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Foreword 

Grain sorting was the topic of a,.Seminar which was organized by the Laboratory of 
Hydraulics, Hydrology and Glaciology at the Centro Stefano Franscini on the Monte 
Verita in Ascona from October 21 to October 26, 1991. Experts from various European 
countries, from the USA, from Japan and New Zealand were attending. 

Natural rivers normally are not in a stable situation. Intensive land use asks however 
for the design of statically or dynamically stable river channels as a function of sediment 
supply. The heavy floods of 1987 in Central Europe demonstrated in an impressive way, 
that problems of channel stability and sediment transport are not yet solved. Growing 
environmental concern asks for more natural solutions in river channel design and even 
river restorations. The assessment of the sediment transport capacity of such channels is 
far more complex than of straight prismatic channels. 

Computer simulation has become a powerful instrument which can be used in this 
context. It allows to analyze actual and future trends in river bed evolution and to 
establish a sediment budget for a given river stretch. However, the basic theory used 
relies on a single grain concept, what means that the behavior of the different fractions of 
the moving sediment and the bed material is considered to be the same as that of uniform 
material with the size of one characteristic grain (mean grain diameter). It is expected that 
this one grain concept does not give an adequate response in rivers with strong 
aggradation or degradation tendencies. 

The aim of the Seminar was to review the state of the art, to exchange ideas on 
current research and to trigger new developments. The spectrum of topics was 
intentionally kept narrow and accordingly speakers and participants were invited to work 
on this particular aspect on sediment transport. This concept resulted in an intensive 
exchange of ideas during discussion. 

The success of the Seminar is due to an important part to the facilities available at 
the Monte Verita, its scenic environment and the assistance and the financial support 
offered by the Centro Stefano Franscini. The organizers wish to thank its representatives, 
Prof. Osterwalder and Mrs. Bastianelli, for their extremely valuable contribution. They 
also thank the Fluvial Hydraulic Section of the International Association of Hydraulic 
Research for sponsoring the Seminar. 

Martin Jaeggi 
Roni Hunziker 
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GRAIN SORTING 
SEMINAR 
Centra Stefano Franscini 
Monte Verita, Ascona 
Switzerland 
Qct. 21-26, 1991 

Introduction 

Martin N.R. Jaeggi, Laboratory of Hydraulics, Hydrology and Glaciology, 
Federal Institute of Technology, Zurich 

W-hy a Seminar on Grain Sorting. was organized at the Center Stefano 
Franscini,? To answer, a definition of sorting and some historical background is 
required. 

In sediment transport grains of different characteristics and in particular of 
different size may behave differently. If the coarser lag behind and the finer move 
more easily, then sorting occurs. Although this statement seems logic and not 
particularly challenging, there is evidence from early sediment transport experiments 
of 

hiding of fine material between the coarser ones, and 

stronger exposure of the coarsest particles. 

So there is a compensation between grain size and exposure, or between grain 
size and resistance against entrainment by the flow. If there is a full compensation, 
then all the grains in a mixture behave the same way. This is called equal mobility. 
Sediment transport may then be regarded as being a function of just one 
characteristic grain size (dso, dmJ. 

In 1948 the Meyer-Peter!Mueller formula was published, which may be 
regarded as the classical equal mobility formula. In 1950 Einstein published his 
procedure which already contained a fractionwise calculation and a hiding function, 
contrasting to the single grain concepts. 

Later, research work was done on self annoring. It was soon recognized that an 
equal mobility concept could not be correct in situations where a stable annor layer 
formed when the upstream supply was cut, as it was demonstrated by the pioneer 
work of Gessler in 1965. 

In 1971, annoring and grain sorting were a topic of the IAHR Conference in 
Paris. Amongst others, Egiazaroff published his hiding function there. Since then, 
a lot of work was done by researchers of which a good proportion were represented 
at this Seminar. 
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At the IAHR Conference in Ottawa in 1989, armoring and sorting were treated 
in a memorable Seminar!, where Prof. Maurice Bouvard acted as convenor and 
Prof. Brian Willetts as general reponer. The same year, a number of panicipants 
found themselves back on the subject in Trento (Italy), during the International 
Conference on Problems of Mountain Streams. There the idea came up to hold a 
special meeting on grain sorting, which was now realized in 1991 at the Centro 
Stefano Franscini. 

The meeting is organized in sessions. During each session 3 to 4 papers are 
presented, and then a shon discussion following. A general discussion in the 
middle of the week and a closing discussion favoured an intensive exchange of 
ideas. The field trip on the Reuss river should show a particular case of soning2. 
The second field trip to the rivers Maggia and Melezza, which are located in the 
immediate neighborhood of this Center, allowed to be in contact with to rivers very 
much feared because of there floods . The peak flow in the Maggia river was 
estimated 1978 t 5'000 m3/s, of a catchment basin of about 1000 km2. It is like a 
visit to .respectable neighbors. 

are 
The basic questions. submitted to the audience at the beginning of the Seminar 

Does sorting occur ? 
(Experimental evidence of sorting) 

How can sorting be described ? 
(hiding function) 

What processes occur at the bed surface? 
(mixing layer, physical meaning of it) 

Can static and dynamic (mobile) armoring be described by 
sorting? 
(Static armoring is well described by different procedures. The 

link with hiding functions, mixing layer theory etc.is not obvious) 

What are the effects of sorting ? 
(Are transpon rates and bed evolution different if predicted with single 

grain formula ore a fraction wise calculation? ) 

Scientific exchange is often complicated by misunderstandings Who does not 
remember debates on armoring versus pavement, on the real meaning of equal 
mobility etc. To make things:easier, some definitions are proposed to speakers and 
discussers in the following table. 

!Because the wriuen records of the Ottawa Seminar are considered to represent the state of the 
art a short time before the Ascona meeting, and this material is not available elsewhere. they are 
published as an annex of these proceedings 

2See paper by G.R. Bezzola 
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Key word Range Description 
Weak 9< 0.05 1 Fine sediment 

transport supplied from upstream, 
which is not identical to the bed 
materi.al, moves over a still bed 

Statl~ 0.05<9<0.08· Fine particles are eroded 
armormg - 0.10, no supply form the bed surface 

and a stable coarse 
armour layer forms, 

no substantial erosion 

Mobile 0.05<9<0.08 In the same flow conditions 
armoring2 • 0.10, supply as in case B, 

material more or less identical 
to the bed material is supplied. 

DynamiC 9>0.10 A stable armour layer 
armoring3 cannot form, 

but the coarser particles 
tend to stay longer 

in their positions then the fines 

I<'ull 9> >0.1 For highflow intensities 
motion which are highfor all grains of 

a mixture, no different 
behavior is to be expected 

19 is the dimensionless shear stress (Shields factor) referred to the mean grain size of the 
parent bed material 

2In the subsequent discussion, this case was often called 'potentially static armor' 
3In the subsequent discussion, this case was also called 'mobile armoring' 
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Questions raised by practical work 

H.P. Willi, Head of section 
Federal office for water economy, Switzerland 

1. Introduction 

Nature often confronts the water-engineer with new problems. Floods especially bring a 
lot of questions which have to be answered as soon as possible. With a few examples I 
would like to show you different actual problems. But first, I begin with a survey of 
the special conditions in our country. 

1.1. Survey of conditions in Switzerland 

Our small country with its total surface of 41 '293 square kilometres is characterized by 
a high degree of variety. Switzerland is first and foremost a land of hills and mountains 
and contains the central part of the Alps, roughly a fifth of the total range. The central 
Alpine region with its highest peaks reaching up to 4500 metres form the watershed of 
Europe. 

In general, Switzerland has more rainfall than most other regions in Europe, but the 
amount of rainfall varies greatly from region to region. The mean anual precipitation is 
1476 mm, of which on average 978 mm (1280 m3/s) flow off from the surface. A 
statistical evaluation of the daily maximum amounts indicates how great the degree of 
variation is: for example, two to tbree times more precipitations is measured in the 
Alps and Pre-Alps than in the Central Plateau and the Jura range. The most extreme 
levels of precipitations occur on the southern side of the Alps, where daily maximum 
precipitations of 400 mm have been recorded. A new record for the region of Locarno 
was been measured a month ago. 

The running waters form a closly knit network. The total length of our rivers reach 
40'000km. 

Ascona 



- 12-

~===========================F====.~ ~oO< QOO QO' OOC 

fig. 1 : distribution of rainfallintensity, 24 hours 100 years event 

With an average of 158 inhabitants per square kilometre, Switzerland is very densely 
populated. Taking into account uninhabited areas, this density increases to 250 people 
per square kilometre. 

Changes over the past few decades with respect to lifestyle, space demands and 
infrastructural improvements (traffic) have given rise to the fact, that floods which 
occur today are generally more costly than before. It is therfore not surprising that 
high demands are now made on the safety of our waters, with regard to sufficiency of 
supply and bed stability. Another i~portant change must be respected. Ecological 
connections are being recognized arid acknowledged to an ever greater extent. Awareness 
of the environment has increased. New laws governing river training policies are now 
resulting from this newly won knowledge. Nowadays the development of a project is 
much more diffcult because the different interests need to be brought under one roof. 

The protection measures have to be natural as much as possible; that means that 
geometrical uniform constructions are no more desired. 
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1.2. Consequences of the 1987 catastrophe in Switzerland 

A three -year causal analysis of the events that took place in 1987 was completed by 
june 1991. The objective of this investigation was to estimate the likelihood of such 
catastrophes on the one hand, and on the other hand to find out whether, and to what 
extent, amendements in the planning criteria regarding flood protection constructions 
are necessary, based on the experjence gathered from the 1987 catastrophe. 

The storms of the year 1987 killed eight people and caused damage amounting to some 
1 '200 million Swiss Francs, which is about 10 times the annual average. 

During the most important flood event, extreme peak discharges and large volumes have 
been observed. For 18 stations return periods of 50 years and for 4 stations of 200 
years were exceeded. 

It soon became clear that the publication "Protection against flood" issued in 1982 by 
the federal office for water economy must be completed in different points and that 
current knowledge regarding certain natural phenomena is insufficient (landslide 
dynamics, erosion processes, river morphology) 

An important result of the investigations is, that events like 1987 can occur any time. 

The consequences of the events lead to the following considerations: 

• The level of protection depends on the importance of the object to be protected 

For example, the design discharge for pasture should definitely be lower than the 
one for settlements. 

• Processes have to be distinguished according their potential threat. 

The threat will be different if submersion alone, dangerous submersion with high 
flow velocities in the flooded area, or extreme processes like heavy bank erosion 
and massive debris flows occur. 

• The impact of higher flow rates than the conventional design flood has to be 
looked at, especially when active measures are planned for flood protection. 

Open channel flow hydraulicS presuppose that a single value is chosen for channel 
capacity. Hence, by exceeding this value, flooding and certain damage have to be 
accepted. 

• Passive protection measures (mainly land use planning) are preferable to active 
protection measures against these higher discharges. 

• The planned protection measures should not allow a transfer of the flood risk in 
other zones outside the project area. 
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• Last but not least 

Attention must be paid to a balanced sediment transport, in order that permanent 
protection measures can be assured. 

May I show you different problems or questions concerning the Reuss river situated in 
the canton UR!, which you will visit tomorrow. 

2. Questions 

2.1. Reuss river 

After the 1987 event a lot of provisional protection measures with costs of about 65 
million Swiss Francs were immediately realised. For the final solutions, investments in 
protection measures with costs in the region of 300 million Francs are planned. Many 
questions concerning sediment transport had to be answered. 

2.1.1. Stability of the profile 

How is the reaction of the river bed during a flood? 

If the river bed comes up during an event, the flow- cross section will be reduced. If the 
river bed is eroded vertically, the stability of the lateral protection measures can't be 
assured. 

Eroded material must be deposited somewhere but where are the zones of aggradation? 

Have the dam breaches in the lower part of the Reuss valley been caused by an aggrada
tion of eroded material from the upper part? 

What's the total volume of the transported sediments during an event or during a long 
period? Which volume has to be dredged to guarantee a stable profile? 

What's the necessary foundation depth for the protection measures? 

2.1.2. Translations of meanders I 

Huge lateral erosions occured during the events of 1987. Different translations of 
meanders could be observed. A lot of damage has been caused by this effect. 

How can the stability of the meanders be guaranteed? This is an important question in a 
narrow valley with international traffic-connections. 



- 15 -

fig. 2 : Gurtnellen after the 1987 event 

fig. 3 : lateral erosion, bridge of Wassen after the 1987 event 
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2.2. Landslide in the Zermatt region 

2.2.1. Event 

On Apri118 th 1991 there was a fIrst huge landslide at the mountain called "Gros
sgiifer" with a volume of about 10 - 15 millions m3. The railway to Zermatt had been 
destroyed and the river bed of the river Vispa was covered with rock material. Several 
weekendhouses and stables were destroyed or damaged; no people were injured. Some 
days before the fIrst event there were several small rockfaIls as they occurred in the 
same way the years before. On Mai 9 th there was a second huge landslide. The total 
volume is estimated at 30 million m3. The consequences of this second landslide have 
been worse: 

The Vispa river was stopped up; the possible maximum water level was at a height 
of 1420 m above sea level, the bottom of the valley about 1403 above sea level. 
There was a danger that half of the village could be flooded. 

Interruption of the railway and road to Zermatt. 

Break down of the waste water treatment plant. 

Possible flood-wave due to erosion in the region of the cone with a high water 
level 

Danger for the downstream villages and especially for the city of Visp with its 
chemical industry. 

fIg. 4 : Randa, overview 
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2.2.2. Measures 

Excavation of a channel through the rock material (before the fIrst heavy summer 
rainfall), with the objective to reduce the maximum possible water level as fast as 
possible. The HQ 100 is estimated at 150 m3/s. 

Installation of pumps with a 
view to reducing the lake 
level. (installation capacity 
11 m3/s) • 

Construction of a provisio
nal new road to Zermatt 
(1.8 km). 

Construction of a provisio
nal new railway (3 km). 

Installation of an army war
bridge (pontons) with a 
length of more than 500 m. 

Construction of a new river 
bed along the cone 

the best experts have been 
consulted 

fig. 5: Excavation of a chan
nel through the rock 
material 

2.2.3. Flood events of June and August 1991 

Because of heavy rainfall the water level of the lake raced more than 5 m within a few 
hours. The railwaystation at Randa was flooded to a height of 1.5 m. 20 houses had to 
be evacuated. 

The level of the overflow was already reduced by 15 metres. But 15 metres was not 
enough to avoid the damage to the village. The connection to Zermatt could only be 
guaranteed by the army bridge. 

There was a second event in August with almost the same consequences. This time 
caused by a mudflow in the Dorfbach, an affluent to the river Vispa in the region right 
upstream of the cone. The mudflow built a new cone in the channel under construction. 
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2.2.4. Actual situation 

Geological investigations showed that a third event could occur with a volume of 4.5 
million m3. Therefore it is possible that the new channel for the Vispa with a depth of 
25 m could be filled up again. 

2.2.5. Consequences 

Because of the mentioned dangeI"of a third event a pipeline in the foundation of the 
channel is under construction. This pipeline makes it possible to evacuate about 18 m3/s 
in case of a event without very expensive pumping. 

During this week several possibilities for the final solution of the flood problems are 
under discussion. It looks like the construction of a derivation tunnel is the best 
solution. Different questions about sediment transport and stability had to be answered: 

How long will it take the remaining lake to be filled up? 

How much sediment volume has to be dredged to guarantee a stable profile? 

What the longterm development of the river bed will be? 
(the longitudinal profile has an important influence on the ground water level) 

3. Final remarques 

A lot of questions can be answered with the help of mathematical models. We can 
receive from the used linear models good results if we can gauge the model with the help 
of field data. Good results depend on good field data. 

Mathematical models have different advantages: 

they can give us very quickly important anwers; 

They show us the dependences between different factors and promote the 
understanding of the processes; 

If we are able to construct provisional measures in a way that they can be 
integrated in the final solutions, we can save a lot of money. 

Complex spacial problems can at the moment not be solved by theoretical models; often 
the investigations have to be made physically with the help of physical models, as for 
example for the Reuss river at GurtneIIen. 

Modem protection measures against floods sets out to work with· and not 
against nature. Newly-won knowledge regarding river morphology and 
sediment transPort need to be considered as soon as possible in the pratice. 
Your seminar is a valuable contribution. I wish you a successful week. 
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SOME RANDOM NOTES ON GRAIN SORTING 

by Gary Parker, University of Minnesota, USA 

FOREWORD 

If only there were silence, full, complete 
If all the random and approximate 
Were muted, with neighbor's laughter, for your sake 
and if the clamor that my senses make 
did not confound the vigil I would keep 

Then in a thousandfold thought I could think 
you out, even to your utmost brink, 
and (while a smile endures) possess you, giving 
you away, as though I were but giving thanks, 
to all the living. 

(from The Book of Hours, Rilke) 

1. INTRODUCTION 

The decade of the 1980's saw a major change in thinking concerning 
sediment transport in rivers. Until that decade, research tended to be focused 
on unifortn material. The problem of mixtures, while by no means ignored, 
was often considered in terms of a straightforward generalization of results 
obtained for the simpler uniform case. Perhaps the only major exception to 
this rule concerns the problem of static armoring, to which a number of 
important contributions were made. Most of the problems of real 
morphological and engineering significance remained either unsolved or solved 
in only the most cursory of fashions. 

In the course of the 1980's, however, many of the important problems 
involving mixtures were at least formulated correctly. A fair number of them 
were solved as well, at least in preliminary form. This writer expects that the 
1990's will prove to be a decade in which the present understanding of the 
transport of mixtures will grow, and lead to mechanistic explanations of most 
of the morphological consequences. The present paper is an attempt to 
delineate some of the major problems associated with mixtures, and summarize 
the status to date as regards formulating and solving them. 
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The main focus of this paper is conceptual. The reader will likely find 
the paper deficient in its review of experimental and field results as well as 
theoretical methods. This deficiency is intentional, but not because the above 
topics are somehow lacking in significance. It is, rather, because a firm 
conceptual framework of the problem of grain sorting provides the best 
foundation from which to pursue these topics. 

This review paper is devoted almost exclusively to sorting due to bedload 
transport . The equally interesting topic of sorting due to sediment suspension 
does not go without mention, however, as the reader will find toward the end. 

The writer has used the occasion of this paper to pose a number of 
problems that are as yet either unsolved or only partially solved. To use a 
figure of speech, he gives away some of the best problems, and hopes for some 
enthusiastic takers. 

2. THE GRAIN SIZE DISTRIBUTION 

According to the adage, if you want to make an omelette then you have 
to break eggs. It is not enough to generalize formulations for uniform 
material in a simple and direct way to account for the existence of a variety 
of grain sizes. One must introduce both the language of statistics and 
physical considerations concerning the interaction of different grain types. 

Let D denote grain size. A linear grain size is totally inadequate for a 
treatment of the statistics of mixtures . The appropriate scale is logarithmic: 
to this end the sedimentological ef! scale is introduced: 

D-2-ef!· - , (1) 

Consider a given volumetric sample of sediment . The size distribution pf( ef!) is 
defined such that fraction Pf( ef!) of the sample is finer than size ef! (D). The 
size density of the sample p( ef!) is given as 

p(ef!) = ~ (2) 

In Figure I, Pf and p are illustrated for a bimodal size distribution, consisting 
of a large gravel population, a smaller sand population, and a gap in sizes in 
the granule range (1 N 10 mm). 

There are four statistical~ parameters that enter prominently into the 
treatment of mixtures. These are the geometric mean Dg, the geometric 
standard deviation O"g, the median size Dso, and the size such that 90 percent 
of the sample is finer, Dgo. They are first best defined on the arithmetic ef! 
scale, according to which the mean size ef!m and standard deviation 0" are given 
by 

ef!m = I wef! p(ef!) def! 2 I W(ef! - ef!m)2 p(ef!) def! (3a, b) 0" 

-w -w 

Note also that, by definition, 

I W p(ef!) def! (3c) 
-w 
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Let x denote a percentage (e.g. 90) and let rpx denote the size such that x 
percent (e.g. 90 %) of the sample is finer. The size rpx is thus defined so as 
to satisfy the following condition: 

(4) 

The statistical parameters 1\, O"g, and Dx (with e.g. x = 50 or 90) are given 
from (1), (3), and (4): 

D = 2-rpm . g , (5) 

The computation of these parameters is an issue of more than passing 
curiosity. In order to consider this , it is worthwhile pondering the following 
rhetorical questions. 

a) Consider two sediment mixtures, such that size distribution i) has a 
coarser mean size than size distribution ii) . When normalized against mean 
size, however, the distributions are otherwise identical. For the same applied 
bed shear stress, which distribution will result in a larger sediment transport 
rate? 

b) Consider two sediment mixtures, both with the same mean size. 
The distributions are identical except for the fact that size distribution i) has 
a larger standard deviation than distribution ii). For the same applied shear 
stress, which results in the greater transport rate? 

c) Consider again the mixtures of case b). Which distribution offers 
the greatest roughness, and thus resistance to flow? 

One can surmise that in the first two cases the correct answer is 
distribution ii), and that in the last case it is i). In treating graded 
sediments, the overall mobility of the mixture is typically characterized by 
some standard size such as D [e.g. Ashida and Michiue, 1972; Ribberink, 
1987

j
' Parker, 1991], Dso [e.g . 1>roffitt and Sutherland, 1982], D6S [Einstein, 

1950 etc. A larger grain size results in lowered mobility for the mixture as a 
whole. If mean grain size is held constant but the standard deviation O"g is 
increased, it can be expected that overall mobility decreases, as a result of the 
"hiding" effect by which less-mobile larger grains feel the brunt of the drag 
force offered by the fluid shear stress at the bed. 

As regards roughness 
hydraulic resistance: 

height ks, consider the Keulegan relation for 

U 
u* 

2.5 in(ll }) 
s 

(6), 

Here U denotes depth-averaged flow velocity, u* J7b!p denotes shear 
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velocity where 'Tb denotes boundary shear stress, and H denotes flow depth. 
Typical relations for ks take the following form: 

(7a,b) 

where D 17 is given by 

(8) 

and n90 and n
17 

typically take values between 2 and 3.5. 

One may conclude from the above discussion that the erosion, transport, 
and deposition of sediment mixtures cannot be predicted in absence of a 
consideration of the statistics of the relevant distributions . If this were all the 
relevance that might be associated with grain size distributions, however, the 
problem would be a sterile one. Rather, there is information of great interest, 
phemonema that beg to be explained, contained directly in grain size 
distributions. Several cases are considered here. 

In Figure 2, two size distributions are shown for Oak Creek, Oregon 
[Parker et ' al., 1982]. One sample pertains to the surface, and the other to 
the substrate. Both samples are volumetric, but the surface sample was taken 
only to a depth corresponding to approximately one D90 size of the surface 
material . The surface material is seen to be substantially coarser than the 
substrate. This state of affairs is relatively common for single-channel 
gravel-bed streams, somewhat less common for braided gravel-bed streams, and 
quite uncommon for sand-bed streams. Why? 

In Figure 3, mean surface grain size is plotted as a function of distance 
downstream for the Ok Tedi- Fly River system, Papua New Guinea [Parker, 
1991a]. Throughout the gravel- bed stretch, grain size gradually decreases. At 
one point median grain size suddenly drops from about 30 mm to about 0.2 
mm, i.e. into the sand range. What happened to the sizes ranging from, say 
1 N 10 mm? The transition from gravel-bed to sand-bed stream is marked by 
a change in morphology as well, from a weakly braided (wandering) state to a 
strongly single-channel meanderittg state. Why? 

In Figure 4, several grain size distributions are plotted together after 
normalization in terms of Dso [White and Day, 1982]. The sand-bed streams 
include values of D50 ranging fr6m 0.2 N 0.9 mm. The size distributions are 
symmetric S-curves with relatively low spreads, suggesting that they might be 
approximately log- normal. Standard deviation is seen to increase 
systematically with Dso. The gravel-bed streams include values of D50 ranging 
from 30 to 70 mm. These curves are essentially concave upward except near 
the coarsest tail, and are thus strongly asymmetric, deviating substantially 
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from log- normal. The standard deviations are much larger than any of the 
sand- bed distributions , and again appear to increase with Dso. There are no 
streams on the plot with values of Dso ranging from 1 to 25 mm. Why are 
the size distributions of the gravel- bed streams systematically different from 
those of the sand-bed streams? Where are the intervening grain sizes? 

In Figure 5, 174 grain size distributions used to characterize the 
downstream variation in grain size in twelve rivers in Alberta, Canada are 
plotted [Shaw and Kellerhals, 1982] . The gravel-bed and sand-bed reaches are 
easily distinguished according to their grain size distribution. The sand-bed 
reaches contain little material coarser than 1 mm. The gravel-bed reaches 
may contain substantial amounts of sand, but the relative paucity of material 
in the range from 1 to 10 mm is evidenced by the plateau in the size 
distribution, indicating bimodality. 

Although various hypotheses have been proposed, the cause of the 
deficiency of grains in the granule (1 N 10 mm) remains inc0mpletely 
understood. ' It is indeed about time that someone solved it . At least, 
however, it serves to illustrate that the problem of grain sorting comes alive 
in the context of its morphological implications. 

3. ONE-DIMENSIONAL BEDLOAD TRANSPORT FORMULATION 

The mechanism according to which grains are sorted is, of course, 
sediment transport. For simplicity, the present analysis is restricted to 
bedload transport. The necessity of a treatment of bedload transport on a 
grain-size specific basis thus arises . Two approaches to the problem are 
available. In the firs t of these, the volume transport rate per unit width itself 
is considered for each grain size. The second approach arises from a more 
microscopic consideration of entrainment and deposition of grains. 

In order to explore the first approach, a prototypal relation for uniform 
sediment is considered: 

W* = F(r*) (9) 

where 

(lOa,b) 

and q denotes the volume bedload discharge of sediment per unit width, P 
denotes water density, g denotes the acceleration of gravity, R = (Ps/p - 1) 
denotes the submerged specific gravity of the sediment, and Ps denotes 
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sediment density. The Meyer-Peter Muller [1948J bedload transport relation, 
for example, reduces to the following specific version of (9): 

F( r*) = (1 _ 0.0;7)3/2 (11) 
r 

The functional form or(l1), which serves as a prototype for the general 
form for F, is schematized in Figure 6. Note that at low transport rates F is 

a very steep function of r*. This statement can be formalized in terms of a 

local power approximation based on a Taylor series of In(F) versus In( r*) 

about some point r~: 

M = r* ~I . 
r * *' dr ro 

a= (12a,b,c) 

The exponent M is seen to vary from infinity near the threshold of motion to 
o at high transport rates . For many applications involving gravel-bed rivers, 
Shields stresses are rather low, implying large values of M. 

The observation that F( r*) is an increasing function of r* implies that 
transport rate decreases with increasing grain size. This is, of course, in 
accord with intuition. Equation (lOb) can be rewritten as 

(13) 

so that r* and F are seen to be increasing functions of 1jJ. 

In generalizing to mixtures, a bedload transport density qd( 1jJ) is 
introduced such that qd(ljJ)dljJ denotes the volume transport of bedload per unit 
time per unit width of grains in the size range (1jJ, IjJ + dljJ) . According to 
this notation, the total bedload transport rate over all grain sizes qt is given 
by 

(14) 

The corresponding dimensionless version of qd is W~, given as 
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(15) 

The simplest and most obvious generalization of (9) to mixtures is the 
assumption 

(16) 

where F remains the same function as that specified for uniform material, and 
Pa( rp) denotes the size density of grains that are available for transport . In a 
subsequent section, Pa( rp) will be identified with the density of the material in 
the sCH:alled "active" layer. The size density of the transported bedload 
material Pl( rp) is then given by 

(17) 

J IDF[r*(rp)] Pa(rp) drp 
""ID 

The Yang formulation for mixtures, for example, uses this method [Yang and 
Wan, 1991]. 

The problem with (16) is that it typically predicts transport size 
distributions that are wildly biased toward the fine side when the standard 
deviation of the bed material is sufficiently large. In order to see the origin 
of this, it is of use to rewrite the expression for F in (16) with the aid of 
(lOb) and (12), so as to introduce the first moment of Pa into the transport 
relation : 

F[r*(rp)] (18) 

Here 

2 
* u* r -
ga-~ 

(19) 

Also rpma refers to the first moment of Pat rp), and Dga is the corresponding 
geometric mean size. As noted earlier, at low transport rates F is typically a 

very steeply-increasing function of r*. For the sake of argument, consider the 
local power approximation of F of (12) in the case for which M is large. 
Reducing (17) with (18) and (19), it is found that 
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(20) 

The weighting factor 2M<P ensures an extremely heavy bias toward large <p, 
and thus fine material, in the transported bedload. 

This problem has been recognized since the time of Einstein [19501. The 
classical means of correcting it is in terms of the introduction of "niding" . 
The basic idea is the introduction of a weighting function that mitigates the 
bias toward fine material in the bedload relation. Equation (18) is thus 
amended to 

F[r*(<p)] = F[r; (B-r
1 

gh(B-)] 
ga ga 

(21) 

where the hiding function gh is chosen such that it partially counteracts the 
weighting (D /Dga) -1 toward fine material. Bedload relations which use hidinr: 
functions of the above t~pe include those due to Ashida and Michiue [1972, 
Proffitt and Sutherland [1982]' White and Day [1982]' Samaga et al . [1986, 
Ribberink [1987], and Parker [1990a,b] 

The simplest possible type of hiding function is of power form: 

A case of particular interest is the choice m = 1. In this case, 

i.e., the bedload function F is rendered independent of grain size <p. 
Substitution into (17) yields the result 

(24) 

That is, the bedload size distribution becomes identical to that of the material 
available for transport. For thi~s reason, the choice ID = 1 corresponds to the 
condition of equal mobility of all grain sizes available for transport. 

Parker et al. [1982] obtained the result that equal mobility can hold as a 
crude first approximation if Pa is chosen to correspond to the substrate of a 
gravel-bed stream, and if the long-term average size distribution of the beload 
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is considered. In fact, however, the material available for transport is that 
exposed on the surface. This material is often biased to be coarser than the 
substrate. It is furthermore typically observed that the bedload size 
distribution is systematically finer than that of the surface material (although 
not wildly so) . It follows that a more realistic choice of m would be a value 
between 0 and 1, such that the tendency for preferential transport of finer 
material is strongly mitigate~ but not eliminated. 

Using an appropriate choice of Pa, Parker [1990a] found a value m = 
0.905 to be a good approximation for the data for Oak Creek, Oregon 
[Milhous, 1973]. Data from a variety of other sources [e.g. Andrews, 1983; 
Ashworth and Ferguson, 1989] suggest that this is a reasonable choice. As a 
result, the form of (21) can be amended to 

(25) 

, 
where fJ = 1 - m ~ 0.095. 

The fact that fJ > 0 has an important physical implication. When the 
transport rate is normalized according to the density Pat 1/» of bed material 
directly available for transport, as is done in (16), the condition of equal 

mobility is 'not satisfied. The argument of the function F in (25), i.e. r~ 
(D/Dg)-!3, suggests that finer grains exposed on the bed surface are indeed 
slightly more mobile than coarser grains . At low transport rates this effect is 
magnified by the steepness of the function F, resulting in size distributions of 
transported sediment that are substantially (but not wildly) finer than the 
surface material. As will be seen later, the tendency for finer surface grains 
to be preferentially transported has consequences as regards the formation of a 
surface armor, as well as the process of selective sorting of grains in the 
streamwise direction. 

It should be noted, on the other hand, that the suggested value of fJ is 
not very large. In physical terms, this likely results from the near--cancelling 
of two opposing effects. On the one hand, coarser grains are heavier than 
finer grains, rendering them more difficult to move. On the other hand, 
coarser grains typically protrude more into the turbulent boundary layer than 
finer grains, so that they preferentially feel the impelling drag force of the 
fluid. This latter phenomenon constitutes the essence of "hiding" . Although 
Einstein [19501 offered the first empirical hiding function, Egiazaroff [1965] 
presented the urst description of the process from the point of fluid mechanics. 
His analysis is based on a grain size specific treatment of critical Shields 
stress. In the slightly modified form due to Ashida and Michiue [1972]' it can 
be expressed as 
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D {1.18; D/Dga <O.4 
gh(IJa) = ~ [lo2(19D

b
Dga)]2. D/D 04 (26) 

g D og( 1) , ga > . 

Since the work of Ashida and Michiue [1972]' many Japanese researchers have 
incorporated Egiazaroff-type hiding functions into bedload transport relations 

[
e.g. Tsujimoto, 1991], as well as Ribberink [1987]. Proffitt and Sutherland 
1982]' White and Day [1982]' and Parker [1990a] use power laws instead. All 

are consistent with the same general conclusion: hiding mitigates but does not 
eliminate the tendency for selective transport of finer surface grains. 

Recently Wiberg and Smith [1987a] have presented a theoretical 
treatment of grain size specific critical Shields stress that tends to the confirm 
the general form of (22) Diplas [1987]' Wilcock [1988], and Wilcock and 
Southard [1988] use analyses of near-critical shear stress to obtain forms that 
can be converted to general hiding functions of power form. 

Some other researchers have taken a different approach, introducing the 
hiding function on the left-hand side of (16) rather than the right-hand side. 
These include Karim and Holly [1986a] and Armanini and Di Silvio [1988] . 

Returning to the form of (25), the proposed generalization of the bedload 
transport relation for mixtures now appears as 

W~(<,6) = F[r;a gh(B- )] Pa(<,6) 
ga 

(27) 

Parker [1990a] has suggested that the the above form is still inadequate, 
because it does not include the second moment O"a (or O"ga) of the size density 
Pa( <,6). The relevant thought experiment is b) of the previous section . 
Consider two surface grain size distributions with identical mean size, subjected 
to the same fluid shear stress Tb in the absence of bedforms. According to 
(27), at low transport rates the distribution with the higher geometric standard 
deviation would result in the higher total bedload transport integrated over all 
sizes, because a high local exponent M in the transport function, as defined by 
(12), would result in a nonlinear preferential transport of the finest grains in 
the size distribution. It is likely, however, that the presence of a coarse tail 
in a size distribution is more ·.effective in suppressing total bedload transport 
rate than a fine tail is in enhancing it. That is, the coarser grains in the size 
distribution act to suppress overall mobility [Parker and Klingeman, 1982]. 
Parker [1990a] included this effept by amending the form of (27) to 

W~(<,6) = F["-\O"a,r;a) r;a gh(B- )] Pa(<,6) 
ga 

(28) 

It is suggested that a general relation for bedload transport of mixtures 
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of coarse sediment would have a form like (28), including at least two 
moments from the size distribution of the material available for transport. 
The relation should have the following property: 

lim J CD F[w(O"a,Tga) T;a gh(B- )] Pa(~) d~ 
O"a.... 0 -m • ga 

F(T*) (29) 

That is, the relation for mixtures should reduce to the expected one for 
uniform material in a smooth fashion. 

The suggested general structure for a bedload relation for mixtures can 
be summarized in terms of a volume bedload transport rate per unit density 
qu qd/Pa, given by the following relationship: 

(30a,b) 

A number of subsidiary issues arise from the above discussion. In the case of 
shallow flows, for example, one might expect depth H to enter explicitly into 
the formulation. Some form of the Reynolds number could likewise be 
expected to appear in the case of sufficiently fine material (e.g. sand) . In 
order to apply a bedload relation of the above form to cases in which 
bedforms play a prominent role, the shear stress must be adjusted so as to 
remove the associated form drag. These and related issues, although 
important, are not explored here because they are not problems uniquely 
associated with mixtures as opposed to uniform sediment. 

As mentioned earlier, there is an alternative approach to the 
determination of bedload relations for mixtures. This alternative way of 
thinking is best exemplified by the work of Tsujimoto [1991] . Tsujimoto 
considers the problem of bedload transport in terms of the entrainment of 
grains into saltation. The case of uniform material is considered first . Let Eb 
denote the volume rate of entrainment of grains into bedload motion per unit 
bed area per unit time; this is a volumetric version of Tsujimoto's "pickup 

rate". In general, this can be thought to be a function of Shields stress T*, 
and can be reduced to the following dimensionless form: 

~ Eb * 
-- = G(T) 
..fI[gTJ 

(31) 

where G is a given function. Let s denote a stream wise coordinate. The 
bedload transport rate q(s) at a point s is then given by the relation 
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q( s) = J'" E (s - s') J'" f (s ") ds 11 o b s' s 
(32) 

where fs(s) denotes the probability density associated with a step length Sj i.e. 
the probability density that an entrained grain moves a distance s in the 
streamwise direction before qlIning to rest again. 

Tsujimoto generalizes (31) and (32) to mixtures as follows: 

qd(.p,s) = J: ~u(.p, s - s') Pa(.p, s - s') · 

J'" f (.p, s") ds" ds '] 
s' s 

(33) 

Here the notation (.p, s) denotes grain size .p at streamwise coordinate s, and 
Ebu( .p,s) and fs( .p,s ) are appropriate generalizations of the corresponding 
quantities for uniform material. For example, Tsujimoto [1991] generalizes Eb 
to mixtures as follows : 

Ebu(.p,s) = .fJlgT5 G[r;a gh(B-)]\ 
ga s 

(34) 

where the hiding function gh is chosen according to an Egiazaroff [1965] 
formulation. 

The biggest challenge remaining as regards the topic of bedload transport 
relations is the formulation of a fully mechanistic one-dimensional model that 
incorporates all the relevant fluid mechanics as well as the complexity of a full 
grain size distribution. The most promising avenue in this regard appears to 
be the models of bedload transport based on microscopic considerations of 
saltation offered by Wiberg and Smith [1987b, 1989] and Sekine and Kikkawa 
[1992]. So far, none of these models have been generalized to mixtures. At 
this point, a major stumbling block would appear to be the generalization of 
the Bagnold hypothesis concerning fluid shear stress at the bed to mixtures . 

The above generalizatioris all contain an implicit similarity collapse, 
allowing for a single function F to be generalized to mixtures. Parker and 
Klingeman [1987], Diplas [1987] and Wilcock [1987] have examined deviations 
from similarity, which can be s1;lbstantial. 

An example of a bedload formula for mixtures that does not fit into the 
above rubric is that due to Borah et al. [1982] . A new formula due to Bridge 
and Bennett [1991] is worth perusal. 
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4. TWO-DIMENSIONAL BEDLOAD TRANSPORT FORMULATION 

It would be nice if sediment always moved in straight lines, but it rarely 
does. On the other hand, perhaps it would not be so nice after all, as so 
many intriguing patterns of sorting would be precluded. Many of the more 
interesting problems involving grain sorting are fundamentally two-dimensional 
in nature, requiring a calcul~tion of bedload transport in both the streamwise s 
and transverse n directions. 

Let the coordinates (s, n) be imbedded into the bed surface, such that 
both are tangent to it. The one-dimensional bed shear stress Tb now 

generalizes to the vector "1), = (Tbs, Tbn). For uniform material, the bedload 

transport rate q would generalize to q = (qs, qn). The simplest and most 
nai ve generalization is of the form 

(35) 

according to which the direction of q is parallel to "1), and the magnitude is 
determined by the one-dimensional bedload relation applied to the magnitude 

of "1),. 

Indeed, such a generalization would be accurate were it not for the 
complicating factor of gravity. The on~imensional bedload relations 
discussed in the previous section are based on the implicit assumption that the 
sediment is impelled solely by the drag of the fluid. For one-dimensional 
flows, this is typically an accurate assumption. In two-dimensional flows, 
however, the slope of the bed relative to the horizontal often gives rise to a 
substantial gravitational force on grains. Particles then tend to move 
downslope as well as in the direction of bed shear stress, and (35) must be 
amended accordingly. As will be seen later, this provides a powerful 
mechanism for sorting. 

How to do the amending is the problem. Nearly all the available 
approaches are based on the assumptions that both the shear stress and the 
bedload vectors deviate only slightly from the streamwise (s) direction, and 
that the bed slope is small and oriented only in the transverse direction. 
Analyses of this type are sumarized in Sekine and Parker [1992] and Kovacs 
and Parker [1992]. They yield ~ linearized relations of the type 

(36) 
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In using such relations, qs is computed from a one-dimensional relation, and 
qn is then computed from the above relation. The parameter (3 is typically 

found to be a decreasing function of Shields stress r; based on the streamwise 
bed shear stress: 

(37) 

where (3* is a constant and n varies in the range 1 N 4. 

An exception to this rule is the recent analysis of Kovacs and Parker 
[19921 . Their treatment is based on a strictly mechanistic generalization of the 
Ashida-Michiue [1972] bedload formulation to a bed that may be arbitrarily 
sloping in the streamwise and transverse directions, up to the angle of repose. 
Their analysis leads to a tensorially invariant relation of the form 

(38) 

where 

(39) 

This writer is not aware of any similar generalization for sediment 
mixtures valid for arbitrarily slopin~ beds. Parker and Andrews [1985], 
Yamasaka et al. [1987], and Sekine [1991] have considered generalizations of 
the linearized form (36) to mixtures. The general form for these is 

(40) 

Here qus and qun denote unit bedload transport rates in the sand n 
directions, such that the corresponding bedload transport densities are given b;r 
qusPa and qunPa, respectively. This represents a direct generalization of (30a) 

to two dimensions In addition, r;ga denotes the parameter r* evaluated at 
the grain size D = Dga, and gh denotes a hiding function. 

A fully general bedload transport valid for mixtures on bed slopes up to 
the angle of repose would likely have a rather complicated structure. It 
should nevertheless constitute a high priority for future research. 
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5. BEDLOAD CONTINUITY EQUATION: ACTIVE LAYER 

The standard one-dimensional Exner equation of sediment continuity for 
uniform material subject to bedload transport can be written in the following 
form: 

(41) 

where T/ denotes bed elevation, Ay denotes bed porosity, and t denotes time. 
The appropriate generalization for mixtures is typically presented in the 
context of an active layer, apparently first introduced by Hirano [1971]. Here 
a somewhat more primitive formulation is used to illustrate the concept itself. 

Let p' (</>,s,z) denote the size density by weight of the immobile bed 
material at point (s,z), where z denotes the elevation above some datum (z = 
T/ denotes the bed surface). Assuming all grains to have the same density, a 
grain size specific statement for mass balance can be reduced to a similar one 
for volume balance: 

(42) 

The concept of an active layer is very much akin to the idea of a 
displacement thickness in boundary layer theory. Strictly speaking, the limit 
of p' (</>,s,z) as z approaches T/ corresponds to the size distribution of particles 
that are actually exposed on the surface. This size distribution is not 
necessarily a very good indicator of the material available for transport, 
however. If bedforms are present, their passage will define a depth above 
which all the sediment will be rapidly reworked by their passage, even under 
quasi-equilibrium conditions. It follows that the thickness La of the layer 
from which sediment can be actively entrained into bedload scales with 
bedform height itself. For the case of coarse material in the absence of 
bedforms, this thickness likely scales with some large size, e.g. Dgo or D (1' 

that, if transported, would release surrounding particles of a smaller size. 

With this in mind, the following assumption is made: 
~ 

{ 

Pa(</>,s,t) ; 
p' (</>,s,z,t) = 

ps(</>,s,z) ; 
(43) 

The implication is as follows. The active layer, with thickness La, corresponds 
to the reservoir of material directly available for transport. It is taken to be 
well-mixed by the transport process, so that the size density Pa within it has 
no vertical structure. Since Pa interacts with the transport process itself, it 
can have a streamwise and temporal structure. Below the active layer lies the 
substrate material, with size density ps. This may vary arbitrarily in sand z, 
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but cannot change directly in time because it is not directly subject to 
movement . Material can exchange between the substrate and the active layer 
through the intermediary of bed aggradation or degradation, however, as 
outlined below. 

Substituting (43) into (42) and applying Leibnitz' rule, the following 
result is obtained: 

where 

( 45) 

denotes the elevation of the interface between the active layer and substrate, 
and Pi( qI) is' an "exchange" size density evaluated at the interface, i.e. 

(46) 

The basic form of (44) was first obtained by Hirano f1971l. Bettess and 
White t1982J, Ribberink [1987], Parker and Andrews [1987, Armanini and Di 
Silvio 1988] Rahuel et al . [19891, Parker and Sutherland [1990], and Parker 
[1991a, 1 all use identical or closely related forms. 

The parameter Pi can be specifically associated with aggradation or 
degradation. In the case of a degrading bed, substrate is incorporated into the 
surface layer as bed elevation drops . In the case of an aggrading bed, the 
simplest assumption is the lack of any filtering, that is, surface material is 
transferred directly to the substrate. This leads to the evaluations 

{
Ps ; ~ < 0 

Pi = . !l!fu > 0 
Pa ' at ( 47) 

Equation (44) generalizes in a straightforward manner to the case of 
two-dimensional bedload transport: 

I 817b 8 
{Pi(qI)ar- + ar[LaPa(qI)]} 

aqusPa aqunPa - -as- - ----oIl ( 48) 
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The formulation of sediment continuity of Tsujimoto [1991] is somewhat 
different from the above treatment. The case of uniform sediment is 
considered first. Using the parameters Eb and fs introduced in (31) and (32), 
the following balance equation is obtained: 

It can easily be shown that (32) and (49) reduce to (41). The advantage of 
(49) is that it is likely to be accurate at a more microscopic level than (41), 
a consideration that may have important bearing on several sorting 
phenomena. 

The generalization of (49) for mixtures follows the notation introduced in 
(33) and (34): 

J: Ebu(lP, s - s') Pa(lP, s - s') fs(lP, s') ds' (50) 

- ~u(lP, s) Pa(lP, s) 

The two-layer scheme implicit in (44), (48), and (50) is perhaps the 
simplest that can grasp the essentials embodied in the more general (42) . 
Schemes with multiple layers have been proposed by e.g. Ribberink [1987]. 

6. NUMERICAL ERODIBLE-BED MODELS FOR HETEROGENEOUS 
SEDIMENT 

As of 1991, there are a lot of these. Some examples are those re~orted 
in Bettess and White [1981]' Borah et al. [1982]' Karim and Holly 1986j, 
Ribberink [1987], Armanini and Di Silvio [1987], and Rahuel et al. 1989 . 
The writer, who has not been able to suppress his own urge to write several 
such models [Parker, 1990b], chooses not to review them, except as they 
illustrate the treatment of sediment mixtures or allow for the prediction of 
morphologic consequences. An , anecdote may serve to illustrate why the writer 
takes this stance. . 

It is said that once upon a time a wide-eyed young American from 
Kansas found himself on a train in England, babbling excitedly at a 
stiff-lipped parson sitting next to him. This being his first visit abroad, he 
was fascinated by the manicured, toy-like countryside outside the train 
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window. At one point he exclaimed in a broad midwestern American accent, 
"Gee, you could fit this whole country into a little corner of Kansas!" 

The parson replied, without a hint of irony, "Yes, my son, but what 
would be the point?" 

7. OUTLINE OF MORPHOLOGIC CONSEQUENCES 

Some of the morphologic consequences of the transport of mixtures are 
outlined below. Each subject is discussed in more detail in subsequent 
sections. 

Armor In many gravel-bed streams, the active surface layer is markedly 
coarser than the substrate, in which case the surface is said to be armored. 
Static armor represents an adjustment to vanishing gravel transport . Mobile 
armor m;ty also exist, in which case the bed surface has coarsened just so as 
to be able to transport the bedload size distribution supplied to the reach. 

Suppressed dunes and gravel sheets Dunes are far less common in 
gravel-bed streams than in sand-bed streams. Part of the reason for this is 
related to the low ratios of depth to grain size HjDsa prevalent in gravel-bed 
streams. In addition to this, it appears that the transport of a mixture of 
sizes tends to suppress dune height. Recently effort has been focused on 
bedforms of almost vanishing amplitude called gravel sheets. These consist of 
longitudinally cyclic zones of high and low gravel transport, accompanied with 
a characteristic pattern of sorting. 

Longitudinal streaks In certain cases the primary streamwise flow is 
accompanied by alternating cells of secondary flow, each with vorticity oriented 
in the stream wise direction. As a consequence of cell formation, the bed 
becomes finer in areas of convergent rising flow, and coarser in areas of 
divergent falling flow. It is not known whether or not the secondary flow and 
the cyclic transverse variation in grain size constitute a linked instability. 

Sorting in bends ill meandering rivers Meandering rivers typically show 
very characteristic patterns of sorting. Downstream of the apex, the bed 
material tends to be fine on the inside and coarse on the outside. This state 
is often reversed upstream of the apex. 

Sorting in braided streams The patterns of sorting in braided streams 
tend to be very complex. / In addition to armoring and bend sorting, bar 
heads are often observed to be zones in which. relatively coarse material 
accrete. 

Downstream fining Most rivers with upward concave longitudinal profiles 
show a gradual tendency for characteristic grain size to become finer in the 
downstream direction. This tendency could be driven by either selective 
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transport of finer grains or abrasion. 

Grain size discontinuities As noted earlier, the point of transition from 
gravel-bed to sand-bed stream is often quite abrupt, accompanied by a 
corresponding change in morphology from weakly braided or wandering to a 
strongly meandering single-channel configuration. 

8. STATIC AND MOBILE ARMOR 

Most of the early experimental and theoretical work on armoring was 
focused on the case for which the upstream sediment supply is cut off. Under 
these circumstances, the bed coarsens as it degrades , finally reaching an 
immobile static state [e.g. Hirano, 1971; Ashida and Michiue, . 1972; Proffitt 
and Sutherland, 1982] . In this brief review, however, it is of value to begin 
with mobile armor. 

Consider the equilibrium bedload transport of heterogeneous sediment in 
a wide, rectangular sediment-feed channel. The water discharge per unit 
width qw is an imposed constant value, so that the following relation for water 
continuity holds: 

q = UH w 
(51) 

The flow is at normal conditions, so that the shear velocity is related to depth 
Hand streamwise slope S as follows: 

u: = gHS (52) 

Relations (51) and (52), in conjunction with a resistance relation of the form 
of (6), specify a unique relation between shear velocity u* and bed slope S 

under the constraint of specified qw: 

(53) 

Now let qw, S, and the size density of the active layer Pa(.p) be 
specified. The total bedload transport rate qt and the size density ot the 
bedload Pl(.p) are found from (14), (15), and (30) to be given by 

(54a,b) 

J '" F Pa d.p 
-rn 
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Here F is an abbreviation for the form F[w r;a gh] of (30) In order to carry 
out the computation indicated by (54), it is necessary to know u*' IPma, and 

<1a, so as to be able to compute the arguments of F. The first of these is 
known via (53), and the second two can be computed from the specified 
surface density Pa( IP) . 

The more interesting problem in the context of armor is the inverse 
problem. Let the total bedload qt and bedload size distribution Pl( IP) be 
specified as feed conditions, along with qw. What will be the slope S and the 
surface size density Pa( IP) of the corresponding equilibrium channel? 

Inversion of (54) yields the following relations: 

(55a,b) 

The solution for Pa and S cannot, however, be evaluated directly from (55), 
however. For example, to find Pa from (55b), it is necessary to know the 
parameters IPma and <1a which occur in the arguments of F. These, however, 
can only Qe computed with a knowledge of Pa itself. 

The way out of this dilemma is in the use of moments. Equation (55a) 
corresponds to a zeroth moment of Pa. The first and second moments of Pa 
are computed from (55b), leading to the following family of relations: 

(56a) 

(56b) 

(56c) 

The above relations no~ constitute three algebraic relations in the three 
unknowns u*, IPma, and <1a. Solution can be achieved by, for example, the 

Newton- Raphson method. Further solution for slope S is achieved by the 
auxiliary relation (53). 
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The form of the above solution, three equations in three unknowns 
involving the zeroth, first, and second moments of the surface size distribution, 
will be found to be common to many other problems involving sediment 
sorting. 

The above inverse ·problem is nothing less than a formulation for the 
computation of the equilibrium mobile armor required to transport a known 
size distribution of bedload at a known rate. Referring to Figure 6, it is 
suggested that at sufficiently high transport rates F approaches unity 
independently of grain size. One can deduce from (55b) that in this case Pa 
is rendered identical to PI, i.e. there is no surface armoring. On the other 
hand, at low transport rates the local power approximation (12a) can be 
invoked with the additional assumption of large M. Substituting into (55b), 
this yields 

(57) 

The weighting in (57) is such that the surface size distribution is biased 
toward smaller values of cf;, i.e. coarser sizes, than the bedload. The lower the 
transport rate, the larger must be the value of M, and the coarser the surface 
size distribution must be relative to the bedload. 

The existence of mobilfr-bed armor has been verified in the field [e.g. 
Andrews and Erman, 1986] and in the laboratory [e.g. Kuhnle, 1989] . Kuhnle 
[1989] has experimentally verified the tendency for mobile armor to become 
:!iner as shear stress increases, finally becoming essentially indistinguishable 
from the substrate in size distribution at high shear stresses. A similar trend 
for field rivers is inferred by Dietrich et al . [1989]. 

The approximation of "equal mobility" introduced by Parker et al. [1982] 
and Parker and Klingeman [1982] is based on the observation that in many 
gravel-bed streams, the size distribution of the bedload averaged over man;r 
floods tends to be rather close to that of the substrate. Setting PI( cf;) = Ps( cf;) 
in (57) forces the bed surface to have the grain size distribution necessary to 
satisfy equal mobility. 

The details of the above development can be found in Parker and 
Sutherland [1990]; an earlier ~version is discussed in Andrews and Parker [1987] . 
Of particular interest is the limiting case of very low imposed transport rate. 
Parker and Sutherland [1990] employed bedload transport relations in which a 
critical Shields stress is not implicit, but which rather satisfy steep power 
relations between bedload transport rate and Shields stress at very low 
transport rates. They developed the following relation for the static armor 
density Psa( cf;) : 



- 43-

lim p (rP) 
* a 

T .... 0 ga 

(58) 

where the product Msfl tai<:es a value near 1.12. 

Validation for the above formula for static armor is given in Parker and 
Sutherland [1990]. It represents the limiting case of equilibrium mobile 
armors. As pointed out earlier, however, there is another way in which to 
calculate static armor, i.e directly from (37) in response to imposed 
degradation. 

A channel degrading in response to a cutoff of bedload supply from 
upstream is considered. In this case, (44) and (47) reduce to 

oryb a oquPa 
(l->.p) {ps(rP)or- + ot[LaPa(rP)]} = - ---as- (59) 

where qu is given by, for example, (30). Integrating over all grain sizes, the 
following relation is obtained: 

oryb oqt 
(l->.p) or- = - Os (60) 

Noting from (14) and (30a) that 

(61) 

(59) and (60) can be rearranged to yield the following equation describing the 
evolution of the surface size density: 

In order to compute the time evolution of armor, (60) 
solved numerically under the assumption that the upstream 
vanishing. At any given point s, then, the static armor 
achieved in the following lirnjt: 

(62) 

and (62) must be 
bedload supply is 
density Ps at rP) is 

(63) 

The basic idea for the above calculation was first presented by Ashida and 



FIGURE 6. 

FIGURE 7. 

/ 

Mi 
A 

/ 
/ 

- 44 -

I 
h 

SCHEMATIC OF NORMALIZED BEDLOAD TRANSPORT 
FUNCTION. 

DEFINITION DIAGRAM FOR A STABILITY ANALYSIS 
OF DUNES. 



- 45-

Michiue [1972]' Bayazit [1975], and Proffitt and Sutherland [1982]. Parker and 
Sutherland [1990] provided conditions under which the limits obtained from 
(58) and (63) can be expected to coincide. At present, there are a number of 
numerical models avalable which can be used to carry out the indicated 
computation, among them the writer's ACRONYM programs [Parker, 1990b]. 

Tsujimoto [1991] appwached the problem of mobile and static armor 
from the point of view of the entrainment rate into bedload rather than the 
bedload transport rate. He used a version of (50) to obtain a balance 
equation for each size class that is analogous to (62) . Solution allows for a 
comprehensive description of both mobile and static armor. 

An issue of relevance concerning armoring is the comparibility of various 
types of surface samples . A comprehensive review of various techniques, 
including a conversion method, can be found in Diplas and Sutherland [1988] . 

9. DUNES AND GRAVEL SHEETS 

As noted earlier, it appears that increasing sediment heterogeniety acts to 
suppress dune amplitude. Suzuki [1980], for example, has provided some 
theoretical justification for this concept . Of particular interest is the limiting 
bedform known as the gravel sheet . This bedform consists of cyclic streamwise 
fluctuations in transport rate and mean grain size distribution, in the absence 
of prominent fluctuation in bed height. As such, it probably represents a 
limiting "bedform" of near-vanishing amplitude. Gravel sheets have been 
observed in the field and studied extensively in the laboratory [Ikeda, 1984; 
Iseya and Ikeda, 1987; Whiting et al., 1991] . 

Here the problem of dunes and gravel sheets is viewed in the context of 
linear stability analysis. The results presented here constitute only a sketch of 
the structure of the problem rather than a complete solution. They were in 
fact obtained in the course of a joint effort between the writer and G. 
Seminara of the University of Genova, Italy. 

As always, the case of uniform sediment is considered first. Flow in a 
straight, wide channel with an erodible bed is considered. Bedforms are taken 
to be cyclic in the stream.wise (s) direction: fluctuations in the transverse (n) 
direction are neglected, as illustrated in Figure 7. It is assumed that a 
steady, uniform equilibrium solution to the equations of flow and sediment 
balance exists in the absence of bedforms. This solution is called the base 
state and denoted with the subscript "0". Thus Ho denotes the depth, qo 
denotes the volume sediment · transport per unit width, and Tbo denotes the 
bed shear stress at the base state. The bed profile of the base state is given 
by 1)0(s), where 
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denotes the streamwise bed slope of the base state. 

A wavy bed perturbati<:n about this base state is considered: 

1/ = 1/o(s) + HoE1/'(s,t) 

(64) 

(65) 

Here E is a small parameter scaling the initial amplitude of the bed 
perturbation, and 1/' is a dimensionless bed perturbation of order unity in 
amplitude, given by the form 

1/' = eik(s - et) (66) 

Here and are dimensionless versions of sand t, given by 

(67a,b» 

Furthermore k is a dimensionless bedform wavenumber and c is a 
dimensionless bedform complex celerity, such that 

k=~; c = cr + ic. 
1 

(68) 

The first step in the solution of the problem is the determination of the 
flow field over a wavy bed. This can be done with the quasi~teady 
approximation, and an appropriate set of closure assumptions to the Reynolds 
equations. A fairly classical approach is the slip-velocity method of Engelund 
[1970]; higher-order closure schemes !night include, for example, the k-E 
method. Whatever method is chosen, it will eventually allow for a 
determination of the variation of boundary shear stress over the wavy bed. 
To be precise, in a linear model a dimensionless perturbation T' of bed shear 
stress, defined by the relation ' 

TJ;> = Tbo(l + ET') 

can be determined in the following form: 

T' = 7- eik(s - ct) 

(69) 

(70) 
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Here T is found to be a complex number, such that 

(71) 

depending on the wavenumber k and the Froude number of the base flow. 

Once the flow field is known, the sediment transport relation described 
by (9) and (10) is expanded in a Taylor series, resulting in the relation 

(72) 

where P is in general an order-one real number given by 

P = 10 ~I 
q 10 100 

(73) 

Substituting (66), (70), and (72) into the sediment continuity equation (41), 
the following dispersion relation is obtained: 

c = P T (74) 

That is, instability results if T; > O. Physically, this corresponds to a 
perturbation in shear stress that shows a phase lead relative to the bed 
perturbation. As was shown in the classical analyses of Engelund [1970] and 
Smith [1970], a proper analysis of the flow as a shear flow (as opposed to a 
depth-averaged St. Venanttreatment) does indeed reveal the existence of 
instability leading to the formation of dunes under appropriate conditions . 

In the generalization for mixtures, the assumptions (65) and (66) 
pertaining to the bed perturbation are retained. In addition, the surface size 
density is perturbed as follows : 

p' = p( ~) eik( s - ct) 
a (75a,b) 

under the constraint 

f CD p(~) d~ = 0 
--w 

(75c) 

(The definitions for sand t will subsequently be modified somewhat from 
those of (67a,b) for the case of mixtures.) Calculating the first two moments 



- 48-

of Pa to first (linear) order in E, it is found that 

where 

and 

• = 1 J "'(1/1 - 1/1 )2 .(1/1) dl/l 
(J ~o mao p 

a """1Il 

(76a) 

(76b) 

(77a) 

(77b) 

(78a) 

(78b) 

An element of the problem for mixtures that makes it fundamentally 
different from that for uniform material is the possibility of systematic 
variation in roughness height . For the purposes of the present analysis, both 
roughness height ks and the thickness of the active layer La are taken to be 
proportional to the grain size D (J as defined by (7b) and (8). Upon 

linearization with the aid of (75) to (78), it is found that 

Here kSD and LaD denote base values of ks and La. 
I 

The solution for the flow field turns out to be identical to that obtained 
for the uniform case, except for the inclusion of variable roughness. Thus the 
form of the boundary shear stress is that of (69) and (70), where 
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T= T - P (~ - ~) e 0 (SO) 

Here Te denotes the solution for uniform material pertaining to elevation 
differences only, and Po is a real order-one constant through which the 
variation in roughness enters. 

The sediment transport relation itself, (30), is seen to contain three 
parameters in addition to grain size I/!; these are boundary shear stress Tb and 
the moments I/!ma (Dga) and (Ta. A Taylor expansion to linear order in E 

allows for the following result to be established with the aid of (SO) : 

qu = qb q(1/!) [1 + 

E(P 1(I/!)Te + P2(1/!)~ + P3(1/!)';')eik(S - et)] (SI) 

Here qb and q( I/!) are defined in terms of quo( I/!) , i.e the value of qu at the 
base state. Thus, 

(S2a,b,c) 

In defining dimensionless streamwise distance s and time i in (67), the 
following transformations are made for the case of mixtures: Ho ... LaD and qo 
... qb, yielding 

(S3a,b) 

The appropriate form for sediment continuity is (44) with the evaluation 
Pi = Pa, i.e. 

Making the transformation TJ ... TJb in (65), (S4) may be linearized and reduced 
with the aid of (65) N (67), (69), (70), and (75) N (S2) to yield the following 
dispersion relation: ~ 
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where 

(86a) 

(86b) 

It is easily verified that (85) reduces to (74) in the limit of uniform 
sediment, for which 

(87a,b) 

subject to the identifications PI -I P and Te -I T. The solution to (85) for c 
for the case of mixtures involves the use of the three moments (75a) and 

(78a,b) of p( rfJ) . This results in three algebraic equations in the three 

unknowns c, ~, and ~, all of which are in general complex. The form of the 
equations can be expressed as 

fi(c , ~, ~) = 0 ; i = 1,2,3 (88) 

These equations can be solved using, for example the Newton-Raphson method. 

Preliminary solution does indeed suggest that the effect of mixtures is to 
partially suppress dune instability. A full clarification of the effect of dunes 
on mixtures, along with a detailed look at gravel sheets, awaits further work. 
An interesting possibility arises in the case of mixtures . As noted above, a 

shear-flow formulation for T is necessary in order to obtain instability in the 
case of uniform sediment. It may well turn out that instability leading to 
gravel sheets or low dunes results for mixtures even when an much simpler 
formulation for boundary .shear stress is used. 

Tsujimoto [1991] offers an alternative formulation of the problem of 
gravel sheets in terms of entrainment into bedload. His model is rather 
simplified in that it considers a .mixture composed of only two grain sizes. In 
addition, the boundary shear stress Tb is taken to be constant, so that the 
mechanics of sorting are not intimately linked to the effect of varying 
roughness on the flow. Finally, perturbations in bed elevation are not allowed. 
These co=ents notwithstanding, the model leads to a promising description of 
the instability mechanism leading to the formation of gravel sheets. 
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10. LONGITUDINAL STREAKS 

Longitudinal streaks are caused by paired cellular secondary flow with 
vorticity oriented in the stream wise direction. These streaks are known to 
occur in the case of uniform sediment, in which case they are manifested on · 
the bed in terms of ridges and troughs as shown in Figure 8a [Ikeda and 
Kikkawa, 1976] . In the case of heterogeneous sediment, they are associated 
with alternating strips of finer and coarser sediment, as shown in Fi!l.ure 8b 
[Tsujimoto, 1991]. In the laboratory, Nezu and Nakagawa [1984J have 
demonstrated that cyclically varying bed elevation in the transverse direction 
leads to secondary flow directed from the lows to the highs. Muller [1980] 
and Studerus [1982J have shown that in the case of roughness streaks, the 
secondary flow is directed from rOilgh strips to smoother strips. . 

It is tempting to ask whether longitudinal streaks represent some kind of 
linked instability between the bed and the flow. So far, all efforts to 
delineate such an instability have apparently failed. This failure may not, 
however, be due to the lack of an appropriate mechanism. The problem 
rather may lie in the difficulty of determining a turbulence closure model of 
sufficient accuracy to allow for the calculation of secondary currents in a 
straight channel. 

Consider the case of uniform sediment illustrated in Figure 8a. The base 
flow is taken to be identical to that of the previous section, and described by 
the bed profile 1]o(s), depth Ho and streamwise bed shear stress 'Tbo and 
bedload transport rate qo. In this case, the mechanism associated with the 
generation of paired cellular flow must be associated with transverse variation 
of bed elevation. With this in mind, in a linear theory bed variation can be 
taken to have the following form: 

(89) 

Here £ is a small parameter and the dimensionless bed perturbation 1]' is 
given by 

(90) 

In the above relation is the dimensionless time given by (67b), ii is a 
dimensionless transverse coordinate, and l a dimensionless transverse 
wavenumber, defined such that ' 

n (91a,b) 
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where An denotes the wavelength of transverse undulations. Furthermore "( is 
a real number denoting dimensionless growth rate, such that instability occurs 
when "( > O. 

An examination of Figure Sa serves to indicate that cellular secondary 
flow over such a bed should induce the following variation of bed shear stress 
in the transverse direction 7bn: 

(92) 

Here Tbo refers to the primary base flow, and Tn is a real number expressing 
the amplitude of the shear stress fluctuations produced by the secondary flow. 

The above equation allows for two cases of interest. In the case Tn > 0, 
the secondary flow is directed from the troughs to the peaks . This would 
cause further excavation .of the troughs and elevation of the peaks, 

corresponding to the existence of instability. In the case T n < 0 the situation 
is reversed, resulting in a tendency for the bed to flatten back to the base 
state. This qualitative result can be confirmed in the context of a more 
formal stability analysis. To this end, the appropriate sediment continuity 
equation is 

In order to compute qn, the relation (44) is used. 
of (44), (S3b), and (90) ~ (93), it is found that 

"( = Tnl - {li' 

Here {lo denotes the value of {l at the base flow . 

