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Preface 

Gravel components, which are transported as bed load in running waters, are 

characterized by their rounded shape. Obviously, during transport, wearing reduces 

their size and there-fore the mass of the bed load components. Since samples taken 

from bed material in gravel bed rivers show a clear downstream fining, it was quite 

natural to attribute this phenomenon largely to fluvial abrasion. 

Although some basic theory on downstream fining was developed in the 19th century, a 

generally accepted approach to quantify the effect of fluvial abrasion is still lacking. 

Many weil known researchers in sediment transport have advanced equations and 

empirical coefficients based on laboratory and field work, the scatter of which however, 

is very significant. In the analysis of erosion or aggradation trends in gravel bed rivers 

using numerical morphological models the abrasion coefficient is sometimes the 

parameter which is the most poorly defined. 

Research on sediment transport at the Swiss Federal Institute of Technology in Zurich, 

which resulted for instance in the weil known Meyer-Peter/Mueller equation, has for a 

long time been associated with the channel stability problems of the Alpine Rhine. New 

questions conceming the sediment balance of this river arise from gravel mining and a 

hydropower projects. lt was quite natural that our Laboratory should investigate again 

the bed evolution of its 'home river' using the new technology. But how should the 

effect of abrasion be considered ? Should a reduction of the transported mass along the 

river of more than 90 % be accepted, corresponding to abrasion coefficients advanced 

in the past for this river ? Or would lower rates of at most 50 %, as are suggested by 

reduction coefficients found in laboratory set-ups with corresponding material, be more 

realistic ? This was the starting point of the present work. 

A combined laboratory and field study allowed to get far more insight in the problem. 

The possibilities and limitations of a laboratory study have been demonstrated. Several 

sets of equations allow to quantify the effect of abrasion. Special attention has been 

paid to the contribution of different reduction processes, known from chemical 

engineering. Investigations carried out on samples taken from near the sediment source 

proved to be particularly important. 



Although this investigation focuses mainly on the Alpine Rhine, it is hoped that the 

findings of this work will conu"ibute to a better understanding of fluvial abrasion and 

downstream fining in general. The financial contribution of the Swiss Governmental 

fellowship and the doctoral fellowship of the Swiss Federal Institute of Technology are 

gratefully acknowledged. Also, we would like to thank all the peoplc who have 

contributed to the success of this research work, in particular Dr. Ursula Roesli, Uster, 

for the determination of the lithology of field samples, and the staff of Rhine Works 

Directorate for assistance in field work. 

PD Dr. Martin Jaeggi 

Head of River Division 
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mass fraction of size j at time t [MJ 

mass density function - eqn.(I.2) 

mass of the test mixture for size intervals between 2 and 128 mm [M] 

number density function - eqn.(1.1) 

non-carbonate content of the sediment [-] 

mill rotational speed [T-1 J 

number of unknowns [-] 
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critical rotational speed, at which a particle at the cylinder wall 

centrifuges [T-1] 

mill dimensionless speed [-] 

measured mean particle rotational speed [T-1] 

particle dimensionless rotational speed [-] 

lower triangular mill matrix - eqn.(73) 

Wadell roundness - eqn.(10) [-] 

initial Wadell roundness - eqn.(10) [-] 

limiting Wadell roundness - eqn.(10) [-] 

surface pressure - eqn.(79) [Pa] 

cumulative weight fraction [-] 

percentage of the volume filled with a charge [-] 

product vector 

reduction factor - eqn.(106) [-] 

reduction factor - eqn.(109) [-] 

unit bed load discharge - eqn.(12) [ML-1T-l1 

sediment transport rate - eqn.(61) [ML-1T- l1 

fractional sediment transport rate - eqn.(50) [ML-IT-1] 

inner cylinder radius [L] 

sieve ratio [-] 

coefficient of determination by a regression analysis [-] 

particle size - equivalent spherical volume radius [L] 

maximum size of the grain-size distribution - eqn.(I.6) [L] 

specific rate of breakage matrix ['r-1,L- 1] 

specific rate of breakage function - due to fracture [11,L-1] 

specific rate of breakage function 

- due to normal breakage by pebbles [T-1 ,L- I] 

specific rate of breakage function 

- due to self-breakage of particles [11,L-1] 

specific rate of breakage function - due to wear [T-1 ,v 1] 

overall specific rate of breakage function [T-1 ,L- I] 

specific rate of breakage of material of the i-th size interval [T-1,L- I] 

shape factor - eqn.(F. l) [-] 
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Sph sphericity - eqn.(F.2) [-] 

s distance the cylinder's circumference makes in one second [LT- 1] 

distance [L] 

s, distance from the headwaters - eqn.(18) [L] 

si particle real travelled distance - eqn.(51) [L] 

s pi particle's actual travelled distance in one second [LT-1] 

* spi particle dimensionless travelling distance [-] 

s0 distance from main sediment sources [L] 

time (TJ 

time of movement - eqn.(12) [T] 

t0 time - eqns.(100) and (101) [T] 

t' time of immobility - eqn.(12) [L] . 
t time - eqn.(95) [T] 

U vector of unknown parameters - eqn.(136) 

V volume [L3] 

V,n volume, occupied by the mill charge [L3] 

v mill revolving velocity [LT- l 1 

vP average mean particle velocity - eqn.(60) [LT-1] 

v pi mean particle velocity [L r-1 J 

• v pi particle dirnensionless velocity [-] 

W total mass of particles in batch test [M] 

Wm weight of the mill charge [MLT-2] 

Wmi weight of the mill charge in i-th particle size interval [MLT-2] 

w weight of sediment particle [MLT-2] 

w; weight fraction of i-th size interval [MLT-2] 

w11, linear wear intensity [-] 

X matrix, describing size-dependence of the specific rates of breakage 

- eqns. (145) and (146) 

x;, x j upper sieve (mesh) size of the i-th and j-th size interval [L] 

X; average particle size for the i-th size interval [L] 

x111 mean diameter of the five coarsest size intervals (23 - 128 mm) 

- eqn.(149) [L] 

xPM particle size at which the S(P) reaches the peak value - eqn.(107) [LI 
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Xpo reference particle size - eqn.(105) [L] 

x50 reference particle size - eqn.(108) [L] 

Y vector of given data - eqn.(136) 

a constant - eqn. (87) [T-1] 

Ct.c parameter-eqn.(123)[-] 

Ct.p parameter - eqn.(105) [-] 

a.5 parameter - eqn.(108) [-] 

ß constant - eqn.(90) [M113T-I] 

parameter - eqn.(119) [-] 

y 0 limiting shear wedge angle - eqn.(40) [ 0
] 

tl index - k.ind of wear [-] 

tlV relative volume loss [-] 

o parameter - eqn.(120) [-] 

Tl slope of the average trajectory of the shear wedge [-] 

1C constant in the linear wear rate [LT-i ,LL-1] 

Ko constant in the linear wear rate at the mean particle velocity 1 m/s 

- eqn.(148) [LL-1] 

1C
111 

linear wear rate, determined for the mean diameter x
111 

[LL-1] 

Ko abrasion component of the size reduction coefficient [L-1] 

constant, representing the wear rate due to abrasion [T-1] 

1C 1 chipping component of the size reduction coefficient [L- 1] 

constant, representing the wear rate due to chipping [T- I] 

K 2 index, how rapidly chipping falls away [-] 

Ap index, how rapidly the wear rate due to breakage falls away 

- eqn.(106) [-] 

As index, how rapidly the wear rate due to self-breakage falls away 

- eqn.(110) [-] 

rr 
1t 

parameter - eqns.(89) and (90) - critical particle size for which the ratio 

of abrasion to impact is unity [L] 

coefficient of friction during abrasion - eqn.(80) [-] 

particle size - eqn.(I 06) [L] 

particle size - eqn.(109) [L] 

parameter - eqn.'(119) [-] 

parameter - eqn.(149) [-] 

constant (3.1415 .... ] 
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p density of the solid grains - eqn.(1.2) [ML-3] 

cr variance 

cp mill dimensionless charge [-] 

<l>m bulk' density of the mixture [ML-3] 

<l>D dynamic angle ofrepose [-) 

<l>v resultant bed inclination - eqn.(41) (-] 

<!> L Iower angle of repose [-] 

<I> R static angle of repose (-) 

<'l>j parameterineqn.(119)[-) 

<I> 1 parameter ineqn.(120) [-) 

'I' Wadell sphericity - eqn.(11) [-) 

mean volume shape factor - eqn.(I.2) [-) 

'I'; initial Wadell sphericity - eqn.(11) [-) 

'1'0 limiting Wadell sphericity - eqn.(11) [-) 

w angular veloci ty of the rotary cy linder [T-1] 

Superscript 

e estimated value 

0 observed value 

* dimensionless value 

Subscript 

c carbonate rocks 

C/C cascading/cataracting boundary 

i-th size interval 

M model 

NC non-carbonate rocks 
p prototype 

p particle 

RIC rolling/cascading boundary 

S/C slumping/cascading boundary 

SIR slumping/rolling boundary 

sample mean value of the sample 

0 at distance zero 
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Abstract 

Tue river engineering concept of the Alpine Rhine River, developed in the 1930's on the 

basis of !arge field and laboratory investigations, assumed that its river bed was nearly 

stable. This implied that the downstream fining of bed material grain size could mainly 

be explained by fluvial abrasion. A weight reduction coefficient aw = 0. 046 /km 

(corresponding to the Sternberg law) was then chosen. A . recent calibration of a 

numerical model simulating sediment transport and bed level changes in this river 

showed that fluvial abrasion effects are probably far smaller than originally assumed. A 

combined field and laboratory investigation was therefore undertaken to re-evaluate this 

process and the reduction coefficient. 

Tue field study of the downstream changes of size, shape and petrographic composition 

of the Alpine Rhine sediment concerned the reach between the confluences with the 

River Landquart and the River Ill. Tue results show the relative importance of sorting 

effects at the beginning and the end of the study reach. In the middle part of the study 

reach, where sorting effects seem to be negligible, the weight reduction coefficient aw 

reaches values definitely lower than 0.010 /km. Surprisingly, only one lithology is 

dominant, namely Iimestone with approx. 5 - 50 % quartz or silica. Differences between 

carbonate and non-carbonate lithology groups is only of lesser significance. 

Tue laboratory abrasion experiments were performed in a specially adjusted tumbling 

mill of 690 1 volume. Sediment mixtures with grain sizes ranging from 2 to 128 mm 

were used and the initial mass was usually about 400 kg. Tue test mixtures were sieved 

out from the bulk samples taken from alternate bars of the Alpine Rhine. An 

experimental study of the particle motion in the abrasion set-up at different rotational 

speeds was first carried out. Different parameters such as mean particle velocity, 

travelling distance and sediment transport rates were measured. Tue motion of the 

particles in an active layer on the test mixture surface was observed separately and the 

distance covered defined as the abrasion distance. For this distance a regression 

equation was developed. Then the main abrasion experiments with different test 

mixtures were performed. Tue abrasion distance corresponded to a range of 40 to 80 

kilometers. Tue mean weight reduction coefficient aw of each mixture was then 

determined from the observed weight changes. Their values aw = 0. 005 - 0. 018 /km 

confirm the weight reduction coefficients resulting from the field study. 
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The diminution processes occurring in the abrasion set-up were then described 

mathematically. Two different abrasion models are proposed which can be used instead 

of the conventional exponential Sternberg law. A simple average-grain model uses only 

a mean grain size and is still similar to the well-known Sternberg law. The main 

improvement is that the weight reduction coefficient is not constant but decreases with 

distance. During the experiment it was observed that the linear wear rates, defined for 

each grain separately, were also a function of relative particle size in a mixture. That is 

the reason why additionally a fraction model resulting from a size-mass balance 

equation for fully autogenous grinding was developed. A simplified version of this 

model considering only wearing processes and neglecting fracturing gave a satisfactory 

agreement with the experimental data and is also proposed for practical application. lts 

most important elements are the specific rates of breakage due to wear, which depend 

on particle size and abrasion distance. They can be seen as an equivalent of the linear 

wear rates, only defined for each size interval instead of each grain. 

Finally, practical applications of the proposed mathematical abrasion models and 

generalisation to other gravel-bed rivers are presented. Two different cases, with and 

without experimental data on the abrasion coefficent, are distinguished. For the study 

reach it was impossible to define a unique expression of the fluvial abrasion model. 

This might be explained by the stochastic nature of sediment transport. Sediment 

particles issue from different sediment sources and have, therefore, different sediment 

characteristics, especially durability important for fluvial abrasion, defined by the 

sediment lithography. Travelling and abrasion distances, as well as real particle 

velocities, therefore are quite variable. Especially the intermittent nature of particle 

motion in a river with time variability of real travelling velocities is, in a typical 

abrasion set-up, simplified by using one characteristic mean particle velocity with 

limited variance. 
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Zusammenfassung 

Das flussbauliche Konzept für den Alpenrhein wurde in den dreissiger Jahren auf der 

Basis von umfangreichen Feld- und Laboruntersuchungen entwickelt. Es setzte voraus, 

dass das Flussbett des Alpenrheins ungefähr stabil sei. Dies hatte zur Folge dass die 

GeschiebezerkJeinerung überwiegend durch den Abrieb erkJärt werden konnte. Ein 

Abriebkoeffizient aw = 0. 046 /km, welcher die Abnahme der Geschiebemasse 

entsprechend dem Stemberg'schen Gesetz beschreibt, wurde gewählt. Eine vor kurzem 

ausgeführte Eichung des numerischen Modells, das den Sedimenttransport und die 

Bettschwankungen des Alpenrheins simuliert, zeigte, dass die Abriebeffekte viel kleiner 

sein dürften als ursprünglich angenommen. Eine kombinierte Feld- und Labor

untersuchung wurde daher durchgeführt, um den Abriebprozess und den Abrieb

koeffizienten neu zu überprüfen. 

Die Feldstudie über die Veränderungen der Grösse, der Form und der lithographischen 

Zusammensetzung des Rheinsediments wurde auf einer Flussstrecke zwischen den 

Mündungen der Landquart und der lll durchgeführt. Die Resultate zeigen eine relative 

Wichtigkeit der Entrnischungsprozesse am Anfang und am Ende dieser Untersuchungs

strecke. In der Mitte der Strecke, wo die Entmischungseffekte vernachlässigbar zu sein 

scheinen, ist der Abriebkoeffizient aw definitiv kleiner als 0. 010 /km. Überaschender

weise ist nur eine Lithographie dominierend, nämlich der Kalk mit ca. 5 bis 50 % 

Quarz oder Silikat. Die Differenz zwischen Karbonat- und Nichtkarbonat-Gestein ist 

von geringerer Bedeutung. 

Die Laborversuche über den Abrieb wurden in einer speziell angepassten Trommel von 

690 1 Volumen durchgeführt. Sedimentmischungen von 2 bis 128 mm wurden 

verwendet und ihre Ausgangsmasse war normalerweise ca. 400 kg. Die Versuchs

mischungen wurden aus den Volumenproben ausgesiebt, die den alternierenden 

Kiesbänken des Alpenrheins entnommen worden waren. Zuerst wurde eine 

experimentelle Studie über die Kornbewegung in der zylindrischen Trommel bei 

verschiedenen Rotationsgeschwindigkeiten durchgeführt. Dabei wurden verschiedene 

Parameter gemessen, wie z.B. die mittlere Korngeschwindigkeit, der Transportweg und 

die Sedimenttransportraten. Die Kornbewegung in der sogenannten Aktivschicht an der 

Oberfläche der Versuchsmischung wurde getrennt beobachtet und der zurückgelegte 

Transportweg wurde .als der Abriebweg definiert. Für diesen Weg wurde eine 

Regressionsgleichung entwickelt. Anschliessend wurden die Hauptversuche über den 

Abrieb mit verschiedenen Versuchsmischungen durchgeführt Der Abriebweg betrug 40 
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bis 80 km. Der mittlere Koeffizient der Gewichtsabnahme aw wurde dann für jede 

Mischung aus den beobachteten Gewichtsänderungen bestimmt. Die Werte 

aw = 0. 005 - 0. 01-8 /km bestätigen die im Felde ermittelten Koeffizienten. 

Die Zerkleinerungsprozesse, die in einer Abriebtrommel ablaufen, wurden dann 

mathematisch beschrieben. Zwei verschiedene Abriebmodelle wurden vorgeschlagen, 

die anstelle des konventionellen exponentiellen Stemberg'schen Gesetzes angewandt 

werden können. Ein einfaches Einkorn-Modell berücksichtigt nur die mittlere Korn

grösse und ist dem bekannten Sternberg'schen Gesetz ähnlich. Die wichtigste 

Verbesserung besteht darin, dass der Koeffizient der Gewichtsabnahme nicht konstant 

ist, sondern mit dem Abriebweg abnimmt. Während der Versuche wurde aber 

beobachtet, dass die linearen Abnutzungsraten, definiert für einzelne Körner, eine 

Funktion der relativen Korngrösse in der Mischung waren. Dies ist der Grund, warum 

ein fraktioniertes Abriebmodell entwickelt wurde, das aus der sog. Korngrössen- und 

Massen-Bilanzgleichung ("size-mass balance" equation) für selbsttätiges Mahlen (nur 

gegenseitige Wirkung der Körner) resultiert. Eine vereinfachte Variante dieses Modells 

berücksichtigt nur die Abnutzungsprozesse, vernachlässigt die Bruchprozesse und 

lieferte befriedigende Übereinstimmung mit den experimentellen Daten. Diese Variante 

ist für praktische Anwendungen geeignet. Ihre wichtigsten Elemente sind die 

spezifischen Brechungsraten wegen der Abnutzung, die von der Korngrösse und dem 

Abriebweg abhängen. Sie sind für einzelne Fraktionen definiert und können als 

fraktioniertes Äquivalent der linearen Abnutzungsraten betrachtet werden. 

Schliesslich werden die praktischen Anwendungen aller vorgeschlagenen 

mathematischen Abriebmodelle am Alpenrhein und ihre Verallgemeinerung für andere 

kiesführende Flüsse aufgezeigt. Dabei werden zwei verschiedene Beispiele mit und 

ohne experimentelle Daten über den Abriebkoeffizienten betrachtet. Für die 

Untersuchungsstrecke des Alpenrheins war es unmöglich, eine einzige Gleichung für 

das Abriebmodell aufzustellen. Dies könnte mit der stochastischen Natur des 

Sedimenttransports erklärt werden. Die Sedimentkörner entstammen verschiedenen 

Sedimentquellen und haben daher verschiedene Merkmale. Besonders wichtig ist dabei 

ihre Abriebwiderstandsfähigkeit, definiert durch ihre litographische Zusammensetzung. 

Sowohl die Transportwege und die Abriebwege, als auch reelle Korngeschwindigkeiten 

sind daher ziemlich variabel. Besonders die periodische Natur der Kornbewegung in 

einem Fluss, die durch die Zeitvariabilität der reellen Geschwindigkeiten gekenn

zeichnet ist, wird in einer Abriebtrommel mit einer charakteristischen mittleren 

Korngeschwindigkeit und begrenzter Varianz weitgehend vernachlässigt. 
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Resume 

Le concept d'amenagement fluvial du Rhin A l'amont du Lac de Constance a ete 

developpe dans !es annees trente sur Ja base de nombreuses mesures effectuees en 

nature et en laboratoire. Celui-ci admettait l'hypotMse que Je lit du Rhin est 

pratiquement stable. De ce fait, Ja reduction des dimensions du materiau charrie sur Je 

fond a ete imputee essentiellement au phenomene d'abrasion. Le coefficient d'abrasion 

a„ = 0.046 /km (selon Ja loi de Sternberg) a ete choisi pour caracteriser Ja diminution 

de masse du sediment. Un recent calibrage du modele numerique simulant Je transport 

solide et !es variations du lit du Rhin a montre que !es effets dus A l'abrasion devraient 

etre en realite beaucoup plus faibles que ceux admis initialement. Par consequent, une 

etude a ete entreprise tant en nature qu'en laboratoire, afin d'examiner A nouveau Je 

processus d'abrasion et !es coefficients qui Je decrivent. 

L'etude en nature des variations de Ja grosseur, de Ja forme et de Ja composition 

petrographique du sediment du Rhin a ete faite sur Je tron~on de riviere situe entre !es 

embouchures de Ja Landquart et de l'Ill. Les resultats obtenus revelent une certaine 

importance des processus de segregation aux embouchures, au ctebut et A la fin du 

tron~on consictere. Au milieu de ce tron~on, ou les effets de Ia segregation paraissent 

etre negligeables, Ja valeur du coefficient d'abrasion aw reste resolument infärieure A 

0. 010 /km. Il est surprenant de constater qu'une seule petrographie domine, A savoir Je 

calcaire contenant 5 A 50 % de quartz ou de silicate. La difference reJevee entre les 

elements fortement et peu Carbonates n'est guere significative. 

Les essais d'abrasion en laboratoire ont ete realises A J'aide d'une betonneuse rotative 

specialement adaptee, dont Je volume est de 690 1. Des melanges de sediment A 

granulometrie s'etendant entre 2 et 128 mm ont ete utilises, leur masse initiale etant 

generalement d'environ 400 kg. Ceux-ci ont ete obtenus par tamisage des echantillons 

preleves sur !es bancs alternes situes dans Ie Rhin en amont du Lac de Constance. En 

premier lieu, Je mouvement des particules dans l'appareil A simuler J'abrasi_on a ete 

etudie pour differentes vitesses de rotation du tambour. Le mouvement des particules 

dans Ja couche dite "active" situee A Ja surface du melange teste a et( observe. Plusieurs 

parametrcs ont ete ainsi mesures, tels que Ja vitesse moyenne des particules, Ja distance 

de transport et !es debits solides entra'ines. La distance de transport parcourue a ete 

definie comme Je "chemin d'abrasion". Finalement, !es essais principaux d'abrasion ont 

ete conduits avec divers melanges de materiau. Le chemin d'abrasion etait de 40 A 80 

km. La valeur moyenne du coefficient de diminution de poids aw a ete determinee, 
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pour chaque melange, a partir des variations de poids observees. Les resultats obtenus, 

soit aw = 0.005 - 0.018 /km, confirment !es coefficients de diminution de poids acquis 

lors de l'etude realisee in situ. 

Les processus de reduction du materiau, tels qu'ils se deroulent dans I'appareil 

simulateur d'abrasion, ont ete ensuite decrits matMmatiquement. Deux mod~les 

d'abrasion diffärents, utilisables en lieu et place de Ja Ioi exponentielle conventionnelle 

de Sternberg, ont ete proposes. Un mod~Ie simple, semblable a celui de Sternberg, ne 

tient campte que de Ja grosseur moyenne des grains. Sa contribution Ja plus importante 

consiste dans Je fait que Je coefficient de diminution de poids n'est pas constant mais 

diminue en fonction du chemin parcouru d'abrasion. Les essais ont montre que Je taux 

d'abrasion Iineaire (reduction du diam~tre du grain en fonction du temps) depend aussi 

de Ja grosseur des grains du melange. Pour cette raison, un autre modele d'abrasion 

faisant intervenir !es diffärentes fractions a ete developpe a partir de la relation 

"grosseur des grains-bilan de masse" (size-mass balance). Une variante simplifiee de ce 

modele ne prend en consideration que !es processus d'usure et neglige Je phenomene de 

cassure. Une banne concordance avec !es resultats experimentaux a ete etablie. Cette 

variante est utilisable pour !es applications pratiques. Son element principal est 

constitue par Je taux de morcellement du a l'usure, qui ctepend de Ja grosseur des 

particules et du chemin d'abrasion. Ce taux peut etre considere comme l'equivalent, 

defini pour chaque fraction, du taux d'abrasion lineaire du grain. Tous !es modeles 

d'abrasion proposes sont illustres par des applications pratiques et generalises a d'autres 

cours d'eau transportant du gravier par charriage de fond. En particulier, deux exemples 

sont presentes, pour !es cas ou des donnees experimentales sur !es coefficients 

d'abrasion sont disponibles ou non. Pour Ie tron~on etudie, il n'a pas ete possible 

d'utiliser Je modele d'abrasion avec un coefficient unique. Ce fait pourrait etre explique 

par le caractere stochastique du transport solide. De plus, !es particules composant Je 

sediment proviennent de sources differentes et leurs caracteristiques ne sont ainsi pas 

identiques. Leur resistance a l'abrasion, determinee par leur composition 

petrographique, joue un röle important. Les chemins de transport et d'abrasion, ainsi 

que !es vitesses effectives des particules varient considerablement. La nature non 

stationnaire du mouvement des particules dans une riviere, decelable a Ia forte variation 

temporelle des vitesses, n'est pratiquement pas prise en consideration dans l'appareil 

simulateur de l'abrasion, ou Ja vitesse de ces particules est caractfrisee par une valeur 

moyenne et une variance limitee. 
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Povzetek 

Zasnova celostne ureditve alpskega dela reke Ren, ki je bil razvita v tridesetih letih tega 

stoletja na osnovi obseznih terenskih in laboratorijskih raziskav, sloni na oceni, da je 

dno reke Ren relativno stabilno. V tem prirneru je lahko hidroloska predelava 

(preobrazba zrn plavin) glavni vzrok spremembe velikosti srednjega zrna plavin vzdolz 

reke. Tako je bil izbran koeficient obrusa plavin aw = 0.046 /km, ki ustrezno znanemu 

obrazcu Stemberga opisuje relativno zrnanjsanje mase plavin na enoto dolzine 

transporta. Pred kratkim opravljeno umerosojanje numericnega modela za simulacijo 

transporta plavin in sprememb dna reke Ren pa je pokazalo, da so vplivi hidroloske 

predelave plavin verjetno bistveno manjsi, kot je bilo predvideno do sedaj. Z narnenom 

ponovno ovrednotiti procese hidroloske predelave plavin in vrednost njihovega 

koeficienta za reko Ren, je bila opravljena tukaj opisana kombinirana terensko

laboratorijska raziskava. 

