement, the decision was made to use a nominal flow width value of 0.68 m (at 0.71 s-l) as 

representative of each of the unsteady flow regimes. 

That such an error occurred. reflects poorly on the technique of estimating flow width from 

tracer-flow photographs. It was concluded that to be reliable standardisation of this technique by 

using specified concentrations of tracer, and specified intervals between frame exposures is 

required. 

Although it was decided to use this nominal flow width as representative of each regime, 

only the XA20 flow width estimate was thought to have been seriously in error. Hence 

comparisons of both the NC and the FW values were made for replica experiments, to determine 

whether the BLT rates showed any dependence on these variables. Given the accuracy of the NC 

values, no significant differences in braiding intensity could be established for replica runs. The 

FW values however indicate that for replica experiments, the higher BLT rates are associated with 

the lower flow widths, and given that flow depths were not significantly different between replica 

runs (Appendix B.2), the lower flow widths suggest lower flow width to depth ratios (FW/d). 

Ashmore (1988) stated (based on his flume experiments) that for a given stream power, lower 

braiding intensities and lower width to depth ratios gave higher BLT rates. This conclusion is in 

agreement with the trend suggested by the FW values in the present study. However close 

inspection of Ashmore's experimental data, leads in fact to the oppersite conclusion, that is, that 

the higher BLT rates were associated with the higher braiding intensities (and the higher width to 

depth ratios). This conclusion is reached by comparisons between Ashmore's runs 3 and 7, 4a 

and 6, and 1,2 and 8 (Table 5.3). Only a comparison of runs 4b and 6 supports Ashmore'S 

conclusion, however as noted by Ashmore, in run 4b the stream was an entrenched single channel 

and cannot therefore be compared directly with the braided channel of run 6. There is an apparent 

disagreement therefore between the influence of width to depth ratio on BLT rate, suggested by 
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the results of Ashmore (1985) and the results of the present study. It should be noted that the 

planfonn variables for the unsteady flow experiments of the present study were all measured at a 

flow of 0.7 I s·l, and their values will have changed considerably with discharge. For this reason 

it is extremely difficult to accurately assess the influence of channel planform on BLT rate for the 

unsteady flow experiments. The trend suggested by the steady flow experiments of Ashmore 

(1985), that higher BLT rates are associated with higher width to depth ratios, is indeed supported 

by the FW values (flow depth being equal) for the replica steady flow runs (A40 and A41) of the 

present study (Table 5.1). 

From this discussion it is suggested that higher BLT rates may be associated with higher 

width to depth ratios (and higher braiding intensities) for a given stream power, however further 

work is required to confirm this influence. It is reiterated however that since BLT is dependent 

on hydraulic flow conditions, to fully define the BLT regime requires a description of the entire 

channel structure not just the planform. To be useful therfore, braided river descriptions need to 

quanti'fy channel structure rather than simply channel planform. 

6-3 Bedload Transport Rate Prediction 

6-3-1 Nominal Discharges 

To facilitate excess stream power and excess discharge descriptions of the BLT data from 

the unsteady flow experiments, a representative discharge for each flow regime was required. To 

expect that the complex effects of a varying flow regime can be reproduced by a single steady 

discharge, is obviously unrealistic (Richards, 1982); however, a single steady discharge can be 

defined that is representative (or 'dominant') for one of these effects, for instance the channel 

morphology or the average BLT rate. 

The idea of a dominant discharge in fluvial systems has been used by many researchers (e.g. 

Lacey, 1929; Blench, 1969, Pickup and Warner, 1976), and in several different ways resulting in 

considerable confusion surrounding the term. Classically (from regime theory) the dominant 

discharge was defined as that single flow which would create the same channel morphology as 

the varying flow regime being considered. The flow that has most commonly been used to 

represent the dominant discharge, is that flow which over a long period of time moves the greatest 

volume of sediment, known as the most effective flow. However it has been well established that 

the most effective flow is seldom important for determining channel form, especially in a braided 

environment, as at this discharge most of the BLT represents material moving through a relatively 

stable channel form. Pickup and Warner (1976) from work on Crawford Creek, Cumberland 
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basin in eastern NSW Australia, concluded that" ... the characteristics of the bed are related to 

flows similar to the most effective discharge, but these flows do not erode the banks. Instead, 

bank erosion seems related to much larger floods ." Also Harvey et al. (1979) make a distinction 

between moderate floods which redistribute bed materials, and major events which change overall 

channel form. They give a frequency of 14-30 times per year for the former, and 0.5-4 for the 

latter. This frequency range for channel forming flows supports the conclusion made in the 

present study that replica experiments had hydraulically different channel structures, and that to 

change these would have required a flow greater than those modelled; i.e. a flow having an 

abovethreshold exceedence ofless than 1.8%. 

Other values have been used for the dominant discharge, notably the 'bankfull discharge'. 

This was thought to be of a similar return period for most systems, however it has been shown 

that it is very dependent on channel geometry and bank stability. Mosley (1981) found, from a 

study of seventy New Zealand rivers, that while for single-thread channels the return period of the 

bankfull discharge was less than two years, for many braided channels it was in excess of ten 

years. 

From the model study of Lee and Davies (1986) using steady and unsteady flow it was 

concluded that "It appears that a 'dominant discharge' may be defined for the width development 

of braided streams .. " This dominant discharge matched the most effective flow value, and it was 

thus stated: " ... the most effective flow is the channel forming flow." While this was shown to be 

true for the development of a braided channel, it should be noted that for a fully developed 

braided channel, there is no evidence of the most effective flow being a channel fanning flow. 

The present study suggests that while moderate transporting flows (such as the most effective 

flow) are responsible for some change in the form of fully developed braided channels, major 

change is associated only with flows much less frequent than the most effective flow. 

The dominant discharge value best suited for description and analysis of the experimental 

BLT data is neither the channel fanning flow nor the most effective flow, but is by definition the 

flow representative of the average BLT condition; referred to herein as the 'equivalent transport 

flow' (Qetf)' While the definition of this flow is simple, detennination of the actual flow value 

for a given flow varying regime requires prior knowledge of how the BLT rate changes with 

discharge. If a power-law dependence of BLT rate on excess stream power is assumed (or, for a 

constant slope, on excess discharge) then for an above-threshold stepped hydrograph series the 

following expression is true: 

[6.1] 



where: 

T = total duration of the hydro graph series 

ti = duration of an individual flow step 

Qi = flow value for an individual flow step 

Qo = threshold flow value 

n = power-law exponent 

the equivalent transport flow (Qetf) is then defmed by: 
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[6.2] 

However, without prior knowledge of the value of 'n', the true effective discharge remains 

indeterminate. The dependence ofBLT rate on excess stream power is likely, given the findings 

from the steady flow experiments, to be greater than unity (i.e. n> 1). However not only did the 

steady flow BLT rate data show considerable scatter about a power-law regression on stream 

power (Figure 5.4) which makes the true strength of dependence uncertain, but the relationship 

obtained does not necessarily apply to BLT under unsteady flow conditions. It was therefore 

decided to take the simple case ofn=l, and to use the thereby defined 'nominal discharge' values 

(Qnom) for subsequent BLT data description and analyses. For the case ofn=l, it is seen that: 

[6.3] 

thus: [6.4] 

Hence Qnom is the mean flow rate. The flow values thus obtained are listed in Table 6.5, 

together with calculated total stream power index values (n' nom)' 

REGIME SLOPE NOMINAL TOTAL STREAM 
DISCHARGE POWER INDEX 

(%) I s-1 m3 s-1 x 105 

XAI 0.74 1.16 0.86 
XA2 0.74 1.01 0.75 
XBl 1.15 1.16 1.33 
XB2 1.15 1.01 1.16 
XB3 1.15 0.91 1.05 

Table 6.5 : Nominal discharges 
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Calculations showed that for values of 'n' between 1 and 2.5 the representative discharge 

values are greater than those in Table 6.5 but only by up to about 10%. However accepting that 

the dependence of BL T rate on excess stream power is greater than unity, means that the nominal 

flow values (Qnom) are less than the equivalent transport flow values (Qetf) would be. 

Subsequent analyses of the BLT ~ate data from the unsteady flow experiments are all based on 

these nominal flow values. 

6-3-2 The Experimental Data 

Having calculated a representative discharge for each the unsteady flow regimes an 

investigation of the BLT rate data was made. Average BLT rines and S.E. values were calculated 

using the entire data record for each experiment, treated as samples of average BLT rates for full 

hydr~graph series. Figure 6.1 shows average total BLT rate (G~ with error bars of ± 2(S.E.) 

plotted against total stream power index (n' nom) for the eleven unsteady flow experiments. 

Figures 6.2 and 6.3 show the total and specific BLT rate versus stream power plots, for both the 

seven steady flow runs, and the five unsteady flow regimes. 
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The best fit regression equations for the unsteady flow regimes are: 

Gb = 4.9 x 108 0' nom 2.27 , R2 = 0.99 [6.5] 

gb = 3.0 x 101 cunom 2.26 , R2 = 0.99 [6.6] 

The corresponding equations that were obtained from the steady flow BLT rate data are: 

[6.7] 

gb = 2.0 x 101 cu 2.04 ,R2 = 0.89 [6.8] 

Comparing the regression equations for the steady and unsteady flow experiments reveals 

firstly that for a given stream power the unsteady flow regressions give a significantly lower BLT 

rate. It is noted that this is not caused by the choice of representative discharges that was made 

for the unsteady flow experiments, since in each case the flow representative of the average BLT 

condition (Qetf) is greater than the nominal flow value that was used. The use of nominal 

discharges will therefore have lessened rather than heightened the difference between BL T rates 

at the same stream power under steady and unsteady flow conditions. The difference implies that 

BLT in gravel-bed systems is a more efficient process under steady flow conditions than under 

unsteady flow conditions. This is a very significant result, but before discussing it greater detail it 

is useful to note two other differences between the steady and unsteady flow regression equations 

above. Firstly, the larger power-law exponents for the unsteady flow regression equations shows 

a stronger dependence of BLT rate on stream power under unsteady flow conditions. As can be 

seen clearly on Figures 6.2 and 6.3 this difference in the strength of dependence causes the 

unsteady flow regression to converge towards the steady flow regression as stream power 

increases. It is postulated that steady flow represents a limiting condition for BLT efficiency, 

which the unsteady flow BLT relationship approaches with increasing stream power. 

The other difference to note between the steady and unsteady flow regression equations is 

the different R2 values. An extremely good fit to the power-law regressions (R2=0.99) is 

exhibited by the unsteady flow BLT rate data, while the steady flow BLT rate data show more 

scatter. Four of the unsteady flow regime average BLT rates are averages for more than one 

experiment, so somewhat less scatter is to be expected. However the near-perfect fit to the 

unsteady flow regressions suggests that these five values are very good estimates of the long-tenn 

average BLT rates for these slope-discharge regimes. The greater scatter of the steady flow BLT 

rate data suggests that the range of hydraulic conditions under which BLT was sampled in these 
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experiments, was insufficient to accurately quantify the overall average BLT rate for each 

slope-discharge regime. Under steady flow conditions there are obviously no 'extreme flows' to 

cause major channel change, and therefore several replica experiments are probably required to 

adequately sample the range of hydraulic conditions that can occur and thus define the overall 

average BLT rate for a slope-discharge regime. 

Of the differences observed between the steady and unsteady flow BLT relationships, the 

phenomenon of higher BLT rates occurring under steady flow conditions for a given stream 

power requires further discussion. Since these descriptions of the BLT data for the unsteady flow 

experiments were based on the calculated nominal flow values, a quantitative comparison 

between the two cases was not made on this basis. Instead, the steady flow transport rating 

(Gb = 2.7 x n' 1.93) was used to synthesize an average BLT rate for each of the five unsteady 

flow regimes, by considering the magnitude and duration of each flow step in their respective 

input hydro graph series; these values were then compared with the measured values. It is 

apparent from the values in Table 6.6 that although based on the input hydro graph series and not a 

routed hydro graph series, there is a very significant difference between these average BLT rates 

that were predicted using the steady flow BLT rating, and the average BLT rates measured in the 

unsteady flow experiments. 

REGIME ACfU.Al SYNTH. AcruAL 

XA1 
XA2 
XB1 
XB2 
XB3 

BLT* BLT* SYNTH. 

1.48 2.39 
1.07 1.92 
3.93 5.60 
3.01 4.50 
2.44 3.85 

Table 6.6 : BLT rates; 

measured and synthesised 

0.62 
0.56 
0.70 
0.67 
0.63 

It is suggested that this phenomenon is due to the different time scales for the rate of change 

of channel form, and the rate of change of flow. Under a steady flow regime, the channel 

structure is able to evolve to the optimum condition for BLT at that flow (Le. a maximum 

transport condition). However under an unsteady flow regime, the channel structure is 

continually evolving towards an optimum condition that is changing with the flow. This form 

evolution (under both steady and unsteady flow conditions) refers to minor changes to the flow 

boundary; in effect a 'fine tuning' of the channel form within the overall braiding structure. It is 
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the major changes associated with extreme flow events which alter the overall braiding structure. 

This 'fine tuning' of the channel form is thought to occur in tens of minutes in the flume, there 

being another long-term tendency for the average BLT rate to decrease in the steady flow 

experiments as seen in Figures 5.16. Because form evolution is many orders of magnitude slower 

than the change of flow, the channel structure for an unsteady flow regime is never even close to 

the changing optimum BLT condition, and again this tendency wi! not affect any long-trerm 

trends in the mean BLT rate. Obviously this explanation is based on the premise that the channel 

form will evolve towards an optimum BLT condition. This premise is in essence an extremal 

hypothesis, similar to many which have been postulated as explanations of river behaviour 

(Davies and Sutherland, 1983). In fact for laboratory flumes with slope and discharge 

independent, the extremal hypotheses of maximum sediment transport rate, maximum friction 

factor, and minimum unit stream power are equivalent (Davies, 1988). 

It is suggested that at low and moderate transporting flows, most of the BLT is not 

associated with channel boundary change, but represents sediment moving through the existing 

channel system. With increasing flow rate, an increasing proportion of the BLT is associated with 

channel boundary evolution, and thus the channel structure towards which the system evolves 

furthest, is that which is the optimum BLT condition for some flow considerably larger than the 

most effective flow. 

The trend in BLT rate ratios (Table 6.6) reflects the convergence of the unsteady flow BLT 

relationship towards the steady flow BLT relationship with increasing stream power, as observed 

on Figures 6.2 and 6.3. It is thought that the unsteady flow BLT efficiency approaches the steady 

flow BL T efficiency as stream power increases. This can be explained by the above scenario 

whereby in higher energy regimes a greater proportion of the BLT is associated with flow 

boundary change, and hence the BLT condition gets closer to optimum than in lower energy 

regimes. 

The observed phenomenon of higher BLT rates occurring under steady flow conditions for a 

given stream power, is also likely to be a major cause of the often apparently excessive average 

BLT rates measured in flume experiments when steady flow is used. 

In the discussion above much has been postulated about the nature of BL T processes in 

gravel-bed rivers. However further flume experiments are required to verify these concepts, 

especially the relationship between BLT and channel change at different discharges. 

6·3·3 Bedload Transport Rate Prediction Equations 

Having observed the strong dependence of BLT rate on stream power, assessments of the 

Bagnold (1980) and Schoklitsch (1962) BLT rate prediction equations were made as for the 
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steady flow data. Summaries of the calculations are found in Tables 6.7 and 6.8, and the actual 

and predicted values are plotted on Figures 6.4 and 6.5. It should be noted that the representative 

flow width of 0.68 m that was used in these calculations, corresponds to a flow of 0.71 s-1 hence 

its use was a simplification made in the absence of more precise infonnation of how flow width 

varied with discharge. A representative flow depth of 0.009 m was also used in these 

calculations. This was the overall average flow depth for the 0.7 1 s-1 discharge and again its use 

was a simplification made in the absence of more precise infonnation. 

REGIME SPECIFIC STREAM BLT (kg m- l s-l ) CALC ERROR 
POWER ACTUAl 

(kg m-Is- I) ACTUAL CALC (%) 

XAI 0.0123 0.00132 0.00135 1.02 +2 
XA2 0.0107 0.00095 0.00095 1.00 -
XBl 0.0192 0.00350 0.00345 0.99 -1 
XB2 0.0167 0.00268 0.00262 0.98 -2 
XB3 0.0150 0.00217 0.00209 0.94 -4 

Average discrepancy ratio .. 0.99 
Average absolute error .......... .. 1.8% 

Table 6.7: Bagnold (1980) BLT predictions 

REGIME FLOW RATE ACTUALBLT CALCBLT CALC ERROR 
(m2 s-lj (m2 s-l~ (m2 s-l~ ACTUAl 

x10 x10 x10 (%) 

XAI 1.71 1.28 0.67 0.52 -48 
XA2 1.49 0.93 0.54 0.58 -42 
XBl 1.71 3.40 1.54 0.45 -55 
XB2 1.49 2.60 1.28 0.49 -51 
XB3 1.34 2.11 1.11 0.53 -47 

Average discrepancy ratio .. . 0.51 
Average absolute errror .......... .. 49% 

Table 6.8: Schoklitsch (1962) BLT predictions 

The summary statistics found in Table 6.9 reflect the perfonnance of the two equations. As 

with the steady flow data it is apparent that the stronger dependence on excess stream power that 

is implied by the Bagnold (1980) equation, fits the data trend better than that of the Schoklitsch 

(1962) equation. Figure 6.4 shows the near-perfect fit to the Bagnold (1980) equation, and hence 

as expected a regression of ibagainst (w-wo) yielded a power-law exponent of 1.53 with R2=0.99. 
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Figure 6.4 
BLT Predictions: Bagnold (1980) 
Specific BLT Rates: kg s-lm-1 x 10 3 
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Figure 6.5 
BLT Predictions: Schoklitsch (1962) 
Specific BLT Discharges: m 2 s-1 x 10 6 
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This agreement with the empirical exponent found by Bagnold (1977) for many data sets is 

striking. Furthermore, the excellent agreement with the Bagnold (1980) equation was obtained 

using average flow parameters, as is usually necessary for braided rivers due to the unmanagable 

quantities of data required to describe all the hydraulic conditions for even a short reach. This is 

therefore an encouraging result and it suggests that the use of the Bagnold (1980) equation for 

predicting braided gravel-bed river loads deserves further investigation. 