(93) 

Reducing (93) with the aid 

(94) 

In (94), the transverse effect of gravity enters through the parameter {lo; 
as expected, it always acts to stabilize bed perturbations. In order for 

instability to occur, it is seen from (94) that Tn must be positive and l must 
be sufficiently small. 

The problem here is the computation of Tn! This can only be done in 
the context of an advanced closure hypothesis for turbulence. The k-t model 
in its standard form cannot be used, because straight--channel secondary flows 
are driven by anisotropy of the turbulence, a feature that cannot be predicted 
from the usual k-t model. Of the various higher-order closure techniques 
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a) SCHEMATIC OF PAIRED CELLS OF SECONDARY 
FLOW IN A STRAIGHT CHANNEL ASSOCIATED WITH 
TRANSVERSE VARIATION IN BED ELEVATION. THE 
FLOW IS OUT OF THE PAGE. 

b) SCHEMATIC OF PAIRED CELLS OF SECONDARY 
FLOW IN A STRAIGHT CHANNEL ASSOCIATED WITH 
TRANSVERSE VARIATION IN BED ROUGHNESS. THE 
FLOW IS OUT OF THE PAGE. 
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proposed to date, those due to Speziale [1987J and Demuren and Rodi [1984J 
would appear to be the most promising. Preliminary calculations by the the 
group centered around M. Colombini and G. Seminara at the University of 
Genova suggest favorable results with the Speziale closure. 

This writer should like to suggest that even if the Speziale model proves 
to be insufficient to describe ,weak secondary flows induced by an undular bed, 
it may nevertheless be quite sufficient for the case of transverse roughness 
variation. There is already a substantial literature indicating that transverse 
variation in roughness produces fairly strong secondary currents directed off the 
roughness strips and onto adjacent smoother strips, as illustrated in Figure 8b 
[e.g. Muller, 1980J. Were the bed to be erodible, it could reasonably be 
assumed that such a pattern of shear stress would result in a preferential 
movement of finer material from the rough strips to the smooth strips, 
precisely the condition for a self-reinforcing instability. 

The occasion of a state-of-the-art paper allows this writer the 
opportunity fo sketch out the form such an analysis would take, even in the 
absence of a complete solution. The reader is invited to attempt it! 

The appropriate sediment continuity equation is (48), in which Pi is 
taken to be equal to Pa and in which the streamwise derivatives are neglected: 

An appropriate tw<Hlimensional bedload transport equation is (40), amended 
with the transformation 1} ... 1}b to yield 

(96) 

The problem scales in a fashion that is analogous to that of the 

treatment form dunes and gravel sheets. Dimensionless time i is given by 
(83b), and the transverse coordinate is made dimensionless with the parameter 
Lao introduced in the previous section: 

n = L ii ao (97) 

The analogues to (75a,b), (76a,b), (79a,b), and (80) are found to be, 
respectively, 

p' a (98a,b) 
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The writer hereby endeavors to be brief on this topic. 

The mechanism for sediment sorting in meandering flow is disarmingly 
simple. Consider flow on the transversely sloping bed illustrated in Figure 10. 
According to (40), the vectorial motion of each particle is governed by both 
the drag and ~ravitatiOnal force acting on it. The form of the dependence on 
grain size in 40) ensures that coarser grains are preferentially subject to the 
downslope pul of gravity. The angle of motion of coarser grains to the 
streamwise direction tends to be skewed relative to that of finer grains at the 
esam spot. Over time, then, differing grain sizes separate spatially, leading to 
the establishment of an equilibrium pattern of sorting. 

In treating the problem of armor, the input from the point of view of 
fluid mechanics is simply the solution for depth-averaged normal flow in a 
channel. As one heads up the scale of complexity to consider dunes and 
gravel sheets, it generally proves necessary describe the fluid mechanics in 
terms of a s1!ear flow over a wavy bed of varying roughness . In the case of 
longitudinal streaks, it becomes necessary to describe and predict 
straight-channel secondary currents . 

In the case of sediment sorting in meandering channels, it is necessary to 
describe both the variation of the depth-averaged flow in sand n, but the 
vertical structure of the flow as well. This is necessitated by the existence of 
curvaturHriven secondary flow. Most researchers have chosen to treat the 
problem in terms of a kind of "two-point-five" dimensional model, in which 
the depth-averaged flow is predicted from the (linear or nonlinear) St. Venant 
equations, and the secondary flow (which by definition averages to zero in the 
vertical) is added in based on a linear analysis in curvature [e.g. Smith and 
McLean, 1984]. 

Once the flow model is specified, this can be linked to -a description of 
bedload transport , allowing the calculation to proceed. This writer favors 
models of the type of Parker and Andrews [1985], Olesen and Kalkwijk [1987], 
and Sekine [1992]' which are based on satisfying the steady sediment 
continuity equation, found from (44) to take the form: 

(103a) 

Here qus can be computed from, for example, (30), arid gun can be likewise be 
computed from, for example, (96). In most analyses, tl03a) is expressed in 
curvilinear coordinates intrinsic I to the channel, such that s denotes a 
streamwise coordinate and n a transverse coordinate, with n = 0 denoting the 
center of the channel. 

A key feature of the treatment of sediment sorting in bends is the bank 
or sidewall boundary condition. That is, the transverse flux of sediment 
through the side walls must vanish. It is seen from (96) that the relevant 
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condition becomes 

{Tbn *[ * (D )]-I/n!!!1} 
qus T - (J Tsga gh:n- an 

bs ga 
o (103b) 

where B denotes channel width. For the case of uniform sediment, T:ga -t T* 
and gh -t 1. Equation (103b) can be satisfied in this case even if sidewall 
effects are neglected, because the condition 

(103c) 

can be imposed. A similar resolution is not possible for mixtures, because the 
left-hand siqe of (103c) depends on grain size I/> whereas the right-hand side 
does not. As a result the sidewall boundary layer must be included in the 
calculation, leading to the conditions 

Tbnln=±B/2 = ~ln=±B/2 
according to which (103b) is satisfied. 

o (103d) 

The point to be made here is that a numerical solution of (103a) coupled 
with the relevant flow equations gives rise to a problem involving three 
moments of Pa, as has been the case for the previous problems. Consider the 
computational star illustrated in Figure 11. Here the index i refers to the s 
coordinate and the index j refers to the n coordinate: the corresponding finite 
differences are ll.s and ll.n, respectively. In this case (103) discretizes to 

qusPa 1i+l,j = qusPa1i,j 

- (qunPa 1i+l,j+l + qunPa 1i+1,j-l) ~ (104) 

Taking all of the parameters on the right-hand side of (104) to be known, it 
becomes possible to compute qusPa at the node HI, j. The parameter qus 
itself, however, is dependent on the streamwise shear stress Tbs and the 
moments I/>ma and O"a at the same node. Solving (104) for Pa and taking the 
zeroth, first, and second moments allows for the delineation of three equations 
in three unknowns . These can be solved and linked back to the equations of 
the flow, allowing for a solution to the problem. 
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12. DOWNSTREAM FINING IN STRAIGHT SINGLE-CHANNEL RIVERS 

Consider the Red Deer River, Alberta, Canada, illustrated in Figure 12. 
Figure 12a illustrates the downstream bed profile a reach of the river in excess 
of 700 km in length. The profile displays an upward concavity that is 
characteristic of most streams. That is, 

(105) 

where S denotes bed slope. Figure 12b shows the corresponding profiles for 
Dso and D90 of the surface bed material. A rather abrupt transition from 
gravel- bed to sand-bed morphology is apparent at about 530 km from the 
source. Within each morphology there is a strong overall tendency for grain 
size to decrease in the stream wise direction. 

Traditionally, there have been two explanations offered for this 
phenomenon. The first is based on the concept of selective transport of finer 
grains. If the volume transport per unit bed content of finer grains tends to 
be higher than that of coarser grains, then over time different sizes should 
show a tendency to separate, progressively finer sizes dominating farther 
downstream. The second is based on the concept of abrasion: the size of a 
given particle may be decreased as it moves downstream due to wear 
associated with collision and other factors. 

The topic of downstream fining in rivers has recently become rather 
popular. Most models are based on the hypothesis of selective transport . One 
of the first fully quantitative models of this type is the one due to Diegaard 
[1980]. Since then, other models have been offered by e.g. Di Silvio [1984], 
Paola [1988, 1989], and Pianese and Rossi [1989] . Parker [1991a,b] recently 
presented a model in which both selective transport and abrasion are 
considered. 

One approach to the problem, at least in terms of selective transport, is 
a brute-force numerical solution of (44) in conjunction with a surface-based 
transport relation known to favor finer particles relative to coarser particles. 
This would yield a pattern of grain · sorting that would be variable in time and 
space. Profiles such as that shown in Figure 12, however, are essentially 
quasi-steady in nature, indicating the possibility of simplification. A perusal 
of Figure 12 suggests that downstream fining is likely related to the upward 
concavity of the downstream ~ bed profile. This upward concavity could 
represent a response to abrasion. On the other hand, it might be imposed by 
such factors as slow aggradation, basin subsidence, downstream increase in 
water discharge due to tributary influx, etc., and then act to drive selective 
sorting. 

With this in mind, several simple ways of imposing a quasi-steady 
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upward concave bed profile are considered rSinha, 1991] . For simplicity, 
uniform material is considered first. Further simplifications include the 
assumptions of a straight channel with constant width and water discharge per 
unit width qw, and the absence of intervening tributaries. The possibility of 
basin subsidence will be allowed for, however. If the vertical speed of basin 
subsidence is specified as vs(s,t), (41) must be amended to 

(1~>'p) (~ + vs)= - ~ (106) 

Case a) is defined by a uniform speed of vertical aggradation in the 
absence of subsidence. That is, 

ll!1=v ' 7Jt a ' 

where Va is ~ constant. In this case (106) reduces to 

<i9.=-v Os a 

(107a,b) 

(108) 

In general this equation must be solved in conjunction with the steady 
one-dimensional St. Venant equations of flow, but for sufficiently long profiles 
backwater effects can be ne~lected and the flow assumed to be normal [e.g. 
8inha, 1991]. Between (9), (10), and (53), it is found that q is a 
monotonically increasing function of 8 under the imposed constraints of 
constant grain size D and water discharge per unit width qw; that is, 

q = q(S) ; 0(8) = ~ > 0 (109a,b) 

Between (108) and (109), then, the downstream profile is specified by the 
nonlinear ordinary difterential equation 

g; = a(8) ~ = - (l->.p) va (110) 

. Comparing with (105), this is indeed seen to yield an upward concave profile. 

Case b) consists of vanishing change in bed elevation subject to a 
constant rate of subsidence vs; that is 

8 I 

Q!Z - O ' 7Jt - , Vs = constant (ll1a,b) 

A reduction analogous to the above yields a form completely equivalent to 
(110), again revealing upward concavity: 
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(112) 

Case c) consists of wavelike aggradation at constant horizontal speed c in 
the absence of subsidence. Thus in (106) Vs is set equal to zero, s and t are 

transformed into sand t where 

s = s ; = s - ct (113a,b) 

and the functionality in is dropped. The result of this manipulation is 

~ dS = a(S) := = - (I-A ) c S s uS p (114) 

where the hat on s has been omitted for simplicity. This form is also seen to 
lead to an u~ward concave profile. In these cases, realistic profiles (i.e. those 
that change only in geologic time) require the assumption of very small values 
of Va, vs, ·or c. 

These three cases all generalize easily to mixtures. The appropriate 
generalization of (44) is 

Here A denotes the abrasion rate in volume loss per unit time per unit bed 
area per unit on the </> scale. Parker [1991al has provided a first tentative 
formulation of abrasion of gravel bedload particles as they strike the bed. Let 
(3a( </» denote the coefficient of abrasion of a gravel clast of size </>, defined to 
be the fraction of volume lost per unit distance travelled. Parker [1991] 
obtained the following expression for A: 

1 a 
A = qt[3-1il(2J ~d,,{3aPl) + (3aPl] + 

qt[J lD{3aW )Pl(</>') d</>'l [~%i{3aPae) + {3aPae1 (116) 
....", 

where 

(117) 
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The equations obtained from (115) corresponding to (110) for case a), 
(112) for case b), and (114) for case c) are found to be, respectively, 

dquPa 
~ = - (I-Ap) [vaPa + A] (118) 

dQuPa 
~ = - (I-Ap) [vsPa + A] (119) 

d 
as{[qu - (I-Ap)cLa]Pa} = - (I-Ap) [cSPa + A] (120) 

In all of the above equations, the assumption of normal flow in conjunction 
with (30) and (53) allow for qu to be expressed as a function of S, tPma, and 
C1a in additio,n to grain size tP; that is, 

(121) 

Parker [1991a,b] has analyzed case c) for mixtures in some detail. A 
finite-difference scheme is used to solve (120) in the downstream direction: 

[q -(I-A )cL]p I -(I-A )[cSPa +A]lsds 
p I = u p a asp (122) 

a sH~s [qu - {l-Ap)CLa ]I s+l:.s 

If all parameters at point s are known, (122) specifies enough information to 
compute them at s + l:.s. A familiar pattern emerges. Recalling that La can 
be scaled with D C1' and thus can be expressed as a function of tPma and C1a 

according to (8), and bearing in mind (121), the zeroth, first, and second 
moments of Pa at s + l:.s can be computed from (122) to yield three 
equations in the three unknowns S, tPma, and C1a. In this fashion the solution 
can be stepped downstream to reveal, among other things, the streamwise 
variation in bed slope and characteristic grain size. 

Parker [1991b] calculated several sample cases, all loosely based on a 
reach of the Red Deer River, Alberta, Canada. In Figure 13 the downstream 
variation in slope S and geometric mean surface grain size Dga (labelled Dsg in 
the figure) are plotted for the case of quartz bed materia!. The case of 
selective sorting only is obtained by setting A = 0 in (122); the case of 
abrasion only is similarly obtained by setting c = 0 in (122) . It is seen that 
abrasion has a negligible effect in determining the pattern of downstream 
fining. This is because quartz has a very low coefficient of abrasion. The 
same calculation performed for limestone, which tends to be much more eaSily 
abraded, is shown in Figure 14. In the case of limestone, both abrasion and 
selective sorting are seen to contribute to the pattern of downstream fining 
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and the concavity of the profile. 

Insofar as it serves to whet the reader's appetite, the downstream finin~ 
problem associated with case a) (as well as the essentially identical case b) 
remains unsolved as yet. 

. 
13. DOWNSTREAM FINING IN MEANDERING AND BRAIDED 

STREAMS 

The foregoing analysis of downstream fining in rivers is predicated on the 
assumption of a straight stream. Most rivers have a morphology that is either 
meandering or braided. Ferguson and Ashworth [1991]' for example, report 
strong downstream fining over a a stream reach as short as 3 km, over which 
the morphology gradually shifts from braided to meandering. It is valid to 
inquire as to whether or not a morphology that deviates from straight has a 
significant eff~ct on downstream fining. 

The answer to this question appears to be affirmative. Paola [19891 
proposed a bold set of simplifications in order to treat the highly complicatea 
case of a braided stream. He noted that in braided gravel streams the bed 
sediment tends to be separated into "patches", each with its own mean size 
and standard deviation. He assumed that each "patch" satisfies the condition 
of "equal mobility", but that the mobility of each patch is determined by its 
geometric mean size. Thus coarser "patches" tend to be transported at lower 
rates than finer "patches". A statistical formulation of the problem into two 
probability distributions, one pertaining to sediment in each patch and another 
pertaining to the patches themselves, along with some simplifying assumptions 
concerning the distribution of shear stress due to flow, led to a model that 
predicted fairly strong downstream fining . 

Now why might this be the case? Consider the two flumes illustrated in 
Figure 15. In flume a) the heterogeneous sediment has the same size 
distribution everywhere, and a very large standard deviation. In flume b) the 
same sediment as in flume a) has now been divided into two "patches", one 
with a finer mean size than the other. If the two patches were mixed 
together, the resulting size distribution would be identical to that of flume a). 

Let the same boundary shear stress be applied to both flumes. The finer 
patch of flume b) will contribute finer sediment at a higher rate than flume 
a), and the coarser patch of flume b) will contribute coarser sediment at a 
lower rate than flume a) . The llonlinearities inherent in any bedload transport 
model, however, all but ensure that the effect of the finer patch will dominate, 
leading to a total load in flume b) that is finer in size and larger in 
magnitude than flume a). This is the essence of Paola's mechanism for 
enhanced fining due to patchiness. 

This writer was sufficiently inspired by the work of Paoia [1989] to 
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attempt to apply similar ideas to the case of a meandering stream. Here a 
sketch of a possible analysis is given. A meandering river with wavelength Am 
and amplitude am is considered, as shown in Figure 15. The relevant equation 
of sediment conservation is (48) in conjunction with the choice Pi = Pa, i.e. 

(123) 

Let the stream be aggrading at some very slow rate, so as to maintain 
concavity over some length scale Le that is much larger than one wavelength; 
that is, 

(124) 

Under this assumption the following decompositions become possible: 

(125a,b) 

Here the overbar denotes averaging over one meander wavelength, e.g. where B 
denotes river width, 

_ 1 Is+ Am/2I B/2 
lI(S,t) =:s;.- S-A /2 11 ds dn 

m m -B/2 
(126) 

and the primed term denotes the deviation from this average. That is, the 
averaged term pertains to overall streamwise sorting driven by selective 
transport, and the primed term pertains to local planform sorting specifically 
due to meandering. The assumption (124) allows for a de coupling implicit in 
(124); the averaged terms do not depend on the transverse coordinate n, and 
the primed terms do not depend on time. That is, an equilibrium theory of 
sorting in a meandering channel, such as that outlined in a previous section 
above, can be used to compute the primed terms. 

Implicit in that calculation is the delineation of "patches", Le zones 
where the bed is finer or coars~r than the overall average. The finer patches 
should contribute sediment to the bedload at a higher rate than if the bed 
surface size distribution were uniformly mixed throughout one wavelength, so 
enhancing downstream fining. In order to delineate this, the "effective" unit 
bedload transport rate quse in the streamwise direction needs to be constructed 
from the equilibrium solution for bend sorting: 
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qus(~; u*'~ma,i7a)Pa(~; s,n) 

f\(CP) 
(127) 

where the overbar again denotes averaging according to (126). This 
calculation can be performed independently of any considerations of aggradation 
or downstream sorting. The auxiliary parameter am in quse refers to meander 
amplitude: the following condition must hold; 

(128) 

It follows from (127) that 

(129) 

where the fluctuating part (qusPa)' averages to zero according to (126) 

This writer speculates that the patchiness associated with bend sorting 
should assure that the effective bedload function quse computed for the case am 
> 0 biases the bedload to be finer that what would be computed from qus at 
am = O. The result would be enhanced downstream fining driven by meander 
planform sorting. The writer further speculates that for realistic values of 
meander amplitude am, the effect is likely to be significant. 

Substituting (125) and (127) into (123), averaging according to (126), and 

neglecting the residual L~p~, the following simple result is obtained: 

(130) 

Except for the form quse expected to enhance downstream fining (and the 
trivial difference that Vs and A have been set equal to zero), the form of 
(130) is now identical to that of the relation (115) used to compute 
downstream fining in straight channels. The computation could now proceed 
as before. 

Has the writer succeeded in stirring up some interest? 
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14. OTHER PHENOMENA 

By this point the reader may be exhausted, but the writer has by no 
means exhausted the topic of grain sorting. This entire paper has been 
devoted exclusively to sorting by bedload. Many of the most interesting 
sorting problems, however, involve suspended load. Why is it, for example, 
that sediment in the silt sizes is often essentially absent from river bed 
material, and yet can be found in abundance in the banks and floodplain? 
Why is it that the sedimentary deposits associated with natural levees become 
thinner and finer as one moves away from the river bank? What are the 
conditions under which suspendable sand can completely cover a gravel bed? 
What kind of theory would be necessary to describe the commonly observed 
case of suspendable sand completely covering a gravel bed in parts of a 
cross-section, and yet leaving the gravel almost completely exposed elsewhere 
[Izumi and Parker, 1991]? 

The rather sudden transition from gravel-bed to sand-bed stream 
apparent in the downstream profiles of Figures 3 and 12 has already been 
discussed. This writer would like to suggest that the sudden transition is 
closely tied to the mechanics of sand suspension over a gravel bed, as well as 
the process of abrasion. The issue will be addressed in another presentation at 
this Workshop [Paola et al., 1991]. 

And why should one restrict oneself to rivers? Submarine fans on the 
ocean floor are formed almost entirely from sediment that has settled out of 

. suspension from turbidity currents. These same fans often show prominent 
fining from proximal (upstream) to distal (downstream) regions. The classical 
Bouma sequence of turbidites likewise constitutes a classical example of vertical 
sorting of sediment [Bouma et al., 1985; Pettijohn et al., 1987]. 

15. CONCLUSION 

Anyone who has managed to suffer through this paper in its entirity will 
perhaps have come to the conclusion that the topic of grain sorting is a 
faScinating one, with many surprising twists and turns, but at the same time 
with a solid thread of unity. The state of the art is as follows. As of 1991, 
we are finally at the stage where we can start to seek physically based 
explanations of the most interest jng phenomena associated with grain sorting. 

So let's get going, already. 
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FIELD TRACER INVESTIGATIONS OF GRAIN SORTING 
IN GRAVEL BED RIVERS 

by Laszio Rakoczi, VITUKI, Budapest, Hungary 

ABSTRACT: Luminescent tracer measurements were carried out on the 

gravel-bed reach of the upper Hungarian section of Danube River. The 

movement of the marked grains injected instantaneously onto one or more 

points of the riverbed provided informat ion concerning not only the 

longitudinal sorting but also the average travelling velocity and the 

lateral mixing of bed-load . Tracer investigations on the Raba River , a 

tributary of Danube, were performed in order to follow the development 

of a gravel bar . 

I NTRODUCTI ON 

The gravel-bed Danube reach from Rajka to Szap forming the border 

between Hungary and the CSFR has been trained around the change of the 

last century and became the site of intensive bed-:load research si'nce 

the thirties. The Hungarian K rolyi-type bed-load sampler has been 

developed here in order to obtain a better estimate of the annual 

bed-load transport along this aggrading river reach. In the sixties the 

first field luminescent tracer measurements in Hungary were started 

here , followed later by ra,dioactive tracing. These were aimed at the 

study of grain sorting, riverbed armouring and gravel abrasion . In 

1968, a River Training Experimental Station has been opened by VITUKI 

at a gravel-bed section of the Raba River providing a new site for 

field luminescent tracer experiments on selective bed-load movement . 

In th i s paper onl y some results of the luminescent tracing will be 

dealt with, thus , a short remark is given concerning the marking 

procedure. Nat ura l bed material was used as tracer taken from the ri ver 
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reach to be investigated, and surface coated by luminescent pigments 

shining brilliantly under ultraviolet light . The marking procedure was 

carried out on the site of invest igations and the pigments have been 

fixed on the surface of the grains by an epoxy resin solution which 

hardens in the open air without any baking process. Different colors 

have been used to distj,nguish either various grain-size fractions or 

tracer masses injected simultaneously in different points of a 

cross-section. 

LONGITUDINAL SORTING OF BED-LOAD GRAINS 

One-point injection 

About 650 kg marked gravel material was introduced near the centerline 

of Danube in a moderately curved bend at 2000 m3/s discharge being 

close to the long-term mean flow. The movement of the tracer grains 

with an average diameter, D avg 16.S mm was followed by daily 

bed-material sampling. The samples were immediately analysed in a 

portable "sun luminoscope" using the ultraviolet range of sunshine. The 

diameters of the recovered tracer grains were measured . Fig. 1 shows the 

grain-size distributi on curve of tracer and the results of the 12 days 

long experiment, during which the flow discharge has dropped gradually 

to 1200 m3/s . The grain-size fractions into which the recovered tracer 

grains have fallen were plotted vs. time elapsed from the injection 

till the sampling and vs. the distance travelled by the grains from the 

starting point. In the figure, four grain-size categories are 

distinguished. From this t,ime- distance -grain size diagram the 

following main conclusions can be drawn: 

- During the first day after injection, the tracer has spread over 
I 

a 100 m ,long strip between 50 and 150 m from the starting point . The 

recovered marked grains fell into the finest and the medium categories. 

- The average displacement velocity at the downstream edge of the 

tracer strip during the first 4 days is about 9S m/day, while for the 

rest of the investigation the progress is lSm/day only. The significant 

drop of the peak velocity is probably due to the appreciable decrease 

of gauge height fall ing rate shown in the inserted graph in Fig. l. 

Estimating the average velocity for the upstream end of the tracer 
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strip, 29m/day can be obtained during the whole 12 days observation 

period . 

- In the case if the primary aim of the tracer measurement is to 

estimate the bed-load discharge by using the actual velocity of the 

movement , it is advisable to take the over all average velocity 

indicated at the center of the plotted points as 48 m/day for the total 

period of investigation. Obviously, it is valid only within the tracer 

strip and not for the whole width of the cross-section. 

- Regarding Fig . 1. at the times of each sampling, the variation of 

the length of the tracer strip can be evaluated . As it . is seen, the 

tracer material has already extended over a length of 380 on the 4th 

day. From this time, the extension seems to gradually decrease covering 

only 230 ~ at the final day. Assuming a further gradual fall of gauge 

height and no supply limitation of tracer, presumably it would have 

taken another couple of weeks, till the length of the tracer strip 

would have decreased to zero . 

- The plotted points show that the majority of the most advanced 

grains fall into the 10-15 and 15-20 mm size categories, the latter 

includes the average diameter of the marked grains. The coarsest (20-25 

mm) tracer grains were recovered only at three sampling series, about 

in the middle or at the upstream end of the tracer strips . 

Regarding Fig . 1 along the verticals belonging to various 

distances from the starting point it can be seen that again the grains 

of the two middle size categories arrived first to the various 

verticals. The finest grains (5-10 mm) took a leading position in few 

cases only, otherwise they were recovered together with the med ium 

sized grains. These findings are in concordance with the results of the 

laboratory tracer investigations on selective erosion (Rakoczi). 

The Raba River is a tributary to the Danube with much smaller 

dimensions the MQ being about 40 m3/s while the rare HQ-s are attaining 

to about 470 m3/s. The river channel is too wide at untrained reaches 

being 60-80 m. The trained channel is about 40m wide. The water surface 

slope is around 0.080, 1. e . more than twice that of the investigated 

Danube reach. Concordant with the relatively high bed-load transporting 

capacity, the grain-size distribution of the bed and the bed-load is 

very similar to those of the Danube. 
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Several luminescent tracer measurements have been carried out along the 

study reach of the Raba River during floods , however, the tracer grains 

were recovered only after the passage of the flood waves. Thus, no 

similar graphs could be constructed like Fig.l but one overall average 

velocity was calculated f or the bed-load movement for each flood taking 

the total traceable distance travelled by the marked grains and divided 

by the total time period of the generally flashy floods In Fig.2 these 

velocities are plot t ed for three flood waves having 80 , 120 and 210 

m3/s peak flow discharges and for the wide and for the trained narrow 

channel sections. The common starting point of the connecting curves is 

at about 20 m3/s,however, it has to be noted that a successful bed-load 

sampling is ,possible at such a low discharge the recessing limb of the 

flood hydrograph only, after a flood when the usually very resistant 

armour layer was broken up and if it has not yet been re-established . 

For comparison, the average travel velocities measured in the Danube by 

tracers are plotted belonging to 2000 and 3000 m3/s flow discharges. As 

it can be seen, the bed-load velocities fall into the same range of 

magni tude as the points obtained at the Raba Ri ver despi te of the 

differences in their sizes . No wonder that the Raba has produced higher 

travel velocities at the higher flood peaks because e.g . 2000m3/s is 

nearly the MQ at the Danube whi le 200 m3/s is a MHQ in case of the 

Raba.MHQ at the Danube would be about 5000 m3/s at which discharge no 

tracer measurement was carried out . Regarding that the width of the 

moving bed-layer is rather accurately known at the Raba River using 

bed-load· discharge data taken, from the existing sediment rating curves 

a porosity value of 0 . 35 and the velocities shown in Fig . 2. the 

thicknesses of the moving layer have been estimated . The results : 
I 

3 . 5mm, 8 mm and 15 mm for tlie three above mentioned flow discharges 

seem to be quite real ist ic compared with the average granulometrical 

curve of bed-load samples shown also in Fig.2. 

Multi-point injection 

In order to extend the study area in the crosswise direct ion and to 

achieve some results concerning the lateral mixing of bed-load, three 
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amounts of tracer grains each being about 500-600 kg and having a 

surface coating of difference colors, have been injected along the same 

cross section of Danube , at 60 , 100 and 120 m distance from the right 

bank . The grain- size distribution of tracer was almost the same as in 

the previous case . The recovered tracer grains have been grouped into 

five grain-size catego~ies, adding one class interval (25-36 mm) to the 

previous ones(Fig. 1). 

The flow discharge at the time of injection was about 2700 m3/s and 

this had risen to 3000 m3/s, then fall ing to 2500 m3/s at the end of 

the measuring period. Fig.3 shows the results of the repeated sampling, 

the change of gauge heights including the small flood wave and a 

sketchy plan of investigation. 

It can be seen, how the tracer strip increased in length during the 

movement . Though some coarsest grains, and some fine ones probably 

protected by the formers have been found in the vicinity of the 

injection point on the 7th-8th day and the grains in the fraction of 

35-50 mm did not move at all from the starting point the bulk of the 

tracer has passed the first 300 m on the 8th day, at the same time the 

downstream edge of the tracer still reached the 650 m distance. 

Regarding the upstream end of the strip the average velocity of the 

bed-load movement is 37 m per day , whi le taking into account the 

inclination of the dotted line straightening the downstream ends of the 

tracer strips, 95 m per day can be obtained. The remarkably high 200 m 

per day velocity on the 4th-5th days may be resulted by the small flood 

wave culminating on the 5th day . 

I 

Inside the graph, the cont inuous lines show the average travelling 

velocities of the differently colored materials. The velocities of the 

tracer injected in 100 and 120 m from the right bank show no 

significant difference (60 resp. 54 m per day) , however the .material 

placed closest to the fi le of greatest flow velocity reached 70-80 m 

per day. 
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It is remarkable that the length of the tracer strip increased at and 

shortly after the peak of the flood wave and remained almost unchanged 

during the slow recession period from the 6th to the 8th day . There 

were no definite sorting according to the grain sizes during the 

observatIon period. However, it is to be noted that the grains in the 

fractions of 10-15and ;[5-20 mm being close to the average diameter, 

form the bulk of the tracer grains found on the 6th-9th days mostly 

they were found at the edge of the tracer strip. 

As for the lateral mixing of bed-load the common occurrence of tracer 

grains injected at various points in the same sample has to be 

observed . It can be seen in Fig.3 that no sample contains marked grains 

from three different injections, however, grains injected at two 

various locations have been observed in several samples. E.g.150 m from 

the starting point , fine and medium grains were found on the second 

day, injected at 60 resp. 120 m from the right bank. On the 3rd day and 

170 m from the start, grains introduced at 60 and lOOm were recovered. 

Both above variants were found again on the 5th day in samples taken 

between 240and 300m distance from the injection points . 

The results indicate that the spiral flow in the bend produces a 

noticeable transverse mixing of bed-load grains at least within the 

strip of tracer movement. The material injected closest to the right 

bank, i . e . to the thalweg of the river channel seems to travel somewhat 

faster than the tracer injected farther from it. From the 6th day the 

presence of the former grains is dominant in the samples leading to the 

conclusion that the flood wave on the 4th and 5th days has spread this 

tracer material more than those being in the shallower segments of the 
I 

cross-sect ion having lower fiow velocities. It is also apparent in 

Fig.3 that the grain-size fraction 10-15 mm is best represented in the 

samples following the flood wave in the whole length of the tracer 

strip. The fine and medium fractions of the tracer injected at 120 m 

from the bank were found on the 7th day at distances 370-500 m from the 

starting point while the medium fractions of the tracer injected at 60 

m from the bank have covered about 640 m during the same time period. 

The sorting of the marked grains, however, is not quite regular, 
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neither longitudinally nor crosswise because local disturbances of bed 

forms, crossect ional shape, etc. might influence the sort ing process . 

Still, it can be concluded that the investigation has proved the 

assumption about the variable velocity of bed-load movement along the 

cross-section. 

In the case of a small flood wave, when the drift line does not shift 

away appreciably from the thalweg, the movement is more intense at or 

near the deepest part of the river channel, however, the velocity of 

grain movement does not decrease continuously and gradually in the 

crosswise direction away from it. The irregular shape of the 

cross-section, so .typical especially in too wide river channels, can 

result in ' moving and standing stripes of the riverbed and it can happen 

that the bed load moves faster in a strip situated farther from the 

deepest part than in a strip closer to it. 

Regarding the left-hand side of Fig . 3 it can be seen that grains of the 

coarsest fraction and some of the finest one has been found near the 

injection point on the 7th and 8th days. The latters were presumably 

sheltered and thus hindered to move by the former ones since some fine 

grains have already got to 500 even to 650 m distance from the starting 

point about the same time . 

Effect of grain shape on gravel sorting 

The distance trave lled by the tracer grains of various sizes is 

obviously influenced by many more factors, one of them being the shape 

of the particles. In Hungary, Ivicsics has studied the correlation 

between the shape factor an1 the grain size along the same reach of the 

Danube more than 30 years ago. His main result presented in Fig.4 and 

based on the measurement of several hundred grains indicates a strong 

correlation for the diameters below 9 mm, a very poor one between 9 and 

about 26 mm and an increasing one up to 36 mm. No explanation for these 

peculiarities were given. Now in the light of some recent knowledge of 

selective erosion and grain sorting processes, the break of the curve 

between 9 and 12 mm can be interpreted as the border between the fine 

gravel region with high rollability combined with a high probability of 
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being sheltered and buried and the medium gravel region with a moderate 

rollability and a l ow probability for being sheltered for a long time 

period. 

In the upper region above 26 mm, the coarse gravel grains are getting 

more and more irregular in shape (many of them becoming flat) with a 

high probability to stop , and to stay for a considerable time and 

simultaneously shelter the fine grains. This way of interpretation 

explains why the tracer grains of medium fractions have travelled 

fastest and farthest in most cases of the above investigation. 

GRAIN SORTING AND GRAVEL BAR DEVELOPMENT 

A too wide curved reach of Raba River has been trained erecting a 

guiding dyke as seen in Fig . 5. The dyke ended at a rock outcrop behind 

which the bed material eroded from the new narrow channel has deposited 

forming a big bar. About 250 kg of tracer gravel was placed onto the 

riverbed at the po i nt marked in the figure. A relatively small flood 

wave with 55 m3/s peak flow discharge has displaced the tracer and 

after the passage of flood some of its grains could be found on the 

surface of the bar which became dry at a 13 m3/ s low flow period . The 

bar surface was divided into six panels (Fig . 5) and the total number as 

well as the three dimensions of the luminescent grains found in the 

panels were determined. The results are shown in Table 1. Here 9 

grain/size categories have been used for the medium diameter, D2, each 

being two mm wide . The last ' column contains the weighted averages of 

D2 for each panel . 

The table shows that there are more pronounced differences between the 

panels in the grain numbers than in the grain sizes. The observation 

that in the panels 2. and 4 . i.e. towards the riverbank much more tracer 

grains were found than in 1. and 3. i.e. near the water's edge, let us 

assume that an erosion activity took place in the latters even during 

the recessing period of the flood . while at this time in the near-bank 

zones no bed-load movement occurred. The coarsest grain were found in 

the panel No.6.otherwise there was no significant difference in grain 
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size according to the place of their recovery . The downstream part of 

the barCpanel S.) was covered by a thin dried silt layer at the time of 

the measurements. The reason of this is that the upstream end of the 

bar is about 10cm higher than the downstream end. The decreasing 

tractive force of the flow during the flood recess is no more enough to 

transport the coarsest , grains stopped by the steep upstream slope of 

the bar while the lower lying panelS. is covered by almost still water 

during the whole falling limb of the flood hydrograph. 

Regarding that not only the medium diameter 02, but also the maximum 01 

and the minimum 03 val ues were avai lable, the shape of the recovered 

tracer grains was studied by calculating the 02/01 and 03/02 ratios. 

It has tupned out that in the near-bank panels (2 . and 4.) mostly 

spherical and disc-shaped grains were found which can be moved 

relatively easily by the flow . The share of such grains is lower in the 

panels 1. and 3 . where the irregular flat and cylindrical grains were 

abundant, having much less moveability. This observation seems to 

support the above statement: the part of the bar closer to the flow was 

longer in motion than the near-bank part and the grains of the former 

were longer eroded especially the least stable ones. Some of these 

spherical grains were found in the panel S the others have left the bar 

surface. It has to be noted that most of the coarse grains found in 

panel 6 . showed sphericity, too, because during the flood recess only 

these were able to climb the upstream slope of the bar . 

CONCLUSIONS 

The simple and relatively inexpensive luminescent tracing method 

provides several opportunities for the field study of longitudinal 
I 

grain sorting, lateral mixing of bed material and bar development 

processes. When the overall displacement of grains by a flood wave is 

investigated, the method has a great advantage that the tracer material 

can be introduced at various points of the riverbed and at times of no 

significant bed-load movement . After any unpredictable flood event, at 

low-flow periods the marked grains can be recovered provided the flood 

was not too great and able to sweep them totally out of the 

investigation area. 
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If continuous tracing of the grain movement is necessary, the method 

involves a tiresome sampling activity which might be hindered by the 

depth and the velocity of the flow. Disregarding this probl em, the 

simultaneous application of grains marked by 3-5 different colors makes 

the measurement of the bed-load velocity in various strips of the river 

channel possible . Such a large-scale field data collection by another 

methods, e.g . by using different radioisotopes would be not only very 

expensive but also to obtain an official permission for such an 

undertaking is nowadays rather questionable . 

The field tracer measurements carried out in two gravel-bed rivers of 

very different channel sizes have shown that 

- the longitudinal sorting of bed-load grains depends on the grain 

size and shape, however , i s also a function of the location within the 

cross-section of flow, 

- the grain sizes around the average of the given granulometrical 

composition have got the highest movability, 

- the average velocity of bed -load movement is sensitive to the 

variation of flow and can differ Significantly at various points of the 

cross-section, 

- the spiral movement even in less sharp bends might generate a 

lateral mixing of bed-load grains within a r elatively short distance, 

- the movability of grains at the threshold of movement and in the 

selective erosion phase depends on the combined effect of their shape, 

size and probable role in the sheltering process, 

- side bars are built by floods and a rough longitudinal sorting 

is observable along them from the coarse grains at the upstream edge to 

the fines at the downstream ,one, however, a selective erosion takes 

place near the recessing water's edge, leaving the most stable grains 

on the bar surface, 

regarding grains of about equal sizes on the bed surface, their 

shape plays a decisive rol.e in their sorting when the sediment 

transport capacity is just above the critical value. 

- our present knowledge from the theory and laboratory experiments 

could and should be proved and extended by further field tracer 
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measurements to be carried out under the most varied circumstances. 
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Table 1. Number of tracer grains found on the bar surface 
versus their medium diameter, D2 

Panel 4- 6 6-8 8-10 10-12 12-14 14-16 16-18 18-20 20 -22 D2 Total No. 
No. avg per panel 

1. 

2. 2 10 15 24 27 18 12 1 1 12 . 2 110 

3. 1 4 7 5 9 5 2 3 1 12 . 3 37 

4. 1 4 10 16 16 21 12 9 13.4 89 

5. 2 1 1 1 13 . 0 5 

6. 1 1 5 5 2 1 16.2 15 



Fig.l 

o 

u 
'-, 
c: 

::; 

co 
::0 

f2 

" 
10 

.5 

5 

! 

.. 

2 

BED-LOAD TRACING, DANUbE R /~ 
sn~BDLS 

6 

a 
o 

• 

• 

o (mm) 
5 - 10 

fO - 15 

15 - 2(} 

20 - 25 

/ 

/ll 

/ / 
/ 

/ 

o 

/~ 
d] 

/ 

/' 
/ 

/ 
/ro 

/ 

~ 

",'" /:) 

(C\/ 

/ 

° 

OD 

/ 
/ 

/ 
I d] 

dJ 

/ 

o 

o 

.. '1/ 
\(,'/ 0 

(C 
",,'0/ 

/ 

o 
• 

o o 

1 6"~ .------
'1 \) 1\1 --------

.----...--

/ 

----

II 

/ 

° 

a 

(; 

...--

o 

{; 

/0 

o 

/ 

° a 

o 

'/ 

II 

o 0/ 
ae 

/ / 
/ LD)=l 

/ / 
/ 

/ 
/ 

/ 0"'':' 
all / ~ 

'b / ...., 
o 

a / 

000/ Grain-size d i stributi on 

/ 
/ 

/ 
° 

of tracer 

"c::::::::::rr:r~~ ,: 1 ____ -,--

/ 
/ / 
/ 

/ .____ 0.---- : ~ ~:: ----~~ ___ . __ .:;r .. J~ ~ Ii "'~ ... _ 

Grain D 

~ ~ r ~f Co",," ''''''''e 1 ~ 
~ 0"0 days 

o I i j '(, ,1) I, '5 ~'07,L-"", ,:--'j7<-5'---~,O:--"'-' -7'1 i 

o re .?OO 100 'l(}O ~()(} 6lKJ 7()() 

Distance troll1 injection sit~ (m) 

00 
00 



+' 
C 
(]) 

E 
(]) 

> 
o 
E 

1:) 

tu 
o 

'-' 
r: 
'--

T 

6 

5 

>-
tu 

1:) 

'--
E 

1144 

12 0 

I 4 I 96 
1:) 

QJ 

.D 

<,-, 

c 
;>, 
+' .,..., 
U 
0 

.-; 

QJ 

> 

QJ 

Ol 
tu 
'-' 
QJ 

> 
« 

72 

2 lIb 

I f+ 

VARIA TO N OF BED - LO AD VELOCITY WI1H FL OW DISC HAR GE 

\\\0 

"
"e\\\1:'·0 

_'(\'0 
" v 

\>.0 

. 0\.\'" 
\. ,\> 

, .,(\'0 

\\\1 
")0 

OCln ub e 
fI 

. ' D l / 2 0 00 2'000 3000 Danub e R . 
t 

L5<l 2 0 D R<i ba 1(. 

Fig . 2 

D 50 
lDll 

Flo w d i s~ ha[g e .U (m
3

/s) 

00 
-0 



Fig.3 

TifTlt @!ilp,@d 
since the injection 
in d~y, 

BED-LOAD TRACING . fJAI~UBE RIVER 
Gauge he;gt"lt 

l~ulti-pojnt injection 
/ 

I i 0/ 

I ~ 
/ / 

/ o· .. / 
// ... 0 0 9~"' 

I

U 
0 / J ' // 6" 00 0 0 ,/~~ / ~o 

/ / S' 

/ 

<:>- / de 0 f / #: ~. 0 DD 0 l> / l nvestlu a t l / ~ -Q-.--: .-;- _ o n 

,,"'I dat--- --,--
b/ 2oQ"'.J'~ - /" - ~ ~ 0.... '" {ID -_./ ~;/ -q- g. --- / ./ ~ 

~/ b' ./',- / 
/ /9'~' /9'~ /"''- ~: -

I ~ '" </';' /"/" / • / ,'~ ,.' .'/ / _, _ 1825 ,"" 
/.," J~'-' -' ./ ,/ 18 L 6 r k m 

/ ~<> <;; ~.i / 5 i' , 
/" 9<'/ y m b 0 Is, nJect lon poi nts 

I -' ,,"'./ 1 . 
I {I/'/ q /' ,"'H ,"hoduced.. o f tr 'lcer<' 

, / / '"~""" " 
I // / . 

I / ./ 
I ,/ / /,./ 

6, 

<.' 500 

, , 
t,60 " o 

o 
<6e 

• M' 
475 

<74 

196 

:93 

Grain size 
178 from Ih@ right bank in mm 

{\, .. 5 -10 .. 
o • 10 -15 [I 09 

A 
,/,/./,- ./ 

/ /" / ,/ Vr.I[la+ion lJ / ././ / ' " o[ qauge hein hts 

I·"~ ./'- - I . ~1;b ~ // ' :5 500-. / -,-Y',- ~' 
I//':;/' , ~ "5"0 , - ~ 

o • 1~-20 ~ 

~ <)- • 20-25 

• • • 
_ n 1 i J '1 's-ea y 5 IfJ 

100 200 lOO 

25 --;J6 

~oo 600 700 
Oi't81'\ce from the 

injection point in 

\0 o 



- 91 -

SHAPE ~ACTORS O~ BED-LOAD GRAINS AT THE 

UPPER HUNGARIAN REACH OF DANUBE RIVER 
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OBSERVATIONS OF MIXTURE TRANSPORT 
SCALED BY BED-SURFACE GRAIN-SIZE DISTRIBUTION 

Summary of Presentation 

By Peter R. Wilcock, The 10hns Hopkins University, Baltimore, USA 

Introduction 
Transport experiments were conducted with a widely graded sediment in a laboratory 
flume, involving many coupled observations of the flow, bed surface grain-size distribu
tion, and fractional transport rates. These data provide the opportunity to develop and test 
a transport model wherein the transport rate of each grain size is based on the population 
of grains immediately available for transport on the bed surface. Such an essentially 
instantaneous capability is necessary to predict transport under disequilibrium conditions, 
inel uding those producing grain sorting. The key to the observations is the use of an 
unusual sediment bed in which all grains of individual sizes have been painted a different 
calor, which permits the bed surface grain-size distribution to be accurately and readily 
measured. 

Rationale 
The fundamental question we are addressing is the following. Grain sorting is driven by 
differential transport of individual grain sizes. Models of grain sorting require accurate 
and consistent fractional transport rate data. At any time, this transport is a function of the 
population of grain sizes immediately available for transport on the bed surface, which 
during grain sorting, is progressively changing. The fundamental empirical problem is 
that the only size distribution that is typically known with any accuracy is that of the bulk 
sediment bed. The transport at any time is indirectly related to this bulk size distribution 
through the surface sorting, which depends on the particular flow and transport history 
acting on the bed. As a result, transport observations from one site can only be related to 
observations from other sites if t~e flow history is known and its effect on the bed and 
transport can be accounted for. In general, both the flow history and bed response are 
complex and unknown . This problem prohibits the development of a general, consistent, 
and complete se t of transport data against which general theory may be tested. A direct 
approach to this problem can be achieved only with simultaneous measurement of frac
tional transport rates and the size distribution of the bed surface from which the transport 
was entrained. 

Results 
The experimental sediment was prepared by sieving roughly six tonnes of a several sedi
ments into 14 different size fractions to make 2000 kg of experimental sediment ranging 
in size from 0.2 mm to 64 mm. Before recombining the fractions, we painted all of each 
size fraction a different color. Although an extraordinary effort was involved in producing 
this experimental sediment, unique measurement opportunities were made possible by the 
effort. In particular, we can measure the grain-size distribution of the bed surface by pro-
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jecting photographs of the bed onto a grid and tallying the grain size that falls beneath the 
grid intersections. One grain-size measurement consists of counting 960 points within a 
40xl96 cm bed area. The nondestructive character of photographic sampling allows a 
particular run to 'be sampled many times, which is not only a considerable operational 
advantage, but an essential feature for evaluating the evolution of the bed surface / trans
port system. We have conducted a series of seven experimental runs covering a range in 
shear stress from 0.3 Pa to t 3 Pa and a range in transport rate from 0.03 glms to 570 
glms. We have made 31 coupled observations of flow, bed surface grain-size distribu
tion, and fractional transport rate. Each observation involves two bed surface grain-size 
measurements, requiring ~6O,()()() total point counts. 

One of the most important observations we have made to date concerns the occurrence of 
partial transport, wherein relatively small transport rates of the coarser fractions are 
observed because a portion of these sizes are essentially immobile. Figure I illustrates the 
surface-based fractional transport rates from four of our experimental runs. Plotted are the 
transport rate of each fraction (in glms, and scaled by the proportion of that fraction on 
the bed surfac;e) as a function of grain size. Partial transport is evident by the systematic 
decrease in transport rate with grain size for the coarser fractions of each run. The range 
of sizes experiencing partial transport decreases at higher transport rates. The transport 
rates of the finer sizes in each run also show a consistent pattern in that the fractional 
transport rates are nearly invariant with grain size. Because the transport is scaled by the 
proportion of each size present on the bed surface, this result means that the transport 
rates of each size are entire! y determined by the proportion on the bed surface and the total 
transport rate of the entire mixture. This zone of size-invariant transport increases to 
include large sizes at the higher transport rates. 

Fig. I. 
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The presence of the two distinct trends on Figure 1 leads us to the following hypothesis. 
For a large range of flow and transport rate, only a portion of the coarser grains exposed 
on the bed surface are ever entrained, whereas all of the finer grains are entrained and 
transported at least part of the time. The result is that the transport rates of the finer sizes 
are determined entirely by their proportion on the bed surface and by the total transport 
rate of the entire mixture, whereas the transport rates of the coarser sizes are determined 
by the same quantities, plus the proportion of grains in those fractions that are never 
entrained. This suggests that a threshold shear stress can be defined for a particular grain 
size in a mixture that separates a state of fully mobilized transport from one of partially 
mobilized transport. This threshold is analogous to, and larger than, the critical shear 
stress that defines the boundary between motion and no motion. The observation of 
partial immobility of coarser grain sizes plays a direct role in developing a physically 
realistic approach to modeling grain sorting during bed-load transport. 

This work is supported by Grant EAR 9004206 from the U.S. National Scienc Founda
tion and Grant NOO014-91 -J-1192 from the U.S. Office of Naval Research. Further 
detail on the experimental methods and results will be available in the following reference. 

Wilcock, P. and McArdell, B., Surface-based transport rates: partial transport and mobi
lization thresholds, in prep. for Water Resources Research. 
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LABORATORY EXPERIMENTS TO VALIDATE THE MATHEMATICAL 
MODELLING OF GRAIN SORTING 

, 
Elisabeth Ben 51ama and Patrick Chee, Laboratoire EdF, Chatou, France 

Abstract: Difficulties encountered in the mathematical modelling for river 
bed evolution, due to the complexity of phenomenons, are at the origin of 
experimental protocol set up at LNH in the early's 80. 
The experiments aim to : 

identify the main phenomenons and parameters in bed load 
transport, 
compare formulas to experimental results 
constitute a data base for the calibration of mathematical model. 

This paper presents the historic of the experiments, the main results and 
points out the importance of grain sorting. 

1. The experimental equipment: 

Experiments were conducted in a 50 m flume, 0.4 m wide and 0.5 m deep. 
A HPIOOO calculator manages the experimental protocol, that consists of : 

insuring water or solid discharge laws at the upstream end and water 
level downstream, 

measuring bed levels with an ultra sound probe. 
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In addition water levels are measured by piezometers and a sieve analysis of 
samples collected in the outlet basin and on bed surface is performed at 
different time intervals. 

2. Experimental protocol : 
, 

Bed load transport depends on many physical processes that we tried to 
isolate: 

- spatiallag effect 
- grain sorting 
- armouring 
- roughness 

Global roughness Strickler coefficient K is estimated by calibration with a 
one dimensional model including bed load transport for uniform grain size 
(EROS code). K is a composition (Einstein formula) of side wall and bottom 
strickler roughness coefficients (respectively Kp and Ks) : 

Ks depend on skin and bedform roughness (respectively Ks' and Ks"). Using 
the value 101 for Kp' Ks can be deduced after calibration of K with the 
mathematical model. 

All the experiments described herein have been performed under steady 
flow conditions with constant downstream level and no input of sediment 
upstream. 

Two types of material have been used: 

- bakelite with very narrow size distribution and DsO = 1,6 mm 
- sand ~ 

Many types of initial bed slope have been tested, all of them issued of the 
following main features : uniform bed slope, step, pit and reverse slope. 

3. Methodology: 

The experiments are considered as satisfying if the weight of materials 
collected downstream fits the value estimated with the measure of bed 
level. 
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The spatiallag effect, if any, must be deduced from experimental results. 

To identify the formula for bed load transport that fits the best our results, 
this one is computed in the EROS code and experimental results are 
compared with the output of the code. 

4. Preliminary results 

4.1 Flume geometry: 

The first experiments have been performed with rectangular section in the 
flume . Due to geometry, recirculations develop that make the bed load 
transport non uniform on the section (fig. 1). The measure of bed level is 
then too imprecise to check the weight of sediment transported 
downstream. 
A trapezoidal section has been adopted that insures uniform bed load (fig.2) 

flow 
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'-~~~----~~~.' . 
. : . :.:: .'.m9~i1~·. b~d· .. :, : : :. '.: " , 

Figure 1 Bedforms in the case of rectangular section 
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Figure 2 Flume transverse profile 
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Figure 3 Comparison between measurements and computations 
(after 3 hours and 32 hours). Q = 91/s, downstream water 
level = 110 mm, no input of sediment. 

4.2 Influence of bedforms 

The experiments conducted with trapezoidal section are quite satisfying 
relative to the weight of sediment transported. 

As for numerical simulation, bed form roughness has been neglected, so 

(Manning formula) 

The numerical results fit well the experiment in the case of bakelite for: 

weight of sediment transported 
beginning of bed load (in/the case of reverse slope fig.3) 
equilibrium profile at the end of experiments. 

The erosion observed upstream, in the case of initial uniform slope, is not 
reproduced by the simulation (fig.4), even with spatial lag effect. The results 
are not so good for sand material. The reason is that bedforms develop and 
modify bed roughness coefficient. 
Spatial lag effect has no influence on the results of simulation. Roughness 
influence is much more important for the experimental results and the 
following experiments have focused on this point. 
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Figure 4 Flume length 50 m , no input of sediment, Q = 5 lis . Bed 
after 72 h (dashed line: EROS results; Meyer Peter 

formula with "tc = 0.047 g (Ps - p)d ) 

5. Influence of bedform and grading on bed load: 

The other experiments have been performed with sand and initial reverse 
slope. 
Bed load transport begins on the reverse slope and goes downstream. Five 
categories of sands have been used. Three of them with very narrow 
grading: 

- sand A 
- sand B 
- sand C 

dso = 1 
d so = 1.5 
dso = 2 

and two mixtures of the previous 

- sand A+C 
- sand A+B+C 

dSO = 1.5 
dSO = 1.5 

mm 
mm 
mm 

mm 
mm 

The experiments last between 24h and 200h. 

5.1 Bed evolution 

* Uniform grain size: 

In the case of very narrow grading: 
- the more coarser are the grain, the less important is the erosion, 
- in the case of sand A bedforms develop whereas the bed remains flat 

with sand C. 
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* Grading 

Sand B and the mixtures have the same D50 but different grading. For sand 
B, bedforms are quite regular and disappear during experiment. For the 
mixtures the forms are coarser and disappear laterThis difference can also be 
observed considering the weight of material collected downstream (fig.6). 
The presence of bedforms increase global roughness so energy slope increase 
also and bedload transport capacity becomes greater. 
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5.?. Bed roughness evolution with time: 

Bed roughness is estimated as indicated in §2, using numerical calibration. 
For flat beds, Manning formula fits well. 
For bedforms, bed roughness diminishes while bedforms develop and 
increases when these forms tend to flat. (fig.7) The following formula, 
derived from Engelund-Hansen, gives a good estimation: 

K, = 11 ,3'1 g .D50 Ri,2i3 (0,06 + 0, 16(hl )2)5/8 j-5/8 
D50 
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6. Armour layer 

6.1 Mobile armour layer. 

To study grain sorting and armouring, we increased the grain size 
distribution by supplying. the flume with coarser sand. So the mixture used 
has the following characteristics: dSO = 2 mm, d90 = 4,2 mm. The bed 
remained flat during the tests. Calculations with Meyer-Peter-Muller law for 
uniform grain sizes had shown that grains coarser than 3.5 mm had to stand 
still. Nevertheless, grading curves of the samples, collected at the 
downstream extremity of the flume, are nearly the same as the initial one 
(figure 8). All grain sizes of the mixture have moved. 

However, the analysis of the surface bed samples at the end of the test 
has shown that the composition of the bed surface is coarser. 

During the test, the dSO increased from 2 mm to 2,5 mm and the d90 
increased from 4,2 mm to 5,4 mm (figure 9) after 216 hours. This increase 
affected only the surface layer. So there was a kind of mobile armour 
moving at the surface of the bed. 

To interpret this experiments, a simple numerical model using Meyer
Peter-Muller formula was used. It was not the normal use of this formula 
but it helped us to understand phenomena. It was calibrated on the tests 
performed with the sands of uniform grain size. In fact, the bed evolution is 
best reproduced with a uniform grain diameter equal to the mean diameter 
of the surface layer, i.e. variable with respect to time ( 2 mm at the beginning, 
2.5 mm at the end (figure10». 

We had again to answer a question: why coarsest sands had moved. To 
be sure that Meyer-Peter-Muller Formula was effective in our conditions, we 
realised an experiment, in the same hydraulic condition, with an uniform 
grain size of 4 mm. As calculation had predicted, we didn't observed any 
bedload. As a conclusion, it i~ not possible to calculate bedload transport 
without taking care of grain size distribution. 

Furthermore corrections must be effective not only on the resistance of 
motion of the particle but also on the shear stress acting on the particle. Soon 
a numerical model will be able to take into account grain size distribution 
and experiments will help us to modelise this phenomenon. 

6.2 Armouring 

At last, we increased once more the grain size distribution, so that the 
dSO reached 2,9 mm and the d90 reached 6,8 mm. 

During the 288 hours of this experiment, surface bed samples grow 
coarser (figure 11).dSO reached 4,5 mm and the d90 reached 7,5 mm. On the 
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contrary the samples collected at the downstream extremity become finer, 
dSO decreased to 2,4 mm and the d90 decreased to 6 mm. (figure 12). 
However sediment transport almost completely disappears by the end of the 
test, indicating that armouring has being obtained. 
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Figure 7 

7. Conclusion. 

12 18 2i 30 36 i2 i8 5i 60 
Time (hours) 

Strickler roughness coefficients of the bed (Q= 20 lis). 
Side wall toughness coefficient = 101 m 1/3 / S 

Figure 13 shows the varIation of mobility of one grain of sand 
according to his diameter. First, after 6 hours, the intermediate sizes are the 
more mobile, at the end of the test the finest classes are the more mobile as it 
seems logical, this evolution shows the real importance of hiding in 
bedload. On this figure, if the grain size hasn' t any influence, finest classes 
would be fastest, as calculated. Indeed, grain size distribution change also the 
quality of bedload. Those experiments confirm how important introduction 
of hiding factor is to have a good representation of bedload. 
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Those are the first results obtained. More numerical tests are needed, 
with the help of a computer program taking grain size distribution into 
account. Such a program is now achieved. Investigation is still going on, 
numerical tests may help us to choose a good value of the hiding factor. 

Variables 

D50 , D90 characteristic diameters for material 
h water level 
J energy slope 
K total strickler roughness 
Kp side wall strickler roughness 
Ks bed strickler roughness 
K's skin strickler roughness 
K"s bedform strickler roughness 
P total wetted perimeter 
Pp side wall wetted perimeter 
Ps bed wetted perimeter 
Rh hydraulic radius 
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Test Discharge 
nurn-
ber 

Q 

(m'/s) 

T23 0.265 
T26 0.401 
T30 0.148 
T31 0.116 
T33 0.200 
T35 0.089 
T38 0.048 
T39 0.133 

T49 0.110 
T50 0.240 
T51 0.300 
T52 0.240 
T53 0.110 
T54 0.050 

Table 1 
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Flume Slope Sediment characteristics Water 
width temperature 

B i D50 D90 a T g 
-' (m) (l0 ) (mm) (mm ) (-) (OC) 

1.500 1. 69 0.77 0.82 1. 06 18.0 
1.500 1. 56 0.77 0.82 1. 06 18.0 
1.500 1. 64 0.77 0.82 1. 06 17.8 
1.125 1. 60 0.77 0.82 1. 06 17.9 
1.125 1. 52 0.77 0.82 1. 06 17.9 
0.500 1. 63 0.77 0.82 1. 06 17.9 
0.500 1. 58 0.77 0.82 1. 06 18.0 
0.500 1. 51 0.77 0.82 1. 06 18.0 

1. 125 1. 61 0.66 2.24 2.34 17.6 
1. 125 1. 61 0.66 2.24 2.34 17.8 
1.125 1. 67 0.66 2.24 2.34 18.0 
1. 125 1. 61 0.66 2.24 2.34 17.7 
1. 125 1. 56 0.66 2.24 2.34 17.9 
1. 125 1. 60 0.66 2.24 2.34 18.2 

Characteristics of selected experiments for 
study of effect of gradation 

Test Water Hydraulic CMzy Roughness Sediment Bedform 
nurn- depth 
ber 

h 

(m) 

T23 0.302 
T26 0.405 
T30 0.200 
T31 0.208 
T33 0.306 
T35 0.328 
T38 0.209 
T39 0.436 

T49 0.178 
T50 0.337 
T51 0.402 
T52 0.349 
T53 0.189 
T54 0.091 

Table 2 

radius coeff. coeff. transport characteristics 
(weighed 
submerged) 

Rb Cb k S H L s 

(m) (m'lz/s) (m) (kg/h) (m) (m) 

0.295 27.1 0.111 130.4 0.080 1.112 
0.361 28.1 0.119 179. 1 0.096 1.323 
0.187 28.2 0.061 64.4 0.070 1.168 
0.189 28.5 0.059 48.4 0.068 1. 187 
0.271 27.2 0.100 93.1 0.081 1. 202 
0.256 26.1 0.109 35.6 0.079 1. 212 
0.172 27.5 0.061 23.3 0.056 1.131 
0.321 25.9 0.140 47.4 0.092 1. 287 

0.159 35.1 0.021 85.0 0.075 1. 716 
0.293 29.5 0.081 170.2 0.109 1. 799 
0.346 28.1 0.114 195.8 0.117 1. 829 
0.306 27.8 0.104 146.2 0.109 1.709 
0.171 32.0 0.034 69.2 0.073 1. 552 
0.083 43.4 0.004 30.0 0.040 1. 924 

Results of selected experiments for the study 
of the effect of gradation 

Cb 

(rn/h) 

2.06 
2.71 
1. 33 
1. 45 

-
2.10 
1. 80 
2.39 

1. 69 
2.22 
2.16 
1. 97 
1. 58 
1. 68 
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concerned, notably water depth, hydraulic radius, Chezy coefficient, 
Nikuradse roughness coefficient, sediment transport rate, dune height, dune 
length and dune celerity. All results are related to equilibrium conditions. 
Usually a number of days passed before equilibrium had established. Criteria 
for determining whether equilibrium had established were variations in water 
depths, roughness, sediment transport rate averaged over a longer period, 
etcetera. 

Results of the sampling of the transported sediment and of the sampling of 
the bed are not extensively presented here. Some results will be given 
during the discussion of the results in Chapter 5. 

It should be mentioned that every time the discharge was changed, an 
extensive measuring campaign was carried out in the next number of hours. 
During this so-called transition (see Wijbenga and Klaassen, 1983) the 
conditions in the flume adapted themselves to the new equilibrium 
conditions. Results of the measurements during these transitions as far as 
related to the experiments with graded sediment, are presented in Klaassen 
(1990). In that report also a comparison was made with the transitions as 
observed for the experiments with uniform sediment. 

5 Discussion of results 

In this Chapter the results obtained will be discussed in some depth. 
Subsequently the following topics are dealt with: 
(1) the vertical sorting and its effect on sediment transport phenomena, 

by inspection of the observations during the rising and the falling 
limb of the "flood hydrograph"; 

(2) the effect of the gradation, by comparing the results of the 
experiments with the graded sediments with the experiments with 
uniform sediment; 

(3) the effect of meandering by comparing the results of the experiments 
with graded sediments in a straight flume with the results of the 
experiments in the physical scale model of the Waal River; 

(4) some additional observations. 

Re (1) Vertical sorting and its effect on sediment transport phenomena 

Insight into the effect of the vertical sorting can be obtained by 
inspection of the observations during the rising and the falling limb of the 
"flood hydrograph". At the beginning of experiment T49 the graded sediment 
was fully mixed. During the subsequent tests. vertical sorting took place. 
The coarser sediments settled predominantly in the troughs of the dunes, 
whereas the finer sediments were more abundantly present in the crests of 
the dunes. Figure 4 presents the results of the sampling of the bed at the 
end of the tests T49 and T53, and of the tests T50 and T52. From this figure 
it is very obvious that indeed substantial sorting has taken place. This is 
especially noticable when the values of D~ and (even more pronounced) the 
values of D~ are inspected. 

In Figure 4 the data of T49 and T53 are plotted together because they relate 
to the same hydraulic conditions. The only difference is that between T49 
and T53 the peak of the "hydrograph" (experiment T51) had 
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occurred. It was expected that T53 would have shown an even more pronounced 
sorting, but that cannot be deduced from the Figure. Also between T50 and 
T52 (also comparable experiments) no identifiable differences can be 
observed. 

This is the more amazing because differences between the experiments can be 
observed when other indicators are used. In Figure 5 (a) through 5 (h) the 
observed hydraulic parameters and dune dimensions are plotted versus the 
discharge. Fairly pronounced loops are present in the flow velocity and the 
Chezy coefficient, in the sediment transport, and in the dune l~ngth and 
dune celerity. The dune height is hardly different for experiments with the 
same discharge. It has to be concluded that the vertical sorting clearly has 
an effect, but that the vertical sorting itself can not be identified. 
Although not substantiated here, also no systematic differences were found 
between the composition of the transported sediments of the comparable 
experiments T49 and T53, and of the experiments T50 and T52. 

Furthermore the following remarks are made based on a further elaboration 
of the results of this part of the study: 
(a) The differences in Chezy coefficient experienced during the fall of 

the "hydrograph" is different from what is to be expected when 
applying roughness predictors in combination with the apparent fining 
of the active surface layer. 

(b) The larger roughness (smaller C) during the "fall" of the can be 
explained by the reduced dune length, causing an increase of the form 
roughness. 

(c) The reduced sediment transport during the fall of the "flood wave" is 
not in line with the assumed fining of the active surface layer. 

Re (2) Effect of the gradation of the bed material 

The effect of the gradation of the bed material on sediment transport 
phenomena could be studied by comparing the results of the experiments with 
the graded sediments with the experiments with uniform sediment. To study 
this Figure 6 was prepared. In this Figure the results of the experiments 
with graded sediment are plotted together with the corresponding experiments 
with uniform sediment. The Figure is limited to Chezy coefficients, sediment 
transport rates, dune heights and dune lengths. 

From inspection of the figure it can be concluded that gradation has quite 
some influence. The Chezy coefficients for the graded sediments are 10 to 
l5X higher, and the sediment transport rates of the graded sediments are 
about 50 % larger. Also the dune heights are larger for the graded sediments 
(some 20 X), and the same holds for the dune lengths although in the latter 
case even more pronounced (almost 50 X!). It is of interest to note that the 
increase in Chezy coefficient is caused by the increase in dune length. The 
observed increased dune heights would have caused lower Chezy coefficients, 
but this is clearly over-compensated by the substantial increase in dune 
lenghts, causing a decrease in form roughness and hence an increase in Chezy 
coefficient. 