Terenska raziskava sprememb velikosti, oblike in petrografske sestave plavin reke Ren 

vzdolz njenega toka, je bila opravljena na odseku med sotocjem z reko Landquart in 

reko III. Rezultati kazejo na relativno pomembnost hidroloske premene (razvrscanja zm 

plavin) na zacetku in koncu raziskanega odseka. V njegovi sredini, kjer se zdijo vplivi 

hidroloske premene zanemarljivi , doseze koeficient obrusa plavin vrednosti manjse od 

0. 010 /km. V sicer pestri petrografski sestavi plavin je bila presenetljivo prevladujoca 

sarno ena zvrst kanmin, narnrec apnenec s priblizno 5 do 50 procenti silikatnih primesi. 

Razlike med apnencastimi in neapnencastimi zvrstrni kamnin so tako Je manj 

pomembne. 

Laboratorijski abrazijski poizkusi so bili opravljeni v posebej za ta namen pnre1eni 

posodi v obliki valja s prostornino 690 litrov. Uporabljene so bile mesanice zrn plavin 

velikosti od 2 do 128 mm. Njihova zacetna masa je bila priblizno 400 kg. Testne 

mesanice so bile presejane iz prostorninskih vzorcev, odvzetih na prodiscih reke Ren. 

Najprej je bila opravljena eksperimentalna raziskava gibanja zrn plavin v abrazijski 

posodi pri razlicnih rotacijskih hitrostih. Merjeni so bili razlicni pararnetri, kot srednja 

hitrost zm, njihova transportna razdalja in kolicina transportiranih plavin. Gibanje zrn 

plavin v aktivni plasti na povrsini testne mesanice je bilo opazovano posebej in v njej 

opravljena transportna razdalja zrn je bila definirana kot abrazijska razdalja. Za to 

razdaljo je bila razvita regresijska enacba. Nato so bili izvedeni glavni abrazijski 

poizkusi z razlicnimi testnimi mesanicami in abrazijsko razdalja med 40 in 80 km. 

Srednji koeficient obrusa plavin vsake mesanice je bil dolocen na osnovi opazovanih 
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sprememb njihove teze. Dobljene vrednosti aw = 0.005 - 0. 018 /km potrjujejo ze prej 

dolocene terenske vrednosti koeficienta obrusa plavin. 

Sledi matematicni opis procesov drobljenja v abrazijski napravi. Predlagana sta dva 

razlicna modela obrusa plavin, ki se lahko uporabljata namesto klasicnega 

eksponencijalnega Stembergovega zakona. Enostavnejsi model od obeh uposteva le 

srednje zrno plavin in je se vedno podoben znanernu Stembergovernu zakonu. Glavna 

izboljsava je ta, da koeficient obrusa plavin ni vec konstanten, temvec se manjsa vzdolz 

toka. Med poizkusi je biJo opazeno, da je biJa linearna stopnja obrusa, definirana za 

vsako zrno plavin posebej, odvisna od relativne velikosti zrna plavin v testni mesanici. 

To je glavni razlog, da je bil razvit tudi frakcijski model obrusa plavin, kot rezultat 

kontinuitetne enacbe za velikost in rnaso zrn ("size-mass balance equation") pri 

popolnoma autogenem mJetju. PoenostavJjena verzija tega rnodela uposteva Je procese 

obrusa in krhanja, zanemarja pa procese drobJjenja. Kljub ternu tak modeJ nudi 

zadovolj ivo priJagajanje eksperimentalnirn podatkom in je uporaben za hidrotehnicno 

prakso. Njihovi najpornernbnejsi eJementi so tako irnenovane specificne stopnje 

drobljenja zaradi obrusa, ki so odvisne od velikosti zrna in abrazijske razdaJje. V bistvu 

so enakovredne Jinearnim stopnjarn obrusa, Je da so definirane za frakcijo zrn plavin. 

Na koncu je podana prakticna uporaba predlaganih rnatematicnih modeJov obrusa 

pJavin za reko Ren in njihova posplositev na druge prodonosne vodotoke. RazJikovana 

sta dva primera, ko imamo oziroma nimamo eksperimentalnih podatkov o koeficientu 

obrusa plavin. Za raziskovani odsek reke Ren je bilo nemogoce definirati enolicni 

model obrusa pJavin, cemur zna biti vzrok stohasticna narava premescanja plavin. Zrna 

pJavin prihajajo iz razlicnih izvorov in imajo zato razJ icne lastnosti, predvsem za obrus 

pJavin pomembno odpomost proti obrabi, pogojeno v gJavnem z njihovo petrografsko 

sestavo. Opravljene abrazijske razdaJje, kakor tudi d~janske hitrosti premescanja zrn 

pJavin so torej precej razJicne. Posebno prekinjajoca narava prernescanja zrn pJavin v 

rekah, skupaj s casovno spremenljivostjo dejanskih hitrosti premescanja, je v tipicni 

abrazijski posodi poenostavJjena. saj se uporabJja Je ena sama tipicna srednja hitrost 

premescanja z Je omejeno varijanco. 
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1. INTRODUCTION 

1.1 DOWNSTREAM FINING IN GRA VEL-BED RIVERS 

Downstream fining in gravel-bed rivers is a well-known fact, at least since Darcel in 

1857 made a field study of the River Seine (Darcel, 1857). Sternberg's weight reduction 

law for fluvial sediment particles in 1875 was the first attempt to describe the 

downstream breakdown in size of clastic river sediment observable in nature 

(Sternberg, 1875). This law predicts that thc weight loss of sediment particles is 

exponentially proportional to the distance along the stream, assuming a constant 

proportionality factor, called weight reduction coefficient. Early field measurements as 

weil as laboratory abrasion experiments (e.g. Schocklitsch, 1933) verified the validity 

of Sternberg's law. Thus the river engineers in the first decades of this century were 

convinced that downstream fining should be generally attributed to fluvial abrasion -

mechanical processes of size reduction - only (Pettijohn, 1975 - p.514, Knighton, 1984 

- p.78 and Stückrath, 1989 - p.113). Thal is why Sternberg's equation, originally 

developed as a reduction law, was in general accepted as a fluvial abrasion law, and 

instead of a weight reduction coefficient as was initially intended, simply an abrasion 

coefficient was introduced. The river engineering concept for the River Alpine Rhine, 

developed in the thirties (Meyer-Peter et al., 1937), and still used in the sixties and 

seventies (Meyer-Peter and Lichtenhahn, 1963), was also developed on that basis. 

Tue extended abrasion experiments, carried out in a circular flume (e.g. Kuenen, 1955 

and 1956) gave abrasion reduction rates much smaller than observed in nature, so that 

they cannot be attributed to fluvial abrasion effects alone. lt was attempted to explain 

in several ways this discrepancy and the "failure" of Sternberg's law concluded from it. 

A broadly accepted approach to explain the observed discrepancy in the size and weight 

reduction rates respectively was to attribute it to processes other than fluvial abrasion. 

Other relevant processes, like self-breakage of gravel during very rare, but violent 

floods (Bretz, 1929 and Pittman & Ovenshine, 1968), frost weathering on gravel bars 

(Krapf, 1937), re-entrainment and subsequent rapid breakdown of the weathered 

sedin1ent, stored before in flood-plains (Bradley, 1970) or longitudinal selective 

entrainment and transport, causing sediment sorting (Plumey, 1948; Bradley et al. , 

1972) were described. Different sorting models (e.g. Rana et al., 1973; Troutman, 

1980) yielded a similar exponential decrease of particle size with distance as it was 
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proposed that this was due to fluvial abrasion only. As both downstream fining 

mechanisms behave exponentially, only one exponential law of weight resp. size 

reduction was proposed (Church and Kellerhals, 1978). Tue reduction coefficient 

represents then a sum of both relevant factors, i.e. fluvial abrasion and sorting, which 

both vary in their relative importance. This is tantamount to re-establishing of the 

Stemberg's law, originally proposed as the downstream fining and not only the fluvial 

abrasion law. 

Numerous field investigations have shown a limited applicability of Sternberg's law, 

because the rates of reduction were not constant along the stream. In headwater reaches, 

where the initial material is usually coarse and unsound, high and varying rates of 

reduction were found (Adams, 1979), much higher than their moderate values in lower 

parts of the same stream (Pintar and Mikos, 1984). Another discontinuity was found to 

be directly connected with the sediment size discontinuity, found between gravel-bed 

rivers with mainly bimodal gravel and sand-bed rivers with unimodal sands (Yatsu, 

1955). Big differences were also found between different environments, with the 

highest rates of reduction in alluvial fans, moderate rates in rivers and the lowest rates 

in braided channel systems such as glacial outwashes (Pettijohn, 1975 - p.513). 

Scheidegger (1991) even suggests that Sternberg's fluvial abrasion model ought to be 

rejected, since relative abrasion rates vary with sediment grain size. He supports his 

viewpoint by the experimental work of Kuenen ( 1956, p.347). 

Recently fluvial abrasion processes have been given renewed attention. One approach 

stresses the intermittent nature of sediment transport and distinguishes between the 

abrasion of moving and stationary particles (Stelczer, 1968). Tue second approach 

introduces a new wearing mechanism - abrasion in place - due to the vibration of 

particles subjected to the combined effect of lift and drag forces (Schumm and Stevens, 

1973), in a way confirmed by the phenomenon of the formation of nearly spherical 

balls by abrasion of initially angular rock fragments in stilling basins of river dams 

(Prokopovich, 1982). Tue latest approach coming from Parker (1991a,b) uses the theory 

of saltating sediment particles, developed by Wiberg and Smith (1989). This theory 

assumes saltation to be the dominant mode of bed load transport. 

Tue accuracy of the field determination of downs1Feam fining depends to a great extent 

on the precision of the sampling of the bed sedin1ent. Tue most important decisions are 

the choice of the appropriate sampling method, the size of the sample and the 

conversion between the results of different sampling methods. Nevertheless, field data 

normally exhibits a !arge scatter, which can be attributed to several causes. Sampling 



35 

errors and the natural variability of the sediment within short reaches can make it 

impossibly to find any systematic downstream trend. On a local scale, the bed sediment 

is coarser than average when flow competence increases, due to a narrower cross 

section or increasing discharge at constant bed slope, and finer than average in wide 

cross sections. Finally, the introduction of fresh sediment from bank or tributary 

sources complicates the overall pattern (Troutman, 1980), so that the sediment 

homogeneity often fluctuates downstream of the confluences (Knighton, 1980). These 

are the main reasons why in some field situations even a downstream increase of grain 

size could be observed (Hack, 1957 and Brush, 1961). This can be avoided by 

collecting data along reaches having substantially uniform hydraulic properties, as 

between major tributary confluences, by carrying out a thorough study of site scale 

variability of grain size, by taking several adequately big sarnples to characterise the 

sediment at the site and by studying the behaviour of individual lithologies (Church and 

Kellerhals, 1978). 

Nowadays it is commonly believed, that for the downstream fining, fluvial abrasio11 of 

sediments, selective tra11sport, together with physical and chemical weat/1eri11g as weil 

as sedime11t supply through tributaries, bank or bed erosion, are all relevant causes of 

different relative importance. The main problem is no longer to "find" new causes, but 

to determine the relative importance of known causes in each specific field Situation. 

1.2 THE TERMS "FLUVIAL ABRASION" AND "ABRASION" 

Abrasion is normally used as a general term meaning wearing or attrition. As such it 

applies to almost any mechanical process of size reduction. Nevertheless, the term 

abrasion is used in the present study in a more restricted manner. In tribology, the 

science of wear or material loss, abrasive wear - in short abrasion - is the displacement 

of material caused by t\le presence of hard particles between or embedded in one or 

both of the two surfaces in relative motion, or by the presence of hard protuberances on 

one or on both of the surfaces in relative motion (Zum Gahr, 1987, p.93). 

In the past, the different mechanical and chemical impacts of running water in rivers, 

together called very generally fluvial abrasion, were refined to more precisely defined 

basic wearing processes, where also abrasion was used in a more restrictive manner. 

In the present study the term "abrasion" will be used in two different situations. The 

term fluvial abrasio11 will express the size reduction of river sediment due to any kind 
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of mechanical process, and the term abrasion will express the process of material loss 

from the particle surface due to frictional or impactive forces. 

Marshall (1927, p.518) defined three processes : abrasion as the mere effect of pebble 

rubbing against pebble, impact as the effect of definitive blows of relatively large 

pebbles on others that are relatively small and grit1ding as the crushing of small grains 

by the continued contact and pressure of pebbles of relatively large size. Grinding is by 

far the most rapid wearing action, followed by impact, which by itself acts far more 

rapidly than abrasion. Impact was found to be important only in poorly sorted 

sediments with a predominance of the larger sizes. 

Düll (1932, p.l) recognised six processes : abrasion as the weight loss introduced 

during transport and through friction with other grains, chipping as the rapid splitting 

off of the angular sediment particle's edges, observable under normal flow conditions 

and as the decreasing of the sediment size in mountain streams and steep reaches with a 

rocky bed, grinding as the wearing down of a stationary sediment particle by grains and 

swept sand transported over it, disintegration as the splitting of a sediment particle due 

to an almost total absence of homogeneous composition of the rock mass, without the 

influence of strong external forces, weathering - thermal and frost weathering as the 

loosening of the structure of the sediment particles, especially in the upper reaches, 

where the fluctuations of the water level of the mountain streams are stronger and 

quicker than in the middle and lower reaches and soluti011 as the chemical influence of 

water. 

Wadell (1932) recognised four processes : solution, attrition, chipping and splitting. 

Tue mode of action is not considered, the differences being primarily a matter of the 

size ratio between the removed fragments and the original particle. 

Kuenen (1956, p.350) recognised seven processes : splitting as the brealcing into two or 

three parts of roughly equal size, crushing as the pulverising of small particles, caught 

between two !arge ones, chippiflg as the loss of small flakes from sharp edges, cracking 

as the process of forming concussion cracks on the surface, grinding as the rubbing of 

rolling, sliding or partic1es pressed together, chemical attack as the process of 

weathering and solution of particles, mainly outside the stream bed, and sa11dblasti11g as 

the abrasion of coarse particles under the action of sand-laden water. 

Stelczer (1968, p.261) recognised five processes : abrasion (orig. Abrieb) as the 

rubbing of transported particles between themselves and with the particles at rest in the 

\ 
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bed, gri11di11g (orig. Abschliff) as the process of size reduction of stationary particles by 

the influence of transported particles, crumbli11g (orig. Zerbröckelung) as the breakage 

process due to impact of !arger particles on smaller particles or between themselves, 

weatheri11g (orig. Verwitterung) as thermal and moisture action on the particles in the 

bars, and solutio11 (orig. Auflösung) as the chemical influence of water. 

1.3 OBJECTIVE OF THE STUDY 

Tue major aim of the study was to perform a combined field and laboratory 

investigation of the abrasion of the Alpine Rhine coarse sediments. There was a need to 

determine the abrasion coefficient as a part of the calibration of the numerical 

simulation model for sediment management in the River Alpine Rhine between 

Reichenau and the mouth of the river at the Lake of Constance. Tue description of the 

Alpine Rhine catchment area is given in Chapter 3. Tue numerical tool for the 

simulation, called MORMO, is a one-dimensional numerical simulation model for 

degrading and aggrading natural rivers, developed at ETH Zürich (Hunziker, in prep.). 

Tue processes of fluvial abrasion are integrated in the model by Stemberg's law. 

Tue river engineering concept of the Alpine Rhine used until recently was developed in 

the 1930's on the basis of !arge field and laboratory investigations. Tue definition of a 

relevant abrasion coefficient has assumed an important role for the whole concept. As a 

basis for the work the continuity of sediment transport in a relative stable Alpine Rhine 

stretch from km 71 to km 85 in the period 1931-34 was chosen (Meyer-Peter et al., 

1937, p.14). Computed transport capacity at the beginning of the stretch was decreased 

by the measured amount of deposited material due to aggradation in it, which gave 

abraded mass loss. Tue authors believed that the Alpine Rhine river bed was nearly 

stable and the total mass loss could then be explained mainly by the abrasion process. 

They defined the mass loss through the measured downstream decrease of the sediment 

mean diameter in the stretch, from 15.0 mm at the beginning to 12.1 mm at the end of 

it. That gave a size reduction coefficient ad= 0.0153 /km and a weight reduction 

coefficient aw = 3 ad = 0. 046 /km. Already the authors themselves realised that the 

abrasion coefficients given in the literature1 for similar rivers were rather smaller, as 

low as 0.01 - 0.03 /km (Meyer-Peter et al., 1937, p.15). Tue value of the abrasion 

1 especially in the past but also now the use of "abrasion coefflcient" c instead of wcigbt reduction 

coefficient a„ and c/ 3 instead of size reduction coefflcicnt ad is still very popular. In t11c prcsent 

study reduction coefficients will be consequently used. This is also true for originally proposed abrasion 
coefflcients in literature review, whicb are strictly converted to corresponding rcduction coefficicms. 
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coefficient tlw = 0.046 /km (Meyer-Peter and Lichtenhahn, 1963) later accepted by the 

International Rhine Regulation Commission was already controversial then at least for 

some other experts (Krapf, 1937, p.231). 

Tue development of lhe Alpine Rhine river bed after the training according to the above 

mentioned concept has been carried out, showed everything but a stable longitudinal 

profile (erosion tendencies, sediment dredging, river bridge collapse due to scour). Tue 

assumption of the stability of the Alpine Rhine has had to be rejected. Tue main cause 

was the fact that large alluvial rivers lilrn the Alpine Rhine exhibit big sediment storage 

(Jäggi, 1992, p.51-52 and p.70-82) whose neglect can lead to an overestimate of 

abrasion rates. In addition, it was observed in the numerical Simulation that slow and 

small changes of river bed profiles are no proof of its stability (Hunziker and Jäggi, 

1988). Slow motions in nature are quite normal and often no sign of absolute stability. 

That the question of the corresponding abrasion coefficient is not only an academic one, 

is shown in the following comparison, where no sorting effects are incorporated : 

- assuming an abrasion coefficient as high as ciw = 0. 046 / km, up to 94 % of the 

Alpine Rhine sediment is abraded before the sediment immediately downstream the 

confluence with the River Landquart reaches the Lake of Constance after travelling 

for 65 km, and 

- assuming an abrasion coefficient as low as a"' = 0.010 /km, only up to 48 % of the 

sediment is abraded. 

The main objective of the study was to re-evaluate the abrasion coefficient for the 

Alpine Rhine, where after early numerical calculations lower values, e.g. 

tlw = 0.016 /km, seemed to be more acceptable. At the beginning of the study the 

assumption that the expected diversity of rock Iithologies of the Alpine Rhine sediment 

might have a certain impact on the abrasion coefficient, also seemed to be justified. For 

that purpose the following research plan was established : 

- a field study of the downstream changes of size, shape and petrographic composition 

of the Alpine Rhine sediment should give a new abrasion coefficient, if possible 

specified for all important lithologies, 

- an experimental study of the particle motion in an abrasioil mill, as a typical set-up for 

laboratory abrasion experiments, should help to improve the meaningfulness of such 

experiments, especially conceming the real travelling distances of sediment particles 

in such abrasion set-ups, 
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- an actual experimental study of the abrasion of the Alpine Rhine sediment in an 

abrasion set-up should give comparable values to abrasion coefficients determined in 

the field, and 

- a mathematical model of size resp. weight reduction of sediment particles in an 

abrasion mill should give an answer to the question, whether single grain abrasion 

models, li.ke the classical Stemberg's law, whose use is still very popular due to their 

ready application in everyday engineering practice, may still be used in a field 

Situation and for the Alpine Rhine particularly, or should a more sophisticated 

abrasion model, which can describe abrasion processes more adequately and can be 

successfully integrated into numerical modelling, be used instead, and 

- practical applications of the proposed mathematical abrasion models should round up 

the research plan. 

After a short and relevant literature review regarding fluvial abrasion, given in Chapter 

2, the outlined research plan will be followed in Chapters 3 through 6. 
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2. LITERA TURE REVIEW ON FLUVIAL ABRASION 

Already in 1879 Daubree conducted the first simple abrasion mill experiments. Since 

then much theoretical research work as well as practical field observations and 

laboratory experiments have been carried out to explain the downstream fining of river 

sediments observed in the nature. Through the experimental findings on fluvial 

abrasion, its most relevant parameters have been defined and simple mathematical 

models of fluvial abrasion proposed. 

2.1 FIELD OBSERVATIONS 

Tue first systematic field observations at all date probably from Darcel (1857), who 

investigated the grain-size and petrographic composition of the River Seine sediment 

(cited in Schoklitsch, 1914; Düll, 1930). Tue interrelations between the downstream 

fining of river sediments and decreasing bed slope have been known for a long time -

Forchheimer (1914,1930) referred to a Guglielmini's treatise (1822) (Iived 1655-1710) 

on the river slopes - but actually it was Sternberg (1875), who first defined a fluvial 

abrasion Jaw : "Tue wear of a sediment particle is proportional to its weight under water 

and the distance, it has travelled." 

Subsequent observations of nature Hildenbrand (1888), Fugger & Kastner (1895), Heim 

(1913), Keller (1916) and others, summarised in Schoklitsch (1914,1933), brought no 

new theories. Von Hochenburger (1886) tried to describe the fluvial abrasion law with a 

parabola of the higher order, which should be valid for both the individually measured 

"average size of the predominated sediment" and for the "mean size of the sediment" . 

He also mentioned that the river bed slope was an important factor for fluvial abrasion, 

but did not follow up this idea. Heyne (1886) (in Forchheimer, 1914, p.470) also 

showed that Von Hochenburg's measurements obeyed Sternberg's law. Kreuter 

(1913,1921) introduced in addition the tractive force as a fluvial abrasion parameter, 

which after Düll (1930 - p.10) should rather be seen as a sorting parameter. 

Already Daubree (1879) (in Gurt!, 1880 - p.192) mentioned that the generally 

observable downstream fining of the river sediments should not be attributed to fluvial 

abrasion only. Despite that river engineers in the thirties were convinced (see also 

Stückrath, 1989 - p.113) that from the different forn1s of the downstream fining, fluvial 

abrasion was the most important factor (e.g. Schoklitsch, 1933 - p.343; Düll, 1930 -

p.l). 



41 

Hence new effects were given relative importance in some natural Situations, like "wet 

blasting" (Barrell, 1925; Rubey, 1933), frost weathering (Krapf, 1937) and f1ood-plain 

reworking (Bradley, 1970), but also f1oods with exceptional violence (Bretz, 1929), 

which can cause breakage of !arger sediment particles (Pittman and Ovenshine, 1968). 

Nevertheless, the strongest departures of field measurements from Sternberg's law were 

observed globally mainly in upper reaches of gravel-bed rivers (Krumbein, 1940 and 

1942; Plumley, 1948; Hack, 1957; Unrug, 1957; Scott and Gravlee, 1968; Bradley et 

al., 1972; Adams, 1979), and locally due to increased and decreased stream competence 

respectively (Hack, 1957; Brush, 1961), after tributaries bringing fresh coarser sediment 

(Knighton, 1980) and at the threshold between gravel-bed and sand-bed sections of a 

river (Yatsu, 1955). 

More recently selective transport has been given more attention (e.g. Rana et al., 1973; 

Deigaard and Freds~. 1978; Troutman, 1980). Fluvial abrasion therefore was given 

only relative importance, though in a way re-established by introducing abrasion-in

place (Schumm and Stevens, 1973). 

Church and Kellerhals (1978) proposed a single grain model describing the downstream 

fining of river sediment by the size reduction of a representative grain alone, caused by 

several factors, each of them behaving exponentially. New trends connected with the 

numerical solution of sediment transport, however, demand instead a fraction model as 

a better framework, which confirm the necessity of the laboratory determination of the 

abrasion coefficient (Parker, 1991a,b). 

2.2 LABORA TORY EXPERIMENTS 

There are two major groups of laboratory experiments: one in a revolving horizontal 

cylinder, called tumbling mill experiments, and the other in a revolving water current, 

called circular flume experiments. Other experiments, as in a paved tub or in a 

"pothole" , are rather scarce and will be described separately in Section 2.2.3. 

Experiments will be further divided into experiments on gravel and sa11d abrasio11 

respectively. Tue experiments on sand abrasion, including those on mi11eral abrasion, 

will be reviewed only briefly, because the environmental milieu of the present study is 

gravel-bed rivers. 
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2.2.1 Tumbling mill experiments 

In a typical tumbling mill experiment a certain amount of sediment particles and 

enough water, so that the particles are under water, is introduced into a cylinder, which 

then rotates, in most cases, around its horizontal axis. For the experiment test mixtures 

can be used or only a certain number of tcst bodies or particles are introduced into the 

cylinder, together with a lesser amount of smaller particles, which then abrade the test 

particles. 