BAGNOLD (1980) SCHOKLITSCH (1962) 

AV. DISCREPANCY RATIO 0.99 0.51 
A V. ABSOLUTE ERROR % 2 49 
BEST -FIT EXPONENT 1.03 1.19 

Table 6.9 : Summary statistics 

6-4 Flow Abstraction Modelling 

One of the main objectives of the unsteady flow experiments was to investigate the effects 

of flow abstractions on the sediment transport capacity of a braided river system. The procedure 

used was to simulate physical flow abstractions, by reductions in the input flow regime. Constant 

flow reduction values were derived by considering typical percentage reductions in 

above-threshold (or available) energy dissipation. 

Before considering the experimental data, a theoretical relationship between reduction in 

sediment transport capacity and reduction in above-threshold energy dissipation was derived. 

The derivation is based on the Bagnold (1980) equation, which has just been shown to describe 

the BL T data very well. 

Variability of flow depth with discharge is low in braided rivers, and for constant flow depth 

and grain diameter, the Bagnold (1980) equation can be written as: 

[6.9] 

where K 1 is a constant. Multiplying by width gives an expression for total BLT rate: 

[6.10] 

if width is constant, then the equation can be reduced to: 
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[6.11] 

where K2 = K l /WO.5, and noting that no is only a constant for a given constant width value. 

Total stream power (n) is given by pgQS, and is the energy dissipation rate of flowing water per 

unit channel length. Hence if the above relationship is integrated with respect to time, the 

following is obtained: 

v = K3.E1.5 

where: 

V = total volume of sediment moved, i.e. the BLT capacity. 

E = total available (above threshold) energy. 

[6.12] 

K3= a constant involving K2 and density factors to convert submerged mass to bulk volume. 

Using a zero subscript to denote values for the unmodified regime, the relationship between 

percentage reduction in BLT capacity (V %R)' and percentage reduction in available energy 

(E%R) can be obtained: 

v - V o 

v o 

let: 

V %R v o 

therefore: 

v o 

v 

1.5 
E 

o. 

E 1. 5 
o 

[6.14 ] E - E o 
E o 

[6.13] 

[6.15] 

[6.16] 

[6.17] 

[6.18] 
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Hence if the percentage available energy reduction caused by a flow abstraction can be 

reasonably assessed, then using the above relationship the percentage reduction in the BLT 

capacity can be predicted. The accuracy of such predictions will be affected by: 

(i) departures from the assumed constant flow width and flow depth conditions. 

(ii) deviations from the strength of dependence of BLT rate on excess stream power assumed 

by using the Bagnold (1980) equation. 

(iii) errors in the assessment of the threshold condition. 

However, if the flow abstraction above threshold is a constant amount, then the percentage energy 

reduction will be similar for all flow values, and in this ca~e (iii) above is unimportant. This 

explicit relationship is an improvement on the approximate method of Davies (1988) for 

predicting relative changes in BLT capacity. 

Figure 6,6 
BLT Capacity Reductions 
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For the five unsteady flow regimes the flow widths were shown to be essentially the same 

(Section 6-1-2), and hence their BLT data can be used to obtain an empirical plot of V %R versus 

E%R' This plot is shown on Figure 6.6 together with the theoretical relationship derived above. 

A summary of the calculations is tabulated in Table 6.10. Since the data set was seen to fit the 

Bagnold (1980) equation very well, the good fit to the derived relationship was not surprising. 

The best fit regression for the data is: 

[6.19] 

REGIME PAIR BLTRATE% A VAIL. ENERGY 
REDUCTION % REDUCTION 

(V%R) (E%R) 

XAI &XA2 27.7 20.4 
XAI &XBl 62.3 46.6 
XAI &XB2 50.8 35.8 
XAI &XB3 39.3 25.7 
XA2 &XBl 72.8 57.7 
XA2&XB2 64.5 48.9 
XA2&XB3 56.1 40.9 
XB1&XB2 23.4 16.8 
XBl &XB3 37.9 28.1 
XB2&XB3 18.9 13.5 

Table 6.10 : Flow abstractions 

From this analysis it was seen that while the abstraction modified flow regimes were 

designed on 20% and 40% reductions in available energy, because the initial method employed 

was only approximate the actual reductions were somewhat different. The nominal 20% available 

energy reduction regime gave actual reductions of 20.4% for the lower slope, and 16.8% for the 

steeper slope. The nominal 40% available energy reduction regime in fact caused only a 28.1 % 

reduction. 

Both this and the previous section show that excess stream power is a good predictor of 

BL T rate, and thus an assessment of the reduction in available energy caused by a modification to 

a river's flow regime allows a prediction of the likely reduction in the BLT capacity of the river. 
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6-5 Conclusions 

Results from the unsteady flow experiments confinned that BLT rate is strongly dependent 

on stream power. The data confonned extremely well to the 3/2 power dependence of specific 

BLT rate on specific excess stream power derived empirically by Bagnold (1977). The Bagnold 

(1980) equation was shown to be an excellent predictor of both the magnitude and the trend of the 

data set, while as previously the Schoklitsch (1962) equation did not perfonn well in either of 

these respects. It should be noted that average flow parameters were used in the Bagnold (1980) 

equation, and this indicates that the problem of scarce hydraulic data for braided gravel-bed rivers 

may not always be as disabling with regard to BLT predictions as suggested by Carson and 

Griffiths (1987). 

The results from the replica experiments suggested that several relatively stable braided 

channel structures, characterised by different hydraulic conditions, can exist under a given 

slope-discharge regime. It was postulated that these different channel structures are of such 

stability that only very large infrequent flow events which cause major channel change, enable the 

transition from one channel structure to another to take place. 

The comparison between BLT rates under steady and unsteady flow conditions revealed the 

higher efficiency of BLT in steady flow. It was postulated that this reflects an eqUilibrium 

between the channel fonn and the discharge, such that BLT is maximised. It was also postulated 

that in an unsteady flow regime, an increasing proportion of BLT is associated with channel 

boundary change as discharge increases. However it was concluded that further investigation is 

required to verify this concept, with flume studies offering the best opportunity for such work. 

The modelling of flow abstractions confinned that levels of abstraction such as those 

typically proposed for braided rivers in New Zealand, would cause very significant reductions in 

the river's BLT capacity. A relationship between above-threshold energy reduction and BLT 

capacity reduction was derived based on the Bagnold (1977, 1980) excess stream power 

predictor. The relationship allows prediction of the relative reduction of the BLT capacity of a 

braided river, for when the reduction in the energy available for BLT, that would be caused by a 

proposed flow abstraction can be calculated. 
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CHAPTER 7 

Model Verification And Testing 

7-1 Introduction 

The laboratory braided streams were fluvial systems of which observations and 
measurements were made. However, before the conclusions reached from the analyses of the 

experimental data could be confidently applied to the prototype, it was necessary to show that the 

modelling criteria (Section 3-3) had been fulfilled. This required that: 

(i) the flow conditions in the model were 'rough-turbulent', 

(ii) general Froude similarity of the flow between model and prototype was achieved 

(}..Fr = I), and 

(iii) that similarity of relative roughness (dID) between model and prototype was achieved 

(equivalent to similarity of grain Froude number, Fr*). 

To test the first of these criteria only required a knowledge of the hydraulic conditions in the 

model; while the other two criteria required a knowledge of the hydraulic conditions in the 

prototype as well. 

The process of model verification was thus divided into three sections: firstly the hydraulic 

conditions that occurred in the model were investigated to ascertain whether the flow was 

rough-turbulent. Secondly a field data set was employed to test for both 'grain' and 'flow' 

Froude similarity. Fulfilment of these two criteria implies general hydraulic similarity, however a 

direct similarity test of several hydraulic variables and related form variables was also 

undertaken. The third and final investigation was a test of process similarity. This involved a 

comparison of both BLT rates and total bedload volumes between the model and the prototype. 

7-2 Rough,;,Turbulent Flow 

To ensure that the effects of an unscaled fluid viscosity on the flow and transport processes 

in the model were small, rough-turbulent flow had to be maintained. Rough-turbulent flow refers 

to the condition when the critical shear stress for the initiation of grain motion is independent of 

the fluid viscosity, and is therefore independent of the grain Reynolds' number (Re*). Inspection 
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of the Shields' diagram (Figure 7.1) shows that this condition is achieved for all Re*>70 (Yalin, 

1971). It is noted however that for 50<Re*<70 the influence of viscosity on the critical shear 

stress is relatively small, and hence stipulating Re*>70 may be unnecessarily stringent. 

Furthermore the Shield's curve is a purely empirical relationship fitted to a data set of 

considerable scatter, so no exact c~t-off can be defined. The absolute lower limit for Re* is given 

by the upper limit for the occurrence of ripple bedforms. Ripples are a lower flow regime 

bedform which do not scale geometrically; hence Re* values must at least be high enough to 

ensure that ripples will not fonn. Yalin (1971) shows that ripples do not occur for Re*~25. 
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Figure 7.1 : Shield's diagram 

When calculating Re* for a graded sediment material, it is necessary to decide which grain 

size the values should be based on (Re*=v*D/v). Flow conditions in the vicinity of the bed (and 

hence Re*), depend upon the channel bed roughness. The presence of armour layers and areal 

sorting mean that no single grain size characterises the bed roughness. The degree of hiding 

offered by the larger grain sizes is also important, and for a bed material of wide grading, as was 

used in this study (D9ofDlO=15), there is a large degree of hiding of the medium and smaller 

grains. Hence a fairly high percentile grain size will characterize the bed roughness. Table 7.1 

lists representative Re* values for each experimental run, calculated for both the D75 and the D90 

grain sizes, using run-averages of the measured hydraulic data (Appendices B.l and B.2). The 

Rc* values for the D90 grain size are all greater than 70, which is certainly acceptable. The 

values for the D75 grain size are considerably lower, althougb are still all greater than 25. It is 

noted that the values for the unsteady flow runs are based on the depth measurements made at a 

base-Dow condition of 0.71 s-l; a flow that was always exceeded during the experiments. These 
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runs were therefore probably characterised by Re* values greater than those calculated. Clearly in 

reality a wide range of flow conditions will have occurred within the flume, and in areas of low 

depth and velocity rough-turbulent flow will not have been achieved. However, the calculated 

Re* values indicate that generally this criterion was met, and that viscosity scale effects were thus 

minor, and limited to areas where BLT was unlikely to occur. 

RUN 

No. 0 75 

A20 43 
A30 37 
A40 37 
A41 37 
B20 35 
B30 36 
B40 31 

Re* RUN Re* RUN 

D90 No. 0 75 0 90 No. 

115 XAlO 30 80 XB20 
100 XAll 33 89 XB21 
100 XA20 28 76 XB30 
100 XBlO 37 100 XB31 

93 XB11 43 115 
96 XB12 35 94 
85 XB13 35 94 

Table 7.1 : Representative grain Reynolds' 

numbers for the experimental runs 

7 -3 Froude and Hydraulic Similarity 

Re* 

0 75 0 90 

35 94 
35 94 
37 100 
33 89 

Having determined that rough-turbulent flow conditions were achieved in the model streams, 

the next step in the verification process was to test for Froude similarity and general hydraulic 

similarity between the model and prototype. This involved a comparison of hydraulic variable 

values measured in the model and in the prototype over an equivalent range of discharges. 

Because of the impracticality of making depth and velocity measurements in the flume under 

conditions of rapidly changing discharge, these measurements in the unsteady flow runs were all 

made at a base-flow of 0.7 1 s-l. Hence measurements of the hydraulic conditions in the flume 

were limited to a small range of discharges, from this 0.71 s-l base-flow to the highest steady 

flow of l.44 1 s-l (Runs A20 and B20). Test data was thus required to describe hydraulic 

conditions in the prototype for an equivalent range of discharges. From the field study of 

Laronne and Duncan (pers. comm., 1987) on the NBAR there exist hydraulic data for six flow 

events which occurred between 2/12/85 and 5/10/86 (Appendix B.3). The discharge 

measurements made for the event of 2/12/85 represent a reasonably similar range of flows, and 

are thus a suitable basis for testing hydraulic similarity. 
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As was anticipated, the physical dimensions of the flume facility used imposed a limit on 

stream width development; and hence the majority of the experiments had to be tenninated before 

a fully developed width condition was reached. Only in the lowest slope-discharge runs (B40, 

XA20, XB30, XB31), which were far from representative of the prototype flow regime, was it 

observed that stream width development ceased and thus a fully developed width condition could 

be assumed. The total widths to which all the model streams had developed when the hydraulic 

data were measured, were very similar to the 80 m to 90 m wide fairway of the confined Blands 

Reach of the NBAR. Given this width equivalency it was considered that using hydraulic data 

from this reach of the prototype was the best basis on which to test hydraulic similarity between 

the model and its prototype. The test data set was thus obtained from the hydraulic measurements 

made in Bland's Reach for the flow event of 2/12/85, with the data for cross-section C1 omitted 

as they were for a discharge significantly below the BLT threshold for this reach of 12 m3s-1. 

Using the selected test data and the model data a comparison was made of the average value, 

and the range of values for several hydraulic variables (Table 7.2). The flume values were 

computed as the average and range of the eighteen experimental run averages. Since the 

measured velocities were considered as maximum values, average values were computed as 

QI(FW.dav). As an indication of planfonn similarity NC values were included in the comparison. 

The prototype value in this case included cross-section C1 so as to provide a planfonn measure 

for the whole reach (NC=2.0). The flow event of 11/12/85 in this reach had a similar value of 

NC=2.2. Appendix C.3 shows an aerial view of part of Blands Reach (at low flow), allowing a 

visual comparison of planform. 

MODEL VALUES (SCALED) PROTOTYPE VALVES 

VARIABLE UNITS MEAN RANGE ERROR MEAN RANGE 

Q m3s-1 15.4 13.1-25.5 ± 0.05 15.0 12.1-21.4 
FW m 32.0 21.0-37.0 ± 1.0 33.0 15.7-55.0 
dav m 0.45 0.35-0.65 ± 0.05 0.41 0.29-0.54 
vav m s-l 1.0 0.6-1.6 ± 0.1 1.23 0.82-1.57 
vmax m s-l 2.2 1.8-2.6 ± 0.1 1.8 1.5-2.1 
Fr -- 0.5 0.3-0.6 ± 0.05 0.61 0.40-0.73 
FW/dav -- 69 52-96 ± 10 88 30-157 
NC -- 2.6 1.3-3.8 ± 0.1 2.0 1-5 

Table 7.2: Hydraulic Variable Comparisons 

The values in Table 7.2 indicate that good hydraulic similarity was achieved between the 

model and prototype; specifically it can be said that: 
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(i) good Froude similarity of the flow conditions was achieved. 

(ii) the similarity of relative roughness (d/D) implied by the similarity of flow depth, 

indicates similarity of grain Froude numbers (Fr*). 

(iii) the similarity of widths, depths, and form ratios, implies similarity of channel shape. 

(iv) some similarity of planform is suggested by the comparable NC values, and planform 

photographs show qualitative similarity. 

From this investigation it is seen that by designing the braided river model using the 

principles of hydraulic similarity, very good similarity of hydraulic conditions between the model 

and the prototype was achieved. These similarity tests were limited however by the width 

restriction imposed on the model river, which made it impossible to compare the fully developed 

widths of model and prototype rivers. Even so the degree of hydraulic similarity achieved is very 

encouraging, and suggests that there is considerable value in perservering with quantitative 

hydraulic model studies of braided rivers. 

7·4 Process Similarity 

7-4-1 Bedload Transport Rates 

Having confirmed that hydraulic similarity was achieved in the model study, it was 

important to investigate whether similarity of process was achieved. The first test of process 

similarity that was made involved a comparison of BLT rates between the model and the 

prototype. For the NBAR there is a limited BLT rate data set comprising 15 values based on 

Helley-Smith bedload sampler measurements from the field study of Laronne and Duncan (pers. 

comm., 1987). Values based on greater than 5 samples per cross-section were selected as being 

the most reliable, and this yielded a data set of 10 BLT rate values which are listed in Table 7.3. 

To augment this limited data set other available BLT rate data were inspected, and the data for 

the Elbow River, Alberta, from the work of Hollingshead (1971) were selected as being 

particularly useful. The study reach of the Elbow River has the same slope as Blands Reach in 

the NBAR (S=0.0074) and the two rivers experience a similar range of discharges. Also the bed 

material of the Elbow River study reach is similar in both size and grading to that of the NBAR, 

with 0 50=27 mm and ~ 0 75/025=2.1, compared to the respective values of 25 mm and 2.1 for 

the NBAR. The Elbow River data set consists of 19 values each based on between 11 and 55 

samples per cross-section; these are listed in Table 7.3. 



NBAR* ELBOW RIVER+ 

gb w No. gb w 

0.343 10.42 9 0.383 13.35 
0.066 7.90 6 0.081 8.56 
0.018 5.17 8 0.182 8.36 
0.159 3.99 15 0.146 8.09 
0.105 5.95 6 0.039 7.60 
0.087 8.21 7 0.627 13.35 
0.253 18.53 37 0.540 14.47 
0.136 8.91 19 0.756 11.66 
0.142 5.52 32 0.437 10.77 
0.738 15.69 45 0.555 11.03 

* source: Laronne and Duncan (pers. comm., 1987) 
+ cource: Gomez and Church (1988) 

Table 7.3 : BLT rates, field data 

( . k -1 -1) gb,w,m gm s 

gb 

0.617 
0.924 
0.618 
0.823 
0.423 
0.373 
0.161 
0.200 
0.126 

110 

w 

14.96 
14.41 
13.70 
13.35 
11.78 
10.77 
10.41 
10.41 
10.77 

The BLT rate comparison was made between this field data set and the average BLT rates 

for the 18 experimental runs. The scaled model BLT rate data are shown in Table 7.4. These two 

BLT rate data sets are plotted on Figure 7.2 as a function of specific stream power. 