The differences in dune heights were analyzed in some more detail by 
determining the upper limit and the lower limit of the sorting layer with 
respect to the average bed level. Here the upper and lower limit of the 
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sorting layer were defined using the probability density functions of the 
bed levels. The upper limit was defined by the level that was only exceeded 
by 2.5 X of the recorded bed levels. The lower limit relates to the lowest 
2.5 X. The result of this analysis is presented in Figure 7. On the right 
side of this Figure, the upper and lower limit of the sorting layer are 
plotted in absolute values. It is observed that the upper limits 
(approximately corresponding to the average dune crest height) are not 
different for the graded and for the uniform sediments. The main difference 
is observed in the lower limit, which is significantly lower for the graded 
sediments than in the case of the uniform sediments. 

The left side of Figure 7 provides the relative sorting layer thickness, 
defined as the actual sorting layer thickness divided by the average dune 
height. In this figure no effect of the gradation can be identified. 

The overall conclusion of the evidence presented in the Figures 6 and 7 is 
that the gradation of the bed material has a significant effect on many 
sediment transport phenomena, at least for the experimental conditions 
present during the experiments described here. 

In addition the following remarks are made based on a further elaboration 
of the data: 
(a) The observed effect of the vertical fining is in line with the effect 

of the gradation. The vertical sorting does not only cause a fining 
of the upper part of the transport layer, but causes also these upper 
layers to become less graded. 

(b) The reduced roughness (larger C) for graded sediment is in line with 
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the findings of Daranandana (1962). 
(c) The increased sediment transport rates can be explained by a 

combination of: 

Re (3) 

(i) the smaller D~ of the graded sediments, 
(ii) the larger Chezy coefficient and 
(iii) the mobility of the finest fractions more than compensating the 

reduced mobility of the coarser fractions. 

Effect of meandering 

As an by-product of the present study, it is also possible to get some 
insight in the effect of the meandering of a river on sediment transport 
phenomena, by comparing the results of the experiments with graded sediments 
in a straight flume with the results of the experiments in the physical 
scale model of the Waal River. Both in the physical model and in the 
straight flume the same bed material was used. 

To compare the results of the Waal model to the results of the experiments 
in the straight flume the different width of both facilities have to be 
taken into account. To do this the results were reduced to discharge and 
sediment transport per unit width. Because no correction was carried for the 
influence of the wall, this may have resulted in minor inaccuracies for 
specific discharge data of the physical scale model. 

Figure 8 presents the comparison of the straight flume experiment and the 
physical model, whereby the Chezy coefficient, the sediment transport, the 
average dune length and the composition of the transported sediment is 
plotted versus the specific discharge. As can be concluded from an 
inspection of Figure 8, there are only minor differences, if any, between 
the sediment transport rate , the dune height and the variation of the 
composition of the transported sediment. For low values of the specific 
discharge there is a difference in hydraulic roughness between the results 
obtained in the two facilities. A possible explanation for this is the of 
the flume bed to armour for the lowest discharge (corresponding to a water 
depth of some 0.1 m). In this respect it is remarked that the value of the 
Chezy coefficient of T54 is much higher than of the other experiments. In 
the physical model a tendency towards armouring was hardly present, probably 
due to the sorting in transverse direction. This could not be elaborated 
further, mainly because of a lack of data on dune dimensions in the physical 
model. 

Rp. (4) Some additional observations 

In the above the effect of the vertical sorting, the gradation and 
meandering was discussed. In addition some other observations are presented 
here that merit attention: 
(a) Comparison of the results obtained with the Van Rijn (1982) predictor 

(see Figure 3 of Klaassen (1987» shows that the tests with mixtures 
plot below this relationship between k,/H and H/L, while larger values 
are found for the uniform material. Also Van Rijn (1985) 's proposal 
to include 3 D", in this predictor does not essentially improve the 
predictor f s performance) although it would reduce the difference '..:hen 
for the mixture the particle size of the River fraction would be 
introduced. 
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(b) Van Rijn (1986) proposed expressions for the dune height and for the 
steepness of dunes. From his suggestions it can be deduced that 
according to his proposal 

L-7.3h 

This relation is plotted in Figure 6 (d) too. It can be concluded 
that on the average the observed dune lengths are larger than 
expected, that there is an increasing difference for larger water 
depths and that apparently the effect of the gradation (which is 
significant) is not taken into account. There is clearly a need for 
improving this predictor. 

(c) Opposite to what is suggested by Parker and Klingeman (1982) equal 
mobility of all fractions is never achieved, even not for high 
Shields values. 

6 Conclusions and recommendations 

From the experiments described here the following conclusions may be drawn: 
(1) Gradation affects the dune dimensions and thus the resistance to 

flow. Contrary to what is usually stated, in these tests dune heights 
for graded sediments are higher than for uniform sediments. This is, 
however, compensated by a substantial increase in dune length for 
graded sediments, resulting finally in larger Chezy coefficients. 

(2) Vertical sorting is clearly present in the experiments with graded 
sediments. Although there is no significant evidence of changes in 
the composition of the sorting later after the passage of a "flood", 
there is a clear difference in sediment transport phenomena. 

(3) Bedform dimensions and resistance to flow are affected by vertical 
sorting. Consequently they are influenced by preceding stages and not 
only dependent on the momentary flow conditions. 

(4) The effect of the meandering in the physical model compared to the 
straight flume is only noticeable in the hydraulic roughness for low 
Shield values (probably due to reduced armouring tendencies). 

The above conclusions are limited to the dune phase, to low Froude number 
and to bed load as dominant mode of transport. 

Based on the findings and the conclusions of this study the following 
recommendations are made: 
(1) Investigate the significance of the observed phenomena in a 

mathematical model for graded sediments (like the one developed by 
Ribberink (1987)0 to weight the importance of the here observed 
phenomena to other uncertainties in those morphological models. 

(2) Try to verify the above observations during field measurements. 
(3) If appropriate, continue the flume studies with experiments for other 

values for D~ and for other gradations. 
(4) Try to study the vertical sorting and its effect in a detailed 

mathematical model for dune movement (see Klaassen et al (1986) and 
Van der Knaap et aI, (1990) for promising preliminary results of a 
model in which sorting could be included ). 
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A MODEL FOR ENTRAINMENT AND TRANSPORT OF SEDIMENTS 
OF MIXED SIZE, SHAPE AND DENSITY: 

COMPARISON WITH EXPERIMENTAL DATA 

by John S. Bridge, State University of New York, USA 

This communication held by John S. Bridge at the workshop in Ascona has been 
published by John S. Bridge and Sean J. Bennett under the title "A model for the 
entrainment and transpon of sediment grains of mixed sizes, shapes, and densities" in 
Water Resources Research, 28, 2, 1992,337-363. Here, only the abstract is published. 

Abstract 
A model for the entrainment and bed load transpon of sediment grains of different sizes, 
shapes and densities by a unidirectional turbulent flow is developed in terms of (1) 
sediment types available for transpon; (2) the mean and turbulent fluctuating values of 
fluid forces acting upon the sediment grains; and (3) the nature of the interaction between 
turbulent fluid forces and available sediment, resulting in entrainment and transpon of 
grains as bed .load or in suspension. The behavior of the model is explored extensively, 
and compared with natural data from flumes and rivers. The predicted threshold of 
entrainment of individual size fractions within a mixed-size bed agree well with 
observations as long as the pivoting angle is specified appropriately as a function of grain 
size. The rate and size distribution of bed load transpon generally agrees well with natural 
data as long as effective bed shear stress in the presence of bed forms can be defined, bed 
load transpon measurements are reliable, and the size distribution of available sediment is 
accurately specified. 
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State University of New York 
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Binghamton, New York 13902-6000 
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APPLICATION OF MIXED SIZE-DENSITY SEDIMENT 
TRANSPORT MODEL TO EROSION AND DEPOSITION 

IN ALLUVIAL CHANNELS 

by John S. Bridge, State University of New York, USA 

This communication held by John S. Bridge at the workshop in Ascona has been 
published in the following two articles. An abstract of each is published here. 

ROUTING OF HETEROGENEOUS SEDIMENTS OVER MOVABLE BED: 
MODEL DEVELOPMENT. 

by Andre van Niekerk, Koen R. Vogel, Rudy L. Slingerland, and John S. Bridge 

Abstract 

A one-dimensional numerical model of sediment routing is derived to simulate erosion, 
transport, and deposition of individual size-density fractions in the bed material within a 
relatively straight, nonbifurcating alluvial channel. The reach of interest is subdivided into 
a number of longitudinal elements of varying width-averaged properties. During each time 
step, flow depths and velocities in each element are determined from the gradually varied 
flow equation using the standard step method for backwater calculations. The bedload 
transport rate of each size fraction is calculated from a modified Bagnold equation 
implementing a novel approach that takes into consideration the effects of turbulent 
fluctuations in the bed shear stress. Critical shear stresses for entrainment of particles 
from the mixed bed are determined using relationships that treat grain protrusion and 
hiding. The transport of particles in suspension is modeled using a convection-diffusion 
sediment continuity equation, either explicitly solved by the Rouse equation or implicitly 
solved using a finite difference scheme. Changing vertical geometry is handled using 
coordinate stretching. The velocity profile in the vertical is calculated at each point using 
the von Karman-Prandtl logarithmic velocity distribution, and vertical sediment 
diffusivities for the suspended sediment are computed assuming a parabolic distribution 
for diffusion of fluid momentum. Interaction of the transported load and the bed is 
calculated by a bed-continuity equation solved for each size-density fraction in an active 
layer. Bed composition and elevation are monitored through time, so that simulations 
produce complete strati graphic sequences of sediment. The advantages of this model over 
previous models are a treatment of turbulent fluctuations of bed shear stress, minimization 
of calibration factors, and explicit consideration of multiple grain densities. 

Journal of Hydraulic Engineering, 118,2,1992,246-262. 
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ROUTING OF HETEROGENEOUS SEDIMENTS OVER MOVABLE BED: 
MODEL VER1FICATION. 

by Koen R. Voge1, Andre van Niekerk, Rudy L. Slingerland, and John S. Bridge 

Abstract 

A one-dimensional numerical model of heterogeneous size-density sediment transport has 
been developed to simulate the movement of graded sediments in natural and laboratory 
flow reaches. Predicted temporal and spatial variations in bed and armor-layer grain size 
distributions, eroded grain size distribution, eroded thicknesses, and total bedload 
transport rates compare quite favorably to observed variations in flumes, the San Luis 
canal, Colorado, and the East Fork River, Wyoming, for a large variety of flow scales 
and flow conditions. The main advantages of this model over others is the high degree of 
accuracy of model results obtained using only bed and flow variables as input, the 
treatment of turbulent fluctuations of bed shear stress, the minimization of calibration 
factors, and the explicit treatment of multiple grain densities. In addition, only the active 
layer thickness must be calibrated. 

Journal of Hydraulic Engineering, 118,2, 1992, 263-279. 
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GRAIN SIZE CHANGE OF BED SURFACE LAYER AND SEDIMENT DISCHARGE 
OF AN EQUILIBRIUM RIVER BED 

Koichi SUZUKI and ATSUSHI HANO, Ehime University, JAPAN 

ABSTRACT: The bed surface layer tends to be coarser than the substrate 
at low rates of sediment transport but it becomes finer at high rates. 
In addition the sediment transport rate can be calculated based on the 
availability of the size of each grain in the surface layer. 

1. INTRODUCTION 

Bed load is strongly connected with grain size composition of bed surface 
sand. Grain size change of the surface layer on the river bed has been discussed 
as the armoring phenomena under non-equilibrium sediment conditions such as the 
downstream region of a dam. Besides this static armor, the mobile armor which is 
formed on the bed surface of equilibrium sediment disqha~ge~ and called pavement 
by Parker et al. 1 ) has also been discussed recently2),3),4). If the grain size 
composition of the input sand to the river channel from the basin does not 
change and the bed load is in an equilibrium state, the grain size composition 
of the transported sediment should be the same as that of input sand even if the 
volume of the transported sediment changes largely. The grain size composition 
of bed surface is considered to change to achieve this equality of the grain 
size composition between input and transported sediment. 

In this paper, bed load transport and grain size change of the surface layer 
of a river bed with gravel and sand mixture are discussed through flume 
experiments with equilibrium conditions of sediment discharge, and the mechanism 
of becoming coarser or finer of the bed surface sand mixture is also discussed 
qualitatively. 

2. SUMMARY OF EXPERIMENTS 

Experiments were carried out to find the relationship between the bed shear 
stress, sediment discharge and the grain size composition of the bed surface 
layer. The experimental flume is Sm 
long and 15cm wide. A sand mixture 
which is the same as the parent sand 
of the flume mobile bed and 
indicated in Fig. 1 is continuously 
supplied from the upstream end of 
the flume with an elevator type sand 
feeder under a given flow condition. 
After achieving an equilibrium of 
sediment discharge, the longitudinal 
profiles of bed and water surface 
are measured to get the bed slope I 
and the mean water depth h. Sediment 
discharge is measured by trapping 
the sediment at the downstream end 
of flume. The bed surface sand of 

Table 1 Exp3rimental conditions and results. 

IGlU I h u 'Is d m:; d~ 

No. (cm) (cm/s) (cm' Is) (cm) (cm) 
-"- ----6.18- ----

0.516 0.424 D.4JI I 0.0114 80.91 

2 0.0123 5.37 7U9 OAOl 0.536 0.381 

3 0.0129 5.70 70.13 0.2Gl 0.545 0.365 

4 0.0109 6.70 82.09 0.488 0.454 0.389 

5 0.0117 5.18 70.85 0.393 0.47'2 0.370 

6 0.0153 4.52 77.43 0.617 0.523 0.388 

7 0.0197 4.68 74.79 1.7'"J8 0.386 0.386 

8 0.01S9 4.50 88.89 1.982 0.314 0.420 

9 0.0133 5.33 103.19 3.029 0.274 0.387 

10 0.0200 5.65 106.19 2.578 0.322 0.300 
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the area 40cm wide and 10cm long is sampled 
using a spatula with a thickness of the 
maximum grain size (=2cm) at five locations 
with a longitudinal interval of one meter. 
Experimental conditions and some results 
are shown in Table 1 where qs is the 
sediment discharge per unit width, dms and 
dmo are the mean diameters of bed surface 
sand and transported sediment. The bed is 
almost flat and sand waves are not formed 
for all experimental runs. Grain size 
accumulation curves of bed surface sand and 
transported sand for Runs 2 and 8 are shown 
in Fig.1 as an example. Bed surface sand is 
coarser than transported sand for Run 2 in 
which coarse sand moves less actively, but 
it is finer for Run 8 in which all the 
particles move very actively. The 
composition of the transported sand should 
be the same as that of the supplied sand 
because of the equilibrium state of 
sediment discharge. But there appears to be 
a difference between them which is the 
experimental error. 

Fig.1 Grain size accumulation curves 
of supplied, bed surface and 
trarJsjXlrted san::ls for Runs 2 
and 8. 

3. CHANGE OF GRAIN SIZE COMPOSITION OF BED SURFACE LAYER 

Fig.2 shows the relationship between dimensionless mean diameter of the bed 
surface layer dms/dmo and dimensionless bed shear stress Wo(=hI/sdmo),where s= 
Ps/P-1, Ps and P are densities of sand and water, respe"ti'{ely. Besides data 
obtained here, other data obtained by one of the authors2 ),4) are also plotted 
in the figure. The data indicated by solid circles are for weak flow conditions 
with small Wo value where the movement of coarse particles is not active, 
although they are moving. The coarser particles in the sand mixture move 

2.0,...------,-------,---------;,--------., 

g , 
-0 , 

11.5 • 0;'" ~ \) Q) 
" I fit ~(), (J) 

~. /»~ ~.'l~tL,O-& 
1.0 f----o-'-/ ..;:o'--f---~--~-b--<P_",___O=()_ 0----; 

se.i static I 0 () 10--:-'G----
____ • ___ a_rM_o_r+I __ IRO_b-1i ~l_e-a-r-.o-r--t--(-fi-n+:n-8-)---

no Motion motion of slow motion of active motion 
0.5 

fine sand on I y coarse sand 

OL-____ ~L-____ ~ _____ -J _____ ~ 

o 0.05 0.10 0.15 0.20 
,!>o( ~ h I I s clmo) 

Fig.2 Relationship tetween dimensionless red shear stress W 0 

and relative mean diameter of surface san::ls m. 
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actively when Wo"'0.15 and less actively at Wo"'0.10. If \lJ o is less than 0.10, 
only the finer particles move actively and the coarser ones move very slowly. 
Based on the experimental observations, change of grain size composition of the 
bed surface layer may be categorized as follows. 
Static arm or with equilibrium sediment discharge (~0.05< \lJo<~ O.OS) 
When the bed shear is small and only the finer particles are transported in an 

equilibrium state of sediment discharge, some of the finer particles are trapped 
beneath the coarser particles which can not be transported but sometimes are 
rocking. By this trapping mechanism, the bed surface layer becomes coarser than 
the substrate4 ), and this phenomena may be called static arm or with equilibrium 
sediment discharge. 
Mobile armor (""0.OS<\lJo<~0.13) 
The movement of the coarser particles is not active even if they are 

transported and the finer particles are moving actively. This selective 
transport due to the difference of critical shear stresses between the coarser 
and the finer particles causes the mobile armor to achieve an equal mobility of 
the coarser and the finer particles which satisfies the equilibrium of sediment 
discharge. In other words, the composition of the coarser particles in the 
moving layer should be larger than the finer ones if the the composition of the 
transported sediment does not change, because the coarser particles move slower 
than the finer ones. 
Fine-grained surface with active movement of the coarser grains ('VO.13< \lJ o ) 
When all sizes of particles are moving actively with a large bed shear stress, 

some coarser particles go up vertically and are exposed to the flow more because 
the hole formed by the dislodgment of the coarser grains can be filled with the 
finer grains but the holes of the finer grains can not be filled with the 
coarser ones. The coarser grains exposed to the flow with large velocity mOve 
much faster than the finer ones which exist in the lower level and are exposed 
to the low velocity flow. According to the experimental observation, the coarser 
particles slide very quickly on the smooth bed surface formed by the finer 
particles. In this case, the composition of the coarser particles on the bed 
surface should be smaller than that of the finer ones to maintain the apparent 
equalmobility of the coarser and the finer particles in the equilibrium state of 
sediment discharge. This fine-grained phenomena of the bed surface layer is also 
observed in the experiments by Ikeda et al. 5) 

The above discussion is restricted to the flat bed. If sand waves are formed on 
the bed, the sorting of sand particles may not occur in the moving layer as a 
whole because the trough of sand waves traps grains and adjusts the moving 
velocities of the coarser and the finer particles to be equal. 

The relationship between sm(=dms/dmo ) and \lJo shown in Fig.2 are considered to 
depend on the composition of the transported sand mixture(parent sand mixture). 
The standard deviation oo(=/dS4/d16) may be an index which indicates the degree 
of mixture. For uniform sand with 0 0=1 , 1.6,-----r"""--,------,--,---,---r----, 
Srn should be unity and as 0 0 increases s 1.4 
Srn is supposed to deviate greatly from "" 1.2 
unity. The data of the vacant and half 
vacant circles in Fig.2 are observed 1.0 

0.8 for a sand mixture with 00=3. ° and the 
data of solid circles are for 0 0=2.74. 
Although the scattering range of the 
data is large, the regression curves 
for the experimental data are given by 
the following Eq.(1) and shown in Fig.3 

(1) 

00"1.0 (uniforro) 

0.08 0.10 0.18 

"'0 
Fig.3 Dimensionless shear stress W 0 

ani mean diameter of bed surface 
sarrls m• 
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4. SEDIMENT DISCHARGE OF SAND MIXTURE 

Total bed load 
In the previous section it was shown that the mean diameter of the surface layer 
changes with the bed shear stress. The sediment discharge is directly connected 
to the bed surface sand because moving particles are in the surface layer. 
Therefore the total sediment discharge qs may be expressed as uniform sand with 
the mean diameter of bed surface layer dms • The Meyer-Peter & Muller's equation 
of the sediment discharge which has the simplest Ir-.-T<-rrrr----.--~ 
form of many load formula is used here: 

(2) 

where $s=qs//sgd~,Ws=hI/sdms(=ult2/sgdms)' Ult is 
the shear velocity, g is the acceleration due to 
gravity, K=8, C=O.047 and m=3/2. If $o=qs/ 

{sgdmo),Wo=ult2/sgdmo, ~m=dms/dmo which are non
dimensionalysed with the mean diameter of 
transported sand mixture (parent sand) dmo , Ws= 
Wo/~m and $s=$o/~m3/2 are used, Eq.(2) becomes: 

(3) 

where ~m can be given by the experimental 
equation(1) proposed above. Fig.4 shows the 
relationship between $0 and Wo expressed by 
Eq.(3) with a parameter 00. For the smaller 
values of Wo where bed surface grains become 
coarser, the experimental data of 00=3 seem to 
follow the theoretical curve well. Therefore, it 
is concluded that the total bed load can be 
estimated by one of the bed load formula for 
uniform sand with the mean diameter of the 
surface moving layer as a representative sand 
diameter. 

Bed load of each grain size 

0.1 

, , 
0.0 '0':.0::7 •• , .J-...... '.J.J"-':'-:-__ --''---:-' 

"" 0.1 0.3 
\IIo(·u.'/s gd .. ) 

Fig.4 D.i.Jrensionless shear 
stress Wo ani 
secl:i.Joont transport 
rate $0. 

When the bed load is in an equilibrium state, the composition io of each grain 
size di of transported sediment should be equal to that of input sand to the 
river channel from the basin. Although the composition is of sand di in the 
surface layer depends on the bed shear stress such as mobile arm or formation, 
the composition ib of the substrate is supposed to be equal to that of the input 
sand because the suostrate is formed as a result of various bed shear stress 
throughout the year6 ). This means that io is known because it is almost equal to 
i b which is known and is, which is the composition of the bed surface layer, 
becomes unknown. In the case of sand mixture, the bed load equation (2) for 
uniform sand (is=io=1) may be modified as follows, taking into consideration 
that qsi which is the discharge of sand di is zero when is=O and qsi is 
expressed by Eq.(2) when is=1: 

where <pi=qs/lsgdi3 , qsi=io.qs , Wi=ulf2/sgdi. 
Fig.5 shows the relationship between (io/is)$i and Wi , dividing the sand 
mixture into five classes by grain size and the median size of each class being 
assumed to be the representative diameter di. It is clear from this figure that 
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the relationship expressed by Eq.(2) differs with di/dmo, where dmo is the mean 
diameter of the substrate or transported sand. The function f in Eq.(4) has been 
modified for sand mixture by substituting the dimensionless critical shejr 
stress C with the dimensionless critical shear stress of each grain size Cl? • 
C' is usually expressed by the Egiazaroff's equation (CI=0.1/(log(19di/dm)2, dm: 
mean diameter)8). In the case of bed load equations without the critical shear 
stress such as Einstein I s formula the dimensionless bed shear stress W i is 
modified instead of modifying C, introducing the concept of sheltering of the 
finer grains by the coarser ones. Egiazaroff's 0.2r-'-"Trnr---'-'-'TTTTI~~ 
equation for C' is derived based on the ~/~ 
assumption that the coarser grains are exposed 10-' .., ~ 

to a higher flow velocity than the finer ones ;. ~~~ 
whose vertical position is lower than that of ~ 00 I 
the coarser particles, keeping the :(riction 00 0 

angle of each grain size unchanged8 ). This '" iO 
means that the critical shear stress of each • 
grain size does not change but the shear i 
stress on the each sand particle changes 
according to its verti~l position and that Wi 
should be modified as Wi instead of modifying 
C. The above mentioned Egiarazoff ' s",equation 
is obtained from the relationship of Wi=C at 
the critical flow condition. Then Eq.(4) will 
be modified as 

(5) 

0 
() 

• () 

e 

,pi 

di/doo 
3.79 
1.82 
0.87 
0.36 
0.10 

where~i is derived below by the same 
procedure as Egiazaroff used. As Wi approaches 
C, the difference between modifications of Wi 
and C becomes small, but it becomes large when 
l/Ji»C. If the velocity distribution of the 
flow is assumed to be logarithmic with the 
equivalent roughness ks of the mean diameter 

Fig. 5 Dimensionless shear stress W i 
ani sediment trensport rate 
(io!is)<Pi for each grain size. 

dm and the velocity ubi at a vertical position 
of Ctdi from the bed is assumed to act on sand 
di' the ratio of the shear stress on each grain 
size T i to that on the mean grain size T m can be 
expressed by Ti/Tm~Ub~2/utm=(IOg10(30.2Ctdi/dm) 
/ log1 0 (30. 2Ctdm/ dm)) , where ubm is the flow 
velocity exerted on the mean grain size. Putting 
=0.63 as Egiazaroff did, ~is expressed by the 
following equation 

(6) 

where €i = 0.61 (log(19di/dm))2. 
Fig.6 shows the relationship between the 

modification coefficient of the bed shear stress 
€i and the relative grain size si(=di/dmo). 
l40dified coefficients by Einstein & Chien and Day 
are also added in the figure, although their 
representative diameters dm are different from the 
mean diameter. 

3'--r""ITIT--~'" 

0.4 
!;i 

Fig.6 Coefficient of modification 
€i for bed shear stress ani 
relative diameter si of 
each grain size. 
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Fig .·7 shows the experimental relationship between 
(io/is)~i and £i~i. The experimental data which are 
expressed by different curves according to the 
different values of di/dm as shown in Fig.5 seem to be 
expressed by a single curve which is experimentally 
given by the following equation 

(7) 

where K'=7x105 and m'=8. 
When Eq.(7) is compared with Eq.(5), the dimensionless 
critical shear stress C becomes very small and is 
neglected. In addition, the mean diameter of the 
substrate dmo is conveniently used for the calculation 
of £i' although that of the surface layer dms should be 
used. The accuracy of Eqs.(7) and (3) is not so high as 
the composition is of each size of sand grain in the 
surface layer can be estimated exactly, although is 
should be estimated with Eqs.(7) and (3) in principle. 

5. CONCLUSION 

The grain size composition of the bed surface 
layer differs from that of the substrate or the 
transported sediment and changes with the bed shear 
stress. The experimental equation (1) is proposed for 
the estimation of the mean diameter of the surface 
layer sand as a function of the bed shear stress and 
the standard deviation of the grain size. The total bed 
load may be estimated by one of the bed load formula 
proposed for uniform sand based on the mean diameter of 
the surface layer as a representative sand diameter, 
and Eq. (7,) is proposed for the estimation of bed load 
of each grain size. 
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ABSTRACT 

The grid sampling method, that is used extensively in field studies, is examined closely. It is 

found that because of their truncated nature grid samples result in particle size 

distributions that are biased, in an unpredictable way, in favor of the coarser particles. To 

overcome this problem a hybrid method is proposed here for sampling sediments with a 

wide range of grain sizes. Field tests provide support for this hybrid method. Guidelines 

for specifying the minimum area of a representative areal sample and the minimum volume 

of a bulk sample are suggested. 

INTRODUCTION 

The particle size distribution of the bed material found in gravel streams is usually wide. 

This size distribution can be bimodal as well as unimodal (Shaw and Kellerhals, 1982). A 

single particle diameter is often insufficient to characterize the bed material as a whole; 

instead, knowledge of the entire size distribution may be necessary. Furthermore, it is very 

difficult to provide an overall description of the material in a gravel bed for, unlike sand 

bed streams, they exhibit large spatial variation in the size distribution of the bed material 

both in the horizontal as well as in the vertical direction (e.g. Mosley and Tindale, 1985). It 

is therefore important that the techniques used for sampling the bed material of gravel 

streams are capable of depicting the spatial variability and the wide range of particle sizes. 

The vertical variability of grain size is manifested by the presence of three distinct layers: a 

coarse surface layer, a subsurface layer that is usually rich in fine sediment, and the bottom 

layer that is representive of the parent bed material. Because of their relatively small 

thickness, the top two layers cannot be sampled volumetrically. Several researchers have 
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overcome this problem by using surface oriented sampling methods (e.g. Hey and Thome, 

1983; Proffitt, 1980). Kellerhals and Bray (1971) demonstrated conclusively, that except for 

the grid by number procedure the rest of the surface sampling techniques are biased in 

favor of the coarser particles. To remove the bias from the surface samples, they should be 

converted to equivalent volumetric samples. More recently, Diplas and Fripp (1991) 

showed that direct comparison between biased samples should be avoided, even if they 

result from the same surface sampling method. 

Grid by number, is the method of choice for sampling sediment in the field. The 

shortcomings of this method will be examined closely here. A hybrid approach, 

appropriate for sampling deposits with a wide range of grain sizes is proposed. Finally, 

guidelines for the minimum area of an areal sample and the minimum volume of a bulk 

sample are presented. 

GRID SAMPLING AND ITS SHORTCOMINGS 

It is not difficult to explain why the grid by number sampling method is so popular in field 

studies. Its major advantage is that it results in unbiased samples (Kellerhals and Bray, 

1971). Furthermore, it requires minimal equipment, can be completed at the sampling-site, 

and can be used to remove samples from dry areas as well as from areas under water. 

Several researchers have suggested that only particles coarser than 8mrn should be 

collected as part of a grid sample. Grains smaller than 8mrn are not sampled in a 

consistent way. When sampling under water, the present study indicates that the smallest 

particle that is sampled reliably is 15mrn. 

However, this is a rather severe shortcoming of the grid by number method. By ignoring 

the finer particles the resulting truncated sample becomes biased. Furthermore, this bias 

cannot be corrected since the percentage of the bed material that is finer than 15mrn (or 

8mrn) is unknown. This is a particularly severe limitation for studies dealing with stream 

ecology for which the finer portion of the grain size is of major importance. Therefore, the 

sole use of the grid by number method is appropriate for sediments with grain size 

distribution that is predominantly coarser than 15mm (or 8mm). The results of grid 

sampling in the New River, Virginia are shown in Fig. 1. The median grain size of the grid 

sample is 40mrn, while the median size of the whole channel bed material is 21mrn. 
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Figure 1. Grain size distribution using the hybrid sampling method. Dashed lines plot the 
separate distributions and solid hnes plot the combination of the two methods. 

A HYBRID SAMPLING APPROACH 

To account for the whole grain size distribution of the material available at the channel 

bed, the grid by number method should be supplemented by another method that will 

remove the finer portion of the sediment deposit. Clay sampling was found to be a suitable 

method for removing particles that are not coarser than 40rnm. The clay sample needs to 

be converted to an equivalent volumetric sample before it is combined with the grid 

sample. This is accomplished by using the conversion formula proposed by Kellerhals and 

Bray (1971) with a value of -1 for the exponent (Diplas and Fripp, 1991). During the 

present study a piston-like device was employed for removing clay samples. 
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The present hybrid approach was tested in several sites at the New River. The results for 

one of the sites are shown in Fig. 1. The two methods overlap for the size range 

15mm~D~ 4Omm. This overlap is quite useful in examining the compatibility of the two 

samples. 

VOLUMETRIC AND AREAL SAMPLE DIMENSIONS 

Several criteria have been proposed for determining the minimum volume of a bulk sample 

(e.g. Church et aI., 1987; Mosley and Tindale, 1985). The minimum volumes recommended 

by different researchers and organizations vary widely. Furthermore, no guidelines have 

been suggested about the shape of the volume of sampled material. During the present 

study the minimum volume was calculated as the product of minimum surface area 

necessary for an areal sample and the minimum depth of a volumetric sample (Diplas and 
2 

Fripp, 1991). The former was found to be equal to M Dn, and the latter equal to 215n, 

where M is the number of grains in a grid sample (usually M = 100) and Dn is the 

maximum particle size present in the sample. Therefore, the minimum volume of the bulk 
3 

sample is 2MDn. 

It is worth mentioning here that typically researchers remove the bed material up to a 

depth of 15n and consider the sample as volumetric. The present study indicates that this 

depth is not sufficient to render the sample volumetric. In addition the information 

regarding the minimum surface area necessary to obtain a representative areal sample is 

very important. This becomes apparent for cases of areal and freeze core samples, where it 

is often questionable whether the surface area of the sample is sufficiently large. 

SAMPLING OF SUBSURFACE MATERIAL 

It is well known that the subsurface material is usually considerably finer than the surface 

material. Frequently, the subsurface material is finer than 40mm in diameter and therefore 

the use of clay sampling is adequate to give complete information about the whole grain 

size distribution. The results of sampling the surface and subsurface material at a site in 

the New River are shown in Fig. 2. As expected, the subsurface material is much finer than 

the material of the surface layer. The ability to sample the subsurface material effectively 

is very important for the study of aquatic habitat. 
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Figure 2. Particle size distribution of surface and subsurface material. 

CONCLUSIONS 

Because of its truncated nature, grid sampling alone should not be used to characterize bed 

material containing an appreciable percentage of fine sediment. A hybrid approach of grid 

and clay samples can be used to remedy this problem and obtain the distribution of all the 

grain sizes that are present at the channel bed. The clay method proved to be effective in 

the sampling of sediment under water and dry conditions. The present study indicates that 

clay sampling is an appropriate method for determining the vertical size stratification of the 

bed material. 
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SEDIMENT EXCHANGE BETWEEN STREAM AND BOTTOM: 

A FOUR LAYER MODEL. 

by G. Di Silvio, Istituto di Idraulica, Padova 

1, INTRODUCTION. 

A number of phenomena occurring at the interface between 

waterflow and river bottom can be accounted for by a four-layer 

mo.de.l. (Fig. 1). 

The four-layer model, described in a previous paper [3], is 

an extension of the classical two-layer model first suggested by 

Hirano [5] for simulating the evolution of bottom composition 

during non-stationary events (flood waves or, more in general, 

time-depending boundary conditions). In the two-layer model the 

river is schematized by one "mixing layer" in the bottom and by 

one "transport layer" in the stream. 

The two-layer model has been subsequently proposed, with 

slightly different formulations, by various authors [7], with 

application to bed-load trans~ort. The consideration of 

sus~ended-load trans~ort requires in principle adding a third 

layer, where the particles' movement does not exclusively depend 

on the local conditions (as is the case for bedload transport), 

but is also controlled by the conditions upstream. 

The contemporary presence of bedload and suspended transport 

has been taken into account by a three-layer model proposed by 

Armanini and Di Silvio [1]. The space-lag of suspended transport 

is expressed 2ia an appropriate formula of the ada~tatiQn lenaht 

obtained by an approximate integration over the vertical. A 
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bedload- and suspended-transport model has been also developed 

by Rahuel et al. [9] . 

In all the models mentioned above, the riverbed is 

schematized by only one homogeneous mixing layer (sometimes 

called "active layer"), where the sediment composition of the 

bottom is assumed to be homogeneous. It is well known, however, 

that the surface of gravel rivers presents a coarser composition 

(pavement) than the material underneath (subpavement). 

Fig. 1 -

h 

@a 

The instantaneous bottom surface of a stream 
is defined by the particles that at that 
given instant of time are not in movement. 
The particles moving in the waterstream (1) 
and in the bottom layer (2) are respectively 
conveyed in suspension and as bedload. 
The particles in the mixing layer (3) are 
frequently subjected to entrainment, while 
those in the intrusion layer (4) only 
occasionally are put in movement. 
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This problem may be solved by assuming [6] that the coarser 

surface represents just a sort of protection for the material of 

the "real" bottom lying below (vertical hiding). In this case 

the effective composition of the mixing layer should be that of 

the subpavement, and the bedload rate should be related to this 

composition; as a consequence, the transport formula used for 

the mixture should provide a composition of the transport only 

slightly finer than (or even equal to) the composition of the 

bottom (subpavement). This condition of Q;uasi eQ;ual mobility (or 

even complete equal mobility) can be obtained by correcting the 

uniform-size formula by a "hiding-and-exposure" coefficient that 

strongly reduces the mobility of the finer particles and 

increases the mobility of the coarser ones. 

On the other hand, one may reason that only the surface is 

exposed to the waterflow and therefore the composition of the 

active layer should be that of the surface; in this case the 

transport composition should result much finer that the 

composition of the bottom (pavement). This can be obtained by 

just a moderate correction of the uniform-size formula. 

It should be noted that in equilibrium conditions it does 

not make any difference whether the bottom is considered to be 

the pavement or the subpavement, provided that a proper hiding

and-exposure coefficient is used in either case. A difference, 

however, arises in non-equilibrium conditions, i.e. during 

aggradation or degradation phases, showing that both assumptions 

are questionable. Indeed, if one assumes that the only active 

layer is represented by the sUbpavement, the coarser composition 

of the surface (pavement) would go unchanged through either 

aggradation or aggradation process, which is obviously not the 

case. By contrast, if one assumes that the active layer 

coincides with the pavement, its composition during an 

aggradation phase would become finer than the composition of the 

sUbpavement provided that the deposition rate of fine material 

is intense enough; experimental evidence, however, shows that 
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the pavement remains coarser than the sUbpavement even during a 

very intense deposition. 

An alternative way of dealing with this problem, is assuming 

that the active layer includes both the pavement and the 

subpavement. While the average composition of the active layer 

can still be computed with the Hirano's model, the relationship 

between the respective compositions of pavement and sUbpavement 

is assumed to be the same as in equilibrium conditions. Although 

more plausible than assuming the active layer coincident with 

either the pavement or the subpavement, this last hypothesis is 

still not fully satisfactory. In fact, both pavement and 

subpavement exchange sediment with the stream, but, since the 

exchange mechanism is different, they should be treated as 

independent layers. 

It has been observed [8) that in most practical applications 

there is not difference in assuming one or two active layers in 

the bottom, if the relationship between pavement and subpavement 

compositions is assumed to be almost constant. However, a 

complete four-layer model is needed to justify conceptually this 

assumption. 

In the present paper, the already mentioned four-layer model 

will be recalled and discussed. A theoretical evaluation of the 

two parameters accounting for the relative importance of 

pavement and subpavement will be proposed. 

Special attention will be given to the following aspects that 

can be interpreted in terms of sediment fluxes among layers: 

- rate of sediment exchange between stream and bottom, at 

different depth below the bottom surface (pavement and 

subpavement); 

- inherent vertical mobi 1 ity (pick-up rate) and hori zonta 1 

mobiljty (transport rate) of bottom particles, depending on 

their diameter; 
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- different mobil it", of bottom particles for a uniform-size 

material or for a mixture of non-uniform grainsizes; 

- formation of a coarser pavement over a finer subpavement 

(dynamic armouring) in gravel-bed rivers; 

- shie 1 d i nc;r of finer particles by coarser particles that are 

placed windward and/or over them (horizontal and/or vertical 

hi.diru;c.) ; 

- relationship between c;rrainsize distribution of pavement-, 

subpavement- and transported-material. 

2. DEFINITION AND STATISTICAL PROPERTIES OF THE BOTTOM SURFACE. 

The instantaneous bottom surface is defined (3) by all the 

particles that at a given instant of time are not in movement 

(Fig. 1), while the averac;re bottom surface is defined by its 

interpolating plane. 

Thus, the bottom surface separates the "transport" layers 

(1) and (2) where the particles are conveyed downstream, from 

the "storage" layers (3) and (4) where they are temporarily at 

rest. Note that, while in the transport layers the sediment 

concentration is generally rather low, in the storage layers the 

volume concentration (including pores) is by definition equal to 

one. 

The local elevations of the bottom surface are usually 

normally distributed and the averac;re bottom disturbance (say, 

the standard deviation, 0') generally corresponds to the bed 

roughness, a; that is, respectively, to dgO (grainsize coarser 

than 90% of the material present in the pavement) for plane bed 

and to the average dune height when bedforms are present. 

Following the definitions given in (3), the average bottom 

di st urbance, 0', also corresponds to the thicknes s oP of the 

mixioc;r layer (or pavement) below the average bottom surface, as 
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well as to the thickness a of the bottom layer above it. The 

thickness /)S of the intrusion layer (or subpavement) is defined 
(J 

by the average deviation of the disturbances, that is by 2 (Fig. 

2) • 

instantaneous 
bottom surface 

;average bottom surface 

,bottom layer 

mixing layer(pavement) 

~ 
'" -1 ....... --- -
I " 
I--~ ... -
I ... 

(iP ;;;0" 

-iY;-O"~ 

Fig. 2 - Probability function (normal) of the bottom 
elevation. The thickness of the bottom layer 
and of the mixing layer is defined by the 
average disturbance (undulation) of the bed. 
The thickness of the intrusion layer is 
defined by the average deviation of the 
disturbances. 
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For a normal distribution of bottom elevations, the direct 

exposure of the intrusion layer to the waterflow has a frequency 

of 0.16, while the direct exposure of the mixing layer has a 

frequency of 0.84. 

A two-layer model based on the statistical properties of the 

bottom surface has been also proposed by Ribberink [10] to 

describe bedload transport of a mixture in presence of dunes. In 

that model the layer above (called transport layer and including 

both moving particles and particles temporarily at rest) 

occasionally exchanges sediments with the layer below (called 

exchange layer and including only particles temporarily at 

rest) . 

G) III t:;;> TSi ~ 
WATERSTREAM <:( .... 

<1>SiU l-
ll: 

® 
0 
14 

~ 
BOTTOM LAYER <:( 

f:: 

III 
MIXING LAYER ~ (PAVEMENT) 

<1>piU <:( .... 
@ UJ 

Cl 

"R" <:( <:( 

o 3 
.... 0 o UJ l:l / / III 
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)....~o 
;: DP If 

~P D~i ).... 

14 bi I- 14 <: 
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III 
INTRUSION LAYER ~ 

~ 

Q: ~ 

~s (SUBPAVEMENT) 
III 

<1>OIU_ D~i D~i 

Fig. 3 - Horizontal 
sediments 
equilibrium 

~u 

and vertical fluxes of non-uniform 
(i-th grainsize class) in non
condition. 
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In the model presented here, by contrast, mixing layer and 

intrusion layer do not include any longitudinal movement of 

water and sediment; as transport takes place only in the two 

layers above, a particle should be entrained in one of those 

layers before moving dowstream. 

3. HORIZONTAL AND VERTICAL FLUXES OF SEDIMENTS. 

In Fig. 3 the definition is given of the horizontal and 

vertical fluxes, respectively in and among the four layers. 

While the horizontal fluxes, represented by the bedload and 

suspended transport, respectively take place in the bottom layer 

(1) and in the water stream (2), the vertical fluxes take place 
among the transport layers (1 and 2) and the storage layers (3 

and 4) . 

Vertical fluxes of the i-th grainsize class of sediments 

occur both in the downward direction (settlement, Si) and in the 

upward direction (pick-up, Pi). The net deposition rate Di is 

given by the difference: 

(1) 

Vertical fluxes, however, should be distinguished according 

to both the layer of provenance and the layer of destination. A 

different capital letter (P and S) will be used as a superscript 

to distinguish between mixing layer (pavement) and intrusion 

layer (sllbpavement I, while a different small letter (b and s) 

will be used as a subscript to distinguish between bottom layer 
(bedJoad) and waterstream (sllspension). 

The net deposition rate in the pavement is: 

P 
Dbi 

P 
Sbi 

P Pbi (2) from the bedload 

D
P

. SP, P 
= - Psi S~ s~ 

(3) from the suspended 

load 
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D~ - S~ - p~ 
~ ~ ~ 

(4 ) the total from 

transport 

The net deposition in the sllbpayement is: 

(5) from the bedload S S S 
Dbi Sbi - Pbi 

DS , SS, - pS, 
S~ S~ S~ 

(6) from the suspended 

load 

S DS , D~ S~ - p~ Dbi + 
S~ ~ ~ ~ 

(7 ) the total from 

transport 

The net deposition rate in the entire bottom: 

(8) from the bedload 

(9) from the suspended 

load 

D~ + D~ = Di 
~ ~ 

(10) from the total 

transport 

4, SEDIMENT BALANCE EQUATIONS, 

The sediment balance of the four layers may be written [3] 

either in terms of total vertical fluxes across the respective 

boundaries (<Psi, <Pbi, <Ppi, <Poi) or - equivalently - in terms of 

net deposition rates as defined in the previous section (Fig, 

3) , 

G.i 0 C;;,i h 
ox + ot - Dsi (11) 

~ 0 CQ;i. a 
ox + ot - Dbi (12) 



- 172-

d !3ioP 

~ D~ - !3~'P 1: D~ 
~ ~ 

(13) 

d !3~os 

~ D~ - !3~'S 1: D~ + (!3~'P - !3~'S) 1: D~ 
~ ~ ~ 

(14) 

In the equations above, Tsi and Tbi represent the suspended 

and bedload transport of the i-th grainsize class; Csi and Cbi 

are the corresponding average concentrations in the transport 

layers, respectively having the thickness h and a; !3i and !3~ are 

the percentages of the same class 

respectively having the thickness 

in the storage layers, 
oP and OS; !3S,' P is the 

~ 

percentage of the i-th class, either in the subpavement (if the 

bottom is degrading) or in the pavement (if the bottom is 
aggrading); !3~'S is the percentage of the i-th class, either in 

the undisturbed material (if the bottom is degrading) or in the 

subpavement (if the bottom is aggrading); Dbi, Dsi, D~ and D~ are 

the rates of the net deposition, as defined, respectively, by 

equations (8), (9), (4) and (7). 

5. FORMULATION OF VERTICAL FLUXES. 

In order to express the rates of net deposition, an 

appropriate formulation should be found for both settlement and 

pick-up with due consideration to the layer of provenance and 

the layer of destination (see equations from 1 to 10) . 

In formulating the expression for pick-up and deposition 

rates, it is to be observed that they basically depend on the 
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waterflow characteristics, on the grainsize diameter and on the 

conditions in the layer of provenance. 

The settlement rate of a given grainsize class into a 

certain layer (pavement or subpavement), is assumed to be 

proportional (i) to the actual transport of that class in the 

layer of provenance (respectively, bedload and suspended 

transport, Tbi and Tsi) and (ii) to the probability for a 

transported particle of landing in the destination layer, i.e. 

to the percentage of the layer surface directly exposed to the 

waterflow (respectively, g=O.84 and (1-g)=O.16 for pavement and 
subpavement). The parameter of proportionality, cr, depends on 

the concentration profile in the transport layers and would be 
in general different for bedload (crbi) and suspended transport 

(crsi) ; 

P 
= g Tbi ~i Sbi (15) 

5 (l-g) Tbi ~i Sbi = (16) 

SP, 
S~ 

- g Tsi crsi (17) 

SP, 
S~ 

= (l-g) Tsi crsi (18) 

The pick up rate of a given grainsize class from a certain 

layer (pavement or subpavement) is assumed to be proportional to 

the following quantities; (i) the pick-up capacity of the flow 

for the given grainsize class, Pci, that is the pick-up rate for 

a uniform grainsize material; (ii) the percentage of the same 

grainsize class, ~i and ~~ , present in the layer of provenance; 

(iii) the "horizontal" hiding-and-exposure coefficient, r~ and r~ 
~ ~ 

, in the layer of provenance, taking into account a certain 

reduction (increase) of the pick-up capacity for the smaller 

(larger) particles whenever there is a mixture; (iv) the 

probability of the particles in the layer of provenance, pi and 
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P~ , of being exposed to the waterflow. The proportionality 

parameter a, in principle, will be different for each layer of 

arrival and provenance: 

p. et! Pci ~~ 
p p 

(19) Pbi r. Pi ~ ~ 

S =~ Pci ~~ S S 
(20) Pbi ~ riPi 

Pp. = a P 
Pci ~~ P P 

(21) r. Pi S~ 5 ~ ~ 

pS. = as Pci ~~ S S 
(22) r. Pi S~ 5 ~ ~ 

bottom layer 

mixing layer(pavementJ 

intrusion layer(subpavement) 

Fig. 4 - of the bottom 
by a schematic 
l.ayers directly 

and indirectly 
the waterfl.ow. 

The probabil.ity function 
el.evation may be substituted 
one. Portions of the storage 
exposed (dotted regions) 
exposed (dashed regions) to 
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By summing-up all the pick-up respectively from the pavement 

and the subpavement, one obtains: 

(23) 

(24) 

Now, let us evaluate the expressions of The 

probability of being exposed to the waterflow is equal to one 

for the portion of the layer surface immediately in contact with 

it; that is, respectively, gO. 84 for the pavement and 

l-g = 0.16 for the subpavement, corresponding to the dotted 

regions in Fig. 4. However, also the surface of the covered 

portion of each layer, corresponding to the dashed regions in 

Fig. 4, is going to be eventually exposed, as soon as all the 

overlaying particles belonging to the pavement are removed;this 

will occur, on the average, with a frequency equal to the ratio 

between the total pick-up rate from the pavement kP~ and its 
~ 

thickness BP The maximum frequency of removal of the covering 

particles will occur with uniform grainsize material (i.e. when 

kP~i = gPci) , while the removal frequency will strongly decrease 

in presence of a coarse pavement composition (kpP
. « gPci). 

C~ 

If we consider a "reference" period of time equal to 

(OP/gPci ), i.e. corresponding to the frequency of removal of the 

pavement for the uniform size material, we may evaluate the 

~ probability of each layer to be exposed to the waterflow 

during this period. This will be obtained by summing up the 

probability of "direct exposure" for the uncovered portion of 

the layer and the probability of "pavement removal" for its 

covered portion. For uniform-size material (kP~ = gPci) the 
~ 

total probability of exposure during the "reference period" is 

equal to one for both pavement and subpavement. For non-uniform 

material, by contrast, only the probability of "direct exposure" 



- 176-

would be the same, while the probability of "pavement removal" 

during the same period of time would decrease with the ratio of 

the corresponding pick-up rates. Namely: 

p~ = g + (I-g) 
~ gPci 

(25) 

LP~ (LP~ J 
pi = (I-g) + (2g -1)gPci + (I-g) gP:i (26) 

The last term of eq. (26) represents the probability of 

removal of the double thickness of material above the 

subpavement (Fig. 4). 

Note that for uniform-size material not only the total 
P S probability should be one (Pi = Pi = 1), but there is no hiding-

and-exposure effect (r~ = ri = 1). Thus, equations (23), (24), 

(25) and (26) provide the values of the parameters aP and as: 

and as ;;; (I-g) (27) 

By neglecting the small contributions with respect to one in 

eqs. (25) and (26), these may be rewritten in the following way: 

p~ = 1 
~ 

(28) 

(29) 

A monomial expression of the following type may be used for 

the pick-up capacity 

(30) 
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where FP is a function of hydrodynamics and w is an exponent 

that gives account of the inherent susceptivity of each 

grainsize to be entrained (vertical mobility) . 

By substituting eqs. (27), (28), (29) and (30) in eq. (23), 

one finds: 

w -w P 
d, Ldi ri gPci ~ 

(31) 

On the other hand, the pick-up capacity can be considered 

proportional to the transport capacity (transport of uniform 

material in equilibrium condition) : 

Pci = TIi Tci (32) 

where TIi is a function of waterflow conditions and diameter. 

Transport capacity, in its turn, may also be expressed by a 

monomial expression 

-q 
Tci = FT d i (33) 

where FT is a function of hydrodynamics and q is an exponent 

that gives account of the inherent susceptivity of each 

grainsize to be transported (horizontal mobility) . 

As for the horizontal hiding-and-exposure coefficient, an 

empirical simple expression may be the following: 

S r. 
~ 

(34) 

(35) 

respectively for the pavement and the subpavement. When the 

exponents u and v are larger than zero, the coefficients r~ and 

s r i tend to be larger than one for coarse particles (more 
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exposed) and smaller than one for fine particles (more hidden). 

We will see later, however, that the orizontal hiding-and

exposure-effect is definitely less effective than the vertical 

one. 

6. NET DEPOSITION RATE. 

By subtracting one from the other the corresponding rates of 

settlement and pick-up (eqs. from 15 to 22), and by considering 

eqs. 27 and 32, the following equations of net deposition are 

obtained: 

(36) 

(37) 

(38) 

(39) 

where mi = Tbci/Tci and (l-mi) = Tsci/Tci represent the 

percentage of, respectively, bedload- and suspended-transport 

capacity with respect to the total transport capacity, namely 

the corresponding transport rates in equilibrium conditions and 

for uniform material. 

By applying the same approximate procedure adopted in the 

case of a single mixing layer [1] to the present case of 

pavement (mixing layer) and subpavement (intrusion layer), one 
can evaluate the coefficient crsi (depending on the 

concentration profile of the i-th class in the suspended 

transport), so that equation (38) and (39) may be written in the 

following way: 

(40) 
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(41) 

where L* is the adaptation ~ of the suspended transport: 

* 

::~ = ~ + (1-~) exp [-1. 5 (~rl/6 ~] (42) 

while fi and hi respectively represent the relative importance 

of pavement and subpavement as far as the transport of the i-th 

class is concerned: 

(43) 

(44 ) 

These quantities, in fact, can also be seen as the "overall" 

hiding-and-exposure coefficients, 

"horizontal" and "vertical" effect. 

including both the 

Indeed they can be 

formulated in terms of grainsize composition of the pavement and 

the subpavement, when the appropriate expressions (28), (31), 

(34) and (35) are introduced: 

d':' 
~ 

hi= (l-g) 

v+w"<"~u-w 
d i -"'U i 

LR~d':' LR~d':' 
fJ~ ~ jJ~ ~ 

(45) 

(46) 

By analogy with suspended transport, also equations (38) and 

(39) could be rewritten in the following way: 

(47) 

(48) 
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where A.i is the adaptation lenght of the bedload transport ° 

However, as the order of magnitude of A.i appears to be very 

small (say hundred grain diameters [11), it may straightaway be 

set equal to zero for all the grainsize classes (immediate 

adaptation of bedload transport) ° 

This being the case, equations (47) and (48) provide: 

where 

AP !i. mo Tc~ 
Pi g ~ ~ 

o AS ° AP 
h~ Pi + f~ Pi 

AS !!.L mo 
Pi 1-g ~ Tci (49) 

(50) 

is the "equivalent" composition of the bed, when one takes into 

account both the pavement and the subpavemento 

Considering that: 

Tbci = mi Tci (51) 

(52) 

Tsi = Ti - Tbi (53) 

Tsci = Tci - Tbci (54) 

one may rewrite equations (40) and (41) in the following way: 

(55) 

(56) 

where the net deposition of suspended sediment is expressed in 

terms of total transport, Ti = Tsi + Tbi, and of total transport 

capacity, Tci = Tsci + Tbci, instead that in terms of Tsi and 

Tscio 
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As for the net deposition of bedload sediments, the 
P S 

corresponding quantity Dbi = Dbi + Dbi is provided by equation 

(12), where the actual transport Tbi is expressed by anyone of 

the equations (49) as a function of the transport capacity Tci. 

7. MORPHOLOGICAL EVOLUTION OF A RIVER. 

The contemporary resolution of eqs. (11), (12), (13) and 

(14), keeping in mind eqs. (49), (55) and (56), provides the 

evolution in space and time of a river according to the four

layer model. For each grainsize class, the dependent variables 

of the system are the actual total transport Ti and the 

composition ~i and ~: of pavement and subpavement (note that L~i 

= 1 and L~: = 1). The bed elevation Z (x,t) is provided by the 

overall equation 

aZ 
at 

expressing the total aggradation rate of the bottom. 

(57 ) 

The system of equations mentioned above is completely 

equivalent to the one reported in [3]. Its solution requires the 

knowledge of the total transport capacity Tci for each grainsize 

class, as well as the ratio mi = Tbci/Tci. This means any 

reliable predictor for the solid discharge of uniform material 

in equilibrium conditions, both as bedload and in suspension 

(e.g., van Rijn [11] or equivalent formula). 

Note that the same equations from (11) to (14) can also be 

applied to a river where the transported material is constituted 

by an iso-kinetic m)xtllre [2], that is by particles with the 

same diameter but differently marked (e. g., more or less 

polluted). In this case the classes are not based on grainsize, 

yet the exchange between stream and bottom is still described by 
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the same model where it is set Tci 

g and hi = (I-g). 

8. COMPOSITION OF BEDMATERIAL AND TRANSPORTED MATERIAL IN 

EQUILIBRIUM CONDITIONS. 

Besides providing the evolution of a river in unsteady 

conditions, the four-layer model allows a comprehensive 

explanation for several features displayed by a stream in 

equilibrium (i.e. uniform water flow and uniform solid transport 

for each grainsize class). In principle, the equilibrium 

conditions can be attained only in a laboratory flume; however 

they represent a useful reference for explaining more 

complicated situations. 

In equilib;ium conditions, the net depositions from and to 

any layer should be zero and the corresponding relationship 

between the composition of pavement and subpavement is directly 
provided by putting DP . = DS . = 0 in eqs. (40) and (41), or by 

S~ B~ 

P 
putting Dbi 

S Dbi = 0 in eqs. (47) and (48); that is: 

~ 
hi/l-g (58) 

By substituting the expressions (45) and (46) of the 

"overall" hiding-and-exposure coefficients, one finds: 

(59) 

According to (59), the composition of the pavement results 

to be coarser than the composition of the sUbpavement if w > (u

v) . 
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Also the composition of the transported material: 

is provided, in equilibrium conditions, by any of the eqs. (47), 
P S P S 

(48), (55) and (56), where Dbi Dbi Dsi Dsi = o. 

The relationship between the composition of transported 

material and the composition of pavement and subpavement is 

given by the ratio: 

~~fiTci 
~ 

~~hiTci 
~~ = 

k~~fiTci k~~hiTci 
(61) 

By introducing the already mentioned eqs. (45) and (46) for 

expressing fi and hi, one finds: 

~~ d';l-q 
~ ~ 

~~ d,:,-q+w 
~ ~ 

~~ 
k~~ d';l-q k~~ d,:,-q+w 

(62) 
~ 

~ ~ ~ ~ 

From eq. (62) one can see that the transported material is 

finer than the pavement if q > u and finer than the subpavement 

if q > w + v. Note that, as eq. (59) is a combination of the 

two eqs. (62), it does not imply any further condition on the 

relationship between ~~ and ~i. 

9. EXPERIMENTAL VERIFICATION AND DISCUSSION. 

While many experiments have been carried - out with non

uniform grainsize mixtures, very few data are adequate to 

investigate the relationship between pavement , subpavement and 

transported material. Very often, in fact, not all the relevant 
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compositions have been properly measured in order to check the 

expressions discussed in the previous paragraph. 

According to the experiments by Di Silvio and Brunelli (4], 

the following values of the exponents in equations (59) and (62) 

have been found: 

Experiment 1 2 3 4 

(q-u) 0.94 0.98 1.00 1. 08 

(w+v-u) 0.37 0.33 0.35 0.32 

The values of (q-u) and (w+v-u) provided by the four 

experiments are rather close, although they show a certain 

dependance on the bottom shear stress. It seems also plausible 

that u and v are practically zero, i. e. that the horizontal 

hiding-and-exposure effect is negligible with respect to the 

vertical one. 

If one puts u=v=O, the relation between pavement, 

subpavement and transported material only depends on the 
exponents q and w, i.e. on the inherent horizontal and vertical 

mobility of the single grainsizes (see eqs. 30 and 33). It 

should be observed that both pick-up capacity and transport 

capacity do not have a strict power dependance on grainsize, but 

have in fact a binomial formulation. Therefore, although 

reasonably constant in an ample range of granulometric and 

hydrodynamic conditions, the exponent q tends to 00 when the 

shearstress on the bottom tends to its critical value tcr, while 

it tends to zero when it is much larger than tcr (see, for 

instance the Meyer-Peter formula or the van Rijn formula). On 

the other hand the exponent w is always positive (although 

smaller than q) for relatively coarse and graded material 

(gravel bed rivers) but it may become negative for fine and 

rather uniform mixtures (sand rivers); in the last case, indeed, 

pick-up capacity, being proportional to the product of falling 
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velocity times the equilibrium sediment concentration, decreases 

with the particle diameter. 

According to the type of stream one may find, in principle, 

the following different configurations: 

I) q > w > o. Pavement coarser than sUbpavement (dynamic 

armouring). Subpavement coarser than transport. 

II) q > w = o. Pavement equal to sUbpavement (no dynamic 

armouring). Subpavement coarser than transport. 

Ill) q > 0 > w. Subpavement coarser than pavement (inverse 

dynamic armouring). Pavement coarser than transport. 

IV) q = 0 > w. Subpavement coarser than transport (inverse 

dynamic armouring). Pavement equal to transport. 

Moving from gravel-bed rivers with moderate discharge 

towards sand-bed rivers with high discharge, one passes from 

configuration (I) to configuration (IV), through intermediate 

situations (II) and (Ill). While configuration (I) corresponds 

to the experiments mentioned above [4), configuration (Ill) 

seems to correspond to the experiments by Ribberink [10). 

Perfect "equal mobility" (equal composition of pavement, 

subpavement and transported material) corresponds to the limit 

case q = w = O. This condition, however, can never occur since 

w tends to be negative when q tends to be zero. 

10. CONCLUSIONS. 

The irregularities in time and space - of the bottom 

surface, either due to the non-uniform sediment size or to the 

presence of bedforms, suggest a schematization of the bottom in 

two "active" layers (mixing and intrusion layer) which exhibit a 

different exchange machanism with the stream. In fact, while the 

mixing layer (above) is almost completely exposed to waterflow, 
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the intrusion layer (below) is almost entirely covered by the 

first one. This implies a more intense vertical fl'.lx of 

sediments between stream and mixing layer than between stream 

and intrusion layer. 

When the particles of the bottom do not have a uniform size, 

their different susceptivity to be picked-up by the waterflow 

(vertical mobility) gives place to a vertical sorting of the 

bottom, in which the mixing layer (pavement) and the intrusion 

layer (subpavement) have a different composition. 

The relation between the composition of pavement, 

subpavement and transported material results to be different for 

different types of streams. While for gravel rivers the pavement 

appears to be coarser than the subpavement (dynamic armouring), 

for sand rivers the opposite is true (inverse dynamic 

armouring). The transported material, in any case, results to 

have a finer composition than the coarsest layer of the bottom. 

The four-layer model can be applied to both equilibrium and 

non-equilibrium conditions. In non-equilibrium conditions, in 

principle, the relation between pavement, subpavement and 

transported material continuously changes during the stream 

evolution. However, as the change is not so important (at least 

if the evolution is reasonably slow) the relation between 

pavement, subpavement and transported material can be assumed to 

be the same as in equilibrium. This circumstance justifies the 

aggregation of pavement and subpavement in only one "storage 

layer" and the aggregation of bottom layer and waterstream in 

only one "transport layer", with a substantial simplification of 

the model. 

11. REFERENCES. 

1) Armanini, A. and Di Silvio, G. (1988). "A one-dimensional 

model for the transport of a sediment mixture in non-



- 187 -

equilibrium conditions", J. Hydraulic Res., 26(3), 275-292; 

discussion in J. Hydraulic Res. 27(3), 455-462. 

2) Armanini, A. and Di Silvio, G. (1989) "On the coexistance 

of the bedload and suspended sediment transport for a 

uniform grainsize material", Int. Symp. Sediment Transport 

Modeling, Proc. ASCE, J. Hydr. Div., 581-587. 

3) Di Silvio, G. (1990). "Modelling sediment transport: dominant 

features to be simulated in different hydrological and 

morphological circumstances", Workshop on Gravel-bed Rivers, 

Poggio a Caiano (Florence, Italy), 24-28 September. Also in: 

Dynamics of Grayel Bed Riyers, under print by J. Wiley & 

Sons, eds. P. Billi, R.D. Hey, C.R. Thorne and P. Tacconi. 

4) Di Silvio, G. and Brunelli, S. (1989). "Experimental 

investigation on bedload and suspended transport in mountain 

streams", Int. Workshop on Fluv. Hydr. of Mount. Regions, 

Trent, Italy, October 3-6. Lecture Notes on Earth Sciences, 

vol. 37, Spinger-Verlag, p. 293-313. 

5) Hirano, M. (1971). "River bed degradation with armouring", 

Trans. Japan Soc. of Civ. Eng., 195, 55-65. 

6) Parker, G., Dhamotharan, S. and Stefan, H. (1982). "Model 

Experiments on Mobile, Paved and Gravel Bed Streams", Water 

Resources Research, vol. 18, n.5. 

7) Parker, G. (1991). "Some Random Notes on Grain Sorting", 

Grain Sorting Seminar, Ascona, Switzerland, October 21-26. 

8) Peviani, M. and Di Silvio, G. (1991). "Transport of a mixture 

of sand and gravel in suspension and as bedload: experiments 

and mathematical modelling", Intern. Symp. on The Transport 

of Suspended Sediments and Mathematical Modelling, 

Florence. 

9) Rahuel, J.L., Holly, F.M., Chollet, J.P., Bellendy, P.J. and 

Yang, G. (1989). "Modeling of riverbed evolution for bedload 



- 188 -

sediment mixtures". J. Hydr. Eng., ASCE, 115 (11), 1521-

1542. 

10) Ribberink, J. S. (1987). "Mathematical modelling of one 

dimensional morphological changes in rivers with non-uniform 

sediment", Rep. n. 87-2, Delft Univ. of Techn. 

11) Rijn, L.C. van (1984). "Prediction of sediment transport and 

alluvial roughness", Journ. of Hydr. Div., ASCE, vol. 110. 

12. NOTATION 

The equation where a quantity is introduced for the first time, 

is also indicated. See below subscripts relevant to the 

quantities. 

a thickness of the bottom layer (eq.12) 

Csi average concentration in the waterstream (eq. 11) 

Cbi average concentration in the bottom layer (eq. 12) 

di diameter of the i-th grainsize class (eqs. 31 and 33) 

Di net deposition rate (eq. 1) 

fi overall hiding-and-exposure coefficient in the pavement 

(eq. 40) 

FP function of hydrodynamics (eq. 31) 

FT function of hydrodynamics (eq. 33) 

g percentage of the mixing-layer surface directly exposed 

to waterflow (Fig. 2) 

h thickness of waterstream (eq. 11) 

overall hiding-and-exposure coefficient 

sUbpavement (eq. 41) 

in the 
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* Li adaptation lenght of suspended transport (eqs. 40 and 

41) 

mi percentage of transport capacity conveyed as bedload 

(eqs. 36 and 39) 

total probability of exposure to waterflow (eqs. 19-22) 

rate of pick-up (eq. 1) 

q exponent (eq. 33) 

horizontal hiding-and-exposure coefficient (eqs. 19-22) 

Si rate of settlement (eq. 1) 

Ti rate of transport (eqs. 11 and 12) 

U waterflow velocity (eq. 42) 

u * friction velocity (eq. 42) 

u exponent (eq. 34) 

w exponent (eq. 35) 

Wi particle fall velocity (eq. 42) 

P S P S 
ub,Ob,us,us coefficients of proportionality (eqs. 19-22) 

uP _ g; US = 1-g coefficients (eqs. 23,24 and 27) 

~i equivalent composition of bed material (eq. 50) 

~~ composition of pavement material (eq. 13) 

~: composition of subpavement material (eq. 14) 
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~r composition of transported material (eq. 60r 

~~ composition of undisturbed material (eq. 14) 

oP thickness of the mixing layer or pavement (eq. 13) 

OS thickness of the intrusion layer or subpavement (eq. 14) 

Ai adaptation lenght for bedload transport (eqs. 47 and 48) 

ITi coefficient (eq. 32) 

G standard deviation of bottom elevation (Fig. 2) 

Gbi coefficient (eqs. 15 and 16) 

Gsi coefficient (eqs. 17 and 18) 

$i vertical transport across layer boundaries (Fig. 3) 

SUBSCRIPTS: 

Subscript i refers a quantity to the i-th grainsize class. 