2,2.1.1 Gravel abrasjon 

Tue first abrasion experiments were carried out by Daubree in the year 1857 in a rotated 

iron or stone jar with a horizontal axis (Daubree, 1879). He used angular rock 

fragments in the pebble range (fist-size to nut-size), whose edges after 25 km were 

already fully rounded and could not be differentiated from typical river sediment. 

Further, he found out that sharp-edged particles were wom out more than already 

rounded ones, and the product of abrasion was almost entirely mud rather than sand. 

Later, other investigations were· carried out in different abrasion devices, but similar to 

the Daubree's drum, like that of Fayol (1886) (in Schoklitsch, 1914 - p.7), Wentworth 

(1919), Marshall (1927, 1929), Düll (1930) and Schoklitsch (1933). Tue last two 

experiments are especially interesting and will be described now in more detail. 

Düll (1930) experimented with a sediment mixture of around 100 1 and some test bodies 

as !arge as the coarsest sediment. Tue sediment mixture filled the mill approximately 20 

cm high, as shown in Figure 1. Düll additionally welded inside the mill transverse 

pieces of iron as a lining to prevent simple sliding of the sediment mixture due to low 

friction between the iron wall surface and the sedirnent. He chose a mill speed of 5.9 

rpm, so that the sediment mixture 0 was inclined according to its friction angle, as 

shown in Figure !. Tue sediment U taken by the lining feil into the sediment mixture 0, 

so that a kind of inner mixing was established. Nevertheless, the actual abrasion took 

place mainly along the line A between the sediment mixture 0 and U. Düll defined the 

corresponding distance for the abrasion as the mill circumference at the end of the 

lining (line A in figure 1 ). Since sediment was not only abraded along the line A, but 

also inside the mixture 0 , he found from comparison with observations in nature that 

one kilometer in nature corresponds to two kilometers in an abrasion mill. Tue füll 

description of a Dilll abrasion model is given Jater in Section 2.4. 
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Figure 2 
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Cross section of the Düll's abrasion mill. 

(Figure 9 from Düll, 1930 - p.20). 

CONCRETE WITH GtrANITE INSOLE 

wooo 
Cross sections of the Schoklitsch's abrasion mill. 

(Figure 3 from Schoklitsch, 1933 - p.346) 
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Schoklitsch (1933) reproduced the motion in Düll's abrasion mill, and claimed that test 

bodies in this experiment were totally submerged in the sediment mixture, abraded from 

all sides by moving sediment, and thus that Düll's definition of a distance could hardly 

be accepted. So he abandoned Düll's concept of sediment mixture as abrading media 

and used only one test body with as little _sediment as 2 1 as a bed over which the test 

body rolls or slides (see Figure 2). The circumference of the cylinder corresponded to 

the real travelling distance of a test body. 

After Schoklitsch many investigators used similar tumbling mill set-ups, mainly with 

extensive sediment mixtures, among others Krumbein (1941), Stelczer (1968), Jurisch 

(1980), Pintar and Mikos (1984), Gölz and Tippner (1985), Parker (1991b - see Ok 

Tedi Environmental Study) and Werritty (1992). In all cases a circumference of the 

abrasion set-up cylinder was used as a travelling distance. Weight reduction 

coefficients, found in some of the reviewed experiments, are given in Appendix A.2. 

Some technical characteristics of the research set-ups and of the type and the size of the 

material used, are given in Appendix B.I. 

2.2.1.2 Sand and mjneral abrasjon 

Experimental studies on sand abrasion among others include those of Daubr~e (1879), 

Anderson (1926), Berthois and Portier (1956,1957a,b), Kuenen (1958,1959), Schubert 

(1964), Robson (1978), Harrell and Blatt (1978) and Stückrath (1989). Experimental 

studies on mineral abrasion among others include those of Cozzens (1931), Friese 

(1931) and Thiel (1940). All studies show that, without coarser sediment, the sand 

abrasion proceeds very slowly due to smaller forces acting on sand grains and also due 

to their higher strength. The abrasion coefficients of quartz sands, especially important 

for the rivers, are several magnitudes lower than corresponding abrasion coefficients for 

gravel sediment. Weight reduction coefficients, found in some of the above mentioned 

experiments, are given in Appendix A.2. Some technical characteristics of the research 

set-ups and of type and size of the material used, are given in Appendix B. I. 

2.2.2 Circular ßume experiments 

This group of abrasion experiments uses a kind of horizontal circular abrasion tank, 

where sediment is moving on its bottom due to a revolving water current driven by 

paddles or wheels. The authors using that concept hoped this was an improvement on 

the tumbling mill experiments, as particles were driven by a water current and not by 

gravity force as in a tumbling mill. This may be good for an abrasion experiment with 
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few test particles, but since there is the problem of the exact measurement of the mean 

particle velocity, it could be not an adequate research set-up for abrasion experiments 

with sediment mixtures. 

2.2.2.l Gravel abrasjo11 

Kuenen (1956 - p.337) decided to experiment with a revolving current in a circular 

flume, as shown in Figure 3. He claimed that the following drawbacks are inherent in 

the use of a tumbling mill: water acts as a brake, instead of impelling the fragments; 

there is no continuous rolling of fragments, whose movement may be more or less 

Figure 3 

COHCR[ r U.HIC 

Concrete tank used in Kuenen's experiments. Upper half of 1 and left half 

of II show experiments on wet sandblasting. The other parts refer to 

experiments on rolling (Figure l from Kuenen, 1956 - p.143). 
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rotational than in a river, the rolling velocities as the factor controlling the rigour of the . 

abrasion process, are known only qualitatively, as they have not been determined by the 

experimenters. 

Kuenen dedicated the first part of his very extensive experimental work on pebble 

abrasion to wet sandblasting (Kuenen, 1955). He proved that this part of the fluvial 

abrasion is not important for all sizes below cobbles. Later Kuenen made a systematic 

experimental investigation of the abrasion of rolling pebbJes (Kuenen, 1956), where he 

took into consideration different parameters and showed their relative importance, as 

will be shown in the next section. A similar abrasion tank was also used as a part of a 

fieJd study on the CoJorado River (Bradley, 1970) and Knik River (Bradley et al„ 

1972). Weight reduction coefficients, found in BradJey's experiments, are given in 

Appendix A.2. Some technical characteristics of the research set-ups and of the type 

and the size of the material used, are given in Appendix B.2. 

2.2.2.2 Sand abrasjo11 

Kuenen further experimented in the same revolving current also with particles from 0.4 

mm to l cm (Kuenen 1958,1959). He found out that the mechanical abrasion of smalJ 

pebbles is slight and that it becomes extremely sJow for quartz grains of less than 2 mm 

diameter. Comparing results from a revolving current with these from a revoJving 

cylinder, obtained under the same conditions (bottom made of the same type of 

concrete, same mean particle veJocity and size) Kuenen determined 3 to 4 times higher 

abrasion rates in a cyJinder than in a current. Tue higher rates were mainly due to the 

fact that sediment particles in a cylinder are crowded together by gravity and therefore 

abraded more activeJy during rolling. 

2.2.3 Other approaches 

A different approach was used by Erdmann (1879), who Jet the rock fragments swing in 

a paved tub. Schoklitsch (1914) Jet the plaster particles be moved by water in a ring-Jike 

meta! vesseJ and confirmed Sternberg's Jaw. Lord Rayleigh (1942,1944) !et the test 

bodies be carried round in a cylindrical vessel, containing water, with a paddle 

revoJving coaxial with it. There were no more attemps in this direction afteiwards. 
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2.3 RECOGNISED PARAMETERS 

The experimental studies reviewed in Section 2.2 have shown that the size reduction of 

fluvial sediments by abrasion and related processes is a function of : 

- sediment characteristics, 

- characteristics of sedime11t surrou11di11g, and 

- duration or dista11ce involved in the abrasion aclion. 

An overview of some of the abrasion experiments and the corresponding parameters of 

fluvial abrasion is given in Appendix B.3. 

The most marked of all parameters is the effect of the particle's weigllt and size. Gravel 

is abraded and rounded very rapidly, whereas sand is abraded and rounded · only 

extremely slowly or even remains wholly unabraded and angular. Another obviously 

important parameter is the petrographic composition ·of sediment and connected with il 

the durability, being the main reason why such a variety in the size and weight 

reduction coefficients was measured or observed. The fact that the reduction rates are 

greatest in the initial stages of the abrasion processes and then tend to decline 

exponentially was explained by the internal points of weakness, like cleavages or initial 

cracks, with the influence of the particle form, mainly rou11d11ess. The 11ature of tlie 

bed surface over which the sediment is moved could be sandy, pebbly or even rocky, 

which corresponds also to the order of increasing mass losses. The violence of action or 

rigour, described through the mea11 particle velocity and sedime11t yield, and connected 

with the killd of movement, is another important parameter. While the present study 

concentrates on the problem of fluvial abrasion, Lhe influence of the geological agent is 

not looked at. lt follows the short description of the experimental findings about the 

most important parameters. 

2.3.1 Particle weight and size 

Kuenen (1956) found thal the influence of the particle weight and size respectively 

depends strongly on the nature of the bed surface. In the case of a sandy bed particle 

weight (and size) has no influence on Lhe percentage of weighl loss for big pebbles 

Cover 1 cm) and only moderate influence in the range of small pebbles and coarse sand 

(from 0.4 mm to 1 cm) (Kuenen, 1958;1959). That is in strong contrast to rolling on a 

pebbly bed, where particle weight (and size) has great influence on the abrasion rate, 

much greater than the velocity. But sometimes differences in roundness and rock type 

evidently obscure the influence of weight. 
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2.3.2 Particle petrographic composition - durability 

This factor is rather obvious and the least questioned among all the factors. A variety of 

reduction coefficients was found in experimental abrasion tests and in field studies as 

weil. A very comprehensive experimental study of the influence of durability on the 

reduction coefficient is that of Schoklitsch (1933), where abrasion coefficients for over 

80 lithologies are given, in some cases the chipping component was also evaluated. 

Some of these abrasion coefficients for some known lithologie.s are given in Appendix 

A.2. 

2.3.3 Particle form - shape and roundnes.s 

Krumbein (1941) investigated interrelations between size, shape and roundness of rock. 

particles during abrasion. In his experiment and in the initial stage of abrasion, when 

also chipping was observed : 

- rounding proceeded 35 times as fast as size decreased 

- sphericity change proceeded 3.5 times as fast as size reduction, and finally 

- rounding proceeded 10 times as rapidly as sphericity change. 

Lord Rayleigh (1942,1944) studied the ultimate shape of natural and artificial pebbles 

under various conditions of abrasion. In the case, in which the bottom of his "pothole" 

apparatus was smooth and the abrasion limited to a coating of abrasive material on the 

vertical wall, a sphere was produced, while in another case, when only the horizontal 

bottom was coated with abrasive material, the ultimate result was an rectangular shape. 

2.3.4 Nature of the bed surface 

Schoklitsch (1933) found experimentally that beside lithology, which determines 

durability of the specific sediment, also the size of the associated material is of great 

importance for the determination of an abrasion coefficient. Tue influence of the size of 

the bed surface material on an abrasion coefficient was linear : 

a = d11 +15 
wl aw1- o 15 „.[-/km] „. (!) 

where du [mm] is the size of the associated material, and llwl-O and awl are abrasion 

coefficients at du ~ 0 mm and any du, respectively. 
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Kuenen (1956) clearly showed the big influence of the nature of the bed material on 

the percentage of mass lass of abraded rock particles. The most important principles 

found are: 

- the abrasion of rolling pebbles on the cement floor, when there is P.lenty of loose sand 

to cushion their movement, decreases by only one-third, as compared with rolling 

directly on the clean cement floor in clear water. So the case of the rolling on a 

cement bottom with plenty of sand, most of it in suspension, may be taken as 

representing rolling on a sandy river bed and 

- the abrasion of rolling pebbles on the cemented pebble floor, when there is a plenty of 

loose sand, decreases only for 10 to 15 %, as compared with rolling directly on the 

clean cemented pebble floor in clean water. Thus the case of rolling on a cemented 

pebble bottom without sand may be taken as representing rolling on a pebbly 

mountain stream bed. 

2.3.5 Particle velocity 

Schok.litsch (1933) found ·that particle velocity is also of great importance for the 

determination of an abrasion coefficient. Its influence is given as follows : 

- 1/4 
awl - awl-0 vpi ... [-km] ... (2) 

where vpi [m/s] is mean particle velocity, and a1111_0 and a1111 are abrasion coefficients 

at velocity v pi = 1 m/s and any v pi [m/s] •. respectively. Schoklitsch (1933 - Table 1 -

pp.352-354) gives an review of abrasion coefficients a1111 for v pi = 80 cm/s and 

associated material of du = 35 mm (round flint) for rounded particles and angular 

fragments of over 80 kinds of rock. 

Kuenen (1956) found that the influence of the particle velocity depends on the nature 

of the bed surface, as with particle weight. In the case of : 

- a sandy bed, when particles are rolling on the concrete bottom but together with 

plenty of much finer particles, the influence of rnean particle velocity is not very 

significant : mass lass for pebbles over lern increases only by one fifth as the rolling 

velocity is increased from 50 cm/s to 150 cm/s (Kucnen doubted this result due to 

anomalies in the rneasured experimental values). That influence can also be expressed 

by an exponent on rolling velocity : v ~; 17
, which is somewhat lower than was found 
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by Schoklitsch : v Z/5 . That could be explained by the fact that Schoklitsch used 

coarser bed material, but only one test particle. 

- a pebbly bed , when particles are rolling on the bottom made of the same material of 

the practically the same size, Kuenen divided total weight loss into initial and extra 

loss. He defined initial loss as the imaginary loss at zero velocity, which was propor

tional to the particle diameter (weight per unit surface) and extra loss as the increased 

loss at higher velocities, proportional to the square of particle velocity, related to the 

kinetic energy of the rolling particle. He carried out his experiments with limestone 

cubes that had an edge length of 6 cm (weight under water 345 gr.), 4.5 cm (150 gr.), 

3 cm (40 gr.), 2 cm (16 gr.) and 1 cm (1.6 gr.), respectively. Tue cubes rolled on a 

pebbly floor for 16 km at different velocities. Tue results are given in two figures in 

Kuenen (1956 - Figure 7 on p.346 and Figure 14 on p.354). After some km and the 

cessation of chipping, the remaining loss was only due to the cracking process 

(impact) and to grinding (surface abrasion). 

So, if we restrict ourselves to the abrasion phase only, that is to the distance interval 8-

16 km in Kuenen's experiment H (Kuenen, 1956), then values can be computed which 

are shown in Table 1. For the determination of initial loss during abrasion phase only, 

instead of originally used total weight Iosses after 16 km, relative weight loss per km 

during the abrasion phase and for two different mean particle velocity intervals ( 40-70 

cm/s and 125-155 cm/s) have been used. Assuming a linear dependence of extra loss 

a„e on the mean particle velocity, the gradient of extra loss curves and initial losses a„; 

can be determined, as shown in Table 1. Mathematically an extra loss can be expressed 

as: 

awe = kv~i =(0.225 - 0.0l2dcube)v~i ... [%] .. . (3) 

and initial Ioss as : 

awi = 0.125+0.216dcube ... [%] ... (4) 

where Vp; [m/s] is the mean particle velocity and dcube [cm] is the cube edge length. lt 

could be seen that this is the variation due to velocity for smaller particles greater than 

for coarser ones. Tue limits of validation for both equations are given as follows : 
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- extra loss is proportional to the square of mean particle velocity only for particles 

greater than 10 mm, while for smaller particles it is practically linear and much less 

significant (Kuenen, 1958; 1959), and 

- only p!ean particle velocities up to 1.5 m/s may be used and the quadratic dependence 

of extra loss on mean particle velocity may not be extended, since at higher velocities 

the sediment particles would be rather mainly saltating or even being suspended, and 

loosing their mass only very slowly. 

Stelczer (1968) found in his tumbling mill experiments that the abrasion rates of 

sediment mixtures do not depend significantly on the mill revolving speed. 

cube 

edge 

fern] 

l 

2 

3 

4.5 

6 

Table 1 

initial and extra weight loss per km[%) 
rearranged Figure 14 from Kuenen (1956 - p.354) 

initial weight mean total mean total k initial 

under water velocity loss velocity loss in eqn.(3) loss 

fgr] fm/sl [%] fm/sl [%] f%/(m2/s2)1 [%] 

1.6 0.70 0.48 1.55 0.88 0.21 0.38 

16 0.60 0.62 1.48 0.98 0.20 0.55 

40 0.50 0.79 1.41 1.13 0.20 0.74 

150 0.40 1.07 1.30 1.33 0. 17 1.04 

345 0.45 1.50 1.25 1.70 0.15 1.47 

Determination of the initial and extra loss during abrasion phase of the 

Kuenen's experiment H. 

2.3.6 Sediment yield 

The only experimental result on the influence of the sediment transport rate on the 

abrasion rate is that of Stelczer (1968), who assumed linear dependence of the abrasion 

rate of immobile particles on the unit sediment transport rate. For the mobile particles 

he did not propose any such dependence. He experimented in his tumbling mill with 

single test particles and sediment mixtures of up to 10 kilograms weight. The majority 

of the experimental work was done with weights less or equal 500 gr. With this amount 

of sediment and a mill circumferencial velocity between 0.30 m/s and 0.86 m/s he could 
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keep the sediment transport rates in the tumbling mill less than 0.75 kg/m·s and 

therefore similar to those measured in the River Danube. 

2.3. 7 Kind of sediment movement 

As described by Gyr (1983), it is commonly assumed that a sediment particle during 

transport in flowing water can : 

- roll or slide on the bed (bed load) 

- saltate (bed load) or 

- is suspended (suspended load). 

Obviously a relative abrasion rate is directly influenced by a kind of movement, where 

the following relations hold : 

- rolling or sliding particles are mainly abraded through frictional forces, 

- saltating particles are mainly abraded through impactive forces and 

- suspended particles are practicaly not abraded at all. 

Schoklitsch (1933) has found that breakage due to impactive wear can be up to ten 

times as great as abrasion due to frictional wear, without taking particle size into 

account. 

2.3.8 Intermittent movement of sediment 

Stelczer (1968, 1981) stressed the intermittent movement of bed load and distinguished 

between wear of moving particles and particles at rest. He proposed a new theoretical 

abrasion model, given in the next section. 

Stevens and Schumm (1973) mentioned abrasion in place as an important part of 

fluvial abrasion, especially for coarser particles. 

2.4 PROPOSED MA THEMATICAL MODELS 

Sternberg (1875) was the first to describe a fluvial abrasion law in a mathematical 

form. His law in the modern form can be written as follows : 

dw = - aw w ds ... [kg] ... (5) 
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where w [kg] is the weight of the sediment particle, ds [km] is the incremental distance 

and a„ [-/km] is a material constant, a function of the specific weight and the wearing 

resistance of the sediment particle. By integrating eqn.(5) one obtains : 

.. . (6) 

where w0 [kg] is the initial weight of the sediment particle at the initial point s = 0 , w 

[kg] is the weight of that grain at distance s [km] downstrearn and a„ [-/km] is now the 

weight reduction coefficient. 

Düll (1927) proposed on the basis of his own tumbling mill experiments an empirical 

fluvial abrasion model, which can be written as follows (Düll, 1930) : 

for abrasion : dw = - a,., w0
·
55 ds = - (kw--0·45

) w ds ... [kg] ... (7) 

for chipping : dw = - a,., w0
·
80 ds = - (kw--0·20

) w ds ... [kg] ... (8) 

where w [kg] is the weigh~ of the sediment particle, ds [km] is the distance and a„ 

[-/km] is a material constant. As can be seen the form of Düll's law is basically different 

from Sternberg's. lt is questionable if the weight reduction coefficient a„ depends so 

strongly on the particle surface. 

Krumbein (1941) investigated interrelations between size, shape and roundness of rock 

particles during abrasion and defined the following empirical mathematical forms of 

their changes with distance s : 

... (9) 

... (10) 

... (11) 
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where d0 [mm] is initial particle size, P0 and P; are limiting and initial Wadell (1932) 

roundness, respectively, and '1'0 respectively 'I'; are limiting and initial Wadell (1932) 

sphericity. Tue coefficient of size reduction ai11 , the coefficient of rounding ai12 and 

the coefficient of shape change ad3 were found not to have the sarne value, but be 

constant for any given kind of rock under given abrasion conditions. Also constant 

under the same assumptions were limiting values of Wadell roundness and sphericity. 

Stelczer (1968) distinguished between wearing of sedirnent particles while moving and 

while immobile or resting. Tue mass and weight reduction respectively of a sediment 

particle over a certain distance was assurned to be proportional to the performed work 

of the frictional forces. His theoretical model can be written as follows : 

d - 3 fd3 -ai11r , , [ ] 
1 - V o e - ad2 qb t ... m ... (12) 

where d0 [m] is the original particle diameter, d1 [m] is the particle diameter after time 

T = t + t', t [s] is time of movement and t' [s] is time of immobility, qj, [kg/m·s] is the 

unit bed load discharge, ad1 [-/s] is the wearing coefficient of moving bed load and ad2 

[m3/s] is the wearing coefficient of immobile bed load. 

Stelczer (1968 - p.267) also defined an empirical fluvial abrasion rnodel using linear 

regression (coefficient of determination was 0.899) on experimental data from his 

tumbling mill experirnents : 

w2.383 

Liw = const - 0- s0
·
806 

d2.374 
0 

... (13) 

· where ~w [kg] is the weight decrease of the sediment particle, w 0 [kg] is the weight 

and d0 [mm] the mean size of the sediment particle at distance zero, respectively, and s 

[km] is the distance travelled. We can transform eqn.(13) a little: 

A 1.59 1.59 (1 -aws) uw"" awwo s"" w0 - e ... [kg] ... (14) 



55 

Stelczer's experimental results lead to an exponential Iaw, where the weight reduction 

coefficient a„ decreases V.:ith distance, but the influence of the weight of a sediment 

particle is overestimated due to unknown reasons. 

Church and Kellerhals (1978) gave a mathematical form for the downstream fining in 

gravel-bed rivers as a change of the weight of a representative sediment particle : 

.. . (15) 

While commonly two basic mechanisms are assumed to contribute to the net effect : 

abrasion and the effects of selective transport, and while it has been shown that each 

component behaves exponentially, eqn.(15) may be rewritten as : 

... (16) 

where a„1 [-/km] represents the component of fluvial abrasion and a„2 [-/km] 

represents that due to selective transport. If the size rather than the weight of a 

representative sediment particle is involved in the particular study, the exponential law 

in eqn.(16) may be rewritten as: 

.. . (17) 

if a constant grain shape and delisity can be assumed. Here ad [-/km) represents the size 

reduction coefficient. 

Adams (1979) tested a model for downstream fining of unsound pebbles in river 

headwaters of the form : 

... (18) 

where the point size reduction coefficient aAs.) [-/km] is proportional to the 

reciprocal of the distance from the headwaters se [km) : 
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and slowly decreases downstream, finally changing to Sternberg's coefficient. 

... (19) 

Mikos (1983) (Pintar & Mikos, 1984) performed abrasion experiments with different 

sediment mixtures of over 100 kilograms weight in a concrete mixer and then assumed 

a fluvial abrasion model in the form : 

... (20) 

where 1C0 [-/km] represents the abrasion component, and is equivalent to Stemberg's 

coefficient, K 1 [-/km] represents the chipping component, lCz [-] is an index of how 

rapidly chipping falls away, de [mm) is the particle size at the very beginning of the 

fluvial abrasion process and d [mm] the particle size after an abrasion distance s', 

respectively. Normally the process cannot be followed from the very beginning, that is 

directly from the sediment sources. but first after some distance s0 . Meanwhile the 

particle size has already been reduced from d, to d0 . Introducing a new distance scale 

s = s' - s0 into eqn.(20) the model takes the form : 

... (21) 

... (22) 

which is another way of describing the downstream decrease in the size reduction 

coefficient in river headwaters. 