RUN No gb w RUN No gb w 

A20 0.073 8.58 XA20 0.011 3.88 
A30 0.056 6.71 XBlO 0.057 6.89 
A40 0.036 5.84 XBll 0.040 6.89 
A41 0.035 6.48 XB12 0.038 6.89 
B20 0.021 5.69 XB13 0.035 6.89 
B30 0.016 3.87 XB20 0.035 6.01 
B40 0.015 4.10 XB21 0.027 6.01 
XAlO 0.020 4.45 XB30 0.024 5.44 
XAll 0.012 4.45 XB31 0.027 5.44 

Table 7.4 : BLT rates; scaled model data 

( . k -1 -1) gb,w,m gm s 



Figure 7.2 Figure 7.3 
BLT Rate versus Stream Power Ann ual Bedload Volumes 
(kg S-lm -l) (kg S-l m -l) 

1 I- 1000000 • 
l- • • 0 l- T I- ... • 

• • S I- 0 .. r- [j • p l- t 
e 0 a 
c r- r 

0 • 
1 0 ·0 . 
f 0.1 ~ 0 A 
1 r-

*~ n f-

c f- n r-
r- ~ U 

B r-

+1 
a 100000 

L r- 1 
T ~ 

++ B 
R 0.01 : e -
a - d -
t 1 
e 0 NEAR 0 

• Elbow River a 
gb * Steady flow exp.s d 

+ Unsteady flow exp.s 
m 3 

0.001 I I I I I 

1 10 100 10000 

Specific Stream Power W 10 100 

0* (m3 s -1 X 10 2
) 

---



112 

On Figure 7.2 the model data are seen to match the trend of the field data well, although 

these averaged model data did not extend to the higher stream powers at which most of the field 

measurements were made. Considering the limited field BLT rate data available, the relatively 

low scatter and well defined trend of the combined data set is an encouraging result. This 

comparison suggests that a reasonable similarity of process rates was obtained. 

7 -4-2 Total Bedload Volumes 

In river control and management the prediction of BLT rates is of little practical use, rather 

it is knowledge of total bedload volumes that is commonly required. This information is 

especially needed for assessing the impacts of channel confinement or flow regime modification, 

but also for assessing supply for commercial gravel extraction, for estimating gravel inputs to the 

beach zone at the river mouth (Carson and Griffiths, 1987), and for predicting reservoir 

sedimentation. It is therefore important to assess how well the scaled model data is able to predict 

prototype total bedload volumes. 

Eleven different slope-discharge regimes were modelled (6 using steady flow and 5 using 

unsteady flow), however regimes XA1 and XB 1 were designed specifically to model the lower 

reach and the steeper upper reach using the full flow regime. Hence the average BLT (mass) rates 

for these two regimes were scaled to obtain estimates of the prototype average BL T (mass) rates. 

Applying these rates for the duration of above-threshold flows yielded total bedload mass values. 

Corrections were then made for the two significant approximations made in the scale model 

design. 

The first of these corrections was made for the approximation used in modelling the bed 

material size distribution. From the data of Laronne and Duncan (pers. comm., 1987), the under 5 

mm sand fraction that was not represented in the model accounts for 27% of the bed material of 

the NBAR, yet only 2 % of the bed material is under 0.25 mm. The scaled mass transport rates 

represent only the gravel fraction of the prototype bedload, and hence they were corrected by a 

factor of 1/( 1-0.25) to account for the prototype sand fraction; assuming that only the under 

0.25 mm material moves as suspended load. 

The second correction was made to account for the model flow regime's deviations from an 

exact scaled flow duration curve. Using the steady flow BLT rating, an average BLT rate was 

systhesised for the scaled flow duration curve, which was compared to the average BLT rate 

synthesised for the model's stepped hydrograph series. This calculation indicated that the 

approximations made in modelling the flow duration curve will have caused an estimated 15% 

underprediction of total bedload. This was seen to have been mainly due to the absence from the 

model of extreme high flows. Using this result the scaled mass BLT rates were further corrected 
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by a factor of 1/(1-0.15). Annual bedload masses were then calculated using the threshold 

exceedence duration of 21 %. To convert these to volume loads required a value for the bulk 

density of the bed material. From studies of several rivers with coarse sediment bed material, 

Newson and Leeks (1985) quote a bulk density of 1 800 kg m-3, which is also the value used by 

Griffiths (1979) for the Waimakiriri River, New Zealand. In the absence of data for the NBAR 

this value was used as an estimate of the bulk density of the prototype bed material. This gave 

annual bedload volumes of approximately 8 500 m 3 and 3 000 m 3 for the steeper and flatter 

reaches respectively. These figures implied an annual deposition volume of about 5 500 m3 

through the gradient change. 

To assess the accuracy of these predictions, requires at least a reasonable estimate of what 

the prototype total bedload is. This however is extremely problematic. For the NBAR, there 

exists 45 years of cross-section sUlvey data mostly for the aggrading Blands Reach. Using this 

data an attempt was made to quantify the minimum quantities of gravel passing through the reach 

above this problem area, by calculating the mean annual volume changes, and mean annual gravel 

extraction volumes for different sUIVey periods (Table 7.5). These figures show how difficult it is 

to quantify the mean annual deposition volume, even for an extensively sUIVeyed river reach such 

as this. The data also indicate that a very significant proportion of the load is carried by the large 

but infrequent events. 

PERIOD 

1937-57 
1957-82 
1980-82 
1982-83 

No OF MEAN ANNUAL MEAN ANNUAL 
YEARS VOLUME CHANGE EXTRACfION 

20 22 000 ? (4) 

25 21 000(1) 20 000(5) 
2 4 000(2) 7 000 
1 34 000(3) -

Table 7.5: NBAR survey based volumes (m3) 

(for notes 1-5 see text below) 

MEAN ANNUAL 
DEPOSITION 

> 22000 
41000 
11 000 
34000 

The following additional information regarding the data in Table 7.5 from the South 

Canterbury Catchment Board (pers. comm., 1989), explains some of the differences between 

these estimates as well as highlighting the problems which make it difficult to obtain reliable 

estimates of the total bedload volumes for braided gravel-bed rivers. 

(1) considered to be higher than average, due to a change of river course, and resulting rapid 

aggradation. 
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(2) considered to be lower than average, due to absence of high flow events. 

(3) considered to be very much higher than average due to two months of artificial flow 

augmentation (30 m3s- \ as well as the first flood in excess of 100 m3s-1 since 1980. 

(4) volume unknown, p~bably very low. 

(5) very high due to major irrigation earthworks (1966-68). 

From these calculations it was estimated that the mean annual deposition for this reach is 

between 15 000 m3 and 30'000 m3; which represents the minimum bedload volume leaving the 

steeper reach upstream. The quality of the available data does not warrant a more definitive 

assessment than this. 

In attempting to quantify prototype total bedload, data from other similar braided rivers 

were investigated. For the Waimakiriri River, there exists 45 years of cross section survey data. 

From detailed analyses of these data, Griffiths (1979) produced bedload estimates for different 

sections of the river. The work of Thompson (1985) on the Ohau River also yielded total bedload 

volume estimates. These data (the only reliable estimates of total bedload volumes available for 

New Zealand braided rivers) are shown in Table 7.6, together with corresponding mean annual 

flow (Qrnaf) estimates. Using O*=Qmaf'S(%) as an index of stream power, the data were plotted 

(Figure 7.3), and the following simple power-law regression was fitted: 

Total Annual Bedload = 600 x 0*1.5 , R2 = 0.99 [7.1] 

RIVER Q~C!~ SLOPE 0* AVERAGE ANNUAL 
ms % BEDLOAD VOLUME 

W AIMAKIRIRI 120 0.18 21.6 65 000 m3 
120 0.48 57.6 290 000 m3 

OHAU 80 0.60 48.0 200 000 m3 

155 0.60 93.0 740 000 m3 

Table 7.6 : Total Bedload Volume Estimates 

Although the data set is small the trend exhibited is well defined, and the above empirical 

relationship was extrapolated to lower stream powers to provide further total bedload estimates 

for the NBAR. For the steeper reach a value of 15 000 m3yr-l was obtained, and for the flatter 

reach a value of 8000 m3-1r was obtained. This implies an estimated deposition of7 000 m3yr-l 

through the gradient change, which is substantially less than the survey based estimates. These 
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estimates, those based on the NBAR survey data, and model based estimates are shown in 

Table 7.7 for comparison. 

ESTIMATES BASED ESTIMATES BASED ESTIMATES BASED ON 
ONNBAR ON WAIMAK/OHAU SCALED CORRECfED 

SURVEY DATA SURVEY DATA MODEL DATA 

UPPER -- IS 000 8 500 
REACH 

LOWER -- 8 000 3 000 
REACH 

DEPOSITED 15 000 - 30 000 7 000 5 500 
VOLUME 

Table 7.7: NBAR total bedload volume estimates (m3yr- l ) 

The model based estimate of the volume of deposition does not compare well with the 

estimate based on the NBAR survey data. The NBAR however derives sediment from a very 

rapidly eroding upland catchment area, and this excessive supply is causing rapid aggradation 

over a considerable length. This is a strong constrast to the model situation where sediment feed 

was adjusted to obtain an equilibrium transport regime. Although an average annual deposition 

could not be well defined from the NBAR survey data, it is apparent that the equilibrium-

transport-regime model was not a good basis for estimating the total bedload volumes of the 

NBAR. 

The model based estimates of total bedload volumes are however of a similar order of 

magnitude to the estimates based on the Ohau and Waimakiriri River survey data. This result 

suggests that the model estimate may be of the right order for a more stable system, and hence 

hydraulic models may have potential for predicting the total bedload volumes of braided 

gravel-bed rivers. Further specific model studies need to be undertaken to establish whether this 

method of assessing total bedload volumes, can be made sufficiently accurate and reliable so as to 

be of practical use. 

7 -5 Conclusions 

The model was shown to be characterised by rough-turbulent flow, and although the flume 

facility did not allow the wider steep reach of the prototype to be modelled, the hydraulic 

conditions occurring in the model were shown to be similar to those occurring in Blands Reach of 

the NBAR. The study thus confirmed that using the principles of hydraulic modelling it is 
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possible to achieve correctly scaled models of braided gravel-bed rivers. The tests for process 

similarity revealed that the model BLT rates followed a similar trend to the available prototype 

data. The model was however unable to predict the high total bedload volumes of the NBAR, 

although other braided gravel-bed river data suggested that such models may have predictive 

ability in this respect for more stable systems. Generally the degree of similarity that was 

obtained is encouraging, and it is concluded that further research of braided gravel-bed rivers 

using hydraulic models is warranted. 
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CHAPTERS 

Summary And Conclusions 

8-1 Introduction 

This chapter summarises the main areas of discussion of the thesis, with firstly a section 

summarising the discussions relevant to BLT in braided rivers, and secondly a section addressing 

the possibilities for future hydraulic modelling of braided rivers. The final section of the chapter 

is a list of the major conclusions reached in the present study. 

8-2 Bedload Transport In Braided Rivers 

The extensive BLT data that were recorded in the steady flow experiments enabled 

investigation of several aspects of BLT in braided rivers. A study of the degree of variability in 

BLT rates revealed that relative variability decreased with increasing mean BLT rate. Even under 

steady flow conditions BLT rates at low excess stream powers varied from zero to nearly 10 times 

the mean rate. The changes in shape of the distributions of BLT rates were predicted well by the 

stochastic model of Einstein (1937); although the basic'S' shape of the measured distributions 

was not predicted well by this model. The distribution of Hamamori (1962), based on sand-dune 

migration, was shown to be oflittle use for describing BLT rate variability in braided gravel-bed 

rivers. 

An investigation of the temporal nature of BLT rate variability revealed that there appeared 

to be two separate scales of pulsing in BLT rates. Because the channel systems under study were 

braided, and BLT frequently occurred in more than one channel simultaneously, the 

'across-a-section' BLT rate measurements that were made revealed pulsing of a rather irregular 

nature. A method was developed to detect this irregular pulsing, whereby the probabilities of 

significantly high and significantly low BLT rates occurring within successive time intervals were 

examined. A short-term pulsing was identified and was assumed to be have been caused by the 

downstream migration of the observed predominant long, low, tongue-shaped bedforms. A 

long-term pulsing was suggested by the data, although the data records were too short to establish 

its persistence. The mechanism of this long-term pulsing was also uncertain. 
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Assessment was made of two BLT rate prediction equations: the Schoklitsch (1962) 

equation and the Bagnold (1980) equation. The poor predictions of the Schoklitsch (1962) 

equation led to the conclusion that it is probably not a suitable equation for use with braided 

rivers. Encouraging results were obtained using the Bagnold (1980) equation, and for the 

unsteady flow experiments excellent predictions were obtained using averaged flow widths and 

depths. Furthermore the BLT rate data from both the steady and the unsteady flow experiments 

closely matched a 3/2 power-law dependence of BLT rate on excess stream power. This 3/2 

power-law was established empirically by Bagnold (1977) from inspection of several BLT rate 

data sets for sand-bed channels. Subsequently Bagnold (1980) showed the relationship to apply 

for a wide range of grain sizes, and the present results thus confirm its applicability for use with 

gravel-bed channel data. 

The results from the unsteady flow experiments enabled much to be deduced about BLT in 

braided rivers; firstly from comparisons between replica unsteady flow experiments, and secondly 

from comparisons between the steady and unsteady flow experiments. The average BLT rates 

measured in replica unsteady flow experiments were shown to be statistically unequal, implying 

that some factor other than the controlled variables (Q,S,D) was required to fully defme the BLT 

regime. Channel form was identified as this other factor, and although detailed measurements of 

this were not made, the data of Ashmore (1988) suggested that for a given stream power, higher 

BLT rates were generally associated with higher width to depth ratios and higher braiding 

intensities. 

From the different long-term average BLT rates that characterised replica unsteady flow 

experiments, it was concluded that although the flows that were modelled did cause channel 

change, major channel change (resulting in an hydraulically different channel structure) would 

require a flow larger that those modelled. It was postulated that at low and moderate transporting 

flows the majority of BLT represents material moving through the existing channel form, and 

only a small proportion of the BLT is associated with channel boundary change. 

Comparisons of the data from the unsteady and steady flow experiments revealed that BLT 

is a more efficient process under steady flow conditions. It was suggested that this is caused by a 

tendency for channel form to evolve towards a condition which maximises BLT for the occurring 

flow. Hence under steady flow conditions the channel form can attain this optimum state, while 

under unsteady flow conditions the channel form is evolving towards an optimum condition 

which is continually changing with the flow, and is therefore never attained. This makes BL T 

less efficient under unsteady flow conditions. Calculations also showed that in high energy 

unsteady flow regimes the BLT efficiency was closer to the equivalent steady flow regime 

efficiency than in low energy regimes. It was postulated that this was due to an increasing 

proportion of BLT being associated with channel boundary change with increasing flow. Hence 
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in higher energy unsteady flow regimes the channel form evolves closer to optimum than in lower 

energy regimes. 

The BLT rate data from the unsteady flow experiments also provided an opportunity to 

assess the predictions of an equation that was derived to calculate the relative BLT capacity 

reduction for a given available flow energy reduction. Based on the Bagnold (1980) equation, the 

derived equation gave excellent predictions of the measured data. It was concluded that if 

proposed braided river abstractions can be assessed in terms of the resulting reductions in 

available flow energy, then the relative reduction in BLT capacity can be determined. The 

accuracy of such predictions will however be lowered when a flow regime modification results in 

a significantly different threshold discharge for the system. 

From these findings it is apparent that both the major objectives of the present study were 

achieved. Firstly transport versus power relationships for a braided gravel-bed system under both 

steady and varying flow regimes were established, and secondly it was shown that prediction of 

the reduction in the BLT capacity of a braided river due to flow abstraction is possible. 

8-3 Hydraulic Modelling 

The extensive hydraulic modelling which was undertaken in the present study provides an 

excellent perspective from which to assess both the capabilities of, and the limits to, hydraulic 

modelling of braided gravel-bed rivers. 

The study of fluvial systems in a laboratory situation enables control of governing variables, 

as well as relatively simple observation and measurement of both forms and processes. However 

for hydraulic models to provide quantitative predictions of braided river behaviour, it is necessary 

to achieve both strict hydraulic similarity and strict process similarity. Also, because of the 

requirement of rough-turbulent flow in Froude-Iaw models, it is seldom possible to scale down 

further than 1 :50; hence to adequately model even a relatively small Canterbury braided river 

such as the NBAR requires a large flume facility of at least 20 m length and 5 m width. To obtain 

good hydraulic similarity it is important to match as closely as possible, both the distribution of 

discharges and the distribution of bed sediment sizes. Yet even if these criteria are met, 

departures from complete hydraulic similarity will still occur due to the effects of unscaled 

surface tension, unrepresented bed fines and unmodelled bank vegetation. Rigorous assessment 

of hydraulic similarity is also problematic as there is seldom sufficient prototype data to enable 

definitive comparisons. To date no study has clearly demonstrated quantitative similarity of 

process between a braided river model and its prototype, and hence at present hydraulic models 

are limited to providing qualitative predictions of braided river behaviour. 
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The flume facility used in the present study was found to limit stream development, such 

that only the narrower confmed reach of the chosen prototype (the North Branch of the Ashburton 

River) could be adequately modelled. For this reach the available prototype data indicated that 

good hydraulic similarity was achieved. Comparisons showed however that the model was not a 

reliable predictor of prototype total bedload, although this was not considered surprising as the 

prototype derives from a rapidly eroding catchment and much of the river is aggrading. Carefully 

designed models of more stable braided rivers may well be able to achieve quantitative process 

similarity. Achieving quantitative process similarity is a goal worth pursuing, as it would add 

greatly to the value of hydraulic model studies. To allow verification of such models, more 

reliable measurements of the total bedload volumes transported by braided rivers are urgently 

needed. 

Although quantitative process similarity is necessary for site-specific model predictions, 

much valuable research can be done with hydraulic models which do not meet this criterion. For 

instance the present study poses the following interesting questions which could be answered by 

further model studies: 

(i) For replica steady flow experiments, what ranges in long-term average BLT rates can 

occur? Can the stability of the different channel structures that develop be assessed in 

terms of the discharge that is required to alter them such that the long-term average BLT 

rate is changed? 

(ii) For replica unsteady flow experiments, what ranges in long-term average BLT rate can 

occur? Are these ranges less than under steady flow conditions and do they decrease with 

progressively wider flow distributions? 

(iii) Can the channel structure, or even the channel planform, be quantified in such a way as to 

explain the differences in average BLT rates between replica experiments? 

(iv) Does the proportion of BL T associated with channel boundary change vary with 

discharge; and if so how much? 

Such investigations would provide valuable insights into braided river processes, especially with 

regard to the influence of channel form on the BL T regime, and to determining the importance of 

extreme flow events in braided river systems. 
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8-4 Conclusions 

The major conclusions reached from the present study can be stated as follows: 

(i) It was shown that it is possible to a/chieve good hydraulic similarity between prototype 

and model braided channel systems. 