Subscript i may be combined to other subscripts in the following 

way: 

bci relevant to transport capacity as bedload (eq. 51) or to 

pick-up capacity into bedload 

bi relevant to actual transport as bedload (eq. 12) or to 

actual vertical flux from/to bedload (eq. 2) 

ci relevant to total transport capacity (eq. 32) or to 

total pick-up capacity (eq. 19) 

sci relevant to transport capacity in suspension (eq. 54) or 

to pick-up capacity into suspension 
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si relevant to actual transport in suspension (eq. 11) or 

to actual vertical flux from/to suspension (eq. 3) 

SUPERSCRIPTS: 

P relevant to pavement or mixing layer (Fig. 3) 

S relevant to subpavement or intrusion layer (Fig. 3) 

T relevant to transport layer (Fig. 3) 

U relevant to undisturbed material (Fig. 3) 
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Analysis of the experimental results on static armour formation generally reveals the 

existence of two distinct phases in the temporal variation of bed load discharge at the 

output of the channel: a first phase, with an approximately constant sediment 

discharge, followed by a second phase where sediment transport declines more or less 

rapidly with time. However, other experiments show only the second phase. In an 

attempt to investigate this behaviour, the spatial lag in bed load discharge is 

introduced by using a simple model able to describe the time-space variation of 

sediment transport rate. A preliminary comparison with the available expel:imental data 

seems to confirm the validity of the proposed model. The results give a phisical 

explanation of the observed behaviour of the time - space evolution of transport rate in 

sta tic annor. 
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1 - INTRODUCTION 

Sediment transport over non uniform bed material may lead to the formation of a 

coarser surface layer acting as a protection for the finer subsurface material. Interaction 

between flow characteristics, sediment transport and bed material determines the 

evolution of the protective surface layer and several equilibrium conditions can be 

obtained [1, 2, 3, 4J : 

- static armour, as a consequence of a progressive reduction III sediment transport to 

practically zero; 

- dynamic armour, or pavement, originated by a progressive equalization of the SIze 

fractions transported with fractions present in the parent bed material; 

- semi-static armour, as an intermediate equilibrium condition, which can be assumed, 

at least theoretically, where some coarser fraction are immobile and the finer are in 

motion. 

Static armour has been studied either through experimental investigation or by 

mathematical models. Predictions methods have been proposed to simulate the 

coarsening of the surface (armour) layer; these methods can be divided in two groups: 

- single-step methods, based essentially on the prediction of the final armour layer 

conditions by using the initial imposed flow and sediment characteristics; 

- multistep methods, able to describe the temporal evolution of the armour layer 

formation by using the basic equations of flow and sediment transport processes. 

Laboratory experiments on static armour are normally performed under steady flow 

conditions over non uniform bed material with upstream sediment inflow equal to zero. 

In the present paper, a mathematical model of the spatial lag of sediment discharge is 

proposed in an attempt to investigate the time-space evolution of bed load discharge 

during the armour process and to explain some apparent discrepancy in the 

experimental results. 
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2 - STATIC ARMOUR PROCESSES 

The imposed condition of zero sediment inflow at the upstream boundary of a channel 

flow with non-zero bed sediment transport capacity inevitably leads to a progressive 

erosion; static armour conditions can be reached if, other than the degradation, the 

mechanism of grain selection is present. That is, sediment transport must be sufficiently 

selective to remove the finer partic.les and leave the coarsest ones on the bed. Both grain 

erosion and selection depend on the actual transport rate which in turn depends on the 

progressive armour layer formation. Hence, at the downstream end of the channel, the 

output sediment transport is expected to be continuosly decreasing with time until a 

small fraction of the initial transport rate is reached and a static armour condition is 

practically obtained. 

However, experimental results reveal in general two distinct phases in the temporal 

variation of sediment trasnport rate: an initial relatively constant transport rate phase 

(first phase) followed by a second phase where a more or less decline of sediment 

transport occurs. As an example, figure 1 shows this typical pattern, obtained from 

three different sources of experimental investigations [4, 5, 6J. Proffitt [7J has obtained 

the same result in all of seventheen runs performed in a laboratory flume; he outlined 

the importance of this first phase due to the relevant amount of eroded material 

removed in a time which is of the order of few percent of the total run time. The 

approximately constant transport rate was attributed to an equilibrium condition at any 

section between erosion and deposition, with finer material transported downstream and 

a progressive concentration of coarse material on the bed. This first phase was supposed 

to mantain until the consequent reduction in sediment transport rate quickly appeared, 

revealing the beginning of the second phase. Proffitt found the temporal variation of 

sediment transport in the second phase to be adequately described by a relationship of 

the form: 

1) 

with a and n constant for each run, but variable from run to run. 

Mosconi [5J carried out similar experiments on static armor formation; he found again 

two distinct phases in the transport temporal variation, but in the first phase the 

sediment transport rate was not constant but showed an increase with time up to a 

ma.ximum and then a deCl·ease. 
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Fig. 1 - Temporal variation of bed load discharge from experiments. 
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Mosconi argued that, in the first phase, called "armor layer disintegration phase", 

the coarser material is eroded from the surface layer while the finer particles become 

partially or totally exposed and consequently the bed load discharge increases with 

time. Accordirig to Mosconi, this mechanism should be induced by an initial surface 

layer coarser than the parent bed material. The second phase, or "evolution phase", 

had the typical behaviour represented by equation 1. 

Lamberti & Paris [4J carried out a set of eleven experimental runs using three different 

sediment mixtures; the surface bed material was sampled at the beginning of each run 

and compared with the parent bed material: no evidence of a significative coarsening of 

the bed surface was noticed. Notwithstanding some fluctuations, in five runs the two 

phases were more or less distinct, while in the remaining six runs only the second phase 

was present. 

In an attempt to explain the phisical behaviour of sediment transport variation during 

static armour formation, the spatial lag effects on the bed load are here investigated. 

3 - SPATIAL LAG 

A movable bed is unable to adapt immediately to changes of the sediment boundary 

conditions: a certain distance is required for the local sediment transport to reach the 

equilibrium conditions. This phenomenon has been investigated by several researchers 

[8,9,10,11,12J; in particular, Bell & Sutherland [9J made an experimental work to 

examine the transient bed response in steady flow conditions and zero bedload inflow. 

From measurements, the spatial variation of the transport deficit was well represented 

by the loading law equation: 

2) qs = qO( 1- exp -C(t).x) 

where qs is the local non equilibrium transport rate, qo is the equilibrium transport 

rate and C(t) is a coeffcient with dimensions [L-1J , variable with time. According to 

equation 2, the local sediment transport rate increases downstream until qo is reached 

at a practically finite distance Xo (figure 2). 
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Fig. 2 - Loading law (equation 1) at different times. 

An interesting experimental investigation on spatial lag effects during static armor 

formation has been carried out in the already mentioned work by Mosconi [5); he 

divided the total length of the channel in three sub-reaches, each at a distance 2.95, 5.95 

and 11.32 m , respectively. Measuring the bed load discharge at the end of each sub

reach, he was able to show the bed load variation over both distance and time. 

However, the experimental results were analysed by using a qualitative conceptual 

model. 

As the phenomena investigated by Bell & Sutherland and Mosconi both represent a 

downstream propagation of an erosive mechanism, it appears reasonable to apply 

equation 2 to data of Mosconi for analysing sediment transport rate evolution in static 

armour. 

4 - TEMPORAL VARIATION OF BED LOAD DISCHARGE 

In order to describe the temporal variation of bed load discharge during static armor 

formation, the following assumptions are made: 
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- the flow characteristics are steady through tout the entire duration of the phenomenon, 

i.e., discharge, slope and shear velocity are constant; 

- the equilibrium sediment transport capacity is equal to qo' i.e., to the initial sediment 

transport rate occurring in the constant phase; 

- the time dependent coefficient C(t) can be expressed in the form: 

3) C(t) = b·tS 

where the coefficients band s can be obtained by comparing equations 1 and 2 and 

solving them for two values of t: 

n -C(t1)·L 
qs(tl)=a.tl =qO(l-exp ) 

4) 
n -C(t2)·L 

qs(t2) = a.t2 = qo ( 1 - exp ) 

from the known values of C(tl)' C(t2), tl, t2' equation 3 allows the calculation of b 

and s; L represents the downstream distance where the sediment transport is measured. 

It is worth to note that equation 3 is suggested by the analysis of Bell & Sutherland 

experimental results and it is q{lalitatively shown in fig. 3; as lfC(t) is related, at any 

instant, to the adaptation length required by the bed load to reach the value, say, 1% of 

qo' it can be considered as a characteristic length. According to equation 3, as time 

tends to zero, the characteristic length tends to be 0; this seems quite unreasonable and 

it is more likely that C(t) should tend to an initial value as indicated by the dashed line 

in figure 3. However, as a preliminary investigation, equation 3 is adopted for 

simplicity. 
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Equations 2 and 3 are then used to describe the general pattern (first and second phase) 

of experimental data on bed load evolution. A total amount of 38 data sets have been 

collected from different sources [4,5,6,7J. 

As a first step, the validity of the model has been tested against the data by Mosconi 

[5], where informations on both temporal and space variations in sediment transport are 

available for six runs. For each run, the relationship 3 has been obtained following the 

above described procedure but applied only to the measured values at the downstream 

end of the longest sub-reach, i.e., x = L = 11.32 m in eqs. 4. Then, the obtained 

relationship associated to equation 2 has been adopted to 

101 
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Fig. 3 - Time variation of the characteristic length 1jC(t) according to eq. 3. 

predict the measured values of qs at the remaining sub-reaches of length 2.95 m and 

5.95 m, respectively. The comparison between predicted and observed values, shown in 

figure 4, can be considered satisfactory; the scattering is mainly represented by 

measurements in the shortest reach where presumably fluctuations associated to small 

quantities of bed load discharge affect considerably the measurements. A different way 

to show the ability of the model to describe adequately both temporal and space 

variations of sediment transport rate is presented in figure 5: the calculated values 

along the length of the channel at time 50, 1223, 4813 and 16113 
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Fig_ 4_ - Calculated versus measured values of sediment transport rates_ 

minutes ( times are choosen in accordance with the time measurements ) are shown 

together with the observed values of sediment transport rate measured at the end of 

each sub-reach and at the corrisponding times_ In run 2_3 [5], the agreement is 

particularly good for all sub-reaches; in the remaining runs the agreement is stilI 

generally good for the two longest subreaches but some scatter is present for the 

shortest one, according to the previous considerations_ However, assuming, at least as a 

first approximation, the validity of equations 2 and 3 in describing the time evolution of 

a static armour process, it can be noticed that: 

- the process of static armour formation is strongly non uniform and unsteady, even 

under imposed steady and uniform flow conditions; 
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Fig. 5 - Comparison of the calculated time-space variations of qs in run 2.3 [5]. 

- at a certain time, the spatial gradient of bed load discharge decreases downstream; 

correspondingly, the erosion rate given by the mass conservation law: 

where bed elevation z is positive downward, qs is the weight sediment discharge, and 

K is a coefficient to reduce qs to volumetric dimensions. decreases according to: 

5) fJz 
fJt 

fJ(qo( 1- exp -C(t).x) 
K· fJx = K·qo-C(t).exp( -C(t).x) 

- at a certain section, equation 5 seems to indicate an increase of the erosion rate up to 

a maximum, followed by a diminution toward zero. \Vhile a time decreasing in the 

local erosion rate is quite obvious, the existence of period during which the erosion rate 

is accelerating is less clear; anyway, no attempt is made here to clarify whether this 

phenomenon is phisically based or simply derives from the adopted mathematical 

formulation (see above observations about eq_ 3). 
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From the above considerations, it can be concluded that the static armour process, 

being essentially an erosive (and selective) process, starts to coarsen the up streams 

reaches and, consequently, to reduce the local sediment transport which requires a 

longer adaptation length; this mechanism propagates downstream with a progressive 

reduction of the spatial gradient and, therefore, of the flow erosion capacity. 

The output sediment discharge, and its temporal variation, depends on the location of 

the downstream end section and therefore on the length of the testing reach, if the 

measuring section is at the end of the channel. Two channels of different lengths under 

the same hydraulic and sediment conditions should exhibit two different temporal 

variations of the output sediment discharge, as it can be seen from figure 6. 

As already mentioned, not all of experimental data here investigated show the first 

phase: the proposed model indicates a channel length too short to make the first phase 

long enough to be appreciable by the measurement tecnique. 

Viceversa, the same channel length may result sufficient to show the first constant 

phase under different sediment and transport rate conditions. 

5 - CONCLUSIONS 

The analysis of 38 data sets on static armour formation generally confirms the existence 

of two distinct phases in the temporal variation of sediment transport rate: a first 

phase, where sediment transport is high and approximately constant; a second phase, 

where a more or less rapid decline of sediment transport occurs. 

However, there are several experiments showing only the second phase. 

This behaviour can be adequately describe by tabng in account the spatial lag in bed 

load discharge through equations 2 and 3. Comparison with results obtained by Mosconi 

seems to confirm the validity of the model. 



- 204-

1~o-------__ -T-AI--T-ru--n~1---L-=-1-0-m--:~tmre----s~pa-re--v-an~'a-b_·o_n_o_f_q_s __ ------~ 

A 
50 mins 

1O.! ,/'--i75 
to=O: qs=qO 

,. ~-~-

7500 

1~'0~------~------~--------~6--------8~------~1~0------~12 

distanre (m) 

-~--.:...-. calculated values at L=3.5 m . 
. -.-calculated values at L=lO,O m 

time (min) 

Fig, 6 - A) Sediment transport variation in run 1 [6]; B) different channel response 

with varying channel length. 

Static armour formation appears therefore induced by the positive spatial gradient of 

bed load discharge which, through the erosion process, produces an increase coarsening 

of the initial reach of the channel, then propagates downstream and activates the same 

process in the following reaches; this results in a progressive reduction of the sediment 

transport at any section, even though the spatial gradient remains everywhere positive. 
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The observed experimental pattern of the temporal variation in sediment discharge can 

be explained as follows: the duration of the first phase is dependent, under the imposed 

sediment and flow conditions, on the channel length; in some experiments the channel 

length was not sufficient to exhibit the first phase for an appreciable time. The second 

phase is common to all experiments, and data can be regularized according to the 

exponential equation 1. 

The characteristic length 1jC(t) III equation 2 is a function of time; as a first 

approximation, an exponential form has been adopted to represent it. However, more 

investigations are required either to a better definition of equation 3, or to define the 

relationship between the imposed hydraulic and sediment conditions, and C(t). 
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Characterisation of Armoured Bed Surfaces 

by S.J. Tait, B.B. Willetts 
University of Aberdeen, U.K. 

The crucial process which controls the development of an armour 
layer is the process that takes place when a sediment grain loses 
its stability and leaves the bed surface. Understanding this 
process raises the problem of accurately describing the character 
of water-worked surfaces. Evidence is presented that measurement 
of grain size distribution is insufficient to characterise a 
surface and that consideration of the bed microtopography is also 
required, if its influence on the armouring process is to be 
accurately quantified. 

I.Introduction - Why are Surfaces Important? 

It is now accepted that the bed of a gravel river which has 

experienced episodes of sediment movement over it exhibits a 

distinct surface layer which in most cases is coarser in 

composition and texture than the parent bed material. These 

distinct surface layers are known as armour or armoured surfaces. 

During the development of such a bed armour layer there are 

changes both in the transported and the bed surface grain 

populations. The temporal and spatial behaviour of the bed load 

and the armoured surface layer can be explained by analysising 
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the mobility of sediment within the surface. This behaviour is 

governed by a series of inter-dependent relationships. The large 

number of variables present in a natural gravel-bed rivers clouds 

our understanding of the physical processes present because the 

high level of dependency between the variables makes it 

impossible to control a single variable without affecting a 

number of others. This complicated pattern of inter-dependency 

has been recognised in the field but has yet to be incorporated 

into the predictive methods in use by engineers today (Ashworth 

and Ferguson, 1986). 

If we consider the nature of the bed surface during a transport 

event, the selective nature of the mixed grain sediment transport 

mechanisims alters the composition and the textural structure. 

Obviously the ability to describe the true character of the bed 

surface is important as it not only defines the sediment that may 

move but also it is a major influence on the condition of the 

near-bed flow which is transporting the sediment. 

The inability to characterise a river bed surface accurately is a 

major contributor to our poor understanding of the physical 

processes which govern the transport of mixed grain size 

sediments within a surface layer. This prevents the reliable and 

accurate prediction of sediment movement in gravel bed rivers. 

The interaction of these transport mechanisims and the bed 

surface are the crucial control on the amount and character of 

any sediment that is transported. 



- 209-

Experimental techniques need to be developed which can sample the 

important features of a developing grain surface which is being 

formed by sediment transport processes. They need to be non

invasive in order to let the bed develop unhindered and to allow 

samples to be collected at different stages of the bed surface 

development. Most importantly the data derived from these samples 

must be able to be clearly linked with the physics of the 

transport mechanisims present at the bed surface. 

2.Experimental Techniques for Surface Sampling 

In previous work sampling of the characteristics of grain 

surfaces has concentrated on obtaining a grain size frequency, 

either by weight or by number. 

It has been recognised that volumetric sampling, which is the 

most widely used method of describing sediment mixtures, cannot 

be used for sampling surface layers. These layers being one grain 

diameter in thickness the sample volume would be dependent on the 

dimensions of the grains. Surface based sampling methods have 

therefore been developed to overcome this problem (Proffitt 1980, 

Diplas and Sutherland, 1988). The main drawback of these methods 

ego areal, grid and transect, is the difficulty in obtaining a 

similar sieve analysis from each method for valid 

between samples and especially between different 

comparision 

data sets. 

Practical considerations have dictated that in general araal 
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sampling is prevalent in laboratory work whilst grid and transect 

sampling predominates in field data sets. 

2.1 Areal Sampling and Conversion 

Several techniques have been used for areal sampling, wax, 

adhesive, paint, photography and clay. All these techniques have 

led to different physical samples being recovered from the bed 

surfaces. In general these samples are unique and are not 

suitable for direct comparision. A conversion technique is needed 

in order to allow meaningful comparision, even between samples 

recovered using the same technique but from sediment beds which 

exhibit a different surface structure. 

Kellerhals and Bray (1971) demonstrated that areal samples were 

not equivalent to volumetric samples in that they were bias to 

the coarser grain sizes. They produced a conversion relationship 

and predicted a conversion exponent for areal sampling methods, 

which was equal to -1. Although the form of their relationship 

has been accepted the value of the conversion exponent has been 

questioned by various experimental studies Proffitt (1980), 

Diplas and Sutherland (1988). The major drawback of Kel1erhals 

and Brays' analysis was the use of a simple cube model whose 

surface contained no voids. A cube with voids, constructed to 

resemble the actual surface relief of a gravel surface was 

proposed by Diplas and Sutherland (1988). Their results predicted 

conversion factors closer to the experimental results. However 



- 211 -

their still remains uncertainty about the value of this factor 

especially when an armour bed is developing from a bed which is 

well mixed with little surface relief to one which has been 

sorted by the action of water and is characterised by a distinct 

pattern of sur'face topography. It is known that the void size 

distribution and the grain size spatial distribution is an 

important factor in the determination of the conversion exponent. 

There is evidence that this exponent changes as a bed moves from 

a non-armoured surface to an armoured condition. This leads to 

uncertainty in the conversion of an unknown areal sample to an 

assumed volumetric sample. 

3.Surface Sampling - Another Concept 

Previous researchers have concentrated on characterising a bed 

surface using its grain size distribution, there are now 

indications that such an approach is inadequate. Gessler (1990) 

analysised friction factor and grain size distributions for 

several armouring experiments. It was found that the friction 

factor of an armour coat was rather independant of the grain size 

of the bed surface. These results indicated that the arrangement 

of the bed surface and not the grain size distribution determined 

the flow environment and thus the hydraulic resistance of an 

armour bed. 

Therefore in order to characterise the influence of an armoured 

surface we need to look at more than just the distribution of ~he 
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grain sizes. Bulk properties of the bed such as hydraulic 

roughness have usually been inferred indirectly from the flow 

parameters. The direct effects of grain size distribution and 

topographical structure have not been considered. The 

relationship between the amount and type of sediment transported 

and the surface topography lies not only in the sheltering 

ability of the surface but also in its ability to affect the near 

bed flow structure. vital to quantifying the effects of these two 

processes has been the development of methods to descibe surfaces 

containing mixed grain sizes and small bed features. Surface 

characteristics most likely to affect the development of an 

armour layer are the arrangement on a surface of the larger more 

stable grains into groups of small stable bedforms. These will 

not only affect the near bed flow environment but also act as a 

sheltering mechanisim for the less stable grains in the vicinity 

of these structures. 

3.1 Measurement of Bed Topography 

Direct measurement of and quantitive characterisation of bed 

surfaces has been attempted (Furbish, 1987). Clifford et al. (in 

press) took detailed measurements of transects of a surface and 

used statistical analysis of the profile data to infer two 

different scales of bed roughness. One at a grain size scale and 

the other larger than the first but at a lesser scale than 

channel bedforms. This scale of roughness was associated with the 

microtopographical bedforms such as clusters and threads of 
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interlocking coarse grains. Examining the near bed velocity field 

evidence was found to link energy dissipating flow structures 

such as wakes with this scale of roughness elements. 

The second mechanisim which affects the degree' .of armouring is 

the effect of a surface with different roughness to cause grains 

to be more resistant to movement by altering their exposure to or 

protection from the flow. This factor was studied by Kirchner et 

al. (1990). Measurements were made of grain projection and 

exposure for beds of differing roughness. It showed that grain 

projection and exposure varied greatly with both grain size and 

surface texture. The friction angle, projection and exposure of 

single grains were also found to vary widely even within a single 

size fraction. Examining surfaces with different textures, it was 

found that the rougher surfaces exhibited wider variations of 

these variables. These surfaces also decreased the amount of 

exposure to the flow experienced by the sediment, especially in 

the smaller grain size fractions. There was also evidence that 

the projection into the flow increased for a proportion of the 

larger grains found on the rougher surfaces. This indicated that 

the critical shear stresses for entrainment were dependent both 

on the grain sizes involved and especially on the texture of the 

bed. Therefore bed texture must be an important control on the 

transport potential of any sediment bed. 

This concept was reinforced whilst examining the results of a 

static armouring experiment. It was observed that the rise in the 
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calculated hydraulic roughness did not coincide with the 

increased coarseness of the bed surface composition as the 

experiment progressed (fig. 1). This 

grain size composition of the bed 

stabilised the hydraulic roughness 

indicated that although the 

increased quickly and then 

was still increasing. This 

discrepancy between the changes in the hydraulic roughness and 

bed composition was thought to be due to bed features which were 

observed to be continually developing as time progressed, even 

after the initial size sorting of the bed had been completed. 

These microbedforms were either point clusters or coarse grain 

threads, both of which protruded into the flow. The grain 

threads ( lines of prominent coarse grains ) were arranged in an 

iJ:Tegular diamond pattern (figs. 2 and 2a). They were measured at 

the end of the experiment and were found to be on average 

,approximately ten maximum grain diameters long and five wide in 

the horizontal plane. The appearance of these bed forms coincided 

with a sharp drop in the sediment transport rate and change in 

the pattern of the composition of the bedload (figs. 3 and 4). 

This type of microbed feature has been observed in other 

situations of flow over a mobile grain bed (Wolcott, Barndorff

Nielsen 1989). It is obviously important that these features are 

used to characterise the state of a sediment bed which has 

experienced an episode of sediment transport. Tentative 

observations (Ergenzinger, 1990) have also been made in the field 

which link the hydraulic roughness of a channel, as indicated by 

the flow, with a relative bed roughness (fig. 5). 
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4.Experimental Considerations for Bed Surface Data 

If the study of the development of an armour layer is to be 

complete a continuous record of the state of the bed surface is 

required. This record needs to contain information on not only 

the grain size composition but also the spatial distribution and 

protrusion into the flow of the microbedforms. The authors know 

of no reported work in which these types of measurements have 

been taken of a developing armour bed surface. Further 

experiments are planned which will measure these factors during 

such an armouring situation. The three-dimensional topography of 

the bed is to be recorded at time intervals onto a holographic 

plate. The reconstructed hologram will then be sectioned to 

produce vertical slices through the bed. They will be used to 

indicate the degree of development of the microbedforms and their 

protrusion into the flow. The horizontal image of the surface 

will give the bed surface grain size composition and also the 

spatial distribution of the roughness elements. Linking data from 

both the vertical and horizontal planes will give information on 

the sheltering potential and protrusion into the near bed flow 

region of various areas of the bed. The near flow structure is to 

be measured using a non-invasive velocity measurement technique. 

This will allow direct comparision between the surface relief and 

the resultant flow structure as an armoured bed surface 

develops. 
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5.Conclusions 

The measurement of sediment surfaces has been the most difficult 

feature of a developing armour layer to record and characterise. 

It has become clear that in order to characterise a gravel bed 

surface that. two types of information are needed, the grain size 

distribution and some measurement of the bed texture. 

It appears unlikely that the grain size distribution of the bed 

surface can be linked directly to its surface topography (fig. 

l). The bed topography of a surface will also be dependant on 

the flow history and the type and amount of sediment that has 

moved over it. 

Due to the apparently random nature of mixed grain size surfaces 

descriptions of bed texture need to be advanced from statistical 

measures. Such information from 2-D transects would indicate the 

prominence of microbedforms above the general bed level. 

Information is also needed of the spatial distribution of these 

roughness elements. The preliminary studies have shown that the 

microbedforms that develop have little resemblance to the more 

ordered grain/roughness arrangements found in the literature. 

Methods are needed to identify relief features that are of a 

suitable physical size and spacing to affect the near bed flow 

region. Although hydraulic roughness is an indirect measure of 

bedform protrusion it indicates little about sheltering which is 
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dependent also on the spatial distribution of the smaller 

'shelter-prone' grains. 

The grain size distribution of surfaces gives indications of the 

relative proportions of sheltered to sheltering grains whilst the 

topographical measurements indicate flow adjustment and the 

degree of efficiency of the sheltering bed features. 

By linking a better description of the bed surface, and the 

changes it experiences during the formation of an armour layer, 

with the changes found in the bed load and transport rate then the 

physical mechanisims which control armouring may be isolated. 
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FLOW > 

Fig. ,2 Arrangement of several coarse grain threads forming an 

irregular diamond shaped pattern of prominent grains, 

found during the later stages of an armouring 

experiment. 
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FLOW >-
Fig. 2a Plan-view of a single diamond shaped bedform, the 

prominent coarse grain threads sheltering generally 

finer material within the feature. 
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ABSTRACT: Non-equilibrium transport rate for each grain size of graded material is 
constituted by pick-up rate and step length defined for each grain size. The constituent 
elements are related to the hydraulic condition and the properties of sediment. As a 
typical sorting problem, formation and propagation of armor coat and pavement are 
described. Furthermore, more interesting phenomena, longitudinally alternate and 
transversely alternate sorting processes are also explained as instability problems of 
grain-size composition at the surface layer of the bed. Particularly on a bed with 
longitudinally alternate sorting, which is often termed "diffuse gravel sheet," fractional 
transport rate measured at the fixed point fluctuates. 

NON-EQUILIBRillM BED-LOAD MODEL 

Unifonn Sand: 

Einstein (1942) proposed a bed-load transport model which was constituted by 
pick-up rate and step length, which was developed as a stochastic model of bed-load 
transport mainly to predict dispersion process of bed materials. Nakagawa & Tsujimoto 
(1980) emphasized an Eulerian interpretation of the model composed of pick-up rate and 
step length. 

The pick-up rate is defined as a probability density per unit time for a bed-material 
particle to be dislodged; while the step length as a distance from a dislodgement from a 
bed to its next obvious stop on the bed. Einstein (1942) derived an equilibrium transport 
rate formula as 

1 Paper submitted in time, but not presented at the Seminar, because the author had to 
withdraw because of major reasons. 
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(1) 

in which <rn=bed-Ioad transport rate; po=porosity of sand; d=sand diameter; 8=surface
layer thickness (the order of d); A3=3-dimensional geometrical coefficient of sand 
particle; Ps=pick-up rate; A=step length (A is considered to be constant here, though it is 

in fact the mean of a random variable); a*=(1-po)8/d (the surface-layer thickness is 
postulated as the order of d, thus a* is considered to be constant), and the subscript e 
implies an equilibrium value (see Fig. I). 

Fig.1 Bed-load model proposed by Einstein 

In fact, the step length is a random variable, of which probability density function 
is to be expressed by fx(~), and Ps often varies with x (longitudinal distance) as Ps(x). 
Then, Eq.l is not necessarily valid at an arbitrary location (non-equilibrium), but qB(X) 
should be written as 

(2) 

Under equilibrium (ps(x)=eonst; x~oo), Eq.l is deduced from Eq.2. The longitudinal 
change of the transport rate brings a bed deformation as described by 

(3) 

in which 8*=8/d. 
A typical example is the transport process on a movable bed (x>O) just downstream 

of a rigid bed (x<O), where the bed shear stress is constant through x, but ps=Pso for 
x>O while Ps=O for x<o. Eq.2 descriBes well the experimental data (Fig.2 by Nakagawa 
& Tsujimoto, 1980). The rigid curves were obtained under an assumption that the step 
length follows an exponential distribution as certified by tracer tests. 

fx@ =.!. exp(-5. ) 
A A 

(4) 

in which A=mean step length. The relation between the pick-up rate and the hydraulic 
parameter should be obtained by an analysis of dislodgement process of a particle resting 
on a bed. An available formula was proposed by Nakagawa and Tsujimoto (1980) as 
follows. 
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Ps* ;: Ps ---= 0.03't* 1---~ d ( k2't*C)3 
(a/p-l)g 't* 

(5) 

in which 't*=u*2/[(a/p-l)gd]; p, a=mass densities of fluid and sediment; g=gravitational 

acceleration; 't*c=dimensionless critical shear stress ('t*c=O.05 for sufficiently large grain

size Reynolds number); and k2=O.7. While, the ratio of the mean step length to the sand 
diameter hardly varies with the bed shear stress. It is the order of a hundred times 
sediment diameter as mentioned first by Einstein (1942) and supported by the previous 
tracer tests. If necessary, more precise relation between Nd and 't* can be obtained from 
Eq.l with Eq.4 and one of several bed load formulas previously proposed such as 
Meyer-Peter & Miiller's. 
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Fig,2 Non-equilibrium bed-load transport on flat alluvial bed downstream of rigid bed 

Graded Material: 

Graded material transport is described as a synthesis of the fractional transport for 
each grain size. The governing equation of non-equilibrium transport process would be 
written as 

(6) 

in which Pi=the volumetric ratio of the i-th fraction of sand to the total material in the 
surface layer; and the subscript i implies the quantities for the i-th fraction of sand of 
which diameter is di (i=I-N, the smaller i implies the finer material). The non
equilibrium transport of graded material brings not only the bed deformation but also the 
change of grain-size composition of the surface layer. The surface layer is defined as the 
layer the particles in which are exchangeable with moving particles, and the surface-layer 
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thickness would be the order of the mean diameter (dm). The bed deformation is 
described as 

(7) 

While, the change of bed composition, Pi(X,t), is described as 

(8) 

in which Vi=volume of bed material of the ith fraction per unit area in the surface layer. 
It brings the change of the mean diameter of the surface layer. The mean diameter is here 
defined as follows: 

N 
dm;;;; l: pjdj 

j=! 
(9) 

The pick-up rate for each grain size, Psi> can be well estimated by modifying Eq.5 
as follows: 

Psi* ;;;; Psi __ 1_ = 0.03't*i 1---~ d· ( ktt*ci )3 
(cr/p-l)g 't*i 

(IQ) 

in which 't*i;;;;u*2/[(cr/p-l)gdi]; and 't*ci=dimensionless critical tractive force for each 

grain size of graded sediment. Egiazaroffs formula (1965) for 't*ci is written as follows 
after a slight modification by Ashida & Michiue (1971): 

't*ci [lnI9]2 - = -- (for ~i>O.4) ; 
't*cm Inl9~i 

(for ~r~';O.4) (11) 

in which 't*cm=dimensionless critical tractive force of sediment with the mean diameter in 

the mixture; and ~i=dJdm. CXcm='t*cml't*co ('t*co=dimensionless critical tractive force for 
uniform bed material and it is almost 0.05 when the grain-size Reynolds number is larger 
than 100) is in general a function of the gradation of sediment mixture, but it is often 
assumed to be 1.0 conveniently or approximately. According to the recent studies of 
Nakagawa et al. (1982), Parker et al. (1982) and others, Eq.l1 might often overestimate 
the difference of critical tractive force due to sediment size, and the exponent of the 
following approximation, €, is almost -1.0 (see Fig.3). 
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Rg.3 Critical tractive force for each grain size of graded bed material 
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Fig.4 Pick-up rate for each grain size of graded bed material 



- 232-

(12) 

Fig.4 demonstrates that Eq.l0 with Eq.ll (see Fig.4(a)) or 12 (see Fig.4(b)) is available 
for prediction of fractional pick-up rate. 

The tracer tests by Nakagawa et al. (1982) suggested the following facts (see 
Fig.S): the step length for each grain size still follows an exponential distribution, and the 
mean of which is proportional to the respective diameter though the proportional constant 

Am is about 10-30. Then, 

(13) 
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Fig.S Distribution of step length for each grain size of graded material 

Under equilibrium (x~), Eq.6 deduces the following equilibrium transport rate. 

(14) 

This implies that the equilibrium fractional transport rate of graded sediment is obtained 
by modifying the equilibrium transport rate formula for uniform sand with respect to the 
critical tractive force. Previously, Ashida & Michiue (1971), Hirano (1971) and others 
proposed formulas by such a modification and applying the Egiaz~offs prediction. 

ARMORING AND PAVEMENT FORMATION 

Figure 6 was originally offered by Parker (1986). The uppermost illustration 
shows: the grain-size composition of the surface layer is identical to that of the 
substratum (the volumetric ratio of the i-th fraction sand to the total sediment is 
represented by Pio; the subscript 0 implies the quantities of the substratum), and the input 
sediment discharge is quite same as the output discharge which is "equilibrium" discharge 
for the substratum (qBOi). The illustration below it implies that the output discharge 

finally becomes equal to the input discharge even if the input is suppressed as qBoi/Q. 
Then, under final stage, the bed slope is rotation ally degraded or the coarser materials 
dominates in the surface layer. The latter is termed "pavement." On a paved bed, 

sediment movement of all the fractions is observed under equilibrium. Q-too implies the 
perfect stop of the sediment supply to the stream. Then an "armor coat" develops, and 
finally no sediment moves on the bed. 
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Fig.S Parker's thought experiments (Q8j=bed-load transport rate for each grain size. 
POi=gradation of material of substratum. Pei=gradation of material of pavement (surface layer). 
fi=gradation of transported material 

According to the amount of sediment suppliedat the upstream end of the 
concerned reach of a fluvial stream, the fluvial bed adjust its slope or the surface 
roughness in order to equalize the sediment transport rate over it to the supplied rate. A 
predominance of bed-slope change is termed "rotational degradation," while a 
predominance of the change of bed-surface composition (coarsening) "parallel 
degradation". Gessler (1970) and Ashida & Michiue (1971) summarized as follows: 
When the sediment supply is perfectly stopped, an armor coat develops (parallel 
degradation) if the bed shear stress is smaller than the critical tractive force for the 
maximum-size material ('temax); otherwise a rotational degradation occurs. When the 
sediment supply is imperfectly suppressed, the bed shear stress by which the parallel 
degradation is distinguished from the rotational one would becomes larger than 'tcmax. In 
order to simplify the mechanism of armor-coat and pavement formation, parallel 
degradation is assumed hereafter. 

Let us consider a uniform fluvial bed of x>O. In order to express the sediment 
supply clearly, it is assumed that Ps=O in x<O but <ffiiin is supplied at x=O after t=O. Then 
Eq.6 is rewritten as follows: 

qBi(X,t) = (l-po)eJpi(X-~,t)PSi(X-~,t) ffxi(O)dO d~ + <ffiin ffxi@d~ (15) 
~ x 

Under equilibrium, Eq.14 is valid for the given sediment supply which equals to 
the final equilibrium rate <ffiei' Since Psei is a function of not only Pei but also Pej (j= l-N) 
and j equations of Eq.14 are not independent each other, the solution of Pej (the 
equilibrium bed-surface composition, or pavement composition) is often difficult to 
obtain but not impossible by numerical calculation for pavement. Numerical simulations 
of sorting process based on non-equilibrium transport model reaches certainly an 
equilibrium solution. On the other hand, the equilibrium composition of armor coat is 
impossible to obtain from Eq.14 directly (without non-equilibrium treatment) because 
qBei=O and Psei=O. However, numerical simulations based on non-equilibrium transport 
model easily describe formation and propagation process of armor coat and provide us 
the fmal bed-surface composition. 
For simplicity and conformity to Fig.6, several examples have been calculated (Tsujimoto 
& Motohashi, 1990) under the assumption that the sediment supply is proportional to 
<ffiiO=(l-PO)8 PsOiAi, <ffiiin=<ffiiolQ· 1/Q=O corresponds to armor-coat formation, while 
Q>l to pavement formation. Fig.7a demonstrates the pavement formation near the 
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upstream end. With the increase of Q, the bed-surface coarsening becomes appreciable. 
While, Fig.7b shows that the change of gradation curve of bed load near the upstream 
end, and it implies that the transported materials becomes finer increasingly. Fig.8 
shows the difference of pavement formation due to the shear velocity u*. In this 
calculation, the surface coarsening becomes appreciable with the increase of u*. This fact 
depends on the increase of u* brings the increase of supply of coarser material (If the 
supply of coarser material never increases with u*, a decrease of u* brings appreciable 
coarsening, as observed in the case of armoring). Fig.9 demonstrates the propagation 
property of pavement (k implies the longitudinal distance x as x=kAx; Ax=digitized unit 
of distance in numerical simulation, which is chosen so as to be smaller than the order of 
step length of minimum-size sand and longer than maximum diameter). 
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Fig.9 Propagation of pavement 

The calculations were also performed to compare them to laboratory experiments 
and field measurements. Fig.lO demonstrates that the propagation of armor coat 
observed in a laboratory flume (Ashida & Michiue, 1971) is well described by the model. 
While, Fig.Il emphasizes that a pavement formation in a laboratory flume (Parker, 1986) 
is explained as a result of a suppression of the sediment supply (Q=const. in model A, 

while adequate variation of Q for each grain size is assumed in model B). Furthermore, 
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the present model can calculate the relation between (dmefdmo) and n with u* as a 
parameter. Such calculations for field data of u* and (dmeldmo) in several rivers (Parker 

et aI., 1982) have clarified the suppression ratio of the sediment supply n for the 
respective rivers, as shown in Fig.12. . 
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Fig.10 Formation and propagation process of armoring 
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Fig.11 Gradation curve of paved bed 

(In model A, 0 was detennined as 6.56 for all 
fractions; while in model B, 0 was 
determined respectively to fractions as 
follows: 01=7.60, 02=4.58, 03=3.33, 
~=3.l1, and 05=43.69) 

RiveD u, (cmIs) d"",(cm) n 
Oak Creek 19.5 4.91 10.5 
Elbow River 23.4 7.43 9.0 
Snake River 23.5 6.77 3.7 
Clearwlltcr River 16.4 7.77 ~ 

Vedder River 16.9 4.90 49.5 

Fig.12 Estimated suppression of sediment 
supply for several rivers with paved beds 
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LONGITUDINALLY AL1ERNA 1E SORTING 

Besides these "monotonous" processes such as annor-coat and pavement 
fonnations, "wavy" patterns of sorting are also observed. Fig.13 demonstrates the 
"longitudinally alternate sorting" observed in the flume by Ikeda & Iseya (1986), and 
Fig.14 shows that the fractional bed-load transport rates fluctuate with different phase 
shifts. 

The fonnation of such a longitudinally alternate sorting might be treated as a 
problem of longitudinal instability for the volumetric ratio of gravel to the total bed 
materials in the surface-layer of the bed. Study of the fonnation of small scale sand 
waves has developed since Kennedy's epoch-making work (1963) where he introduced 
linear instability analysis. Instead of bed elevation, the bed-surface composition is 
focus sed (Tsujimoto, 1990). 

Linearized Equations: 

The bed is idealized to be composed of two typical sizes, d and J3d (J1::D, and for 
convenience' sake, the fonner is simply called "sand"; while the latter "gravel". A fluvial 
bed-surface with longitudinally alternate sorting is to be represented as follows: 

p(x,t) == po[1 +"'p(x,t)] = po[1 +aosin(lOi.-ct)] (16) 

in which p=volumetric ratio of gravel to the total bed materials in the bed-surface layer; 
po=volumetric ratio of gravel to the total bed materials in the substratum of the bed; 
poa=amplitude of the fluctuation of p; K=angular wave number; and c=propagation 
celerity. 

Time (mln) 

Fig.13 Longitudinally alternate sorting 
obselVed by Ikeda & Iseya 

IOr-------------------------, 

o 

Iked. & heya (1986) 

o 

s.nd (O.37mm) 
gmvel (2.60mm) 

3 4 
Time (mln) 

Fig.14 Fluctuation of bed-load discharge 
over a bed with alternate sorting (Ikeda & 
Iseya) 

Since the mean diameter of the surface layer is expressed as dm=[J3p+(1 -p)]d, the 
fluctuation of the mean diameter along the bed surface is written as 

.!k. PO(I-J3) 
d == 1 +"'dm = 1+ "'p 

mO PO(I-J3)+1 
(17) 
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When Manning-Strickler's equation and Eq.12 (£=-1.0) are applied, the bed shear 
stress and the critical tractive force for each grain size vary with x subsequently to the 
longitudinal change of the mean diameter of the surface layer as follows: 

't*i 'l'dm 
- ;: 1+'I'Ti = 1+- ; 
't*iO 3 

't*ci 
-- ;: 1 +'I'Ci = 1 +'I'dm 
't*ciO 

The longitudinal variation of the pick -up rate is formally written as 

Psi* 
--;: 1+\11' =1+);...·'''T-+);-·'"c· psiO* -rSl vn,.. 1 VCI,.- 1 

in which &ri and Oci are obtained as follows when Eq.10 is applied. 

);... _ dpsiO* 't*iO Tlrno+4k2 . 
vri=---- = ---, 

d't*iO PsiO* TlrnO-k2 

(18) 

(19) 

(20) 

in which llrno=t*rn<V't*cmo. 'l's is related to'l'p as follows irrespectively of sediment size. 

(21) 

When llmo>k2, the bed is mobile. rs becomes positive or negative depending on whether 

Tlrno is larger or smaller than 7k2. Hence, the variation of Ps(x,t) becomes in phase or out 
of phase with p(x,t), independently of the sediment size. 

When p(x,t) fluctuates, the volume of bed material for each grain size per unit area 
in the bed-surface layer, Vj, fluctuates as follows: 

Therefore, when the fluctuation of Ej(X,t)=Vi(X,t)·Psi(X,t) is expressed as 

the following relations are obtained . 

rEI =rs+l; .....EL 
fE2 = rs - (I-po) 

(23) 

(24) 

When Ej(x,t) is expressed by Eq.23 and the step length follows an exponential 
distribution, the fractional bed-load transport fluctuates as follows: 

(25) 

in which 
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The result implies that <lBi(X,t) has a phase shift belonging to the first quadrature for 
Ej(x,t), and its phase shift for gravel is larger than that for sand. This is qualitatively 
consistent to the measurements of the fractional bed-load discharge in the flumes by Ikeda 
& Iseya (1986) and Kuhnle & Southard (1988), but quantitative comparisons are 
irrelevant because the step length might be affected by bed-surface condition of "fully
developed" diffuse gravel sheet. 

Instability Analysis: 

When the change of p is sinusoidal as expressed by Eq.16, the time derivative of p, 
ap/at, is also expressed as a sinusoidal wave but with a phase shift under a linear 
approximation, as follows: 

l (Jp = rptaosin(1CX-ct-<ppt) 
PO at (27) 

in which rptPOa and <ppt=amplitude and phase shift of the fluctuation of ap/at, 
respectively. By comparing the direct time derivative ofEq.16 with Eq.27, the following 
relations are deduced. 

(28) 

This implies that the amplification rate and the propagation celerity of the perturbation of 

bed-surface composition can be evaluated by rllt and $pt. 
The time derivative of p is related to av Jdt as follows, after a linear approximation. 

l(~) __ 1 av! _~ av = 1- (_1 av! __ 1 aV2) 
Po at - VlO Tt Vo Tt (po) VlO Tt V20 Tt 

In a linearized mode, av Jdt can be also written by a sinusoidal wave as follows. 

(29) 

(30) 

in which rVtiViQa and <pvti=amplitude and phase shift of the fluctuation of aVj/at, 

respectively. Then, rpt and $pt are related to rvti and $Vti, as follows. 

(32) 

Moreover, since aVi/at is related to Ej(X,t)=Vi(X,t)opsi(X,t) by Eq.8 and Ej(x,t) is written 
as Eq.23, the following relations are deduced. 
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1CJ\j 
!Vti = ..,j PsjOfEj 

I +(1CJ\j)2 

• .I. 1CJ\j 
rYtiSlO'!'Yti = PsioIEi ; 

..,j 1+( 1CJ\j)2 

By substituting Eqs.33 and 34 into Eqs.31 and 32, 4>pt is determined. 
As a result, the following equations are obtained. 

I I (Cla) k*2 KC k* 
M* == (l-po)PsO a "dt = l+k*2 (-px+Y); N* == (l-po)Pso = I +b2 (X-Y) 

in which 

Y=r -~ - SI-po 

(33) 

(35) 

(36) 

k*==1C!\S=21tAs/L; L=wave length of longitudinally alternate sorting; As=mean step length 
of the finer material; pso=undisturbed pick-up rate of the finer material. rs has been 
already evaluated. 

M* and N* are dimensionless amplification rate and propagation celerity, 

respectively; and they are expressed as a combination of P, Po (properties of the 

substratum of the bed); TJrno (hydraulic condition); and k* (scale of the alternate sorting). 

Figure 15 shows examples of the calculated results of M* and N* against k* with 

p, Po and TJrno as parameters, and this figure demonstrates a possibility of an unstable 
longitudinal disturbance of bed-surface composition propagating downstream. Fig.15 
suggests that the longitudinally alternate sorting grows favorably under the condition 
slightly larger than the threshold of motion for bed material (TJrnO=k2). 

A predominant disturbance might be defined by the maximum growth rate 
(Cla/Clt~max). Hence, ClM*/Clk*=O provides the predominant wave number, Kp. In 
Fig.16, the dimensionless neutral and predominant wave numbers, kM* and kp*, are 

shown against Po with p and TJmo as parameters. Figure 17 shows the contours of the 

maximum dimensionless bed shear stress TJmo under which the bed-surface composition 

is longitudinally unstable on the P-po plane under a given value of k*. In general, near 
the critical condition of motion but in mobile beds, the longitudinal instability of bed
surface composition is easily promoted. Moreover, the relation between the predominant 
wave length of longitudinally alternate sorting and the dimensionless bed shear stress is 

shown in Fig.18. By taking account of the fact that As is ID-30 times sand diameter, the 
predominant wave length of longitudinally alternate sorting is almost 500-1500 times 
diameter of the fine material, and it is roughly comparable with the length of small scale 
bed forms. 
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Fig.16 Dimensionless nuetral and predominant wave numbers 

Although a comparison between the results of linear instability analysis and the 
observed data mostly concerned with the fully-developed states is rather irrelevant, such a 
comparison has been often performed also in the research works on sand wave 
formation. Conveniently or/and approximately, the present analytical results are also 
compared here with the observed data (Tsujimoto, 1990). In Fig.19, the data obtained in 
an irrigation channel (B:1.5m; B=ehannel width) are compared with the theoretical 

results. The data were as follows: (I) d=0.017-0.022cm, 13=5-10, po=0.16-0.25, 

L=12.7cm, h=IO.8cm and Tlmo=O.705; and (2) d=O.02-0.03cm, 13=5-8, Po=O.42-0.48, 

L=13.Ocm, h=12.6cm and Tlmo=O.705. The value of TlmO for both cases was roughly 
estimated from the observation of the flow velocity, depth and the behavior of bed-load 
motion. The data exist in the range where longitudinally alternate sorting is expected to 
develop most actively (Fig.19(a», and the observed wave length is well consistent with 
the theoretically predicted one (Fig.19(b». 
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LONGITUDINAL STRIPES WITH SORTING 

In a stream composed of sand and gravel, longitudinal stripes of bed-surface 
gradation or the transverse repetition of coarser and finer stripes are often observed, 
which is here termed "longitudinal stripes of sorting." Such a bed condition promotes a 
transverse secondary flow from the rough to smooth parts near the bed. Particularly 
when the transverse wave length of sorting is roughly twice the flow depth, cellular 
secondary currents often called longitudinal vortices develop and maintain themselves 
(Miiller & Studerus (1979), Nakagawa et al. (1981)). 

Cellular secondary currents and longitudinal sorting stripes are promoted or 
suppressed each other. Such an interaction between them has been investigated mostly 
from the view point of secondary current initiation but scarcely from the view point of 
mechanics of graded material transport and sorting process. 

Miiller & Studerus (1979) and Nakagawa et al. (1981) made artificial longitudinal 
stripes of different roughness in order to produce a lateral inhomogeneity of bed shear 
stress and successively cellular secondary currents, and conducted detailed measurements 
of such stable cellular currents. According to their experiments, lateral secondary-flow 
component, the intensity of which near the bottom is 2-5% of the maximum main-flow 
velocity, was confirmed. 
Outline of Formation Mechanism of Sorting Stripes: 

A secondary current has a lateral component from a relatively rough part «A) 
region in Fig.20), where coarser particles dominantly exist, to a relatively smooth part 
«B) region in Fig. 20), and it causes lateral bed-load transport from a rough part to a 
smooth part. Finer particles are picked-up more from the bed but are transported in 
shorter distance compared with coarser particles, and thus, the difference of bed-surface 
composition is sometimes amplified (unstable) but sometimes suppressed (stable). By 
describing the bed-load transport behavior, the condition of instability of bed-surface 
composition can be clarified, and it corresponds to the condition that the sorting stripes 
exists. When the difference of bed-surface composition is promoted, the cellular 
secondary currents grow to be stable. 

Even when the lateral sorting develops initially, the selective transport diminishes 
the number of the fine particles exposed at the bed surface in a rough stripe «A) region) 
and it ceases increasingly to produce equilibrium sorting stripes. 

Fig.20 Front view of cellular secondary currents and longitudinal stripes of sorting 

Lateral Transport of Sediment: 

The lateral component of flow velocity induces lateral sediment transport from the 
stripe (A) to (B) (see Fig.20). If the transverse bed slope is negligible, the lateral 
component of step length is expressed as a product of the step length and l=tany, in 

which )'=deflection angle of flow near the bed from the longitudinal direction. Although 
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r changes spatially, its detailed behavior is not yet clear, and thus here it is assumed to 
be constant for each stripe. However, the fact that the movement of sediment is restricted 
in the stripes (A) and (B) should be taken into account. 

The probability that a particle of diameter di dislodged from the stripe (A) reaches 
the stripe (B), Pri, can be approximately calculated as follows (see Fig.21): 

(37) 

in which r is defined at the boundary of the two stripes and thus it is a transversely 

maximum of r; and fZi(z)=probability density function of lateral component of the step 
length and an exponential distribution is here reasonably assumed. The probability that 
z>3LJ8 has been sophisticatedly concentrated at z=3LJ8 because sediment cannot be 
transported beyond the other edge of the stripe (B). Then, the volume of sediment for 
each grain size transported from the stripe (A) to (B) per unit time per unit longitudinal 
length, Vi, is written as follows: 

t:. -.,. 
.~ 

~ rough 
I 

Z lateral direction 

I 
i~~f smooth 

~------------~------+---------------------___ x 
hypothetical 

pick-up point 
longitudinal dIrection 

Fig.21 Schematic figure of lateral bed-load transport on a bed with longitudinal stripes of sorting 
stripe (A) to (B) per unit time per unit longitudinal length, Vi, is written as follows: 

(38) 

in which Eq.12 (£=-1.0) has been applied. 
Furthermore, the transport discharge distributes transversely on a bed with 

longitudinal stripes of sorting. The bed load dislodged from the stripe (A) partially 
contributes the transport rate on the stripes (A) and (B), qBiAA and qBiBA, respectively; 
while all the bed load dislodged from the stripe (B) contributes the transport rate on the 
stripe (B), qBiBB. The transport rates of the stripes (A) and (B) are expressed as 
qBiA=qBiAA and qBiB=qBiBA+qBiBB, in which 

Lzj8 = 
qBiAA =(l-po)9piA PsiA J J fXi(z)dz di;; = (l-PO)ePiA PsiA Ai [l-exp( - )] ; 

o C 8Air 
= = ~ 

qBiBA =(I-PO)ePiA PsiA J J fxi(z)dz di;; = (l-PO)9piA psiA Ai exp( - -'- ) 
LJ8 C SAir 

(39) 
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Criterion of Occurrence of Long itudinal Stripe: 

In the present model, the bed material is composed of two typical size particles 
(sand and gravel) of which diameter are d and lXI, respectively (~> 1). 

For simplicity, two stripes (A) and (B) are considered, and the volumetric ratio of 
the coarser material in the bed-surface layers of stripes (A) and (B) are expressed as PA 
and PB, respectively, by neglecting a continuous change of p from (A) to (B). Moreover, 
it is here assumed that the difference of the bed shear stress between the stripe (A) and 
(B) is negligible. Thus, the difference of sediment pick-up from the bed between (A) and 
(B) is assumed to be caused only by the difference of the bed-surface composition 
between (A) and (B). 

In the present model, it is assumed that the bed material is transported from the 
stripe (A) to (B) by the resultant flow near the bottom defined at the boundary between 
(A) and (B) (deflection angle is y). As a result, the volumetric ratio, rc, of the coarser 
material to the total sediment transported from the stripe (A) to (B) is calculated as 
follows: 

re = 
PA~-3!2exp[L*(I-I/~)1 

(40) 

in which L *==LJ(8As['); and the subscripts A and B indicate the values for the stripe (A) 
and (B). The secondary flow induced by such a difference of bed roughness yields the 
maximum lateral flow velocity of the order of 2-5% of the maximum main velocity. 
Since the longitudinal velocity near the bottom is the order of 30% of the maximum main 
flow velocity, the deflection y of the near-bed flow from the longitudinal direction is 

approximately estimated to be r==tanr-Q.l. 
When the volumetric ratio of the coarser material to the total sediment transported 

from the region (A) to (B), rc, is smaller than the volumetric ratio of the coarser material 
to the total material in the bed-surface layer of the region (B), Ps, the lateral distribution 
of bed-surface composition is unstable, and the sorting stripes grow. The criterion of the 
initial occurrence of such an instability is given under the condition that PA=PB, and it is 
written as follows: 

G*(~) == ~-3!2exp[L*(l-l/~)1 < 1.0 (41) 

Then unstable and stable conditions are separated in the ~-L * as shown in Fig.22. Since 

it is expected that Lt-=2h (h=flow depth), AsfcE30, and r=<l.l, thus L*=(h/d)/lO. Under 
the condition of the same value of L * or (h/d), the longitudinal sorting stripes are more 
easily formed for the larger value of the ratio of the diameter of the coarser material to that 
of the finer material (~), independently of the bed shear stress and the volumetric ratio of 
the coarser material to the total material in the substratum. 

Equilibrium Stripes of Sorting: 

With the progress of lateral sorting, the difference between PA and Ps increases, 
and the condition for development of lateral sorting deduced under the assumption that 
PA=PB falls no longer valid. Phenomenologically, the decrease in the number of fine 
particles exposed at the rough stripe (A) suppresses the transport of fine material to the 
stripe (8), and sorting process no longer goes on. 
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The changes of PA and PB with the progress of sorting are here represented by a 
dimensionless parameter Olp as follows: 

PB=PO( 1-0lp) (42) 

in which Po=initial volumetric ratio of the coarser material in the surface layer (volumetric 
ratio of the coarser material in the substratum). Then, the criterion for instability of the 
bed-surface composition is written as follows, instead of Eq.41: 

S(po,Olp) == 1- __ 2......:0lp'-"--__ 
(1 +Olp)[ I-po(l-Olp)] 

(43) 

With the progress of sorting, S decreases, and the unstable region of bed-surface 

composition in the L*-~ plane is increasingly suppressed as illustrated in Fig.23. This 
behavior explains the existence of the equilibrium state of sorting, as follows: When the 
hydraulic condition (h/d) and the ratio of the diameter of gravel to that of sand, ~, are 

given, a point K is determined on the L*-~ plane as shown in Fig.23. If the point K 

belongs to the initially unstable region which is below the neutral curve for S=1.0, the 

longitudinal stripes of sorting develop. With the progress of sorting, S decreases and the 

sorting process reaches its equilibrium when S becomes the value Se so as the point K is 

just on the neutral curve determined by /;C. 
When L* and ~ are given, the value of S for equilibrium, Se, is calculated as 

follows: 

Se=~-3!2exp[L *(l-1!~)] (44) 

The value of Olp for equilibrium, COpe, is obtained as a solution of the following equation 

which satisfies the condition that 0<COpe<1.0: 

L* 

4.0 

L';: 

2.0 

Fig.22 Unstable region for lateral alternate 
sorting 

2Wpe 
Se= 1-

(1 +wpc)[ I-po(1-00pe)] 

, 
,~ 

" ,,,,,, , 

stable 

t..()·'l. 

t-O.I 

unstable 

~K 10 
fl 

20 

Fig.23 Change of instability condition 
v.Ath progress of sorting 

(45) 



The solution is obtained as follows: 

1+'t,e--m; 
COpe = 

2ro(I-'t,e) 
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(46) 

When COpe is obtained, the volumetric ratios of the coarser material and the mean 
diameters of the bed-surface layer of the regions (A) and (B), PAe, PBe, dmAe and dmBe, 
are clarified, as follows: 

dmAe = 1 + (13-1 )POCOpe . 
d (13-1)po+l ' 

in which the subscript e 
indicates the values of 
equilibrium sorting stripes. 

In Fig.24, the equilibrium 
volumetric ratio of the coarser 
material in the surface layer of 
the region (A), PAe, are shown 

against 13 with PO and L* as 
parameters. In Fig.25, the ratio 
of the mean diameter of "rough" 
stripe to that of "smooth" one 
under equilibrium is shown 

against against 13 with PO and L * 
as parameters. 

Furthermore, the ratio of 
the transport rate in a "smooth" 
stripe (qBAe) to that in a "rough" 
stripe (qBBe) under equilibrium 
is obtained as follows: 

PBe=PO(l-COpe) 

dmBe _ 1 (13-1 )POCOpe 
d - - (13-1)po+l 

(47) 

1.0 ~--~----r----"'-----' 

PAe 

I, 

: po·O.1 
3.0 

0,0 L..I. __ -'-___ .L.-__ --'-__ ---I 

o 10 20 

Fig.24 Bed-surface composition of equilibrium stripes 
of sorting 

(1 +COpe)exp( -Lz/(8AjDl+(1-COpe)(dmBIdmA) 

(1 +COpe){ l-exp[-L7)(8Anl} 
(48) 

The fractional and the total bed-load transport rates on the equilibrium sorting stripes are 
calculated and some examples are shown in Fig.26. The coarser material transport on the 

stripe A always increases with 13, but the finer material transport on the stripe A increases 

with 13 only when the sorting stripes appreciably develops. The total sediment transport 
is eventually affected by predominant sediment fraction. 
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CONCLUSIONS 

, 
,,

20 

In a fluvial bed composed of graded materials, sediment transport inevitably 
accompanies sorting process due to difference of mobility of each fraction of sediment, 
and in the process of sorting non-equilibrium transport occurs. In order to describe such 
processes reasonably, non-equilibrium transport model of each fraction of sediment size 
of graded materials, which is constituted by pick-up rate and step length for each grain 
size. First of all, these constituent elements of fractional transport of graded materials are 
related to the hydraulic parameter, with ~ediment properties. As examples of sediment 
transport with sorting process, armor coat and pavement formations, and longitudinally 
and transversely alternate sorting processes are explained which form transverse and 
longitudinal stripes due to difference of bed-surface composition and bring about 
sediment transport fluctuations. Armoring and pavement formation are rather 
monotonous process of sorting; while alternate types of sorting are rather cyclic 
phenomena and they often fall unstable. The formation mechanism of these phenomena 
are well described by the present non-equilibrium model, but other approaches may be 
required for more practical prediction of bed deformation with sorting. 
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1. INTRODUCTION 

Grain mixtures exposed to flow, experience selective sorting processes which bring 
about a restructuring of the initial bed surface. The transformation of the bed layer into a 
more stable position is matched by the expenditure of the coarser components of the 
initial mixture and by interlocking and optimal arrangement of particles. 

The range of selfstabilization is limited to the intensity of the sustained flow and to 
maximum resistance of the coarsest panicles of the bed material. Beyond this limit no 
further stabilization will occur. Fully developed armour layers, termed herein as mature 
armours, achieve the coarsest possible grain size distribution. These layers have to be 
considered as a specific feature of the initial mixture and its composition. Lower flow 
intensities will form less coarse armours, creating an infinite number of interstages. 
Although the phenomenQfl of armouring has been well observed and registered by river 
engineers for a long time in the past, these processes remained mainly as isolated items 
excluded from sediment theories and further applicational aspects. Only within the last 20 
years an increasing awareness emerged, pointing out more and more the importance of 
armouring for the river stability as such and moreover the strong interlink with sediment 
transport processes. 
For field applications the main concern refers to the prediction of the final armour stage, 
Le the grain size distribution with respect to the limits of stability. 

Since the formation of armour layers results from the interaction of the grain material and 
the flow attack the necessary grain specific conditions as well as the hydraulic conditions 
have to be settled. 

2. GRAIN SPECIFIC CRITERIA 

Not all sediment mixtures permit grain selection under flow contact. Most experiments 
confmn, that the decomposition of the surface is bound to a certain degree of grading of 
the initial mixture. Today the LITTLE-MA YER criterion is broadely accepted which is 
defined by dS4/d16 > 2. This simple ratio refers to alluvial sediments, with typical 
distributions governed by log normal laws. But still remain some open questions about 
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dmax-dmin criterion should prevail in this situation. But this result can only be clarified 
by further experimental proof. 

3. SIZE COMPOSITION OF ARMOUR LAYERS 

All investigations agree on a characteristic coarsening of the size composition during flow 
contact. Due to sheltering effects, all sizes of the basic mixture but with changing amount 
are found in the evolving armour layer. 

The developed methods for the prediction of distribution features of the armour layer 
break into 3 different concepts: 

* direct relations of specific grains sizes and flow parameters 
,. erosion and transport models 
,. similarity concepts 

Apart from operational aspects, many of the developed methods have certain deficiencies. 
Beside a short discussion of these problems involved, the main poi)?t of concern however 
focuses on new results based on the similarity concept of GUNTER (1971). This 
appraoch was left aside for along time. Further research could extend this method and 
demonstrate its applicability to a broad range of boundaries (see 3.4.2). 

3.1 Grain size relations 

Numerous authors try to predict characteristic grain sizes of the armour coat by the 
empirical regressing of experimental data. Usually the mean diameter and the geometric 
standard deviation are estimated based on sligthly different defined flow parameters. 
Although these formulas would be most convenient for practical application, unfortunatly 
these methods fail, to reliably predict the sizes in quest. Practically all results are 
restricted to the set of data for which they were developed. 
While the original distributions of alluvial beds are characterized by similar shapes which 
can be approximated by simple mathematical standards, distributions of the resulting 
armours adopt different shapes with changing skewness, and the functions do not 
respond to the same distribution laws of the initial mixture. The shortcomings of many 
assessments relate directly to the nonadequat chosen standards. Overmore, these relations 
do not differentiate between immature and mature stages and so do not recognize the 
problem of the limiting stability involved. 

For mature armour layers, an investigation at the university of Innsbruck, SCHOBERL 
(1979) , (1981), presented a graphical solution to assess the average diameter dmgr of the 
final layer corresponding to the relative weight p of the original distribution: 

Pdmgr = f (l - d90*) with (I) 

The relation was based on the data of GUNTER (1971) and different scouring 
investigations. For direct comparison this function can be transformed to d50gr and 
approximated by: 

Pd50gr = 0,5 + 0,475' (1 - d90*)0.24·d90* (2) 
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Thus indirectly the existence of a maximum p of the amour distribution is assumed. 
Concerning the development of armour distributions, CHIN (1985) tried to establish a 
limiting relation for the skewed shape of the final armour coat. From his experiments he 
proposes a fixed limiting ratio of dmax and dSOgr in the form 

dmax 
dsogr= 1,8 

valid indiscriminately for any initial mixture. 