Gölz and Tippner (1985) determined abrasion coefficients through the study of the 

changes in the petrographic composition along a river. They defined an abrasion as a 

mass (volume) loss t.V and than taken the ratio b between volume losses of non

carbonate and carbonate rocks in the river sediment as : 

... (23) 
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They found experimentally for the sediment from the Upper Rhine River that the ratio b 

has a value between 0.33 and 0.50. The original sediment volume at start can be 

determined as a sum of non-carbonate and carbonate rocks : 

... (24) 

and after the distance s as : 

... (25) 

The carbonate content of the sediment at the beginning and after some distance s can be 

written as: 

resp. [ C,] = 100 Vcs .. . [-J 
V, 

Tue mass loss after the distance s is then as follows : 

and the corresponding weight (mass) reduction - abrasion coefficient is : 

... (26) 

... (27) 

... (28) 
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3. FIELD STUDY 

3.1 STUDY AREA 

3.1.1 The catchment area of the River Alpine Rhine 

Tue Alpine Rhine springs as the River Vorderrhein in the central Gotthard massif and 

as the River Hinterrhein in the Adula massif. After the confluence of the rivers 

Hinterrhein and the Vorderrhein at Reichenau, the Alpine Rhine flows 91.2 km to the 

Lake of Constance. Tue catchment areas of the Vorderrhein, the Hinterrhein and the 

Alpine Rhine at its mouth at the Lake of Constance, are 1514 km2, 1693 km2 and 6123 

km2, respectively. Tue 100-year discharge of the Alpine Rhine is at Reichenau over 

2000 m3/s and at the mouth over 3000 m3/s. Their important tributaries are the rivers 

Plessur, Landquart, Tamina, III and Frutz. Tue mean bed slope decreases downstream 

from 0.004 to 0.001. Accordingly, for the very big catchment area, the Alpine Rhine 

transports every year on average more than 3 million m3 of sediment, mainly sand and 

mud into the Lake of Constance. From that amount only approximately 40.000 m3 is 

transported as a bed load. 

3.1.2 Study reach 

Tue Alpine Rhine is a typical regulated alpine gravel-bed river with altemate bars (sec 

Figure 4), whose typical velocity of progression in the period 1979-81 was 150 m per 

year (Jäggi, 1983). As a study area for the field investigation on the abrasion 

characteristics of its sediments, a study reach between the confluence of the rivers 

Landquart (Rhine km 23.2) and the III (Rhine km 65.2) was chosen. This 42 km long 

reach has been investigated since 1930, and has a typical 85 to 115 m wide trapezoidal 

cross section. lt has only one important tri!Jutary, the River Tamina. Its mean annual 

discharge is approximately 230 m3/s. lt shows repeated sections of erosion and 

aggradation downstream and upstream of the control structures. Tue riverbed slope and 

erosion tendencies in the study reach are shown in Appendix C. l. This reach is 

surveyed annually, with cross sections every 200 m. Since there are no important 

tributaries in the study reach, presenting a prismatic channel, it has been assumed to be 

good and long enough for a field study on fluvial abrasion. 
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3.1.3 Study concept 

In agreement with the main objective of the study. that is the reevaluation of the 

abrasion coefficient for the Alpine Rhine, two major aims of the field study have been 

defined : 

- to attempt to find a Stretch in the study reach, where fluvial abrasion may be taken as 

the predominantly cause of the downstream fining of bed load. Tue stretch should not 

be chosen immediately downstream of the confluence with the River Landquart, and 

ought to be Iong enough, so that expected Iow abrasion rates can be measured 

precisely enough, and 

- since a variety of lithologies in the Alpine Rhine sediment was expected, to try to 

determine the abrasion coefficient for the whole sediment and separately for each 

important Iithology, so that the effect of each lithology on the abrasion rate can be 

evaluated. 

3.1.4 Study sites 

To gain a proper image of the gravel sediment along the study reach, 11 practically 

equally spaced sites along it were chosen (see Table 2). They were situated on the 

altemate gravel bars, whose typical length was up to 100 m (see Figure 4). While 

taking the samples site # 3 was not found suitable for the study, so that: 

- at 10 sites afreque11cy-by-11umber area sample of the largest clasts (over 20 grains) 

and three differently coarse freque11cy-by-11umber tra11sect samples of the surface 

layer (each had at least 100 grains greater than 8 mm, that lie under the straight line in 

flow direction - see Figure 6) and 

- at 7 sites a bulk sample of the subsurface (approx. 0.5 m3 or 1000 kg - see Figure 5) 

were taken, 

and the sarnples were big enough to obtain reproducible measures of the grain-size 

distributions of coarse Rhine sediment (Gale and Hoare, 1992). 

3.1.5 Lithology classes 

In the field found lithologies were quite different. Due to their simplicity they were 

grouped into 8 classes. Tue main differentiating factor was the percentage of content of 

quartz and calcite respectively in each lithology. So the following 11011-carbo11ate 

lithologies: metamorphic, quartzite, calcite, sandstone l & 2 and carbo11ate litliologies: 

limestone 1 & 2 and dolomite, were determined. 



Figure 4 

Figure 5 
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Alternate gravel bars of the Alpine Rhine River, at km 45.4. 

(View downstream, archives No. 40/45/22) 

Bulk sample in site # 2. 

(View upstream, archives No. 4014519) 
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site Rhine local bed slope* area transect bulk 
# km bed stability sample samples sample 
1 23.8 0.003 1 E yes yes yes 
2 27.0 0.0031 E yes (yes)** yes 
3 30.2 0.0025 E no no no 
4 32.5 0.0024 A yes yes yes 
5 37.2 0.0047 E ycs yes no 
6 42.4 0.0009 A yes yes yes 
7 47.0 0.0016 A yes yes no 
8 51.4 0.0024 A ycs yes yes 
9 56.6 0.0025 A yes yes no 
10 60.8 0.0023 A yes yes ycs 
11 64.9 0.0026 A yes ycs vcs 

legend : * ... measured in the 400 m long seclion E ... erosion in the last 15 years 

** ... later discarded A ... aggradation in the last 15 years 

Table 2 Summary of the field work. 

Figure 6 Frequency-by-number transect sample in sitc # 10. 

(View downstream, archives No. 40/42/27) 
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A detailed description of the lithology classes is given in Appendix C.2. Tue most 

abundant lithology at all (practically one half of the samples), was the carbonate one, 

namely limestone 1, describing limestone with approx. 5 - 50 % quartz or silica. 

3.2 SAMPLES 

3.2.1 The area samples 

As the samples were not brought to the laboratory, 3 perpendicular axes of each clast 

(Iargest a, intermediate b and smallest c) were measured and their lithology determined 

in the field. Tue i11tennediate axis b of each area sample is shown in Figure 7 and in 

Appendix D.6. Because the sample size was only 20 clasts, no statistical tests for the 

sample's mean or variance could be employed. As can be seen very clearly in Figure 7, 

the sample in site # 2 exhibits a very low maximum size (bmax-l = 14cm) and a very 

low variance. So it was assumed that site # 2 represents a locally sorted finer sediment 

and the transect samples from the site could not be used in further study. 
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Tue intermediate axes of the area samples in the study reach. 
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3.2.2 The transect and bulk samples 

All three perpendicular axes of 3356 particles from 30 transect samples were measured 

in the laboratory. Additionally, the weight of each particle was measured. This data was 

then used for the determination of the particle form, described in the next section. The 

mean density of the transect samples was 2670 kgtm3, for non-carbonate 2650 kgtm3 

and carbonate lithologies 2690 kgtm3. All grains were also lithologically determined, 

the most abundant lithology being limestone 1, with practically one half of all particles. 

A survey of the petrograpllic composition of all transect samples, except those from 

site # 2, is given in Appendix E.1. The changes of the petrographic composition with 

the particle size are given in tabular form and graphically in Appendix E.2. 

To find out interrelations between size, shape and lithology of the particles, some 11011-

parametric tests were performed. The Kruskal-Wallis test was performed for all 3356 

sediment particles from nine transect samples, and that for their size (intermediate axis), 

shape (shape factor and sphericity), all by their lithology, respectively. 
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Figure 8 The mean diameters of the transect samples in the study reach. 
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Only two lithology levels were chosen, namely non-carbonate and carbonate rocks, 

respectively. The results are given in Appendix K. l, and as expected all significance 

levels are practically zero. The differences between both lithology levels are big enough 

to reject the zero hypothesis and accept the alternative one, which says that the transect 

samples are taken from two different populations. According to computed average rank 

values, the following facts can be stated : 

- carbonate rocks are coarser than non-carbonate ones, 

- carbonate rocks have lower shape factor values as weil as sphericity values, and 

- the difference between both Iithology Ievels due to size (intermediate axis) is less 

obvious than the differences due to shape (shape factor, sphericity). 

The Friedman test was performed for all 3356 sediment particles from nine transect 

samples, and that for the size of the particles (intermediate axis) by the location of the 

samples. As location level the site of each of nine transect samples was chosen. The 

results are given in Appendix K. l, and as expected both significance levels are zero. 

The differences between sites are big enough to reject the zero hypothesis and accept 

the alternative one, which says that the samples are taken from different populations. 
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The mean diameters of the converted bulk samples in the study reach. 

The variations between sites are quite big due to great variability of river 

sediment along the stream and rather small samples. 
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Further, the frequency-by-number size distributions for each of the transecl samples 

were detennined and are given for the sites in a graphic form in Appendix D. l and in 

the study reach given in a graphical form in Appendix D.2. Theo a model to convert 

such a siz.e distribution of a transecl sample into its sieve-by-weighl siz.e distribution 

was used. Tbc so-called converled bulk samples were the result of such a conversion. as 

described in Appendix D.3 . Tbeir sieve-by-weight size distributions in the sludy reach 

are given in a graphical form in Appendix D.4 . lbe sine-by-weighl size distributions 

of the bulk samples were determined directly by a sieve analysis. lbey are, logether 

with those of the converted bulk samples al sites, given in a graphical form in Appendix 

D.5, where also sieve-by-weight distributions of bulk samples in the study reach are 

presented. lbe mOSl represenlative mean diameters of the transecl and bulk samples are 

given in Figures 8, 9 and 10. These and some other characteristic diameters of the field 

samples are given in Appendix D.6. 
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Figure 10 Tbc mean diameters of the bulk samples in the study reach and their 

comparison with the mean diameters of some converted bulk samples. 
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3.3 RF.SUL TS AND DISCUSSION OF DOWNSTREAM FINING 

As already concluded in Chapter !, the coarse sediment carried by streams appears to 

decrease downstream in general. Tue changes could be summarised as changes in : 

- the form of sediment particles (their shape, roundness and surface texture descriptors) 

- the grain-size distribution (its statistical parameters - moments : mean value, 

variance, skewness, kurtosis etc.) 

- the petrographic composition 

3.3.1 Changes in the form of sediment particles 

The relations among the three perpendicular axes and the shape of the 3356 particles 

from the transect sarnples were determined. On average, sediment particles are 

practically ellipsoids with perpendicular axes a : b : c = 1.42 : 1 : 0.52 . Sample mean 

values of the particle's axes fluctuate only between narrow limits - they are practically 

constant along the study reach : 

asampt• =(1.42±0.04)bsampt• ... R,q =0.96 ... (29) 

csampt• = (0.54±0.02)b,0 mpt• ... R,q =0.92 ... (30) 

Tue comparison of the real particle volume with an ideal ellipsoid is defined by three 

perpendicular axes of the particle : 

4 
V.wt = k,u ~llipsoid = k,u 31tabc ··· [cm3] ... (31) 

gives a form coefficient k,11 nearly equal 1, practically constant along the study reach 

and which fluctuates between very narrow Iimits : 

k,u = 1.01±0.01 

k.11 =1.05±0.01 

for 2 mmgrains 

for 128 mm grains 
... (32) 

In the past, a variety of particle fom1 descriptors has been proposed. Of them only three 

shape descriptors for the particles of the area and transect samples were determined : 

sphericity Sph, shape factor SF and Zingg diagram. Their definitions are given at the 
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beginning of Appendix F. l. No roundness or surface texture descriptors were analysed. 

Tue analysis shows, that : 

- the particle shape remains appr2ximately constant along the study reach, see notched 

Box-and-Whisker plots for the area and transect samples in Appendix F.1, 

- there are significant differences in shape between different grain size classes within 

the transect samples (particles, coarser than 64 mm, are moderately rounded and well 

rounded or very angular particles are smaller than 64 mm), see a casement plot of the 

shape factor SF for the transect samples in Appendix F.2, and 

- there are less significant differences between the shape of the non-carbonate and 

carbonate particles of the transect samples, given for their shape factor SF in a 

notched Box-and-Whisker plot in Appendix F.2. 

3.3.2 Changes in grain - size distributions 

Simple exponential model, proposed by Church and Kellerhals (1978) and already 

given in Chapter 2 : 

... (17) 

was used to obtain different reduction coefficients for characteristic diameters of the 

field samples. To find out eventual differences along the study reach, the most 

meaningful coefficients were determined also for subreaches. 

Tue resulted coefficients are given in Table 3 and some of them also in Figure 11. lt is 

reasonable that the first important conclusion of the field study is the division of the 

study reach into three distinct parts : 

- first part of the reach, approx. 10 km lang (site 1 - site 4 ), with very high reduction 

coefficients, having mean bed slope 0.003 and exhibiting strong erosion, 

- middle part of the reach, approx. 24 km lang (site 4 - site 9), with low reduction 

coefficients, having mean bed slope in the upper part about 0.0023 resp. 0.0024, 

decreasing then downstream to 0.0012, and exhibiting moderate aggradation, and 

- last part of the reach, approx. 10 km lang (site 9 - site 11), with again very high 

reduction coefficients, having mean bed slope 0.0014 and exhibiting strong 

aggradation. 
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WEIGHT REDUCTION COEFFICIENTS 
ALPINE RUINE RIVER 

• area sample C transect 
samples • 
meanofall 3 
samples 

•converted 
bulk samples 
• mean of all 
3samples 

Cl same • for • converted Cl bwk sample 
limestone 1 bulk samples 

• average + 
coarsest 
samples 

study reach sites 1 • 4 sites 4 · 8 

PART OF THE STUDY REACH 

sites 9. 11 

Comparison of some of the weight reduction coefficients between 

different parts of the study reach. 

The abrasion coefficient a„1 = 0.046/km, used until JlOW for the study reach, 

corresponds to the newly determined weight reduction coefficient for the bulk samples 

a„ = 0.0463/km (at R-sq = 0.816) in the whole reach. The differences among reduction 

coefficients for each part of the study reach suggest sorting effects. lt is obvious that 

strong sorting effects are present at the beginning of the study reach, that is downstream 

of the confluence with the River Landquart, which is the Rhine's most important 

sediment supplier. That is not the case at the end of the study reach, that is upstream the 

confluence with the River III, another very important sediment supplier. But current 

investigations on sorting show that strong aggradation also comprehends sorting effects 

(Hunziker, in prep.) Due to strong sorting effects reduction coefficients cannot agree 

with abrasion coefficients. This is even more true, as the weight reduction coefficient of 

area samples takes practically the same value a„ = 0.047/km (at R-sq = 0.831). Which 

new values should be used then ? 
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sample coef. of det. reduction coef. reduction coef. 
description R-sq ad [-/km] aw = 3 ad 

area sample - mean intermediate axis bm-20 

all lithologies (180) 0.831 0.0157 0.047 

metamorphic (20) 0.654 0.0147 0.044 
quartzite (41) 0.662 0.0172 0.052 

sandstone 1 (16) 0.579 0.0179 0.054 
sandstone 2 (33) 0.379 O.Oll7 0.035 

non-carbonate rocks (110) 
- - 0.0501 

limestone 1 (60) 
limestone 2 (10) 0.558 0.0162 0.049 

carbonate rocks (70) 0.623 0.0190 0.057 
- - 0.0457 

transect samples - mean diameter dm 

finest samples O.OIO 0.00118 0.0035 

average samples 0.031 0.00202 0.0061 

coarsest samples 0.180 0.00500 0.0150 

average + coarsest 0.106 0.00361 0.0108 

mean of all 3 samplcs 0.083 0.00300 0.0090 

converted bulk samples - mean diameter dm 

finest samples 0.459 0.01304 0.0391 

average samplcs 0.417 0.01552 0.0466 

coarsest samples 0.698 0.01651 0.0495 

average + coarsest 
site 1-site11 0.719 0.01641 0.0492 
site 1 - site 4 2 points 0.04220 0.1266 
site 4 - site 8 0.528 0.01 019 0.0306 
site 4 - site 9 0.130 0.00392 0.0118 

site 9 - site 11 0.994 0.06842 0.2053 

mean of all 3 samples 
site 1 - site 11 0.558 0.00990 0.0297 
site 1 - site 4 2 points - 0.00635 - 0.0191 
site 4 - site 8 0.745 0.01161 0.0348 
site 4 - site 9 0.153 0.00419 0.0126 
site 9 - site 11 1.000 0.06254 0.1876 

continues on the next page 
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sample coef. of det. reduction coef. reduction coef. 
description R-sq ad [-/km] aw =3ad 

mean of all 3 samples 

- Jimestone 1 
site 1 - site 11 0.335 0.00678 0.0203 
site 1 - site 4 2 points - 0.01847 - 0.0554 
site 4 - site 8 0.726 0.01090. 0.0327 
site 4 - site 9 0.179 0.00425 0.0128 
site 9 - site 11 0.984 0.05810 0.1743 

bulk samples - mean diameter dm 

one sample 
site 1 - site 11 0.816 0.01544 0.0463 
site 1 - site 4 2 points 0.04526 0.1358 

site 4 - site 8(9) 0.637 0.00237 0.0071 
site 9-site 11 2 points . 0.06784 0.2035 

Table 3 Reduction coefficients determined through regression for characteristic 

diameters of different ficld samples. 

In any case our search should be restrictcd to the middle part of the study reach, where 

fluvial abrasion should play a more important role. Tue surface transect samples 

provide a lower value a„ = 0.009/km, but they may be prcdominantly defined through 

selective transport (downstream decreasing of thc maximum clast size and above all 

vertical sorting) and thcrcforc they cannot be used directly for a fluvial abrasion study 

(R-sq = 0.180 for coarsest samples and even worse for the mean of 3 samples at the 

site). lf it should be so, that would be purely chance. Transect samples should be first 

converted to bulk samples (a„ = 0.0348/km at R-sq = 0.745). But it should be noticed, 

that converted bulk samples are very sensitive to the "reasonable" choice of conversion 

parameters and therefore must be treated with care (see Appendix D.3). This may be the 

reason why the reduction coefficient for computed bulk samples is much higher than 

that for bulk samples (a„ = 0.0071/km at R-sq = 0.637). lt seems at that moment that, 

for the purposes of an abrasion study, only bulk samples can adequately represent the 

lithological and granulometrical variety in the sediment population. Thus the second 

conclusion of the field .study is that the abrasion coefficient for the middle part of 'the 

study reach seems tobe limited tobe lower than 0.010/km. 
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3.3.3 Changes in the petrographic composition 

As a model to investigate the changes in petrographic composition along the study 

reach, a model of Gölz and Tippner (1985) has been used. As already given in the 

previous Chapter, both authors determined an abrasion as a volume (mass) loss Li V 

[m3] and an abrasion coefficient a„1 [-/km] through the loss of the original volume V0 

[m3] in a distance s [km] : 

... (28) 

where the total volume loss can be expressed as follows : 

dV=\I, -V =lOO([co]-[c,])Cl+b) 
0 

' 1 oo - [ c,]c1 + b) 
... [%] ... (27) 

They have also introduced the ratio b between the volume losses of non-carbonate and 

carbonate rocks in the river sediment as : 

... (23) 

Because only the middle part of the study reach, between site 4 (km 32.5) and site 9 

(km 56.6), can be used efficiently for a field abrasion study, the changes in the 

petrographic composition along the study reach were reslricted to this part only. So first 

the carbonate content at the beginning [ C0 ] and at the end [ c.] of this 24. l km long 

middle part of the study reach was determined. For that purpose the changes of the 

petrographic composition of different particle size classes of the transect samples were 

used, as given in Appendix E.2. These changes, together with three possible ratios b in 

eqn.(23), were used to determine corresponding total volume losses in eqn.(27). Then 

eqn.(28) was used and several possible abrasion coefficients were determined, given in 

Table 4. 

In addition, an average carbonate and a non-carbonate content, respectively, of the 

transect samples in the study reach, but only the movable part (fraction 8 to 128 mm) : 



interval 

[mm/mm] 
8 . 32 

32. 128 

8 . 256 

Table 4 
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start end ratio volume loss abrasion coef. 
[Co] [ Csl b !J.V Bwl 
[%] [%] [-] [%] [-/km] 

56.0 48.0 0.33 29 0.0142 
0.45 38 0.0198 
0.50 43 0.0233 

62.0 58.0 0.33 23 0.0108 
0.45 36 0.0185 
0.50 46 0.0256 

60.0 54.0 0.33 28 0.0136 
0.45 40 0.0212 
0.50 47 0.0263 

Possible abrasion coefficients for different size fractions and the middle 

part of the study reach (site 4 - site 9). They were computed from the 

changes in the carbonate content of the transect samples. 

- carbonate content (limestone 1 & 2, dolomite) : 0.5 ( [ C0 ] + [ C5 ] ) = 55% 

- non-carbonate content (other Iithologies) : 0.5 ( [ NC0 ] + [ NC5 ] ) = 45 % 

can be used to express the total weight reduction coefficient as a sum of two partial 

coefficients, for carbonate and non-carbonate lithologies respectively : 

aw = 0.55aw-C + 0.45aw-NC ... (-/km) .. . (33) 

Tue value of the total weight reduction coefficient (all lithologies) a„ and of the partial 

coefficient for the carbonate part (limestone 1) a„_c is known from field 

measurements, see results for the mean of all 3 samples of the converted bulk samples 

in Table 3. So a value of the weight reduction coefficient for the non-carbonate part 

can be determined for two subreaches as : 

aw-NC = ( Qw - 0. 55aw-C) / 0. 45 = 

= (0.0348- 0.55 * 0.0327)/0.45=0.0374=1.14aw-c ... site 4 - site 8 

=(0.0126-0.55*0.0128)/0.45=0.0124=0.97aw-c ... site4 - site9 

... (34) 
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The difference between computed weight reduction coefficients for the non-carbonate 

and ~arbonate parts of the Rhine sediment is much smaller, as could be proposed from 

the changes of its petrographic composition. Remembering that sufficiently big samples 

must be taken, the downstream changes in a petrographic composition can be caused in 

general not only by abrasion, but by selective transport or additional sediment supply as 

weil. Selective transport does not seem to be the right answer, since the particle shape 

in the study reach remains practically constant and is not a function of site or lithology, 

as it is also shown in Appendix F. l. In fact, the particle size distribution of the 

carbonate lithologies is a little bit coarser than that of the non-carbonate lithologies, and 

carbonate particles are less rounded, whatever can be neglected. So it can be assumed 

that the selective transport is lithologically independent. Then is the ratio b between 

weight reduction coefficients for carbonate and non-carbonate lithologies the san1e as 

the ratio for the abrasion coefficients for these two groups of rocks : 

aw-NC = awl-NC = b = 0.97 -1.14 ... (35) 
aw-C awl-C 

In Table 4 ratios b between volume losses of non-carbonate and carbonate parts of the 

sediment are then taken too low. Tue ratio b for the gravel sediments of the Alpine 

Rhine River lies outside the interval experimentally found for the Upper Rhine : b = 

0.33 - 0.50 (Gölz and Tippner, 1985). That means, that the Alpine Rhine sediment is 

already selected, while less durable lithologies are already abraded away. Tue third 

important conclusion of the field study is that only one lithology is dominant, namely 

limestone with approx. 5 - 50 % quartz or silica, and that the differences between 

carbonate and non-carbonate lithology groups is only of lesser significance. 

Tue observed variability in the petrographic composition may be, on the one hand, 

simply explained by the fact that the field transect samples were possibly big enough 

for the determination of the grain size distribution (Gale and Hoare, 1992) bu~ too small 

for the more precise determination of the petrographic composition, and that rather bulk 

samples should be used instead. On the other hand, the strong variability seems to be 

caused by the strong degrading, which reenters old sediment deposits and mixes them 

with new sediment coming from upstream. So it can be concluded, that the changes of 

the sediment petrographic composition which took place gives an unreal high abrasion 

coefficient a„1 > 0.025/km. 
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4. LABORATORY STUDY 

As was shown in Chapter 2, two main types of research device have been used so far 

for the abrasion experiments of river sediments in the laboratory : the tumbling mill and 

the circular flume. A comparison of the two devices shows that the tumbling mill 

should be used, when a Jot of relatively "simple" experiments are to be carried out, and 

the more complicated circular flume should be given preference, when more exact 

reasearch is planned. In both cases the biggest problem is how to relate laboratory 

results to a natural situation. As the main objective of the study was to check the 

proposed lower value of abrasion coefficient in the study reach, a tumbling mill wa~ 

chosen as a research device for !hat specific purpose. 

4.1 RESEARCH SET-UP 

As a basis for the research set-up a common concrete mixer produced by Silla with a 

horizontally rotating drum on two friction rolls was chosen. Tue mixer was adjusted to 

abrasion mill experiments : 

- the shovels were removed, 

- a Special rubber lining was added (a 8 mm thick special natural rubber of ca. 60° 

Shore A and specific gravity 1.2 was glued to the inside wall), 

- both conical pru:ts of the drum were replaced by two end plates; a back plate, made of 

steel, was fixed to the central cylindric part, and the front plate was removable, 

- for the experimental study on the particle motion a visible front plate was made of 

plexiglass, thereby enabling the cross section of the bed to be viewed and 

photographed, 

- for the abrasion experiments a steel front plate was used, 

- because material could not be filled completely from the front side, a hole of 30 cm 

diameter was cut in the center of the back plate to permit easy end filling of the 

material, which was covered during experiments with a removable cover, 

- a continuous water supply was established for the abrasion experiments with a water 

inlet through a pipe, passing through a hole of 3 cm diameter, which was cut in the 

center of the removable cover on the back plate, and fixed in the rotating axis of the 

drum, the water outlet being around the pipe and through the hole, 

- the water discharge was measured by a flow meter with a measuring area of 10 to 100 

l/min (WISAG Flowmeter type 2000 size 47 ES with a float made of korannite), 
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Figure 12 Abrasion research set-up - frontal view (archives no. 44/14/1 2). 
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- the cylinder rotational speed was regulated by a special frequency inverter (from PIV 

electronics, S-serie), the maximum and minimum possible rotational speeds were over 

20 rpm and about 5 rpm, respectively. 