(ii) Excess stream power was shown to be a useful predictor of BLT rates in braided 

channels, and in particular the empirical 3/2 power-law dependence of Bagnold (1977) 

was shown to be very reliable. 

(iii) BLT rates in braided channel systems were shown to highly variable, with cyclic 

variations caused by bedform migration. 

(iv) The Bagnold (1980) BL T rate prediction equation was shown to provide reliable 

predictions of BL T rates for laboratory braided channel systems, even under varying flow 

conditions using averaged hydraulic variables. The use of the Bagnold (1980) equation 

for predicting braided river BLT rates therefore deserves further investigation. 

(v) It was shown that using the excess stream power descriptor of Bagnold (1977, 1980), it is 

possible to make reliable predictions of the relative reductions in BLT capacity of braided 

rivers caused by flow abstractions. 
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APPENDIX A.I 

Bedload Transport Data - Steady Flow Experiments 

The data herein are the bedload transport rate data that were selected from each experimental 

data record for analysis (before any trend removal), and therefore do not encompass the entire 

experiment durations. For explanation of how data were selected refer to Chapter 5. The data 

values are the average rates for the one minute measurement intervals, they are quoted here in g 

s-l, and read vertically. The original readings were weight increases for each one minute interval 

measured in grams, accurate to ± 20 g; these calculated rates are qouted to two decimal places to 

avoid loss of data precision, however are only accurate to ± 0.35 g s-l. 

EXPERIMENT A20 

8.00 8.83 11. 33 0.00 3.33 5.67 
7.67 11.50 12.17 2.00 4.33 8.83 
9.00 10.17 10.83 2.83 3.50 8.83 
7.67 -7.00 11. 00 3.00 3.33 8.50 
5.17 9.83 12.00 3.50 3.83 9.17 
4.83 9.50 12.17 1. 83 3.50 9.67 
7.17 15.67 14 .33 7.00 3.67 7.67 
4.83 17.17 12.50 3.67 2.83 6.00 
3.00 11. 83 12.67 8.67 4.00 6.67 
9.17 9.33 11. 00 3.00 3.67 8.00 
7.33 13.17 8.83 5.33 5.50 4.83 
6.00 11.17 8.67 9.17 5.83 6.50 
6.67 8.67 7.83 3.67 5.00 7.00 
4.67 6.50 4.33 8.33 4.17 5.50 
4.83 10.33 6.67 6.83 3.67 5.33 
9.50 12.00 2.50 10.67 2.33 4.00 
9.50 16.17 1. 00 3.83 10.17 4.67 
5.67- 12.50 6.17 6.83 6.17 6.00 
9.33 17.33 4.00 10.67 6.50 4.00 
8.33 10.00 4.17 13.50 3.83 4-.17 
9.50 14.00 7.33 7.67 8.17 3.33 
7.67 10.67 6.00 10.67 3.00 4.33 

11. 67 10.33 5.83 10.00 4.00 4.33 
9.00 9.17 7.00 3.83 4.50 4.33 

18.00 9.00 6.50 3.00 2.00 7.83 
16.00 5.17 8.50 2.67 3.50 5.83 

9.17 2.67 11.50 11.67 3.00 7.17 
7.67 3.50 10.50 7.83 3.50 6.83 

13.17 4.83 11.17 4.33 4.33 6.17 
12.17 4.17 8.00 4.17 3.83 8.33 
14.83 5.17 10.17 7.00 3.67 6.83 
12.17 6.83 5.17 6.00 4.50 6.17 
21.00 8.83 6.67 8.50 5.17 7.00 
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15.33 10.17 6.50 6.67 7.33 8.50 
13.83 10.33 6.00 10.17 10.67 8.83 

9.67 12.00 5.17 9.83 8.67 8.50 
14.50 10.00 5.33 9.50 8.00 9.17 

8.83 12.33 7.50 9.33 8.67 9.67 
10.67 20.17 5.67 7.83 10.33 7.00 
20.17 17.00 5.67 12.67 10.67 8.00 
12.83 12.83 7.33 13.67 10.50 7.50 
14.83 8.67 7.00 12.17 7.67 6.50 
12.83 9.50 8.33 10.00 7.17 7.17 
13.17 11. 33 6.83 11. 50 6.33 15.67 
15.83 9.83 9.33 7.33 6.17 0.00 
17.50 11.17 10.67 10.33 6.83 6.67 
16.83 9.00 8.83 9.33 8.17 7.00 
15.50 10.50 12.17 4.83 7.50 4.67 
14.67 8.67 12.33 5.67 7.67 7.67 
13.33 7.50 12.33 5.83 8.33 6.83 

9.50 12.83 11. 00 5.83 6.67 6.83 
5.50 10.67 11.33 6.33 8.17 5.50 
5.33 11.67 9.83 6.33 6.00 5.50 
5.50 9.67 11.67 9.50 11. 50 4.50 
9.00 7.50 10.00 5.17 8.67 2.67 

14.33 8.50 9.50 9.83 7.50 3.33 
20.33 11. 33 12.83 6.33 5.33 5.33 
15.67 12.67 14.17 6.17 8.67 3.50 
15.33 13.00 13.17 1. 67 4.17 3.17 
11.67 8.50 11. 67 4.17 4.50 1. 83 
11.33 8.83 9.83 5.67 3.83 4.17 

8.83 6.17 10.33 5.00 4.00 2.33 
7.67 4.83 10.17 2.50 7.00 2.67 
9.67 5.50 8.33 2.50 4.00 0.83 

12.17 8.50 8.00 2.83 2.00 3.17 
6.33 4.50 9.17 3.33 3.17 1. 33 

15.17 3.17 8.33 4.00 7.00 3.67 
8.00 7.17 9.67 5.50 11.17 2.17 
8.83 6.83 7.83 7.00 8.67 0.33 
6.00 4.67 10.17 4.50 7.83 2.67 
2.17 8.17 10.33 5.17 7.00 1. 50 
7.67 7.50 7.67 6.33 7.67 0.00 
4.33 6.83 9.67 3.67 8.17 2.00 

11. 00 6.83 9.50 5.83 6.67 1. 33 
7.67 6.00 8.17 5.67 9.17 1.17 

10.00 8.67 6.67 6.00 9.17 0.67 
11. 83 7.00 1. 33 4.33 9.50 2.67 
11.50 5.67 5.67 2.67 7.50 1. 67 

5.33 7.67 7.83 2.50 4.00 2.50 
12.50 9.:--: 5.67 4.83 2.17 3.50 

6.67 8.00 5.33 5.17 7.00 1. 00 
9.83 8.00 7.67 8.50 2.17 2.50 

10.00 6.67 5.33 7.17 10.67 2.83 
8.33 6.83 7.17 6.33 7.67 1. 00 

11.17 7.17 5.17 4.83 6.33 2.00 
17.00 6.33 6.00 9.33 7.00 1.67 
15.83 10.33 9.33 0.33 4.67 3.33 
15.50 8.67 6.83 3.67 4.67 1. 67 
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13.67 7.00 6.83 3.67 8.83 1. 50 
13.83 10.50 5.17 5.67 8.00 2.33 
11.17 9.17 6.50 3.17 10.33 2.83 
11.17 8.17 12.50 7.50 9.00 2.33 
12.83 11. 00 14.33 9.17 6.67 2.83 
15.83 11. 00 9.50 4.33 3.17 1. 00 
19.00 8.50 10.50 5.17 2.67 1.17 
17.67 11. SO 10.50 6.83 6.50 2.50 
11. 83 8.33 10.83 7.17 2.83 1. 67 
10.17 11. SO 9.33 5.50 5.83 2.83 
13.50 10.00 8.33 2.83 5.00 3.83 
11. SO 7.50 9.00 5.00 4.50 0.00 
20.00 7.17 7.17 3.83 4.83 5.00 
16.17 9.50 4.17 3.33 3.33 2.00 

3.33 6.33 3.67 5.33 5.67 3.17 
13.67 6.17 3.83 8.00 2.00 0.33 
13.00 6.83 4.17 3.17 5.17 2.17 
13.33 7.67 7.50 2.33 4.33 1. 67 
14.00 6.17 6.33 2.50 4.83 3.17 

9.33 6.33 8.33 5.17 2.17 2.33 
10.17 8.00 7.50 8.17 7.33 0.83 

8.50 5.83 7.17 3.83 3.50 4.67 
8.67 9.17 5.67 4.17 8.17 1. 67 

13.50 10.83 7.17 3.83 6.17 0.17 
10.50 9.33 7.33 3.17 5.00 2.00 

9.33 9.00 7.17 5.50 5.83 1. 83 
10.17 9.00 5.67 7.67 5.50 2.17 

9.67 7.33 7.00 7.33 4.83 2.00 
16.17 10.00 5.83 4.17 6.00 1. 50 
1. 00 12.00 4.83 3.33 7.50 3.33 

13.50 8.67 4.33 3.00 5.00 2.67 
7.50 10.33 5.00 3.83 7.17 2.00 
5.17 12.33 5.50 5.00 6.83 1. 00 
7.50 8.33 7.00 7.67 8.33 5.17 
5.67 13.50 5.17 4.83 7.50 5.50 
5.33 10.67 4.17 5.17 6.33 3.83 
5.50 11. 00 5.00 4.33 6.00 3.83 
5.00 9.00 6.33 4.17 7.17 2.50 
3.17 16.17 9.17 3.00 0.00 0.33 
4.83 17.67 6.50 4.00 7.50 2.33 
3.67 19.00 6.83 4.33 5.50 2.67 
7.33 16.00 8.17 4.33 3.33 5.33 
3.00 14.33 7.67 4.83 5.50 0.00 
8.67 13.17 7.17 2.33 3.00 0.00 
3.67 11.67 7.33 3.33 4.83 0.83 
4.83 11.50 0.00 1. 67 5.00 1. 83 
8.50 12.67 3.17 2.33 1. 83 2.67 
9.67 10.67 0.17 2.83 12.00 2.83 
6.33 12.17 5.17 5.17 7.00 3.00 
5.83 12.67 1. 83 2.00 10.67 5.33 
8.83 11.67 1. 33 2.17 6.83 2.50 

11. 83 10.17 0.67 2.50 10.17 4.33 
10.00 10.83 2.50 3.00 5.83 4.33 
10.33 13.33 0.83 3.00 7.33 5.17 

9.50 11. 33 2.83 3.33 5.50 3.83 
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10.50 11. 50 1. 00 4.17 9.83 4.50 
10.33 10.50 3.00 2.33 6.50 4.50 

8.50 9.83 2.00 3.00 7.17 6.50 
8.83 8.17 2.33 2.50 8.33 3.83 
6.50 9.83 1. 67 2.83 8.50 4.67 
7.33 8.33 1. 00 1. 33 9.67 5.00 
3.67 10.83 1. 50 1. 67 6.50 4.67 
3.33 7.33 2.50 1. 33 7.50 3.00 
4.00 10.17 0.00 1. 67 10.83 3.67 
0.50 12.17 0.50 2.50 8.67 2.67 

19.67 8.00 1. 00 3.83 7.00 5.17 
18.00 6.33 2.83 4.17 8.67 4.17 
19.67 1.17 0.50 1. 50 8.33 4.17 
17.17 4.00 2.00 2.17 8.83 5.00 
14.67 7.17 0.00 2.83 6.00 4.33 
10.67 7.17 0.83 3.67 7.83 5.00 
8.17 9.17 6.50 2.67 6.00 5.67 

EXPERIMENT A30 

7.17 4.67 2.50 1. 83 5.67 4.17 
7.33 4.83 1.17 1.33 7.17 4.67 
7.50 4.33 2.00 0.00 6.67 0.33 
8.83 3.33 0;00 2.50 3.17 2.17 
9.83 2.50 0.00 1. 00 1. 00 1. 00 
7.33 5.67 1. 67 2.50 4.67 2.83 
7.17 6.50 3.67 5.33 3.83 2.83 
8.00 10.67 9.00 4.17 5.50 0.50 
9.17 11. 00 8.33 3.17 3.67 2.33 
5.83 9.33 10.50 6.17 5.67 2.50 
6.17 10.67 4.83 3.67 3.33 7.50 
4.17 8.00 7.83 4.50 4.33 4.50 
4.67 7.00 9.33 4.17 3.17 5.67 
4.83 7.67 8.33 4.50 3.67 0.67 
4.33 9.17 5.83 5.83 3.33 3.50 
3.00 11. 00 4.00 5.33 4.83 4.50 
5.83 10.17 5.17 3.67 3.17 4.83 
3.33 8.33 3.33 5.17 3.50 4.33 
7.33 11. 33 5.17 5.33 5.50 5.50 
3.17 8.67 6.33 5.00 3.17 4.50 
6.50 5.67 4.67 4.00 11. 50 4.83 
4.33 7.17 1. 00 4.00 1.33 4.67 
4.83 6.67 3.50 4.17 2.33 5.67 
1. 67 6.17 2.83 3.00 2.67 5.00 
6.17 4.50 1. 67 6.83 4.50 3.33 
3.33 4.17 5.00 5.00 5.67 4.00 

11. ,00 6.50 3.00 8.00 6.50 2.50 
4.67 4.17 2.50 3.67 3.83 4.67 
6.17 9.17 2.33 6.33 4.83 4.33 
8.00 3.83 1. 00 2.83 3.50 6.67 

12.00 2.67 7.83 5.17 3.33 6.00 
11.00 3.67 6.83 5.17 2.83 0.00 

9.17 2.83 2.33 3.67 3.17 2.83 
5.67 2.83 1. 83 3.67 3.83 6.50 
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7.83 3.00 0.00 11. 33 2.83 5.67 
5.83 1. 83 0.83 6.83 5.67 4.00 
6.50 3.17 4.17 5.83 4.50 0.00 
5.83 3.17 8.83 5.67 4.83 13.00 
6.00 1. 33 4.33 3.17 5.50 5.83 
6.17 6.33 6.50 5.33 5.17 0.00 
5.50 5.50 3.50 6.83 5.83 2.00 
5.67 3.50 4.50 5.67 6.50 4.17 
5.50 10.33 4.00 4.83 6.33 3.83 
5.00 3.83 1.33 6.17 4.17 1.83 
7.17 2.67 0.33 4.00 6.00 3.50 
3.33 1. 83 4.33 4.50 4.67 4.00 
1. 50 3.00 4.33 5.17 4.50 1. 83 
3.67 2.33 2.83 3.50 4.17 2.33 
5.83 5.33 9.00 4.67 3.83 3.17 
4.50 7.83 4.50 4.17 5.33 2.17 
5.67 6.83 18.83 4.00 9.33 1. 83 
5.17 4.17 4.17 7.83 6.67 1. 50 
6.33 5.50 1.83 3.33 4.83 0.00 
6.83 6.67 4.50 2.50 3.17 0.00 
5.00 5.67 1.50 3.50 7.67 0.00 

10.50 4.33 5.17 2.83 5.00 0.00 
2.17 5.83 1. 83 4.17 5.00 1. 67 
5.67 3.17 2.67 5.67 7.17 1. 33 
0.17 6.00 4.17 4.67 9.00 2.67 
4.50 5.83 4.00 5.83 9.17 1. 83 
3.50 6.17 4.67 9.00 9.67 1. 00 
2.50 4.00 2.17 7.17 6.67 1. 00 
8.17 7.67 0.83 7.50 7.50 1. 50 
2.17 4.33 2.83 6.00 4.67 2.00 

11.17 4.33 1. 50 5.50 5.67 2.50 
9.00 7.33 1. 67 6.17 3.33 1. 67 
4.83 0.00 3.50 6.67 5.00 3.83 

12.00 11. 83 2.33 5.17 2.17 1. 33 
10.00 5.83 9.67 6.67 4.33 3.83 

5.17 7.67 6.83 6.50 3.00 5.33 
4.33 5.00 10.67 5.50 3.00 4.17 

11. 50 5.83 6.50 6.83 3.50 11. 83 
10.00 5.50 6.83 4.17 4.00 3.83 
3.67 6.33 6.50 5.00 3.67 5.17 
1. 67 6.50 6.83 4.17 3.83 2.33 
5.67 7.67 7.50 3.17 4.00 3.83 
0.00 9.17 6.83 5.17 5.33 4.17 
0.00 11. 00 9.17 6.17 4.67 3.50 
2.50 8.67 0.00 6.33 5.17 3.67 
2.83 5.83 2.50 5.67 4.17 3.83 
4.83 5.17 4.17 6.00 5.17 3.67 
2.17 5.17 4.83 5.00 3.50 2.67 
0.17 4.00 3.67 5.67 9.00 3.67 
5.67 2.50 13.33 5.67 5.83 3.17 
2.67 5.00 5.33 3.83 6.50 3.33 
2.50 4.17 6.00 2.83 6.50 4.33 
5.67 13.17 5.83 2.50 7.00 2.83 
3.67 10.00 5.00 0.67 5.67 3.67 
6.00 13.33 2.83 4.00 6.50 5.00 
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3.00 4.67 4.67 5.00 7.50 5.00 
2.83 5.17 5.33 6.00 7.50 3.33 
3.33 4.83 3.00 7.83 7.67 4.00 
6.17 4.50 5.33 7.67 6.00 5.17 
4.17 2.50 1. 33 7.67 7.50 6.67 
1. 67 2.67 1.33 5.33 6.67 0.50 
3.00 4.33 2.33 5.33 5.00 3.00 
3.50 0.00 1. 67 5.00 4.67 3.50 
3.83 4.50 2.33 5.33 2.00 1. 00 
2.17 3.50 0.17 6.17 4.67 6.83 
3.33 1.17 2.17 3.50 8.50 2.33 