(3) 

dmax/d50 gr 
10~------~---------------------------------, 

1,6 

1 L-__ ~ __ -L __ -L __ -L __ ~ __ ~~ __ L-__ ~ __ -L __ ~ 

o 0,1 0,2 0,3 0,4 0,5 0,6 0,7 0,8 0,9 
v'/v'c 

-+- 2 

-*- 3 

-fl--- 4 

-*- 5 

-fr- 6 

-b- 8 

~ 9 

Fig.! Development of dmax/dSO ratios according to the data of CHIN (1985) 

A detailed inspection of his data shows however that most of the ratios, totally ranging 
between 1,5 - 1,9, lead to smaller values depending on the grading of the individual 
mixture. 
This trend is amplified for the data of qUNTER. FutheJl110re CHINs finding are in 
certain contrast to the conclusions of GUNTER, discussed in 3.4.!, who observed a 
significant dependence of the initial mixture and the mature distribution. It is obvious that 
each armour layer tries to become as uniform as possible, but the layers do not always 
succeed in attaining the same degree of uniformness. On the other side, regarding the 
grain specific criteria discussed earlier, it seems without doubt that in extrem cases of 
initial mixtures an upper gradientallimit must exist, prohibiting any further sorting. 
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3.2 Erosion models 

These models deal with the problem of selective erosion from a probabilistic perspective. 
The classical method goes back to GESSLER (1965) in which the probability of non 
removal of an individual grain size of the surface is approximated by a Gaussian normal 
law with a mean value of 1 and a standard deviation of 0,57. Later experiments, see 
CHENG (1969) made evident that turbulent fluctuations create a range of standard 
deviations, varying with flow conditions. Besides there are further shortcomings by 
neglecting the random variations of the grain features and the particular different samples 
definitions of initial and final distributions. These latter cause an underestimation of 
distribution shapes, whereas the tendency worsens with higher shear stresses. 
Applying the same principle, SHEN and LU (1983) refined the concept by defining 
selective probabilities with the help of hiding factors and by a somewhat lower treshold 
shear for the incipient motion of the particles. The gained results are slightly in favour of 
those of GESSLERs approach. 

3.3 Transport models 

A considerably better reproduction of the layer distribution is provided by transport 
models. Each model differs in the assumptions on to how the particle exchange between 
bed and flow takes place. From numerous methods developed so far, the concept of 
ASHIDA et MICHlUE (1971) and PROFFITT (1980) respectively, establish the best 
results, SUTHERLAND (1987). For instance, PROFFITTs model suggests that at each 
time interval the eroded particles are replaced by the same part of original material. The 
composition of the eroded material is determined by a fractional exposure-correction and 
the size-related erosion effect is considered by an exposition factor. Futher it is necessary 
to define a numerical break-off condition, which is set to a transport rate ceasing to 1 % 
of the starting rate. Without exception these concepts allow for stepwise numerical 
solutions only. 

3.4 Similarity concepts 

Absolutely contrary to former approaches, the following methods are based on the 
adoption of definite shape relations between the distribution of the initial mixture and the 
armour layer. 

3.4.1 Mature armours 

By comparison of sediment mixtures under different maximum permissible flow 
conditions GUNTER (1971) observed that fractional-dependent gradients of the initial 
distribution correspond to characteristic gradients of the armour composition. Referring 
to the Fuller-distribution as an easy reference standard, Giinter derived the distribution 
law for the corresponding fully developed Fuller-armour, which was approximated by 

with d; 
d*~d 

mID< 
(4) 
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Based on both the initial and the armour-Fuller distributions, the unknown distribution of 
the mature armour can be calculated for any given original distribution by 

dpgri = C· 
dpoi 

and (5) 

C (6) 

3.4.3 Comparison of grain size estimations for 
mature armours 

Based on the experimental work of CHIN and GUNTER, the results of 4 approaches are 
depicted in Fig. 2 and 3. It becomes evident, that CHINs.~riterion underestimates his 
own data. averaging at 6 % . Applied to the tests of GUNTER the underprediction 
ranges between 16 and 23 %. 

The dmgrvalues worked out by the method of GUNTER and that of INNSBRUCK lay 
in the average 8 resp. 6 % too high compared to the extrapolated data of CHIN, while 
for the experimetnal results of GUNTER both methods nearly show perfect agreement. 
Referring to GESSLERs method in both cases partly significantly underpredictions 

occur further more dependent on the (J g of the initial material. 

3.4.4 Interstages of armouring 

The relation defined in 3.4.2 holds for the conditions of the limiting case. So equivalent 
relations may be expected for all other interstages, too. While normally the methods try to 
derive the unknown features of the armour distribution exclusivly from its initial 
composition, the following method approximates the problem from the upper limit of 
armouring. 
Based on the knowledge of the distribution of the final armour, the unknown distribution 
of a transitional stage must be dependent on the ratio of the actual and the limiting shear 

stress 1:*. 
To be compatible with the case of the fully developed armours, the procedure has to be 
based on areal Fuller-distributions too. The calculation of the transitional armour Fuller
distribution succeeds by transforming Equ. (5) into 

C1: 
with (7) 
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Cc=~' (~'ft 
dpgr 1 - P't ) 

(8) 

relate the results to the relative shear stress 't*. 

For the full range of the applied data of Little & Mayer, Gessler and Proffitt, the relative 
weight p of particle passing can be computed by 

k 
p = 

I+(k-I) . 't*a 
(9) 

while the following the restrictions are to be met 

't* = 0 

't* = 1 (11) 

k is already defined by 

k =£E&I = 005· d*O,1 + 065 • d*l.l +0,3' d*2,] PFo' , (12) 

The only unknown variable a depends on the relative grain size d* = dildmax and can be 
expressed by 

(13) 

FigA depicts the derived equivalent Fuller-distributions in function of't*. 

From this figure following results can be drawn: 

the shapes of the armour Fuller-distributions are increasingly skewed by the 
rising shear 

even at low shear stresses the fine particles tend to approach very quick to the 
composition of the final stage 

contrary, the coarser fractions. At low flow intensities they react weakly and 
reach the final arrangement only up the highest permissible shear. 
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Knowing the relation between 't* and the Fuller-distribution, the composition of every 
transitional stage can be assessed. 
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Fig.4 Armour FULLER-distributions for varying 't* 
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Going into detail, difficulties arise by trying to convert the Fuller-relation to the original 
material. For interstages the exponent of Equ. (8) becomes inconstant and can only be 
assessed iteratively taking into account the restriction 't* = 0 dPF1: = dpFo. 
But a slightly modified treatment allows for direct estimation, when focusing on 
differences: 

PFo - PFgr (14) 

PFo - PF~ (15) 

the ratio of differences of the real material can then be related to ratio of the corresponding 
Fuller-mixtures. 

(16) 
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where the weighting factor X varies with d* and t* 

For the case t* = 1, X must approximate 1, independent of the magnitude of d*. 
This restriction can be met by a function of the fonn: 

(17) 

From the data set the best fit for ~ was provided by a magnitude of 2. 

By Equ. (9)-(17) all features are defined and a direct and relatively fast prediction of the 
unknown annour distribution becomes possible. 
Even anomalies of the initial composition are well reproduced. This method also matches 
with the quality of transport models and proves to be far more reliable than fonner direct 
methods. 
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4. STABILITY CRITERIA 

To decide whether beds become stabilized, two main pathways can be followed, namely 

critical shear stress concepts and 
probabilistic criteria 

Most applied approaches belong to the [lIst category. 
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4.1 Critical shear stress criteria 

In order to indicate the critical limits of annours, generally a kind of SHIELDS parameter 
i.e. a non dimensional particle Froude number 

Fr*2= __ t __ 

(Ps-p)·g·d 
(IS) 

is introduced. Since the SHIELDS approach was originally formulated for uniform 
material, the key problem which turns out is how to specify the effective grain size of the 
annour distribution. Besides, the Re* influence of fine grain sizes raise some problems. 
Since the number of proposals has grown intensely, the following review relates to a 
selected number only. 

It seems hystorically fair to mention MULLER (1943), who although not defining a 
criterion as such, observed roughly the equiValence of d90 of the initial mixture and the 
average grain size of annour layers, thus laying the foundations for later approaches. 

LANE and CARLSON (1953) were one of the first to directly formulate a design 
criterion, which is based on the data collection of the armoured San Luis canals and 
suggests 

Fr*2 = 0,05 and d = d75 (19) 

According to the present knowledge, the main drawback of the equation above refers to 
the fixed particle size, which does not account for the different shapes of initial mixtures. 

First ~xperiments exclusively devoted to the limiting stage of annouring were carried out 
by GUNTER (1971) who tried to define the critical shear of a mixture with respect to that 
of an uniform material of the size of dmax • The critical shear for the uniform reference 
material was approached rather speculatively in function of the flow Re-number, although 
all experiments related to rough turbulent boundary conditions. The relation itself was 
derived from an uniform particle data set of Meyer-Peter and Muller. 

(20) 
and 

(21) 

where A describes the influence of the particle composition in function of: 

with d . * - dmi ml - dmax 
(22) 

dmgr and dmo representing the average diameter of the annour and the original mixtures 
respectively. 

To overcome the drawbacks of Equ. (20), the Reynolds function can be substituted by 
the generally applied standard value of 0,05. Transforming Equ.(22) with respect to dmo 
instead of dmax one gets 
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(23) 

as suggested later by JAOor (1983) 
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As a derivative of the shear stress concept, SCHOBERL (1979) established a limiting 
slope criterion. Restricted to rough turbulent flow conditions, this critical slope S was 
estimated in relation to three numbers: 

ag, a parameter which defines the shape of the initial composition 

a = (d90)1!3 0 (~)1/2 
g d50 d50 

v2 
Fd2 =--,--

g'odmgr 

(24) 

(25) 

as the particular Froude number where v specifies the maximum permissible 
flow velocity according to the steepest possible slope, and 

dmgr 
€ = h 

as the relative roughness number 

(26) 

Referring to model experiments the following relation could be established 

Ps-P € (1 )2 S = 0,305 0 -P- 0 a;;- 0 Fd (27) 

Combined with a friction loss equation, a direct solution of Equ. (27) was received. 
In this relation the influence of a relative roughness resp. a further Froude-number is 
proved, so far neglected in other investigations. But it appears clearly that this effect is of 
less magnitude than the influence of the material parameters. 
Expressing the stability criterion Equ. (27) in terms of dimensionless shear stresses we 
observe a certain variability of the critical conditions even for the hydraulically rough 

turbulent flow. The product agO Fd2 acts as controlling factor. The effect of this combined 
number is demonstrated in Fig. 7 in the conventional SHIELDS diagramme with Fr*2 
versus grain Re*-number. The diagramme is extended to Re*-numbers < 100 by 
incorporating Y ALINs 1987-suggestion for critical conditions. 

One of the newest approaches refers to CHIN (1985) and is based on the earlier 
discussed limiting d50grCondition, see 3.1. 

dSOgr = 0,556 dmax (28) 

The critical dimensionless shear stress is defined in function of the ratio (d50gr/d50) which 
yields 

Fr*2gr = 0,05 0 (0,4 0 (da~gr) ·0,5 + 0,6 )2 (29) 
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whereby the initial bed material is characterized by dSO. 

In his tests of stepwise rising shear stress, the critical limits of stability had to be 
extrapolated from nearby conditions. 
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Fig.7 Threshold of stability of armour layers - Fr*2 versus Re* 

4.2 Probabilistic view 

SHIELDS 

"*" 
2 

ag.Fd • 7,6 

-S-
2 

ag.Fd • 10,0 

'"*' 
2 

ag.Fd • 12,6 

-+ 2 
ag.Fd • 16,0 

In contrast to the critical shear concepts stands the probabilistic approach. The only 
method so far has been developed by GESSLER and suggests that a mean value of 
probabililty for indiviual particles to stay in the amour coat must exist indicating bed 
stability for 

with (30) 
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Iq . Po(d)dd 
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(31) 

4.3 Evalution of the different methods 

There is an evident lack of data for mature armours, since most investigations deal with 
transitional stages only, often far off the limiting conditions. As reflected by the 
following comparison, these circumstances do not bring about absolute clearness of a 
preferred method and do not allow for an unequivocal recommendation of a certain 
approach. On the other hand some results obviously discriminate certain assu)?1ptions. 
The evaluation of the different proposals is based on the dataset of CHIN and GUN1ER. 

4.3.1 Experiments of CHIN 

Since the concept of LANE-CARLSON is handicapped by the fixed grain size d7S, this 
criterion was left aside from the beginning. It does not seem surprising that the approach 
of CHIN fits his own data best. Though the suggested limiting dSOgrrelation does not 
confirm exactly his own data as pointed out in 3.1, Equ. (29) provides a good overall 
agreement for the critical conditions. But it also becomes evident, that by applying the 
original dSOgr of the armour layers the results reduces and worsen slightly, see Fig. 8 . 

Since the evaluation of the effective graig size influences the predicted critical limit 
signi~cantly, the modified concept of GUN1ER as well as the Innsbruck approach, 
SCHOBERL (1979), experience some difficulties. Both methods predict coarser armour 
distributions than recommended qpginally by'. CHIN. Therefore somewhat ill-results are 
unavoidable. Nevertheless, the GUN1ER - JAGGI approach predicts within the limits of 
-1 and 10%. 
The Innsbruck equation faces the problem that certain hydraulic parameters were not 
published in the original paper and the missing data had to be recalculated with a potential 
risk to mistakes. Referring to the calculated dmgr a spreading in the range up to 14 % 
appears. For experimental based dmgr the results Improve clearly, lying within the 10 % 
range. 
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4.3.2 Experiments of GONTER 

In contrast to h~~ own experiments the CHIN approach fails to definitely assess the 
conditions of GUNTERs data. Strongly depending whether the calculated d50gr or the 
experimental d50gr are used, an underprediction of the data up to 7 % or an overpiediction 
up to 10 % results, see Fig:9 . .. 
The modified version of GUNTER-JAGGI, independent of measured or calculated dmgr 
overpredicts totalling 6 -7 %. This fact is attributed to the choice of the constant Fr*-basis 
of 0,05, while the original equation of GUNTER compensates the observed variance of 
critical limits by the mentioned spurious Re-function. 
On first sight the Innsbruck appraoch provides best results, predicting between 1 % linits. 
But this agreeme~~ clearly refers to a certain extend to the fact that this approach was 
partly based on GUNTERs data. 

4.3.3 GESSLERs approach 

An inspection of the data of CHIN and GUNTER depicts that the shortcomings of the 
prediction-model for the size gradation propagates and amplifies in the considered 
criterion. The experimental data are respresented by a mean qm between 0,4 and 0,8. 
Further more a clear tendency of the influence of the mixture distribution, in Fig. 10 
expressed by (Jg becomes evident. 
This result suggests that each mixture corresponds to a distinct maximum qm dependent 
on the initial composition. The assumption of a constant value lackes experimental 
confirmation. Furthermore the broad spreading range does not allow for direct practical 
applications. 

4.4 Conclusions: 

Due to the evaluation above, three criteria, the appraoch of GUNTER-JAGGI, of CHIN 
and that of Innsbruck seem suitable to predict the limits of stability within a range of 10 
% accuracy. 
But so far, between these 3 methods some contradictions are evident. Thus there is an 
urgent need to eliminate the uncertainties by further experimental proof. The boundary 
conditions of experiments were too limited and no overlap of similar data exist to solve 
this contradictions. Concerning the whole range of data no method unequivocally excels 
the other in applicational aspect. 
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CRITICAL LIMITS OF MATURE ARMOURS 
Gessler Criterion 
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5 LIST OF SYMBOLS 

d [m] 
dp [m] 
p [-] 
PPo [-] 
Pp't [-] 
PPgr [-] 
Po [-] 

grain diameter 
grain size for which p percent is finer 
function of relative weight in percent 
p-function for the initial Fuller-distribution 
p-function for an immature armour Fuller-distribution 
p-function for the mature armour Fuller-distribution 
p-function for the initial mixture 

0 

* 
+ 

CHIN 

GONTER 1 

GONTER 2 

GONTER 3 



P't 
Pgr 
dmax 
dmo 
dm't 
dmgr 
d* 
S 
h 
v 
v* 
g 

O"g 

Ps 
p 
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[-] p-function for an immature annour distribution 
[-] p-function for the mature annour distribution 
[m] maximum grain size of a mixture 
[m] average diameter of the intial mixture (voluminal) 
[m] average diameter of the immature armour layer (areal) 
[m] average diameter of the mature annour layer (areal) 
[-] dpldmax 
[-] bed slope 
[m] water depth 
[m/s] flow velocity 
[m/s] shear velocity 
[m/s2] gravity acceleration 
[-] geomtr. standard deviation of a initial mixture (d84id 16)°,5 

[kg/m3] density of sediment 

[kg/m3] density of fluid 

[m/s2] g·(ps-p)/p 
[-] particle Froude-number 

v*/g'·dm't· 

particle Reynolds-number (v*'d)Jv 

Re [-] flow Reynolds-number (v·4·h)/v 

't [N/m21 shear stress of the flow 

'tgr [N/m2Ilimiting shear stress of the mature armour layer 

't* [-] 'tI'tgr 
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HIDING FUNCTIONS TO PREDICT SELF ARMOURING 

Alex J Sutherland, University of Canterbury, New Zealand 

ABSTRACT 

Hiding functions are defined in the context of threshold conditions and conditions of grain 

transport as modifiers of grain mobility. Examples of empirical and analytical functions are 

presented. Recent work on grain mobilities on water worked beds by Kirchner et.a!. (1990) is 

summarised and used to background discussion of significant issues with respect to hiding 

functions. The issues addressed are: asymmetry of hiding functions, methods used in their 

determination, variability of mobility within a size fraction and the influence of surface texture and 

geometry. 

1.0 INTRODUCTION 

Transport of non-uniform grains by turbulent flows presents many intriguing problems. Of great 

interest are the surface compositions and geometries that occur in response to imposed flows. 

With flows 2 or 3 times threshold and equilibrium transport, coarse layers or mobile armours 

form at the bed surface. If there is zero or only limited sediment input a static armour will form 

for a range of flow conditions and in so doing reduce, often to zero, the availability of bed 

material for transport. 

To explain and then be able to predict the occurrence and properties of coarse surface layers an 

understanding is required of the differing ways in which the various size fractions respond to the: 

flow and of the subsequent interactions between grains of different size fractions. This presently 

insurmountable problem is circumvented in many, but not all, models of non uniform transport 

by introducing empirically determined hiding functions to account for the effects resulting from 

the presence of a mixture of grain sizes. 

In essence hiding functions modify the mobility of size fractions with respect to their single size 

mobilities as determined by, for example, the Shields curve to values more appropriate to mixed 

grain size beds. Hiding functions have been found under a number of different experimental 

conditions and used for different purposes. One such function leads to estimates of threshold 

shear stresses for individual size fractions while others facilitate calCUlation of transport rates on 

a grain size besis. Both are of importance in predictions of self armouring and are discussed 

herein. 
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2.0 HIDING FUNCTIONS - THRESHOLD CONDITIONS 

Shields' diagram (entrainment parameter Tc' = TchsD for threshold conditions against 

Reynolds number u.D/1') underlies most work on initial motion of sediments. Here TC is the 

mean applied shear stress at threshold, u. the corresponding shear velocity, "'Is the submerged 

specific weight of the sediment, D is the sediment size and v the kinematic viscosity of the fluid. 

While Shields' result applies strictly to uniform sediments it is used to define threshold conditions 

for a sediment mixture as a whole by substituting the median size D50, for D. 

The above approach is not appropriate for determining the threshold conditions T c;* for each 

grain size Dj in a mixture. Grain size fractions cannot respond as though surrounded only by 

grains of their own size. Smaller grains are located in the lee of larger grains or, although 

exposed to the flow, are below mean bed level. In each case they are sheltered or hidden from 

the full effects of the turbulent flow over them. Equally, coarser grains protrude further into the 

flow than the finer grains with many protruding more than would be the case for a uniform bed. 

Fenton and Abbot! (1977) quantified sheltering and protrusion effects for uniform 2.5mm spheres 

by determining TC' as a function of the ratio protrusion above mean bed level to sphere 

diameter. With non-uniform grains protrusion effects are modified by grain exposure (protrusion 

above grain immediately upstream) and pivot angle which is related to the relative position and 

size of the downstream grain. The three effects have been examined in detail for water worked 

beds by Kirchner et.al (1990). 

Grain interaction is not only static but also dynamic. Turbulence generated in the wake flow 

behind larger particles can be sufficient to move smaller particles at some distance downstream. 

The movement of a coarse particle can cause smaller particles to move by collisions, by 

removing the lee side effect, by altering friction angles of adjacent grains and by effectively 

increasing the exposure of smaller grains. Ikeda and Iseya (1987) suggest deposition of fines 

can help mobilise coarse sediment by smoothing the bed and thus decreasing roughness. 

Details of the various interactions, which can only be surmised at present, may well be 

necessary before a full understanding of how entrainment of non-uniform material occurs. In the 

absence of this understanding hiding functions have been introduced to account in a global 

fashion for all interactions between the different grain size fractions. 
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As a first step it maybe assumed, contrary to the results of Kirchner ~ (1990) study 

discussed below, that each grain size fraction has an entrainment threshold r*ei which is the 

same for all grains in that fraction. Intuitively T' ei should be decreased for the larger fractions 

and increased for the smaller fractions with reslJ!lCt to values appropriate for grains of the size 

being considered in a homogeneous bed, ie Shields values. The Du for Which r'eu equals the 

Shields value can be used as a scaling size with T' ei > T' eu for Di < Du and r' ei < r *CU for Di > 

Du. Du may be expected to lie near the centre of the grain size distribution. 

A hiding function €i can now be defined as 

. 
T ci 

. 
(iT cu (1) 

so the threshold dimensionless shear stress of size Di in a mixture is £i times that for the size 

which behaves as though it were in a homogeneous bed. 

Many investigators eg Andrews (1983), Ferguson ~ (1989) have produced data which 

supports the above and normally present their results in the form 

* r . 
Cl. 

* r 
CU 

[ ::r (2) 

where b ranges typically from 0.6 to 1.0. A value of b = 0 would imply no resultant effects from 

hiding. 

Alternatively one could define a hiding function €is in terms of the Shields value T *si for each 

grain size 

. 
T ci 

. 
£. iST si (3) 
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From Equation (1) It is seen that £j = £jsT"jh'cu so the two hiding functions differ only by the 

ratio of the Shields threshold dimensionless shear stress for sizes i and u. For Dj>6mm this will 

be 1.0 while for finer sediments the ratio may drop as far as 0.5. 

3.0 HIDING FUNCTIONS - GRAIN TRANSPORT RATES 

Many transport rate equations for quasi-uniform sediments of diameter D can be written as 

q, = F(Tj (4) 

or 

q, = F(T'/T'c) (5) 

where q, is a transport rate parameter one form of which is q-ys/ pu3,. Here q is the volumetric 

transport rate per unit width and p is the fluid density and F denotes "a function of'. T'c is 

normally found from Shields diagram or given a nominated value eg 0.047 in the Meyer-Peter 

formulation. 

For non-uniform sediments Equations (4) and (5) have been used with Dso or other 

representative size in place of D to give the total transport rate. I nteractions between grains of 

different sizes however produce transport rates for each size fraction which differ from those 

produced by the same flow over a uniform material of the size being considered. Data from Misri 

et.al. (1984) reproduced in Fig 1 provide an example of this effect. The uniform material line 

represents Einstein's bed load function and fj is the percentage of size Dj in the bed material. 

To account for this size differentiation hiding functions are introduced into Equations (4) and (5) 

which are then written on a grain size specific basis as 

(6) 

and 

(7) 
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Measured transport rates qi for different size fractions as functions of applied 

grain shear stress r10' Arithmetic mean grain size: 6.02 mm. (From Misri et. al. 

(1984)). 

In Equation (6) the effective applied shear stress on grain size i has been written as (r Il;i) and in 

Equation (7), Equation (1) has been used to define the effective critical shear stress. There is no 

reason to suppose I; i ; tj. As in the threshold case it is implicit here that all grains of size i react 

in the same way to a given applied shear stress or, at least, the different reactions can in some 

way be averaged over all grains in the particular fraction and then represented by one number. 

Equation (6) has been written by some authors as 

(8) 

where r*, is based on a reference size Dr. By comparison of Equations (6) and (8) I;ir ; I;;D;/Dr 

with I; ir being referred to as a reduced hiding function. 

The effectiveness of hiding functions in Equations (6) and (7) has been demonstrated by Proffitt 

and Sutherland (1983). They used data from a numbar of investigators and calculated transport 

rates using the Paintal (Equation (6)) and Ackers and White (Equation (7)) relations with and 

without a hiding function. In 15 of 18 laboratory examples and 13 of 16 field examples better 

agreement with measured rates was found using the hiding functions. An example of the 

improvement obtained in the size distributions of the transported sediment is shown in Fig. 2 for 

laboratory conditions. Results from field conditions were not as successful. 
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Bed load distributions. Solid lines are measured distributions. Circles refer to 

Ackers and White method, squares to the Paintal method. Open symbols -

without hiding function, solid symbols - wnh hiding function. 

4.0 EXAMPLES OF HIDING FUNCTIONS 

6·0 

In extending his bed load function to non-uniform sediment mixtures Einstein (1950) recognised 

that finer grains may be hidden between larger grains or even in the viscous sublayer. From 

recirculating flume experiments with six different mixtures Einstein derived an empirical hiding 

function €i based on Equation 6 by matching transport rates under equilibrium conditions. The 

function was one of three introduced to account for interactions between different grains sizes. 

For fully rough turbulent flow €i was presented as a function of Di/Du (see Fig. 3) where Du is a 

scaling size equal to 0.77 D65 for the fully rough case; D65 is the size for which 65% is finer. 

Figure 3. 
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Hiding functions el derived from sediment transport rate equations (E, P, PA, PP, 

M) and armoured distributions (S). 
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For Dj/Du > 1.3, e j ; 1.0 and thus the coarser fractions were considered to be unaffected by 

hiding. For Dj/Du < 1.3 the applied shear stress is reduced, the reduction for grains finer than 

0.1 Du exceeding 100 times. Einstein and Chien (1953) modified this to about 40 times and later 

Pemberton (1972) on the basis of river data reduced it to 12 times (see Fig. 3). The former 

introduced a "segregation parameter" to take into account wake effects and the increased 

turbulence associated with the larger grains. The parameter involved D75/D25 and thus made 

some allowance for the spread of the grain size distribution. 

Eglazaroff (1965) attempted to give hiding functions a theoretical basis by assuming a 

logarithmic velocity profile and that the force on a grain of size D could be calculated using the 

velocity at a height of 0.63 D above the base of the grain. He calculated the threshold 

dimensionless shear stress r * cj for grain size I in a mixture and justified his result by successful 

predictions of threshold conditions as determined by previous Investigators In the range 0.4 :$ 

Dj/Dav:S8.0 where DaV Is the mean of the average sizes of the moving grains and of the source 

material. His result, to be used in Equation (7), is shown in Fig. 4 with Dav ; Du and r*cu ; 0.06. 

To predict the grain size distribution of static armour Ashida and Michuie (1971) used a form of 

Equation (7) with the hiding function being calculated using Egiazaroff's result for Dj/D5O > 0.4, 

with Dav ; D5O. They reduced the hiding function for Dj/D5O < 0.4 by assuming the shear stress 

ratio rc;/Tc50 ; 0.86 which is the minimum value predicted by Egiazaroff's result. This 

modification is shown in Fig. 4. 

White and Day (1982) investigated threshold conditions for Individual grain sizes in a mixture in a 

recirculating flume by fitting curves to data plotted as a dimenslonless transport rate, Ggr against 

a mobility parameter, Fgr, and noting values of Fgr for each grain size at a nominated value of 

Ggr. The results led to a hiding function, ci for use in Equation (7) and shown in Fig. 4, viz. 

Cj ; (0.4(Dj/Du)-O·5 + 0.6)2 (9) 

where the scaling size Du is given by 

(10) 
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Proffitt and Sutherland (1983) used data obtained from a laboratory investigation of the 

formation of static armour layers to deduce hiding functions for use with the sediment transport 

rate formulae of Paintal (1971) and Ackers and White (1973). The former is represented by 

Equation (6) and the latter by Equation (7) with the hiding functions being determined by 

matching predicted transport rates for each size fraction to measured values. The results are 

shown in Fig. 3 where in each case the scaling size Du is a function of r *50 of the surface 

materia\. 

Shen and Lu (1983) developed a hiding function for use in their studies of static armour 

formation by predicting armour layer size distributions and matching these predictions with the 

measured distributions. They cautioned that their hiding function should be used only for 

predicting such distributions. The function is used to multiply the critical shear stress of the 

mixture determined from a modified Shields diagram based on D30 before calculating the 

probability that a grain of size i will not be entrained. Shen and Lu, like Einstein considered that 

larger grains would be unaffected by hiding and placed the upper limit for hiding at Dj/Du = 0.5. 

The resulting relation is shown in Fig 3. The scaling size used is the same as that used by 

Einstein viz. 0.77 D65 for fully rough conditions. 

Misri, Garde and Ranga Raju (1984) report on experiments in which non-uniform material was 

recirculated in a laboratory flume. A hiding function was determined using a transport relation 

developed by Misri et. a\. from their experiments with uniform material by matching calculated 

and measured transport rates on a grain size basis. Their function was based on grain shear 

stress and included Kramer's uniformity coefficient. Fig. 3 shows a line corresponding to their 

data for which the difference between grain shear stress and total shear stress has been ignored. 

Wiberg and Smith (1987) using a force balance and Komar and Li (1988) using a moment 

balance developed theoretical models for grain entrainment from beds of uniform and non

uniform grains. Drag, lift and weight forces were considered and logarithmic velocity profiles 

were assumed. The analyses highlighted the importance of both grain protrusion and friction 

angle in determining the threshold conditions. Each analysis produced results which were 

compared favourably by the authors with data from other investigators. 
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Komar and Li's result for T*ei is given as a function of Di/D50 and includes five empirical 

constants. Possible values for these constants are limited by requiring T * ei = 0.045 for uniform 

grains. Using the suggested values for the constants the hiding function €i of Equation (1) can 

be deduced. It is plotted in Fig. 4 with Du = D50. 

Wiberg and Smith's result for T*ei is given in terms of Di/ks where ks is the roughness length 

representative of the bed. If one takes ks = Du values of £i can be found for reasonable values 

of the six empirical constants. The result is almost indistinguishable from that obtained from 

Komar and Li's equation. 

5.0 WORK OF KIRCHNER ET. AL. (1990) 

Kirchner et. al. made detailed measurements of bed surface topography along streamwise 

transects of sediment beds composed of non-uniform grains the surfaces of which had been 

formed by the action of a sediment carrying flow in equilibrium with the bed. This state implied 

the rate and size distribution of bed load discharge matched those of the imposed bed load 

supply. The surface generated at the highest transport rate showed marked longitudinal sorting 

of bed material to produce "congested" and "smooth" surfaces (bedload sheets in the 

terminology of Whiting et. al. (1988)). Congested zones contained mainly coarse grains, D50 = 

4.7 mm, with few fines and deep pockets between grains. The surface resembled a static 

armour. The smooth zone had a finer surface, D50 = 2.6 mm, with isolated protruding grains. It 

resembled a surface one might produce at the beginning of a flume experiment. 

Discs of a fixed diameter were positioned at all points at which they would come to rest along 

the transect and their projections, exposures (above local mean bed level and above immediate 

upstream highest point respectively) and pivot angles were determined. This was done for three 

disc sizes approximating D16, D50 and D84 of the material in transport. Using a simplified version 

of Wiberg and Smith's (1987) force balance model threshold shear stresses were calculated for 

the discs in each position. The stresses were strongly dependent on projection, exposure, pivot 

angle and the ratio disc size to bed roughness length (equivalent to Di/D50). 
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Threshold shear stress distributions derived for each disc size showed the 90th percentile to be 

at least twice the 10th percentile for the smooth zone. Distributions from the congested zone 

were considerably wider which could be a result of this bed having more larger holes to trap 

sediment and more grains protruding proportionally more into the flow. The distributions 

narrowed as the disc size increased but all had approximately the same threshold shear stress at 

the 5th percentile. Thus some grains of each size can be expected to move at a threshold shear 

stress but much greater increases in shear stress are required to move a given proportion of the 

finer grains than to move the same proportion of the coarser grains. Significant sheltering of the 

former is sufficient to account for this effect. 

Sutherland (1987) discussed the concept of a distribution of grain resistance within each grain 

size fraction in relation to the formation of static armour layers. Kirchner ~ have now 

provided some quantitative evidence of the distributions and opened the way for further 

research. 

6.0 COMMENTS 

6.1 Methods of Determining Hiding Functions 

Wilcock (1988) has discussed in detail the problems inherent in two common methods for 

determining threshold shear stress T ci for individual size fractions in a mixture. His comments 

are important in the present context because the hiding function £i is derived directly from such 

determinations. The main points made by Wilcock are 

(1) the 'largest grain in motion' method gives results in which T ci varies approximately with 

the square root of Di/DSO while the 'reference transport rate' method often shows only a 

small dependence on grain size. Near equimobllity quite contradictory results are 

produced. 

(2) there are significant scaling problems ariSing from the wide range of grain sizes normally 

present in non-uniform sediments. These problems are more severe for the 'largest grain 

method". 

The writer agrees with Wilcock (1988) that the 'reference transport" method is preferable to the 

'largest grain' method particularly if the results are to be used in defining a hiding function for 

armouring studies. Principal reasons for this are the less serious scaling problems and the 

interdependence that can be established between a transport rate equation and the hiding 

function so determined. 
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The "reference transport" method requires nominating the value of a transport rate parameter 

and fitting lines to data from each size fraction to determine the corresponding T'cI (see Fig. 6). 

The lines may be drawn independently for each DI (Parker et. al. (1982). White and Day (1982)) 

or defined by a transport relation based on studies of uniform sediment (Wilcock and Southard 

(1988». 

In the latter case use of the resulting hiding function should be limited to modifying the transport 

relation from which it was derived. This is. however. not a major constraint since transport 

curves are all very steep in the region of little transport so with a given transport rate parameter 

similar values will be obtained for T' cl with all relations. 

Values of £j for different but reasonable choices of low reference transport rates will also be 

similar for the same reason. 

In determining the function ~I one measures transport rates of each size fraction either under 

equilibrium conditions with a given applied mean shear stress (Misri et. al.(1984» or as 

armouring proceeds at one or more stages of the process (Proffitt and Sutherland (1983». A 

transport relation into which ~I has been inserted (Equation (6) or (7» is then used to solve for el. 
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Threshold shear stress distributions derived for each disc size showed the 90th percentile to be 

at least twice the 10th percentile for the smooth zone. Distributions from the congested zone 

were considerably wider which could be a result of this bed having more larger holes to trap 

sediment and more grains protruding proportionally more into the flow. The distributions 

narrowed as the disc size increased but all had approximately the same threshold shear stress at 

the 5th percentile. Thus some grains of each size can be expected to move at a threshold shear 

stress but much greater increases in shear stress are required to move a given proportion of the 

finer grains than to move the same proportion of the coarser grains. Significant sheltering of the 

former Is suflicient to account for this effect. 

Sutherland (1987) discussed the concept of a distribution of grain resistance within each grain 

size fraction in relation to the formation of static armour layers. Kirchner ~ have now 

provided some quantitative evidence of the distributions and opened the way for further 

research. 

6.0 COMMENTS 

6.1 Methods of Determining Hiding Functions 

Wilcock (1988) has discussed in detail the problems inherent in two common methods for 

determining threshold shear stress T ci for individual size fractions in a mixture. His comments 

are Important in the present context because the hiding function £i is derived directly from such 

determinations. The main points made by Wilcock are 

(1) the "largest grain in motion" method gives results in which Toi varies approximately with 

the square root of Di/DSC while the "reference transport rate" method often shows only a 

small dependence on grain size. Near equimobllity quite contradictory results are 

produced. 

(2) there are significant scaling problems ariSing from the wide range of grain sizes normally 

present in non-uniform sediments. These problems are more severe for the "largest grain 

method". 

The writer agrees with Wilcock (1988) that the "reference transport" method is preferable to the 

"largest grain" method particularly if the results are to be used in defining a hiding function for 

armouring studies. Principal reasons for this are the less serious scaling problems and the 

interdependence that can be established between a transport rate equation and the hiding 

function so determined. 
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where b; is a function of DdDu and reflects the degree to which hiding affects the different grain 

size fractions. Einstein's hiding function (Fig. 3) shows a very steep section for Dj < Du and no 

hiding effects Dj/Du > 1.3. This is an extreme view but the concept is that smaller fractions are 

affected much more by hiding than are the iarger fractions. if this is true even to a limited extent 

bj should decrease with increase in Dj/Du to give a hiding function curve that is concave 

upwards. Fenton and AbboU's (1977) results show the change in r* with protrusion (equals 

exposure in their experiments) is much greater, up to eight times, for negative exposures than 

for positive exposures. Smaller grains can be expected to have a higher proportion with 

negative exposures than the larger grains and thus the smaller fractions will suffer more from 

hiding than the coarser grains benefit. Table 2 prepared from Kirchner et. ai's distributions of 

exposure and friction angle for their congested surface confirms that finer grains have a 

preponderance of negative exposures the percentage of which decreases as D /D5O increases. 

Data from the smooth surface show the same trends. 

Exposure and Friction Angles from Distributions given by Kirchner et. al. 

Disc Q Exposure/ Disc Diameter Friction Angle 
Diam. D D50 

(mm) Range Median % < 0 Range Median 

1.30 0.28 -4.62, 1.0 -0.46 82 30, 85 60 

3.67 0.78 -0.54, 0.95 0.35 15 20, 85 54 

6.17 1.31 0.26, 1.05 0.71 0 15, 78 44 

Published results which show a concave upwards relation include Wilcock and Southard (1988), 

Ferguson et. al.(I989) and all relations shown in Figs. 3 and 4. Data with limited if any curvature 

and through which straight lines have been drawn include that of Parker ~ (1982), Andrews 

and Parker (1987), Wilcock in a discussion of that paper and Ashworth and Ferguson (1989). 

There are unresolved issues over the shape of hiding functions. The writer is of the view that 

forcing regression relations of the form 

* r ei 
£. 
~ 

* T eu 
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while useful for stimulating arguments about equimobility may well be hindering further 

investigation and thus a better understanding of hiding functions. 

6.3 VARIABIUTY WITHIN A SIZE FRACTION 

Kirchner ~ (1990) results quantified the concept of threshold shear stress varying for grains 

in a size fraction. The range of threshold stresses increased for decreasing Di/D50. Some 

implications of this for hiding functions are now briefly explored. 

From Kirchner ~ Fig 17 (cumulative distribution of threshold shear stress for each grain 

size) hiding functions can be calculated. First it must be decided how to define r' ei In view of 

the measured distributions. 

One could consider using r * ei as defined by the median of the distributions thus assuming that 

the effects at the higher percentiles are somehow counterbalanced by those of the lower 

percentiles. This would work more satisfactorily for the larger grains than for the smaller grains. 

Alternatively one might argue that for a threshold of motion problem it is the grains with the lower 

critical stresses that are important and thus the 10th percentile, say, should be used. An optimist 

may define <ij as the hiding function for percentile j of size I. However the complexities inherent 

in this are very clear but the advantages are far from clear. Herein attention is confined to the 

10th and 50th percentile. 

Calculated hiding functions (from Equation (1)) are plotted In Fig. 5 together with White and 

Day's (1982) results. The unflagged points were derived using Du = D50 and T*eu = T* c50. That 

for a given Di/D50 the 50th percentile value should exceed the corresponding 10th percentile 

value results directly from the shear stress required to move 50% of a particular grain size being 

greater than that required to move 10% of that grain size. 

The dashed lines joining points from the same surtace have when written in the form of Equation 

(2), b > 1.0. For the 5th percentile all sizes have approximately the same threshold shear stress 

and one expects b z 1. That b > 1.0 for higher percentiles implies the larger grains for each 

percentile have a smaller threshold stresses than the finer grains as is clear from Kirchner et. ai's. 

Fig. 17. This may help explain the partial static armour meniioned by Wilcock and Southard 

(1988). 
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Ragged points In Fig. 5 have been scaled using Du the size for which r*eu equals the Shields 

value appropriate to that size. The results are thus forced through the point (1, 1) with 

unchanged slope. The scaling size is larger with respect to 050 for each percentile on the 

smooth surface (050 = 2.66mm, O"g = 2.64) than on the congested surface (050 = 4.7mm O"g = 

1.84). Proffitt and Suttterland (1983) observed larger values of Du/D5O for armoured beds (larger 

050 and 0" g) than for their initial beds. The present results agree in part with this observation but 

not with predictions from White and Day's result (Equation (11) herein). 

Fig. 5 leads one to conclude that provided Du, as envisaged by Equation (1), is used to scale the 

hiding function, using different percentiles will not Influence the result. Relating scaling size to 

percentile remains as an unsolved problem. The artificial nature of the present data precludes a 

serious attempt to define the relation. 

Specification of a small reference transport rate is an integral part of experimentally determining 

T*ei and thus q. With a small transport rate the grains moving will correspond to the lower 

percentiles of the threshold shear stress distribution. Should these be the 5th or below, Kirchner 

et. ai's. data suggest l' ei is constant and thus equimobillty will result. As the representative 

transport rate increases departures from equimobility may be expected as l' ei values diverge for 

different sizes. An additional complication is that at higher transport rates one will be observing 

different percentiles for different grain sizes and matters of definition become obscure. 

In practice the above may not be a significant problem since most investigators have similar 

views as to what small means with respect to transport rates. The associated variation in shear 

stresses will be very small, since q et rm with m ranging from 8 to 16 for small q, and thus 

conditions producing threshold stresses will vary little from one experiment to another. 

Of greater interest and complexity is the scaling problem associated with ensuring each grain 

size has an equal chance of being sampled. Wilcock (1988) has discussed scaling for threshold 

experiments in detail. One assumption is that geometrically similar bed areas require fiA;/Di 2 to 

be constant where A; is the observation area. With grains of size i having a range of threshold 

stresses and the underlying distributions varying with size this is no longer true since grains are 

not all equally susceptible to movement. An appropriate relation could be figiA;/D2; equalling a 

constant where gi = F (1') and is the percentage of grains of size i which have threshold stresses 

less than T. Again for small rates of movement gi will not change much with i but Kirchner et. al. 

show that for shear stresses 1.5 times that associated with the 5th percentile gi for large grains is 

already more than twice that for smaller grains. 
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The writer concurs with Kirchner ~ who note that variability within bed surfaces including that 

within each size fraction Is an important topic which must be addressed before a better 

understanding of grain Interaction can emerge. 

6.4 EFFECT OF BED SURFACE CHARACTERISTICS 

That the resistance of grains to transport responds to changes on the bed surface is apparent in 

experimental studies of static armouring in which reductions in transport rate of two orders of 

magnitude occur as the armour layer forms, Proffitt (1983). Hiding functions derived from 

transport rate measurements will be affected by such reductions and thus reflect the changes in 

bed surface characteristics. Little work has been done on this specific problem but recent 

studies with non-uniform grains allow inferences to be drawn, but no firm conclusions reached, 

about the dependence of hiding functions on bed surface characteristics. This is attempted in 

6.4.3 below. 

Surface changes are of two types: those in the grain size distribution, a sorting phenomenon, 

and those associated with rearrangement of the grains including development of the multigrain 

features or clusters which play an important role in armour layer formation. In static armouring 

the sorting and approach to the final grain size distribution occurs early while the transport rates 

are still large with the rearrangement phase being dominant throughout the middle and late 

stages. Formation of mobile armours may depend on grain sorting (Parker and K1ingeman 

(1982)), on grain rearrangement as suggested by Kirchner llL£IL. (1990) or, most probably, a 

combination of both. 

The surface grain size distribution cannot, in general, define the geometrical characteristics of 

the surface. However, certainly in the transport case and to at least some extent in the threshold 

case, the concern is with water worked beds. This may limit possible bed arrangements with 

given grain size distributions sufficiently to allow a link to be established. To the writer's 

knowledge there has been no success in this area. Accordingly it is convenient, if simplistic, to 

consider the effects separately. 

The difficulties encountered in doing the above are exemplified in Fig. 5 which shows the need 

for different scaling sizes for the two surfaces. Reasons for this cannot be discerned from the 

data because the two surfaces have different values of D50 and ag and futhermore the 

geometries of the two surfaces are quite different, Figs. 5 and 6 of Kirchner ~ (1990). 
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6.4.1 Effects of surface grain size distribution. 

Neither Wiberg and Smith (1987) nor Komar and Li (1988) make reference to grain sorting in 

their theoretical discussions of entrainment from non-uniform beds. However with so many 

empirical constants in their results any effects due to surface sorting in data used for comparison 

with the theories could easily be overlooked. Of importance would be the two constants used to 

link pivot angle to D/D5O either or both of which could well depend on the degree of sorting of 

the bed surface. 

Wilcock and Southard (1988) present data to show that once D50 and Di/D5O are accounted for 

ag has little effect on the dimensionless threshold shear stress for individual size fractions. The 

same would be true for the reduced hiding function defined as <i = r'ci/r'c5O for particles on 

beds of the same D50 but differing ago However if the scaling size Du is a function of ag then the 

magnitude of hiding functions as defined by Equation (1) would change for a particular size 

fraction moving on differently sorted beds with the same median size. This would not occur if all 

scaling sizes were greater than 6 mm and thus r' cu constant. 

White and Day's (1982) expression for the scaling size (Equation (10) herein) shows that for ag 

> 1.4 the scaling size decreases with respect to D50 as ag increases. From Equation (9) the 

hiding function <i for l!!! (Di/D5O) increases as the subsurface mixture becomes better sorted. 

The same effect is found in Misri et. al.'s (1984) expression for a hiding function e; which includes 

the sorting effect explicitly through Kramer's uniformity coefficient, M. They found a change in M 

from 0.25 to 0.5 (ie towards a more well sorted bed) with a constant arithmetic mean size 

increased Ei of Equation (6) by 60%. For larger and smaller values of M no further change 

occurred. The effect is again apparent with Einstein and Chien's (1953) sorting coefficient which 

increases the hiding function Ei for more well sorted mixtures. 

Hence as the grain size distribution widens the hiding functions <i and Ei for each Di/D5O are 

decreased and the scaling size Du is reduced. The latter means less of the distribution is 

adversely affected «i(Ei) > 1.0) and more is favourably affected. Why this should be so is not 

clear. This unsatisfactory result leads one to question the adequacy of D50 and ag as 

descriptors of the grain size distribution for use in hiding function studies. In the armouring 

problem the importance of the coarse material is undisputed. Fine material is also important eg 

of its action in smoothing the bed by deposition into voids thereby increaSing stresses on larger 

grains and reducing pivot angles. Using D50 and ag, both derived from the central portion of the 

distribution cannot give appropriate emphasis to the tails. Furthermore if small differences in the 

distribution are significant these are liable to be overlooked using the cumulative frequency 

presentation underlying D50 and ago 
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A different approach has been suggested by Bagnold and Barndorff-Nielsen (1980) who 

recommend fitting a hyperbola to the grain size frequency distribution plotted on a log-log basis. 

Four parameters are required to determine the fitted hyperbola. Two are the slopes of the 

asymptotes and the others relate the intersection of the asymptotes to the modal value of the 

distribution. Individually the asymptotic slopes give an indication of material contained within the 

tails of the distribution and together with the third parameter the slopes define a measure of the 

spread of the distribution near the mode. The mode is calculated using all four parameters. 

To understand changes in measured hiding functions as a surface coarsens either as a static or 

a mobile armour it will be necessary not only to follow changes in the central portion (016 to 084) 

of the distribution but also changes in the tails. Hyperbolic distributions can provide all this 

information. It is therefore suggested the researchers should fit these distributions to their data 

and report the corresponding parameters along with the more traditional values. 

6.4.2 Effects of surface geometry 

The relationship between hiding functions and surface geometry lies not only in the trapping and 

sheltering ability of the surface but also in the effect of the surface on the near bed flow structure. 

The latter occurs through the influence of surface features, by eddy shedding and the creation of 

wakes, on the turbulence within the flow and in turn its effect on grain motion. Basic to 

investigating each of these effects is the development of methods to describe and/or quantify 

the surface characteristics. Few researchers have attempted this for water worked beds. There 

is current work being done and earlier work, mentioned below, is no more than exploratory. 

Progress will not be made until it becomes a normal part of an experiment to take and analyse 

appropriate data about the surface. 

Characteristics that will most effect hiding functions are the spacing, arrangement and size of the 

larger elements (grains or groups of grains) and of the voids or holes in the surface. Two 

approaches have been used to try and quantify these features: detailed profile measurements 

along transects and near bed measurements of velocity fluctuations which can be linked through 

a Strouhal Number to element size. The former is a two dimenSional approach to a three 

dimensional problem and the latter provides no information about the voids. 
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Sutherland and Williman (19n) measured transect profiles of armoured beds in the laboratory 

and in irrigation channels to determine mean heights and concentrations of roughness elements. 

Kirchner ~ (1990) present frequency distributions of projections, exposures and pivot angles. 

The last may be the most useful in the hiding function context. 

Clifford ~ (in press) used zero crossing and semi-variogram analyses to examine roughness 

heights and spacings as recorded in detailed bed surface transects from a gravel river. They 

also measured near bed velocity fluctuations and from these inferred bed element sizes. Both 

approaches yielded two roughness scales, denoted grain and form, with the scale of overall 

roughness matching that found by Sutherland and Williman. The form scale was much larger (c. 

3 times) than the grain scale emphasising the importance of grain arrangement over grain size. 

Gessler (1990) suggested the same concept by stating "not only grain size but also grain 

arrangement in the armour coat must control the spectral distribution of turbulence which 

controls the friction factor". The writer would add "and influences the hiding function". 

Each study above, except Kirchner et.a!. was motivated by bed roughness considerations. This 

suggests that friction factors could be useful parameters in classifying surfaces. However hiding 

functions involve more than drag on the surface, in particular sheltering of fine grains, and are 

unlikely to be strongly linked with friction factors. The writer believes other more direct 

characterisations of the bed are required. 

6.4.3. Inferences to be drawn 

Surface composition and geometry certainly influence hiding functions but the 

evidence is inconclusive regarding details of the effects. This arises from three 

principal causes. First, the lack of sufficient controlled data to enable firm 

conclusions to be drawn; second, the tendency by some authors to use subsurface 

values, others to use surface values and others not to make clear which are being 

used; and third, a suitable way to parameterise the surface geometry of non-uniform 

material has not been proposed nor have adequate grain size distribution 

descriptors been used. 
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11. It Is possible to change the surface geometry without changing the grain size 

distribution and the reverse may even be true. However both change together under 

water flows and it may be impossible to separate in practice what can be separated 

conceptually. Consequently the wisdom of separating the effects must be 

questioned. One could manufacture fixed beds of constant grain size distribution 

but different geometries and, following Kirchner ~ (1990) determine critical shear 

stresses and thus hiding functions. Carting et.a!. (1990) report on such experiments 

with particles of various shapes on beds of uniform ellipsoids. Such experiments 

may be useful in clarifying thinking but how results can be transferred to an 

armouring situation where both the distribution and geometry are changing 

simultaneously is not obvious. 

iii. There is an urgent need to develop appropriate methods of characterising surfaces 

so that progress in understanding hiding functions can be made. Parameters of the 

hyperbolic distribution provide more information about the grain size distribution 

than the more traditional parameters and should be recorded by researchers. The 

possibility of using near bed velocity measurements to define grain arrangement 

should be explored. 

7.0 CONCLUSION 

Hiding functions are an empirical device to account for the many effects introduced into 

sediment transport processes by the presence of a range of grain sizes. These effects are of 

particular importance in the armouring problem in which coarse layers develop by a variety 

processes which alter both the surface grain size distribution and the surface geometry. 

Numerical models which purport to follow these changes rely on Identifying threshold conditions 

and transport rates for individual grain size fractions. Hiding functions provide one means of 

linking both to flow and bed surface conditions. 

Using hiding functions requires care. A user should know if the function 

is a threshold derived «i) or transport derived (ei) function 

11. is tied to a specific transport rate function and 

iii. was derived under experimental conditions similar to those of the proposed use. 



- 294-

An obligation is thus placed on researchers to provide full documentation of their experiments. 

This should include at least: 

- for laboratory data; whether a recirculating or sediment feed flume was used with details 

of the rate and composition of the feed. 

- for field data; a description of the reach studied, the recent flow history and an indication 

of whether the material in transport came from or was supplied to the reach. 

- in all cases; whether the flow was steady and whether it was in equilibrium with the bed 

or if the bed was changing, as much information about the bed as possible and details of 

the subsurface material with details of the sampling techniques. 

- for Cj; the measurement method used and details of the calculations. 

- for ';j; the transport rate equation used and how';j was introduced into the equation. 

- for both functions; how the scaling size was defined taking care to distinguish between 

surface and subsurface variables. 

An important question prompted by the above is how much tolerance is there In applying hiding 

functions? In static armouring, for example, can one use relations derived from equilibrium 

conditions or is one limited to results from Proffitt and Sutherland (1983) and Shen and Lu 

(1983)? It is possible that errors due to other empiricisms including the transport rate relation 

may be sufficient to obscure the differences introduced by an inappropriate hiding function? 

In spite of this very real possibility further investigations of hiding functions are warranted. There 

is little point however in deriving more hiding functions specific to given situations. Greater 

return will accrue from studies of the details of the processes that govern hiding functions. The 

outcomes will be useful not only to those who espouse their use but also to those who use 

mixing layer(s) concepts to control grain mobility. Points that need to be explored include: 

- The influence of variability within a size fraction 

- Are power law approximations (Equation (2)) appropriate representations. 
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- Can Improved ways of characterising surface grain size distributions and surface 

geometries lead to a better understanding of hiding function behaviour. 

- To what extent are hiding functions determined by the methods used to measure them. 

- What is the relationship, if any, between £j and E i as defined herein. 
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Introduction 

It is just a little more than 25 years that I published my first 
paper on arrnoring. At the time little literature could be found, other 
than a few vivid descriptions of largely field observations, e.g. Lane 
and Carlson (1953). We tried to quantify the arrnoring process and 
suggested a procedure to predict the grain size distribution of the arrnor 
coat as well as the eroded material, Gessler (1967). 

Since the publication of this paper a significant number of papers 
appeared on the subject of arrnoring. Many tried to verify this author's 
result, and attempted to refine the computational procedure for 
prediction of the grain size distribution of the arrnor coat. Much of 
this research is mentioned and referenced in other papers presented at 
this workshop. Instead of reviewing them I would like to take a somewhat 
different approach. 

First I will take a careful look at the reliability of the 
experimental results obtainable from arrnoring experiments. Then I will 
review some of my relevant work since this first publication. 

Armoring of Gravel Beds 

Definitions 

Definition of the process: in a range of relatively low flow rates 
the bed shear stress is sufficiently high to remove only part of the 
smaller grain sizes. Consequently coarser material, exposed as the result 
of the removal of finer material, will accumulate in the surface layer. 
Eventually there is a sufficient quantity of these stable grains such 
that the underlying material, coarse and fine, is completely protected 
from further erosion. At this point the bed has developed a stable armor 
coat. This process is only possible for shear stresses "sufficiently 
lawn. If a shear stress above a critical value is applied, it is 
impossible to accumulate enough stable grains. Erosion will continue 
until for some reason the shear stress is reduced. In rivers, if such 
a condition develops during a flood, stability is reached again when the 
discharge drops below a critical value. In a flume experiment, operated 
under conditions of a constant discharge and with an elevation fix point 
at the downstream end of the flume, the erosion will eventually lead to 
a reduction of the bed slope, and consequently the bed shear stress will 
drop. When it drops below a certain value, stabilization will become 
possible again. 

Characteristics of the arrnor coat: in flume experiments it has been 
documented many times that the arrnor coat is "one grain thick". In 
addition, researchers find that all grain sizes present in the 
"underlying material 1f are present in the armor coat as well. Also some 
researchers report that immediately underneath the arrnor coat, some very 
fine material seems to accumulate. At least at shear stresses not far 
below the critical shear stress, all grains, including the coarsest ones, 
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will move substantially before finding a stable position. In the process 
it is easy to visualize that some of the fine material being eroded gets 
caught underneath the coarse and eventually stable grains. Observations 
in gravel bed rivers verify the flume based observations. 

Definition of the arrnor coat: various definitions have been 
proposed, mostly motivated by practical considerations. In our original 
work we suggested that grains in the armor coat obviously all have been 
in contact with the flow, while grains underneath the armor coat never 
where in touch with the flow. (At the time we did not observe the 
accumulation of fine sediment below the armor coat.) As a result we 
suggested to pour some sticky substance onto the armor coat. After this 
substance hardens it should be possible to remove the hardened substance 
as a plate, to which the armor coat would stick. Upon separating 
sediment from the substance forming the plate one can measure such 
characteristics as weight per unit area, and grain size distribution. -
Other researchers have proposed yet other definitions. For instance that 
the armor coat be defined as a layer of uniform thickness equal to a 
multiple or fraction of the maximum grain size. Again practical reasons 
dictated this definition: one would only have to remove a layer of 
material of constant thickness. One can then easily determine the grain 
size distribution. The shortcomings of such a definition are obvious: 
the definition is not tied to the physical process of arrnor coat 
formation. 

Some people have suggested to use photographic techniques to find 
the grain size distribution of the armor coat. The biggest problem here 
lies in the fact that the grain size distribution of the underlying 
material is typically found by sieving. To introduce a fundamentally 
different sampling technique makes comparison of grain size distributions 
very difficult. We think it is imperative that one uses the same 
technique to measure the grain size distribution of arrnor coat and 
underlying material. 

An interesting question is related to the fact that the sample to 
be sieved from the underlying material clearly represents a volume. The 
sample of the armor coat represents a surface, since it is 
lfone-grain-thick1l .. In our opinion this is not a crucial difference.. The 
computational procedure developed will "automatically" account for what 
ever definition of armor coat grain size distribution is used. 

How Reliable Are the Armor Coat Measurements ? 

In the process of planning new research we need to know the weak 
points in the previous research. For instance, if we try to refine the 
prediction procedure for grain size distribution of the armor coat we 
must have a way of reliably measuring the grain size distribution of the 
arrnor coat. If we cannot remove the arrnor coat with sufficient 
repeatability then such an investigation makes little sense. 

Every researcher who tried to remove armor coats with any degree 
of consistency knows how difficult this is. We tried our luck with 
rosin, the resin used when preparing the violin bow. We found that even 
under well controlled conditions it was difficult to obtain consistent 
results. This is illustrated by the variation in weight per unit area 
we obtained from our measurements: ± 12 to 15 %. The difficulty clearly 
affected the grain size distribution as well: sampling the coarse 
fractions seemed to be easier than the fines. Despite carefully 
controlled temperature at which the rosin was poured, the moisture 
content of the underlying material seemed to have a significant influence 
on the amount of fines picked up. The final test was a rather subjective 
viewing of the plate against a light: if each grain had a very narrow 
halo of light around it, it was considered "good". But frequently the 
rosin penetrated too deep, sampling part of the underlying material. Or 
much of the finer material did not stick to the rosin plates. 

Other people have used "wax" Or "paraffin". We tried it too. We 



- 301 -

found the results to be less consistent than from the use of rosin, 
because a small temperature deviation from the desired value had a large 
effect on the viscosity of the hot substance. Lately we have 
experimented with a new "cold" technique: we create a paste of flour, 
water and salt. It is beautifully sticky, and above all: water-soluble! 
The problem: applying to the surface without disturbing the surface is 
difficult. But we do get consistent results. 

It is right here where we are facing the biggest two problems in 
armor coat research, even before we start calculating anything: what is 
the armor coat, does the fine material, sometimes accumulating below the 
coarse layer belong to it? And: how accurately can we sample the armor 
coat? The use of different removal techniques may cause deviations 
between results, far more significant than whether one introduces for 
instance a hiding factor. All such a hiding factor ends up doing is to 
compensate for various efficiencies among different removal techniques. 

How Reliable Are the Shear Stress Estimates ? 

Wall effect: we continue to come across research which neglects 
to account for the "wall effect", the reduction in bed shear stress due 
to the presence of a wall shear stress. This is an important aspect, 
even if the walls are hydraulically smooth. Rarely do we find 
width/depth ratios larger than 10. Even at this value, the wall shear 
stress will reduce the bed shear stress by about 8 %. At more typical 
width/depth values of 4 to 3 we are looking at a reduction of 16 to 20 
%. For any progress to be made in the more accurate quantifying of the 
armoring process it is absolutely essential to account for the wall 
effect, which causes a systematic error. 

How accurate can we estimate the shear stress? The correction due 
to wall effect does depend slightly on discharge, yet its contribution 
is small compared with the impact of errors on slope and depth. The 
accuracy of the slope will depend very much on the channel length. The 
accuracy with which one can establish the bed level is the other 
controlling factor on accuracy of bed slope. This accuracy depends on 
the maximum grain size. Even in our very long flume (40 m) the slope had 
probably an error of ± 4 %. The error on depth of flow is "again 
controlled by the maximum grain size. We estimate that in our 
experiments the error on the shear stress was about ± 6 %. In most 
reported experiments this error, due to the short flume length is 
probably closer to ± 8 %. 

In Figure 1 we show how much the grain size distribution of the 
armor coat is affected by an ± 8 % error in the bed shear stress. The 
fraction finer values, in the most sensitive part of the distribution 
curve may have an error of about ± .03. The particular armoring 
experiment used for these calculations is our experiment 1-5, Gessler 
(1967) . 

What Is the Impact of Errors in the Original Grain Size Distribution? 

Typically only a small sample of the total sediment mixture, to be 
exposed to the flow, is sieved. Due to the natural sorting which always 
occurs when moving sediment, it is relatively easy to under or over 
sample the very fines or/and the very coarse fractions. In Figure 2 we 
show the impact in case that the fine material, less than .52 mm is 
completely missed (undersampled), and in case that this fraction is over 
sampled by a factor two. The systematic error in the grain size 
distribution of the predicted armor coat is around 0.05 Again we used 
the same experiment as in Figure 1. 
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In Figure 3 we show what happens when one oversamples the 
coarsest grain fraction of the original mixture by a factor two. Here 
the resulting errors due to oversampling is about .1 among the coarsest 
fractions. Regardless of this error we seriously doubt that at present 
we can sample the armor coat with much better reliability. 

_ In reality we have of course a combination of all these effects: 
some over- or undersampling is difficult to avoid, especially at the 
extreme ends of the distribution. In addition, errors on the shear 
stress are unavoidable. Based on the evidence presented here we think 
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that the uncertainty in the predicted grain size distribution for the 
armor coat is not much better than ± .05 to .10 in the cumulative 
distribution. It therefore would only make sense to try to improve a 
model, if one observes deviations between predicted and measured 
distributions which exceed this error. 
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1-e-0t'IIIttW an_tuN -'V-AotI:aI ArMr CMt -b-oa ... cwr .. opU", I 
Fraction Finer 
l~~~-,~-,--,-,-"-,or------.---.--.-c~-.,,, 

• • ••• I I' • 

: ::::::f::I:II!I!:::--:::::::-t::ijj~:I] 
• • : .... 4J'HIm" .. : : : : : : : : 

0., , 10 

Grain Size, mm 

Figure 3 

Friction Factors 

In flume experiments we can measure enough parameters to compute 
a reliable shear stress. In case of field conditions we may have to 
predict the shear stress for a certain discharge. This requires a good 
estimate for the friction factor. In our early experiments we calculated 
the controlling roughness, kc, assuming that the friction factor formula 
has the form 

fb = (2.21 + 2.03 log (rb/kc ) )-' (1) 

where, fb is the friction factor for the bed, and rb is the hydraulic 
radius associated with the bed. At the time we concluded that the 
maximum grain size or perhaps k'5 is a good estimator for kc- The work of 
other researchers who performed armoring experiments convinced me 
otherwise: Proffitt (1980) reports on experiments in which the calculated 
controlling roughness is as much as a factor 5 below the maximum grain 
size. A typical value was a factor 2. On the other hand Little and Mayer 
(1976) reported experiments in which we calculated the controlling 
roughness to be as much as 2.5 times higher than the maximum grain size. 
For them a typical value is 2. The only explanation we could come up 
with is that there must be a "pattern" in the grain locations among the 
coarser grains. 

Originally, we argued that this controlling roughness depends only 
on the grain size distribution, in fact only on k,oo . In reality it 
should probably depend on the grain size distribution of the armor coat, 
which in turn is controlled by the shear stress. We introduced a 
different model a couple of years ago (Gessler, 1990). We speculated 
that the controlling roughness only depend3 on the applied mean bed shear 
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stress and some minor Reynolds number effect. For high Reynolds numbers 
we obtain 

't / «g, - g) kc) = const (2) 

where ~ is the mean bed shear stress, gs is the specific weight of 
the sediment, g is the specific weight of the fluid and kc is the 
controlling roughness. In other words the Shields parameter of the 
controlling roughness should be constant. Indeed we found this to be the 
case and found for rounded material a value of 0.0155 ± .002. The error 
can be fully explained through random measuring errorS. For crushed 
material, which is significantly more angular, and for the same sieve 
size, systematically lighter, the value is 0.0119, with about the same 
error as for rounded material. The Lane and Carlson (1953) observations 
in the San Luis valley yield a value of 0.0154, with a substantially 
increased error. Here again the error can be explained by measuring 
errors in the field. 

Equation 1 and 2 combined have an interesting consequence. Solving 
Equation 2 for rb/kc and substituting into Equation 1 leads to 

fb = ( 2.21 + 2.03 log(.0251/S»~ (3) 

where S is the longitudinal slope. Here we assumed a specific gravity 
for the sediment of 2.65. The only way to explain this rather surprising 
result is to conclude that there is a strong pattern in the arrangement 
of the coarsest grains. This pattern affects the spectrum of the 
turbulence, in turn influencing the friction factor which is a measure 
for energy dissipated by the turbulence. 

It needs to be pointed out that these results only apply at the 
discharge which formed the armor coat. As the flow rate is lowered 
again, the controlling roughness will remain at the same level as at the 
maximum discharge. 

Patterns in Armor Coats 

If such a pattern is present, a casual observation quickly 
discloses that such a pattern is well hidden by the remaining strong 
random component in grain location. There is nothing obvious about it. 

My former student Ezzeldin (1989) succeeded in measuring and 
analyzing this pattern. He color coded the coarsest grain fraction (7.2 
- 9.7 mm) of a mixture with a mean diameter of 3.5 mm. He then run 
armoring experiments at increasing shear stresses. For each shear stress 
he measured the x- and y-coordinates of the colored grains in the plain 
of the bed surface. 

He used a statistical tool, multi-response permutation procedures 
(MRPP), developed by Mielke (1991) which uses the distance functions, 
e.g. Euclidean distances, between the r-dimensional points associated 
with the r response measurements of each object (distances between tagged 
grains) . He calculated the average between-object distance function, 
assuming that for distances larger than a constant C, the distance is C. 
He then calculated the probability of obtaining a value for the average 
equal to or greater than the observed value of the average for randomly 
placed objects. He plotted the probability of observed patterns being 
from a random sample against the observed shear stress. 

In Figure 4 we show these probabilities plotted against the mean 
bed shear stress for various C-values, expressed in mUltiples of the 
maximum grain size. At very low shear stresses we would expect to see 
values close to 0.5, provided that the grain locations are random. In 
reality, due to the placement process we already have probabilities below 
this value at low discharges. As the shear stress increases, the pattern 
as reflected by lower and lower probabilities, gets stronger and 
stronger. A minimum probability is reached after which the probability 
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suddenly increases again, signaling the beginning of the disintegration 
of the armor coat. At a shear stress just a little higher than the one 
corresponding to the last point plotted, the armor coat "failed", that 
is a stable armor coat could no longer form at the initial shear stress. 