After making the modifications, the research abrasion mill (see Figure 12) had a 

horizontal rotating cylinder with an inner diarneter D of 1.05 m, axial Iength L of 0.80 

m and volume V of 690 1. 

4.2 KINEMATICS OF PARTICLE MOTION IN THE HORIZONTAL 

ROTATING CYLINDER 

Tue theoretical and experimental basis of particle motion in a rotary cylinder can be 

found in chemical engineering practice. Tue base for the present experimental study 

was an extensive experimental study of transverse bed motion in a batch rotary 

cylinder, carried out by Henein and co-workers (Henein et al., 1983a,b) and described 

briefly in the next section. 

SLIPP/NG SLUMPING ROLLING 

CASCADING CATARACT/NG CENTR/FUG/NG 

Figure 13 Schematic diagrarn showing modes of transverse bed motion (from 

Henein et al., l 983a). 
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4.2.1 Transverse solids motion in rotary cylinders 

As a rotary cylinder turns on its axis the solid inside is subjected to transverse motion -

normally in the form of a bed motion. This motion may take on one of many forms -

slipping, slumping, rolling, cascading, cataracting, and centrifuging - as shown in 

Figure 13. lt is clear, that for abrasion experiments, only rolling and possibly cascading 

modes should be chosen. Tue mode of the bed motion depends on such variables as 

rotational speed, cylinder diameter, pct fill, bed/wall friction, and particle 

characteristics. Tue most important results of the Henein's study (Henein et al., 

1983a,b) are so-called Bed Behaviour Diagrams, plots of pct fill against Froude number 

or bed depth against rotational speed. Especially of interest are the boundaries between 

different modes of bed motion, e.g. between rolling and cascading or slumping and 

rolling. 

Tue important operating parameter is the Froude number, defined as the ratio of the 

inertial to gravitational forces : 

Fr=W2Rjg .„ [-] ... (36) 

where w is angular velocity of the rotary cylinder [rad/s], R is the inner radius of the 

cylinder [m] and g is the acceleration due to gravity [mfs2]. Tue rotational speed 11 

could then be expressed as : 

ff 
n =~=-- „. (rps] 

21t 21t 
.„ (37) 

Another important operating parameter is the critical rotational speed "c· at which a 

particle at the cylinder wall centrifuges : 

nc = _1 {2i .„ (rps] 
21tVv 

or n = 1800 f2i [ ] 
c 1t vv „. rph „. (38) 

Tue location of the boundaries in a Bed Behaviour Diagram between modes of the bed 

motion depends on material variables which characterize frictional conditions in the 

bed. Next the boundaries for rolling and cascading modes of bed motion are presented. 



78 

4.2.1.1 Slumgjnefrolling boundary - werimenfally and theoreticaUy 

Henein et al. (l 983a) have shown experimentally that the relative position of the 

slumping/rolling boundary of a given granular solid could be directly determined from 

the boundary of another material by comparing their static angles of repose <l>R• which 

already incorporate the effects of particle shape and size. Additionally, a scale-up 

criterion between a model and a prototype must be applied 

„. (39) 

where D is the inner cylinder diameter [m), and dp is arithmetic mean diameter of the 

solid [mm]. Henein and co-workers also studied the force balance of a shear wedge, 

given in Figure 13 as ABC. Based on theoretical considerations the following 

dimensionless equation of the criterion for the slumping/rolling boundary was given 

(Henein et al., 1983b) : 

1 -~ Fr-
1

( ~)( 9~2Y~ )sin 11- tan<Pi cos11) = 0 „. (40) 

where s is the distance travelled by bulk solids in the shear wedge [m], y 0 is the 

limiting shear wedge angle [ 0
], Tl is the slope of the average trajectory of the shear 

wedge [ 0
] , and lj> L is the shear angle or lower angle of repose [ 0

]. The first factor after 

the inverse Froude number is a scale-up and operating parameter, reflecting the effect 

of pct filling as weil as the· size of the shear wedge. The second factor represents a 

material variable, the minimum shear wedge. The third factor depends on the fill ratio, 

the size of the shear wedge, the shear angle, and the cylinder diameter. Both the last 

factors are scaling criteria for particle shape. The agreement with the experimental data 

was found to be good. 

4.2.1.2 Rolli11glcascadj11g bountlary 

The goveming material variable in that case is the dynamic angle of repose lj> D [ 0
] and 

the operating variables are cylinder size, rotational speed and pct fill, respectively. The 

rolling/cascading boundary is defined by the Froude number : 
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F _ ro!,ß - l[ tan<)>~ -l] 2 - 't'D r[1t lh' J 
rRIC - - ~~2~~ 

g 2 tan<)>D cos <)>~ 
tan~;, j ... [-] ... (4 1) 

giving a resultant bed inclination, cp0 [ 0 ], which places the apex of the bed exactly in 

the plane going through the center of the mill, as illustrated on Figure 14. This 

definition of cascading results in the occurrence of a triple point between slumping, 

rolling, and cascading, the position of which is a function of the dynamic angle of 

repose, being lower than the static angle of repose. The triple point of materials with a 

Iower dynamic angle of repose (such as nicke! oxide, having cp D = 30. 2°, example from 

the experiment of Henein et al., 1983b) is located at higher values of pct loading. At 

higher solids loadings than that rolling is absent and slumping changes directly to 

cascading. This case should be avoided when abrasion mill experiments are planned. 

Figure 14 Bed configuration defining the rolling/cascading boundary 

(from Henein et al„ 1983b). 
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4.2.1.3 Cascadi11glcataractj11g bou11dary 

Tue goveming variables are the sarne as for the rolling/cascading boundary, the 

material variable being the dynarnic angle of repose <P 0 [ 0
] and the operating variables 

being the cylinder size, the rotational speed and the pct fill, respectively. Henein et al. 

(1983b) have shown by experiment that the relative position of the cascading/ 

cataracting boundary of a given granular solids could be determined directly from the 

boundary of another material by comparing their dynarnic· angles of repose <Po· 

Additionally, the scale-up criterion similar to that for the slumping/rolling boundary 

between a model and a prototype must be applied : 

[Fr ]M =[Fr ]p and (pct fill) M = (pct fill) P „. (42) 

4.2.1.4 Scaling to abrasjon mm 

A scaling of the experimentally found boundaries (Henein et al„ l 983a) - the model - to 

the abrasion mill - the prototype - has been done according to eqns.(40) and (42), and is 

shown in Table 5. This scaling can only be approximate, because the prototype particles 

are much coarser than those of the original model. Nevertheless, the experiments and 

theoretical considerations (Henein et al„ 1983a,b) have shown that more rounded 

particles with lower values of static angle of repose are more rollable and the rotational 

speed required to achieve rolling is therefore lower. Moreover, material of the same 

characteristics, and therefore with lower values of dynarnic angle of repose, requires a 

higher rotational speed to achieve cataracting. 

Tue boundaries between different modes of bed motion can then be determined by 

taking more unfavourable examples from Table 5, that is angular materials 1 and 3 with 

corresponding high static and dynamic angle of repose. The slumping/rolling boundary 

Frs/R for pct fill up to 20 and the slumping/cascading boundary Frs1c for pct fill over 

20, can then in the abrasion mill be expected to be at a rotational speed n ~ 95. Further, 

the cascading/cataracting boundary FrC/c for pct fill equal to about 20 is expected to be 

at a rotational speed n ~ 1600 and for higher solids loadings it should be somewhat 

lower. 
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pct fill = 20 model - Henein et al., 1983a prototype - abrasion mill 

material D dn Frs/R D dn Fr n 

fml fmml Frr1r fml fmml frphl 

gravel 1 0.4 3.0 0.0005 1.05 80 0.0016 95 

0.45 0.45 1588 

nicke! oxide2 0.4 4.9 0.0001 1.05 80 0.0002 37 

0.7 0.7 1980 

limestone s3 0.4 4.3 0.0005 1.05 80 0.0013 86 

0.5 0.5 1673 

1 ... angular cj>R = 40.7° «l>o = 37.5° 

2 ... spherical cj>R = 32.5° «l>o = 30.2° 

3 ... irregular cj>R = 40.3° «l>o = 39.6° 

Table 5 Scaling of the boundaries between modes of bed motion. 

4.2.2 Segregation of solids in rotary cylinders 

Tue phenomena of the radial and axial segregation of solids in rotary devices has been 

observed by numerous workers, here only the main findings of an experimental study of 

Nityanand and co-workers (Nityanand et al., 1986) will bc given. In radial segregatio11 

finer or denser particles are found to form a horizontal core in the bed (sce Figure 15), 

whereas in axial segregalio11 either alternate bands of coarse and fine particles could 

form down the length of the bed, or the fine particles could form two end bands at the 

cylinder walls in the center of the cylindcr axis. Nevcrtheless, radial segregation occurs 

faster than axial segregation. Numerous workers have found that axial segregation 

reached a steady state only after 500 to 10,000 revolutions, whereby the radial 

segregation was well established already after just 10 revolutions. Radial scgregation of 

granular solids in rotary cylinders is mainly enhanced by !arge differences in particlc 

size, as weil as shape and density. 

Nityanand and co-workers divided the bed inside the rotary cylinder into two distinct 

regions, the active layer and the passive region (see Figure 15). In the active layer, 

particles move from the upper part of the bed to the lower part, where there is relative 

motion between the particles in this layer and the cylinder. On the other hand, particles 

move with the cylinder rotation in the passive regio11. Tue void fraction in the active 

layer is greater than in the passive region due to the motion of the particles. 
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~ sliding ! percolation 

V revolving velocity 

Figure 15 Scheme of the particle motion inside the abrasion set-up. 

As the fine particles are carried into the active layer from the passive region they 

percolate between the voids of the coarse particles, until they are just above the passive 

region. As the fine particles travel down the active layer they remain in contact with the 

passive region. This results in finer solids falling into the voids between the coarser 

solids of the passive region while in the upper region of the bed. As the coarse and fine 
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parlicles move down the aclive Jayer further segregation occurs by the flow mechanism. 

Very few of the finer particles ever travel with the active layer to the bottom surface of 

the bed. Hence, once the fine parlicles come to the the central core their subsequent 

movement is restricted to that area. So, according to Nityanand and co-workers 

(Nityanand et aL, 1986) and also other workers, two basic mechanisms lead to 

segregation: percolation and flow. Percolatio11 takes place when the size of the voids 

between the particles is !arge enough to allow smaller particles to trickle through them. 

Segregati011 by jlow occurs when granular solids are set in motion over an inclined 

surface. Coarse parlicles travel down an inclined surface further than fine particles and 

spherical particles flow more easil y than angular ones. 

4.3 EXPERIMENTAL STUDY OF THE PARTICLE MOTION 

4.3.1 Experiences with tumbling mill abrasion experiments in the past 

Essentially there are two major kinds of tumbling mill abrasion experiments (see 

Section 2.2.1). In the first kind only one test particle, rolling on the bed of a sediment 

mixture acting as an abrading medium, has been used (Schoklitsch, 1933). In the other 

kind the whole sediment mixture was used as a test mixture and abrading medium at the 

same time (Marshall , 1927; Düll, 1930; Stelczer, 1968 etc.). In both cases the 

determinalion of the distance a test body and a mixture, respectively, travelled inside 

the tumbling mill is of paramount importance. In the former case the distance travelled 

by a test body can quite simply be determined by a circumference of the mill. In the 

Iatter case the determination of the real distance a specific particle travelled has not 

been made (Marshall, 1927; Stelczer, 1968) or the same distance as for single body 

experiments has been assumed (Düll, 1930). Tue same is also true for a real particle 

velocity, where simply a mill cirumference velocity has been taken as being 

representative for the real particle velocily. 

Assuming that most the important parameters of the particle motion of a test mixture 

inside a tumbling mill, like the real distance travelled or the real particle velocity, could 

be determined easily, then such an abrasion experiment would have some important 

advantages, as there would be no need for time-consuming separate investigations on 

different lithologies as weil as on the problem of the interrelations between them or 

between particles of different size. 
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4.3.2 Present arrangement in the abrasion set-up 

Tue proposed abrasion experiment was more field-oriented than theoretically-oriented, 

so was decided to experiment with test mixtures. To improve the meaningfulness of 

such abrasion experiments the main aim of the experimental study of the particle 

motion inside the abrasion set-up was the determination of the most relevant parameters 

of motion: what can be measured and which measurable quantities are the most 

important ones ? 

If a scheme of particle motion inside a revolving cylinder is observed (see Figure 15), 

then abrasion processes are obviously active only while particles are in relative motion 

in an active phase. When particles are in a passive phase there is no relative motion, 

they are simply revolving together with the mill. Tue compound motion of a particle 

looks like it is revolving inside the test mixture (see Figures 19 and 20). Besides the 

mill charge and rotational speed, which both directly influence the particle motion in a 

revolving cylinder, other relevant parameters are : 

- the distance particles travelled while being in an active phase and moving down 

towards the surface, and 

- the time spent in motion while in an active phase, which together define 

- the particle linear velocity in an active phase, 

- the ratio between time spent in active and passive phases, which defines the particle's 

absolute revolving speed, and this defines together with mill rotational speed 

- the particle's relative rotational speed, 

which all should then be measured simultaneously. For this purpose a sediment mixture 

from 2 to 128 mm was sieved out of a bulk sample, taken from the Alpine Rhine River 

at km 64.0, and used as mill charge. The bulk density of the charge was 1780 kg/m3. 

4.3.3 Determination of the particle motion by video camera 

As already mentioned, a visible front cover was used for the experimental study. Thus it 

was possible to make a short video film (from 10 to 60 minutes) of the particle motion 

of mixtures inside the mill under different operating conditions. Anormal Super-VHS 

NC-S-1000 video camera was used. A special auxiliary grid with quadratic openings of 

5 cm was placed in front of the mill, so that the distances could be measured with a 

precision of approx. 1 cm. On the video there was also a stop watch, so that the time 

could be measured with a precision of 0.01 s. Additionally, some photos were made by 

means of a reflex camera and a motor with approx. 5.4 frames/s. Some details for three 

different mill rotational speeds are given in Figures 16 through 18. 
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t = 0.00 s 

t = 0.92 s 

t = 1.83 s 

t=2.75s 

t = 3.67 s 

Particle motion in the abrasion mill. Mill charge approx. 346 kg 

(level 2), mill speed approx. 100 rph (Ievel 1). The particle's diameter 

(see the arrow) is 45/64 mm (level 3) and its mean velocity is 0.22 m/s. 



Figure 17 
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t= 0.00 s 

l = 0.55 s 

t=J.IOs 

t = 1.65 s 

t= 2.20 s 

Particle motion in the abrasion mill. Mill charge approx. 346 kg 

(level 2), mill speed approx. 200 rph (level 2). The particle's diarneter 

(see the arrow) is 45/64 mm (level 3) and its mean velocity is 0.29 mls. 
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t = 0.00 s 

t = 0.37 s 

t = 0.73 s 

t=l.IOs 

t = l.47s 

Particle motion in the abrasion mi ll. Mill charge approx. 346 kg 

(level 2), mill speed approx. 800 rph (level 4). The particle's diameter 

(see the arrow) is 45/64 mm (level 3) and its mean velocity is 0.62 m/s. 
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Mill rotational speed 110 rph (Archive No. 4216/4) 

Mill rotational speed 204 rph (Archive No. 4216/8). 

Figure 19 Particle motion in the abrasion mill. 

Mill charge approx. 346 kg (level 2). 



89 

Mill rotational speed 391 rph (Archive No. 42/6/14). 

Mill rotational speed 804 rph (Archive No. 42/6/18). 

Figure 20 Particle motion in the abrasion mill. 

Mill charge approx. 346 kg (level 2). 
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Also the problem of the mode of the bed motion was investigated. The whole range of 

possible rotational speeds, according to the results of scaling, given in Table 5, was 

observed. The lower bound at about 90 rph was determined through the motor's ability 

to rotate evenly without bursts, and upper bound at about 800 rph was defined as the 

maximum speed of interest, due to high particle velocities and the intensity of their 

motion. 

The kind of particle motion at different mill rotational speeds is given in Figures 19 and 

20. At low rotational speeds of about 100 rph the typical rolling mode was observed 

whereas for higher rotational speeds of up to 800 rph a gentle transition to low 

cascading bed motion was observed . 

The mill charge could not be greater than approx. 400 kg due to the capacity of the 

cylinder and the stability of the concrete rnixer. The critical lower limit of the mill 

charge was determined frorn video. lt was chosen to be at least so high that the bed 

inside the mill is at least twice as high as the maxirnum particle size in the mill charge. 

Duc to the percolation of smaller particles it was decided to observe only particles 

greater than 23 mm and to divide the relatively !arge interval up to 128 mm into several 

size intervals. This observations were then directly used to set up an experimental 

design, described in the next section. 

4.3.4 Experimental design 

4.3.4,1 Exgerjmental factors 

As experimental factors three measurable quantities were chosen and made 

dimensionless : 

1. The mill dime11sio11less clwrge <p was defined as a ratio between the volume V.n 
[m3], occupied by the mill charge Wm [kg] , and the mill volume V (0.69 m3] : 

V 
q> = __!!!_ • • • [-] and 

V 
V = W,„ [ 3] "' ... m 

<!>111 
... (43) 

where <p m is the bulk density of the mixture [ 1780 kg!m3]. 
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2. The mi/l dime11sio11/ess speed 11* was defined as a ratio bctween measured mill 

rotational speed 11 [rph] and the specitic critical rotational speed "c [rph] givcn for 

every mill, at which a particle at the cylinder wall centrifuges, and already dcfined by 

eqn.(38) : 

• 
11 

n 
. .. [-] and 

1800 /g 
nc =--;-vJ? = 2476 rph ... (44) 

where R is the mill radius [0.575 m] and g is the acceleration due to gravity [9.81 

m/s2]. 

* 3. The particle dime11sio11less diameter dp; was defined as a ratio between thc mean 

diameter of the i-th particle size interval dp; . [m) and mill diameter D [1.05 m] : 

• - dpi 
dpi-- . .. [-] 

D 
... (45) 

For the experimental factors a different number of levels of each of them was chosen, 

so that a 3 x 4 x 5 factorial desig11 was created. Absolute and dimensionless values of 

all factors at different levels are given in Table 6. 

EXPERIMENTAL FACTORS 

LEVEL mill mill particle mill mill particle 

eh arge speed diarneter eh arge speed diarneter 

absolute values dimensionless values 
[kg] [rph] [mm/mm] [-) [-) [-) 

1 284.972 = 100 23/32 0.225 0.04 0.026 
2 345.743 = 200 32/45 0.275 0.08 0.037 
3 406.440 =400 45/64 0.321 0.16 0.052 
4 -

= 800 64/91 - 0.32 0.074 
5 - 91/128 - - 0.104 

-

Table 6 Experimental factors and their absolute and dimensionless values. 
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4.3.4.2 Raponse variables 

Tue main aim of the experimental study was the determination of the real distance 

sediment particles have travelled inside the mill during one experiment. For !hat 

purpose five dimensionless response variables were defined by means of three 

measurable quantities on the video for each of the 5 coarsest particle size classes (23 -

128 mm): 

• 1. ·Tue particle dimensio11less path per particle revolutio11 l pi, given in Figure 22, was 

defined as the ratio between measured mean particle path per particle revolution l pi 

[m], given in Figure 21, and mill circumference l [3.30 m]: 

* - lpi 
lpi -1 ... [-] „ . (46) 

Tue dimensionless path generally increases with : 

- increasing mill charge q> , because the maximum possible path on the surface of the 

charge decreases, 

- decreasing mill speed 11*, because of the higher centrifugal forces, 

• - increasing particle diameter dpi, segregation due to percolation . 

• 2. Tue particle dime1zsionless rotatio11al speed 11 pi, given in Figure 24, was defined as 

the ratio between measured mean particle rotational speed 11pi [rps], given in Figure 

23, and set mill rotational speed n [rps] : 

* - npi 
npi -- „. [-] 

n 
„. (47) 

Tue dimensionless rotational speed generally increases with : 

- increasing mill charge q> , because the portion of the time one particle is rolling in the 

active surface layer to the time needed for one particle revolution increases (the 

"shortcut" on the surface is more obvious with the increasing mill charge due to higher 

velocities), 

- decreasing mill speed 11•, because the differences between higher particle velocities in 

the active surface layer and lower rotational speed are decreasing , 

• - increasing particle diameter dpi, because the coarser particles are travelling faster on 

the surface of the mill charge - segregation due to flow. 
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I • 116 rph 0 208 rph 0 395 rph • 826 rph 1 

poth[m]~~lrn mm m ml 

Figure 21 

23-32 32-45 45-64 64-91 91-128 

particle size interval [mm-mm] 

I • 110 rph D 204 rph 0 391 rph • 804 rph 1 

23-32 32-45 45-64 64-91 91-128 

particle size interval [mm-mm] 

I • 104 rph D 199 rph 0 392 rph • 810 rph / 

23-32 32-45 45-64 64-91 

particle size interval [mm-mm] 

Measured mean particle path per particle revolution. 

Mill charge : top 285 kg, centre 346 kg and bottom 406 kg. 

For definite values see Appendix G.1.1. 

91-128 
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I • 116 rph D 208 rph 395 rph • 826 rph 1 

0.25 ~--------------------~ 

0.2 

0.15 
path [-] 

0.1 

0.05 
0 

23-32 32-45 45-64 64-91 91-128 

particle size interval [mm-mm] 

I • 110 rph D 204 rph 391 rph • 804 rph 1 

.„.,.]:~1111.muoml 

Figure 22 

23-32 32-45 45-64 64-91 91-128 

particle size interval [mm-mm] 

I • 104 rph D 199 rph Cl 392 rph • 810 rph 1 

23-32 32-45 45-64 64-91 

particle size interval [mm-mm] 

Computed particle dimensionless path. 

Mill charge : top 285 kg, centre 346 kg and bottom 406 kg. 

For definite values see Appendix G.2.1. 

91 -128 
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I • 116 rph D 208 rph D 395 rph • 826 rph 1 

23-32 32-45 45-64 64-91 91-128 

particle size interval [mm-mm] 

I . • 110 rph D 204 rph D 391 rph • 804 rph 1 

23-32 32-45 45-64 64-91 91-128 

particle size interval [mm-mm] 

I • 104 rph D 199 rph 0 392 rph • 810 rph 1 

23-32 32-45 45-64 . 64-91 

particle size interval [mm-mm] 

Figure 23 • Measured mean particle rotational speed. 

Mill charge : top 285 kg, centre 346 kg and bottom 406 kg. 

For definite values see Appendix G.1 .2. 

91-128 
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I • 116 rph D 208 rph 395 rph • 826 rph 1 

3~~~~~~~~~~~~~~~~~~~~~~ 

2.5 
2 

speed [ -] 1.5 
1 

0.5 
0 

23-32 32-45 45-64 64-91 91-128 

particle size interval [mm-mm] 

[ • 110 rph D 204 rph 391 rph • 804 rph [ 

23-32 32-45 45-64 64-91 91-128 

particle size interval [mm-mm] 

I • 104 rph D 199 rph 392 rph • 810 rph 

3~~~~~~~~~~~~~~~~~~~~~~ 

2.5 
2 

Speed [ -] 1.5 
1 

0.5 
0 

23-32 32-45 45-64 64-91 

particle size interval [mm-mm] 

Figure 24 Computed particle dimensionless rotational speed. 

Mill charge : top 285 kg, centre 346 kg and bottom 406 kg. 

For definite values see Appendix G.2.2. 

91-128 
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• 3. The particle dime11sio11/ess velocity v pi , given in Figure 26, was defined as the ratio 

between measured mean particle velocity v pi [m/s] , given in Figure 25, and set mill 

revolving velocity v [m/s] : 

* vpi 
V pi = --;- . . . (-] and v=ln ... [m!s] ... (48) 

where l is the mill circumference (3.30 m] and 11 is set mill rotational speed [rps]. 

The dimensionless velocity generally increases with : 

- increasing mill charge cp , because the maximum possible path on the surface of the 

charge increases, and the particles have higher starting potential energy, that is then 

changed into kinetic energy 

- decreasing mill speed 11*, because the portion of the potential energy in the starting 

energy of the particles is increasing - potential energy is practically limited, but the 

starting energy due to the rotation is not, 

• - increasing particle diameter dpi, segregation due to percolation. 

* 4. Particle dime11Sio11/ess travelli11g dista11ce s pi, given in Figure 27, was defined as 

* the product between particle dimensionless path per particle revolution lpi , given in 

Figure 22, and particle dimensionless rotational speed 11;; , given in Figure 24: 

• • • lpi npi s pi [ ] 
spi = lpinp; =1~ =-; ... - ... (49) 

where s pi is the particle's actual travelled distance in one second [m/s] and s is the 

distance the abrasion mill's circumference makes in one second [m/s]. 