EXPERIMENT A40 

3.67 1. 33 2.17 3.50 2.33 2.17 
5.33 1.17 3.33 2.83 2.50 0.00 
2.67 2.17 2.33 4.00 3.17 2.17 
4.50 3.17 2.67 3.17 1. 33 1. 33 
2.67 1. 33 2.83 4.50 1. 67 3.50 
4.00 1. 83 1. 83 3.83 2.00 3.00 
6.50 4.33 1. 00 4.83 3.17 4.50 
4.17 6.17 0.33 3.17 4.33 2.00 
3.00 5.17 1. 00 4.83 1. 67 2.17 
3.33 5.50 1. 67 2.67 3.33 3.33 
4.17 5.33 0.00 3.33 3.00 2.50 
2.67 5.50 1. 00 4.17 0.00 4.33 
2.17 9.67 4.33 5.50 0.67 4.50 
2.67 10.00 4.50 5.17 1. 33 2.17 
3.00 6.00 2.33 6.17 1. 83 0.33 
2.83 7.17 5.50 7.33 4.33 2.17 
2.00 6.83 5.67 5.33 3.00 2.00 
2.83 0.67 5.33 4.67 2.83 1. 83 
2.83 0.50 6.50 1. 50 0.67 0.00 
3.33 2.33 4.17 8.50 1. 83 2.50 
2.50 2.00 7.83 6.33 2.00 1. 50 
0.83 2.83 7.33 6.00 7.00 2.00 
2.33 1. 50 5.17 6.00 4.17 2.67 
3.33 2.67 4.83 2.50 0.67 0.33 
1. 83 0.83 5.33 2.33 1. 50 2.17 
4.00 0.17 5.83 3.50 3.67 1. 67 
3.00 0.17 5.83 0.00 3.00 1. 33 
2.17 1. 67 5.67 2.67 2.83 1. 00 
3.00 1.17 3.33 8.17 1. 50 0.00 
1. 67 1. 33 4.67 10.·50 1.33 0.67 
2.17 1. 50 5.50 3.50 2.83 0.00 
2.67 1. 50 3.33 0.00 1.17 0.33 
4.00 2.67 2.83 0.17 3.83 1. 83 
2.33 2.83 3.83 2.17 2.67 1. 00 
1. 67 1. 83 5.83 3.33 3.17 1. 00 
2.33 3.00 4.50 2.83 4.00 0.33 
2.00 0.33 4.67 2.67 4.50 1. 33 
4.17 3.17 4.67 4.00 1. 83 1. 67 
2.83 0.50 5.50 3.33 4.00 1. 33 
3.00 3.33 5.00 3.00 0.67 1. 00 
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2.33 2.50 4.83 4.00 5.17 1. 67 
3.00 1. 67 4.67 2.17 2.50 2.17 
1.33 2.17 5.83 3.50 4.17 0.00 
2.33 2.50 5.83 4.50 4.00 1. 50 
3.17 2.67 5.83 2.17 5.50 0.83 
2.00 2.83 6.50 1. 00 6 ;-80 3.50 
2.50 2.67 8.33 5.17 3.83 2.17 
2.67 3.00 8.33 4.83 1."83 1. 50 
3.17 1. 67 6.50 3.17 2.00 2.83 
1.33 2.83 7.17 3.17 4.50 1. 33 
5.33 2.67 5.17 4.00 2.50 1. 83 
2.17 2.00 6.83 3.17 4.93 1. 00 
4.33 3.50 6.67 2.67 5.83 2.83 
2.17 2.50 4.83 2.67 3.00 2.17 
1. 83 1.17 5.33 2.17 4.67 2.00 
1. 33 5.33 3.17 5.17 4.00 2.50 
2.67 2.67 5.00 3.17 2.00 2.33 
1. 67 3.83 6.67 5.33 3.67 1. 33 
1.33 3.83 7.67 4.83 2.83 3.50 
2.17 2.50 5.17 5.50 1."83 3.83 
2.17 1.17 6.33 5.00 2.50 5.83 
2.33 3.17 4.00 6.17 0.00 4.83 
1. 67 2.50 4.83 6.00 0.00 0.00 
0.00 2.50 5.67 3.00 0.00 0.00 
0.67 0.83 4.17 8.17 0.00 0.00 
9.83 3.00 4.67 6.17 1. 00 7.67 
0.00 2.33 5.50 5.33 0.83 4.67 
0.00 0.67 6.33 3.83 3.00 3.33 
0.00 1. 50 2.67 4.50 0.00 2.50 
0.00 1. 50 4.33 4.50 2.67 4.33 
0.00 0.00 3.33 5.17 3.00 6.50 
0.50 0.50 2.67 1.17 4.50 3.50 
0.67 1. 83 2.17 5.17 3.67 0.00 
0.00 1. 83 2.50 1. 33 4.17 6.00 
2.00 1. 50 2.50 3.83 5 . .00 3.33 
2.83 0.50 3.00 1. 50 " 3.50 2.33 
4.00 1. 00 2.50 1. 33 5.00 1. 33 
3.00 2.50 4.33 3.83 4.67 4.50 
3.50 1. 67 2.50 0.00 5.33 0.33 
3.17 0.67 1. 33 6.50 4.50 0.00 
3.17 1. 67 1.33 0.00 3.00 0.00 
2.67 2.83 1.00 1. 67 4.33 0.67 
2.67 1. 33 2.17 3.00 1. 50 3.67 
3.17 1. 33 1. 33 3.50 4.33 2.50 
1. 50 0.50 1. 67 2.00 5.67 4.17 
1. 83 2.33 2.17 3.33 2.50 3.50 
2.17 1.17 2.83 1.17 2.00 0.67 
4.83 9.67 2.83 2.50 3.50 6.17 
2.67 0.83 3.00 2.33 3.00 3.50 
4.33 0.67 3.33 3.00 12.50 4.17 
3.33 2.33 4.67 2.17 4.17 3.50 
2.83 3.17 3.83 0.50 6.17 3.17 
7.33 1. 50 2.33 2.17 5.50 4.50 
7.17 1. 00 3.00 1. 00 5.17 6.00 
6.50 2.83 4.00 2.00 1. 00 2.83 
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7.50 0.00 3.67 2.00 4.33 0.00 
5.33 0.00 2.67 2.83 2.00 9.33 
6.33 0.00 2.67 0.50 4.83 2.83 
7.50 0.00 3.33 2.17 3.50 0.00 
5.50 0.00 4.67 0.83 1. 50 0.00 
5.50 0.00 3.50 0.00 1.17 1.17 
6.17 0.00 3.33 2.17 1.17 2.83 
4.33 1. 67 3.33 0.00 0.50 1. 67 
3.83 0.17 3.33 2.83 0.50 4.00 
5.83 1. 00 3.33 4.17 2.50 3.17 
5.00 .0.00 4.17 4.67 1. 67 3.00 
4.17 10.33 4.67 5.17 3.00 0.00 
6.17 0.00 4.67 4.50 1. 83 0.67 
6.67 0.00 5.17 4.50 1.33 0.00 
4.67 0.00 3.83 5.17 2.33 2.00 
5.00 0.00 2.17 4.33 1. 50 8.50 
4.00 0.83 6.67 3.83 3.17 4.50 
3.83 2.33 3.17 7.67 1. 00 0.00 
4.83 0.00 9.67 10.17 3.50 0.00 
5.00 2.00 4.17 4.67 0.33 0.00 
2.83 2.50 6.00 2.50 2.67 0.50 
2.83 3.00 6.83 5.67 1.33 3.17 
4.33 3.17 5.67 5.83 3.67 3.50 

12.50 2.83 7.00 4.67 0.67 2.17 
10.67 2.17 6.50 4.33 1. 50 3.17 

0.00 0.00 4.17 0.00 1. 50 4.00 
4.83 9.33 5.50 2.17 2.83 4.50 
1. 83 4.67 5.00 2.67 3.00 3.50 

11.17 4.33 6.50 2.83 2.50 3.17 
8.00 2.50 8.83 1. 83 0.00 3.50 
5.83 2.17 7.17 0.33 0.00 2.83 
4.17 2.50 5.83 9.00 1. 00 1. 83 
5.33 1. 67 7.50 2.33 1.17 3.50 
5.17 2.50 7.50 2.33 1. 00 2.50 
7.00 1. 00 7.33 0.83 2.67 3.33 
6.83 1.17 7.50 1. 50 1. 67 7.00 
7.33 2.17 6.50 0.00 0.50 6.67 
6.17 2.33 5.50 1. 67 3.17 5.67 
7.83 2.00 3.50 1.17 0.00 5.00 
7.17 0.00 4.17 0.00 0.00 4.17 
7.00 2.33 3.00 0.33 0.67 5.67 
6.50 0.00 2.67 1.17 2.83 5.83 
7.33 0.67 4.33 0.00 0.67 5.83 
6.67 1.17 0.00 1. 00 2.50 6.50 
8.67 1.17 1.33 0.50 0.83 8.83 

10.50 0.00 2.17 0.67 2.00 4.83 
1. 50 0.00 3.33 1. 83 0.50 3.67 
1. 67 1. 67 2.33 0.67 2.33 3.83 
4.67 3.67 2.67 1. 83 3.00 3.67 
6.33 5.33 2.50 2.33 2.50 3.67 
5.67 3.50 2.83 0.00 3.33 2.67 
6.83 2.83 1. 67 0.00 0.83 3.67 
5.50 2.33 1. 50 3.67 0.17 3.67 
5.33 2.83 3.50 4.83 0.00 2.33 
4.67 3.50 2.83 3.83 2.50 4.17 
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4.17 1. 67 2.00 1. 83 0.83 0.00 
5.00 1. 83 0.00 6.33 2.00 1. 33 
5.00 2.67 0.33 0.00 1.83 2.00 
5.50 2.50 0.00 0.00 3.00 7.33 
6.17 3.17 2.17 2.33 0.17 6.17 
4.67 3.33 1.83 2.83 1.33 0.00 
4.00 2.50 2.33 3.33 2.17 9.67 
3.17 2.17 3.50 2.67 1.17 2.33 
2.67 2.33 0.00 3.17 2.33 5.50 
1.83 3.00 2.17 3.33 2.50 0.00 

EXPERIMENT A41 

3.50 5.50 0.17 2.00 2.33 3.00 
2.17 2.17 4.83 3.50 4.00 2.33 
2.00 2.17 2.83 0.67 4.17 1.67 
2.83 3.33 2.83 3.33 5.00 1.33 
2.33 0.33 1. 00 1. 50 0.00 0.17 
1. 00 1.17 3.83 2.17 0.17 1. 50 
1.50 0.17 2.50 3.17 4.33 1.33 
3.17 4.33 5.00 2.33 2.83 3.33 
2.17 4.00 5.67 1.00 4.17 2.67 
2.50 4.83 5.67 1. 67 4.50 1.83 
1. 67 3.33 5.83 0.50 3.50 0.50 
0.67 3.67 4.33 1.50 4.33 2.33 
4.00 5.83 2.67 1. 33 3.67 1.17 
2.67 1. 83 1.83 1.50 3.67 2.50 
5.00 1. 50 2.67 2.00 2.33 2.50 
2.17 3.67 5.33 2.33 5.33 1.17 
3.83 1. 67 2.50 1.67 5.50 1. 33 
4.17 0.83 2.33 1.33 6.50 1.17 
3.17 2.00 0.00 0.17 3.67 2.67 . 
2.00 0.67 9.67 2.50 3.33 1. 50 
2.50 1.17 0.00 1.00 5.83 2.83 
5.50 2.33 1.17 0.17 5.67 2.00 
0.00 2.00 0.17 0.83 4.00 0.00 
1.00 3.00 0.83 1.67 4.67 0.00 
8.67 4.67 3.33 2.00 2.67 0.00 
2.33 1. 67 0.00 0.00 3.83 0.00 
3.00 4.17 0.00 0.00 3.83 6.00 
1. 67 1. 83 0.00 2.33 1.33 1. 67 
2.00 2.50 0.00 3.00 3.50 1. 00 
1.00 2.00 0.17 4.17 2.83 3.00 
0.00 1.17 0.00 1.67 2.33 2.33 
3.67 1.17 8.67 3.67 4.33 1. 33 
2.50 1. 83 3.G7 3.50 3.17 4.00 
2.33 5.00 ~.h7 4.33 4.00 2.33 
4.00 1. 00 1. 67 4.33 1. 67 2.17 
4.00 1. 67 2.83 4.50 4.00 3.00 
3.·50 0.00 1.33 4.17 4.33 1. 67 
6.00 8.67 1.33 2.83 4.17 3.17 
1.17 12.33 0.83 3.83 2.83 2.67 
6.33 0.00 0.50 3.33 4.00 4.83 
4.67 2.17 1. 50 1. 50 4.17 2.67 
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1. 83 1. 33 2.83 2.00 2.00 3.00 
2.83 2.00 4.00 3.50 3.33 2.33 
3.17 4.83 4.67 3.17 2.33 3.50 
2.00 2.83 2.67 0.00 3.67 3.17 
1. 50 4.67 4.50 0.00 1. 67 3.00 
2.17 3.50 3.50 0.00 3.17 0.00 
1. 50 2.17 0.00 0.00 3.67 0.00 
2.17 1. 83 4.50 0.00 0.00 0.50 
1. 83 3.17 5.83 0.00 2.17 0.00 
0.17 2.50 5.17 1. 67 2.67 2.50 
2.83 2.50 4.67 2.83 2.17 9.83 
2.67 2.50 3.67 1. 83 3.17 4.33 
2.33 0.83 5.00 4.33 3.67 1. 83 
0.50 2.33 5.50 0.83 4.33 2.83 
3.33 2.83 2.83 2.00 2.50 0.00 
5.00 1. 67 4.00 1. 50 5.17 0.83 
2.17 2.00 5.50 3.17 4.17 0.33 
2.33 2.83 3.83 2.33 4.83 1. 50 
1. 33 2.67 4.67 1. 33 1. 83 1. 33 
1.17 2.67 4.33 3.00 3.50 2.00 
1. 67 0.17 2.83 1. 83 1. 50 1. 67 
1. 50 0.83 2.83 0.33 3.33 4.17 
1. 83 1. 50 3.50 2.33 3.50 0.83 
1. 67 2.17 3.17 0.83 2.83 1. 67 
1. 50 2.00 4.17 0.83 2.00 0.00 
1.17 4.50 1.33 2.67 3.50 2.33 
1. 67 4.33 4.83 1. 83 3.17 3.17 
0.67 3.17 4.67 1. 67 1. 33 0.50 
1. 50 1. 33 6.67 0.67 1.33 0.00 
2.17 0.00 5.17 0.17 3.50 4.33 
1. 00 3.17 3.00 3.67 1. 83 4.33 
2.00 5.00 4.67 3.50 2.50 1. 50 
1. 83 6.50 4.67 1. 67 0.00 0.00 
1. 83 4.50 6.00 1. 83 3.67 0.00 
0.00 4.67 8.83 0.67 0.83 0.00 
1. 50 4.83 6.50 2.83 5.17 0.00 
1. 50 6.33 7.50 2.00 5.50 0.17 
2.67 5.17 8.50 0.00 5.00 1. 50 
2.00 5.00 5.83 0.00 4.50 2.00 
3.17 4.83 7.33 0.33 4.17 3.00 
0.50 3.17 8.00 2.17 3.33 1. 00 
1. 83 4.00 7.83 3.50 4.17 2.67 
3.17 4.50 10.33 4.83 4.00 1. 33 
1. 33 3.83 10.00 1. 50 4.17 3.17 
1. 50 4.67 4.00 4.33 3.17 0.33 
1. 50 3.00 3.17 1.17 4.50 2.33 
3.33 2.00 2.67 1. 67 1. 67 0.00 
3.17 4.83 3.33 11. 00 3.17 1.17 
0.00 4.33 4.83 1. 67 2.17 2.00 
3.17 3.33 6.50 3.33 2.83 0.00 
2.17 3.83 4.50 2.67 3.50 0.18 
2.67 3.50 5.83 2.67 1. 67 0.17 
2.50 3.33 3.67 4.83 2.83 1. 50 
1. 50 4.00 6.33 2.50 2.67 0.33 
3.33 3.33 6.33 4.33 1. 83 0.83 
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2.50 9.17 6.33 2.67 3.50 0.00 
5.33 0.00 5.50 1. 83 3.67 1. 00 
5.00 0.00 4.17 0.00 2.00 0.00 
4.00 4.33 6.17 0.00 4.00 0.17 
1. 83 4.33 7.33 0.00 2.33 1.33 
4.83 4.50 7.33 0.00 0.67 2.67 
4.00 3.67 6.00 1. 67 3.00 0.33 
1.17 3.33 3.00 2.67 2.33 0.83 
1.33 3.00 5.67 3.83 3.00 1. 33 
1.67 2.83 5.67 1. 00 4.33 1.33 
2.00 4.33 7.00 1. 83 3.83 2.17 
2.83 5.50 5.33 1. 33 3.67 1. 83 
0.50 3.00 6.17 2.67 7.17 2.17 
0.83 4.33 5.17 0.00 5.00 2.00 
2.50 4.50 6.17 0.33 4.33 1. 83 
2.00 4.50 4.17 1. 33 4.33 2.83 
5.50 3.17 8.33 0.33 3.83 3.00 
2.17 4.50 7.33 0.00 2.00 2.67 
5.17 2.83 5.67 1. 00 4.00 2.67 
5.17 4.17 8.00 0.83 4.17 2.83 
1.17 3.33 6.67 1.50 4.33 3.17 
3.00 2.17 6.50 0.83 3.50 2.83 
3.33 4.17 6.50 1. 50 3.67 1. 83 
3.33 2.83 5.00 1. 67 5.17 1.17 
1. 83 3.50 7.67 0.00 4.17 0.33 
4.67 2.83 7.83 0.00 2.50 2.00 
3.50 3.50 6.83 0.33 5.83 2.00 
0.50 2.00 6.83 2.33 8.17 2.17 
0.83 1. 33 4.33 2.50 1. 50 2.17 
2.50 2.83 5.50 5.33 9.00 2.17 
2.50 0.67 6.33 1. 50 2.83 0.67 
1.17 2.67 0.00 2.33 2.67 2.33 
1. 50 3.67 5.50 0.00 3.33 2.50 
1. 67 0.00 4.33 0.67 2.83 3.33 
1.17 3.67 4.17 0.00 2.00 2.83 
1. 67 3.50 4.17 0.00 2.67 1. 67 
1. 83 4.33\ 2.67 0.67 2.17 2.67 
1. 83 2.50 1. 83 1. 83 3.83 2.17 
0.33 0.00 4.17 2.83 3.83 3.00 
0.00 1.17 0.00 1. 00 2.50 1. 50 
1.17 1. 67 0.00 1. 50 2.17 2.67 
0.00 1. 83 3.00 1. 50 1. 00 1. 33 
0.33 3.17 0.67 1.17 1. 67 0.00 
1. 67 2.00 3.33 0.00 3.17 5.33 
1. 00 2.67 2.00 1. 83 3.33 1. 67 
0.67 3.83 2.67 0.17 0.00 1. 67 
1. 50 2.67 2.33 1. 33 0.00 0.67 
1. 50 2.17 2.17 2.33 2.00 0.67 
1. 00 0.17 1.33 1. 50 1. 83 2.67 
1. 50 6.00 0.00 4.00 2.33 0.33 
1. 33 2.83 1.17 1. 50 0.67 0.00 
0.00 3.33 1.17 1. 67 1. 67 0.00 
0.00 2.00 1. 50 3.00 0.33 0.17 
0.00 5.00 2.83 3.33 0.50 0.00 
0.67 1. 83 0.67 0.00 2.00 0.50 
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2.83 0.33 1.17 0.00 1.50 1. 50 
4.00 1. 33 1.33 3.00 3.17 0.50 
3.17 1. 33 0.00 4.50 2.67 0.00 
2.67 1. 67 0.67 6.67 3.17 0.67 
3.50 3.67 0.83 10.33 2.50 0.17 
1. 83 4.00 0.00 5.33 3.83 1.17 
1. 67 2.33 1. 00 3.00 4.33 0.00 
0.00 4.50 1. 83 5.17 3.67 0.67 
8.17 0.00 2.50 4.83 7.67 0.17 
3.17 1. 50 0.00 5.83 3.50 0.00 
2.67 1. 83 0.00 4.83 3.00 0.00 
2.17 1. 50 0.00 2.83 3.00 0.00 
1. 67 4.17 0.00 5.00 3.67 0.00 
2.00 3.17 0.00 5.33 4.33 0.00 
2.83 9.83 0.00 4.33 3.17 0.00 
1. 83 4.17 0.00 5.67 3.50 0.00 
1. 83 3.17 1.17 3.67 2.67 0.00 
0.50 2.67 1.17 2.67 3.83 0.00 
3.50 3.33 0.33 1. 50 4.33 0.00 
3.17 1.17 1. 50 17.83 4.67 0.00 
2.50 3.50 0.00 6.17 4.00 0.00 
1. 33 3.00 0.00 5.83 4.00 2.83 
3.33 3.17 1. 00 6.00 3.00 1. 83 
2.50 0.00 0.83 5.00 4.33 0.50 
4.17 3.50 3.33 2.33 3.67 2.50 
2.17 4.67 2.83 5.33 2.67 1.17 
1. 50 2.50 3.00 2.83 2.33 3.50 
1. 50 11. 50 1.33 6.00 3.50 0.50 
1. 50 0.00 1. 50 2.67 4.67 0.00 
2.17 3.83 0.00 10.17 3.50 2.33 
2.33 4.50 0.00 6.67 3.50 3.50 
0.83 3.17 1.33 6.17 2.50 1. 50 
0.17 2.33 5.00 5.00 3.17 2.17 
3.00 1. 67 2.33 5.33 3.33 2.33 
4.33 9.50 4.33 4.50 1. 83 0.33 
2.67 2.17 4.33 4.83 1. 00 3.17 
3.17 3.33 2.83 3.67 3.17 2.83 
2.33 5.33 2.50 5.00 2.00 3.67 
6.17 1. 50 2.83 4.00 2.33 2.50 
3.17 2.83 3.00 5.33 3.83 3.17 
2.67 3.50 2.83 2.83 2.17 1. 33 
3.67 4.83 0.33 2.67 3.00 2.00 
3.50 3.67 3.33 4.67 2.50 3.67 
7.50 0.00 1. 67 3.33 2.00 3.17 