Ezzeldin also succeeded in determining one-dimensional patterns, 
in the direction of flow and perpendicular to the flow. Interestingly 
enough, he found at low shear stresses that the lateral pattern is 
consistantly stronger than the longitudinal one (Figure 5). Ezzeldin 
speculates that this may be due to the fact that at low flow and grain 
velocities a moving grain is deflected sideways when it hits a stationary 
grain. At high velocities the grain originally stationary will be 
dislodged by the moving grain which then is no longer deflected sideways. 
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Ezzeldin concluded that a very strong pattern is indeed present 
within the grain arrangement of the armor coat. The pattern gets 
continually stronger with increasing shear stress until, irrunediately 
before the breakup of the armor coat the pattern weakens again. The 
concept of a critical shear stress of a mixture as mentioned above seems 
to be directly tied to this process. One could define the critical shear 
stress as the one which provides the strongest pattern or the one at 
which the armor coat became permanently unstable. 

Critical Shear Stress of Mixtures 

Above we defined the concept of critical shear stress of a mixture. 
One can think of two different experiments to determine this critical 
shear stress of a sediment mixture: 

a) In a set of standard armoring experiments one increases 
continuously the shear stress until eventually armoring at the set 
discharge and slope can no longer Occur. The critical shear stress falls 
somewhere between the highest shear stress which allowed a stable armor 
coat and the predicted shear stress for the discharge at which the armor 
coat actually failed. This shear stress can be estimated by making some 
reasonable assumptions about the friction factor. 

b) In this technique the mixture for which the critical shear 
stress is to be found, is exposed to a shear stress just slightly above 
the expected critical shear stress. During the experiment in which the 
downstream end of the bed is provided with a fix point, the slope will 
gradually reduce and eventually the shear stress is reduced sufficiently 
to allow the bed to stabilize. The final shear stress can be defined as 
the critical shear stress. 

El-Gamal (1991) is investigating these processes. The first 
question he tried to answer for two different mixtures is whether these 
two experiments will result in the same critical shear stress. The 
answer: parallel degradation (first experiment) will yield critical 
shear stresses slightly higher than rotational degradation (second 
experiment). The systematic difference is about 5 % and is due to the 
fact that in his rotational degredation experiments final flow conditions 
were not normal. Also we need to remember that we can determine the 
mean bed shear stress only with an error of about the same or slightly 
higher magnitude. The results are reproducible with great consistency. 

El-Gamal has also found that the measured critical shear stress 
corresponds closely to the one which provides the largest mean diameter 
for the armor coat, as we previously had speculated, Gessler (1971). 

It is worthwhile to explore how this mean diameter various with 
shear stress. In Figure 6 we illustrate this variation in the vicinity 
of this maximum using our armoring model. The middle vertical line 
represents the shear stress which corresponds to the maximum, and the two 
adjacent lines represent ± one standard deviation on the shear stress as 
discussed earlier. The lower horizontal line is drawn at a level in mean 
diameter equal to 99 % of the one at the maximum. The mean grain size 
of the armor coat is within 1 % from the maximum for a shear stress range 
of ± 20% of the value which generates the maximum. We may conclude that 
slight irregularities in the grain size distribution due to irregular 
distribution of the material in the flume might cause significant shifts 
in the location of the maximum. 

In Figure 7 we show measured and predicted average grain size of 
the armor coat plotted against shear stress for one of El-Gamal's 
mixtures. 

In case that we oversample the coarsest fraction of the original 
mixture by a factor two, the maximum would shift by about 7.4 % to the 
right. We conclude that from a practical point of view the two 
definitions of critical shear stress do not significantly differ from 
each other. 
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Mean Diameter of Armor Coat 
as Function of Shear Stress 
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Conclusion 

we like to think that further refinements in predicting the armor 
coat are not necessary, as long as we cannot measure armor coat 
characteristics with a higher degree of accuracy. Why were we interested 
in armor coats anyway? I can think of four reasons: 

a) Because we felt that by the time we can predict armor coat grain 
size distributions we probably have understood the physical process 
forming them. I think we essentially succeeded on this goal 

b) Because we hoped to be able to predict friction characteristics 
of armor coats. As it turns out, to answer this question we do not need 
to be able to predict the armor coat grain size distribution. Again I 
feel we succeeded on this goal. 

c) Because we wanted to be able to predict the amount of material 
to be eroded before the stable armor coat is formed. We have found that 
such a prediction is difficult. The answer depends on the hydrograph. 
All we can do is predict the smallest possible amount for the case of 
very slow increase of the discharge to the final value, Gessler (1967). 

d) Because we hoped to eventually find a criterion for the critical 
shear stress of a mixture. We think we tied this issue to the pattern 
issue. We also feel that this critical shear stress can be predicted 
with reasonable accuracy. The issue of critical shear stress is of 
course fundamental in the design of stable channels through alluvial 
material. 

The next logical step could be to investigate "partial sediment 
transport" . There are some encouraging results. For instance it appears 
that under some conditions we can predict the grain size distribution of 
the bed load, Gessler (1967). But can we predict the amount transported 
per unit time? Most researchers seem to agree that such transport is 
supply controlled, making any such predictions exceedingly difficult. 
And one is indeed tempted to speculate that under many conditions the 
grain size distribution is also influenced by the supply. I must admit: 
today I do not know how to set up an experiment which represents some 
meaningful field condition! 
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MODELLING DANUBE AND ISAR RIVERS 

Philippe Belleudy, Laboratoire d'Hydraulique de France, 6, rue de Lorraine, 
F-38130 - Echirolles 

Abstract 

LHF has been entrusted by Bundesanstalt fur Wasserbau (Germany) of 
modeling aspects in the morpholgical study of Danube River between 
Straubing and Vilshofen. 

Calibration of the model and long term simulation runs took place during 
fall 1990 and spring 1991. They were the first confrontation of SEDICOUP 
modeling system with on site data. 

The experience acquired during the project is presented, with special 
reference to sorting of bed materials. 
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SILTING PROBLEM ARISING WITH THE REALIZATION 

OF THE GABCIKOVO WATER SCHEME 

by Jiri Kalis, Martin Bacik 
Water Research Institute, Bratislava, CSFR 

1. INTRODUCTION 

The Danube River enters the czecho-slovak territory 

at the Devin Gate (km 1880), where it reaches a middle course. 

Downstream from Bratislava the Danube enters the lowland where 

a number of branches have been created in the past. Due to large 

discharges they have permanently changed and a huge inland Danube 

Delta from Bratislava to Komarno was formed [5]. 

Since the 13-th century where embankment construction begun 

there in 19-th century continuous flood protection levees system 

along the course was created. The channel regulations realized 

in 19-th and 20-th century ensured both middle and small dischar

ges. There at Czecho-Slovak - Hungarian border marked changes 

in the longitudinal bed slope exists (Fig. 1). At the river 

km 1880 up to 1820 the longitudinal slope is 0.35 to 0.4 %0 Then 

the slope decreases further to 0.2 %0 at river km 1780. On next 

section of the course the longitudinal slope decreases 

to 0.086 %0 [15]. 

Changes in longitudinal bed slope causes intensive sedimen

tation and this is why the Danube River flow is situated higher 

than the flood protection level territory. Morphological river 

channel instability is the reason of many problems, mainly as for 

the maintaining of the navigable depth. The Danube river is very 

important waterway and will assume its even greater importance 

after completion of Rhine - Main - Danube navigation channel in 

the year 1992. At the same time there on the common Czecho-Slo-
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vak - Hungarian section will be permanent obstruction to naviga

tion which wouldn't satisfy the navigation conditions. 

Providing the desirable conditions for navigation was one 

of the main reasons for the construction of Gabcikovo - Nagymaros 

Project. The dam project system is intended for the more complex 

utilization of Danube 200 km long section between Bratislava 

and Budapest. The conception of mentioned Danube river utilization 

is generally known. The main purposes of the project are as fol

lows: 

- flood protection of the Danube area; 

- creation of an international waterway with the navigation depth 

of 3.6 to 4.0 m; 

utilization of the hydro-energetic potential of the Danube river 

section; 

- creation of the positive conditions for the infrastructural de

velopment of the region. 

The Gabcikovo Nagymaros Project Scheme should consist 

of two parts: The Gabcikovo Project and the Nagymaros Project. The 

main components of the Gabcikovo Project comprise (Fig. 10): 

- Hrusov-Dunakiliti Dam (a reservoir of 240 mil. m3
); 

- derivation channel of the total lenght 25.2 km (headrace of 

17.0 km); 

- Gabcikovo hydroelectric power plant (8 aggregates with total in

stalled output of 720 MW) and two navigation locks (34 x 275 x 

x 4.5); 

The Hrusov-Dunakiliti Dam is situated below Bratislava at Danube 

River km 1842. The derivation channel connects the reservoir 

with the Gabcikovo hydroelectric power plant and navigation locks 

along the left bank of the river and at 1811 km inflows to the Da

nube channel. Further the project proposed the connection with 

the Nagymaros Water Scheme. In the year 1989 Hungarian Government 

decided to stop the construction of this part of the Gabcikovo-Na

gymaros Project. 

In connection with the Gabcikovo Project realization there 

was necessary to study some problems concerning the transport 
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of sediments and the silting of Hrusov - Dunakiliti reservoir. 

2. PROBLEM OF SUSPENDED LOAD IN HRUSOv-DuNAKILlTI RESERVOIR 

The prognosis of silting were several time modified during 

the preparation phase of the project. In the past, the basic in

formations on the velocity distribution in the reservoir were ob

tained from the measurements on hydraulics and aerodynamics 

models. 

Further the new method of the flow velocity distribution 

calculation has been applied based on shallow water equations 

and Leendertse's explicit-implicit algorithm [8]. Next to them new 

computation program utilized implicit ADI algorithm was used. By 

this way a new complex mathematical model was developed and enab

led the implementation of the whole reservoir silting computation 

to PC computers [7]. 

By means of program PRUNA the distribution of mean veloci

ties in verticals in the reservoir and the lag time by the help of 

PODO-33 program have been determined. Prognoses in acumulated wa

ter quality has utilized these data. The computation of reservoir 

sil ting required to devide the reservoir into the equidischarges 

zones as it was realized in the program PRUHY. For final computa

tion of the reservoir silting program SILTING based on diffusion 

theory of suspended load [11], [12] has been used. 

Until quite recently there CSFR was no database on the quan

tity of transported suspended load in Danube river. Direct suspen

ded load measurements were stopped at the beginning of the 60-ties. 

That is why the silting prognosis have utilized the measure re

sults obtained in Austrian profile - Bad Deutsch Altenburg, which 

is located close to the Czecho-Slovak - Austrian border. The sus

pended load concentrations and their discharge in Bad Deutsch Al

tenburg profile during the average year are shown in Fig. 2. The 

next Fig. 3 represents dependences between water discharges and 

suspended load concentration. Data on Hrusov - Dunakiliti re

servoir silting have been corrected for Morava tributary. As we 
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didn't obtain the data on suspended load granulometry from our 

Austrian partners, we had to use older measurements data from Cze

cho-Slovak section of Danube, were updated in spring 1991. 

The computations were done for six fractions 

0.005 - 0.01 mm; 0.01 - 0.02 mm; 0.02 - 0.05 mm; 

and 0.1 - 0.2 mm) and for discharges Q = 1 000; 

4 000; 6 000 and 8 000 m3
S-

1
, where the frequency 

charges was considered. 

d < 0.005 

0.05 - 0.1 

2 000; 3 

curve of 

mm; 

mm; 

000; 

dis-

Our results showed that in average year about 79 % (2.27 

mil. t) of total transported mass of 2.87 mil. t wi·ll settle in 

the reservoir. Considering the specific volume mass of settled 

sediments p 1 250 - 1 300 kg -3 
m then the volume of sediments 

s 

will be 1.74 - 1.81 mil. m3 /year. 

Data and results of computations are given in figures. Re

sults obtained for the velocity distribution at Danube discharge 

of Q = 2 000 m3 s-; reservoir water level of 131.10 m above see le

vel, Hrusov - Dunakiliti Dam discharge of Q = 350 m3s-1
, and deri

vation channel discharge to the Gabcikovo Hydro Power Plant of 

Q = 1 650 m3 s-1 are given in Fig. 4 and Fig. 5. Sediment distribu

tions in the reservoir and mean grain size distribution during 

average year are illustrated in Fig. 6 and Fig. 7. The obtained 

model results provide the basic information for both operation 

and maintanance reservoir planning and accumulated water quality 

prognoses. 

3. PROBLEM OF BED LOAD IN HRUSOv-DuNAKILlTI RESERVOIR 

Sedimentation by the bed load transport in the reservoir of 

Hrusov - Dunakiliti isn't expected to cause serious problems as it 

was confirmed by the sedimentation prognoses based on 

one-dimensional mathematical model STACON [3]. This model is reli-

able enough for simulation of morphological 

to the model, sediments will silt only in 

depth will not reach bank line level [4]. 

processes. According 

the channel and their 

Our computations were based on bed load granulometry data. 
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The sediment transport was determined by Meyer Peter equation [9]. 

Its relatively good accuracy for the simulation of this Danube 

section was verified by our experts in the field measurements 

realized in the 50-ties [10]. Based on these results the values of 

coefficients A and B in Meyer Peter's equation have been adjus

ted. While the values of coefficients A and B in original Meyer 

Peter's equation were A = 0.047 and B = 0.25, respectively, these 

values for the Danube river section downstream from Bratislava are 

A = 0.041 and B = 0.28, respectively [14). 

The reservoir sedimentation prognoses are set for the next 

50 years. Of 24 hour discharges obtained from 1900 to 1986, 50 

years of the highest sediment discharges were chosen. The whole 

hydrologic year was considered. Our prognoses were all ways based 

on unreal hypothesis, that during 50 year reservoir operation 

there will be no dredging at all. Required timing and site of 

dredging were set. The results showed that the sediment settling 

will occur at the backwater end and at the upper part of 

rLservoir, see Fig. 8. 

4. CHANNEL BED STABILITY BELOW THE GABCIKOVO HYDRO POWER STATION 

The channel below the Gabcikovo Hydro Power Station is 8.2 

km long. The cross-sectional channel dimensions are greater than 

those of the Danube channel. They were proposed to reduce 

hydraulic losses and to maintain the channel stability. Grain size 

of the channel bed is much more smaller than that of gravels in 

Danube river channel. 

In the evaluation o:f channel bed stability the results of 

granulometric analyses :from 53 probes and the shear stress data 

under conditions of the unsteady :flow caused by peak-operation o:f 

Gabcikovo water power plant have been considered. Possibilities of 

stable bed armoring :formation in the channel bed were considered. 

Calculations o:f stable grain diameter were done according to 

Meyer Peter equation [9] and modified Ackers and White's method 

[ 1 ] , [2]. Finally, the results o:f Meyer Peter equation were uti-
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lized because of their less favourable values. This fact is very 

important as far as the safety aspects of the project are concer

ned. The bed deformations in the individual profiles were 

calculated according to the equation: 

fJ.z K d 
stab 

100 - P 
P 

where p - fraction of particles with the grain diameter greater 

than that of the, stabile grain d
Stab 

[%] and K - multiple of 

d
Stab 

necessary for the stabile bed armoring formation. 

Considering possible deviation in real granulometry of probe 

analyses, in our calculations the value of K = 3.0 was utilized. 

We have found that the channel bed deformations are relatively 

small and wouldn't exceed some ten of cm [6]. The bed and banks 

stability of the outflow channel will not be endangered. 

5. DEFORMATIONS DEVELOPMENT OF OLD DANUBE CHANNEL 

Along the derivation channel from Hrusov Weir to Palkovico

vo, there is approximately 31 km long river section, through which 

under normal operation only ecological discharge would flow. Du

ring flood events the old channel flow discharge will be reduced 

by derivation channel capacity of Q = 4 000 m3s-1
, which is in 

Bra tislava Q100 = 11 000 m3s -1. Further old Danube channel is suppo

sed to provide the desirable conditions for ice releasing from 

Hrusov Weir and navigation, too. The original project also propo

sed the transport of bed load out of Hrusov reservoir. Our re

search results of Hrusov-Dunakiliti reservoir sedimentation, pre

sented in Chapter 3 of our report, showed that all bed load se

diments will settle at the reservoir head and at the end of back

water. There will be no transport to the dam profile. 

The groundwater level regime both on Czecho-Slovak and Hun

garian river side is influenced by water levels in old Danube cha

nnel. Their extreme decrease would lead to drying of large area, 

dying of lowland forest and there will be decrease in water re-
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sources capacity in the area near Danube channel. 

The Gabcikovo Project operation will considerably change 

discharge and water level regime of old Danube channel. At Hrusov 

reservoir inflows of Q ~ 4 000 m3 s-1 only ecological discharge is 

expected in old Danube channel. As for the magnitude of the ecolo

gical discharge until now there is no definite agreement about it. 

It is a subject of discussion between the experts in hydroenergy, 

water management and ecology. The discharges of Q
ec

= 50 to Q
ec 

= 

= 1 350 m3 s-1 are considered. As far as river morphology of this 

river section is concerned, it is important that there would be no 

bed load transport even at discharge of Q = 1 350 m3 s-1
• Begining 

ec 

of bed load transport is expected with higher discharges. The pe-

riodical occurance of these situations is supposed during flood 

events when the old Danube channel bed deformations will occur. 

To study the influence of the channel bed deformations on 

surface- and groundwater level regime it was important to develop 

the prognoses of morphological development. The Danube channel bed 

deformations prognosis, like the reservoir sedimentation prognos~s 

have been elaborated for the next 50 years [13]. One-dimensional 

mathematical model STACON [3] was applied. Calculations of bed 

load discharge were done according to Meyer-Peter equation. 

The obtained results showed that the old Danube channel 

deformations will be relatively small (Fig. 9). Decrease in 

channel bed of 0.5 m would be expected in river section below 

Hrusov-Dunakliti Weir. On the next sections of the course the bed 

deformation will be of relatively equal level. The channel bed de

creases, resp. bed silting only in some sites and for short sec

tions will not exceed the value of ~ 1 m. Only at the river sec

tion between 1814 - 1811.5 km there will occur intensive erosion 

at 1813.4 km and it will reach the depth near 3 m. This river 

section is characterized by expressive direction change of river 

Danube course (so called Bagomer bend). At present there are still 

problems during flood events on this river section. 
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6. CONCLUSIONS 

As far as the construction of Gabcikovo Project is concerned 

following interesting problems of suspended load and bed load 

regime were studied, too : 

- problems of old Danube channel longitudinal profile stability; 

- problems of dredging in the tail of the derivation channel to 

guarantee navigation depth and simultaneously to increase head 

of water power plant, etc. 

Unfortunately it is impossible to present them in more detail the

re. 

Finally we want to thank the E. T. H. Zurich and conference 

organizers who supported our participation. Our special thanks to 

Dr. Martin Jaggi. 
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Abstract 
The flood of the 24th/25th of August 1987 caused severe damage to the central 

part of Switzerland. The morphology of the upper Reuss river valley changed 

markedly. The river width more than doubled due to intense side erosion causing large 

amounts of sediments to be entrained. Immediately after the event, opinions were 

expressed, that the levee failures of the Reuss downstream of Amsteg and the 

subsequent flooding of the Reuss plain were a consequence of excess bedload inputs in 

the upper Reuss valley. With the aid of a numerical model the bedload regime during 

the flood was simulated. The pronounced downstream fining of the river bed material 

and the presence of large residual boulders required the consideration of sorting effects. 

The results show the remarkable bedload storage capacity of this steep mountainous 

river. Pronounced dampening on excess bedload inputs results due to the limitation 

imposed by local bedload transport capacities. 

Introduction 
The Reuss valley upstream of Amsteg is a typical post glacial formation. Loose 

material fills the ancient valley, which was incised by the Reuss glacier. The valley 

bottom consists of moraine material with dispersent deposits from rock falls or land 

slides. In several places rock outcrops indicate the vicinity of the bedrock. Downstream 

of Amsteg, the Reuss formed a large alluvial plain which mouthes in the Lake of 

Lucerne. 

In the longitudinal profile of the Reuss between Andermatt and the Lake of 

Lucerne (Fig. 1), the following typical reaches can be distinguished: 
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Fig. 1 Longitudinal Profile of the Reuss river between Andermatt and the Lake of 

Lucerne. 

• The alluvial plain of Andennatt, where the Reuss has a slope of about 0.5 % before 

it reaches the Schollenen-gorge. 

• The 11 % steep Schollenen-gorge which ends at the upper end of the village of 

Goschenen 

• The reach between Goschenen and the Intschi-gorge with a mean slope of about 

3.8 %. This reach was the most affected in 1987, when heavy side erosion caused 

major damage near Goschenen, Wassen and Gurtnellen. The Gotthard motorway, 

the Gotthard railway line an the national road were destroyed at several locations, 

thus that the important international north-south axis through the Reuss valley and 

the Swiss Alps was interrupted. At Gurtnellen several houses were also destroyed or 

severely damaged. 

• At the upper end of the Intschi-gorge there is a steep strech of 18 % slope, which is 

stabilized by the presence of very large boulders. 

• The Intschi-gorge itself has a mean slope of about 2 % and ends at the upper end of 

the village of Amsteg. Whereas bedrock fonns the river-bed in the upper part of this 

gorge, the river-bed in the lower part is alluvial. 

• In Amsteg, the Reuss enters an alluvial plain and the mean slope decreases from 

about 1 - 1.5 % at Amsteg down to about 0.3 % near its mouth into the Lake of 

Lucerne. This reach was trained and channelized towards the end of the last century. 

The river bed is almost on the same level as the alluvial plain. The breaching of the 
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·levees in three locations, therefore, caused the inundation of large parts of the lower 

Reuss plain. 

Between Goschenen and Amsteg large residual boulders in the riverbed are 

typical. During this century, the riverbed has remained stable. The river banks were, 

therefore, only protected in some short reaches. 

Scope of the investigation 
The main aim of this study, was to investigate the bedload regime of the Reuss 

during the 1987 flood. A second aim was the assessment of human intervention during 

the last century on the sediment houshold of the 1987 flood. This, because some of the 

most significant sediment input resulted from the erosion of artificially constructed 

banks and slopes. 

In this study, only bedload was taken into account. The transport of suspended 

load was not examined, beeing irrelevant for morphological changes of the Reuss river

bed. 

Available data 
Apart from the usually available data, the results of three parallel investigations 

aided this study: 

• The discharge hydrographs along the Reuss (Fig. 2) were known from a 

investigation into the flood hydrology (Faeh et aI., 1990). 

• The grain size distribution of the river bed material and of the bedload material was 

recorded after the flood with the help of more than lOO frequency-by-number 

transect samples. These were then converted to corresponding size-by-weight 

distributions according to Fehr (1986, 1987) . 

• The assessment of local erosion and deposition along the Reuss and its confluents 

was the subject of a geological project (Giibeli, 1991). This information served to 

define the different bedload inputs from side erosion and from tributaries conveying 

bedload. 

A check of the results was mainly possible by: 

Comparing the computed volumes of the bedload deposits with the volume 

assessments of the geologist. 
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• Comparing the computed bed level changes with the differences ascertained from a 

comparison of the surveyed profiles. 
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Fig. 2 Reconstructed discharge hydrographs. 

Mo~elling 

The numerical modelling was carried out with the computer program MORMO 

(MORphological MOdel), which was developed by the Laboratory of Hydraulics, 

Hydrology and Glaciology (Hunziker, 1991). The model uses the continuity and 

transport equations per fraction. 

The Reuss reach between Andermatt and the Lake of Lucerne was divided into 6 

reaches with altogether 8 sub-reaches. For each sub-reach, a discharge hydrograph was 

defined. The 34 km long river reach was described using more than 160 cross sections. 

At 75 cross sections, a bedload input was defined. 

The necessity of taking into account selective sorting can be shown with the aid 

of a plot of the downstream variation of the mean and the 9O-percentile grain sizes 

(Fig. 3). The decrease in the grain diameter can not be explained by abrasion only - at 

least not with commonly used abrasion-coefficients. Selective sorting is therefore the 

main influence here. 

From the single size-by-number distributions, a gap is identified in the range 

10 cm < d < 14 cm (Fig. 4), where d is the grain size. The finer grain sizes are well 

rounded and correspond to the more mobile bedload material, which is transported over 

longer distances. The coarser grains are more angular, which indicates their lower 

mobility. 
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Fig. 3 Downstream fining of the grain diameters (all samples) and an attempt to 

apply the Sternberg-law; x in [km). 
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tribution at km 25.27. to a size-by-weight distribution. 

From the sieve-by-weight distributions, a quite pronounced knickpoint can often 

be distinguished around diameters of about 30 to 40 cm (Fig. 5). The single grain size 

distributions are split up into three fractions with these characteristic diameters used as 

limits (Fig. 5 and 6). The downstream fining of the finest fraction 1 (0 < d < 10 to 

14 cm, mean diameter dj) corresponds to the image one would expect with abrasion as 
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the dominating process. The portion of this finest fraction, Ph is about 60 - 70 %. 

Hence, this material represents the main component of transported bedload. The portion 

of the finest fraction, however, is not constant, but increases strongly between 

Goschenen and the Pfaffensprung reservoir (km 30.5 to km 25) and between Gurtnellen 

and the region near Amsteg (km 22.5 to km 15). In the Reuss plain it first decreases 

slowly an then remains more or less constant. The coarser two fractions reflect the 

coarsening due to the short and steep tributaries to the Reuss, which convey mainly 

coarse bedload material. 
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Fig. 6 Separation of the grain size distributions into 3 fractions. Filled symbols 

indicate samples of bed material, empty symbols such from gravel bars 

(bedload material). 

A sorting model was as also required to distinguish between the initially coarse 

river bed and the - for the most part - clearly finer bedload inputs during the 1987 

flood. Without a sorting model, a correct reproduction of the erosion resistance of the 
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initial river bed, as well as the decrease of flow resistance due to its covering by the 

finer deposit could not have been achieved. 

The calibration of the model and the reconstruction of the bedload transpon 

during the flood had to be done simultaneously using all available data. 

Results 

Influence of varying geometry 

The bedload transpon diagram (Fig. 7) represents the main results of the 

simulation. This diagram shows the cumulated bedload discharge over the duration of 

the event for each cross section. An increase of the cumulated bedload discharge 

indicates a bedload input resulting from side or depth erosion or from tributaries, a 

decrease corresponds to bedload deposition. 

Upstream of Andermatt, the volume of sediment eroded during the event was 

about 800'000 m3. However, the local bedload transpon capacity of the Reuss in the 

plain of Andermatt limited the transponed bedload volume to about 5'000 m3. 

Fed by many small inputs in the Schollenen-gorge, the cumulated bedload 

discharge at the upper end of Goschenen reached a value of about 30'000 m3. The 

lateral input from the Goschenerreuss river and mainly the severe erosion of the 

anificialleft embankment in Goschenen led to an increase in the cumulated bedload 

discharge up to 150'000 m3 (Fig. 8). These extreme input rates exceeded the transpon 

capacity of the Reuss river by far. Hence, deposits of up to 3 m in height resulted over a 

length of about 1.5 km downstream ot the bedload source. The corresponding increase 

of the slope increased the local transpon capacity, but this effect was negligible 

compared to the input rates. The Goschenen reach therefore acted as a first bedload 

reservoir and reduced the peak value of cumulated bedload discharge to about 100'000 

to 130'000 m3. 

The numerical model can not simulate the widening of the river bed. This 

process, however, was quite pronouced in the Goschenen reach. Therefore, the 

simulation was carried out using two sets of cross sections. The first set represents the 

narrow river bed geometry at the beginning of the flood, whereas the second set 

represents the enlarged cross sections after the event. The narrow cross sections lead to 

an underestimation of the bedload discharge, because the influence of sidewall friction 

is markedly higher for the narrow cross sections. On the other hand, the modelling with 

wide cross sections overestimates the actual bedload discharge, because the larger 

width is used during the entire simulation. The two resulting curves are used to indicate 

the range within which the cumulated bedload discharge lay during the 1987 event. 
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Fig. 7 Cumulated bedload discharge during the 1987 flood showing the influence on 

the bed10ad regime of both the varying cross section geometry and human 

activities. 
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Fig. 8 Bank erosion near the devil's rock at Goschenen where the bedload input was 

estimated to be in the order of 110'000 m3. 

Downstream of the Goschenen reach, the Reuss enters the Wattingen gorge. 

Lateral inputs along this reach were of secondary importance. This reach represents a 

second, large bed10ad reservoir. The local transport capacity was again exceeded by the 

input at the upper end of this reach. The specific morphology of this gorge with two 

wide reaches, each of them foHowed by a narrow stretch or an abrupt change of 

direction, supported the deposition of about the half of the transported bedload. 

Between the lower end of the Wattingen gorge and the motorway bridge near 

Wassen the cumulated bedload discharge remained at a constant level of about 70'000 

to 80'000 m3, which represents the bedload transport capacity of the Reuss for this 

event. The inputs resulting from the lateral erosion near the motorway bridge and the 

Meienreuss river caused another peak value of more than 100'000 m3. 

About 25 % of this volume was deposited between the motorway bridge and the 

Pfaffensprung reservoir. About 75'000 to 80'000 m3 passed a 280 m long bypass tunnel 

and reached the narrow gorge at the downstream end of the reservoir. From here to the 

upper end of the Gurtnellen village the cumulated bedload discharge remained almost 

constant, this because only small lateral inputs and minor deposits occured. 

The bedload inputs near Gurtnellen, resulting from extensive lateral erosion, 

caused local peaks of cumulated bedload discharge between 90'000 and 100'000 m3. 

However, they were mostly compensated by deposition immediately downstream of the 

bedload source areas. 

About 80'000 m3 bedload arrived at the upper end of the Intschi gorge (Fig. 9). 

The lower and flatter stretch of this gorge represents a third major storage reach. About 
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the half of the bedload volume was deposited here. Hence, only about 40'000 m3 

bedload arrived at Amsteg, at the upper end of the alluvial plain. 

Fig. 9 Middle reach of the Intschi-gorge. A bedload volume of about 40'000 m3 was 

deposited in this gorge. 

Human influence on the bedIoad regime 

The results of the simulation scenario, in which human influence on the bedload 

inputs were neglected are also shown in Fig. 7. The difference between this scenario 

and that with the inputs of 1987 is most pronounced in the Goschenen reach. Without 

the erosion of the artificial embankments, a maximum of cumulated bedload discharge 

in this reach of about 100'000 m3 is obtained. The deposition along this reach, resulting 

from such a scenario would have been markedly smaller. The Wattingen reach acts in a 

similar fashion as in 1987, thus the bedload yield at its lower end corresponds to the 

same volume as in 1987. 

In the following reaches down to the Intschi gorge, the mean level of cumulated 

bedload discharge would be almost the same as in 1987, but with less pronounced 

peaks due to the smaller lateral inputs. The same amount of bedload as during the 1987 

event would reach the upstream end of the Intschi-gorge. Hence, exactly the same 

conditions would have resulted for the reach between Amsteg and the Lake of Lucerne, 

had no human activity taken place in the Reuss valley. 
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Effects on the Reuss plain 

In 1987, the transported bedload volume reduced continously between Amsteg an 

the Lake of Lucerne. The strongest aggradation was observed at Amsteg and near 

Silenen. This tendency is well known from previous events. For several years, bed 

material has been periodically excavated here, in order to keep the river-bed level 

constant. Near the village of Amsteg for example, the river-bed was lowered by about 1 

to 1.5 m, in an attempt to ensure sufficient flood protection. The resulting trough acts 

like a large bedload sampler with an end sill. Situated in a transition zone between the 

steep slope of the Intschi-gorge and the flatter slope of upper Reuss plain, the trough 

was mostly already filled, before the peak flow passed Amsteg. The simulation showed, 

that with this layout, flood protection during extreme events like that of 1987 can not 

be granted. 

From Amsteg to the mouth of the Schachen River, aggradation took place over a 

longer distance, due to a more gradual decrease in slope. Therefore, river-bed level 

changes were only in the order of 0.2 to 0.35 m. 

The simulation of the period between 1980 and 1988 showed, that about 1/3 of 

the deposited bedload volume downstream of Amsteg during this period resulted from 

the 1987 flood. Flood protection along this reach was not seriously reduced by the bed 

level changes during this one extreme event. However, periodical removal of bedload is 

necessary. 

Up to the Schachen confluence, the cumulated bedload discharge was reduced to 

almost zero by the above mentioned aggradation (Fig. 7). Only the bedload input from 

the Schachen river was important for the last straight stretch, the Reuss canal. The 

simulation showed, that the river bed in this reach was relatively stable. The computed 

river bed fluctuations are of the order of ± 20 cm. This seems to confirm the 

assumption, that the failure of the levees along this reach was not induced by 

morphological changes of the river bed, but resulted as a consequence of erosion and 

overflow due to exceeded flow capacity. About 5'000 to 10'000 m3 bedload was 

deposited in the Lake of Lucerne. 

Summary 
• During the flood of 1987, the eroded volume of sediment by lateral erosion, 

landslides and debris flow in the entire catchment area of the Reuss river upstream 

of Amsteg amounted to about 2'000'000 m3. 

• Almost 1 '200'00 m3 of material was deposited in the Reuss and its tributaries 

upstream of Andermatt. 
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• The bedload inputs into the Reuss river between Andennatt and Amsteg reached a 

total volume of about 410'000 m3. 

• Due to these extreme inputs and the resulting intense bedload transport, depth 

erosion was of minor importance. 

• During the simulated period, about 10 % of the bedload input volume reached 

Amsteg and the Reuss plain. 

• The deposits in the Reuss channel between Andennatt and Amsteg amount to a total 

of about 350'000 m3. 

Conclusions 
• The simulation of the bedload transport during the flood of 1987 shows the 

considerable storage capacity of the steep middle reach of the Reuss river. 

• The mean level of cumulated bedload discharge during the event was not 

detennined by single extreme input rates, but by the local transport capacity of each 

river reach. 

• Large scale deposition locally increased slope, and hence, the transport capacity. 

However, this increase was small compared to the input rates. 

• The aggradation phenomena were independent of each other, this because the 

influence of single extreme inputs was limited to a relatively short distances and 

disappeared completely after a storage reach. 

An increase of bedload transport capacity would have been achieved only by the 

fonning of much longer and steeper deposits. This would have required much more 

material than was involved in 1987. 

• Every river reach can have a first dampening effect on excess bedload inputs. 

Typical storage reaches such as the Wattingen-gorge or especially the Intschi-gorge 

further reduced the transported bedload volume at places, where the resulting river

bed elevations caused no flood danger or further large scale erosion. 

These storage reaches reduced the effect of bedload during the 1987 flood on the 

village of Amsteg and the upper Reuss plain. 

• The aggradation of the Reuss river bed downstream of Amsteg is a long tenn 

phenomenon and not particularly linked to a single, all be it extreme, event. 

• The reconstruction of the bedload transport in the Reuss was only possible by taking 

into account sorting processes, which are very pronounced in this steep mountain 

stream. Only by using a sorting model was it possible to get a reasonable idea of the 
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. bedload regime during the 1987 flood and results which fit with observations and 

surveys. 
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"MODELLING SEDIMENT TRANSPORT IN GRAVEL BED RIVERS: 

THREE-DIMENSIONAL EFFECT OF SORTING" 

by 

M. A. PEVIANI (ISMES, Italy) 

1. INTRODUCTION 

Grain sorting in nature is a three-dimensional phenomena. In fact 1 when one 

looks carefully to a mountain stream it will be possible to distinguish the 

sorting of the material in all the three directions x, y, and z (Fig. 1). The 

river flow will develCl\> an armour layer in the bottom creating a vertical 

sorting. The oscillation of the river discharge during the rainy season will 

develop differences of the bottom material in the main stream and in the flood 

plain, creating a transversal sorting. Finally, the mountainous morphological 

configuration, steeper in the high valley and flatter in the low valley, is 

related to longitudinal sorting of the river stream. 

On the other hand, the differences on the composition of the material fed into 

the mountain stream during the annual hydrological period play also an important 

role in the sorting process. 

The three dimensionality of the sorting phenomena should be modelled with a 3-D 

model. Nevertheless, the need for simplicity and reduction of computation time 

leads the engineers to try to average the local characteristics into a 2-D or 

even a l-D model. In this case, a correct interpretation of the 3-D physical 

phenomena in nature and a detailed analysis of the validity of the assumptions 

made for averaging into a 2-D and l-D model are necessary. 
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The main scope of this paper is to point out some notes on the 3-D behaviour of 

grain sorting based on a review of experiences from field. laboratory and 

numerical studies. 

~
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FIG. 1 - Sketch of 3D sorting in nature 

2. MODELLING VERTICAL SORTING (DIMENSION Z) 

The dynamic armouring is a well known phenomenon generated by vertical sorting 

in the river bottom (Ref. 1, 6, 7, 8, etc.). 

The composition of the bottom material and the associated thickness of the 

active layer influence the characteristic of the propagation of sediment 

disturbances. In Fig. 2 is reported the result of a numerical simulation of 

sediment overloading with two different bottom materials. A coarser bottom 
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generates slower and higher disturbance propagation for the same rate and 

composition of the feeding material. 
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FIG. 2 - Simulation of sediment overloading with two 
different bottom materials: dm-265mm (Pl-O.04, 
P2-0.20, P3-0.50, P4-0.26) in the left and 
dm-185mm (Pl-O.12, P2-0.28, P3-0.42, P4-0.l8) 
in the right 
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Three different models have been developed by Di Silvio and Peviani (Ref. 4): 

the T-S model (transport layer and storage layer model), the T-P-S model 

(transport layer, pavement layer and subpavement layer model) and the S-B-S 

model (suspension layer, bedload layer and storage layer model). The Fig. 

shows the definition sketch for the three models. 

The simulation of laboratory flume experiments of unsteady processes in rivers 

appears equally well reproduced by the three numerical models (Ref. 4). The 

results show that for "slow evolutions U 
I like the adaptation of the stream to a 

new equilibrium situation, the T~S model performs with the same order of 

accuracy than the T-P-S and S-B-S models. Thus, the introdution of more than two 

layers in the theoretical model does not bring any practical improvement, in 

most cases, to in the description of river evolutions. The application of a two 

layer model, like the T-S model, in which the armouring phenomena is implicitly 

considered (through a constant relationship between pavement and subpavement) 

seems to be enough to study long-term evolutions. 
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For "fast evolutions", however, 
"$JO 

a more accurated description of the verti'cal 

grain sorting is necessary, in which the armour and the substratum layers are 

described. Material with substratum composition is actually stored in the bottom 

of the stream during aggradation. Also the relationship between pavement and 

subpavement composition changes during rapidly varying events. 
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FIG. 3 - Definition sketch for the T-S model (left) 
S-B-S model (center) and T-P-S model (right) 
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During severe meteorological events, moreover, high concentrations of fine 

material may he present at certain reaches of the stream, for example from 

landslide feeding. In these cases the non instantaneous adaptation of the 

suspended sediment transport also plays an important role. 

The application of a three layer model, like the S-B-S model and the T-P-S 

model, or even of a four layer S-B-P-S model (suspension layer, bedload layer, 

pavement layer and subpavement layer), seems to be necessary in "fast 

evolutions" and when the transport is dominated by the local details in the 

stream. 

3. MODELLING TRANSVERSAL SORTING (DIMENSION Y) 

Natural rivers usually show a characteristic cross section profile composed by 

the "main stream", that is most of the time under water during the rainy season 

and the "flood plains", that are eventually under water during the high floods. 
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In mO,".ntain rivers within a certain range of longitudinal slope (say, 2-6 %), 

moreover, the main stream is often composed by interconnected multiple channels 

(braiding) . 

Although the width (B) of the main stream during the hydrological cycle can be 

considered almost constant and related to the dominant discharge of the river, 

the single or mUltiple channel forming the main stream is often wandering. Its 

displacements within the hydrological cycle defines an overall width (B t ), as 

reported in Fig. 4. 

10-------- Bf --------t 

100 
80 
60 
40 
20 

SAND STORAGE 

I~ (2) f--
.">. (3) 

i- (I) r-- B-. 
1000 100 10 1 0 1 

GRAIN SIZE (mm) 

FIG. 4 - Mountain stream cross section profile 
and bottom material characteristics. 
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The bottom of the main stream with width B, which has been for a certain time 

under the effect of the water flow, presents already a developed dynamic 

armouring with a coarser layer in the its upper part (pavement layer). All over 

the width Bt , however, the bottom composition will be very similar. 

By contrast, the flood plains are interested by the water flow only during 

strong rainfall events, with return period larger than once a year. Its width 

(Bf) is defined by the maximum discharge of the event under consideration with 

its upper limit represented by the morphology of the cross section (distance 

between the lateral banks). The bottom of the flood plains, which is hardly 

touched by the river flow during most of the time, has a high percentage of fine 

material coming from basin erosion and deposited during the flood. The sediment 

in the flood plains is in fact transported mainly in suspension, as the bed load 

material transported in the main stream can not reach the flood plains, except 

for the wandering of the main stream inside the cross section. 

Due to the enlargement and wandering of the main stream, however, the main 

stream banks can be eroded by the water flow (Fig. 4). In this way, large 

amounts of sediment with high percentage of fine material will be available for 

transport in the main stream. 

In synthesis, the material available for transport in the bottom of the river 

appears finer going from the main stream to the wandering zone and to the flood 

plains (Fig. 4). This transversal sorting of the streams plays a decisive role 

in non equilibrium conditions and in rivers with irregular hydrological cycle. 

Modelling transport in mountain streams requires, first of all, to consider the 

correct width of the cross section that participates in each of the above 

mentioned processes. For annual transport computations, the effective sediment 

transport capacity (Ti) is related to the stream width (B) corresponding to the 

dominant discharge; the sediment conservation equation in the stream is related 

to the wandering width (B t ) and the intra-annual mixing layer thickness (S) is 

corresponding the bottom variation 6Z during the hydrological cycle. The motion 

and the conservation equations are (Ref. 5): 
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For short-term transport computations, the sediment transport capacity (Ti) is 

related to the main stream width (B) and the sediment conservation equation in 

the stream is related to the wandering width (B t ); both widths can be express as 

a function of the instantaneous discharge in the river. The mixing layer 

thickness (6) is corresponding to the bottom irregularities in the stream and 

can be assume, according to the case, as the average bedform height, the size of 

the coarser particles (d90) of the mixture, or the main stream maximum depth 

during the flood. 

To consider the transversal sorting and the increase of fine sediment, an 

empirical grainsize distribution coefficient (a sort of "transversal armouring") 

should be included. 

4. MODELLING LONGITUDINAL SORTING (DIMENSION X) 

Longitudinal sorting is evident in natural rivers, just observing that large 

grain diameters (boulders, pebbles, gravel) are found in the upper and steeper 

part of the streams, while the bottom of the lower reaches is usually composed 

by small gravel and sand. 

Mountain river streams usually present very sharp morphological discontinuities, 

with steep reaches composed by rocky bottom. These reaches constitute a 
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lithological constraint and perform as a fixed point in the longitudinal 

evolution of the stream. 

Between fixed points the longitudinal profile appears to be 

bottom granulometry decrease in the downstream direction. 

concave and the 

A decrease of 

longitudinal slope comes together with a decrease of the bottom material mean 

diameter. The Fig. 5 reports this tendency from a typical alpine mountain 

stream. 

As shown by Par~er (Ref. 7), if a reach without tributaries shows a concave 

profile, the river is still in aggradation. The reach approaches its equilibrium 

configuration with a extremely slow process and the aggrading profile may be 

approximately described by a kinematic wave propagating with a very small 

celerity. 

Besides aggradation, however, a river is always experiencing a progressive 

coarsering of its bottom. 

A theoretical analysis based on a schematic rectangular channel, without 

tributaries, considering a constant discharge representative of the annual 

hydrological cycle and neglecting abrasion effects, shows that the only possible 

final equilibrium configuration of the reach corresponds to an uniform bottom 

slope and granulometry. The adaption process in its final stages is at any rate 

extremely slow (Ref. 5). 

In nature, the mountain streams actually have not straight profiles. It means 

that natural rivers, with the hypothesis mentioned before (Ref. 5), are not yet 

exactly in equilibrium. Most probably, however, the rivers try to reach a 

dynamic-equilibrium profile (with concave shape) in which other two phenomena 

take place: grinding action along the stream (abrasion) and waterflow 

fluctuations during the hydrological cycle (dispersive transport). How much each 

phenomena may influence the result is still a topic of research. 
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5. CONCLUSIONS AND WORK IN PROGRESS 

ALTITUDINE 
m.s.1. 

25 

A more complete understanding of the three-dimensional effect of sorting 

phenomena in nature is necessary for the validation of the assumptions made in 

sediment modelling and for the correct interpretation of the initial and 

boundary conditions in the simulation of transport processes in natural streams. 
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There is still much research to do in this direction. One topic, for example, is 

the analysis of the influence of the hydrological fluctuations on the 

longitudinal sorting. 

Assuming the motion of each granulometric class of sediment a function of the 

following parameters: 

Ti - f (1,Q,B,di,Pi) , (4) 

in the equation above the variables I (longitudinal slope), Q (discharge) and Pi 

(percentage of the i-th fraction) may have time and space dependent values; lets 

note that B (width) is a given function B-f(Q). On the other hand, the input 

boundary values of water discharge (Q*) and sediment supply (T*) in the system 

may also varied in time. 

The time variation can be at "intra-annual" (seasonal) scale and at "inter

annual" (pluriannual) scale. 

For a first order analysis, the variables I,Q and Pi in equation (4) are assumed 

constant at "intra-annual" scale and variables at 11 inter-annual fI scale. The 

boundary conditions Q* and T* are considered constant in both scales: 

and 

Q* 

T*· 
~ 

Q* eq - f Q*m dt - const (5) 

Ti(Q*(t),Pi*(t» - const (6) 

The evolution analysis of the longitudinal profile leads to a long-term final 

configuration with an uniform bottom slope and constant granulometric 

composition (Ref. 5). 

A second order analysis is now in progress assuming that the variables 1,Q and 

Pi in equation (4) may varied at lIintra-annual" and at "inter-annual" scale. A 

linear variation of the parameters Q-Qo+Q', Pi-poi+Pi', 1-10+1' leads to a non 

linear variation of the transport capacity (Ti) and the celerity of the sediment 

bed disturbances (Ci), which may produce different response of the system from 

that observed in the first analysis. 
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The water boundary condition Q* may varied at "intra-annual" scale (due to the 

seasonal rainfall fluctuations) and at "inter-annual" scale (due to the 

exceptional rainfall events). The sediment boundary condition T*. on one hand. 

is a function of the water discharge Q* (t) and. therefore. may also varied at 

"intra-annual" scale and Ifinter-annual ll scale. On the other hand, the dependence 

of T* on the sediment characterisitic f3i*(t) introduces an additional "inter

annual" scale variation (due to the presence of debris flows. landslides. etc.). 

LIST OF SYMBOLS 

B (m) width of the main stream; 

Bt (m) width of the wandering zone; 

Bf (m) width of the stream with the maximum discharge; 

Ci (m/s) celerity of the sediment bed disturbance; 

di (m) representative diameter of the i- th fraction; 

dm (m) mean diameter of the mixture; 

dgo (m) diameter overpassed by 90% of the sample material; 

Di (m/s) net vertical flux of the i-th fraction; 

DPi (m/s) net vertical flux of the i-th fraction, related to the 

pavement; 

Doi (m/s) net vertical flux of the i-th fraction, related to the 

subpavement; 

Dbi (m/s) net vertical flux of the i-th fraction, related to the 

bottom; 
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DSi (m/s) net vertical flux of the i-th fraction, related to the 

waterstream; 

I (-) local longitudinal slope of the channel; 

m,n,p,q,s exponents in the sediment transport equation 

Q (m'/s) local discharge; 

Q* (m'/s) boundary input of water discharge; 

Q*eq (m'/s) equivalent mean annual water discharge; 

Qo (m'/s) maximum annual discharge; 

t (s) time; 

Ti (m/s) actual transport of the i-th fraction; 

T*· 1 (m/s) boundary input of sediment of the i-th fraction; 

TSi (m/s) actual transport of the i-th fraction, in suspension; 

Tbi (m/s) actual transport of the i-th fraction, as bedload; 

Vo (m3) annual runoff volume; 

x (m) longitudinal distance; 

z (m) level of the lower boundary of the storage layer; 

Z (m) level of the bottom; 

ex (-) coefficient on the sediment transport equation; 

rh (%) percentage of the i-th fracti+on in the storage layer; 

fh* (%) percentage of the i-th fraction of the boundary 
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input of sediment; 

percentage of the i-th fraction in the pavement; 

percentage of the i-th fraction in the subpavement; 

percentage of the i-th fraction in the layer just below the 

storage layer (undisturbed sediment); 

(m) thickness of the mixing layer; 

(m) thickness of the pavement; 

(m) thickness of the subpavement. 
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DYNAMIC SORTING AND ARMORING ALGORITHM 
IN TABS-! NUMERICAL SEDIMENTATION MODEL 

Ronald R. Copeland and William A. Thomas, U.S. Army Engineer Waterways 
Experiment Station,Vicksburg, Mississippi, USA 

Introduction Dynamic sorting and armoring algorithms developed for use in numerical 
models are based on conceptual models of the exchange process between the bed surface 
and the fluid and of the mixing process in the bed itself. Essential components are as 
follows: 

1) A numerically reliable time interval during which the exchange and mixing can be 
calculated. 

2) An accounting of the volume and composition of the bed material. 
3) An appropriate mixing layer thickness in which the exchange process is occurring. 
4) An equation that predicts the sediment transport as a function of the composition of 

material in the bed and hydraulic parameters. 

Due to the accounting techniques employed in keeping track of the composition of 
the mixing layer, an explicit solution of the sediment continuity equation is generally 
employed. Sediment transport capacity at the beginning of the time-step is calculated 
from hydraulic parameters. These can be obtained from a variety of explicit or implicit 
numerical methods including standard-step backwater analyses or solution of the St. 
Venant equations. It is assumed that changes during a time-step are sufficiently small so 
that hydraulic parameters of depth, velocity, and slope do not change. If sediment inflow 
into the reach is less than the calculated sediment transport capacity, then the deficit is 
supplied from the bed. If the numerical algorithm assumes instantaneous suspension of 
material, then time-steps and reach lengths must be long enough to allow the exchange 
process to occur in a single computation step. When there is a sediment surplus, it is 
assumed that excess material is deposited on the bed. It is necessary that time-steps and 
reach lengths are sufficiently long to allow for suspended material to fall through the 
water column to the bed. Thus, the exchange process is complicated in that time-steps 
must be short enough to maintain reasonably constant hydraulic and sediment transport 
values, but be long enough to allow for the processes of suspension or deposition to 
occur. 

The thickness of the bed surface layer where active exchange is occurring is a 
critical component of armoring algorithms. With a flat bed, the agitated layer is only a 
few grain diameters thick; Einstein (1950) estimated two grain diameters. The final 
armor layer is about one grain diameter thick, as described by Lane and Carlson (1953) 
and Gessler (1965). However, when there is bed form migration, a well mixed layer is 
produced that is comparable to the height of the bed form, as described by Harrison 
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(1950) and Little and Mayer (1972). Few numerical models try to reproduce the actual 
agitated surface thickness; usually this component is used as a calibration parameter. If 
there are a large sediment deficit and a very thin bed surface layer, then material in the bed 
surface layer can become depleted during a time-step. This can introduce errors in the 
solution due to underestimation of degradation. On the other hand, if the bed surface 
layer is too large, changes occur too slowly or not at all, the armoring or hydraulic 
sorting process is not reproduced, and degradation is too great. 

Finally, the calculation of sediment transport is a key factor that determines the 
rate of armoring. Suspension of nonuniform bed materials is complicated because 
suspension of smaller particles is hindered by the presence of larger particles. This 
process is not accounted for in most sediment transport functions. Einstein (1950), 
Laursen (1958), Toffaleti (1968), and Proffitt and Sutherland (1983) developed sediment 
transport functions that calculate transport by size class. These functions in one fashion 
or another attempt to account for the reduced transport of fine materials due to the 
presence of larger materials. 

Numerical Sorting Algorithm in TABS-l 

TABS-l Sedimentation Model. The first and most comprehensive model for transport of 
sediment in rivers and reservoirs that included a sorting and armoring algorithm was the 
HEC-6 numerical model. This computer program was initially developed in 1967 by 
William A. Thomas, at the US Army Engineer District, Little Rock. Further development 
by Thomas at the US Army Engineer Hydrologic Engineering Center (USAEHEC) led to 
the widely used HEC-6 computer program for calculating scour and deposition in rivers 
and reservoirs (USAEHEC 1974, 1977, 1991). The program itself has frequently been 
enhanced and revised by Mr. Thomas at USAEHEC and at the US Army Engineer 
Waterways Experiment Station (WES), where it is called TABS-1 to avoid confusion 
with the standard HEC-6 library version. 

Sediment Continuity. A significant feature of HEC-6 and TABS-l is that continuity of 
individual sediment size class is maintained for individual size classes throughout the 
computations. At the beginning of each computational time-step, sediment transport 
potential is calculated for each size class in the bed as if that size class occupied lOO 
percent of the bed. Sediment transport potential is then multiplied by the actual fraction 
of each size class present in the bed to yield the transport capacity of that size class. 

In order to approximate the physics of the sorting process and to reduce possible 
numerical instability introduced by the explicit numerical solution of the sediment 
continuity equation, computational time-steps are divided into subintervals, called 
exchange increments. The number of exchange increments are calculated from the 
following equation: 

Number of Exchange Increments 
ilt V ----

ilL 

ll.t = duration of computational time-step 
V = average velocity 
ll.L = reach length 

Use of this equation may provide a large number of incremental computations, leading to 
excessive computational time. Therefore, the number of exchange increments may be 
specified. Previous studies have shown that between 10 and 50 exchange increments are 
usually adequate. 
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Depending on sediment inflow of each size class, material will either deposit or 
scour during an exchange increment; some grain sizes may scour and others deposit. 
This exchange process may result in a change in the percentage of each size class at the 
bed surface. At the beginning of the a new exchange increment, the sediment transport 
capacity is recalculated based on the new bed material gradation. Sediment outflow from 
each exchange increment is accumulated to obtain the total sediment outflow for the 
computational time-step. 

Bed Sediment Reservoir. The bed sediment reservoir is divided into inactive and active 
layers to allow for both large mixing depths and scour at high flows, and for hydraulic 
sorting and armoring in a relatively thin mixing layer at low flows. The inactive layer 
serves as a source and sink for the active layer. The active layer has two components: a 
cover layer and a subsurface layer. The material exchanged between the bed surface and 
the water column comes from both the cover layer and subsurface layer, with the cover 
layer acting as a transport dampening or protective layer. Sediment transport capacity is 
calculated based on the gradation of the combined cover and subsurface layers. 

Mixin~ Layer Thickness and Exchan~e. At the beginning of a computational time-step, 
during the fIrst exchange increment, an active layer is established. The thickness and 
composition of the cover layer are carried over from the previous computational time
step. The subsurface layer is created from the inactive layer. The thickness of the 
subsurface layer is calculated based on an estimated maximum transport and scour that 
could occur during the duration of the exchange increment. This is determined from the 
hydraulic parameters, the inactive bed gradation, the transport function, and the inflowing 
sediment load. The subsurface layer thickness is constrained by the thickness of the bed 
sediment reservoir. Other constraints on the subsurface layer thickness have developed 
as the result of specifIc model applications. The maximum thickness is arbitrarily 
constrained to 0.6 m. The minimum thickness is 5 cm or 2 times the largest grain size in 
transport, whichever is less. Bed layer adjustments are shown in figure 1. 

At the beginning of each exchange increment, the volume of the cover layer is 
checked to make sure that there is a sufficient volume of size classes, coarser than the 
smallest grain size, to cover the bed surface to a thickness of at least one grain diameter. 
If not, then the cover layer and subsurface layer are combined to form a new cover layer. 
This represents a condition when the cover layer is essentially destroyed by the flow 
energy. A new subsurface layer is then created from the inactive layer with a thickness 
and composition identical to the subsurface layer established during the first exchange 
increment. Bed layer changes when the cover layer is depleted are shown in figure 2. 
The gradation of the new active layer is used to calculate sediment transport capacity for 
each grain size during the exchange increment. 

The sediment contin\lity equation is then solved for the exchange increment, 
adding or removing material of the various size classes into or out of the active layer. 
Deposited material is placed in the cover layer. Eroded material is first removed from the 
cover layer. The cover layer is intended to act as a moving pavement or armor layer, 
reducing the sediment transport capacity of finer materials. If there is insufficient volume 
of a size class present in the cover layer to meet the sediment deficit, then material may be 
withdrawn from the subsurface layer. However, material from a size class cannot be 
withdrawn from the subsurface layer if there is a sufficient volume of coarser size classes 
in the cover layer to cover the bed to a thickness of one grain diameter. 
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o Cover layer composition and 
thickness are left from the 
preVIous computational lime 
step (maximum 0.6 m). 

o Subsurface layer is created 
from the inaclive layer with 
identical composition. Thickness 
is bosed on estimate of maximum 
possible erosion during the 
exchange increment (min. 2d mox ). 

a. At Beginning of Computational Time Step 
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o Cover layer composition coarsens 
with erosion, gets finer with 
deposition. 

o Subsurface composition coarsens 
with erosion because it has supplied 
finer material to cover Iqyer and 
to flow. It is unchanged with 
deposilion or if armored. 

o Inactive loyer unchanged. 

b. At Intermediate Exchange Increment 
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o 

INAcnVE 
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n 0 

o Cover layer saved and carried 
over to next time step. 

o Subsurface and inactive layers 
combined and hornogenously mixed. 

c. At End of Computatianal Time Step 

Figure 1. Bed layer adjustments during a computational time-step 

At the end of the last exchange increment of a computational time-step, if the 
cover layer is greater than 0.6 m thick, then a new caver layer is assigned a thickness 
equal to 0.1 times the previous cover layer thickness and the residual is mixed with the 
subsurface layer. Material in the subsurface layer is then mixed into the inactive layer. 

Deposition and Entrainment. Deposition occurs when the transport capacity during an 
exchange increment is less than the sediment inflow during that increment. The rate of 
deposition in T ABS-1 is constrained by a decay function: 

DecaYi = COj ( ~t) 

Rate af deposition = (Gx+ 1 - Gx)i * DecaYi 

= decay function for size class 

= fall velocity for size class i 

= duration of exchange increment 

(2) 
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= water depth 
= sediment inflow 
= sediment transport capacity 

BED LA YERS PRIOR 
TO ADJUSTMENT 

COVER 0 oooogoooo W' ob 

SUBSURFACE °00 0 0°0 0 

INACTIVE 

o 
o 0 0 0 

o 
o 0 

o 0 0 0 

~ 

BED LAYERS AFTER 
ADJUSTMENT 

o New cover layer is mixture of old cover and subsurface layers. 

o New subsurface layer taken from inactive layer has same 
thickness as at beginning af time step. 

Figure 2. Bed layer changes when cover layer depleted 

Erosion occurs when the transport capacity in a given reach is greater than the 
sediment supply for a specific size class. T ABS-I allows for cases where concentration 
will not reach equilibrium because the reach length is too short. It is assumed that the 
reach length required for equilibrium concentration to be achieved is equal to 30 depths. 
In addition, it is assumed that this equilibrium condition will be reached exponentially. 
The entrainment coefficient is calculated by the following equation: 

where 

Entrainment coefficient = 1.368 - e -b 

llL 
b = 30 D 

(3) 

The entrainment coefficient, which varies between 0 and 1.0, is used to determine what 
percentage of the equilibrium concentration will be achieved. 

Sediment Transport Function. The T ABS-I model provides several options for a 
sediment transport function. Each of the transport functions has been modified, as 
necessary, to calculate sediment transport by size class fraction. Functions that were 
developed using a characteristic grain size may have a hiding factor implicitly 
incorporated into the regression coefficients, which is unaccounted for in the T ABS-l 
segregated size class calculation. 

Waimea River Sedimentation Study 

Introduction. The Waimea River drains an area of approximately 220 km2 on the island 
of Kauai, Hawaii. The town of Waimea is located on an alluvial plain near the mouth of 
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the river. Flood-control improvements constructed in the early 1950's included channel 
excavation and widening and construction of a levee with a grouted rock lining. In 1984, 
the US Army Corps of Engineers improved the existing levee and extended the levee 
from the existing downstream terminus to the ocean. The project was designed to 
provide flood protection from the lOO-year flood of 1,810 m3jsec. 

Between channel surveys conducted in January 1979 and November 1987, about 
63,800 m3 of deposition occurred in the Waimea River. This raised concerns about the 
ability of the flood-control project to convey the design flood, and about maintaining local 
drainage outlets along the levee where sediment had accumulated. Following the 1987 
survey a series of relatively high runoff events occurred. A survey taken in March 1989 
indicated that 44,800 m3 were eroded from the study reach since the November 1987 
survey. 

Numerical Model. A TABS-l model study of the Waimea River was conducted to 
evaluate aggradation problems adjacent to the levee. The study reach extended from the 
ocean upstream for about 2.7 km. The initial channel geometry for the model was based 
on the January 1979 survey. Flood high-water marks and field inspections were used to 
estimate Manning's roughness coefficients. 

Discharge hydro graphs are simulated in the numerical model by a series of 
steady-state events. The duration of each event is chosen such that changes in bed 
elevation due to deposition or scour do not significantly change the hydraulic parameters 
during that event. At relatively high discharges, durations need to be short; 
computational time-steps as low as 4 min were used. At low discharges, computational 
time-steps up to 7 days were used. Ten exchange increments were assigned to each 
computational time-step. The design flood hydrograph has a loo-year-frequency peak 
discharge of 1,810 m3jsec. 

The bed material of the Waimea consists primarily of coarse sands with some 
gravels and boulders. Twenty-two bed samples were collected in February 1989. 
Lateral variations in gradation across the width of the river were apparent, but no 
longitudinal variation could be identified. An average of all the samples was used as the 
initial gradation for the numerical model. The median grain size was 0.65 mm and the 
standard deviation was 2.1. 

Transport Function. Several single- and multi-grain transport functions were tested for 
use in the numerical model (Copeland 1991). A modified Laursen (1958) equation, 
which incorporates data for transport of gravels (Copeland and Thomas 1989), was 
selected. This function was the most successful in reproducing measured deposition and 
erosion in the historical simulation. 

Adjustment to November 1987 and March 1989 Surveys. Sediment inflow data were not 
available; therefore, sediment inflow was used as an adjustment parameter. The model 
was adjusted using the 1O-year historical hydrograph between January 1979 and March 
1989. Sediment inflow at the upstream boundary was varied until aggradation, between 
January 1979 and November 1987, and degradation, between November 1987 and 
March 1989, were properly simulated (Copeland 1990). 

Calculated Surface Gradations. Calculated bed material gradations at three times during 
the historical simulation were compared (figure 3). The calculated gradations were 
averages from cross 

sections between 1.0 and 1.8 km upstream from the ocean. In this river reach, calculated 
data could be compared to laterally averaged sampled gradations. The highest flow of 
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record during the simulation period occurred on 30 October 1982 and the calculated 
gradation was considerably coarser with a median grain size of about 0.90 mm. The 
period of highest calculated aggradation occurred on 4 November 1987 and had a finer 
average bed gradation with a median grain diameter of 0.48 mm. Finally, the calculated 
median grain size on 9 February 1989 was about 0.65 mm. 
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Figure 3. Calculated change in bed gradation 

The calculated median grain size of 0.65 mm was the same as the average median 
grain size based on the 9 February samples. The coarsest grain sizes were slightly 
underrepresented in the February 1989 calculated gradation; the sampled bed had about 
13 percent gravel compared to a calculated bed that had about 10 percent gravel. The 
calculated bed also was composed of about 15 percent fine sand, compared to about 8 
percent in the average sampled data. In general, the numerical model performed very well 
in the reproduction of bed material gradation, especially since the calculated gradations 
for November 1987 and October 1982 were finer and coarser, respectively than the 
February 1989 calculated gradation during the course of the simulation. 

Design Flood. The adjusted numerical model was used to evaluate bed response during 
the design flood. The design flood was placed at the end of the January 1979-November 
1987 historical hydrograph. The numerical model predicted that the bed would degrade 
about 99,000 m3 during the passage of the design flood. About 76,000 m3 of this total 
was removed by the time the peak occurred. Calculated bed changes during the course of 
the design flood are shown in figure 4. A progression of bed changes at the same cross 
section during the 1979-1989 simulation is shown in figure 5. In this figure the abscissa 
is discontinuous because days with mean daily discharges of less than 5.7 m3/sec are 
excluded. 

Conclusions. The historical simulation indicated that the Waimea River bed is dynamic 
and can be expected to fluctuate with changes in discharge. Long periods of low flow 
will result in more aggradation. Major storm events will tend to wash material out of the 
flood-control channel. 

The hydraulic sorting algorithm reproduces both temporal and longitudinal 
changes in bed gradation. These changes reflect changes in hydraulic conditions due to 
variation in energy slope and discharge. 
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Dinner Talk on Eugen Meyer-Peter (1883-1969) 

by Daniel L. Vischer 
Director of the Laboratory of Hydraulics, Hydrology and Glaciology, ETH Zurich 

Professor Eugen Meyer-Peter, ETH ZUrich, published his first fonnula on bed-load 
transport in 1934 together with his collaborators Henry Favre and Hans-Albert Einstein. 
This team has developed the fonnula on a theroretical basis as well as on experiments in a 
long flume with unifonn grain size. The fonnula was immediately applied to problems of 
river training, especially on the Alpine Rhine. 

Then, the fonnula was improved and got its present shape. The grain mixture of a real 
river was taken into consideration by introducing an average grain size. The correspond
ing three papers in English, French and Gennan were signed by Meyer-Peter and Robert 
Muller, then head of the hydraulic laboratory in Zurich, and appeared in 1948. The 
formula was further checked with field measurements on several rivers, including 
especially the Alpine Rhine. It became popular throughout the world under the name of 
ETI-I-formula, Meyer-Peter-MUller formula (MPM formula) or just Meyer-Peter formula. 
I ts popularity is probably due to its simplicity, as its feature involves the difference 
between two shear forces, both well-known quantities to the engineer. 