The dimensionless travelling distance generally increases with 

- increasing mill charge cp , because the effect of the increasing particle dimensionless 

path per particle revolution is stronger than the effect of the decreasing particle 

dimensionless rotational speed, 

- decreasing mill speed 11*, because both its parts, the particle dimensionless path per 

particle revolution as weil as the particle dimensionless rotational speed, are 

increasing, 
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• - increasing parlicle diameter dpi, because the effect of the increasing parlicle 

dimensionless path per parlicle revolution is stronger than the effect of the decreasing 

particle dimensionless rotalional speed. 

5. Thefractio11al sedime11t tra11sport rate q6; [kg/m·s], given in Figure 28, was defined 

as the product between measured mean parlicle rotalional speed "Pi [rps], given in 

Figure 23, and the mill Charge in i-th parlicle size interval Wmi [kg), divided by the mill 

axial length L [0.80 m in the axial direclion] : 

- npi W,,,; [ ] qbi --L- ... kg/m·s and 
5 

qh = l:,qhi ... [kg/m·s) 
j;l 

... (50) 

The fractional sediment transport rate generally increases with : 

- increasing mill charge <p , because more material can be transported, 

- increasing mill Speed 11*, because the molion of the parlicles is faster, 

and, due to its definilion, is no langer related to the parlicle diameter d;;. 

The particle real travelled dista11ce s; in timet can then be computed as follows : 

... (51) 

and this equalion was used when the real distances for experimental mixtures in the 

abrasion experiments were determined. 

4.3.4.3 Statjstjcal a11al.ysis 

lt was then tried to determine analylically the particle molion in an abrasion mill, based 

on the facts presented and briefly discussed in the previous seclion. Aforward stepwise 

variable selectio11 regressio11 procedure was applied. More about the stalistical analysis 

is given in Appendix K.2. For the regression analysis, results are given in Table_ 7, a 

basic linear model of the following form was chosen : 

... (52) 
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/ • 116 rph D 208 rph D 395 rph • 826 rph 1 

23-32 32-45 45-64 64-91 91-128 

particle size interval [mm-mm] 

/ • 110 rph D 204 rph D 391 rph • 804 rph 1 

23-32 32-45 45-64 64-91 91-128 

particle size interval [mm-mm] 

I • 104 rph 0 199 rph D 392 rph • 810 rph 1 

23-32 32-45 45-64 64-91 

particle size interval [mm-mm] 

Measured mean particle velocity. 

Mill charge : top 285 kg, centre 346 kg and bottom 406 kg. 

For definite values see Appendix G.1.3. 

91-128 
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I • 116 rph D 208 rph 395 rph • 826 rph 1 

3 .--~~~~~~~~~~~~~~~~~~~~ 

2.5 
2 

velocity[-] 1.5 
1 

0.5 
0 

23-32 32-45 45-64 64-91 91-128 

particle size interval [mm-mm] 

I • 110 rph D 204 rph 391 rph • 804 rph 1 

23-32 32-45 45-64 64-91 91-128 

particle size interval [mm-mm] 

I • 104 rph D 199 rph 392 rph • 810 rph 1 

3.--~~~~~~~~~~~~~~~~~~~~ 

2.5 
2 

velocity[ -] 1.5 
1 

0.5 
0 

23-32 32-45 45-64 64-91 

particle size interval [mm-mm] 

Figure 26 Computed particle dimensionless velocity. 

Mill charge : top 285 kg, centre 346 kg and bottom 406 kg. 

For definite values see Appendix Ü.2.3. 

91-128 
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Figure 27 
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I • 116 rph 0 208 rph 0 395 rph • 826 rph 1 

23-32 32-45 45-64 64-91 91-128 

particle size interval [mm-mm] 

I • 110 rph 0 204 rph 0 391 rph • 804 rph 1 

23-32 32-45 45-64 64-91 91-128 

particle size interval [mm-mm] 

I • 104 rph 0 199 rph D 392 rph • 810 rph 

0.5 ~------------

0.4 

0.3 

0.2 

0.1 

0 

-

23-32 

--

32-45 45-64 64-91 

particle size interval [mm-mm] 

Cornputed particle dirnensionless travelling distance. 

Mill charge : top 285 kg, centre 346 kg and bottom 406 kg. 

For definite values see Appendix G.2.4. 

-

91-128 
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I • 116 rph D 208 rph 395 rph • 826 rph 

rate [kg/m.s] 

23-32 32-45 45-64 64-91 91-128 

particle size interval [mm-mm] 

I • 110 rph D 204 rph 391 rph • 804 rph 

rate [kg/m.s] 

23-32 32-45 45-64 64-91 91-128 

particle size interval [mm-mm] 

I • 104 rph D 199 rph 392 rph • 810 rph 

rate [kg/m.s] 

23-32 32-45 45-64 64-91 91-128 

particle size interval [mm-mm] 

Figure 28 Computed sediment transport rates. 

Mill charge : top 285 kg, centre 346 kg and bottom 406 kg. 

For definite values see Appendix G.2.5. 
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response model coefficient of Durbin-

variable . determination Watson 
a1cp + ain • +a3dpi 

ai a? a1 R-sa test 

z;; 0.528 - 0.049 0.781 0.9962 1.09 

• 7.613 - 1.747 1.959 0.9560 0.15 
np; . 1.267 - 0.483 1.453 0.9889 0.49 
sp; . 5.321 - 3.744 9.597 0.9615 0.88 
vpi 

vpi [m/s] 
0.289 1.479 1.656 0.9893 0.71 

Table 7 Linear models for the response variables. 

Additionally, for the particle dimensionless travelling distance s ;; , a more sophisticated 

model was chosen. According to the regression procedure, the ultimate form is as 

follows: 

• 2 • .2 .3 
sp; = -2.99 q>+6.58 q> - 1.74 n +10.46 n -18.86 n 

• .2 • * • 
+7.56dpi - 22.78dpi -5.75q>dpi-10.53n dpi 

* * 2 2 * +58.66 n dpi +0.66 q> dpi ... (53) 

where cp is the mill dimensionless charge, 11* is mill dimensionless speed and d;; is a 

particle's dimensionless diameter. Tue coefficient of the determination (adjusted for 

degrees of freedom) is R-sq = 0.9985 and there is no autocorrelation between errors in 

the model (see Appendix K.2 for details). 
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4.4 EXPERIMENTAL STUDY OF THE ABRASION OF THE ALPINE 

RHINE SEDIMENT 

The main aim of the abrasion mill experiments was to get experimental values of the 

abrasion coefficients for the Alpine Rhine sediment, comparable to field-determined 

weight reduction and abrasion coefficients. Therefore, it was decided to apply sediment 

from the study reach. Since bulk samples had already been taken and a sieve analysis on 

them performed, they were chosen as a source for ' the model mixtures. For the 

experiments five different model mixtures from 2 - 128 mm and approx. 400 kgs in 

weight were used. Four of them were sieved out of the bulk sarnples, taken at sites # 1, 

2, 4 and 6 in the study reach of the Alpine Rhine. The fifth mixture was sieved out of 

the bulk sample, taken later from the Schraubach River, an important sediment source 

for the Landquart River, which is one of the most important sediment suppliers of the 

Alpine Rhine. Their grain size distributions are given in Appendix H.3. 

From different levels of the experimental factors the most suitable combination of 

operating parameters had to be chosen. Tue most difficult question was, which of two 

similarities would be better to achieve : the actual velocities or actual transport rates? 

Because more is known about the effects of particle velocity than about the effects of 

sediment transport rates on the abrasion process, the decision to operate at as low a mill 

rotational speed as possible was more or less logical. 

In the experimental study of particle motion in an abrasion set-up some basic relations 

have been investigated. At mill rotational speed about 100 rph (level 1) the measured 

linear particle velocities decrease with decreasing mill charge : for particle size 23-32 

mm (level 1) from 0.19 m/s to 0.13 m/s and for particle size 91-128 mm (level 5) from 

0.28 m/s to 0.25 m/s. For the same mill rotational speed also the sum of sediment 

transport rates for all five coarsest particle sizes together decrease with decreasing mill 

charge : from 23.17 to 20.21 kg/m·s. Further, the particle dimensionless travelling 

distance decreases with decreasing mill charge : for particle size 23-32 mm from 43 to 

38 % and for particle size 91 -128 mm from 50 to 45 % of the mill circumference, 

respectively. This is in a way compatible with the result of Düll (1930), who proposed, 

that 2 abrasion mill kilometers are equal to 1 kilometer in nature. 

On the basis of above given quantities the decision was made to perform experiments at 

constant but somewhat higher mill rotational speeds. Therefore was the majority of the 
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experimental work done at the constant mill rotational speed of about 120 rph (for 

results see Section 4.5. l ). Later 'a separate investigation of the influence of the mill 

rotational speed on the particle velocity and sediment transport rate respectively and 

their influence on experimental abrasion rates was made (see Section 4.5.2). 

Further, one experiment was planned to last at least so long as to reproduce the whole 

42 km long study reach of the Alpine Rhein. Because it would be very important to 

recognize possible time changes of the abrasion rates, it was decided to split one 

experiment into several steps of different length. Tue step length at the beginning of the 

experiment was chosen to be approximately 5 km, and afterwards enlarged to 10 or 20 

km. Tue complete procedure for one step is shown in Figure 29. 

4.5 RESULTS OF THE EXPERIMENTAL ABRASION STUDY 

4.5.1 Low mill rotational speed 

Tue main result of a single experiment was the change of the mixture weight as a 

function of duration of experiment and the corresponding travelling distance. 

Kilometers along the Alpine Rhein River were obtained from the computed values of 

the actual travelling distances during abrasion experiments, which are given in 

Appendix H. l. These distances .were forecasted by eqn.(51), which includes a multiple 

regression model, given in eqn .(53), and the length of the step. Tue relative values of 

95% confidence limit for each forecast and forecast mean are less than 8% and 3%, 

respectively. 

Measured changes of the model mixture mass for fractions > 2 mm mass 2_128 [kg] and 

corresponding relative mass fractions of the model mixtures are shown in Table 8, the 

latter being also in tabular form in Appendix H.2. Their corresponding grain size 

distributions for all fractions and only fractions > 2 mm are given in Appendices H.4 

and H.5, respectively. When the mean diameter for the grain size distribution of all 

fractions d0_128 [mm] was determined, a mean diameter of 0.1 mm was assumed for 

the smallest size interval < l mm. Measured changes of mean diameters d0_128 [mm] 

and d2_128 [mm] for model mixtures 1 to 4 from the Alpine Rhine are given in Table 8. 
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model mixture 1 

stev # 0 1 2 3 4 5 6 7 

changes Alpine Rhine km 

of 23.8 28.7 33.4 38.2 42.9 47.7 52.5 62.8 

mass2-128 [kg] 399.868 372.887 352.644 334.661 319.448 303.748 290.541 265.233 

relative mass [-] l 0.933 0.882 0.837 0.799 0.760 0.727 0.663 

d0-128 [mm] 37.92 35.38 34.07 33.11 32.26 31.06 30. 11 28.17 

d?_ 1?5! fmml 37.92 37.90 38.55 39.46 40.21 40.72 41.25 42.21 

model mixture 2 

stev # 0 1 2 3 4 - - -
changes Alpine Rhine km 

of 27.0 41.6 56.5 82.5 119.7 - - -

mass2_ 128 [kg] 399.358 373.946 353.989 325.197 292.004 - - -

relative mass [-] 1 0.936 0.886 0.814 0.731 - - -

d0-128 [mm] 28.49 26.64 25.35 23.30 20.82 - - -

d?-1?8 fmm] 28.49 28.42 28.53 28.50 28.38 - - -

model mixture 3 

step # 0 1 2 3 4 5 6 7 

changes Alpine Rhine km 

of 32.5 37.8 42.9 48.0 53.2 64.0 84.9 113.5 

mass2-128 [kg] 400.276 385.485 374.916 365.070 355.614 337.901 308.1 09 274.167 

relative mass [-] l 0.963 0.937 0.912 0.888 0.844 0.770 0.685 

do-1 28 [mm] 38.44 37)1 36.13 35.15 34.38 32.93 30.30 27.02 

d?-1 ?8 fmml 38.44 38.72 38.54 38.49 38.64 38.92 39.21 39.22 

model mixture 4 

step # 0 1 2 3 4 5 6 7 

changes Alpine Rhine km 

of 42.4 47.5 52.5 57.5 62.5 73.l 96.3 125.8 

mass2_ 128 [kg] 400.740 385.529 375.222 365.928 357.154 340.383 309.352 276.470 

relative mass [ -l l 0.962 0.936 0.913 0.891 0.849 0.772 0.690 

d0-128 [mm] 37.92 36.62 35.72 34.75 34.00 32.43 29.56 26.30 

d?_1 ?5! [mm] 37.92 38.03 38. 11 38.01 38.08 38.09 38.14 37.90 

Table 8 Changes of the mass, relative mass and mean diameters for all four 

model mixtures from the Alpine Rhine. 
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model mixtures Sa and Sb 

step # 0 1 2 3 4 0 4 

changes Alpine Rhine km 

of =7.7 = 8.7 = 11.0 = 16.8 = 24.7 =7.7 = 24.7 

mass2_ 128 [kg] 409.309 378.099 349.792 307.671 268.600 409.376 271.S9S 

relative mass [-] 1 0.924 0.8SS 0.7S2 0.6S6 1 0.663 

d0-128 [mm] 3S.04 33.12 31.04 27.78 24.90 3S.06 2S.OS 

d?_1n [mml 3S.04 3S.82 36.2S 36.82 37.74 3S.06 37.SS 

= ... converted from the rivers Schraubach and Landquart into the Alpine Rhine's km 

Table 9 Changes of the mass, relative mass and mean diameters for the model 

mixtures Sa and Sb from the river Schraubach. 

model mixture S 

step # 0 1 2 - - - - -
changes Alpine Rhine km 

of = 24.7 =40.9 =S7.4 - - - - -

mass2_ 128 [kg] 404.371 341.24S 290.970 - - - - -

relative mass [-] 1 0.844 0.720 - - - - -

d0-128 [mm] 37.67 32.33 27.70 - - - - -

d?-l?S! [mm] 37.67 38.23 38.36 - - - - -

= ... converted from the rivers Schraubach and Landquart into the Alpine Rhine's km 

Table 10 Changes of the mass, relative mass and mean diameters for the model 

mixture S from the river Schraubach. 

Special treatment. was given to Schraubach material. The experiment began with model 

mixture Sa, which was abraded in four steps to two thirds of its initial weight in only 17 

kilometers (see Table 9). Since this corresponds to Rhine km 24.7 (approxirnately 

Tardis bridge), it was desired to gain more knowledge of the behaviour of this material. 

So a parallel experiment with model mixture Sb was carried out in one 17 kilometer 

long step (see Table 9). Then the new model mixture S was created by taking the 

wholly abraded mixture Sa and a part of abraded mixture Sb. So in the second part of 

the Schraubach experiment mixture S was abraded in two steps for the further 32.7 

kilometers (see Table 10). 
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mean mean 
basis for the determination R- squared reduction reduction 

of reduction coefficients coefficient coefficient 
a..i [-/km] a.., [-/km] 

relative mass loss 
2- 128 mm 

1 - Rhine site # 1 0.994 - 0.01043 
2 - Rhine site # 2 0.993 - 0.00333 
3 - Rhine site # 4 0.99S - 0.004S9 
4 - Rhine site # 6 0.993 - 0.00434 
Sa - Schraubach 0.9S9 - 0.02329 

Sa + S - Schraubach 0.947 - 0.01428 
S - Schraubach 0.999 - 0.01006 

' 

relative mass loss 
91-128 mm 

1 - Rhine site # 1 (step 2/4) - IS par. 3 points - 0.00190 
2 - Rhine site # 2 (step 114) - 1 par. 1.0 - 0.00081 

3 - Rhine site # 4 (step 3/6) - 9 par. 1.0 - 0.00119 
4 - Rhine site # 6 (step 0/2) - 12 par. 3 points - 0.00209 
4 - Rhein site # 6 (step 3/S) - 10 par. 3 points - 0.00242 

Sa - Schraubach (step 0/ 1) - l S par. 2 points - 0.06493 

changes of mean diameter 
fractions 0 · 128 mm 

1 - Rhine site # 1 0.984 0.00722 -
2 - Rhine site # 2 0.99S 0.00332 -
3 - Rhine site # 4 0.99S 0.00426 -
4 - Rhine site # 6 0.99S 0.00429 -
Sa - Schraubach 0.96S 0.01919 -
S - Schraubach 1.0 0.00940 -

changes of mean diameter 
fractions 2 - 128 mm 

1 - Rhine site # 1 0.97S - 0.00306 -
2 - Rhine site # 2 0.24S 0.00003 -
3 - Rhine site # 4 0.82S - 0.00024 -
4 - Rhine site # 6 0.024 0.00001 -
Sa - Schraubach 0.911 - 0.00380 -
S - Schraubach 0.880 - O.OOOSS -

Table II Mean values of size and weight reduction coefficients, determined 

through regression for mass losses and changes in mean diameter of 

grain-size distribution of model mixtures, respectively. 
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4.5.1.l Mea11 wej~/!t a11d sjze reductjo11 coe,fficjerits 

From experimental data fiJ:st mean reduction coefficients for each experiment as a 

whole were determined by linear regression and applying the well-known exponential 

model 

... (lS) 

aw 
ad = 3 ... [-/km] ... (17) 

and are given in Table 11. As a basis for the determination of mea11 weight reductio11 

coefficie11ts a„ [-/km] experimental measured relative mass losses of model mixtures 

for fractions 2 - 128 mm (given in Figure 30) were used. For a comparison also the 

weight reduction coefficient for the coarsest size interval 91 - 128 mm of each model 

mixture was determined. The determined mean weight reduction coefficients are highly 

significant; only for model mixture Sa is the coefficient of determination R-sq < 0.99. 

For the determination of mea11 size reductio11 coefficients ad [-/km] firstly 

experimentally observed changes of mean diameters of model mixtures with co11sta11t 

weig/11 were used. They are shown in Figure 31 and are highly significant; only model 

mixture Sa has coefficient of determination R-sq < 0.98. 
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Secondly, experimentally observed changes of mean diameters of model mixtures with 

reduced weiglit due to abrasion were used. They are shown in Figure 32 and are 

significant only for mixtures 1, 3, 5a and 5, which became coarser. For mixtures 2 and 

4 the coarsening trend is absent and therefore their mean size reduction coefficients are 

not significant. 

4,5.1.2 Mean wejght reductjo11 rates 

Then the models with constant mean weight reduction coefficients were checked. 

Despite their high significance also their distance dependence was looked at, given in 

Figure 33. For this purpose mean weiglit reduction rates for each experimental step 

were determined from the changes of each model mass at the beginning of one 

experimental step w0 [kg] to mass w [kg] at its end. Generally, for all model mixtures 

the mean weight reduction rate decreases with distance travelled. This is especially true 

for mixtures 5 and 5a, which originated almost directly from a source of unsound 

sediment. 

4.5.1.3 Simple average-grain model 

Thus a more sophisticated model was chosen, originally proposed by Mikos (Pintar and 

Mikos, 1984) when describing size reduction in the downstream fining in headwaters 

and already given as eqn.(22) in Chapter 2, here applied for taking into account varying 

mean weight reduction rates : 

... (54) 

where Ko [-/km] represents abrasion component, and resembles Sternberg's coefficient, 

K 1 [-/km] represents chipping component, K2 [· ] is an index of how rapidly a chipping 

component falls away, s [Rhine km] is the distance measured along the Alpine Rhine 

and s + s0 [km] is the mean distance from different sediment sources. A nonlinear 

regression analysis using the Marquardt procedure was applied. As a result quite a 

different regression equation was obtained for each of the five model mixtures : 
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# 1 : R-sq=0.9999 (7 points) : 

aw = 0.0085+0.ll(s - lüfl.O ... (-/km) ... (55) 

# 2: R-sq= l.0 (4 points) : 

aw=0.0026+0.ll(s+l4fl.O ... [-/km] ... (56) 

# 3 : R-sq=0.9999 (7 points) : 

aw = 0. 0037 + O. l ls-1.o ... [-/km] ... (57) 

# 4: R-sq=0.9969 (7 points) : 

aw = 0.0037+0.lls-l.O ... (-/km] ... (58) 

# 5 + 5a : R-sq=0.9989 (6 points) : 

aw = 0.0049+0.ll(s-6)-0.6 
. .. [-/km] ... (59) 

which can be taken as simple but due to high coefficients of determination also as quite 

representative of average-grai11 models of fluvial abrasion of moving bed load in the 

Alpine Rhine. Tue discussion on the applications of these simple models will be given 

in Chapter 6. 
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As can be seen one does not suceed to get only one type of regression equation for all 

mixtures, where for example only one of four parameters would change. The main 

reason seems to be the stochastic nature of sediment transport, which brings together 

and mixes sediment particles from different sources of different lithologies. Therefore, 

each model mixture consists of a group of particles each with a different abrasion 

history. Every single particle comes from its own sediment source with different 

lithological characteristics, has travelled a specific abrasion distance and is in a different 

stage of abrasion. Nevertheless, it may be assumed that each mixture in itself is 

homogeneous in its petrographic composition. Tue differenc~s between mixtures may 

then be explained by the fact that they are made up of particles coming from different 

sediment sources. 

Tue following comments on the regression parameters can be made : 

- values of the abrasion component Ko [-/km] for the mixtures 2 to 4 are practically the 

same, since the value of 0.0026/k.m for mixture 2 seems to be lower due to its finess 

(mean diameter for mixture 2 is 28.5 mm and for mixtures 3 and 4 is 38.4 and 37.9 

mm, respectively). A higher value is achieved for mixture 5 + 5a coming practically 

directly from the sediment source and for mixture 1, 

- the same value of the chipping component K 1 = 0.11 / km was chosen for all mixtures 

intentionally, since they are lithologically similar, 

- index K 2 = 0. 6 was the best fit for the abrupt change of the mean weight reduction 

rates of mixture 5 + 5a, for the other four mixtures these changes are not so marked 

and so a value of K 2 = 1.0 was chosen to keep the functional form as simple as 

possible 

- the mean distance from the main sediment sources s + s0 [km] is quite different for 

each mixture. For mixtures 1 and 5 +5a the values are negative, which points to the 

fact that the main sediment sources for that two mixtures are closer than assumed from 

the Rhine km itself, which is only a good indicator for mixture 3 and 4. Tue positive 

value for mixture 2 shows that this mixture seems to have travelled further than the 

other four mixtures. 
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4.5.2 lnfluence of the higher mill rotational speeds 

Practically at the end of the laboratory work the question of the influence of the mill 

rotational speed on the main results of the laboratory abrasion study arose. The 

measured mean particle velocities at a mill rotational speed ca. 120 rph, which was only 

used for the main abrasion study, are quite small compared with those measured in 

nature or observed values, since similarity of transport intensities was searched for . So a 

sensitivity study of weight reduction coefficients on the particle velocity was 

performed. But in a tumbling mill particle velocities can be increased only by 

increasing mill rotational speed which leads also to increased sediment transport rates at 

the sarne time. So only a combined sensitivity study on the particle velocity and 

sediment transport rate can be performed. 

For such a study three new model mixtures have been sieved out of a bulk sample from 

the Alpine Rhine site # 10 at km 60.6. All three mixtures, labelled as 6, 7 and 8, bad the 

same mass and grain-size distribution (sec Appendix H.3). The only unimportant 

differences were in the coarsest size interval. The lithological differences were not 

investigated and assumed to be of minor importance. Each of the model mixtures was 

then abraded in the abrasion set-up at three different mill rotational speeds : 120, 400 

and 800 rph, but in a different order (see Table 12). lt was tried to select an 

experimental step in such a manner, that a mixture travelled approximatelly 10 km at 

each mill rotational speed. 

The main result of the experiment was, as at low mill rotational speed, the changes of 

the mixture weight as a function of duration of the experiment, and corresponding 

travelling distance, respectively, and specifically for that experiment, as a function of 

mean particle velocity and sediment transport rate. The values of the actual travelling 

distances during abrasion experiments were computed as at low mill rotational speed 

and are given in Appendix H. l. The relative values of the 95 % confidence limit for 

each forecast and forecast mean are less than 12.5 % and less than 5 %, respectively, 

and are higher at a low mill rotational speed due to longer experimental steps. 