EXPERIMENT B20 

0.00 4.33 3.00 3.50 1.33 1. 33 
0.00 0.00 0.00 3.83 0.83 0.83 
1. 83 2.33 0.67 0.00 3.00 3.50 
1. 50 0.67 0.67 0.00 2.83 0.17 
2.33 3.83 0.33 0.00 0.00 1. 83 
1. 33 1. 67 2.50 1. 50 3.17 4.67 
1. 83 1. 33 1. 00 0.33 1. 67 0.00 
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2.00 1.33 0.00 1. 50 3.33 2.50 
1.17 9.33 2.00 2.00 1. 83 1.00 
3.00 3.33 1. 50 0.17 1. 83 2.83 
9.17 2.83 0.00 1. 67 1. 50 2.83 
4.83 2.00 0.33 1. 83 1. 83 5.00 

11.17 1. 83 0.67 0.00 2.00 4.17 
6.33 1. 50 1. 50 5.50 2.33 2.00 
2.00 1. 83 1. 50 2.00 0.67 6.00 
2.50 1. 33 1. 67 0.50 3.50 4.50 
2.17 3.17 2.33 1. 67 2.83 4.00 
2.67 3.33 0.00 1.17 1. 33 0.83 
2.33 3.50 2.17 1.17 2.17 3.67 
0.50 3.17 0.50 0.83 2.17 0.67 
1. 67 2.00 2.00 3.83 3.00 3.50 
0.17 5.67 2.00 3.50 2.33 2.00 
2.00 5.00 2.50 2.67 0.83 1. 50 
2.33 4.00 2.67 2.50 3.00 4.00 
1. 00 6.50 2.17 1. 83 5.17 2.50 
1.17 3.17 2.83 2.17 2.00 4.33 
1. 00 3.17 2.33 2.50 4.67 2.50 
0.00 4.50 3.33 0.00 5.33 1. 00 
1. 67 4.67 0.17 0.00 2.17 1. 50 
2.67 4.50 4.17 0.00 1. 67 1. 83 
1. 00 0.00 4.17 0.00 3.50 1. 67 
0.83 0.00 1.17 0.17 2.33 2.50 
1. 83 1. 33 4.33 5.00 2.83 1. 83 
0.00 3.00 2.83 3.83 2.00 2.17 
1. 33 2.33 2.00 2.50 4.33 0.00 
0.00 2.67 3.17 1.17 1. 67 1. 83 
0.00 3.83 3.00 4.17 4.33 0.67 
0.83 2.67 2.50 4.00 4.33 1. 33 
1. 67 2.00 2.50 0.00 1. 83 1.33 
1.17 0.00 2.17 0.00 2.17 2.17 
0.00 3.33 2.17 2.67 3.17 1. 33 
1. 83 4.33 1. 50 0.00 4.00 3.17 
0.00 3.50 0.00 2.67 1.17 1. 67 
0.00 0.33 7.33 4.00 4.50 1. 83 
1. 33 2.17 3.50 1. 83 3.33 1. 67 
1. 50 1. 00 3.33 2.00 1. 83 2.83 
2.33 2.67 2.83 1.17 3.83 0.00 
0.00 3.17 2.67 1.17 2.83 1. 50 
0.00 1. 67 3.17 0.83 3.17 1. 67 
1. 00 2.33 2.50 0.00 3.33 2.50 
1. 83 3.50 2.33 1. 50 0.00 0.17 
0.33 3.33 2.83 5.33 3.50 0.67 
0.00 0.67 3.33 0.50 1. 33 2.17 
0.17 2.50 2.67 3.17 3.67 1. 67 
1.17 2.33 2.17 0.00 0.83 0.33 
0.83 2.83 3.67 1. 67 1. 50 1. 83 
1. 67 6.17 3.33 3.00 2.67 2.00 
1.17 0.00 2.17 4.33 3.17 0.83 
0.00 4.33 3.17 2.00 0.50 1. 67 
0.00 0.83 0.00 3.00 3.00 1. 83 
0.00 3.00 0.00 0.33 0.67 1. 33 
0.00 4.17 2.83 0.00 2.67 0.00 
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0.00 1. 50 5.50 0.83 2.67 1. 00 
1. 00 2.83 2.50 1. 67 0.83 0.00 
1. 83 1. 67 8.00 1. 33 2.67 1. 33 
0.00 2.33 1. 67 3.00 3.00 0.00 
1. 50 2.17 2.33 0.67 0.00 1. 83 
0.50 1. 33 2.00 7.50 2.33 0.17 
2.17 2.17 0.00 0.83 1.33 0.00 
0.00 1. 50 0.00 2.50 3.17 0.00 
1. 00 4.00 1. 33 2.33 0.67 0.00 
2.00 0.67 4.17 3.00 4.00 0.83 
0.33 4.00 2.33 4.50 1. 50 0.00 
1. 50 0.00 1. 67 3.00 1. 33 1. 50 
4.17 2.33 0.67 4.00 3.00 1. 50 
0.17 2.83 1. 67 3.17 1. 83 0.00 
2.17 3.17 2.33 2.83 2.00 0.50 
1.33 2.50 2.50 2.17 3.50 0.00 
0.00 3.17 1. 83 3.17 0.00 0.50 
1. 50 1. 67 0.33 3.00 1. 67 2.33 
0.00 2.00 10.00 6.00 1. 00 0.17 
3.83 2.17 4.17 3.50 0.00 1.50 
0.67 3.17 2.83 4.00 0.10 1.17 
1. 83 2.67 1. 83 3.67 0.17 0.83 
1. 67 2.33 1. 00 4.00 1. 50 2.50 
3.17 0.00 0.00 4.33 0.00 0.00 
0.00 2.83 0.00 3.50 0.00 0.00 
0.00 2.83 0.00 9.00 0.00 3.83 
0.00 2.33 3.50 7.67" 0.00 0.00 
1. 67 1. 00 0.00 2.00 1.33 0.00 
0.00 3.67 1. 50 4.33 0.00 0.00 
0.00 3.00 2.17 3.50 0.00 0.17 
0.00 1. 50 0.00 5.50 0.67 0.83 
0.00 2.33 0.00 0.00 1.17 2.50 
0.00 1. 50 1. 00 1. 00 0.00 6.50 
0.17 2.17 2.33 3.50 1.33 0.00 
1. 83 0.00 1. 83 3.17 0.50 4.50 
1. 33 7.50 3.33 4.17 1. 00 0.00 
1. 00 7.00 0.83 2.00 1.33 0.83 
0.00 0.00 0.50 1. 67 1. 50 1. 50 
2.67 0.00 0.00 1. 83 3.67 0.83 
0.17 0.00 0.33 0.67 1. 83 3.67 
6.67 0.00 0.00 2.33 2.00 0.83 
1. 00 2.83 ,0.00 2.00 2.83 2.50 
1. 67 1. 00 0.00 1. 83 1.33 9.67 
6.17 1. 33 2.33 3.17 2.33 4.67 
0.00 4.67 0.50 1. 50 2.67 3.17 
0.00 0.33 1. 67 3.33 2.33 3.33 
1. 67 1. 50 0.67 0.00 2.11 0.00 
0.83 2.17 1. 50 0.00 2.67 0.00 
0.50 3.00 0.00 2.50 2.00 0.00 
2.00 0.83 0.00 0.67 2.50 0.00 
1.17 2.17 0.00 2.33 5.83 0.83 
0.00 1. 83 0.00 1. 00 2.83 1. 50 
2.50 0.00 0.00 0.00 1. 00 2.67 
1.17 0.00 0.00 2.50 3.83 0.00 
2.83 0.00 0.33 1. 50 3.17 2.17 



146 

1. 50 0.17 1. 50 1. 33 2.17 1.17 
1. 83 1.17 0.00 1. 50 3.50 0.17 
4.00 2.00 0.00 2.00 3.67 2.67 
0.00 0.00 0.67 3.17 1. 50 2.50 
0.00 0.50 5.17 6.83 3.33 0.00 
0.00 3.33 3.33 0.00 3.50 1. 50 
0.83 0.33 4.50 1. 67 3.50 2.00 
0.00 2.33 1. 50 2.17 4.00 1. 33 
1. 67 2.00 4.00 0.00 5.83 1. 33 
8.17 1. 33 2.67 3.33 3.83 1.17 
2.00 3.50 1. 67 2.33 4.50 2.33 
2.00 2.67 1. 83 2.33 4.67 0.33 
0.50 0.67 11. 50 2.83 3.67 1.17 
3.00 3.33 0.00 1. 00 2.50 3.00 
0.83 1.17 0.00 0.67 5.67 0.50 
2.00 2.83 9.33 4.67 2.17 1. 33 
0.67 1. 50 3.50 0.67 0.00 1. 50 
2.83 1. 83 3.00 2.67 0.00 1. 33 
3.50 0.00 3.00 4.00 8.17 1.33 
0.00 0.00 1. 67 1. 50 1. 67 3.50 
0.50 2.50 1. 00 1.50 2.67 0.00 
3.67 1. 33 0.00 2.67 2.00 0.83 
1. 83 1. 00 1. 00 2.00 1. 50 2.83 

EXPERIMENT B30 

3.33 3.17 1. 00 0.00 0.33 3.83 
3.17 2.67 0.50 0.00 1. 67 0.67 
4.33 0.00 3.83 0.00 0.17 1.17 
0.00 1. 67 0.67 2.83 0.00 2.50 
3.50 2.17 2.83 0.50 0.83 2.00 
2.33 5.33 2.67 0.00 0.00 2.33 
2.50 0.50 0.17 2.50 0.67 4.50 
3.83 2.50 3.17 0.00 2.00 3.00 
2.50 3.50 0.00 2.17 0.00 2.33 
0.33 0.67 0.83 0.00 0.33 0.83 
3.67 0.83 2.67 0.00 0.17 1. 33 
3.00 3.83 3.50 0.83 0.00 2.17 
2.83 1.17 1. 67 2.83 2.17 1. 67 
4.00 3.33 2.33 2.17 0.00 3.67 
2.67 1. 83 0.00 1. 00 0.00 3.67 
0.17 1. 50 3.83 1. 50 1.33 3.00 
1. 33 2.83 1. 83 0.00 3.17 0.00 
3.00 5.17 0.67 1.17 0.00 1. 33 
3.17 3.00 3.17 3.00 0.00 2.17 
3.67 0.83 0.33 0.33 2.33 2.00 
2.00 0.83 1. 83 1. 00 0.00 4.00 
1. 67 2.17 2.50 0.33 1.33 2.67 
1.17 2.17 3.00 3.50 0.67 0.00 
0.00 1. 33 1. 50 0.50 1. 50 0.83 
0.00 0.00 0.83 0.00 2.67 4.50 
2.17 0.00 0.67 0.00 1.00 2.17 
0.00 0.00 3.00 1. 50 1.17 2.50 
0.50 0.00 0.00 0.83 1.50 1. 00 
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0.33 1. 67 0.83 2.17 0.00 0.00 
10.00 4.67 1. 50 2.33 0.83 1. 83 