Who was Meyer-Peter? He was born in 1883 in St. Gallen, in Eastern Switzerland. From 
1902 to 1905 he studied civil engineering at the ETH in ZUrich. After graduation he was 
employed by his former Professor Conradin Zschokke in the building finn Zschokke. 
There Meyer-Peter became soon a builder and contractor. He was in charge of several 
large and difficult projects like a harbour wall in Dieppe (France), a hydropower plant on 
the Rhine river between Germany and Switzerland, a dry dock in Venice (Italy), a bridge 
over the river Rhone in Geneva etc. The speciality of the building contractor Zschokke 
was the compressed air caisson, that is a refined application of the diving bell for under
water foundations. When Zschokke died in 1918, his building finn was taken over by 
some aristocrates of Geneva. Obviously, Meyer-Peter could not accept the change and 
looked for another job. He applied for the vacant chair of the ETH professor for hydraulic 
engineering. Professor Gabriel Narutowicz had resigned in 1919 because he wanted to 
concentrate on his consultant job in the field of hydro power. 

i"!eyer-Peter was then 36 years old, had a lot of experience in engineering and building, 
but no experience in teaching and research. I was told that he specially doubted his own 
ability in teaching. So, his wife Gennaine encouraged him to give her, so to speak in the 
kitchen, a lecture on a hydraulic topic, and she found it quite acceptable. In 1920 Meyer
Peter was nominated as full ETH professor by the Swiss government and held the chair 
of hydraulic engineering until 1952, that is during 32 years. 
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He was a gifted personality, spoke several languages fluently, was very energetic and 
sometimes humorous if not sarcastic. He was a promotor of many important institutions. 
In 1930 he founded our Laboratory for Hydraulics, in 1935 he added a section of soil 
mechanics, in 1936 a section of waste water treatment, and in 1941 a section of hydrolo
gy and glaciology. He was in 1935 a founder member of IAHR and one of its first vice 
presidents as well as one of the promotors of the Swiss Institute for Snow and 
Avalanches in Davos which was inaugurated in 1943. 

The question remains when and why Meyer-Peter got involved with bed load transport? 
His collaborator and colleague, Rober MUller, gives the following explanation in a bio
graphical note: When Meyer-Peter took over the chair in 1920, he was rich in experience 
in almost every field of hydraulic engineering but not in the field of sediment transport. 
As a builder and contractor he was never given the opportunity of dealing with river 
training works or related problems. Therefore, he had to build up his knowledge from 
publications and his lectures in fluvial hydraulics were based on theory alone. He thus 
soon became aware that the existing theory of bed load transport was somehow deficient. 
He began to develop his own ideas and, as a civil engineer, sought for a civil engineering 
solution. He established a meaningful comparison between the shear stress of a river and 
the resistance of the bed. But the presentation of his lectures were not his only motivation. 
In 1931, Meyer-Peter was appointed as an expert for the river training works of the 
Alpine Rhine where he had to answer a lot of questions of great consequence. 

How did he find time for his research and expert works? In the thirties the world wide 
economic recession hit Switzerland as well as all the surrounding countries. Therefore, 
the newly founded laboratory of hydraulics in ZUrich was not submerged by contract 
work for hydropower projects as it was later on. This slow down of the development 
promoted basic research, especially the time and space consuming experiments for bed 
load transport. Moreover, the Swiss government was forced to fight unemployment and 
thus implemented several river training works including those on the Alpine Rhine. So, 
the activity in this field asked for an immediate involvement of Meyer-Peter as well as of 
his collaborators. 

The third reason of the success of Meyer-Peter lies in his various collaborators. Meyer
Peter was able to gather a team of very intelligent and versatile engineers like Henry 
Favre, Robert MUller, Hans-Albert Einstein and Charles Jaeger. While Henry Favre and 
Charles Jaeger are better known for their outstanding research in transient flow, Robert 
MUller and Hans-Albert Einstein became leading scientists in sediment hydraulics and its 
applications. In his PhD-thesis Einstein dealt with a probabilistic approach of bed load 
transport. He left the laboratory in Zurich in 1937 for the USA. MUller stayed at the 
laboratory until 1957 and was certainly as much as his boss Meyer-Peter at the origin of 
the so-called second bed load formula, published in 1948. Consequently, this formula 
should be called the Meyer-Peter-MUller formula. But this is definitely too long, so let us 
stick to Meyer-Peter, who initiated the research and followed it from the beginning to the 
end. 1 

With these remarks I propose a toast to Meyer-Peter, to his collaborators, to his 
successors in our Laboratory and to all the experts on sediment transport all over the 
world, especially those who attend this workshop! 

Whereas in the English Iiltertaure it is common to quote the Meyer-Peter/Mtiller-formula (or MPM). 
in the German and French Iitterature only Meyer-Peter is quoted. 
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1. INTRODUCTION 

Investigation of bedload transport have generally been concerned with the total 
transport through the section. Relatively little research has been carried out on cross sec
tional variations in transport rates and associated shear stresses. Equally the effect of non 
unifonn flow on bed shear stress and transport rates has still to be fully addressed. Such 
infonnation is vital for the development of two dimensional morphological models. 

Shear stress distributions have been established for both straight and curved lab
oratory channels with both smooth and rough beds (for instance: Ippen & Drinker 1962, 
Ghosh & Roy 1970). Field measurements are much more difficult. Dietrich et al. 
(1979) related shear stress and secondary flows in a sand- bedded meander, while similar 
measurements have been made by Bathurst et al. (1979) on gravel-bed rivers. 

Variations in bedload transport across the section have been noted by Hinrich 
(1972) in the gravel-bed upper Rhine, in the Inn by Miihlhofer (1933), the Snake and 
Clearwater Rivers by Jones & Seitz (1980) and in the East Fork by Leopold and Emmett 
(1977) among others. In the East Fork the use of a trap across the bed with eight sepa
rately opening sections, revealed differences of more than ten-fold in the transport rate. In 
the last three rivers the bed material is strongly bimodal; most bedload consisted of the 
movement of sand dunes across a gravel bed which was generally immobile. Few of the 
data relate to the movement of the gravel bed itself. 

In none of the above studies was the patterns of transport rate and bed shear 
related to each other. The most interesting work in this direction has been a flume study 
by Hooke (1975). In a meanderiug flume the patterns of sand movement and of bed shear 
were both measured and good agreement was found between the zones of maximum 
sediment transport and maximum bed shear. A field study in a braided gravel-bed river 
by Davoren & Mosley (1986) also shows similar agreement although the data were rather 
imprecise. 

This paper outlines an investigation of the effect of non uniforn1 flow on the 
distribution of shear stress and bed load transport in a natural gravel-bed 
river. 
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Fig. 1 Site location and catchment plan 

2. FIELD SITE 

The main criteria in the choice of sampling site were that the bed material size 
should not be too large to be sampled by Helley-Smith bedload sampler with 150mm ori
fice, that it should have a suitable single span bridge which will serve as a sampling plat
form without disturbing the flow or bed material movement, that the river should not be 
flashy thereby enabling long sampling periods and that flow was non uniform within a 
relatively straight channel. 

The site chosen was at Victoria Bridge, 5km downstream from Caersws on the 
River Severn (fig. 1). The reach is gently curved over a length of about 600m after 
emerging from a sharp right handed bend (fig. 2). Victoria Bridge is located 170m 
downstream from the bend. The river varies in width from 30 to 45m and has alternating 
gravel bars: one adjacent to the right bank immediately upstream from the bridge and 
another much larger bar on the left bank starting approximately 70m downstream. The 
banks are mostly vertical and rise to a maximum height of 3m. Over most of their length 
within the reach the banks are not tree lined. 
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Fig.2 Site plan 

3. SAMPLING PROCEDURES 

a) Bed material sampling 

The bed material is medium to coarse gravel, generally of a flatish shape. A ran
domly selected sample of 100 clasts had a mean sphericity of 0.51 with a standard devia
tion of 0.15. Specific gravity, mean of six separate determinations, was. Bed material 
was sampled before and after each period of bedload observations in the summers of 
1982, '83 and '84. Samples were taken at equally spaced points at two cross sections, 
one at the bridge and the other 60m upstream. Slight variations were observed each year 
between sections partly resulting from local erosion and deposition but to characterize 
these changes would have required impractically large sample sizes. 

Individual bulk samples were obtained using a 0.6m diameter cookie cutter 
(Klingeman & Emmett 1982) after the coarse surface armour layer had been removed and 
discarded. The mean size of the samples was 9kg, but this was increased if a large clast 
was sampled to ensure that it represented less than 5 percent of the total sample weight 
(Mosley & Tindale 1985) to prevent bias. 

+------------------------------------------------------+ 
Geometric Mode 

mean 

D16 DSO D84 D Dmod 
+------------------------------------------------------I 
1 1 
1 Armour 7.6 18.4 37.1 17.0 18.9 1 

1 layer 1 

1 1 
1 Subsurface 4.1 14.4 33.4 11.7 18.9 1 

+------------------------------------------------------+ 
Table 1 Bed material size parameters - average values for the site (all 

values in millimetres) 
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Fig. 3 Bed material size distributions - averages for site 

+---------------------------------------------------------------+ 
1 Armour layer 1 
+---------------------------------------------------------~-----I 
1 D16 D50 DB4 D 1 

+---------------------------------------------------------------1 
1 Size parameter 7.6 1B.4 37.1 17.0 1 
1 (from lumped sample) 1 
1 Standard deviation 1.69 4.0B 5.68 2.B3 1 
1 of 17 sub-samples, sp 1 

Accuracy for 95% ±0.B7 ±2.10 ±2.92 ±1.S6 
confidence, d 
Accuracy as percentage ±11.4% ±11.4% ±7.9% ±9.2% 

1 of size parameter 
+------------~--------------------------------------------------1 
1 Subsurface 1 
+---------------------------------------------------------~-----I 
1 D16 DSO DB4 D 1 

+---------------------------------------------------------------1 
1 Size parameter 4.1 14.4 33.4 11.7 1 
1 (from lumped sample) 1 
1 Standard deviation 1.79 3.64 7.39 3.19 1 
1 of 17 sub-samples, sp 1 

Accuracy for 9S% ±0.92 ±1.B7 ±3.80 ±1.64 1 
confidence, d 1 
Accuracy as percentage ±22.S% ±13.0% ±11.4% ±14.0% 1 
of size parameter I 

+---------------------------------------------------------------+ 
Table 2 Accuracy of site average bed material size parameters (all values 

in mm except where stated otherwise) 

2e 

15 u 
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For the annour layer grid by number samples of 100 stones were collected. As 
the samples were lognormally distributed, assessments of sample accuracy were made 
using the procedure developed by Hey and Thome (1983). For a typical sample mean of 
17mm, the accuracy at the 95% level ofaboutt 15% represents a range oft 2.5mm. For 
D84, 84% fmer than size D84, the accuracy was aboutt 5mm at the 95% level. 

For the purpose of analyzing bedload transport a single set of size parameters is 
a more convenient representation of the approach reach. The particle size characteristics 
of the 1982 and '83 samples were lumped together and re-analysed (fig. 3) and extracted 
parameters listed in Table 1. The weight of the aggregate sub surface sample was 153kg, 
and the aggregate annour layer sample comprised a total of 1700 stones. 

The accuracy of the percentile points and of the means of the site average particle 
distributions of both the annour layer and subsurface material were assessed according to 
the method of Hey & Thome (1983) (Table 2). This indicates that D50 is estimated to 
aboutt2mm and D84 to aboutt 3 to 4mm, while the mean is somewhat better defined 
than D50. Despite the lack of the strict condition of randomness in the sampling proce
dure, it is thought that there values represent reasonable estimates of the average size 
parameters of the reach, and that the estimated accuracies are close to the actual ones. 

b) Bedload transport rate 

Bedload transport rates were sampled using a Helley-Srnith bedload sampler 
with a 150mm orifice. On the basis of extensive field calibration (Emmett 1980) it would 
appear that the 150mm sampler would have a trap efficiency of near 100% for particles 
up to 32mm. This value corresponds to about 80% of the bed material. Figure 3 indicates 
that a further 18% is in the interval 32-64mm with less than 1.5% in the range 54 to 
90mm. No bed material samples had particles greater than 9Omm; although inspection of 
the site at low flow did reveal a few large clasts up to 128mm. Although trap efficiencies 
of the Helley-Srnith remains uncertain for sizes over 32mm, a comparison over a sub
stantial portion of the bedload samples taken reveals a close correspondence between the 
size distribution of the bed material and that of the bedload which was thought to be made 
up of locally entrained material. This suggests that the sampler did have reasonable trap
ping capability up to the largest size of material in motion. 

The trap efficiencies quoted by Emmett apply to cross- sectional averaged trans
port rates. In this study individual samples are also analysed. Hubbell (1987) has com
pared individual sampled rates and instantaneous rates measured by a trap in the floor of a 
large flume. This showed that trap efficiency varied both with particle size and with 
transport rate. However the results also showed that, for low transport rates (up to about 
O.lkg s-l m-I) efficiency remained at near 100% for particles from 11 to 32mm and was 
about 70% for particles in the ranges 1.4 to 4mm and 4 to 8mm. At yet higher rates effi
ciency became increasingly poor. In this study the great majority (96%) of observations 
were below O.lkg s-l m-I, and it seems that no adjustment is necessary if it is assumed 
that the same efficiencies apply to the 150mm sampler. For the few remaining observa
tions between 0.1 and 1 kg s-1 m-I a relatively small adjustment should have been 
applied, but it would not have had a major effect. 

Bedload samples were taken in succession at 22 points in the cross 
section, spaced at 1.22m intervals. These points corresponded to the positions of the 
hangers supporting the bridge deck; giving a convenient and easily repeatable interval. the 
total width sampled was 26.8m which corresponded to the full width of the mobile part 
of the bed. The sampling period was typically five minutes taking 31/2 to 4 hours to 
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complete one traverse across the section. The time of each sample was recorded so that 
the associated flow depth could later be obtained from continuous stage records. When 
large samples were being trapped the sampling period was reduced to 3 or 2 minutes 
since the sampler only maintains its efficiency while the bag is up to 40% full (Emmett 
1980). In all the cross section was sampled 22 times and a total of 484 samples collected. 
Each bedload sample was individually analysed to obtain the particle size distribution 
after removal of organic matter. 

Bedload transport rates, qb, were obtained by summing the weights of the sieve 
analysis to obtain the total sample weight, w. Transport rate is expressed in units of kg 
s-I m-I and is simply 

W 
%=If.T5t 

where t is the time the sampler was on the stream bed and 0.I5m is the width of the 
nozzle. 

Computer methods were used to plot grain-size frequency distributions and 
obtain representative grain size values. Comparisons were made between hand drawn and 
computer generated curves for 20 samples chosen at random from the data set and these 
showed that differences were insignificant. 

c) Bed shear stress 

Values of bed shear stress were obtained by measuring velocity profiles and 
applying the logarithmic velocity law. It was necessary to obtain local values to observe 
the variation across the section. Ideally, velocity profile measurements should have been 
made simultaneously with, and at the same point in the cross-section as, bedload 
sampling to facilitate the comparison of the distribution of both. Manpower limitation 
precluded simultaneous measurement on all but a few occasions. A method was subse
quently developed to reconstruct the bed shear stress values at any stage of flow to over
come this problem. 

Velocities were measured by current meter using either wading rods from a 
small inflatable boat at low aqd intermediate flows, or a cableway at higher discharges. 
During the first fieldwork period (1982/83) measurements were taken lOm upstream 
from the bedload sampling section but this was subsequently moved to 2m upstream. 
Measurements were made at 10 to 15 points in the cross section, less than the number of 
bedload samples, as each profile takes considerably longer to carry out. 

The velocity profile measurements were required to calculate bed shear stress by 
means of the logarithmic velocity law. Due to the three dimensional character of the flow, 
velocity readings were required in the lowest 15% of the depth. Standard one minute 
readings were taken with an Ott C2 meter at seven heights from the bed in the first field
work period (5,7.5, 10, 12.5, 15,20 and 25cm where depth allowed). In the second 
fieldwork period, in an attempt to improve accuracy, twelve readings were taken in each 
profile (3 readings at 5, 10, 20 and 25cm). In addition during the second fieldwork 
period, a second meter was placed at a fixed height from the bed, and used simultane
ously. This was done to correct any systematic variation in main stream velocity which 
may affect the profile readings. The fixed meter was placed at a height of 7Ocm, which 
was found to be the lowest at which it did not interfere with the main meter. When carry-
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ing out the sampling programme, care was taken to avoid individual large stones as they 
can affect establishment of the zero datum plane, or cause localised wakes. 

For higher discharges, when maximum depths exceeded 1.9m, velocities were 
measured by a current meter suspended from a cableway. This was set 3.5m upstream 
from the bedload section in both years. The larger impeller on the suspension meter 
meant that the minimum height above the bed was 18cm although the larger flow depths 
ensured that the majority of readings could be obtained within the lowest 15% of the 
flow. 

4. DISTRIBUTION OF BED SHEAR VELOCITY 

a) Bed shear velocity calculations 

Velocity profile measurements indicated that flow through the section was fully 
rough and that the roughness was small scale (relative roughness exceeds 15). The best 
fit line for each velocity profile was obtained by least squares techniques ( v/log(ylh) 
where h is the flow depth). 

Shear velocities obtained for each velocity profile could be affected by a number 
of possible errors. First there is the problem of establishing the zero reference plane for 
determining distance from the bed when the surface is uneven. This can produce non 
linear velocity/log depth profiles. For non uniform gravel-bed material the roughness 
height is often characterised by 3.5 D84, where 84 percent of the surface bed material is 
less than D84 (Hey 1979). The actual vertical height (hr) of widely spaced large particles 
will be somewhat smaller and this was estimated to be approximately 50 mm (Fig. 4). 
According to lackson (1981) the displacement height, namely the reference level for 
velocity profile measurements, is 0.2 hr giving a value of lOmm. As care was taken to 
ensure that velocity profiles were measured from the surrounding lower particles rather 
than the top of large clasts, it appears that the base level used in the field corresponds 
reasonably well to the estimated correct reference level for the logarithmic velocity law. 
Thus, it appears that there is unlikely to be any considerable consistent error introduced 
by misplacing the base level in measuring velocity profiles. The typical variation in the 
level due to the uneven smaller particles would be aboutt 0.5cm, which for the usual 
profile with readings at heights from 5 to 25 cm would give an error in the estimated 
shear velocity oft 5%. 

Fig. 4 
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+--------------------------------------------------------------+ 
1982/83 measurements 

+ ----- - ---- - - ---- - ------ - --- - - --- - -- - - -------- - ----- - - - - ------ - I 

WADING RODS CABLEWAY 

v* (m!s) 

+ -------------- - ------------------- - ---- - -------- - -- - - - ----- - - - I 
0.02 0.757 0.410 

0.02 - 0.04 21 0.882 0.070 
0.04 - 0.06 33 0.952 0.036 0.832 0.078 
0.06 - 0.08 52 0.959 0.032 0.865 0.127 
0.08 - 0.10 48 0.975 0.015 0.926 0.041 
0.10 - 0.12 19 0.975 0.020 11 0.919 0.064 
0.12 - 0.16 24 0.937 0.042 

> 0.16 0.969 0.020 19 0.939 0.075 
+ -- - - - --- - - ---- - -- - -------- - -- - --- - - - - ---- - ---- - ---- - - ----- - - -- I 

1983/84 measurements 1 
+ ---- - - ---- - ---- - ------ - ---- - ------ - ------ - - ---- - ----- - - ---- - - - I 
I ;/ADING RODS CABLEWAY I 

I v*(m/s) 
+ -- - - - - ---- - -- - - - - - -- - - - ----------- - ------------ - - ---------- - -- I 

I 0 - 0.02 15 0.601 0.230 I 
0.02 - 0.04 22 0.898 0.101 0.617 0.035 I 
0.04 - 0.06 45 0.956 0.031 0.821 0.043 
0.06 - 0.08 23 0.956 0.029 13 0.856 0.096 
0.08 - 0.10 0.975 0.016 13 0.930 0.023 
0.10 - 0.12 0.954 0.042 13 0.938 0.035 
0.12 - 0.16 15 0.945 0.051 

> 0.16 0.906 0.040 
+ ---- - - -- - - - - -- - - ------ - --- - - ---- - -- - - -- - - ------- - ----- - -- - ----+ 

Correlation coefficients of velocity profiles related to v* (v*=measured shear velocity, 
n=number of profiles which had v* in the given range, r =mean of correlation 
coefficients of the n velocity profiles, O"r=standard deviation of the correlation 
coefficients) 

+--------------------------------------------------------------+ 
1982/83 measurements 

+ -- - - - - -- - - - - ---- - ---------- - ---- - -- - ---- - - ---- - - - ----- - -- - ---- j 

WADING RODS CABLEWAY 

Ymax/h r n r 
+ - - - - - - --- - - - -- - - - - -- - - - - -- - - - - -- - - -- - -- - -- - --- - - - -- - - - - -- - - - - - I 

I 0.10 0.15 72 0.959 0.045 I 
0.15 0.20 84 0.938 0.072 11 0.907 0.088 
0.20 - 0.25 14 0.949 0.041 42 0.931 0.073 

> 0.25 14 0.914 0.165 27 0.894 0.075 
+ -- - - - - -- - - - - -- - - - -- - - - - - -- - - ---- - -- - ------ - ----- - ---- - - -- - -- - - j 

I 1983/84 measurements ! 
+ - - - - - - - - - - - - -- - - - - ---- - - -- - - ---- - - -- - ----- - ---- - --- - - - - -- - - - - - I 

WADING RODS CABLEWAY 

Ymax/h r r n r 
+ -- - - - -- - - - ---- - - ------ - --- - - - - ---- - ---- - - - - ---- - - - - - - - - - -- - - - - ! 
I 0.10 - 0.15 25 0.876 0.137 I 

0.15 0.20 
0.20 - 0.25 

> 0.25 

44 
21 
21 

0.905 
0.881 
0.920 

0.174 
0.175 
0.116 

0.899 0.066 
33 0.924 0.056 
26 0.873 0.109 

+ -- - - -- - - - - ---- - ----- - - - - -- - - ------ - - --- - - - - ----- - -- - - - - ----- - - + 

Correlation coefficients of velocity profiles related to Ymaxlh (Ymaxlh =ratio of the 
distance from the bed of the uppermost velocity reading in a profile, Ymax, to the local 
flow depth, n=number of profiles which had Ymaxlh in the given range, r =mean of 
correlation coeficients of the n velocity profiles, O"r=standard deviation of the correlation 
coefficients) 
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A second possible source of error is in the individual velocity readings. The 
error in the current meters themselves, whose ratings were checked during the fieldwork, 
is small. Sampling errors are a potential problem but standard one minute readings, as 
used here, are a reasonable compromise in velocity profile estimation (Bathurst 1977). 
The problem of consecutive readings was evaluated using the check meter and appears to 
be unimportant. 

Shear velocities have been derived from two separate sets of measurement: those 
from the cableway and those from the boat. These are not precisely the same cross 
section. However the distance between the two sections is small in comparison to the 
width of the river and they are very similar in shape. It seems reasonable to assume that 
the two sets of data-are compatible and this is supported by the nature of the plots. 

Sampling error associated with the relatively small number of velocity readings 
could affect the slope of the velocity profile plot. The use of 7 or 12 velocity points 
inevitably leads to uncertainty in the shear velocity. The correlation coefficients are sum
marised in Table 3; this shows the mean and standard deviation of r for profiles grouped 
by the value of shear velocity. For measurements from the boat, r is 0.95 or better for v* 
greater than 0.04m s-l, and from the cableway r is around 0.93 for v* greater than 
0.08m s-l. For very low V*, the correlation coefficients are lower: r is poor when v* 
<0.02m s-1 from the boat and when v* <0.04m s-l from the cableway. The higher v* 
values are the ones of most interest, since those are when there is likely to be some bed 
material movement, and in the vast majority of cases the straight line fit is good. The use 
of 12 points in 1983/84 has in general produced no improvement over 7 points in 
1987/83. 

The somewhat poorer correlations for the cableway measurements are due to the 
fact that readings could not be taken so close to the bed: the lowest readings were at 
0.18m as opposed to 0.05m for the boat measurements. As Table 3 shows, at higher v* 
and correspondingly greater depths, this effect becomes less important. There is some 
evidence for a decline in r at very high values of v* (v* >O.16m s-I). In these cases, very 
considerable bed material movement was occurring, and the slightly poorer r may be due 
to errors produced by increased uncertainty of the position of the bed. 

The final source of error is that produced by taking velocity readings outside the 
region in which the logarithmic law is valid; that is, when y/h is greater than 0.15. The 
practicallirnitations of the equipment meant that it was not always possible to take read
ings within these limits. Table 3 summarises the values of correlation coefficients of the 
velocity profiles in relation to values of Ymax/h, where Ymax is the height of the upper
most velocity reading. There may be some slight deviation from the logarithmic line for 
profiles with large ymax/h, as evidenced by reduced correlation coefficients but it is not 
sufficient to significantly increase the error in shear velocity. 

Although every effort was made to minimise potential errors when collecting 
and plotting the data, some degree of uncertainty results from estimation of the regression 
line. Standard statistical methods were used to calculate the confidence intervals of the 
regression line. This method is rarely applied to velocity profile data. It was suggested by 
Wilkinson (1984) and has been applied by Hammond et at. (1984) to oceanographic data. 

Confidence intervals were evaluated for a number of profiles which were repre
sentative of a range of flow conditions (Table 4) as follows: 
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For the standard fonn of a straight line 

y=bx+a (I) 

the slope b, which has been estimated by least squares minimisation, has a confidence 
interval of 

db=-t-~~ 
W O"x 

(2) 

where n is the number of data points, t is the value of Student'S t with n-2 degrees of 
freedom, o"x and O"y are the standard deviations of the x and y data values, and r is the 
correlation coefficient between x and y. For the logarithmic profile data this becomes 

db=-t-~~ 
W O"log y/h 

and the confidence interval for shear velocity is 

db 
dv* = 5.7565 

+--------------------------------------------------------------+ 
/ Ref. N v* r Confidence interval / 

/ No. (m/s) 95% 80% 
+--------------------------------------------------------------/ 

1 w 7 0.0501 0.977 ±0.0152 ±0.0088 
(30.4%) (17.5%) 

2 w 7 0.0632 0.928 ±0.0285 ±0.0164 
(45.1%) (25.9%) 

3 w 7 0.1117 0.970 ±0.0315 ±0.0181 
(28.2%) (16.2%) 

4 w 7 0.0947 0.956 ±0.0327 ±0.0181 
(34.5%) (19.8%) 

5 C 7 0.1259 0.867 ±0.0832 ±0.0477 
(66.1%) (37.9%) 

6 C 7 0.1458 0.945 ±0.0581 ±0.0333 
(39.8%) (22.9%) 

7 w 12 0.355 0.936 ±0.0095 ±0.0058 
(26.7%) (16.4%) 

8 w 12 0.0725 0.981 ±0.0101 ±0.0062 
(14.0%) (8.6%) 

9 w 12 0.051l 0.813 ±0.0258 ±0.0159 
(50.5%) (31.1%) 

10 C 12 0.1701 0.897 ±0.0591 ±0.0364 
(34.7%) (21. 4%) 

1l C 12 0.1577 0.962 ±0.0315 ±0.0194 
(20.0%) (12.3%) 

+--------------------------------------------------------------+ 

(3) 

(4) 

Table 4 Confidence intervals for velocity profiles (for explanation of symbols see 
text; W=Wading rod measurements, C=Cableway experiments) 
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Comparing the intervals for 1983/84 to those for 1982/83, it can be seen that the 
1983/84 data have generally smaller intervals. This is expected from the form of equation 
(3): the use of 12 rather than 7 velocity intervals will reduce the interval, when r remains 
constant. Cableway profiles have wider intervals than ones taken with wading rods 
mainly because the range of height from the bed is reduced, hence log (ylh) is less. 
Sinailarly the wider spacing of the heights used in 1983/84 increases log (ylh) slightly and 
produces some small reduction of the intervals. 

Generally, for the majority of wading rod measurements, r is around 0.95 or 
better, giving 95% confidence intervals of about 30% or better and 80% confidence inter
vals of 20% or better. In the relative few cases where r declines to around 0.9, the 95% 
intervals are about 50% or larger. The intervals for cableway measurements are generally 
a little wider than wading rod intervals. 

b) Cross sectional distribution 

1.0 
Shear velocity. v •• from velocity profiles against ghS 

1982/83 data 
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Fig. 5 Shear velocity from velocity profiles against ghs 

The velocity profIle measurements were used to define the distribution of shear 
velocity across the section at stag!!s corresponding to those when bedload measurements 
were made. For practical reasons simultaneous measurements of velocity and bedload 
were not possible. Therefore it was necessary to devise a method by which shear velocity 
can be constmcted for various flow conditions. 
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+---------------------------------------------------------------+ 
I Zone (no. and 1982/83 equations 1983/84 equations I 
I position) (m) 
+---------------------------------------------------------------
I 1 v* 0.1024h-0.1034 v* 0.0839h-0.0985 

x<9.9 r = 0.850 N = 16 r = 0.931 N = 9 
2 v* 0.1053h-0.1226 v* 0.1088h-0.1485 
9.9<x<13.55 r 0.879 N = 32 r = 0.872 N = 14 
3 v* 0.1327h-0.1336 v* 0.1441g-0.1713 
13.55<x<17.21 .r 0.834 N = 36 r = 0.775 N = 26 
4 v* 0.1301h-0.1179 v* 0.1040h-0.0985 
17.21<x<20.86 r = 0.872 N = <7 r = 0.939 N = 23 
5 v* 0.090Bh-0.0451 v* 0.1240h-0.0940 
20.B6<x<24.52 r = 0.B68 N = 33 r = 0.960 N = 13 
6 v* 0.0746h-0.0212 v* 0.0606h-0.0149 
24.52<x<2B.17 r = 0.B33 N = 27 r = 0.868 N = 11 
7 v* 0.0441g+0.0209 v* 0.0966h-0.0413 
28.17<x<31.82 r = 0.899 N = 13 r = 0.937 N = 11 
8 v* 0.0260h+0.0172 v* 0.1570h-0.1662 
x>31.82 r 0.742 N = 5 r 0.91B N = 9 

+---------------------------------------------------------------+ 

TableS Regression equations for v* (r=eorrelation coefficient, N=number of data 
points in regression) 

Bed shear velocity was expected to be related to local flow depth (d), water 

surface slope (s) and rate of rise and fall of stage (:) Information obtained from stage 

discharge recorders, one upstream and one downstream from the section and surveyed 
cross-section enabled appropriate data to be abstracted. Figure S illustrates the 
relationship between shear velocity obtained from velocity profiles and ghs. The mean 
shear velocity ( ghs) is plotted on the figure and is a result of total channel flow resis
tance. It includes, not only the effects of distributed boundary friction, but also energy 
losses due to secondary circulation and to the longitudinal non-unifonnity of the flow 
caused by the pool-riffle sequence (Ackers & Charlton 1970, Bathurst 1982). On the 
other hand v* derived from velocity profiles is a result of boundary friction only. In 
figure S the majority of points lie below the line v*= {gFiS confirming that actual bed 
shear is less than that calculated by >/gllS. 

In view of the inability to predict bed shear velocity from {gFiS using all the 
data, the section was split into a number of zones to try and establish a relationship 
between v* and flow variables by regression within each zone. The position of the zones 
were chosen, for convenience, to correspond to the bedload sampling points on the 
bridge. There were three bedload points to each zone, giving a width of 3.66m, and 8 
zones in the section. This choice was found to give sufficient points in each zone to allow 
regressions to be carried out, and to preserve detail in the variation of v* across the 
section. The simplest relationship, linear regression of v* on h was found to give good 
results and this was the method finally adopted. The regression equations are given in 
Table S. A typical plot is shown in Figure 6. A range of non-linear and multiple regres
sion models were evaluated and none were significantly better. Equally the arbitrary 
choice of zones had no material effect on the shape of the curves. 
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Regression plots for v. in zonos across section 
(1982183 data) 
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Regression of shear velocity against flow depth 

The regression equations can be used to predict the distribution of v* across the 
section for prescribed flow depths. Four water surface levels have been taken; z = 7.5, 
8.0, 8.5 and 9.0 m, representing a range of levels which were found during the study, 
from low flow to the highest at which bedload measurements were made. At each bed
load measurement point (Le. at 3 points in each zone) the local depth was found from the 
survey data and the appropriate regression equation applied to obtain v*. The smooth 
curves were drawn by eye through the mean of the four points in each zone. The figures 
show the smooth curves for each of the four values of z and for 1982/83 the individual 
points are also shown (Figs. 7 and 8). 

As Figures 7 and 8 show, the distributions of v* for the two periods are very 
different. Indeed in four out of the eight zones the regression lines were significantly 
different at the 10% level. These differences may be partly due to the use of slightly 
different cross-sections in the two years. However changes in bed levels are likely to be 
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the more important cause, particularly in 1983/84 there was a much more pronounced 
difference between the shallow and deep parts of the channel. Both distributions have the 
main peak in the same place: slightly towards the center of the channel from the deepest 
point. In 1983/84 there was a second peak, and v* also increases close to the right bank. 
The latter may, perhaps, be explained by the presence of the bridge abutment which tends 
to constrict the flow here and causes local scouring. In 1982/83 most measurements were 
made somewhat further upstream, and this effect was not observed. 

Distribution of v. for 1982/83 
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Fig. 7 Distribution of shear velocity for 1982/1983 

The shear velocity distributions (Figs. 7 and 8) are broadly in agreement with 
those found in a sinusoidal laboratory flume by Hooke (1975) and in the field by 
Bathurst et al. (1979). 
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Distribution of v. for 1983/84 
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Distribution of shear velocity for 1983/84 

s. DISTRIBUTION OF BEDLOAD TRANSPORT RATE 

a) Bed load and shear velocity distributions 

Measurements of bedload transport (qb) across the section were made on 22 
occasions. The distributions of qb were plotted and the associated distributions of v* 
were obtained by the method outlined in the previous section and plotted on the same 
graph. On six days two sets of bedload measurements were taken and, as there was rela-
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tively little variation in flow conditions, average values of qb and v* were derived. 
Consequently a total of sixteen plots of qb and v* distributions were obtained. Four 
representative plots have been selected for discussion (Figure 9 a-d). 
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Fig. 9 Distribution of bedload transport and shear velocity 

Inspection of the plots in Fig. 9 reveals anomalous values of qb in (c) and (d). 
Near the center of the cross-section, at about x = 2Om, in both cases, two samples show 
high values of qb while in the remainder of the section qb is low. These high values 
appear to be quite unrelated to the pattern of v*. In (a) and (b) no such apparently 
anomalous values occur, and the distribution ofv* appears to be roughly mirrored by that 
ofqb· 

From the comparison of qb and v* there appears to be no physical explanation 
for the result of plots Cc) and (d). Examination of the particle size distribution of each 
bedload sample does not greatly help because of the great variability from sample to 
sample. However, when taking the samples in the field, the differences were very obvi
ous. 

Consider the set of samples shown in Figure 9 (d). Over much of the section 
there was a rather low mte of transport which declines towards the banks. The amounts 
of material collected in the sampler were typically about 50 to 100 gm in 5 minutes, but 
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individual samples were highly variable. All the samples contained a portion of silt or 
sand. In addition, there was a very variable number of particles of the same order of size 
as the surface bed material, typically in the range 10 to 50 mm. The D50 of the samples 
ranged from 0.3 to 36 mm. (This indicates that the length of the sampling periods was 
insufficient to obtain large enough samples to make particle size analysis reliable. 
However, sampling periods could not be greatly increased, or there would not have been 
enough time to sample the entire cross-section.) It seems clear that in (d) bedload trans
port was occurring at or just above the threshold of motion over much of the section. 
Since the individual particle geometry and position relative to other particles (and thus its 
resistance to initial motion) is variable, and the bed shear is a fluctuating quantity, the 
threshold of motion is not a precise value. Initial movement of particles must occur over a 
band of mean v*: smaller and more exposed particles and upward fluctuations in v* 
causing sporadic movement when mean v* is below the critical threshold, while larger 
and less exposed particles and downward fluctuations in v* and variation in the availabil
ity of suitable niches. It seems probable that in (d) these were the conditions over much 
of the section. 

The two much larger samples near the center of the section (x ~ 20 m) were not 
only 10 to 100 times larger than elsewhere, but they also had a much narrower range of 
particle sizes. They were of fine gravel, having D50 of 1.6 and 5.0 mm, and were distin
guished by the almost total lack of both the sand and the coarser gravel particles which 
tended to predominate in the other samples. Thus, from field observations, it was appar
ent that these two samples were distinct from the others in two ways: they consisted of 
much better sorted material, finer than the local surface and subsurface bed material; and 
they were moving at well above the threshold of motion, while the other samples were at 
or near the threshold. 

The pattern of (d) is repeated in (c), where similar near critical transport rates 
occur over much of the section and a peak of fine gravel occurs at x = 20 m. The pattern 
in (a) and (b) is in contrast to ths. In (a) the general rate of transport is slightly higher 
than in (c) and (d) but the peak of fine gravel is notably absent. The bedload transport 
rates show some correspondence to the pattern of bed shear stress, though there is con
siderable variability in qb and in the sizes of the material in motion. In Cb) the general rate 
of movement is much greater and the samples generally contained a higher proportion of 
coarser particles of approximately the same size as the bed material. The distribution of 
qb roughly corresponds to that ofv* and marked peaks of fine gravel are again absent. 

From the foregoing discussion of Figure 9 and the related field observations, it 
appears that the bedload could be considered to show a number of different, characteristic 
types of material in motion, which are subject to different controlling factors. These types 
were classified in three categories: 

(1) Sand or silt. This was present in small quantities in many samples, but 
never dominated except in the very smallest samples. Some material of 
this size was present as suspended sediment, and would have been col
lected while lowering and raising the sampler as well as when it was on 
the bed. The Helley-Smith sampler may not be reliable for sizes less than 
0.5mm and thus, this material is not consistently sampled. 

(2) Fine gravel. This was observed in large quantities at or near x = 20m, as 
shown in Figures 9 (c) and (d). It may have been present in other samples 
but was not clearly distinguishable. It is of fairly uniform particle size, 
and is highly mobile when other material is not. 
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Material of size approximately the same as the bed material. This predom
inated across much of the section in Figure 9 (b) and was present irregu
larly in the samples in (a), (c) and (d). 

These three characteristic types of bedload are referred to hereafter as types I, 2 
and 3 respectively. 

The semi-quantitative discussion and the subsequent classification of bedload 
types lead to conclusions about the nature of bedload transport processes. However, it 
would be helpful to clarify the plots of qb by finding the proportions of the three pro
posed bedload types present in each sample. While some idea of this can be gained from 
examining the particle size distributions, these are highly variable and tend to be confus
ing. For this reason, a method of estimating the proportions of the three types was 
devised. 
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b) Separation of bedload into characteristic types 

In order to separate bedload samples into the three proposed characteristic types, 
particle size distributions, which were thought to be typical of the three characteristic 
types, were derived. The fine gravel bedload (type 2) was found to occur consistently at 
the three sampling points between x = 17.21m and 20.86m (zone 4) in all days of 
sampling from 12 November to 16 December 1982. The total of 24 samples in this 
period at the three points were separated from the remaining 152 samples at other points 
in the same period. All samples in each of these two groups were lumped together and 
particle size distributions were derived. These are shown in Figures 10 and 1 I. 

The fine gravel, with a modal value between 1.4 and 2 mm, of figure IO is 
strongly differentiated from the bimodal distribution of Figure 11. While the distribution 
shown in Figure IO is clearly predominantly made up of fine gravel, small proportions of 
the other characteristic types must also be present to some degree. To make a particle size 
distribution that was likely to be typical of type 2 bedload, the tails of the distribution in 
Figure IO were neglected; values below 0.355mm and above 22.4mm were removed. 
The particle size distribution in Figure 11 was treated as being made up of two separate 
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distributions, the values below 2mm being considered as type 1 bedload and those above 
2mm as type 3 bedload. The three distributions are plotted, and compared graphically to 
the armour and subsurface distributions of the bed material (site averages) in Figure 12. 
The type 3 bedload curve falls between that for the subsurface bed material and the 
armour layer: clearly type 3 bedload is very closely similar in size to the bed material. 
Generally, the three particles size distributions derived here correspond well to the classi
fication ofbedload types suggested previously. 
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Bed material and characteristic bedload size distributions 

The next step in the process is to estimate the proportions of the three character
istic bedload types which are present in the individual bedload samples. It is assumed that 
each sample can be considered to consist solely of material from the three characteristic 
bedload types. The proportions of the three types were then estimated by least squares 
minimisation of the quantity, e, which is given by 
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18 
e= L [Pi - (tI Cli + t2 Cli + t3 C3i)J 

i=1 

(5) 

where q, t2, t3 denote the proportions of the characteristic bedload types; Cli, C2i and 
C3i are the percentages in each class interval i of the three characteristic particle size 
distributions; and Pi is the percentage in each class interval i of the sample particle size 
distribution. The summation is over the 18 half-phi size class intervals from O.18mm to 
9Omm, and the minimisation has the constraint that tJ + t2 + t3 = 1. Thus, the three 
values tJ, t2 and t3 are the proportions of the three characteristic bedload types which 
give the best fit to the sample's observed particle size distribution. If the total bedload rate 
for a particular sample is qb , then the transport rate of type 1 bedload can be considered 
to be q qb , and of type 3 t3qb. 

These characteristic bedload size distributions were then used to estimate the 
proportions of the three bedload types in each of the 887 bedload samples recorded, 
using the method described above. Examples of the results of using the method are 
shown in Figure 13 and in Table 6. The plots show the observed and fitted particle size 
distributions, while Table 6 gives the values of tl, t2 and t3 obtained for the same set of 
samples. The table also gives the bedload transport rates and compares the size parame
ters of the observed and fitted distributions (size parameters are given in phi values for 
comparability). Since there are a large number of samples it would not be practicable to 
show similar plots for them all. A substantial number of plots, chosen at random, were 
examined, and the examples shown in Figure 13 were selected to cover a wide range of 
values of qb and of tJ, t2 and t3. They were also chosen to illustrate the results obtained 
within the range of data used to derive the characteristic particle size distributions (the 
first 3) as well as outside this range. The other plots which were examined showed gen
erally similar results to the examples shown here. 

+------------------------------------------------------------------------------------+ 
Distance Bedload proportions of Observed size parameters and error! 

) Samp Date from left transport characteristic in fitted parameters (phi) 

I No. bank rate bedload types Error == fitted-observed 

x (m) qb(kg/s/m) tl t2 t3 0 1 6 error 050 error D84 errorl 

+ - - ------ - -- - - - - - - -- - - ---- - --- - -- - ---- - ---- - ------ - ------- - ----- - - -- - - ---- - ----- - ---- I 

1 

1 180 16 Dee 1982 25.12 0.00178 0.663 0.274 0.063 1. 48 +1. 04 0.81 -0.16 -1. 84 +0.191 

184 16 Dee 1982 20.25 0.106 0.033 0.967 0 0.23 +0.05 -0.78 -0.23 -2.35 -0.401 

187 16 Dee 1982 16.60 0.00271 0.022 0.052 0.926 -2.68 +0.48 -3.69 -0.23 -4.67 -0.481 

241 5 Jan 1983 15.38 0.0349 0.019 0 0.981 -3.51 +1.02 -5.05 +1.03 -5.47 +0.291 

247 5 Jan 1983 22.69 0.0296 0 0.479 0.521 -1. 00 +0.55 -2.68 -0.07 -4.ll -0.571 

1 249 5 Jan 1983 25.12 0.0461 0.424 0.576 0 0.74 +0.60 0.16 -0.14 -3.10 +0.851 

1 813 13 Jan 1984 23.91 0.0248 0.100 0.382 0.519 -0.01 +0.11 -2.65 0 -5.30 +0.621 

1 817 13 Jan 1984 19.03 0.164 0.010 0.815 0.175 0.05 +0.04 -1. 44 -0.07 -3.73 +0.181 

1 823 13 Jan 1984 11.73 0.0118 0.087 0.180 0.733 -0.05 -0.26 -3.77 +0.31 -4.93 -0. OB 1 

1 826 13 Jan 1984 8.07 0.00146 0.792 0 0.208 1. 96 -0.23 1. 30 -0.46 -1. 90 -1.101 

Tabi~-6-------E-;~pi~~-~ffitt~p~p-;r1i-~~~-~i~h;;~t~ri~ti-;;-~di;;Ityp~~-;d-~;;;~-;;;+ 
fitted size parameters for individual bedload samples (for plots of sample 
numbers 813 and 817 see Figure 13). 
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Examination of Figure 13 and Table 6 shows that many samples have highly 
irregular observed particle size distributions; for instance, samples 187,241,249, 823 
and 826. In these cases the agreement between fitted and observed distributions seems 
rather poor and the errors in the parameter values are generally between 0.25 and 1 phi. 
This seems to occur principally in the small samples where very low transport rates are 
associated with sporadic movement of materia1. Despite the great difficulty of finding 
parameters to represent the particle size distributions of such samples adequately, the 
values of t}, t2 and t3 obtained do seem to characterize the samples reasonably wel1. 
Other samples show a better agreement between the two particle size distributions; this is 
particularly so for samples 184 and 817 which have much higher transport rates. 

The method used here to estimate the proportion of the characteristic bedload 
types depends on the somewhat arbitrary choice of data used to derive the characteristic 
types, and on the field observations which suggested that the bedload was generally 
composed of the three distinct types of material. The examples of fitted and observed 
particle size distributions show that the methods produces reasonable estimates of the 
proportions of the three types, but do not justify their derivation. Samples from outside 
the range of data used to obtain the characteristic types have a similar quality of fit to 
those within the range. This lends support to the idea that the method is of general appli
cability at the site, but again does not provide proof. Because of the small size of many of 
the bedload samples there is great variability in the extracted size parameters, and thus it 
is difficult to assess the character of the material in motion from standard particle size 
analysis. The method proposed here provides a means of assigning bedload movement to 
three broad size categories and thereby facilitates assessment of the transport processes in 
the individual bedload samples. 

c) Mobility of characteristic bedload types 

The method described in the previous section was applied to each bedload 
sample obtained. Thus, for each sample, an estimate of the rate of motion of each of the 
three proposed characteristic types of bedload can be made. The 16 histograms showing 
the distribution of qb across the section were marked up to show the proportions of the 
different types in each bedload sample. To facilitate discussion the results shown in 
Figures 9 (a) to (d) are replotted here, with the proportions marked up, as Figures 14 (a) 
to (d). As it is not always possible to distinguish the proportions of the three types in 
some of the smaller samples, the data are also tabulated in Tables 7 (a) to (d). 

To show the part of the cross-section where type 3 bedload might be 
expected to occur, an estimate of the critical shear velocity at the threshold of motion, 
v*cr, has also been marked on the plots. Following Neill (1968), this has been calculated 
with a value of the critical Shields' mobility parameter of Y cr = 0.03. Taking the appro
priate particle size to be the D50 of the type 3 bedload, that is D = l7mm, the value 
obtained is v*cr = 0.093 rn/s. It is clear that the threshold of motion is in fact variable, 
but this value has been chosen as a likely mean estimate for illustrative purposes only. 

Examination of the proportions of the characteristic bedload types which are in 
motion offers some insights into the nature of the bedload transport processes. The three 
bedload types are treated in turn. 
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The amounts of bedload type 1, sand and finer material, are generally small: it 
tends to dominate the samples only when very low transport rates occur. This is mainly 
near the edges of the section. As this material is not of major interest in this study, and, 
as it may not have been reliably sampled, it will not be discussed further. 

Movement of coarse gravel, bedload type 3, is also at fairly low rates in Figures 
14 (a), (c) and (d). The peaks of qb near x = 20m in (c) and (d) contain little or none of 
this material. Thus, the anomaly between the qb and v* distributions, which was noted 
previously in these two examples, is removed as far as the type 3 bedload is concerned. 

There is a tendency for stronger movement in the deeper part of the cross
section, somewhat to the left of the center, where stress is higher. But, in general, the 
pattern across the section of the movement of type 3 bedload is rather patchy. This is 
related to the fact that movement is close to the threshold of motion: movement is 
sporadic, subject to the combined fluctuations of bed shear stress and of particle expo
sure. In (c) very slight movement of type 3 material was observed even though v* was 
well below the estimated critical value over the entire cross-section. In (b) much higher 
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rates of movement of type 3 bedload occur, and the similarity between the distribution of 
qb for type 3 and v* is stronger than elsewhere. In. all the plots of Figure 14 there is a 
reasonable degree of similarity between the distribution of v* and that of qb for type 3 
bedload. If it is also noted that the particle size distribution of the type 3 bedload is similar 
to that of the bed material, it can be deduced that the most likely source of the type 3 
bedload is locally entrained bed material, and that the rate of movement of the material is 
controlled to a considerable degree by the value of the locally acting bed shear. 

In contrast to the type 3 bedload, the movement of the fine, fairly uniform gravel 
which makes up the bedload type 2 appears to be entirely unrelated to the distribution of 
v*. The peaks in qb near x = 20m in (c) and (d) consist of this material for the greater 
part, and it is also strongly present in (b) between x = 22 and x = 25 m. These peak 
values account for the greater part of the occurrence of the type 2 bedload. It also occurs 
in other parts of the cross-section, particularly in (b), but some of this could be due to 
error in the process of separating the bedload into three types and due to the simplification 
of treating the continuous bedload particle size distribution as if it were composed of three 
distinct bedload types. Nevertheless, the occurrence of strong movement of type 2 bed
load in a particular part of the cross-section is clear. 
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The quite different character of the type 2 bedload compared to the bed material 
and the concentration of its movement in a small part of the cross-section, in a manner 
quite unrelated to the pattern of the shear stress distribution, indicate that it is not derived 
from the local bed material. It is most likely to be derived from some distinct upstream 
source. A possible source is, for instance, an upstream bank collapse, where a lens of 
fine material becomes exposed. The fine material is thus made available suddenly, and 
because it is finer it is mobile at bed shear stresses which are insufficient to cause 
significant motion of the local bed material. It is moved downstream by a wide range of 
flows and can be observed both when there are high rates of movement of type 3 bed
load, as in (b), and when type 3 is negligible, as in (c). However, once the source is 
exhausted and the exposed material has moved through the reach, it is no longer observed 
until another bank collapse or other source makes more material available. The controlling 
factor in the movement of type 2 bedload is, therefore, the availability of a supply of 
material rather than the bed shear stress. Transport which is controlled by this mechanism 
has been referred to as "supply- limited", as opposed to the "transport-limiting" of 
bedload which is seen with type 3 material. 

The patterns of bedload movement has been discussed above in relation to the 
four plots shown in Figure 14. The same patterns was observed in the remaining plots. 
Consideration of all the available plots also enables another approach to the type 2 or 
"supply-limited" bedload by examination of its occurrence over time. From the start of 
fieldwork in November 1982, type 2 bedload was strongly present in all observations 
and was concentrated near to x = 2Om. Large floods occurred on 19 December 1982 and 
4 January 1983, but unfortunately observations were not made at this time. Observations 
recommenced on 5 January 1983 and flows stayed moderately high until 10 January. 
During this period type 2 material was still in motion, but was present over much of the 
section with some tendency to be concentrated near to x = 25m. The strong concentration 
of type 2 material seen previously was not observed. After this, movement of type 2 
material practically ceased and it was not observed again during the remainder of the 
fieldwork. In the following fieldwork period, starting in November 1983, type 2 bedload 
was again not present, but from 9 December it was again observed near x = 20m. During 
the very high flows of 13 January 1984 it was observed over much of the section and 
after this it was once more strongly concentrated near x = 20m and was observed in this 
position until 17 January when the last observations were made. 

Thus, it appears that, during the period of observation, there were two major 
periods when a source of type 2 material was available: the first from before November 
1982 to early January 1983, and the second starting in December 1983 and continuing 
through January 1984. (Of course, there may have been subdivisions in these long peri
ods or additional periods of movement, which were not recorded due to lack of bedload 
observations.) The consistency of motion concentrated at about x = 20m is remarkable. 
This always occurs when rates of movement of type 3 material are high. The occurrence 
of type 2 material in addition to type 3 across much of the section in these cases may be 
due to inadequacies in the process of separating the bedload types. Reasons for the con
centration of the type 2 motion are not readily apparent. It might be tentatively suggested 
that secondary circulation tend to concentrate the material within this particular part of the 
cross section. 

d) Summary and conclusions 

The results of classifying bedload into three characteristic types and of examin
ing the distribution of bedload transport rate in relation to the distribution of bed shear 
stress or shear velocity may be summarised as follows. 
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(1) Locally entrained bedload has a particle size distribution closely similar to 
that of the bed material (the bedload particle size distribution lies between 
those of the bed material armour and subsurface layers). The primary 
factor controlling its rate of transport is the shear stress acting on the bed. 
It is thus said to be "transport-limited". 

(2) Movement of locally entrained material is sporadic at low shear stresses. 
Movement still occurs when the time averaged shear velocity is less than 
0.093 m/s, that is at Shields mobility parameter, Y < 0.03. 

(3) Substantial movement oflocally entrained bed material can occur in part 
of a cross-section where local bed shear is high, but cross-sectionally av
eraged shear is below critical. 

(4) If there is a source of material finerthan the local bed material this can be 
mobile when movement of the local bed material is negligible. The con
trolling factor in the movement of this material is the availability of supply 
and it is thus said to be "supply-limited". 

(5) "Supply-limiting" and "transport-limiting" are not mutually exclusive con
cepts. Both processes can occur at the same time at the same site. Since 
the local bed material in any reach must be mobile at some shear stress it 
is not possible to speak of transport at a particular site as being solely 
"supply-limited", even if "transport-limiting" of bedload has never been 
observed at that site. Careful consideration of the size characteristics of 
the transported material in relation to those of the bed material must be 
taken to deduce the controlling mechanism or mechanisms which prevail 
at any time. 
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+----------------------------------------------------------------+ 
1 Distance from Bedload Proportions of characteristic 1 
, left bank transport rate bedload types 1 

, x (m) qb (kg/s/m) t1 t2 t3 1 
, sand fine bed material, 
1 gravel sized 1 

+----------------------------------------------------------------1 
'8.07 0.00079 1.000 0 0 I 
I 9.29 0.00075 0.996 0 0.004 I 
I 10.51 0.00236 0.462 0.538 0 I 
I 11.73 0.00698 0.079 0.921 0 I 
'12.94 0.0123 0 0.452 0.548' 
I 14.16 0.0148 0.030 0 0.970 I 
I 15.38 0.00024 0.967 0 0.033, 
I 16.60 0.00950 0.031 0 0.969' 
'17.82 0.00024 0.988 0 0.012 1 
I 19.03 0.00041 0.516 0.106 0.379 I 
'20.25 0.00026 0.946 0 0.054' 
I 21.47 0.00083 0.422 0.141 0.438' 
I 22.69 0.00191 0.683 0.132 0.185 I 
'23.9l 0.00572 0.560 0.040 0.400 1 
I 25.12 0.00146 0.787 0 0.213 1 
1 26.34 0.00068 0.996 0 0.004 I 
1 27.56 0.00096 0.980 0 0.020 1 
1 28.78 0.00057 1.000 0 0 1 
I 30.00 0.00020 0.933 0 0.067 1 
I >31.21 negligible I 
+----------------------------------------------------------------+ 

Table 7(a) Proportions of characteristic bedload types - 28 January 1983 (see 
Figure 14(a» 

+----------------------------------------------------------------+ 
I Distance from Bedload Proportions of characteristic I 
1 left bank transport rate bedload types 1 
I x (m) qb (kg/s/m) tl t2 t3 1 
I sand fine bed material 1 

I gravel sized 1 

+----------------------------------------------------------------1 
1 8.07 negligible I 
I 9.29 0.00094 0.574 0.426 0 1 
I 10.51 0.00164 0.129 0.396 0.475 I 
I 11.73 0.00706 0.039 0.495 0.466 I 
1 12.94 0.0222 0.014 0.440 0.546 I 
I 14.16 0.0998 0.006 0.274 0.721 1 
1 15.38 0.0350 0.032 0.013 0.955 I 
I 16.60 0.0481 0.039 0.014 0.947 I 
I 17.82 0.0752 0.014 0.148 0.839 1 
I 19.03 0.0454 0.016 0.012 0.973 I 
I 20.25 0.0423 0.024 0 0.977 I 
I 21.47 0.0248 0.003 0.164 0.834 1 
I 22.69 0.0600 0 0.567 0.433 I 
1 23.9l 0.0214 0.240 0.716 0.043 I 
I 25.12 0.0540 0.362 0.605 0.033 I 
1 26.34 0.00937 0.845 0.020 0.136 1 
I 27.56 0.00377 0.999 0 0.001 1 
I 28.78 0.00087 0.888 0 0.112 I 
I 30.00 0.00062 0.542 0 0.458 I 
1 31.21 0.00131 0.150 0.437 0.413 I 
I 32.43 0.00088 0.068 0.361 0.571 I 
+----------------------------------------------------------------+ 

Table7(b) Proportions of characteristic bedload types - 5 January 1983 (see 
Figure 14(b» 
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+----------------------------------------------------------------+ 
Distance from Bedload Proportions of characteristic 1 

left bank transport rate bedload types 1 

x (m) qb (kg/s/m) t1 t2 t3 1 
sand fine bed material 1 

1 gravel sized 1 
+----------------------------------------------------------------1 
1 9.29 negligible 1 

1 10.51 0.00039 0.261 0.204 0.535 1 

1 11.73 negligible 1 
1 12.94 1 

1 14.16 0.00101 0.106 0.056 0.838 1 
1 15.38 0.00106 0.005 0.690 0.305 1 

1 16.60 0.00558 0.026 0.772 0.203 1 

1 17.82 0.00356 0.049 0.951 0 1 

1 19.03 0.0251 0.159 0.841 0 1 

1 20.25 0.0300 0.407 0.593 0 1 
1 21.47 0.00194 0.791 0.036 0.174 1 
1 22.69 0.00078 0.550 0 0.451 1 
1 23.91 0.00122 0.344 0 0.656 1 

1 25.12 0.00035 0.865 0 0.135 1 
1 26.34 negligible 1 

1 27.56 1 
1 28.78 1 

1 30.00 1 
1 31.21 1 

1 32.43 0.00061 0.541 0.459 0 1 

+----------------------------------------------------------------+ 
Table 7(c) Proportions of characteristic bedload types - 8 December 1982 (see 

Figure 14(c)) 

+----------------------------------------------------------------+ 
Distance from Bedload Proportions of characteristic I 

left bank transport rate bedload types 1 

x (m) qb (kg/s/m) t1 t2 t3 1 
sand fine bed material 1 

1 gravel sized 1 

+----------------------------------------------------------------1 
1 9.29 0.00060 0.935 0.046 0.019 1 
1 10.51 0.00277 0.290 0.106 0.604 1 

1 11.73 0.00068 0.112 0.468 0.420 1 

1 12.94 0.00170 0.042 0.027 0.931 1 

1 14.16 negligible 1 
1 15.38 0.00210 0.038 0 0.962 1 

1 16.60 0.00188 0.037 0.038 0.925 1 

1 17.82 0.00199 0.158 0.187 0.655 1 

1 19.03 0.0269 0 0.678 0.322 1 

1 20.25 0.0851 0.074 0.926 0 1 

1 21.47 0.00765 0.586 0.398 0.016 1 
1 22.69 0.00337 0.645 0.004 0.352 1 

1 23.91 0.00172 0.755 0 0.245 1 

1 25.12 0.00130 0.757 0.188 0.056 1 
1 26.34 0.00118 0.384 0 0.616 1 

1 >27.56 negligible 1 
+----------------------------------------------------------------1 

Table7(d) Proportions of characteristic bedload types -16 December 1982 (see Figure 
14(d)) 
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LABORATORY EXPERIMENTS ON SAND GRAIN SORTING 

by Pierre Y. Julien 
Colorado State University, Fort ColJins, USA 

ABSTRACT 

Experiments on segregation and lamination of heterogeneous mixtures of sand size 

quartz, limestone and coal show that particle segregation essentially occurs through lateral 

motion of a sand mixture. With fine particles falling between interstices, coarse particles 

gradually roll on top of fine particles and microscale stratification within the moving layer is 

obtained. Parallel lamination is possible without turbulence and without the migration of 

small amplitude bedforms. 

INTRODUCTION 

The processes causing the formation of parallel lamination in sand mixtures are worth 

consideration because of: 1) differential transport rates for different size fractions; and 2) 

possible similarities for coarser grain sizes. Laminae in sand mixtures with thickness not 

exceeding a few grain sizes (up to a few millimeters) are quite common. However, the 

hypotheses pertaining to their formation remain ambiguous. Recent reviews, Bridge and 

Best (1988) and Paola et al. (1989), conclude that lamination results from the superposition 

of two processes: 1) high frequency erosion and deposition due to turbulence; and 2) 

migration of low-amplitude bed forms. 
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This article briefly summarizes several laboratory investigations (Berthault, 1986,1988; 

JuIien and Chen, 1989a,b; Julien and Lan, 1996a,b) on various laboratory experiments with 

sand mixtures. Sand grain sizes of different colors ensure a better visualization of the physical 

processes involved in the formation of laminae. 

LABORATORY EXPERIMENTS 

The purpose of laboratory experiments on segregation and lamination was to examine 

the physical processes leading to microscale stratification of sand mixtures. Laboratory 

experiments with thirteen different sand mixtures of quartz, limestone and coal were carried 

out: 1) under horizontal motion; and 2) through settling in air and water. 

Simple segregation experiments involve the slow horizontal motion, without bedforms 

and without turbulence, of a sand mixture on a plane surface. Of the thirteen different 

mixtures examined, eight produced clear segregation of coarse and fine particles. Typical 

results are shown on Figure 1 for a mixture of black quartz particles (d so = .57 mm) on top 

of white quartz particles (d so = .13 mm). 

Segregation of sand particles is possible through lateral motion of the mixture as 

sketched on Figure 2. With fine particles falling between the interstices of coarse particles, 

coarse particles gradually roll on top of fine particles. This segregation process shares some 

similarities with the "like-seeks-like" mechanism advocated by Moss (1963) and Kuenen 

(1966), and with Middleton's "kinematic sieving" mechanism. Dispersive stress must, 

however, be discarded because the experiments can be carried out at extremely low rates of 

deformation. Segregation is thus possible without turbulence and without the migration of 

small amplitude bedforms. 

Repetitive segregation, or lamination, of heterogeneous sand mixtures is examined 

through settling experiments in air and water. Settling of ten miXtures of quartz, limestone, 

and coal shows that lamination is possible in both air (6 mixtures) and water ( 4 mixtures). 

Typical results for a mixture of black quartz particles (d 50 = .33 mm) and white quartz 

particles (d so = .13 mm) are shown on Figure 3. Lamination is found to be essentially the 
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Figure 1 Typical segregation results for black quartz (d so = .57 mm) and white quartz ( 

d so = .13mm) 
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Figure 2 Sketch of the segregation process 

Figure 3 Lamination in a settling column of black quartz (d so = .33 mm) and white quartz 

(d so =.13mm) 
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result of mechanical interaction between particles of different size, shape and density. 

Lamination becomes clearer with distance in the direction of motion. The primary cause of 

lamination is the segregation mechanism within the moving layer, in which coarser particles 

eventually roll on top of finer particles. Lamination is possible without turbulence and without 

the migration of small amplitude bed forms. 

Flume experiments with steady discharge and continuous supply of heterogeneous sand 

mixtures test the applicability of this moving layer concept. Under M-I backwater conditions, 

the fine particles of the mixture effectively deposit on top of the deltaic deposit of coarser 

particles. Both deposits of coarse and fine particles are much thicker than laminae. Similar 

results are obtained with the Bijou Creek natural sand (d so = .75 mm). 

These experiments confirm the notion of a moving layer in which coarse particles 

preferentially roll on top of finer particles. Dispersive stress should be discarded because 

segregation is possible at low rates of deformation. The role played by turbulence and bed 

forms is comparatively of lesser importance in the formation of parallel laminae in sand 

mixtures. 
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SIMPLE MODEL OF FLOW, BED TOPOGRAPHY, BEDLOAD 
TRANSPORT AND MEAN GRAIN SIZE IN CURVED RIVER 

CHANNELS; COMPARISON OF THEORY 
WITH FIELD OBSERVATIONS 

by John S. Bridge, State University of New York, USA 

This communication held by John S. Bridge at the workshop in Ascona will be published 
by John S. Bridge under the title "A revised model for water flow, sediment transport, 
bed topography, and grain size sorting in natural river bends" in Water Resources 
Research, 28, in press. Here, only the abstract is published. 

Abstract 
A revised model for the interaction of water flow, bed topography, and the rate and mean 
grain size of bedload in river bends is presented and compared with a large range of 
observational data. The model represents a modification of the approaches used by 
Engelund, Bridge, Parker, Ikeda and coworkers. Model predictions generally agree with 
data from the River South Esk, Muddy Creek, River Dommel, and Hooke's laboratory 
channel. This simple model apparently performs at least as well as more complicated flow 
models. To make further improvements it is necessary to more accurately specify the 
interaction between local bed shear stress, sediment transport and the local bed 
configuration. 

Address of the author: 
John S. Bridge 
Department of Geological Sciences and 
Environmental Studies 
State University of New York 
P.O. Box 6000 
Binghamton, New York 13902-6000 
USA 
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LABORATORY EXPERIMENTS ON DOWNSTREAM FINING 
OF GRAVEL 

by The Feinstein Group * 

1. INTRODUCTION 

The problem of downstream fining in gravel rivers is reviewed in some 
detail in another paper presented at this Workshop, Parker [1991]. Most 
gravel-bed streams, and many sand-bed streams as well, display an overall 
tendency for characteristic bed grain size (e.g. Dso) to become progressively 
finer downstream. The pattern may manifest itself significantly over reaches 
as short as a few kilometers fFerguson and Ashworth, 1991], or as long as 
several hundreds of kilometers [Shaw and KeUerhals, 19821. Where manifested, 
it is usually associated with an upward concave bed profile, i.e. one for which 
bed slope declines in the streamwise direction as well. Downstream fining has 
often been associated with some combination of selective transport of finer 
grains and abrasion of grains. 

Figures 1 and 2 show the long profile and pattern of downstream fining 
over a three-kilometer reach of a Scottish river, the Allt Dubhaig [Ferguson 
and Ashworth, 1991]. Surface (subsurface) Dso is seen to decline from about 
100 mm (35 mm) to about 20 mm (7 mm) over a downstream distance of 
2.25 km, thence dropping rather abruptly into the sand range. This same 
decline is mirrored in bed slope, including the abrupt drop, where the gravel 
bed gives way to a bed containing almost one hundred percent sand. The 
lithology of the bed material is such that abrasion can be precluded as the 
cause of downstream fining. One may conclude that the variation in grain 
size is due to selective transport of finer grains. The stream displays a 
complicated morphology, including braided and meandering subreaches. It is 
likely that this morpholopy enhances selective transport relative to a straight 
configuration [Paola, 1989J. 