Measured changes of the relative mass fractions of the model mixtures are given in 

tabular form in Appendix H.2. Their corresponding grain size distributions for all 

fractions and only fractions greater than 2 mm are given in Appendices H.4 and H.5, 

respectively. Measured changes of their mean dian1eters are given in Table 12. 
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model mixture 6 

step# 0 1 2 3 . . . 
speed [rph) . 796 400 120 . . . 

changes distance travelled [km] 

of 0 11.5 22.2 36.5 . . . 

mass2. 128 [kg] 406.815 310.589 282.753 271.313 - - -

relative mass [-] 1 0.763 0.695 0.667 - - -

mass22- 128 [kg] 303.061 240.866 217.690 207.947 - - -

relative mass [-] l 0.795 0.718 0.686 - - -

do.128 [mm] 40.71 31.87 28.63 27.35 - - -
d?.l?SI rmm] 40.71 41.63 41.03 40.84 - - -

model mixture 7 

step # 0 1 2 3 . . . 
speed [rph) . 389 120 794 . . . 

changes distance travelled [kni] 

of ' 0 11.8 23.0 30.5 - - -

mass2. 128 [kg] 406.807 355.796 330.677 289.349 - - -

relative mass [-] 1 0.875 0.813 0.711 - - -

mass22-128 [kg] 303.052 266.727 247.531 221.307 - - -

relative mass [-J 1 0.880 0.817 0.730 - - -

do.128 [mm] 40.72 35.92 33.66 29.73 - - -

d?. J?R [mm] 40.72 41.02 41.32 41.66 - - -

model mixture 8 

step# 0 1 2 3 . . . 
speed [rph) - 121 395 795 - . . 

changes distance travelled [km] 

of 0 16.9 28.l 35.2 - - -

mass2. 128 [kg] 406.769 375.687 334.468 283.947 - - -

relative mass [-] l 0.924 0.822 0.698 - - -

mass22. 128 [kg] 303.012 278.632 249.391 216.800 - - -

relative mass [-] l 0.920 0.823 0.716 - - ~ -

do.128 [mm] 40.71 37.50 33.54 29.07 - - -

d?.l?SI rmm] 40.71 40.58 40.72 41.50 - - -

Table 12 Changes of the mass, relative mass and mean diameters for model 

mixtures 6 to 8. 
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model mixture 6 

step # mill mean sediment distance mean weight reduction 

Speed particle transport travelled rate for fractions 

velocity rate 2-128 mm 22- 128 mm 

[-] [rph] [m/s] [kg/m,s] [km] [-/km] [-/km] 

1 796 0.67 120 11.534 0.02340 0.01991 

2 400 0.43 64 10.654 0.00881 0.00950 

3 120 0.20 20 13.428 0.00308 0.00341 

model mixture 7 

step # mill mean sediment distance mean weight reduction 

speed particle transporr travelled rate for fractions 

velocity rate 2-128 mm 22-128 mm 

[-] [rph] [m/s] [kl!lm,s] [km] [-/km] [-/km] 

1 389 0.45 74 11.772 0.01138 0.01085 

2 120 0.22 22 11.228 0.00652 0.00665 

3 794 0.63 100 7.534 0.01772 0.01486 

model mixture 8 

step # mill mean sediment distance mean weight reduction 

speed particle transport travelled rate for fractions 

velocity rate 2-128 mm 22- 128 mm 

f-1 [rph] [m/s] [kl!/m,s] [km] [-/km] [-/km] 

1 121 0.23 23 16.929 0.00470 0.00495 

2 395 0.44 71 11.215 0.01036 0.00989 

3 795 0.63 100 7.093 0.02309 0.01974 

Table 13 Mean weight reduction rates at different mill rotational speeds. 

For each experimental step two important parameters on the basis of a weight fraction 

22-128 mm, that is five coarsest size classes, were determined : 

- average mea11 particle velocity 

5 

vp = L, vpi ... rm1s1 ... (60) 
i=l 
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- sediment tra11sport rate 

5 

qb = _2,qbi ... [kg/m,s] ... (61) 

i=l 

where the five coarsest size intervals represent approximately three quarters of the total 

mixture weight. Additionally, mean weight reduction rates have been computed for the 

whole mixture and only weight fractions 22-128 mm, respectively. All these parameters 

are given in Table 13. 
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Influence of the average mean particle velocity on the weight reduction 

rates. 

For the mean weight reduction rates a function of the form aw = J(co1ist, vp,ifh) was 

proposed. A stepwise regression has given better results without a constant term than 

with one. A reasonable significance has been achieved when only a function of vP , and 

that in the potential form with an exponent of 1.5, has been used : 
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2-128mm: a,.. = 0.040lv~5 ... [-/km] R-sq=0.9825 (9 points) ... (62) 

22-128 mm: aw = 0.0355 v~5 ... [-/km] R-sq=0.9834 (9 points) ... (63) 

Both functions are shown together with the mean weight reduction rates in Figure 34. 

Tue fact that the sediment transport rate has only slight influence agrees weil with 

experimental findings of Stelczer (1968) in a tumbling mill. This can be explained by 

the mechanism of the particle motion in a rotary cylinder. Tue increasing mill rotational 

speed activates a thicker active layer which does not necessarily lead to a corresponding 

higher mechanical loading on each moving particle (more on this subject in Section 

5.7). 
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5. MATHEMATICAL MODELING OF ABRASION 

5.1 GENERAL ON COMMINUTION THEORY 

Because of the high degree of complexity of the process inside the research abrasion 

set-up, new ideas were sought from other technical disciplines. Thus it was that the 

industrial comminution as a size reduction process and a major unit operation in 

chemical engineering practice was chosen. Typical use can be mineral beneficiation, the 

preparation of roadmaking materials or materials for the ceramics industry, and the 

typical operations of crushing and grinding. Typical devices for comminution are 

different kinds of mills, especially tumbling mills, which are the most widely used mills 

in the world for that purpose. Tue reason why knowledge from such a comminution 

operation can help in describing abrasion experiments in a tumbling mill lies in the 

similarity of the particle motion in it with some comminution devices. Tue purposes of 

the comminulion process are quite different, but the end result is in both cases the sarne, 

the material is reduced in his size. 

Over the last twenty years a comprehensive method of mill design has been developed, 

variously called the size-mass balance (SMB) or the population balance model. This 

method provides a comprehensive mathematical representation of the grinding process 

in the tumbling mill. As a grinding medium two different materials could be used : steel 

balls in the case of ball gri11di11g and pebbles of the same material as the material to be 

ground in the case of fully-autoge11ous gri11di11g (FAG). A combination of both 

methods is used in semi-autoge11ous grindi11g (SAG). All types of grinding could be 

run under batch or co11ti1mous conditions. Because of the analogy with abrasion 

experiments in tumbling mills, in Section 5.2 the treated size-mass balance equations 

will be given only for batch grinding. 

For the mathematical descriplion of the grinding process it is very important to know, 

how particles can lose their mass. In autogenous grinding there are three main breakage 

mecha11isms : fracture, chipping and abrasion (Menacho, 1986), shown in Figure 35. 

Fracture is defined as a discrete time process, in which a particle is disintegrated by 

impact forces. In fast fracture - 11ormal breakage, a particle is broken by impact or 

nipping between large particles, called lumps, and in slow fracture - self-breakage, a 

particle breaks due to the impact of its own fall. In both cases, the size distribution of 

the mass lost - so called primary progeny fragments - is very wide, including all sizes of 
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the daughter particles. Abrasion is defined as a process, more continuous in time, which 

· occurs on the particle surface, the inner .core not being affected. Abrasion produces 

cores more or less geometrically similar to the original particles and very fine powder. 

Chipping is defined as a discrete time process, in which a particle is reduced in size by 

losing small pieces. Chipping produces a chipped particle close to the original particle 

in size, and a fine size distribution of fragments, different from the primary progeny 

fragments of fracture, and somewhat coarser than by abrasion. 

That is why chipping could be considered as a fracture-lilce or as an abrasion-like 

process. If the former definition were accepted, then chipping would be defined as 

partialfracture. As the latter definition was accepted in the present study, chipping and 

abrasion could be considered as one process : wear. So two different wearing 

mechanisms should be distinguished. Infrictional wear - abrasw11, mass is lost through 

friction between particles, and in impactive wear - chipping, mass is lost through 

impact of the particle against other particles. Some mathematical models, describing 

wearing mechanisms in autogenous grinding, are given in Section 5.3. 

5.2 SIZE-MASS BALANCE EQUA TIONS FOR BA TCH GRIND ING 

5.2.1 Matrixnotation for particle size distributions 

Firstly a matrix notation for size distributions is introduced. Comminution starts with a 

feed of a certain size distribution and ends with a product of different distribution, each 

of which is generally sized by sieving, whereby the apertures sizes normally form a 

geometric progression. During comminution, particles of all sizes are broken, products 

falling generally into lower size ranges, though some may remain in the sarne size range 

if, say, abrasion only should occur. Writing a mass balance on the operation in which 

the feed vector r is changed to the product vector p gives following matrix equation : 

Bf = p ... (64) 

where B is called the breakage distributio11 matrix. Eq.(64) would apply only for 

primary breakage and takes no account of breakage rates, which change from stage to 

stage of further breakage. Now for the general stage of breakage, only the actual 

quantity of the broken material should be looked at, which gives then following matrix 

equation: 
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p = f (BS + 1 - S) .. . (65) 

where S is called the specific rate of breakage matrix and J is the identity matrix. 

These two comminution functions, originally proposed by Epstein (1948), form the 

basis for the current state of the art in mathematical modelling and simulation of the 

size reduction processes. lt remains to define them more specifically and show how 

they are related to the size-mass balance equations for batch grinding. 

5.2.2 Ball grinding 

The rate at which a particle breaks in ball grinding depends on its size, because a 

smaller particle is stronger than a !arger one. If then Sj is the specific rate of breakage 

of material of sizej, Mj(t) is the mass fraction of sizej and Fj(t) is the cumulative 

mass fraction less than size j at time t of the total mass W of particles in a batch test, 

then the rate of breakage of material of sizej is SjMj(t)W. This indicates how the 

specific rate of breakage S is used. 

lt is usual to divide the particle size distribution into geometric screen intervals, 

numbered l for the top size, 2 for the next and so on down to j. .. , down to i ... , and 

finally down to n, which may be just 0.038 mm, the smallest sieve size. See Figure 36 

for the nomenclature diagram. When material of size j breaks, it produces a suite of 

daughter particles. This suite, before re-breakage occurs, is called the primary progeny 

distribution and is given the symbol B;,j in the cumulative form, which is the 

cumulative weight fraction of material broken from intervalj which appears below size 

X; ,the upper size of the i-th size interval. The fraction of primary breakage products 

from intervalj which goes into interval i is denoted by the symbol b;,j and it may be 

calculated from : 

b;,j = Bi,j - B;+1,j .. . (66) 

5.2.2.l Bass grjnding model 

As a starting point a mass-balance equation is chosen. Accordingly, the mass continuity 

equation for particles in the size interval i at timet is : [the rate of increase of size i] = 

[the summation of production of size i material from all !arger sizes] - [the rate of 

breakage of size i to smaller sizes] or in symbols : 



V) 

~ 
-..J 

<! .._, 
2 ~ ..... ..___, 
(J 

~ "' Q:: '-
ll.. li..-
V) :>(-
V) 

~ Lu 
~ l\j 

Lu iii 
:::.. :;;: ;: 

<;( 
~ :i::: 
-..J ..... 
::> 
~ 
::) 
(J 

Figure 36 

d 
-[M;(t)] 
dt 

n 

124 

. i . 1 

J 

x„ 

S/EVE SIZE 

Time zero 

Interva/ 

5 " 3 2 

X max 

Nomenclature diagram for the discrete size, time continuous concept of 
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i-1 

S; M;(t) + L, b;.j sj Mj(t) 
j=l 
i2:1 

. „ (67) 

which is the discrete-size, continuous-time form of the size-mass balance equation for 

batch ball grinding, called also Bass grinding model. An important condition for the 

realisation of the Bass model is that the particles are piecewise uniformly distributed in 

discrete-size intervals : 

M;(t) = M;(t) 
for Xi+l ~ X < X; „ . (68) 

Xi+l -X; 
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5.2.2.2 Reid's ana{ytical solution 

An analytical solution to eqn.(67) was given by Reid (1965), assuming that Sand b for 

a given particle size do not vary with the degree of grinding. When this is so, we have : 

M;(t) Li h ·Sj1 .. e 
1,) 

j=I 

where h;,j is the function of Sand b. For the coarsest size (i=l) : 

... (69) 

„. (70) 

and we get exactly the form of the Sternberg's law for the size reduction of fluvial 

sediments. Since the Reid solution contains the term S; - Sj , it could be used only 

when S is a monotonic function of particle size, independent of change in particle 

environment. When S and b are not invariant with change of environment, the Reid 

solution should first be modified (Prasher, 1987). 

5.2.2.3 Matrix solution 

An alternative matrix solution (Prasher, 1987) starts with the set of n simultaneous 

differential equations in eqn.(67), which can always be wrilten compactly in a matrix 

equation form as : 

dM(t) 

dt 
- [I - B] S M(t) ... (71) 

where 1 is an n x 11 identity matrix, B is an 11 x 11 lower triangular matrix of b;,j, and S 

is an 11 x n diagonal matrix of breakage rate parameters S;. The solution to this equation 

is : 

M(t) = exp [- (1 - B) St) M(O) ... (72) 

where M(O) is an n x 1 vector of feed distribution. Tue three matrices can be lumped 

into one n x 11 lower triangular matrix o*, called the mill matrix : 
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· M(t) = o• (t)M(O) ... (73) 

Tue grinding model in eq. (73) is an exact discrete-size, discrete-time analogue of the 

Bass model. lt was shown that there is only one matrix B and one matrix S, which can 

together make up a specific mill matrix o* (Pettersen & Sandvik, 1992). 

5.2.2.4 Estimatjon of B a11d S matrix elements 

For n size intervals in the Bassmodel there are n(n + 1)/2 unknowns - comminution 

matrix elements (for n=l3, the number of unknowns to be estimated is 91) and only 

(n -1) independent equations. Since the number of unknowns is !arger than the 

number of available equations, several data sets are required to extract this large set of 

matrix elements from a usually relatively limited amount of data (for n=l3, the number 

of required data sets is n(n+ l)/2(n- l )=8) . So the model should first be simplified and 

hence the number of unknowns reduced to a more manageable level. Tue model 

reduction is normally done by introducing any kind of functional forms of comminution 

function . In general, both the breakage rate and breakage distribution function tend to 

vary gradually and regularly with particle size (or size index). So often a difference · 

similar form of the comminution functions is stipulated : 

B;,j = B;_ j = f ( ;J .. . (74) 

S; = f (x;) .. . (75) 

where X; and xj are upper mesh openings of the i-th andj-th size interval, and X; is an 

average particle size for the i-th size interval (e.g. geometric mean, arithmetic mean 

etc.), or the lower or upper mesh opening of the size interval. This intervention reduces 

the number of independent unknowns to 211-3, which for well-behaved data makes it 

possible to determine the comminution matrix elements using only 2 data sets. Another 

step in simplifying the model is the assumption that B and S are parameterized 

according to a known expression. In this case is the number of unknowns reduces to the 

total number of parameters. This should, in principle, make it possible to determine B 

and S using only one data set, if the data is well-behaved. This approach was ultimately 

chosen and applied in Section 5.4. 
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5.2.3 Fully-autogenous grinding 

Menacho (1986) has derived a general size-mass balance equation, describing a 

combined fracture and wearing processes in batch fully-autogenous grinding, as an 

extended Bass grinding model. The derivation itself is given in Appendix I, here only 

the ultimate and discrete size, time continuous form of the size-mass balance equation 

for batch fully autogenous grinding is presented : 

dw;(t) = 
dt 

i-1 

S;w;(t) + L,h;.ßjw/t) 
j;J 

„ .. (76) 

The overall specific rate of breakage function S; is defined as the sum of contributions 

due to fracture S(F) and wear S(W) : 

S S + 7 - SR)(; = S(F), + S(W),· 
; = ' 1-R2 'i 

. „ (77) 

where R < l [-] is a sieve ratio, K; [mm/hour] is the linear wear rate or wear distance in 

unit time, assumed to bc constant within one size interval, and r; [mm] is one half of 

the opening of the upper sieve of i-th size interval. 

The overall breakage distribution function b;,j is defined as the weighted sum of 

contributions due to fracture b(F\j and wear b(W)i,j : 

- b(F) S(F) + b(W). S(W). b- . = 1,) 1 1.) 1 = 
'·1 s. 

J 

= b(F);,jS(F)j + b(Wfrnes)i.jS(W)j + b(Wcores)i_jS(W)j 

sj sj sj 
„. (78) 

The form of eqn.(76) corresponds to that of the usual Bass grinding equation (eqn.(67)), 

with the Reid solution given in eqn.(69) or the matrix solution given in eqn.(72). Before 

solving, the size-mass balance equation for fully autogenous grinding, the exact 

mathematical expressions for the comminution functions due to different wearing 

mechanisms in autogenous grinding will be defined and introduced into it in Section 

5.3 . Because the overall comminution functions are not invariant with change in 



128 

environment, as will be shown in Section 5.4, a complex numerical analysis, shown in 

Seclion 5.5, has to be undertaken to solve eqn.(76). 

5.3 WEARING MECHANISMS IN AUTOGENOUS GRINDING 

Tue linear wear rate of particles or wear distance per unit time dr/dJ = -ic has a central 

role in an autogenous grinding, where the greater part of. the parlicles' mass loss is due 

to wear. By its determination, the most important working wearing mechanisms, such 

as abrasion and impact, must be taken in account. Firstly should be shown which 

parameters are important for the wear modelling, as found in well-defined laboratory 

conditions, for example in pin-disc experiments. 

Frictional as well as impactive wear, defined also as grooving or abrasive wear (Zum 

Gahr, 1987 - pp.132-167) is caused by frictional forces when in contact with a second 

particle. Archard's wear law of the linear intensity w11, is a simple model of that kind of 

wear, describing the linear an10unt of wear per unit distance as (Zum Gahr, 1987 -

p.134): 

W11 = k' FN = k]!_ „. [-] 
' H H 

„. (79) 

where k' [-] and k [-] are abrasive wear coefficients, p [N/m2] is the surface pressure 

under normal load FN [N], and H [N/m2] is the material hardness. This model is 

essentially valid for ductile materials. For geotechnical materials, which are often at 

least quasi-brittle, this model was improved and normally different so-called fab 

models are used (Zum Gahr, 1987 - pp.137): 

( .r 1-1.s H ) 
Wl/s oc Jab•P ' ,µ „. [-] „. (80) 

where fab [ -1 describes the type of the abrasive wear, such as micro-cutting or micro

cracking, and whose value is additionally directly influenced by the coefficient of 

friction during abrasion µ [-]. Tue important difference between modelling frictional 

and impactive wear is caused by the fact that wear loss depends on surface pressure p. 

In the case of frictional wear the surface pressure is practically constant and nearly 
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independent of the sliding velocity of both particles in contact. Only the coefficient of 

friction is slightly increased when the sliding velocity increases, and therefore frictional 

forces and corresponding wear loss too. A different picture is shown by irnpactive wear, 

where increasing particle velocity at impact through the impulse exchange directly 

increases surface pressure and therefore also wear loss. 

Next some wear models are shown, which have been proposed to describe the wear 

mechanism in autogenous grinding. Since operating conditions in a grinding set-up do 

not make it possible to measure all relevant quantities for wear intensity, these wear 

models are therefore quite simple, but nevertheless practically-oriented and useful tools 

in the mathematical modelling of grinding processes. 

5.3.1 Time-independent wear models 

5.3.1.1 Bo11d wear model 

Bond (1952) formulated the wear rate of a particle of size r [mm] in the form : 

dm 
= k'rt.+2 or 

dt 

dr 

dt 
1C ~ f(t) ... (81) 

where m [kg] is the particle mass, k' [mm/hour] and JC [mm/hour] are constants, and 

index ö = 0 in the case of abrasion only respectively ö = 1 in the case of impact only. 

Integration of the eqn.(81) gives the time-dependence of the particle size r with time t , 

where r0 is the initial particle size at time t = 0 : 

Common solution for ö # 1 

Abrasion (ö = 0) : 
r l - Kt 

'o 'o 

Impact (ö = 1): 
r e-"1 
'o 

1 - (1- Ll}lCt 
1-t. 

'o 
... (82) 

... (83) 

„. (84) 

Comparable with this model is the Düll's wear model, which may be written as (Düll, 

1930) : 
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dr K r--0.11 For abrasion : --
dt 

... (85) 

dr K ro.ss For chipping : --
dt 

... (86) 

As already mentioned in Chapter 2, the Düll's model is questionable, even more so 

when compared to the Bond's model, and exhibits a negative value for the index 11. 

5.3.1.2 Combjned wear model 

Vermeulen and Howat (1986) assumed the wear mass loss tobe a sum due to impaclive 

and frictional wear : 

lmpactive wear: 

Frictional wear : 

Combined wear: 

dm 

dt 

dm 
--

dt 

dm 
dt 

am 

= ßm2/3 

= am+ ßm213 
and A 

dr 1 -- = -a(r+;\_) 
dt 3 

(dm) _(dm) ~ r =A 
dt ABRASION - dt IMPACT 

... (87) 

... (88) 

... (89) 

... (90) 

where a. [T -11 , ß [Ml/3 T -11 and ")... [L] are constants. The physical significance of ")... 

is given in eqn.(90); parameter ")... represents a critical particle size for which the ratio of 

abrasion to impact is unity. The size reduction of particles !arger than Ais primarily by 

impactive processes and that of particles smaller than A is primarily by frictional 

processes. In general; !arge ")... implies the predominance of abrasion and small ")... the 

predominance of impact. Next the change of particle size r in time t according to the 

combined wear law in eqn.(89) is determined : 
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dr 1 
--=-a(r+A.) 

dt 3 
~ In -- =-at (

r+A.J 
r0 + A 

-r -- _A (e-at -1) + e-at Common solution : 
ro ro 

Abrasion: r . [ A. ( - w ) -at] ßt - = !im - e - 1 + e = 1 - 1 3 
r0 '-->-r0 (4 )/ 

a ..... o r0 -p1t'I' 
3 

Impact: 

... (91) 

... (92) 

... (93) 

.. . (94) 

Comparable to this wear model are the Sternberg's wear model (Sternberg, 1875) and 

the Stelczer's wear model for moving particles (Stelczer, 1981), where in both cases 

only impactive wear is assumed. 

5.3.2 Time-dependent wear models 

Such a wear model assumes that the linear wear rate is higher when particles are 

angular, than afterwards, when they are well-rounded and so linear wear rate becomes 

constant. This Lime-dependence of the linear wear rate could be approximated by 

different funclional forms. 

5.3.2. I linear wear model 

Goldman and Barbery (1988) (see also Goldman et al., 1991) approximated time

dependenl linear wear rate by two straight lines in the Bond-like wear model : 

dr 

dt 

0 < t :-;::; t• chipping 

t ~ t • abrasion 
... (95) 
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5.3.2.2 Exponentjal wear model 

Mikos (1983) (Pintar and Mikos, 1984) assumed an impactive wear model with an 

approximation of the linear wear rate in the form : 

dr 

dt 

dr -dt = 1C0 r „. [m/s] for 1C 2 = 1 

... (96) 

... (97) 

where 1C0 [-/s] is a constant, representing the wear rate due to abrasion, 1C1 [-/s] is a 

constant, representing the wear rate due to chipping, and 1C 2 [-] is an index, describing 

how rapidly the wear rate due to chipping 1C1 falls away. In reality 1C 2 changes with 

time and approaches the value 1.0 from the lower side, though due to simplicity it is 

given a constant value. If 1C2 = 1 then chipping has come to end and there is no time

dependence of the linear wear rate any more. Tue exponential model then goes over to 

the impactive case of the Bond model. 

First introducing particle size at the very beginning of the wearing process as r, and 

the corresponding time of wearing as t' and then integrating eqn.(96) gives : 

dr ( ') --=lC t r 
dt 

(-;
'. )-- e-(1<0+1<11'-"

2 k Common solution : 

„. (98) 

„ . (99) 

lt is quite normal that the wearing process cannot be observed from its very beginning, 

but first after some time t0 , when meanwhile the particle size has already been reduced 

from '• to r0 (see Figure 37). Introducing a new time scale t = t' - t0 into eqn.(99) 

gives: 
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, -(1Co+>q1'-"2 ){10+1) -(1C0+"11'-"2 )10 -(lCO+lCJl'-"2} 
r(t)=r,e = r,e e 

-( lCO+KJl,-1'2 )r 
= r0e ... (lQO) 

r(t) = r0e 
-(1<o+K1(ro+1t"2 )r 

... (101) 

Tue same form of eqn.(101) can be used for chipping as well as only the abrasion 

phase. Tue difference is then in the value of the index K2 , which is less then 1 in a 

chipping phase and equal to 1 in an abrasion phase. This practically leads to the kink in 

the mathematical expression for varticle size changes with time, because there is a 

discontinuity in the mathematical expression of the linear wear rate at the end of the 

chipping phase. This normally should not cause any difficulties. 

r(t ') 

r(t) 

+---+----------- ----- -----h1
1 

t---------------------- -'-----t> t = t '- 10 
0 

TI ME 

Figure 37 Time scaling in the exponential wear model. 

5.3.2.3 Expo11ential Bo11d wear model 

This is basically the Bond wear model, that assumes wear mass loss as a sum due to 

frictional and impactive wear, but the linear wear rate is now in general not constant as 

for the Bond model and decreases exponentially with time as proposed by an 

exponentialmodel: 
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... (102) 

dr "" - dt = x:0 r ... [m/s] for x: 2 =1 .. . (103) 

where all parameters are defined sarne as before. If X: 2 = 1 then there is no time

dependence of the linear wear rate any more and the exponential Bond model goes over 

to the general case of the Bond model. In this case, for the time-dependence of the 

particle size r with time t, the solutions of the Bond model, given in eqns.(82) through 

(84), can be taken, using a constant x:0 instead of x:. If x: 2 * 1 and ß * 1, again the 

same equations can be taken, using K(t) instead of X:. If x:2 * 1 and ß = 1, then the 

solution of the exponential model, given in eqn.(99), can be taken. 