1.33 2.17 1. 50 0.00 1. 00 0.33 
3.33 0.67 2.50 3.17 2.17 0.33 
1. 67 2.67 3.00 5.17 0.00 1. 50 
1. 67 3.17 0.67 2.00 0.00 2.83 
0.33 1. 50 1. 83 2.00 2.00 2.00 
3.00 2.67 1. 83 0.33 0.00 0.33 
1.33 1. 67 2.00 2.50 2.33 0.50 
0.00 2.17 1. 67 3.00 0.00 1. 00 
0.00 3.67 1. 00 2.00 3.67 3.00 
0.00 3.00 2.00 2.17 1. 67 2.83 
0.50 2.83 0.83 2.00 0.00 0.33 
0.67 4.17 0.00 2.50 0.17 2.17 
1.17 2.67 2.33 5.00 2.33 0.00 
2.50 4.67 2.00 2.17 1. 83 1. 33 
2.67 3.17 1. 83 1. 00 0.33 0.83 
1.17 2.50 2.00 3.17 2.67 0.00 
2.33 1. 83 0.83 3.33 2.00 0.00 
2.00 2.50 1.17 1. 67 0.17 0.00 
2.17 3.50 1.17 3.50 0.00 0.00 
1. 33 9.17 1. 50 1.67 1.17 0.00 
0.50 4.33 0.83 5.33 0.50 0.00 
4.00 4.00 1. 50 0.67 2.00 0.00 
1. 00 2.50 2.00 1.17 0.17 0.00 
0.00 2.83 1. 83 1. 00 0.83 0.83 
2.33 1. 50 0.67 3.00 0.67 0.00 
1. 33 2.50 0.83 2.67 0.50 0.00 
1. 50 1. 50 2.67 1. 83 0.33 0.67 
1. 50 0.00 0.50 0.50 2.00 0.33 
3.50 0.00 0.00 3.33 0.33 0.83 
0.00 0.00 0.33 0.67 1. 00 2.00 
1. 33 2.33 2.33 0.00 1.33 0.50 
1. 83 2.83 2.67 1. 67 2.00 0.00 
0.50 1. 00 0.00 3.83 2.17 0.17 
2.67 1. 33 0.00 0.17 0.00 0.83 
1. 83 2.33 0.00 2.50 0.50 0.17 
3.83 5.33 0.67 1. 83 1. 67 1.17 
0.00 0.00 1.33 3.83 1. 33 0.00 
0.83 1. 33 2.83 0.33 2.17 1. 33 
2.17 2.50 1. 50 1. 33 1. 67 0.00 
1. 83 1. 00 1. 33 2.83 0.67 0.00 
4.00 1. 00 0.83 1. 83 0.00 1. 67 
2.00 0.00 0.33 1.17 1. 67 0.00 
1.17 1. 00 0.00 0.83 0.83 2.67 
0.17 0.67 0.67 2.50 1. 50 2.00 
2.00 0.00 0.83 2.17 'LOO 0.00 
2.17 0.00 0.50 0.00 4.50 0.00 
1. 33 0.67 2.00 1. 33 1. 00 0.83 
3.17 0.00 2.00 0.00 1. 50 0.00 
2.17 2.50 1.17 1. 33 2.50 2.83 
0.00 0.83 1.17 0.33 2.67 0.83 
3.17 4.83 0.00 0.00 0.00 0.50 
2.67 4.50 0.00 0.00 1. 50 0.33 
2.67 2.17 0.83 0.00 0.17 0.00 
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3.17 1. 67 6.50 0.00 0.83 2.83 
3.00 2.33 3.83 0.00 2.33 1. 00 
1. 67 2.33 1. 83 0.00 3.00 1. 00 
2.50 1. 33 3.33 1. 67 0.33 1.17 
1.17 1. 83 1. 33 0.83 2.00 0.00 
1. 00 1. 83 1. 00 2.67 1.17 0.83 
1. 67 2.17 6.67 1. 67 2.83 0.83 
0.33 2.67 0.00 0.00 0.17 2.00 
0.00 1. 83 0.00 0.50 0.17 2.67 
1. 50 0.00 0.00 0.00 0.50 2.00 
0.67 1.17 0.00 0.83 2.00 1. 83 
1.33 0.83 0.83 1. 83 1. 83 0.00 
2.67 1.67 0.00 0.67 0.83 0.83 
0.67 2.00 0.17 3.00 1. 50 0.00 
1. 50 2.00 0.83 1. 67 0.50 2.33 
2.17 1. 83 6.33 0.00 2.00 3.00 
2.67 3.33 0.83 1. 00 0.33 2.83 
1. 83 2.17 2.67 1. 00 1.17 0.00 
1.17 3.67 0.00 2.17 2.00 0.00 
2.00 1. 83 0.67 2.17 9.83 0.00 
1. 83 3.33 1. 50 2.00 0.00 2.00 
2.00 3.33 1. 33 2.33 0.00 0.33 
2.67 4.17 1. 00 1. 00 0.83 2.00 
2.00 3.50 0.00 1. 33 1. 83 1. 50 
1. 83 3.33 0.00 1. 50 0.50 0.00 
1.17 3.67 0.00 3.00 0.00 0.33 
1.17 2.00 0.00 0.00 1.33 1. 50 
0.33 3.17 0.00 0.00 3.17 0.00 
7.50 3.17 0.67 0.00 1. 00 1. 33 
2.50 1.17 1.17 1. 67 0.00 1. 50 
1. 83 3.50 1. 00 1. 83 0.17 0.83 
1. 83 2.83 0.00 0.00 1.33 0.00 
1.17 2.00 0.00 1. 83 1. 67 1. 00 
1.33 2.67 0.00 1. 67 1. 83 0.33 
1.17 3.50 0.00 1. 50 0.67 0.00 
0.67 1. 50 0.00 0.67 2.17 0.00 
0.00 1. 33 0.33 3.50 0.00 0.00 
0.00 2.67 0.00 0.33 0.00 0.00 
0.00 2.17 0.17 0.67 1. 83 0.00 
1. 00 0.00 4.00 2.83 1. 67 0.00 
2.50 0.83 0.00 2.83 0.00 0.00 
0.50 1.17 0.83 1. 67 0.00 1.17 
1. 67 1. 50 1. 00 1.17 0.00 0.67 
2.33 0.67 0.17 2.67 0.00 1.17 
2.83 2.67 1. 67 1. 50 0.83 0.33 
1. 83 5.17 1.17 0.00 0.17 0.00 
4.83 1. 83 0.50 1. 67 0.67 2.17 
0.83 2.50 2.00 1. 00 1. 50 0.00 
0.00 1. 00 1. 83 1. 67 0.17 0.00 
1. 00 2.67 1.17 0.00 0.83 0.50 
0.83 1. 67 0.50 0.00 0.00 0.00 
4.17 2.50 0.00 2.00 0.00 1. 50 
4.33 0.83 2.17 0.00 0.00 0.33 
2.17 3.00 0.00 0.67 0.00 0.00 
2.33 0.17 0.33 2.50 0.00 0.67 
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1. 83 2.33 0.50 ·1.50 0.00 0.00 
2.33 2.17 7.33 1. 50 0.00 0.00 
3.00 0.67 2.50 2.67 0.00 0.50 
2.17 1. 67 2.50 1. 33 0.00 1. 83 
1. 00 1. 00 1. 83 2.33 0.00 1. 50 
2.83 1. 50 1.17 1. 67 0.00 1.17 
1. 67 3.50 2.50 3.00 0.00 2.17 
2.00 1. 67 1. 33 1. 00 0.00 0.83 
3.17 1. 00 0.00 2.17 0.00 1. 33 
2.67 0.67 3.33 2.50 0.00 0.00 
1. 00 1. 83 1.33 3.00 0.00 0.00 
3.00 1.17 2.67 2.67 0.00 0.83 
2.17 2.00 2.33 0.83 0.00 0.00 
2.33 0.67 0.50 1. 33 0.00 0.00 
3.33 0.83 1.33 3.00 0.67 1. 00 
2.33 0.17 3.33 1. 67 1. 00 0.00 
2.83 2.67 0.33 1.17 2.00 0.00 
2.33 0.00 2.83 1. 83 4.33 0.00 
0.83 1.17 0.00 1. 83 1. 83 0.00 
0.00 2.17 0.50 1. 50 0.00 0.00 
0.00 1.17 1. 33 1.17 0.00 1. 33 
0.00 4.00 5.17 2.50 2.50 2.00 
0.50 1.17 5.50 1. 83 1.17 0.00 
0.00 3.00 4.00 2.50 2.33 0.00 
0.00 0.83 4.17 4.67 3.17 0.00 
0.00 2.17 3.67 1. 83 0.83 1.17 
0.00 0.00 3.50 1. 67 0.00 0.83 
1.33 1. 50 5.17 1. 83 1. 83 1. 00 
3.83 1. 50 2.00 1. 67 0.00 0.00 
3.83 1. 83 3.33 2.00 2.33 0.00 
4.33 0.50 4.00 0.67 3.33 1.17 
4.00 1. 67 3.33 1. 83 0.17 0.83 
5.00 1. 50 2.33 2.17 0.17 0.83 
2.33 2.00 3.00 1. 50 3.17 0.00 
4.00 0.33 3.83 1. 67 1. 50 0.50 
3.33 2.33 1. 00 2.50 0.67 0.00 
3.67 2.00 3.17 1. 33 2.67 0.00 
2.17 0.67 2.17 0.50 1. 50 1. 33 
2.00 1. 00 3.33 0.00 0.00 0.00 
3.17 3.00 0.00 0.00 3.17 1. 83 
3.33 1.17 2.50 0.00 0.00 1. 83 
2.17 0.67 1. 50 0.00 1. 50 0.00 
5.17 2.50 4.00 1. 67 0.00 0.00 
3.83 0.00 1. 33 0.00 2.83 0.00 
2.33 2.17 1.17 0.67 1. 67 0.17 
3.00 1. 83 2.00 1. 50 0.00 1. 67 
2.83 O.OCJ 2.33 0.67 0.00 0.00 
3.83 1. 33 2.17 0.67 0.50 1. 50 
1.17 0.50 3.67 2.00 1.17 0.00 
0.67 0.17 0.00 0.33 3.17 0.00 
9.33 0.00 3.50 0.00 1.17 0.50 
2.17 2.00 2.67 1. 83 0.00 0.00 
3.83 0.33 0.00 0.00 1. 83 0.33 
3.00 0.67 3.00 2.17 3.83 0.00 
2.17 1.17 0.33 2.00 1.17 0.83 
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3.33 1. 83 0.00 0.00 1. 83 0.00 
0.67 0.67 2.17 0.83 0.00 2.33 
0.00 0.00 2.17 0.00 0.83 0.17 
0.00 1. 50 2.33 0.67 1. 33 0.17 
1. 67 0.83 1. 67 1. 83 1. 50 1. 00 
2.50 0.33 0.00 1.17 1.17 0.00 
2.33 1. 33 0.00 0.00 0.83 0.00 

EXPERIMENT B40 

0.00 0.00 0.83 1. 33 0.83 4.00 
0.00 0.00 2.33 2.17 0.33 2.67 
0.00 0.00 0.67 0.33 0.00 3.83 
0.00 0.00 0.33 1. 33 0.00 10.17 
0.00 0.00 0.00 0.00 0.00 4.83 
0.00 0.00 0.00 3.00 0.00 1.33 
0.00 0.00 1. 00 3.00 0.00 2.33 
0.00 0.50 1.17 0.00 0.00 3.50 
0.00 0.00 1.17 0.00 0.00 2.50 
0.00 1. 33 0.00 0.00 0.00 4.00 
0.00 0.83 1. 00 0.00 0.00 2.33 
0.00 0.33 0.33 0.00 0.00 0.33 
0.00 1. 67 0.67 0.00 0.00 3.00 
0.00 0.50 2.33 0.00 0.00 2.33 
0.00 0.00 1. 00 1. 83 0.00 3.50 
0.00 0.67 0.00 1. 50 0.00 3.00 
0.00 0.83 0.00 1.17 0.00 2.67 
0.00 1. 33 0.17 1. 00 0.00 3.50 
0.00 1. 00 1. 67 0.17 0.00 4.00 
0.00 2.50 0.67 1. 50 0.17 3.50 
0.00 0.00 0.00 1. 33 1. 50 1. 83 
0.00 0.83 0.83 0.00 0.00 4.33 
0.00 0.67 0.33 1. 83 0.33 3.00 
0.00 1. 33 0.17 2.00 0.00 0.17 
0.00 0.17 1. 83 0.50 0.00 0.00 
0.00 1. 67 1. 50 2.33 0.00 1. 50 
0.00 0.33 0.00 0.33 0.00 1. 83 
0.00 0.50 1. 00 0.33 0.00 1. 83 
0.00 1. 67 0.33 1.17 0.00 1. 83 
0.00 0.17 0.17 1.17 0.00 6.17 
0.00 2.00 0.83 0.67 0.00 2.50 
0.00 2.00 1. 67 0.83 2.33 2.33 
0.00 1. 50 0.00 0.17 0.17 2.83 
0.00 0.00 0.00 0.00 0.33 3.00 
0.00 l. 67 0.00 l. 33 0.00 0.00 
0.00 1. 50 0.67 1.17 0.00 1. 00 
0.00 1. 50 1. 50 1. 50 0.50 1.17" 
0.00 3.17 0.00 1.17 0.00 1. 67 
0.00 1. 83 0.67 0.50 0.00 2.00 
0.00 0.33 0.00 0.00 0.00 1. 83 
0.00 2.17 0.00 0.17 0.33 2.67 
0.00 0.50 1. 50 0.17 0.00 1. 50 
1. 67 1. 33 0.83 0.50 0.00 3.67 
1. 33 2.17 0.17 1. 33 0.00 3.50 
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1.33 1.17 1.83 0.50 0.00 0.00 
10.50 0.50 0.17 0.00 0.00 0.00 

2.50 1. 50 1. 83 0.00 0.00 2.00 
2.50 1. 33 3.83 0.00 0.00 1. 83 
0.33 2.67 1. SO 0.83 0.00 2.00 
2.67 0.17 3.00 0.17 0.33 2.83 
0.17 0.67 0.00 0.00 1.33 0.50 
1. 67 0.33 0.83 0.50 0.17 3.50 
2.17 1. 67 4.50 1. 83 0.00 1. 33 
1. 67 0.83 2.50 1. 33 0.00 1. SO 
1. 83 1. 67 2.67 2.17 0.00 2.00 
2.83 2.00 1. 83 0.67 0.00 2.00 
0.00 1. 67 4.17 1.17 0.00 2.17 
3.67 2.67 0.83 1. 00 0.00 1. 50 
0.83 0.00 1. 67 0.83 0.00 2.00 
1. 00 0.33 0.00 0.00 0.00 2.50 
1. 67 1. 33 3.50 0.67 0.00 2.33 
1.17 0.83 2.83 0.00 0.00 4.50 
2.00 0.00 0.83 1. 50 0.00 0.00 
2.67 0.33 1. 67 0.83 0.00 3.83 
2.00 1. 00 2.00 0.17 0.00 1. 00 
3.17 1.17 1. 67 1.17 0.00 2.50 
1. 83 0.00 4.67 0.67 0.00 2.33 
1. 00 2.67 0.33 0.00 0.00 1. 33 
2.67 0.00 0.67 0.83 0.00 0.50 
1.17 1. 00 0.00 0.00 0.00 2.50 
3.33 1. 33 0.00 2.17 0.00 2.67 
0.17 1. 50 2.00 1. 67 0.00 2.33 
1. 67 0.00 2.00 0.67 0.00 1. 33 
2.83 1. 33 1.00 0.50 0.00 3.17 
2.00 1. 50 2.83 1. 67 0.00 2.17 
2.50 1.33 1.50 0.17 0.00 1. 33 
2.33 1. 50 3.17 1. 00 0.00 2.67 
0.00 2.00 2.00 0.50 0.00 0.00 
3.33 0.00 2.67 1.17 0.00 0.17 
2.83 2.83 1. 00 1. 50 0.00 0.33 
1. 33 0.67 4.00 1. 83 0.00 0.50 
3.17 2.00 3.17 0.83 0.00 0.33 
2.17 2.33 2.33 0.50 0.00 8.67 
1. 33 2.50 3.17 0.00 0.00 1. 67 
2.33 0.00 1.17 1.17 0.00 1. 67 
3.50 0.17 1.33 0.83 0.00 3.00 
3.50 2.17 1. 00 0.00 0.00 1. 00 
3.50 1. 50 11. 50 0.67 1. 83 1. 67 
4.67 3.00 2.83 0.33 1. 67 1. 33 
2.33 1. 83 1. 50 1. 67 2.67 2.17 
1. 67 ('.17 1. 83 1. 67 0.00 2.50 
4.00 2.67 2.50 0.83 3.33 1.17 
0.83 1. 67 2.00 0.00 1.17 1.17 
1.17 1. 83 3.33 0.00 1. 50 1. 67 
2.33 2.50 1. 83 0.00 0.33 0.67 
3.33 2.00 1.17 0.00 2.83 1. 50 
4.50 0.00 0.83 0.00 2.17 2.50 
3.33 3.00 0.50 0.00 3.00 2.00 
4.50 2.00 1. 00 0.33 1. 00 0.83 



152 

0.17 1. 50 0.83 0.83 1. 67 1. 00 
4.17 2.33 0.67 1. 33 2.17 2.83 
4.33 3.17 1. 00 0.67 0.00 3.17 
3.67 2.50 2.33 1.17 2.17 1. 00 
1. 83 1. 67 1.33 0.00 3.00 0.50 
4.00 2.33 2.00 0.00 1. 83 0.00 
4.33 2.17 1.17 0.00 1.17 0.00 
1. 50 2.50 0.00 2.17 3.17 0.00 
2.83 2.17 0.00 0.33 1. 83 0.00 
1. 83 1. 67 0.00 0.00 1.17 0.00 
1. 83 0.67 0.00 0.33 1. 67 0.00 
0.00 1. 00 0.50 0.33 0.50 0.00 
0.00 1. 33 3.00 0.00 1.17 0.50 
0.00 5.83 3.00 0.00 1. 83 0.00 
0.00 1. 50 0.67 0.00 0.17 1.33 
1.17 2.50 1.17 0.00 1. 67 0.00 
0.50 0.00 0.00 0.00 3.67 0.00 
2.67 1. 83 0.00 0.17 3.50 0.17 
4.33 2.67 0.00 0.00 3.50 0.00 
0.67 1. 50 0.00 0.00 4.17 0.00 
0.33 3.67 1.33 0.00 1. 00 0.83 
2.33 3.50 0.00 0.00 2.33 0.00 
2.00 1. 33 1.17 0.00 3.33 0.00 
3.33 1. 00 1.17 0.00 0.83 1. 50 
3.33 2.67 0.33 0.00 3.00 0.00 
1. 33 1. 67 1. 83 0.33 2.67 0.50 
0.33 2.00 0.67 0.00 3.33 0.00 
1. 00 0.50 0.67 0.00 0.83 1.17 
3.33 0.83 2.50 0.00 2.83 8.67 
1. 67 1. 67 1. 33 0.67 2.50 0.67 
2.67 2.83 1. 00 0.67 1. 67 0.00 
0.83 2.17 0.33 0.00 1. 67 0.17 
1. 67 1. 83 0.00 0.00 1.33 1.33 
2.50 1. 83 0.67 0.00 0.00 0.50 
2.50 1. 33 1.50 0.00 2.00 2.83 
0.00 1. 33 2.67 0.83 1.17 0.33 
1.17 0.50 1.33 0.00 0.00 0.67 
1. 67 2.00 1. 33 0.00 2.67 1. 00 
1. 33 3.33 2.33 0.00 1. 67 1. 67 
3.00 1. 50 1.33 0.00 0.83 0.83 
1. 83 1. 50 0.67 0.83 1. 00 1.17 
0.67 2.00 0.50 0.00 1. 00 1. 67 
2.83 2.17 0.00 0.67 0.33 0.00 
1. 83 1. 50 0.17 0.83 0.00 0.83 
0.67 2.00 1. 83 0.00 0.00 0.17 
2.33 1. 67 2.00 0.17 0.00 0.00 
1. 00 1. 67 1.33 1. 00 0.00 0.00 
0.00 1.17 1. 50 1.17 2.33 0.00 
0.17 1. 67 0.50 0.00 0.00 0.00 
2.83 0.17 0.00 0.00 0.50 0.33 
0.83 3.50 0.00 0.00 1. 33 1. 33 
0.33 1. 00 1. 00 0.17 0.33 1.17 
0.83 0.83 2.00 0.67 0.67 2.33 
0.00 1. 67 0.67 0.00 7.33 3.17 
1.17 0.67 0.33 0.83 3.67 0.83 
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2.67 0.83 2.00 0.17 4.33 0.00 
0.50 2.33 0.17 0.50 2.67 1. 00 
0.00 0.50 0.17 0.00 4.50 2.33 
0.33 0.00 1. 83 0.00 2.67 1. 83 
0.33 1.17 1.33 0.00 1. 50 2.67 
0.00 0.17 2.83 1. 00 3.00 1. 33 
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APPENDIX A.2 

Bedload Transport Data - Unsteady Flow Experiments 

The data herein are the average bedload transport rates for each hydrograph series (1.62 

hours) in the unsteady flow experiments. The data read from left to right and are quoted in g s-l. 

Again the original measurements (each based on five readings) were accurate to ± 20 g, these data 

(each averaged from ten measurements) are accurate to ± 0.12 g s-l. 