This paper is devoted to a report of the results of the first run of a 
series of laboratory experiments on downstream fining. The desirability of an 
experimental study of the phenomenon should be clear. As opposed to the 
field, in the laboratory the operator has control over the grain size 
distribution, discharge, and channel width. This allows for a systematic study 
of the relative importance of the various contributing factors. 

*) Chris Paola, Gary Parker, Rebecca Seal, Sanjiv Sinha, University of Minnesota; 
J.B. Southard, Massachusetts Institute of Technology; P.R. Wilcock, Johns 
Hopkins University, USA 
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At the time this study was commenced, the authors were aware of 
only one other attempt to reproduce downstream fining in the laboratory, that 
of H. Ikeda and co-workers, Environmental Research Center, Tsukuba 
University, Japan [personal communication]. The attempt did not succeed. 
Extensive helpful discussions with H. Ikeda suggested that the standard 
deviation of the grain size distribution used in those experiments may not have 
been sufficient to allow for clear evidence of fining over a relatively short 
distance. This served as a guide for the grain size distribution used in the 
present experiment. 

2. EXPERIMENTAL SETUP AND PROCEDURE 

50 tons of poorly-sorted sediment were prepared by mlxmg gravel and 
sand obtained from a wide variety of pits. Grain sizes contained in the mix 
range from in excess of 64 mm to less than 0.125 mm. A histogram showing 
content fraction in eaclI half-.p grain size range is shown in Figure 3; note 
that 

where D denotes grain size in equivalent diameter, and .p denotes the 
logarithmic grain scale commonly used by sedimentologists. Content fractions 
are shown for two independent samples, indicating the consistency to which 
the grain size distribution could be reproduced on a batch-by-batclI basis. 
The distribution is seen to be weakly bimodal, with a gravel content peak at 
22.4 mm, a sand content peak at 0.35 mm, and an intervening minimum at 2 
mm. 

The experimental facility was built into a towing tank at St. Anthony 
Falls Hydraulic Laboratory, University of Minnesota. The towing tank is 2.74 
m wide, 1.82 m deep, and over 60 m long. A false wall was built into the 
tank so as to form a narrow channel 0.30 m (1 ft) wide, 1.2 m deep, and 45 
m long. The bottom of the channel was composed of concrete. Water was 
supplied to the upstream end of the channel from the Mississippi River; water 
discharge was regulated with an orifice meter. 

The first run was conducted in the winter of 1991. Water discharge was 
set at 80 liters/second. The run was commenced with no sediment on the 
flat, concrete bed. Sediment was mixed at the upstream end and fed 
manually at the rate of 11.3 kg/minute. A gravel aggradational front 
developed in the channel and propagated downstream. Upstream of the 
aggradational front, bed elevation increased over time. The narrow channel 
width suppressed the formation of bars or meandering or braiding tendencies. 
The run was continued for 16 hours and 50 minutes, by which time the gravel 
front had propagated about 41 m downstream of the feed point. Long bed 
profiles were measured with a point gauge at regular intervals during the run. 

Water was drained from the channel at the end of the run. The surface 
deposits were somewhat disturbed by an unexpected accidental rapid draining, 
but the subsurface deposits remained unaffected. The surface material was 
sampled using Wolman counts and magnetic paint sampling. The entire 
deposit was then excavated and sieved over several months, using time lines 
of bed profiles as guides. 

3. RESULTS 

In Figure 4, bed profiles are shown at t = 2 hours, 5 hours, 6 hours 30 
minutes, and 10 hours from run commencement. A downstream-propagating 
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aggradational front is apparent, such that the bed profile is mildly upward 
concave upstream of the front. In the case of the profile at t = 10 hours, 
some convexity is displayed near the front. 

Figure 5 documents the downstream variation in the follOwing grain sizes 
in the substrate between the time lines defined by t = 6 hours 30 minutes 
and t = 10 hours: 4>10, 4>30, 4>50, </>70, and 4>90. The trends are generally 
upward in </>, corresponding to a decrease in grain size D. The values of </>10, 
</>50, 4>70, and </>90 are all seen to increase by about one 4> interval over 25 m, 
corresponding to a halving in grain size. For example, D90 declines from 46.2 
to 21.9 mm; D50 declines from 6.8 to 3.3 mm. The size D30 shows an even 
stronger tendency to decline over the 25-m interval. 

In Figure 6, substrate grain size distributions for material between the 
same time lines as those of Figure 5 are shown at sections H (x = 2.5 m), E 
(x = 20 m), and G (x = 27 m), where x denotes distance downstream of the 
inlet. The tendency for downstream fining is manifested over the entire range 
of grain sizes. 

Figure 7 shows the percent sand (D < 2 mm) in the substrate as a 
function of downstream distance. While fluctuations are manifest, the overall 
tendency is for the sand content to increase in the streamwise direction. The 
strong jump near the downstream end likely indicates an incipient transition to 
a pure sand bed somewhat farther downstream. 

During much of the run, a deposit of pure sand finer than 1 mm could 
be found downstream of the gravel aggradational front. The point of 
transition, which propagated downstream as the gravel front buried the sand, 
was qnite sharp, with essentially no pea gravel or coarser material passing the 
front. It should be pointed out that the sharp transition cannot be associated 
with the absence or paucity of gravel in the 1 N 8 range, because the size 
distribution of the parent material was only weakly bimodal (Figure 3). Based 
on observations during the experiments, it appeared that particles moving as 
bedload could not easily propagate past the aggradational gravel front, whereas 
particles moving in suspension could overpass it and propagate downstream. 
The maximum size of particles depositing downstream of the front was thus 
likely controlled by the maximum grain size that could be suspended in 
appreciable quantity. Experimental results indicate that this maximum size 
was less than 1 mm. 

4. CONCLUSIONS 

The results of the experimental run reported here 'provide unambiguous 
evidence that Significant downstream fining associated with channel aggradation 
can be reproduced in the laboratory over relatively short distances. The 
shortness (45 m) of the channel precludes abrasion as a possible mechanism for 
fining. As a result, it is concluded that the change in grain size is due to 
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selective transport of finer grains. The channel configuration was straight, 
with the absence of bars or meandering or braiding tendencies. 

Toward the downstream end of the aggradational front, a sharp transition 
from a gravel-sand mix to a bed of pure sand was observed. This sharp 
transition occurs in spite of the fact the parent size distribution is only weakly 
bimodal. It appears to form in response to the settling out of sand from 
suspension as water flows past the front of bedload aggradation. 

Additional experiments are planned for the future, including runs with a 
width sufficient to allow for weak braiding. 

Financial support for this research was provided by the National Science 
Foundation (grants no. EAR-9004756 and CTS-8901598). 
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Conclusions 

During the closing session, the participants were invited to submit their personal comments and 
conclusions. Since obviously it was not possible to obtain consensus on a number of points, it 
was decided to publish the comments received as conclusions, rather than to impose one 
personal view to describe the progress obtained during the Seminar. 

Comments by A.J. Sutherland, University of Canterbury, New Zealand 

The lack of consensus on 50 many issues during the seminar served to emphasise our limited 
understanding of non-uniform grain interactions. This was particularly evident when seminar 
participants were unable to satisfactorily answer Dr. Belleudy's question as to whether he 
should use hiding functions or active layers to control the mobility of size fractions in his 
numerical modeL 

Hiding functions and active layers can each represent grain interaction effects as evidenced by 
numerical models that successfully use one or the other. There are also successful models 
which use the two approaches together. While this may be satisfactory for obtaining results in 
controlled situations it does not give confidence when one extends the use of a model to a new 
situation nor does it aid our understanding of the underlying processes. 

It is likely that certain situations are better represented by one or other of the two approaches. If 
so one must accept that if a model is to have some generality it will require both a hiding 
function and an active layer. The problem then becomes one of deciding how much of each 
should be used in any given circumstance. In support of this dual approach one could develop 
a theory based on hiding functions accounting for "horizontal effects" (eg sheltering, exposure, 
pivot angles) and active layers treating "vertical effects" which control the availability of size 
fractions through the composition of the surface layer. Such an approach would recognise the 
degree of independence that exists between surface grain size distribution and grain 
arrangement on the surface. The same grain size distribution can have quite different surface 
geometries and thus hiding effects eg the rearrangements of grains that takes place in static 
armouring experiments at nearly constant surface grain size distribution after the initial period 
of high transport rate has passed. 

To help resolve this issue it would be valuable to have the results of tests using existing models 
on a series of standardised situations. One would seek to determine the conditions in which 
hiding functions (or active layers) strongly influence results and those conditions in which the 
results are not so influenced eg are hiding functions important when bed features are 
predominent or does the active layer approach serve better; is one or the other to be preferred 
with a bimodal sediment? The outcome of such tests should then guide experimentalists in 
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designing laboratory tests from which an improved understanding of grain interactions may 
emerge. 

In such an exercise the distinction between the two types of hiding function drawn by 
Sutherland (this volume) will be important. Threshold hiding functions result essentially from 
the projection/exposure mechanism inherent in a stationary bed of nun-uniform grains. Hiding 
functions for use in transport relations reflect interactions between moving grains and sediment 
bed on which there are both stationary grains and moving grains. The interaction effects in this 
case will be dominated by dynamic effects whereby different sized grains travel at different 
speeds, have different step lengths and rest period durations. To emphasise the care that needs 
to be taken in using and evaluating different hiding functions in a range of situations attention is 
drawn to the obligations that lie with researchers and the cautions for users outlined in section 7 
of Sutherland (this volume). 

Active layer procedures have reached a high degree of sophistication with de Silvio's four layer 
model (this volume) being a good example. A review of these developments and of the use of 
active layers in numerical models similar to that of Sutherland for hiding functions would be 
most useful. I would encourage a proponent of active layers to undertake such a review 
perhaps for a future seminar on non-uniform grain motion. 

Comments by B. WiIIetts University of Aberdeen and R. Bettess Hydraulic Research, 
WaIlingford 

A note made following the general discussion of Wednesday 23 October 1991. 

a) Description of sediment grading curves. 

If grain sorting effects are to be described fully then it is not sufficient to characterise the 
sediment grading by statistics such as D50 or D84iD16. It is necessary to use better statistical 
descriptions to characterise the full distribution. Professor Parker suggested that this should 
be done using the first three moments of the distribution expressed in log units. It is not yet 
clear whether this is the most effective description for ail applications but it certainly has a 
number of advantages. There would be benefits in having more or less standard ways of 
describing size distributions but until these emerge it is important that workers give as full a 
description as possible of size grading. 

b) Extremes of sediment size distributions 

Evidence seems to be mounting to suggest that the extremes of the size distribution have a 
disproportionately large effect on both armour development and alluvial friction. The 
challenge would appear to be to quantify the impact of the extremes to determine their 
relative importance. This bears on the form of statistical description which might be adopted 
to define sorting. 
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c) Hiding functions 

It seems to be universally agreed that to extend a theory of sediment transport from a 
uniform sediment to a widely graded sediment hiding functions are required. The precise 
formulation of these functions is not clear. Presumably the hiding functions will be 
dependent upon the sediment transport theory used and the correct formulation may depend 
upon the nature of the theory to which it is being applied. The scarcity of reliable transport 
data on the movement of size fractions means that at present hiding factors can only be 
derived for a restricted range of circumstances. There is a clear need for further laboratory 
and field data. 

The interaction between fractions might be expected to be quite different at threshold 
compared with that during active transport. The latter involves more interaction processes 
than the sheltering/exposure of small and large grains respectively which are the dominant 
'hiding' effects at threshold. At low transport stages, however, grains move intermittently 
and the intervals between motion have an important influence on transport rate. In such 
circumstances the transport hiding function will share to some extent the characteristics of 
the threshold hiding function. This is unlikely to remain true at high transport stages 

Approaches in the past to hiding functions using the grading of the parent material have 
somethimes included variables such as 't*. These may represent surrogate variables for the 
surface distribution. 

d) Alluvial roughness 

While the composition of the bed has long been recognised as being important in 
determining alluvial roughness it appears that the influence of the spatial structure of the bed 
should be investigated. Experimental work has suggested that distinct spatial structures can 
be identified in the laboratory. It is important to establish their existence in the field and 
their significance in influencing the hydraulic roughness of the bed. 

e) Active layer 

All modellers seem to have to make an assumption of some form of active layer. As yet 
there seems to be little idea about the vertical structure or physical processes within such a 
layer. This ignorance is the central obstacle to improved prediction methods. 

f) A general challenge for the practitioners in the future would seem to be how to make river 
engineering less interventionist. To design prudently in limitation of natural channel 
conditions is a much more demanding exercise than to design artificial channels, and makes 
much more demanding calls on our knowledge of the channel processes. 

g) Numerical modellers made a plea for simplified conceptualisation. It was pointed out that 
calibration involving a hiding function only was as effective and much simpler than one 
using both a hiding function and an adjustment of active layer depth. 
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Comments by Martin N.R. Jaeggi, Laboratory of Hydraulics, Hydrology and Glaciology, 
Zurich 

The following comments have been made on the basis of personal notes taken during the 
presentations and the general discussion. It is attempted to answer the questions raised in the 
introduction. 

Generalities 

Definition of mean grain size: According to Parker, the mean grain size of a mixture should not 
be defmed on a linear, but on a logarithmic basis. This can have a substantial impact on single 
grain concepts. In a fractionwise calculation too, a mean grain size must be defined as a scaling 
size for the hiding function. 

The introduction of mixing layer concepts induces that the grain size distribution of the 
bed surface and its mean grain size are considered for computing transport rates. Current 
transport theories rely on bed material distribution. This may lead to other inconsistencies in 
applying numerical models. 

Sampling techniques: Although treated extensively in the recent literature, sampling technique 
is still an element of uncertainty. The experiments of Wilcock (grid by number sampling), 
Diplas (clay technique), and BenSlama/Chee (sieve analysis) differ concerning the sampling 
technique of the surface sample. When calibrating numerical models to such experiments, the 
problem of the sampling technique must be considered somehow. 

It may be pointed out at this place that in field situations with very coarse components, 
for instance as shown during the field trip in the Reuss valley, other sampling techniques may 
have to be applied. Transect surface samples, transformed into fictitious sieve samples of the 
parent bed material through an appropriate conversion calculation, have been a useful tool in 
recent Swiss investigations! . 

Sorting at low shear stress with sediment transport (Case C of table in the introduction) 

Wilcock's experiments indicate that a limiting grain size may be defined, below which all the 
grains have the same mobility, and above which the grains move with a mobility decreasing 
with size. The experiments of Ben Slama and Chee seem to confirm this statement, since they 
found that the grains size distribution during the armour layer development is identical to the 
original one below a limiting grain size, above which the curve deviates. Suzuki and Hano's 
experiments, where the sediment feed has the same grain size distribution as the bed material, 
show an important coarsening for lower shear stresses and then a fining of the surface layer 
with increasing shear stress, still with a sediment feed corresponding to equilibrium conditions. 
These results seem to be consistent with each other, although the sediment feed conditions were 
different. 

Weak transport, considered here to be the transport of fines over a still armored bed, is not 
found in such situations, since all the fractions are then moving, although some of them in 
smaller proportions. In a one-dimensional optic, weak transport is then only possible at shear 
stresses which are below critical (with respect to the mean grain size of the bed material). 
However, Hey's field observations show that two dimensional effects favour a weak transport 
(and therefore supply limited transport) even above this threshold value. The sediment regime 

! Fehr, R.: A method for sampling very coarse sediments in order to reduce scale effects in 
movable bed models, Proc. of the Symposium on Scale Effects in Modelling 
Sediment Transport Phenomena, Int. Ass. of Hydr. Research, Toronto, 
25-28 August, 1986 
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of a river with respect to these finer fractions is therefore reasonably complex. Tsujimoto 
attempts to model this particular aspect of sorting. 

More generally speaking, sediment transport rates of all fractions are supply conditioned in the 
region of potential armour layer formation. Rakoczi's proposal of seasonally applicable 
transport functions in this region which, more generally speaking, have to be derived from 
supply conditions in the catchment, is interesting in this respect. 

Hiding function 

There seems to be quite a consensus on the fact that the behavior of the different fractions can 
be defined by a hiding function. It is defined as a function of the ratio of a certain grain size to 
the mean grain size or scaling size. The hiding function slightly deviates from an equal mobility 
function. 
As Sutherland explains in detail, there is for the moment no universally acceptable function. 
Shear stress is recognized to be an important additional parameter in defining the hiding 
function, as protrusion into the fl()w will have different effects for different flow conditions. 
Bridge's distinction between pivoting angle (exposure-sheltering) and protrusion is consistent 
with this. 
For one reference grain size there is no correction, since there must be a transition from 
sheltering to exposure. As a first approach, it is assumed that this is true for the mean grain size 
of the surface material. According to Sutherland, this scaling size may be basically variable. He 
refers to White and Day (1980) who attempted to give a function for this variable. Ranga Raju 
introduces a correction as function of grain size distribution, which may account for variable 
scaling size and protrusion. 

Mixing layer 

Di Silvio's four layer concept gives the most universal approach. The numerical models in use 
take into account only part of it and present one, two or three layers. 
There is some debate if the mixing layer represents a layer of equivalent bedfom height or the 
size of a mobile or static armour layer. Klaassen overcomes this difficulty in introducing two 
corresponding layers. In mountain rivers with coarse bedload material one layer seems to be 
sufficient. Belleudy claims that the thickness of the mixing layer has a minor influence of the 
simulated riverbed behavior. 

Dynamic armoring (Case D in the table ofthe introduction) 

There seems to be a correspondence between Iulien's and Suzuki and Hano's experiments. For 
high shear stress conditions, for which a static armour layer can not form, a reversal of the 
situation is noted where the movement of coarse particles is accelerated on a layer of fine 
components. This raises the question if Diplas' fine subsurface layer is not a remnant of the 
fine active layer formed during high shear stress conditions, rather than an intrusion of fines 
compensating the formation of a coarse armour layer. 

Static armor prediction 

The state of the art was given by Schoberl. Numerical models using an appropriate hiding 
function should be able to reproduce the results given by these procedures. According to 
Sutherland, a number of hiding functions have been calibrated on self armoring experiments. 
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Roughness of armour layer 

Tait and Gessler point out that roughness of an annour layer depends not only on grain size, 
but on the fonnation of roughness elements (clusters?) This fact may cause a certain lag in the 
formation or refonnation of an armour layer. 

Relevance of sorting? 

According to Klaassen it is always relevant in the case of graded sediment. According to 
Copeland it is always relevant when there is deposition and subsequent reerosion. 
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I. Introduction 

Since fourty years the classical theory on bed load transport exists. 

Since then it could be confronted to results obtained either near hydro

power schemes, other field results and laboratory data. These comparisons 

have shown that experimental data and computed results could diverge 

considerably. Usually the theory overestimates the bed load yield. 

Processes have been observed which have not been considered in the classic 

theoretical approach. 

Armouring or in a general way grain sorting is such a process. It 

could easily explain overprediction of bed load yields when transport 

formulae are used in a simple way. This phenomenon has in more recent 

times been described and quoted in a quite abundant way. Some studies are 

well advanced, but sometimes limited to a narrow range, but all seem to 

confirm the importance of the phenomenon. That it is why it has been 

included in a Seminar for the first time at an IAHR-Congress 

The results of it and mainly the discussion confirm the importance in 

the basic concept of treating the bed load phenomenon. The responsibles 

for the organisation therefore wish to summarize the outcome of the 

Seminar in written form, in order to allow a better layout of future 

research programmes, which will definitely be necessary 
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II. Genera~ Report 

Prof. B.B. Willets, University of Aberdeen, UK 

A. Experimental results : theory of armouring 

'c),..., start from the general point of view that 

conventional sediment transport formulae are poor 

predictors in most circumstances. Such formulae have 

the typical form 

la 

or lb 

or lc 

in which qs is sediment transport rate per unit width 

of channel, 'to is boundary shear stress, d is 

representative grain diameter, and u~ is shear velocity. 

There are many of them and their performance has been 

shown to be erratic when compared with data sets drawn 

from diverse circumstances (White et aI, 1973). 

There are several contributory sources of error. The 

one with which we are concerned here arises from an 

intrinsic flaw in the form of equations la, lb and lc. 

Fig.l shows that in some circumstances sediment 

transport rate changes with time at virtually constant 

boundary shear stress (or shear velocity). Formulae 

like equations 1 which predict a unique transport rate 

for a given shear stress and given bed material cannot 

cope with such circumstances. This is true whether the 
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application is made via a single representative grain 

size, or fraction by fraction. 

The principal reason for this time-dependent behaviour 

is that the grading of the of the exposed layer of bed 

material changes as the flow removes and rearranges size 

fractions selectively. This generally produces a 

surface which is more resistant to disturbance by the 

flow than a fully mixed grain distribution would be. 

~he resulting changes of transport rate are not trivial, 

as examples in the following papers will confirm. 

It is useful to distinguish three classes of problems as 

follows. 

1. Prevailing flow is below threshold for all 

fractions of the bed - the bed is virtually static. 

2. Flow is above threshold for some fractions only -

those fractions are progressively removed from 

unprotected positions in the bed, leaving a surface 

which gradually becomes increasingly static. The 

threshold for each fraction is influenced by 

sheltering opportunities provided by the presence 

of other fractions. 

3. Flow is above threshold for all fractions - all the 

material is mobile but in different transport modes 

and at speeds which may be different for different 

fractions. There is marked interference between 

different fraction~ 
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This seminar was concerned primarily with problems of 

the second of these classes. However, considerable 

interest was reported in behaviour when an armour layer, 

produced in such circumstances,is subsequently broken up 

by a larger flow which may, for a time, fall into the 

third class. 

Laboratory experiments may set up and sustain constant 

flow conditions, so that a class 2 situation will 

eventually result in a stationary bed which is a stable 

product of that flow. However, in natural streams the 

hydrological flow variations produce more complex 

conditions altogether. The bed state at any time may be 

the stable outcome of some antecedent flood flow or it 

may have stabilised as a result of recession of the 

flood before the armoured surface characteristic of that 

flood was achieved. The next disruption of such a bed 

does not necessarily require a flood as great as the 

flood which last mobilised it. 

It is clear, therefore, that for natural stream 

predictions to become reliable, a much more thorough 

understanding is required of the physics of bed 

disturbance than has been utilised in earlier formulae. 

Moreover, since the behaviour of a contemporary bed 

depends on the sequence of flows to which it has 

previously been exposed as well as on the present flow, 

predictions of behaviour must take this into account . . 
This can be done either by running the calculation 

through several flood sequences, or by incorporating a 

detailed description of the present state of the bed 

drawn from observations. 
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session A of the seminar contained four interesting 

papers. 

1. ASHIDA & EGASHIRA present a mathematical model of 

armouring which incorporates both winnowing AND 

interchange between layers. As a result of the motion 

of large surface grains, fine material falls into the 

resulting cavities; the surface layer coarsens while 

submerged layers "become finer". Experimental results 

are presented to support this view and are compared with 

the numerical model predictions. 

It is not clear from the paper how the sediment feed was 

done and how the grading of fed material compares with 

that of the bed. These are important determinants of 

the experimental result. 

2. HARDWICK & WILLETTS report a laboratory experiment 

on changes in bed load transport and in the grading'of 

the bed load in the early stages of an experiment 

starting from a fully mixed bed. There was no sediment 

feed at the head of the flume. They used a bed-load 

trap from which chronological samples can be taken of 

bed load, with the suggestion that such samples contain 

more direct information than samples of the bed surface. 

(Ashida and Egashira's findings seem to re-emphasise the 

problems of surface sampling). The transport rate is 

observed to diminish with time - the central feature of 

armouring. 
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Gradings are presented in terms of a log-hyperbolic 

distribution curve, which is proving a powerful tool in 

sedimentology. The range of those (sizes moving as bed 

load) diminishes with time suggesting that sheltering of 

the smallest and largest grains becomes more pronounced 

as the armour coat develops. There is a good deal of 

additional information about population changes to be 

derived from this presentation method,which may be an 

improvement on d,u descriptions. 

3. ALLARD, CHEE & LABADIE report on elegant laboratory 

experiment using 3 parent sands A, Band C of d50, 1, 1.5 

and 2mm diameter respectively. The following procedure was 

followed for each sand and for two mixtures A+C and A+B+C. 

(The mixtures both have d50 = 1.5mm). For periods between 

24 hrs and 200 hrs a mobile bed containing a 2-D convergent/ 

divergent form was exposed to a constant clean water flow. 

Continuous monitoring of bed and water surface was made 

during each experiment. 

For the single fraction sands, fine material is removed and 

flat bed formed more quickly than in the case of coarser 

materials. More interesting to subsequent discussions, 

several differences are apparent in comparing the three 

materials of dSO = 1.5mm (the parent fraction and two 

mixtures). While the transport rate of each of the three is 

distinct, the mode of transport and the bed topography also 

differs in each case. In particular the mixed beds are 

rougher, the energy gradient is steeper and (it is suggested 

in consequence) the solit transport rate is higher. 

Differences between A+C and A+B+C are slight - YET thecr(from 

my reading of fig.2) is significantly different. This should 

be pursued. 
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4. RAKOCZI re-examines data of several investigators 

and of his own, concerning interference between 

fractions, in terms of a "HIDING FACTOR" (sometimes 

called "Sheltering Factor"). This is the ratio, 

Shear Stress required to produce corresponding activity 

in single size bed: prevailing shear stress. 

His own experiments were extensive and must have 

produced interesting data which are not reported 

explicitly in the paper. For example several values of 

u g were investigated for each of the three values of dg . 

The author may find opportunity to tell us how u g 
influences "hiding". Here dg is geometric mean grain 

size, and u g its geometric standard derivation. 

Two threshold stages are distinguished; sporadic 

dislodgement of perched grains and, secondly, feeble but 

sustained movement of the surface layer. As the results 

are presented, they show sheltering factor (particularly 

with regard to "second" stage") varying less with dijdg 

(di is the equivalent diameter of the fraction) than 

have most other authors. Only for dijdg < 0.38 with dg 

= 1.4mm is sheltering significant. The experiments were 

done carefully using dye-tagged grains. There has been 

a trend over 35 years for each succeeding investigation 

to produce lower estimates of hiding factor than earlier 

ones. This one continues the trend. It would be 

interesting to have explanations of the differences 

between his data and that of the other reported authors. 



Some of the many interesting points which arise from 

these papers are as follows. 

1. The Ashida and Egashira paper implies that delivery 

to the upstream end of any control volume is an 

important feature of the physics. We tend to be 

less than rigorous in dealing with the role of 

delivered material. 

2. The Allard paper reminds us that changes in the bed 

surface change the hydraulic roughness : this 

affects not only the bed, but also the water flow. 

3. The Hardwick paper directs attention to the time 

variation of rate and constitution of the load ~~d 

also the ways of presenting this. 

4. The process physics is too complex to be embodied 

in any practical calculation method in its 

entirety. As we know, omitting important features 

of it leads to poor prediction. The key tactic must 

be to identify the indispensable parts, and then to 

achieve the simplest effect model. 

B. The consequences of armouring in practical 

calculations 

PARKER, PAIGE & EAGLE describe one part (the gravel 

transport one) of a model developed to monitor the 

consequences of the massive OK Tedi mining operation. 

It is applied to 1000km of river - of very varied cross 

section. Very large (50m) changes in bed level are 

forecast, all of them aggradation. 
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The calculation reported has three parts:-

(i) Calculation of transport rate 

(ii) Book-keeping of the 

accumulations/deficits arising from (i) 

(Ui) Distribution of depositions in the 
cross-section 

The authors have a splendid large "laboratory" with an 

appropriately grand time scale! We must be grateful 

that the company is prepared to publish the data and 

look forward to at least 30 years of papers - with 

gradually sterner tests of the calculation method. 

Two matters which are not made clear in the paper are 

these. 

(1) Nodes are kilometres apart; is the cross-section 

assumed uniform between them (at a particular 

time)? What is the consequence of such an 

assumption? 

(2) How does the function G, assisted by F, incorporate 

the armouring concepts discussed earlier? 

JAEGGI draws particular attention to the difference 

between ~o for material delivered to a reach and the 

threshold ~o for disturbancve of the armour layer. 

Transport rate in this range does not depend on the 

value of lQ, but on the 

(This repeats the point 

Ashida and Egashira). 

delivery rate to the reach. 

found earlier in the paper by 
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He claims that disruption of an armour layer (by flood 

flow) is an "irreversible process". The earlier paper 

of Ashida and Egashira bears also on this. The 

recession characteristics of the flood must also 

influence the outcome of such disruptions. This author 

also emphasises the vital importance of the routing of 

material passing through the reach as well as 

dislodgement occurring within it. 

We come now to the composite paper originating at the 

SHF 1988 session on Sediment Transport presented by 

Prof. Bouvard. 

Its introduction quotes experience (based on the R. 

Rhone) that classical sediment transport methods 

overestimate transport by nearly an order of magnitude 

(x5to x 10). This is attributed to the neglect of 

armouring (the assumption that bed, its surface layer, 

and the bed load have the same composition). 

A number of individual studies are then reported. 

1. DUVOISIN reports a physical model study in which 

the model bed weas found to armour (no sediment 

recycling). He emphasises the importance of the 

discharge history in the surface re-sorting 

process. 

2. The study of Allard, Chee & Labadie has been 

discussed already. 
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3. BELLEUDY & RAHUEL report experience with the 

"CARICHAR" model incorporating individual fraction 

behaviour. A factor of 4 is noted for the 

discrepancy between predictions of scour depth 

below a dam made respectively by classical methods 

and an "armouring method". The latter also 

accounts for deposition strata (when flow recedes). 

4. RAHUEL & CHOLLET explored the desirability of using 

a "loading law" to delay the response of sediment 

to flow in calculations. They find it unnecessary 

if proper account is taken of fraction response in 

small cells. They note that its use is purely 

artificial in the face of the evidence available. 

5. RONAS & MONADIER emphasised the great practical 

importance of accurate prediction of bed load 

movement. They recommend, as a research priority, 

the investigation of the influence of bed 

non-uniformity on calculation' of sediment 

transport. 

6. TANGUY, MONADIER, DHATT & FRENETTE explored the 

application of finite element methods to bed load 

calculations. 

Discussion of these papers produced the conclusion 

that a major effort is needed to incorporate bed 

non-uniformity together with hydrographic records 

in transport calculations. This might be deemed to 

be the outcome of the S.H.F. workshops. 



- 433-

MOSCONI and BORAH compare calculations of armour layer 

composition (by a variant of Borah's method) with the 

outcome of experiments done by Proffit and by Mosconi. 

The eroded material is also calculated. The model "does 

not have a procedure for paved layer formation", but 

limits the transport of a particular fraction by means 

of a residual transport capacity function - the limit of 

transport for that fraction in the presence of the load 

already carried. 

This alternative to dislodgement capacity would produce 

a different rate of approach to the armoured condition 

from one based on dislodgement. It must be linked to 

checks on the availability of accessible material in the 

surface layer to make good any deficit in fraction 

transport rate. How this is done is not clear in the 

paper. 

Median armour layer sizer is about 7 - 8% in error, the 

distribution is worse at the fine end. Several 

suggestions are made to explain the discrepancy -

including the absence of sheltering considerations. One 

wonders whether armour layer composition is an 

adequately searching quantity to use in testing 

calculation methods? 

MOHAMED & McCORQUODALE describe an experiment on the 

formation of a scour hole in non-uniform bed material 

and the accompanying changes in surface grading. 

Measurements were made after 20 min and 72 hours. 
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Everywhere in the scour hole the surface D50 decreased 

during the experiment and the D90/DIO also decreased. 

This is the reverse of armouring, so the scour hole 

stabilises by other. means (the changing geometry of the 

flow boundary). We must be cautious when cross-section 

change is severe. Transport rate may depend 

predominantly on phenomena other than armouring. 

Some personal reactions to the papers about calculation 

methods are as follows. 

1. Several apparently good calculation methods exist. 

2. However, the tests applied to them have been 

insufficiently searching. In consequence there is 

no convincing evidence that the underlying physics 

is sound and that their use can safely be extended 

to novel problems. 

3. Experiments are done and reported in unco-ordinated 

ways. Many data sets are incomplete because 

significant parameters have not been measured. 

4. Recommended procedures (a) for data gathering, and 

(b) for testing calculation methods, are much 

needed. 
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5. Variation of process rates with time is crucial 

(because of the fluctuation of natural flows in 

time). This implies that attempts to calculate the 

end state of armouring without simulating 

intermediate states and processes cannot be 

consistently successful. 

6. Finally, one is bound to echo the conclusion of the 

ESF Workshop, that much interesting work remains to 

be done to develop an adequate understanding of 

sediment transport in beds of mixed grain size. 
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Ill. Communications presented at the Seminar 

SE4.1 NUMERICAL MODELLING OF SELECTIVE TRANSPORT AND FLUVIAL ABRASION OF 
GRAVEL IN THE OK TEDI, P.N.G., G.Parker, St. Anthony Falls Labora
tory, Minneapolis, MN, USA 

SE4.2 MECHANISM OF ARMORING PHENOMENA, K.Ashida, Kyoto University, 
Kyoto, Japan. 

SE4.3 GRAIN SORTING AND NUMERICAL MODELLING, M.N.R. Jaeggi,VAW-ETH 
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IV. Comments on Subtopics and Questions submitted for 

discussion 

After the seminar in Ottawa it was decided that a number of 

key questions, which had been proposed to the participants 

of the Seminar, should be submitted to a limited number of 

experts. Each of them should first submit his opinion to one 

person responsible for each question. This person should 

then write a short statement about their key questiop, which 

are presented in this chapter. 

The key questions are indicated below: 

1 The minimum grading for armouring to be significant 
(A. Sutherland) 

2 Grain size distribution of the armor layer and eroded 
material 
(C.Mosconi) 

3 Critical shear stress for sediment mixture 
(M. Jaeggi) 

4 Implication on bed load rates on applicability of bed load 
formula 
(M. Michiue) 

5 A few selected thoughts on the general topic of armouring 
(Special communication of J. Gessler) 
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QUESTION ~- THE MINIMUM GRADING FOR ARHOURING TO BE SIGh~FICANT 

Armouring of stream beds occurs vith non-uniform bed materials. Being 

the formation of a coarse layer over the bulk bed material, armouring 

cannot occur in a uniform material. One may ask "hov non-uniform does 

the material have to be before armouring occurs?" Some thoughts centred 

on this question are set out be10v. 

Firstly, ,hovever, the more basic 

uniformity is to be measured must 

question of- hov 

be ansvered. 

the degree of non

A method is sought. 

vhereby a grain size 

compared, preferably 

distribution can be described and subsequently 

on a numerical basis, vith anotber grain size 

distribution vith the comparison determining vhich has the greater non

uniformity. It is not sufficient to quote, for example, either the 

ratio of, or the difference betveen, the maximum and ainimum grain 

sizes. These measure non-uniformity in a sense but say nothing about 

the shape of the distribution vhich could be important in the armouring 

process. 

A log-normal grain size distribution is specified completely by 

nominating any tvo grain sizes. Normally the median size d50 and 
( )112 geometric standard deviation ug - ~84;'d16 are used to determine 

distribution. These distributions are said to occur in the field 

the 

the 

and 

are often used in laboratory experiments. Hovever, many sediment 

distributions are not log-normal in that firstly, they have a maximum 

and a minimum size and, secondly, significant deviations fro$ log-normal 

occur at the ends of the distribution. 

For the armouring process the ends of the distribution are important. 

The maximum size and the percentage of sizes near the maxir~m determine 

the suitability and availability of large particles vhich are necessary 

to anchor the armour layer. The finest fractions are also important in 

that the movement of these particles facilitates the first movements of 

the coarser material. One approach would be to include dnax and dmin 
vith d50 and ug in descriptions of bed material. The difficulties in 

determining dmax and dmin are acknovledged and one may settle for, say, 

d98 and d02 ' Any departure from a log-normal distribution can be 

determined from the values of d98 and d
02

' 
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An alternative approach yhich looks at the ends of the distribution has 

been used by Villetts and Hardyick (1989) yho fit an hyperbola to the 

frequency distribution of grain size plotted 

asymptotes of the hyperbola make increasingly 

logarithmically. The 

small angles yith the 

grain size axis as the distribution coarsens. This approach Yarrants 

further development by using it in a study of static armour formation. 

In addressing the present question there is no alternative but to use 

the dSO ' ug formulation to describe the grain size distribution. 

Bimodal distributions are thus excluded as are those yhich deviate 

substantially from log-normal. 

The hydraulic conditions yill help decide yhether or not armouring 

occurs. This is clear in viey of the mechanisms yhich have been 

proposed to explain armour layer formation. 

are considered herein. 

Static armour layers only 

Traditionally YinnoYing or selective transport of fine material and the 

non-removal of coarse material from the bed has been seen as the 

armouring mechanism. This does not explain yhy the armouring process 

begins at all points along a flume rather than propagating from the 

upstream end. Suzuki and Hichiue (1988) have proposed that moving fine 

particles are trapped beneath stationary coarse particles and thus the 

fine particles leave the surface. This is similar to Frostick et. al. 

(1984) yho proposed that fine particles move through surface pores and 

lodge beneath the surface·layer. Sutherland (1987) referred to armour 

units (coarse particles Yith finer ones trapped in their lee) as being 
~ 

fundamental to armour formation. Reid and Frostick (1984) reported 

similar units and referred to them as pebble clusters. Vhatever 

mechanism, or combination of mechanisms, is accepted the essential 

element is that some particles are moving and some particles or clusters 

of particles are not. 

If one assumes noY that armouring yill occur yhen there are size 

fractions that are not moved by the flow while at the same time other 

(smaller) size fractions are moving the relationship betyeen ug and the 

applied stress can be investigated. Let Tcm be the critical shear 

stress for the median size bed material, dm, as determined from the 

Shields curve. Experimental evidence suggests that the critical shear 

stress Tr for size fraction dr in a mixture can be written 
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T [!:f ..L _ 
Tcm 

(1) 

vhere n can be 0.26 or up to 0.35 (Ashvorth and Ferguson, 1989), 

n .. 0.13 (Andrevs, 1983), n - 0.07 (Suzuki and Hichiue, 1988), n .. 0 for 

the equimobility concept of Andrevs and Parker (1987) and n .. 1 if the 

grains are coarse· and all size fractions behave independently. The 

parameter n is regarded as a measure of the size fraction independence. 

For armouring to occur .dmin < dr < dmax vhere Tr is the applied shear 

stress. Vith a log-normal grain size distribution one can vrite 

d .. qb d (2) 
max g m 

where if dmax - d95 , b - 1.65 and if dmax - d98 , b .. 2.06. 

Using Eqs. (1) and (2), armouring viII occur if, for Tr ~ Tcm' 

dr < dmax 

! 

viz: d (::I
n 

< ob d 
m g m 

1 

Le. q 
g > (::J

nb 

Similarly vi th 

dmin 
-c d .. 0 g m 

and Tr S T cm' for armouring to occur 

d > dmin r 

1 

0 > (::m]"c g Thus 

where if dmin = dOS' c .. 1.65 and if dm!n .. d02 ' c .. 2.06. 

(3) 

(4) 

Choosing b = c .. 2.06, Eqs. (3) and (4) can be plotted for different 

values of n as shown in Fig. 1. The lines, for a given value of n, 

divide the region into an area in which armouring is possible and areas 

in which it is not possible. These are shown for n = 0.2. 

Note that for n - 0, equimobility, no armouring is possible. 
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Proffitt's (1980) experiments were done at four different values of 0 • 
g 

The data falls within the ranges 

in all cases. 

shown in Fig. 1 and armouring occurred 

Ashworth and Ferguson (1989) suggest that higher 

result in conditions which approach equimobility 

values of (r IT ) r cm 
1.e. n -0. It is 

likely then that for Tr >-Tcm ' n 

implying that 0 is not a simple 
g 

is ·a decreasing function of (r IT ) 
r cm 

power law as given in Eq. (3). A 

better representation would be the dashed line of Fig. 1 which has 

increasing slope as r r/Tcm) increases. A similar curve can be expected 

for r rlT cm) < and this is also shown in Fig. 1. 

Returning now to the original question. The geometric standard 

deviation has been quoted as a parameter capable of distinguishing 

between non-uniform and quasi-uniform sediments. The former armour and 

the latter do not. 

Little and Kayer (1972) concluded from experiments that for geometric 

standard deviations greater than 1.5 the sediment is non-uniform. 

Knoroz (1971) also recommended 1.5, while Sutherland and Irvine (1973) 

found a value of 1.4. Kosconi (1986) measured mfnimum standard 

deviations between 1.5 and 1.6 for different runs and bed material 

compositions. These values were all established by observation and thus 

reflect what the respective authors saw as significant armouring e.g. 

that the armour formed 'in a reasonable time or without excessive 

degradation. 

Fig. 1 is an advance on this single 'parameter concept in that hydraulic 

conditions are included and 

sizes is considered through 

limits are imposed. To do 

the interaction between different sediment 

the parameter n. No time or degradation 

so Fig. requires modification. If the 

value 0g • 1.5 is'accepted as a minimum for significant armouring then 

the curve shown in Fig. 2 delineates the region of significant armouring 

from that in which any armouring may be considered insignificant. 

Alec Sutherland 
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APPLIED SHEAR/CRfTJCAL SHEAR FOR dsaftr/tarJ 

FIGURE 1 Minimum geometric .tandard deviation for armouring to occur 
as a function of applied shear .and degree of size fraction 
independence, n. 
Ranges of data .hovn are from Proffi~t (1930) 
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FIGURE 2 Proposed delineation of aignificant armouring region. 
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QUESTION 2: GRAIN SIZE DISTRIBUTION OF THE ARMOR 

LAYER AND ERODED MATERIAL 

Given the conditions to form an armor layer in a degrading 

reach of a riverbed, graded material and flow-induced sediment 

sorting play an important role in both evolution and disintegration 

phases. Because fine materials are winnowed more readily than 

coarse materials, the top layer gradually becomes coarser which 

slows further erosion of the finer size-fractions. The degree of 

armoring or bed-surface coarsening depends on both flow and 

sediment conditions. 

Size Distribution of Armor Layer 

A number of methodologies to calculate the size distribution 

of the armor layer have been developed. Inspite of the high degree 

of sophistication of some of these mathematical models, 

considerable differences are found when their results are compared 

with both field and experimental data. These discrepancies could 

be due to both the complexity of the physical process at hand and 

to the sampling procedures. Therefore, methodologies for data 

collection, analysis of both field and laboratory data are among 

the points of primary concern when studying graded materials. 

Presently, we still face the problem of finding a reliable 

procedure to experimentally determine the grain size distribution 

(Gessler, 1988; Mosconi, 1982). The main objective is to collect 

all the grain sizes which belong to the armor coat or surface 

protective layer, but not collect any grains from the underlying 

material or parent bed material. 

Different techniques for sampling purposes have been used in 

the past. Kellerhals et al. (1971), Williman (1975) and Friedman 

(1958), among others, grouped these procedures as volumetric or 

bulk sampling. Adams (1979) correlated the granulometric distrib"u

tion from photographical analysis to the bulk sampling methodology. 
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Armor layers sampling techniques with direct application to 

flume experiments have been developed. Areal sampling procedures 

have been used. Gessler (1967) and Gunter (1971) used epoxy resins 

to sample armor layers. Little and Mayer (1972) used a wax 

technique. Williman (1975) used a grease sampling and Lee et al. 

(1984) used a "mayonnaise" armor layer sampling, a variant of the 

soap method developed by Irvine (1971). 

Kellerhals and Bray (1971) argued that a surface sample cannot 

be analyzed volumetrically, since the areal surface sample does not 

occupy a predetermined area. They tried to overcome the problem 

of the surface sampling biasing the granulometric distribution 

towards the coarse particles by developing a correlation model from 

the areal to volume conversion. However, the assumption of "well 

mixed" and "true random cuts" cannot be met as pointed out by 

Klingeman and Emmett (1982). Proffitt (1980) and Ettema (1984), 

among other researchers, observed that this comparison procedure 

overcorrects and biases the sampling towards the finer particles. 

This behavior is probably due to the fact that the theoretical cube 

mixture assumption as used by Kellerhals and Bray are not met by 

the real sediments. Diplas et al. (1988) and Proffitt (1980) 

improved Kellerhals' and Bray's model by changing the exponent in 

the size fraction. Their new constants have been obtained by 

comparing areal and volume granulometric distribution based on a 

particular sampling technique. 

Several methodologies have also been designed and recommended 

for field surface layer sampling instead of the more traditional 

methods of sampling, scoops or dredges, valid for uniform or nearly 

uniform materials. Klingeman and Emmett (1982) performed a 

comparison of equipments and techniques for bed surface sampling 

for the Oak Creek and Williamette Rivers. Line or grid sampling 

techniques have been preferred for field problems, as shown by 

Wolman (1954) and Leopold (1970). 
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Recently Mosconi et al. (1986) developed a technique that 

permits to sample an armor layer in "slices" with a minimum 

thickness of one grain diameter. This new procedure allows 

evaluation of the coarsening ratio in the vertical direction and 

the determination of the thickness of the armor layer. 

For graded material behavior, differential tendencies in both 

surface layer and eroded material distributions in comparison to 

the parent bed material distribution have been observed depending 

upon the value of the ratio between the acting shear velocity (U.) 

and the critical maximum shear velocity (U.~) being greater or less 

than one. The concept of the critical maximum conditions for a 

given parent bed material lacks a clear definition. In contrast, 

different researchers (Gessler, 1967; Mosconi, 1988; Gunter, 1971) 

have advanced the idea of either maximum discharges or maximum 

critical shear stresses. The descriptions and tendencies herein 

presented are based on the concept of critical maximum shear 

stress. 
~~ ~') 

Size Distribution of Eroded Material 

Eroded material distributions corresponding to the standard 

deviation of the parent bed materials (lI'go) between 1 and ap

proximately 1.5 have shown a uniform material behavior. The 

relevance of both shear velocity and original standard deviation 

have been mainly observed for standard deviations of the parent bed 

materials higher than approximately 1.5. A summary of the behavior 

follows. 

Michiue (1989) and Mosconi (1988) have observed that for shear 

velocities higher than the critical maximum shear velocity 

(U.>U.~), the eroded material size distribution is probably almost 

equal to that of the bed-load material distribution. Therefore the 

hiding/exposure effects become of lesser importance, and the 
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concept of equalmobility for different size fractions coulJ be 

accepted. 

For shear velocities lower than the maximum critical condi

tions (U.<U.OI)' both U. and II.'gO play an important role. To analyze 

it, the difference in the statistics of a given size fraction of 

the eroded material (d'ER) and the corresponding size fraction of 

the parent bed material (d'PBH) has to be considered. Sediments 

wi th Il'gO higher than approximately 1.5, have a d'ER which departs 

more from d'PBH as TgO increases and U./U.CIIAX decreases. The departure 

becomes more significant for d84ER and dsoER . For a given standard' 

deviation, the departure of dSOER is lower than d84ER with respect to 

their corresponding parent bed material percentiles. d 16ER shows a 

weak dependence with the shear-velocity ratio. These tendencies 

were delineated from experimental results of Gessler (1967), Little 

and Mayer (1972), Proffitt (1980) and Mosconi (1986). 

Effects such as hiding, exposure, embedment, orientation, 

imbrication and protrusion become of relevant importance when 

studying the mobility of graded material. These effects are 

usua.lly lumped together into the so-called hiding/exposure effects. 

The implication of the critical conditions for a given size 

fraction on the bed-load discharge is presented in the issue B1. 

It is difficult to quantitatively determine the contribution 

of each factor to the overall particle mobility and consequently 

to the bed-load discharge per size fraction. Therefore, a set of 

cleverly conceived experiments should be performed to isolate each 

effect and its implication on both armor layer formation and eroded 

material distribution. 

C. Mosconi 
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QUESTION 3 CRITICAL SHEAR STRESS FOR SEDIMENT MIXTURES 

A uniform material is brought into motion by running water, according 

to commonly accepted theory, if the bed shear stress exceeds a certain 

threshold value. This value is usually defined according to Shields (1936) 

theory, for rough turbulent conditions, as 

where 

h • S 
e = (s 1) d 

h flow depth 

S slope 

e _ 0.05 
cr 

s = ps/pw = relative density of bed material compered to water 

In a widely graded material, especially in the absence of upstream 

supply, this definition cannot easily be applied. According to Meyer-Peter 

and Mueller (1948), d = dmb (mean grain size of sediment mixture). For a 

zero transport, this would correspond to replace d by dmb in Shield's 

criterion. 

Formation of an armour layer however prevents bed erosion for such' low 

values of e. If in the Shields-criterion d is replaced by dmax (maximum 

grain size of bed mixture), the theoretical maximum shear stress is 

obtained, up to which the coarser bed material may influence beginning of 

motion. This however does not take into account the fact that the coarsest 

particles will be strongly exposed to the current and therefore ecr (with 

respect to dmax) will be smaller than 0.05. Michue proposes (communication 

to the panel) to use Egiazaroffs correction procedure on ecr for d~x and 

so to obtain the maximum shear stress for which at least part of the bed 

material is not moving. He claims that this value is required to destroy 

an eventual armour layer. 

The other proceduces available in the literature rather use the mean 

grain size of an armour layer dma (or the maximum mean grain size of a 

potential armour layer, Gessler 1971, 1973). 

The maximum shear stress required to erode a bed without the 

resistance of an armour layer can be defined relatively to the mean grain 

size of the bed material or of the armour layer. Guenter (1971) proposed a 

formula for the critical shear stress of a mixture. With respect to d
mb

, 

it can be written as 



- 448-

h • S 
[

d 1 ° • 7 [ d ma 1 0 • 6 7 ecr ~ . = 0.05 
mb a;;;b 

with respect to drna' it becomes 

h • S e cr ]0."_ [dmb]O." 
= 0.05 er-

ma 

e D is usually 1.5 to 3 times higher than e cr = 0.05, whereas ea is 

lower than 0.05, what is consistant with procedures like Egiazaroffs. 

Parker proposes (communication to the panel) a value 

(using d so instead of dmo) which is in the range of Guenters formula. 

Schoeberl (1979) proposed a relation 

S = 1:. a 

where a is slightly dependent of grain size 

approximately equal to 2. Fr ist the Froude number. 

This relation can be modified into 

1 

Fr (s-l) 

or 

h J Fr' ("I-I) 

distribution, 

For usual values, again e D will be around 0.1 and ea S 0.05. 

but 
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Gessler (1970, 1973) has included the prediction of the critical shear 

stress of a mixture in the procedure for prediction of dma . The comparison 

to the already quoted formulas is not easily possible. For increasing 

shear stresses, according to Gesslers procedure, dma varies and passes 

through a maximum value. If the corresponding value of shear stress is 

called ~max' then 

p (s-l)g dmb 

If an armour layer formation is possible, than basically two critical 

values for begining of motion (8cr and 8 0 , resp. 8 a ) and therefore three 

ranges of flows have to be considered. There seems to be some difficulty 

with the interpretation. 

Obviously, for e seer' no motion occaurs. For 9 ~ 9D, armour layer 

formation, or in a narrower sense, for,mation of a static armour layer is 

not possible. Limiting conditions for erosion downstream of dams or 

similar flume experiments with rotational degradation correspond to 80 , It 

seems that for 8 0 ~ 8 ~ - 2 8 0 , formation of a mobile armour layer is 

possible, which does not prevent bed erosion, but influences transport 

rates (Michue, Parker, communication to the panel) . 

For 8 cr s 8 s 8 0 , an easy approeach is to define the bedload transport 

capacity calculated with dmb as an upper limit, and zero transport as a 

lower limit (Jaeggi, 1984). Gessler (communication to the panel) confirms 

this, claiming that in this region sediment transport is mainly supply 

controlled. 

Parker and Michue (communications to the panel), have looked at grain 

size distributions of the surface layer in this flow range for reasonnable 

intensive sediment supply and observe that in this case coarsering of the 

surface layer is weak. The term mobile armour layer is also used to 

described such conditions. It may be usefull to call this a potentially 

static; Or a semi-mobile armour layer, and reserve the term mobile armour 

layer for conditions when 8 ~ 80 , 

M. Jaeggi 
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IMPLICATION ON BED LOAD RATES ON APPLICABILITY OF BED LOAD 

FORMULA 

Professor J. Gessler: The interrelationship between armoring process 

and bed load transport in regard to grain size distributions has already 

been documented in our early work in the 60s. Instead of the integral 

approach to bed load transport as used for instance by Meyer-Peter and 

Muller we need now to address the bed load transport in gravel bed river 

by grain size fraction. It has been the experience that Einstein's formula 

does not really apply to gravel bed rivers (it was never intended for such 

conditions), nor can the Meyer-Peter and Muller formula be applied by 

grain fraction. Unfortunately the bed load transport in most real gravel 

bed rivers is supply controlled. A given armor coat and shear stress in 

certainly capable to transport quite a range of different bed load 

mixtures over an armor coat without affecting the latter one. The research 

challenge here is to control the large number of parameters in a set of 

experiments which is still realistic. But even more challenging is the 

experimental work itself. Good armoring experiments take a lot of time and 

require a fairly large flume. When we add bed load the time requirements 

will further increase, and the handling of the relatively coarse sediment 

mixtures will be difficult. In short these bed load experiments will ue 
very expensive. 

Dr. M. Jaeggi: If the formation of a static armour layer is possible, then 

no erosion from the bed is possible. Supply conditioned transport from 

upstream will occur. This point is also topic of questions A3 and 82. 

Transport formulas are valid for universes as long as an equalmobility 

concept can be applied. Sorting can be described by procedures deviating 

from equalmobility. 

Professor G. Parker: A proper formula should cover the range from 

vanishingly 

formula is 

preferable. 

conditions. 

low transport 

developed or 

rates to rather high transport rates. If the 

calibrated with data, good field data is 

Several relations now in the literature satisfy these 

Professor M. Michue: If the dynamic armour coat which is formed in an 

equilibrium condition is calculated, the bed load rates of each grain size 

can be estimated using the existing bed load formula, say Meyer-Peter and 

Muller's, Ashida and Michiue's and Parker's equations and the size 

distribution curve at the surface. In this case, 'ci/'cm = (di/dm)n should 

be used as the critical shear stress of each grain size d i in the existing 

bed load formula in order to calculated the bed load rate of each grain 

fraction, where 'ci and 'cm are the critical shear stress of d i and mean 
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diameter dm, respectively, n is an experimental constant, about 0.07. If 

the experimental constant n is equal to zero, a concept of equalmobility 

is established. Although the equalmobility does not strictly exist, 

sediment transport of graded sediment approaches to the equalmobility when 

the shear stress exceeds the critical shear stress of maximum size. Then, 

the bed load rate can be also calculated by applying a representative 

diameter of bed surface say mean diamter dm into the existing bed load 

formula. 

On the other hand, if the dynamic armour coat is formed due to the 

selective transportation and the sheltering effect of coarser sediment 

when cmin <, < 'crnax' the sediment transport is weak and the bed load 

rates can not be estimated with the representative diameter, where 'cmin 

and ~cmax are the critical shear stress of minimum size and maximum size 

of bed surface material, respectively. In this case, the bed load rate 

should be calculated using the method mentioned in the first part. 

Moreover, in order to calculate the bed load rate, it is necessary to 

know the grain size distribution at the surface especially in the case of 

'cmin < , < 'cmax' Therefore, a calculation method of the dynamic armour 

coat should be developed on the basis of vertical sorting such as a 

sinking mo~ and a multi-layer model. 

M. Michue 
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Quest.ion 5 : A FEV SELEOTED THOUGHTS ON THE GENERAL TOPIO OF ARMOURING 
(J. Gessler) 

Grain Size Distribution of the Armor Coat 

By now a number of procedures have been suggested to predict the 
grain size distribution of the armor coat. Comparing results from the 
various predictive models shows some considerable discrepancies. We should 
not take this as an indication for one model being better than another. At 
present we still are faced with finding a reliable procedure to 
experimentally determine this grain size distribution. The main problem is 
to collect all the grain sizes which belong to the "armor coat", but not 
collect any grain from the 'underlying material". Some of the suggested 
theoretical models are getting very refined and sophisticated . But 
uncertainty in the definition of armor coat, in the experimental 
procedures and in the results hardly justifies such refinements. 

~ Discharge Reqnired to Have Erosion of an Armor Coat 

First of all we are in need of a clear definition. For instance : at 
discharge belowthe 'maximum discharge" the bed will degrade parallel and 
will stabilize eventually at the same slope as the initial slope; at 
discharges above the "maximum discharge' stabilization can only occur 
after a slope (and corresponding shear stress) reduction took place. 
Instead of 'maximum discharge" I would prefer to talk about the "critical 
shear stress of the sediment mixture', which is caused by the maximum 
discharge. The critical shear stress is hopefully unique for a g'iven 
mixture. The 'maximum discharge' will depend on the slope. 

Experimental determination of the critical shear stress is not 
straight forward. At least two kinds of experiments are possible : 

a) Start an armoring experiment at a shear stress somewhat 
larger than the critical shear stress of the mixture. The slope will 
gradually reduce until stable conditions are reached. The corresponding 
shear stress is the critical shear stress. 

b) Start an armoring experiment at a shear less than the 
critical shear stress and gradually increase the shear stress in small 
steps. After each step one waits until the armor coat has stabilized 
again. When stabilizat~on at the initial slope is no longer possible we 
have exceeded the critical shear stress. 

A key question is whether the two procedures give the same answer. 
Along a more practical line : it is important and may turn out to be 
difficult, to maintain two dimensional conditions. Small irregularities in 
the inlet to the flume may cause serious difficulties. 

In the theoretical approach to the problem of predicting the 
critical shear stress (if indeed a unique value exists for a given 
mixture) I think we must understand more on what exactly happens during 
the armoring process. While the largest grains are more or less randomly 
distributed in the initial material, their distribution in the stable 
armor coat is definitely not random. Recent research at Colorado State 
University has shown very strong "patterns' to the locations of the large 
grains. These patterns will affect the spectrum of the turbulent 
fluctuations immediately above the bed as evidenced by the friction factor 
associated with the bed. Such turbulence will affect the stability of the 
largest grains and in turn the critical shear stress. Though recently we 
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have shown experimentally the existence of such patterns we cannot yet 
explain the mechanism which forms it, nor are we sure what statistical 
tool will best define the patterns. 

Understanding the pattern issue may also very well shed li~ht on the 
issue of minimum gradation required to allow armoring to be sign~ficant. 

Bed Load Transport. 

The interrelationship between armoring process and bed load 
transport in regard to grain si~e distributions has already been 
documented in our early work in the 60s. Instead of the integral approach 
to bed load transport as used for instance by Meyer-Peter and Muller we 
need now to adress the bed load transport in gravel bed rivers by grain 
size fraction. It has been the experience that Einstein's formula does not 
really apply to gravel bed rivers (it was never intended for such 
conditions>, nor can the Meyer-Peter and Muller formula be applied by 
grain fraction. Unfortunately the bed load transport in most real gravel 
bed rivers is supply controlled. A given armor coat and shear stress is 
certainly capable to transport quite a range of different bed load 
mixtures over an armor coat without affecting the latter one. The research 
challenge here is to control the large number of parameters in a set of 
experiments which is still realistic. But even more challenging is the 
experimental work itself. Good armoring experiments take a lot of time and 
require a fairly large flume. When we add bed load the time requirements 
will further increase, and the handling of the relatively coarse sediment 
mixtures will be difficult. In short these bed load experiments will be 
very expensive. 

A Final Remark 

In a attempt to keep the flood of parameters under control some 
researchers have described the grain size distribution of the initial 
material by only two parameters : mean grain size and standart deviation. 
Considering the fact that the armoring process is controlled only by the 
coarsest size fractions of a mixture, this approach is unlikely to give 
good results over a wide range of distributions. We feel very strongly 
that all work on armoring and the related bed load transport problem must 
take into account the complete grain size distributions. 

J. GESSLER 
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v. Conc~usions 

by M. Bouvard, Grenoble, France, and M. Jaeggi, Zurich, Switzerland 

A Soma facts 

A number of communications presented at the seminar definetly prove 

that armouring and grain sorting are frequent phenomenae in natural rivers 

and also in physical models, unless they are prevented by special boundary 

conditions. This is already important. 

Running physical model tests with movable bed often leads to 

simplified procedures: 

- Usually steady conditions in terms of sediment movement and the 

assumption that bed material, surface material and transported material 

are identical. 

- The existence of a single discharge bed-load transport rate relation. 

Limited length of reproduced river portion. 

If physical model studies are performed under those restr~cted 

conditions, their results may be questionable. However, there i~ now 

sufficient practice with models of wide grain size distribution which show 

that the tests have to be run under more refined conditions. 

However, cost may be a limiting factor in physical modelling. To 

reproduce long term sorting effect as in a reservoir would need, at a 

reasonnable model scale, huge areas which are not available or would bring 

the costs up to unreasonable limits. 

Using numerical models obviously allows to get around technical 

difficulties linked to physical modelling, and the length of the river is 

no longer a problem. A number of such models exist today deviating from 

the equal mobility concept and thus allowing to reproduce grain sorting. 

There are basically two approaches. The first is to define two 

critical shear stresses (or discharges for a given slope) for the 

beginning of motion. The first corresponds to the classical SHIELDS

Diagramm and defines the beginning of motion for the finer part of the bed 

material. A rather higher value is required to define the begining of 

motion for the coarser particles. Between these critical discharges Q, and 

Q. the flow may erode the fines from the surface layer and will leave 
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behind the coarser. A stable armour layer may form which prevents further 

erosion. In such a transition regime the history of flows becomes 

therefore important and it is obvious that single relation between 

discharge and solid transport cannot exist in this range. 

In a second approach fractionswise transport is considered. The 

transport formula for each fraction must contain a correction factor 

(mostly applied to the critical shear stress) accounting for hiding, 

sheltering and exposure. Different models depart from an equal mobility 

concept (which implies a correction inversally proportional to grain size) 

and modify this slightly. For discharge values lying between the above 

quoted values of Q. and Q, this procedure should also lead to the 

prediction of a static armour layer. Sorting is still possible for 

discharges higher than Q,. 

It has been recognised that models of the second type need to have a 

mixing layer introduced. Some operate with several mixing layers. 

Vertical exchange, but no horizontal movement is possible between mixing 

and adjacent layers. 

Although all these models tend to represent the institutions where 

they have been developed and are therefore using different equations, the 

common principles found in all of them can be considered as established 

facts. 

B) State of the Art 

According to Dr. Sutherland, the question of minimum gradation of 

bed material for armouring can be answered reasonably well in terms of 

minimum geometric standard deviation. The question is open if a mOre 

refined definition using all fractions of grain size distribution is 

required. 

The problem in sampling the surface material has been raised in 

different communications and statements. Different test series may 

lead to different answers because of this problem. Approaches based 

only on the standard deviation for the bed surface material may be too 

simple, and the whole grain size distribution curve must be considered 

(notice received from Prof. GESSLER prior to the Seminar). FutUre 

experiments may focus on the grain size distribution of a mobile 

armour layer, on which topic only recently research effects have been 

made, and on the structures (clasters) of an armour layer. 
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The critical discharge of an armour layer, called O. just above, or 

more generally the critical ~hear stress of mixture as GESSLER calls it, 

is defined by a number of procedures. MOSCONIS experiments suggest that a 

slight exceedence of this value does not lead to an immediate total 

disrupture of the armour layer, but that there is still a strong influence 

of the coarser particles on the erosion rate. Numerical modelling 

including sorting proceduces calibrated on specific experiments will 

elucidate in the future this particular domain. 

Some implications of the armouring and 

application of bed load transport formulas have 

grain 

become 

sorting 

obvious. 

on 

A 

the 

well 

defined unique 

as suggested by 

0, SOS 0 •. As 

relation between discharge and bed load transport theory, 

the classical formulas, cannot exist in the range 

Gessler points out, in this range the transport rate 

becomes supply controlled. 

Applying a correct hiding and exposure function to fractionwise 

applied transport formulas, should allow not only to obtain formation of 

the static armour layer for zero or weak supply at discharges Q, S Q ~ 0., 
but also predict the grain size variations at the surface and the 

transported material for variable supply in this range Q,'s Q S O. or in a 

higher range of about Q. S 0 ~ 2Q •. In this upper range, for many cases 

the classical concept of equal mobility may prove to be sufficient. Again, 

numerical modelling with variable hiding and exposure functions (slight 

derivations from equal mobility) may bring progress to this field in the 

future. 
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The simple concept of dynamic equilibrium in rivers, which was a 

consequence of the sediment transport experiments leading to the classical 

formulas, suggests that rivers behave more or less like these laboratory 

flumes. If the sediment supply is varied, then the bed gdometry must react 

to adjust the transport capacity. Static armour layer formation definitely 

prevents erosion if there is a supply deficit. Using refined fractionwise 

transport computations as described before one may very well find back the 

dynamic equilibrium concept, 

Recent studies on long river 

with armouring as an additional parameter: 

stretches have shown that applying this 

equilibrium concept on a differential basis may very well lead to the 

conclusion that the whole river system is far away from equilibrium 

conditions. The river bed can prove to be an important buffer able to 

smoothen out variations in the hydrological regime in the catchment and 

the sediment supply from it. 

Disturbances in the river regime like industrial dredging or water 

diversions may have a different effect on the river when all complexities 

described above are considered then when using the simple approach of one 

single transport relation and continuity condition. 

C) Fi.nal remark 

The Seminar at the IAHR-Congress in Ottawa allowed to focus on 

different aspects of the problems of armouring and grain sorting, but 

could obviously not allow to formulate definitive conclusions. On the 

basis of the present document it is however hoped that size and specific 

problems of future research programs are recognized. Methods to be used 

will be all the tools available to hydraulic engineers. 

- The numerical model with still growing possibilities to demonstrate the 

effect of sorting procedures 

- Basic laboratory flume tests to define or to validate parameters 

i.ntroduced in the numerical models. Without a check in the experiment 

results of numerical calculations always remain more or less an 

illusion. 

- Physical model tests in consulting work considering the effects of wide 

grain size gradation at maximum. As examples, the tests of the model of 

"Valabres" (see a Trent Workshop Communication) or the model "La 

Reunion" (communication 4.11) are quoted. 
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- Finally field cases. Costs and local complications have up to now left 
good field data at a scarce number. Combination of numerical modelling 

and field observation may lead to the improvement of the existing 

theory, since individual parameters do not have to be checked directly, 

but on the overall performance. This applies obviously too to the 

comparison of numerical models and laboratory tests. 

It is strongly recommended that the specialists in this field will 

cooperate closely together in the near future. The "Fluvial Hydraulic 

Committee" should consider the observation of the corresponding activities 

(workshops etc.?) as a permanent task. 

M. Bouvard M. Jaeggi 

Members of the Fluvial Hydraulics Section of the IAHR 

December, 1989 
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