EXPERIMENT XAI0 

1.76 2.01 1.39 1.80 2.06 
1.25 2.36 4.52 3.53 2.49 
3.09 3.54 1 . 8 6 1. 36 1.55 
1.20 0.93 1. 63 2.58 2.62 
1.83 2.26 1.77 1.99 1.59 
2.22 1. 44 1.75 1.38 2.64 
1.99 0.73 1.19 0.64 0.74 
1.38 0.62 0.56 0.93 1.57 
2.31 1.16 0.44 0.89 1.82 
0.99 1. 35 1. 21 1.68 1.97 
1.55 1. 78 2.25 1.41 1.33 

EXPERIMENT XAll 

0.68 0.57 0.80 1. 63 " 1.62 
1 . 04 2.23 2.53 1. 00 0.90 
1.69 2.59 1.13 1. 12 "2.06 
1.80 2.23 1.66 0.60 1.64 
1.27 o . 93 0.91 2.76 1.71 
0.61 0.81 1.63 1.90 1.46 
1.10 1.22 1.06 0.92 0.40 
o .68 0.89 0.68 0.91 0.54 
1. 69 0.52 0.88 0.69 0.90 
1. 20 1. 08 0.74 0.73 -1.08 
1. 69 1. 66 0.58 0.95 -1.52 
1 .54 1. 13 0.68 0.90 1.03 



EXPERIMENT XA20 

o .46 0.43 
o .96 0.83 
0.51 0.72 
1 . 4'0'" 1. 10 
o .42· 0.47 
o .97 2.31 

EXPERIMENT XBIO 

3.61 3.00 
4 .21 4.84 
4.32 3.06 

EXPERIMENT XBll 

3.06 2.91 
5.40 4.04 
4.88 4.78 

EXPERIMENT XB12 

1 .45 2.02 
2 .93 3.34 

EXPERIMENT XB13 

2 .09 
3.17 

2.56 
3 .72 

EXPERIMENT XB20 

2 .06 3.68 
2 .53 3.17 
3 .29 3.66 
3.45 2.55 
4 .31 3.14 

EXPERIMENT XB21 

2 .89 2.01 
2 .76 2 . 60 
3.05 2.78 
2 .81. 3.25 
3.42 2 .39 

0.71 
1.46 
0.99 
1.16 
0.51 
1.94 

5.56 
5.07 

3.86 
3.71 
3.72 

6.11 
5.18 

4.91 
4 .09 

3.46 
3.45 
2.43 
4.26 
2.99 

1.97 
3.45 
3.67 
2.96 
3.00 

0.99 
1.28 
1.65 
1. 22 
0.64 
1.45 

4.87 
3.74 

3.78 
4.85 

4.07 
2.96 

3.95 
3.44 

2.11 
3.51 
3.20 
3.64 
3.50 

2.74 
2.39 
2.48 
2.61 
2.88 
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0.35 
1.63 
1.66 
0.93 
0.73 
2.08 

5.61 
5.53 

3.55 
3.45 

4.07 
5.23 

4.12 
3.32 

4.68 
2.89 
3.43 
4.12 
2.82 

2.26 
2.37 
2.52 
2.51 
2.22 



EXPERIMENT XB30 

1.33 2.89 
3.40 2.05 
1.63 2.69 
2 .10 3.20 
2 .28 2.18 
1.60 1.98 

EXPERIMENT XB31 

2.31 
3.71 
2.63 

2.53 
2.29 
2.35 

1.89 
2.58 
2.76 
2.74 
2.55 
2.39 

1.98 
2.82 

2.26 
2.99 
1.84 
2.64 
1. 74 
3.02 

1.53 
2.56 
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2.39 
1.17 
2.64 
2.67 
1.98 
2.71 

2.48 
3.28 
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APPENDIX B.1 

Hydraulic Data - Steady Flow Experiments 

The data herein are the measured hydraulic data for the steady flow experiments. 'fhe 

'Distance' values define the position of the 'Depth' and 'Velocity' measurements, and are 

measured from left flume wall (looking upstream). In the 'Summary Data' the 'Average Depth' 

values are the means of all the measured depths for each experiment; the 'Maximum Velocity" 

values are the means of all the measured velocities for each experiment; and the 'Average 

Velocity' values were calculated as Q/FW.dav' The' Average Froude Number' values were 

calculated from the 'Average Depth' and ' Average Velocity' values. 

Experiment 
(Time) 

A20 
(Hour 22) 

(Hour 32) 

MEASURED DATA 

X-Section 

6.00 m 

8.00 m 

10.00 m 

12.00 m 

14.00 m 

6.00 m 

8.00 m 

10.00 m 
12.00 m 

14.00 m 

Distance 
m 

± 0.005 

1.16 
1. 44 
1. 65 
1. 94 
2.10 
1. 30 
1. 75 
1. 90 
2.24 
1. 41 
1.70 
1. 92 
1.33 
1. 71 
1. 83 
2.19 

1. 40 
1. 64 
2.02 
1. 97 
2.21 
1. 88 
1. 87 
1. 99 
1.15 
1. 70 
2.27 

Depth 
cm 

± 0.1 

1.2 
1.1 
0.7 
2.1 
0.7 
1.3 
0.9 
1.1 
1.0 
0.5 
0.4 
3.2 
1.4 
0.5 
0.5 
1.1 

1.5 
1.1 
0.4 
2.4 
1.6 
1.1 
1.2 
1.0 
1.3 
0.9 
0.9 

Velocity 
cm s-l 

±2 

38 
47 
38 
47 
33 
41 
36 
50 
32 
38 
28 
50 
32 
32 
38 
41 

33 
35 
29 
45 
31 
35 
50 
28 
27 
39 
28 
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A30 
(Hour 8 ) 6.00 m 0.86 0.9 41 

1. 07 0.6 33 
8.00 m 0.63 1.1 31 

0.79 0.8 39 
2.35 0.8 24 

10.00 m 0.86 0.7 27 
1.23 0.9 36 
2.08 1.6 32 

12.00 rn 0.64 0.5 31 
0.88 0.9 24 
1.20 0.9 32 
1. 68 0.6 32 
1. 93 1.2 47 

14.00 m 0.76 1.2 27 
1. 01 1.4 43 
1. 74 0.6 28 

(Hour 17) 6.00 m 0.60 0.9 33 
1. 78 1.0 31 

8.00 m 0.50 0.9 30 
1.12 1.1 29 
1. 86 0.7 39 
2.31 0.7 28 

10.00 m 0.66 0.7 26 
2.15 1.0 21 
2.34 1.0 45 

12.00 m 0.52 0.7 29 
1. 75 0.9 32 
1. 95 0.5 29 
2.09 1.3 36 

14.00 m 1. 24 1.5 53 
1.30 1.0 39 
1. 72 0.6 28 

A40 
(Hour 13) 6.00 m 1.27 0.7 30 

1. 67 1.2 31 
1. 96 0.3 25 

8.00 m 0.88 0.7 27 
2.08 1.0 35 

10.00 m 0.82 0.7 26 
1. 33 0.9 45 
1. 55 0.9 27 
2.06 0.5 24 

12.0C -n 1. 23 1.1 45 
1. 43 0.4 21 
1. 97 0.6 25 

14.00 m 1.18 1.5 43 
1. 29 0.6 35 
1. 94 1.0 28 

(Hour 39) 6.00 m 1. 02 1.0 29 
1.15 1.1 38 
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8.00 m 0.58 1.0 33 
2.18 0.8 33 

10.00 m 0.55 1.0 35 
1.14 0.4 22 
1. 63 1.0 28 
2.31 0.9 32 

12.00 m 1. 60 1.4 15 
2.03 1.4 27 
2.16 1.4 20 

14.00 -m 0.45 1.0 31 
2.25 0.6 26 
2.40 0.9 28 
2.53 0.8 24 

A41 
(Hour 13) 6.00 m 0.98 1.0 31 

1. 43 1.2 27 
1. 72 0.5 23 
2.10 0.8 22 

8.00 m 1. 78 0.5 32 
1. 98 1.2 31 

10.00 m 1. 53 0.7 24 
2.24 0.6 29 

12.00 m 0.84 0.8 38 
1. 65 1.1 29 
1. 80 0.7 36 

14.00 m 0.84 0.6 35 
1. 55 0.8 36 

(Hour 39) 6.00 m 0.69 0.9 31 
0.81 1.5 32 
1. 56 0.5 30 

8.00 m 0.91 0.9 32 
1. 33 0.7 31 
2.28 1.4 25 

10.00 m 1.33 1.5 19 
2.17 0.9 38 

12.00 m 1. 04 0.6 25 
1. 74 0.5 33 
2.22 0.7 22 

14.00 m 1. 68 0.7 27 
2.09 2.2 14 

B20 
(Hour 20) 6.00 m 0.90 1.1 30 

1. 04 0.6 31 
2.13 0.8 25 

8.00 m 1. 04 0.8 38 
1. 25 0.9 27 

10.00 m 0.62 2.0 5 
1.13 1.0 38 

12.00 m 1. 43 1.2 38 
1. 99 1.4 29 
2.12 1.2 24 

14.00 m 2.05 1.8 41 
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(Hour 30) 6.00 m 0.54 1.4 30 
0.69 1.2 36 
2.19 0.7 28 

8.00 m 0.80 0.8 28 
0.88 0.4 28 
1. 63 1.3 28 

10.00 m 0.77 0.8 30 
1. 75 0.9 31 
1. 88 1.6 33 
2.15 1.0 30 

12.00 m 0.70 3.7 36 
2.15 1.0 31 

14.00 m 2.00 0.7 33 
2.26 3.9 35 

B30 
(Hour 15) 6.00 m 0.78 1.5 32 

1. 86 0.8 35 
2.00 1.7 33 

8.00 m 1. 85 3.6 38 
2.09 0.6 25 

10.00 m 1. 80 1.3 27 
12.00 m 0.81 1.0 36 

0.92 2.2 35 
1. 97 0.9 38 

14.00 m 1. 43 0.7 30 
2.32 0.8 30 

(Hour 30) 6.00 m 0.76 1.0 35 
2.20 0.8 27 

8.00 m 0.85 1.1 35 
1. 73 3.5 24 

10.00 m 0.89 0.7 27 
1. 79 1.2 38 

12.00 m 0.60 0.7 29 
1.38 0.6 33 
2.00 1.3 31 

14.00 m 0.70 0.7 38 
2.14 0.7 26 

B40 
(Hour 25) 6.00 m 1. 85 1.2 35 

1. 96 1.2 26 
8.00 m 1. 73 0.8 28 

1.96 1.2 28 
10'.00 m 0.78 0.5 29 

1. 92 1.3 31 
12.00 m 1. 03 1.5 29 

1. 86 0.7 27 
2.00 0.8 33 

14.00 m 0.89 0.8 17 
1.11 1.3 30 
2.07 0.6 32 
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(Hour 40) 6.00 m 1. 63 1.1 31 
1. 95 1.3 10 

8.00 m 1. 63 1.4 14 
1. 88 1.5 35 

10.00 m 1. 83 0.4 30 
1. 95 1.1 33 

12.00 m 0.81 0.8 25 
1. 78 1.0 30 
1.93 0.9 33 

14.00 m 1. 84 0.7 30 
1. 96 0.8 31 

SUMMARY DATA 

Average Average Maximum Average 
Depth Veloci!y Velocity Froude 

em em s-1 em s-1 Number 

A20 1.2 18 37 0.6 
A30 0.9 18 33 0.7 
A40 0.1 16 30 0.5 
A41 0.1 18 29 0.5 
B20 1.3 18 30 0.5 
B30 1.1 11 32 0.5 
B40 1.0 16 28 0.5 
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APPENDIX B.2 

Hydraulic Data· Unsteady Flow Experiments 

The data herein are the measured hydraulic data for the unsteady flow experiments. Yhe 

'Distance' values define the position of the 'Depth' and 'Velocity' measurements, and are 

measured from the left flume wall (looking upstream). In the 'Summary Data' the 'Average 

Depth' values are the means of all the measured depths for each experiment; the 'Maximum 

Velocity' values are the means of all the measured velocities for each experiment; and the 

'Average Velocity' values were calculated as vmax12.4. where 2.4 was found to be the average 

value of the ratio (dav.vmax.FW) I Q for the individiual measurements. The Average Froude 

Number' values were calculated from the 'Average Depth' and 'Average Velocity' values. 

MEASURED DATA 

Experiment X·Section Distance Depth Veloci!y 
(Time) m cm em s·l 

± 0.01 ± 0.1 ±2 

XA10 
(Hour 15) 6.00 m 0.97 0.9 30 

8.00 m 1. 00 0.8 30 
1. 98 0.5 19 

10.00 m 1.32 0.5 29 
1.43 1.4 35 

12.00 m 1.25 0.8 24 
1. 67 1.1 39 

14.00 m 1.55 0.6 30 
2.03 1.1 41 

XA11 
(Hour 15) 6.00 m 1.03 0.9 31 

8.00 m 0.96 1.2 39 
10.00 m 1.05 0.6 30 
12.00 m 0.81 1.2 35 
14.00 m 1.26 0.9 35 

2.05 1.7 24 

XA20 
(Hour 24) 6.00 m 1.51 1.0 21 

1.83 0.9 28 
8.00 m 1.01 0.8 18 

1. 93 1.1 35 
10.00 m 1. 95 0.8 29 
12.00 m 1.94 0.7 32 
14.00 m 1.03 0.5 20 

1. 91 o .8 30 

http:dav.vmax.FW
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XB10 
(Hour 13) 6.00 m 1.01 0.7 22 

1.31 0.6 33 
2.19 0.7 21 

8.00 m 1. 41 0.8 32 
2.07 1.0 18 

10.00 m 0.98 1.0 30 
2.13 1.6 33 

12.00 m 0.98 0.9 38 
1. 49 0.5 25 
2.05 0.7 41 

14.00 m 2.38 0.4 22 
2.73 1.7 25 

XB11 
(Hour 10) 6.00 m 1. 50 0.7 28 

8.00 m 0.84 1.8 38 
10.00 m 1.35 1.0 41 
12.00 m 1. 63 0.6 29 

1. 79 1.6 36 
14.00 m 1.50 1.2 41 

XB12 
(Hour 16) 6.00 m 1. 54 0.7 32 

2.10 0.7 29 
8.00 m 0.94 0.7 17 

1.30 0.9 35 
1.97 0.8 26 

10.00 m 0.83 0.8 27 
1. 69 0.6 26 

12.00 m 1.16 0.6 24 
1. 60 1.3 23 

14.00 m 2.14 1.2 21 

XB13 
(Hour 16) 6.00 m 1. 92 1.3 45 

8.00 m 1. 88 0.8 32 
10.00 m 1. 95 0.7 31 
12.00 m 1. 55 0.5 27 

2.16 0.9 21 
14.00 m 0.89 0.7 33 

XB20 
(Hour 17) 6.00 m 0.95 0.6 23 

1. 61 0.7 31 
1. 99 0 ... 29 

8.00 m 0.82 0.8 26 
1. 75 0.6 29 
1. 97 0.6 25 

10.00 m 1.02 1.0 23 
1. 63 0.8 30 
1. 97 0.6 27 

12.00 m 0.66 1.0 28 
1. 83 1.2 24 
1. 96 0.5 28 
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14.00 m 0.76 0.4 28 
1.13 0.4 21 
1. 72 2.2 19 
2.20 0.9 38 

XB21 
(Hour 42) 6.00 m 1.37 0.6 32 

1.55 1.0 27 
8.00 m 1. 00 0.9 36 

10.00 m 1.25 0.6 30 
1. 51 0.8 25 

12.00 m 1. 60 0.8 33 
14.00 m 2.06 0.7 30 

XB30 
(Hour 16) 6.00 m 1. 78 1.5 38 

1. 91 0.5 21 
8.00 m 1. 51 0.7 29 

1. 97 0.5 32 
10.00 m 0.77 1.1 31 

1. 86 0.7 24 
12.00 m 1.20 0.8 30 

1. 88 0.4 24 
14.00 m 1.21 1.7 31 

XB31 
(Hour 19) 6.00 m 1. 99 0.7 33 

8.00 m 1. 94 1.0 32 
10.00 m 2.03 0.8 38 
12.00 m 1. 80 0.5 39 

2.17 0.7 28 
14.00 m 1. 98 0.7 32 

SUMMARY DATA 

Average Average Maximum Average 
Depth Velocity Veloci!y Froude 

em em s-l em s-l Number 

XA10 0.9 13 31 0.5 
XA11 1.1 13 32 0.4 
XA20 0.8 11 27 0.5 
XB10 0.9 12 28 0.4 
XB11 1.1 15 35 0.5 
XB12 0.8 11 26 0.4 
XB13 0.8 13 31 0.5 
XB20 0.8 11 27 0.5 
XB21 0.8 13 30 0.5 
XB30 0.9 12 29 0.5 
XB31 0.7 14 34 0.6 
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APPENDIX B.3 

Hydraulic Data - North Branch Ashburton River 

The data herein are those used in the hydraulic similarity testing (Chapter 7). They were 

recorded on 2 December 1985 in the confined reach (S=0.74%) of the North Branch of the 

Ashburton River. (Source: Laronne and Duncan, pers. comm.(1987)). 

X-Section No. Channels Discharge Average Maximum 
No. With Water Depth Depth 

m3s-1 \ 

m m 

C1 5 9.8 0.24 0.80 
C2 3 12.1 0.29 0.70 
CIX 2 21. 4 0.35 0.80 . 
C3 2 15.9 0.36 0.52 
C4 1 14.1 0.54 0.70 

CXIV 1 12.8 0.53 0.62 
C5 1 14.1 0.39 0.80 
C6 1 14.3 0.43 0.75 

X-Section Channel Width Average Maximum Average 
Velocity Velocity Froude 

m s-1 m s-1 Number 

C1 38.9 1. 03 1.6 0.67 
C2 34.1 1. 20 1.8 0.71 
CIX 55.0 1. 09 1.9 0.53 
C3 44.1 0.99 1.5 0.68 
C4 16.4 1. 57 2.1 0.73 

CXIV 15.7 1. 49 1.7 0.40 
C5 25.6 1. 43 2.0 0.59 
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APPENDIX C.l 

Photographic Records - Steady Flow Experiments 

This appendix contains a photographic montage for each of the seven ~teady flow 

experiments. These are the second set of photographs which were taken in each of these 

experiments, and are those which were used to assess planfonn variables. The times at which 

these photographs were taken are given in Figure 4.9. The montages have been divided in half 

for ease of reproduction, with the flow being from left to right in both segments. The markers on 

the flume walls represent 1.0 m intervals, and at a 1 :50 scale the full flume length of 20 m 

represents a 1 km prototype reach. 
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APPENDIX C.2 

Photographic Records· Unsteady Flow Experiments 

This appendix contains a photographic montage for each of the eleven unsteady flow 

experiments. These are the final set of photographs which were taken in each of these 

experiments, and are those which were used to-assess planform variables. The times at which 

these photographs were taken are given in Figure 4.9. The montages have been divided in half 

for ease of reproduction, with the flow being from left to right in both segments. The markers on 

the flume walls represent 1.0 m intervals, and at a 1 :50 scale the full flume length of 20 m 

represents a 1 km prototype reach. 
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APPENDIX C.3 

Photographic Record - North Branch Ashburton River 

This appendix contains an aerial view of part of Blands Reach in the North Branch of the 

Ashburton River during low flow conditions (flown on 31/1/86). Flow is from left to right. and 

the reach shown is approximately 2 kIn in length. or equivalent to two flume lengths. 
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