5.4 COMMINUTIONS FUNCTIONS IN AUTOGENOUS GRINDING 

If the matrix solution in eqn.(72) should be used for the size-mass balance equation for 

the fully autogenous grinding, given in eqn.(76), then first the ultimate expressions of 

the comminution functions must be found. Besides, Lhe proposed wear models, 

described in Section 5.3, should be incorporated into these expressions. Additionally, 

all expressions must be used as functions of distance s, which is typical for abrasion 

experiments, instead of time t used up till now in this text. 

5.4.1 Overall specific rate of breakage function S 

First the overall specific rate of breakage function as given in eqn. (77) should be 

determined. Figure 38 illustrates the variation of the specific rates of breakage due to 

the fracture of particles with particle size under typical autogenous grinding conditions. 

Since the comminution functions will be applied for the abrasion experiments, the usual 

time units of seconds or hours are replaced by length .units, namely kilometers. In 

Region 1, the rates of breakage of the smallest particles are determined by nipping 

impact from the grinding media (mainly pebble size particles). Somewhat !arger 

particles, which are tcio !arge to be effectively nipped and too strong to be easily broken 

by the pebbles, exhibit decreasing rates of breakage, given in Region 2. Even Iarger 

particles are not nipped by pebbles, bul they can break by the impact of their own 

movemenl. As Lhe impact forces increase with increasing particle size, Lhat is also true 
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for the rates of breakage in Region 3. Somewhere a maximum is reached, mainly due to 

the limited particle size distribution. 

Following these physical considerations, the contribution due to the fracture of particles 

S(F) should first be split into the normal breakage by pebbles, S(P) and self-breakage of 

particles S(S) : 

S(F) = S(P) + S(S) ... (104) 

0.1 

S(P); 
0.01 

REGION 3 · 

(
- Jo:, X· 

= as -' 
Xso 

S(S); 

:::-. 
...::, Cis 

V) 

0.001 

S(P); + S(S); = ap ~ Qp; + a5 ~ ( 
- Jo:, (- )o:, 

Xpo Xso 
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0./0 

Figure 38 
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Typical shape for the specific rate of breakage function due to the 

fracture of particles S(F) in autogenous grinding (after Austin et al„ 

1987). 

5.4.1.1 ßreakau bv pebbles SCPI 

1000.00 

As already mentioned, the functional form in eqn.(75) is often used for a mathematical 

expression, which then in the case of S(P) takes the form (Prasher, 1987) : 
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S(P); = ap( X; )a.p Qp; 
Xpo 

„. [-/km] ... (105) 

where X; [mm] is the geometric mean of the size interval, x PO [mm] is the reference 

size, usually taken as 1 mm, ap [-/km] is a constant, representing the wear rate due to 

breakage, and Cl.p [-] is an index showing how much smaller the wear rate ap is at 

smaller particle relative sizes. Tue last two pararneters are constant for a given material 

and grinding conditions. 

lt is obvious, that the largest particles cannot be broken by even !arger particles, so a 

reduction factor Qp; [-] is introduced in the right-hand side of eqn.(105). Its values 

should range from 1 to 0, so that the form was chosen as follows : 

Q~=H:JJ ... [] ... (106) 

where X; [mm] is the geometric mean of the size interval, µp [mm] represents the 

particle size at which Qp; = 0. 5 and A P [-] is an index of how rapidly the wear rate 

due to breakage falls away. Tue parameter µp [mm] may be obtained in terms of XpM 

[mm], which corresponds to the peak value of S(P) : 

... (107) 

5.4.1.2 Se{f-brea/cage ofpartjc/es SfSI 

For the mathematical presentation of the S(S) the sarne form as given in eqn.(105) was 

chosen: 

S(S); = as( X; )a.s Q5; ... [-/km] 
Xso 

... (108) 

where Xj (mm] is the geometric mean of the size interval, Xso [mm] is the reference 

size, usually taken as 1 mm, as [-/km] is a constant, representing the wear rate due to 
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self-breakage, and Us [-] is an index showing how much smaller the wear rate lls is at 

smaller particle relative sizes. 

Tue last two parameters are constant for given material and grinding conditions. Tue 

wear rate due to self-breakage is certainly much Iower than that due to the normal 

breakage, hence the assumption: lls.[-/km] < ap [-!km]. Tue rcduction factor Qs; [-] 

on the right-hand side of eqn.( 108) is the same form as the factor Qp; : 

[ 
A i-1 

'Os;= 1 +(:J s ... [-] ... (109) 

where X; [mm] is the geometric mean of the size interval, µs [mm] represents the 

particle size at which Qs; = 0. 5 and As [-] is an index of how rapidly the wear rate 

due to self-breakage falls away. Tue parameter µs [mm] may be obtained in terms of 

X SM [mm]. which corresponds to the peak value of S(S) : 

... (! 10) 

Thus the parameters associated with S(F) in the mathematical presentation are eight : 

ap [-!km]. Up [-]. µP [mm] resp. XpM [mm] and Ap [-] for the breakage by pebbles 

and lls [-/km], as [-], µs [mm] resp. XsM [mm], and As[-] for the self-breakage of 

particles. 

5.4.1.3 Wear breakage SOV) 

Tue mathematical presentation of the specific rate of breakage due to wear was already 

given in eqn.(77). Using the definition of the linear wear rate from different wear 

models, the mesh opening X; [mm] and mean size of the i-th size interval X; [mm] 

instead of the equivalent volume radius 'i [mm]. gives an equivalent specific rate of 

breakage due to different wear models as follows : 
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Bond wear model : 

lC; = 1C ~li = lC(; r ... [mm/km] ... (111) 

lC(.X; r 6-1 "' 
S(W). = 7 - 5R2 K; = 7 - 5R2 (J = 7 - 5R2 1Cx;· 1(l+R) ... [-/km] 

' 1- R r; 1 - R ~ 1 - R 2u- 2 

... (112) 

Combined wear model : 

a a 
1C. = - [!'. + A.) = -[r(l + R) + 21.) ... [mm/km] 

' 3 ' 6 ' 
... (113) 

S(W). = 7 - 5R K; = 7 - 5R a(l+ 41. ) ... [-/km] 
' 1-R2 r; 3-3R2 (l+R)x; 

. ... (114) 

Exponential wear model : 

S(W); = 7-5~K;= 7-5R[Ko+K1(l - K2)(s+sot"2] ... [-lkmJ ... (116) 
1- R r; 2 - 2R 

Exponential Bond wear model : 

... (117) 

S(w) _ 7-5R lC; _ 7-5R [ (l - )( )-"2] (X;)"'-1 (l+R)"' · - 2 - 2 Ko + K1 Kz s +so 
' 1-R r; 1-R 2 2 

... [-/km] ... (118) 
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Thus the parameters associated with S(W) in the mathematical presentation are in the 

case of the Bond wear model two: 1C [mm/kmJ and !i [-], of the combined wear modcl 

also two : ex [-/km] and 'A [mm], of the exponential wear model there are four : K 0 

[mm/km], K 1 [mm/km], K 2 [ - ] and s0 [km], and of the exponential Bond wear model 

there are five: K 0 [mm/km], K 1 [mm/km], K2 [-], s0 [km] and ß [-). 

5.4.2 Overall breakage distribution function B 

Then follows the determination of the overall breakage distribution function as given in 

eqn.(78). The contribution due to the fracture of particles B(F) need not be split into the 

normal breakage by pebbles B(P) and self-breakage of particles B(S), because in both 

cases the same breakage distribution is assumed. 

5.4.2.1 Fracture breakage BfF) 

As already mentioned, the functional form in eqn.(74) is often used for a mathematical 

expression, which then in the casc of B(F) takes the form of a non-normalised primary 

breakage distribution : 

B(F);· = <1> ·[X;-1 Jv +(1-<1> )[X;-1 Jß 0~<1>,. ~I i > j 
1 J X· 1 X· 

J J 

... (119) 

... (120) 

where v [-], ß [-], 8 [-] and <1> 1 [-J are four parameters tobe determined. Eqn.(119) is 

explained in Figure 39. The curve for each j is replaced by the sum of two straight lines 

on a log-log plot, one with a slope of ß and the other with a slope of v. Tue intercept on 

the ordinate at the maximum value of X;_ 1 /xi by the line of slope v gives the value of 

<l>j . 
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5.4.2.2 Wear breakage B<W> 

Tue mathematical representation of the breakage distribution function due to wear is 

given in Appendix l in eqn.(1.14) : 

6c .1( . 
b(W ) - '·1 I 

fines iJ - r(l+R) S(W). 
6C;_/ICj rj(l - R

2
) = 6-6RC· 

r/1 + R) K /7 - SR) 7 - SR '· 1 
.. . (121) 

1 1 

1(. 1 
b(W ) .. i = I 

corcs J,J - ljO - R) S(W) j 

Kj 1j(l-R2
) 

1j(l - R) K j(7 - SR) 

l+R 

7-SR 
... (122) 

1.0 

ß .. 
J,j 

0.1 

0.01 
0.01 

Figure 39 

0.1 

x. 1 
RELATIVE PARTICLE S!ZE +. 

J 

Mathematical representation of B;,j on a log-log plot (see eqn.(1 19)) 

(from Prasher, (1987)). 

1.0 
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where ci,j represents the finer part of a breakage distribution function, composed from 

abraded fines and chipping fragments. Both breakage distribution functions are 

obviously independent of the chosen wear model. Their absolute values depend only on 

the sieve ratio R, which is normally taken as R = ( J2t1 
. Assuming that abraded fines 

from abrasion as weil as chipped fragments from chipping do not fall only into the 

smallest size interval 11, then ci,j * 0 for i > j and a mathematical representation can be 

assumed: 

i > j ... [-] ... (123) 

where ac [-] and CXc [-] are two parameters tobe determined. 

The part of the breakage distribution function due to wear, which represents abraded 

fines, can be then written as follows : 

b(Wfines\j = {~ - 6R C · "'0.5073c. · 
7 - 5R '·' '·' 

i~j 

i> j 
... (124) 

Knowing that abraded cores from abrasion and chipping fall in the next smaller size 

interval, then the part of the breakage distribution function due to wear, which 

represents abraded cores, can be written as follows : 

{ 

l+R "'0.4927 
b( WcoreJ = 7 - 5R 

'·l 
0 

j = i - 1,j = i = n 

j <i - 1 

5.4.3 Measurement of comminution functions 

... (125) 

Because of the above mentioned problems of the Reid's analytical solution (see Section 

5.2) and due to the fact, that only simplified laboratory abrasion mill batch experiments 

were performed, a suitable method of experimental measurement of the comminution 
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functions had to be found. Therefore a numerical analysis method of back-calculation 

of the comminution functions S and B was chosen. Tue complete method and the non

linear optimisation technique used will be described in the next section. This method 

was also the only one suitable for the laboratory abrasion mill experiments presented. 

For details on the different types of experimental measurement of the comminution 

function~ see Prasher (1987). 

5.5 NUMERICAL ANALYSIS SOLUTION OF THE SIZE-MASS 

BALANCE FOR FULL Y AUTOGENOUS GRINDING 

5.5.1 Mathematical model 

Size-mass balance for fully autogenous batch grinding can be written in a matrix form, 

as already given in eqn.(72) : 

M(s) = exp [- (1 - B) S s] M(O) „. (126) 

where M(O) and M(s) are n x 1 vectors of relative frequencies of weight fractions, 

results of a sieve analysis of a sediment mixture at distance zero and distance s, 

respectively. Three matrices are defined as follows : 

l 0 0 0 

0 0 0 

1 is an n x n identity matrix : 1 = „. (127) 

0 0 1 0 

0 0 0 

B is.an 11 x n .lower triangular matrix of overall breakage distribution functions b;,j . All 

elements above the main diagonal are zero, because material after being broken and 

abraded, respectively, cannot be suddenly greater than before, so agglomeration or 

coalescence effects are neglected. All elements but the last one on the main diagonal are 

also zero, since the size-mass balance equation is based on the mass flow through size 

intervals. 
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0 0 0 0 0 0 0 0 

b2,1 0 0 0 0 0 0 0 

b 3, l b 3,2 0 0 0 0 0 0 

b4,l b4,2 b4,3 0 0 0 0 0 

B = 

h1 '· b;,2 h;,3 h;.4 b 1,J 0 0 0 

bn-1,I bn- 1,2 bn-1.3 bn-1,4 bn-1.j bn-1,n-2 0 0 

bn,I bn.2 bn.3 bn,4 bn,j bn,n-2 bn.n-1 bn,n 

„. (1 28) 

The element bn,11 has by definition the value 1, because material frorµ the smallest size 

interval has nowhere to fall into. The sum of the elernents in each column is equal 1, 

since no material can be lost from the system. Each positive element in the matrix thus 

represents an overall breakage distribution function, defined as a sum of two different 

breakage mechanisms - fracture and wear : 

- b(F) .S(F). + b(W) S(W). b- . = l,J J l ,J J = 
1,/ s. 

J 

= b(F);,jS(F)j + b(Wfincs)i_jS(W)j + b(Wcorcs)i.jS(W)j 

sj sj sj 
„. (129) 

The breakage distribution function due to fracture breakage is defined as : 
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0 

b(Fl,1 = ~t: f[( xd" -( ;J] 
«. 
' - 1 

+ [1-~tJ][( X;;' J -( ;;)'] ;> j 

... (130) 

and the breakage distribution function due to wear breakage is defined as a sum of 

abraded fines and chipped fragments: 

i 5. j 

i>j 
... (131) 

and abraded cores : 

{~=0.4927 b(Woores)ij = 7 - SR 
0 j<i - 1 

j = i -1,j = i = n 
... (132) 

and is obviously independent of the wear model. Assuming that a sieve analysis has 

been performed over all possibile particle sizes using a reasonable sieve ratio, then by 

the wear process abraded fines contribute mainly to the smallest size interval, because 

chipped fragments may be spread over several size intervals. By definition abraded 

cores fall into the next smaller size interval, so they contribute only to the elements on 

the first diagonal down the main one. Tue form of breakage distribution functions due 

to wear is obviously independent of the wear model and so mainly defined by the sieve 

analysis applied sieve ratio R. 
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Matrix S is an n x 11 diagonal mätrix of overall specific rate of breakage functions S;, 

which are given as a sum of the three most relevant processes - breakage by pebbles, 

particle self-breakage and wear : 

S; = S(F); + S(W); = S(P); + S(S); + S(W); ... (133) 

where for a wear contribution each time another proposed wear model may be taken; 

here only the Bond wear model is shown : 

... (134) 

Matrix elements outside the main diagonal are equal to zero since each specific rate of 

breakage function is defined for one size interval only. Therefore, also a column vector 

would be sufficient, but the matrix solution of size-mass balance demands the use of a 

matrix instead : 

S1 0 0 0 0 0 0 

0 S2 0 0 0 0 0 

0 0 S3 0 0 0 0 

0 
S = 

0 0 S; 0 0 0 

0 0 0 0 sj 0 0 

0 0 0 0 0 sn-1 0 

0 0 0 0 0 0 s" 
... (135) 
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5.5.2 Optimisation model 

A size-mass balance equation describing fully autogenous batch grinding consists of a 

parametrized set of non-linear mathematical models with k unknown parameters U. Tue 

search for the best model within the set is done by the model's adjustment or optimisation 

for the given data Y. This is a problem of no11-linear parameter estimatio11, which is 

related to the solution of non-linear function minimisation problem. Tue fu11ctio11 
mi11imisatio11 or no11-li11ear programming problem can be deflned as follows (Nash & 

Walker-Smith, 1987) : 

Minimise : F;, = f(U, Y) with respect to U 

subject to the constraints: c(i, U) = 0 i = 1,2, ... ,m 

c(j,U)~O j=l,2, ... ,q 

... (136) 

... (137) 

... (138) 

First an objective fu11ctio11 F0, which includes all parameters to be estimated, needs to be 

specified. 

5.5.2.J OQ.jective fu11ctio11 

In this constrai11ed optimisatio11 problem, the objective function should include the 

differences in weight fractions of discrete size intervals w;(t) between the observed and 

simulated particle size distributions during autogenous grinding in an abrasion mill. Tue 

relative errors of size interval i at stepj (distance s) can be defined as : 

Ej = w;°(j) - w/(j) 
1 0 ( ') W; J 

... (139) 

where superscripts o and e refer to the observed and estimated values, respectively. Two 

types of objective function can be considered : 

Minimise: F;, = max(IE/I) ... (140) 

or 

Minimise: F;, = f (E/)2 ... (141) 
j =I 
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Eqn.(140) represents the "111i11imax" criterio11, particularly suitable when the error in a 

specific size interval at a critical grinding time is of interest (e.g., weight fraction in the 

smallest size lnterval at the end of grinding). The least-square criterio11, represented by 

eqn.(141), was adopted in the present study, because it is considered more important that 

the whole particle size distribution can be modelled correctly over the entire time of 

grinding. 

5.5.2.2 Modelparameters 

The optimisation model parameters, i.e., the parameters that need to be estimated using 

the optimisation method, are the comminution function parameters, given in Section 

5.4. For the sake of clarity, all parameters are presented here once again : 

- eight parameters associated with S(F) : ap. O.p. µp resp. XPM• and Ap for the 

breakage by pebbles and a 5 , o.5 , µ5 resp. XsM• and A5 for the self-breakage of 

particles, 

- from two to five parameters associated with S(W) : in the case of the Bond wear 

model : K and ö, in the case of the combined wear model : a and /..., in the case of the 

exponential wear model :1C0 ,K1 ,K2 and s0 , and in the case of the exponential Bond 

wear model: K 0,K1,K2, s0 and ö, 

- four parameters associated with B(F): v, ß, o and ll> 1, 

- two parameters associated with B(W) : ac and O.c. 

5.5.2.3 Qptj111jsatio11 method 

The optimisation problem of the size-mass balance equation for the fully autogenous 

grinding is non-linear and constrained. Mass balances must hold, weight fractions must 

add to unity, and so on. lt would bc advantageous in this situation to have a simple and 

robust optimisation method, which requires no thorough knowledge of the 

mathematical structure of the problem and which can achieve a relatively high degree 

of reliability. There exist plenty of optimisation techniques (e.g., Nash &Walker-Smith, 

1987), some of them leading only to one of many local optimums, rather than to the 

global one. Yery useful is a group of stoc/1astic teclmiques, where no particular 

information about the objective function is needed. These techniques offer an 



148 

asymptotic guarantee of finding the global minimum and are relatively easy to use. In 

chemical engineering a group of stochastic techniques called ra11dom search metlwds 

are widely used. lt has been shown (Koka & Trass, 1988), that a direct search metlwd, 

originally proposed by Luus and Jaakola (1973), is very successful in solving batch 

grinding optimisation problems. So the so-called Luus and Jaakola optimisation method 

was chosen as an optimisation technique for estimating parameiers in the size-mass 

balance equation for fully autogenous grinding. 

5.5.3 Luus and Jaakola optimisation method 

There follows a short description of the method; a detailed one is given in Luus and 

Jaakola (1973). Considering inequality constraints from eqn.(138) only, the general 

problem of determining U 1, U 2 ,„.,U k which will minimise the objective function, can 

be formulated as follows (Koka &Trass, 1988): 

Minimise 

subjectto the constraints: 8;( U1 ,U2 , . „,Uk) '?. 0 i = 1,2, ... , m 

hj(U1,U2 ,.„,Uk) '?. 0 j = 1,2, ... ,q 

... (142) 

... (143) 

... (144) 

The essence of the method is a direct search using random numbers combined with a 

search regions reduction algorithm. The algorithm itself is given in Appendix F. l and 

the corresponding MATLAB program in Appendix F.2. Following the practical 

comments of Koka & Trass (1988) a detailed optimisation procedure is given. In order 

to apply the Luus and Jaakola optimisation technique to estimate the comminution 

function parameters, the following are required : 

- random numbers: the MATLAB built-in uniform random number generator based on 

the linear congruential method was used to generate pseudo-random numbers. With 

these numbers and the search regions, random values of parameters were taken about 

their initial estimates. At each iteration sufficient sets of random numbers were used. 

The first iteration 1000 sets were chosen and then linearly reduced to 100 sets at the 

fiftieth iteration. 

- constraints : were taken in the present optimisation as the limits within which the 

parameters are expected to be, according to present understanding of the problem. 
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- initial parameter estimates : should anyway be chosen to be within constraints, and if 

any experimental value of that parameter is available, it should be used. Because no 

good initial estimates were available, the centre of the interval between constraints for 

each parameter was ta.ken as an initial estimate. 

- initial search regions : will depend on the initial parameter estimates. If the initial 

parameter estimates were not close to the true values, the initial search regions could 

not be made small. In this case it was advisable to ta.ke the initial search regions to be 

equal to the regions between the constraints for the parameters. 

- search region reduction factor : is an important factor. If the chosen rate is too high, 

then the chance of not converging to the global optimum is high. In the present 

optimisation the rates of 3% resp. 5% were used. 

- number of iterations : is directly connected to the desired accuracy of the final 

parameter estimates. Hence, it is a function of the initial search regions and the search 

region reduction rate. At the search region reduction factor of 5% after each iteration, 

the search region is reduced to 5.9 10-3 of its initial value after 100 iterations and at 

the sear.ch region reduction rate of 3% after each iteration, the search region is reduced 

to 2.3 10-3 of its initial value after 200 iterations. 

5.6 RESUL TS OF THE OPTIMISATION 

5.6.1 Complete mathematical model 

First the complete mathematical model with all parameters, as given in Section 5.5.1 in 

eqns.(126) to (135), was adjusted to all five laboratory data sets from the main abrasion 

experiments. The initial estimates for the linear wear rate K resp. a, as most important 

parameters in the Luus and Jaa.kola optimisation method, are normally determined 

through the rate of disappearance plots for the top size intervals. As the mean weight 

reduction coefficients for the size interval 91 - 128 mm were already computed and 

given in Table 11 , their values were used for that purpose. The constraints and initial 

values for all parameters and the number of corresponding equations are given in Table 

14. The parameters, results of the optimisation after 100 iteration steps with the search 

region reduction rate of 5 % and after 200 iteration steps with the search region 

reduction rate of 3 %, respectively, are given for each applied wear model in tabular 

form in Appendix J.3. 
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Here only the values of the overall specific rates of breakage S and the overall breakage 

distribution functions B, given for each of the four applied wear models, as weil as the 

relative error, which will be discussed. 

parameters see constraints initial initial 

[units] eqn. estimates search reltions 

ap [-/km] 105 O<ap <0.1 0.05 0.1 

ap [-1 105 o < ap < 2 l 2 

XpM [mm] 107 0.1<XpM<5 2.5 5 

Ap [-] 106,107 l < Ap < 5 3 4 

as [-/km] 108 O<as<0.01 0.005 0.01 

O.s [-] 108 O < O.s < l 0.5 1 

XsM [mm] 110 5 <XsM < 20 12.5 15 

As [-1 109,110 1<As<5 3 4 

K [mm/km] 111,112 0.002 < 1( < 0.005 0.0035 0.003 

Li [-] 111, 112 O<ii<l 0.5 l 

a [-/km] 113,114 0.002 < a < 0.005 0.0035 0.003 

A.[mm] 113,114 Od„<100 50 100 

1C0 [mm/km] 115-118 0.001 < 1C0 < 0.005 0.003 0.004 

1C1 [mm/km] 115-118 0.001 < 1C 1 < 0.500 0.25 0.5 

1C 2 [-] 115-118 0<1C2 <1 0.5 l 

s0 (km] 115-118 0 <So< 100 50 100 

Li [-] 117-118 O<Ö<l 0.5 1 

V(-] 119 0 <V< 1.5 0.75 1.5 

ß [-] 119 2.0 < ß < 5.0 3.5 3 

0 [-] 120 O<o<l 0.5 r 
<1>1 [-] 120 0<<1>1 <1 0.5 l 

ac [-] 123 5 < ac < 20 12.5 15 

<Xe [ -] 123 O < ac <0.5 0.25 0.5 

Table 14 Tue constraints and initial values of estimates and the search regions for 

all 23 parameters, used in the size-mass balance equation for fully 

autogenous grinding. 
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5. 6.1.1 P,ecisjon o..f tl!e motlel adiustme11t 

Average relative error E{ from eqn.(141) is at each observed point on average about 

10% for all mixtures and wear models. lt is mainly concentrated in the two coarsest size 

intervals, where only few sediment particles are present, as it can be seen in Figure 40. 

In general it can be said, that all four wear models give approximately the same average 

relative error and so other results of the optimisation should be looked at, before a 

favourable wear model can be chosen. 

• observed data - step 0 - km 23.8 ° model - step 0 - km 23.8 

14 
• 12 • 

10 • • 
• • • 

[%] 
8 
6 • • 

• • 
4 • 
2 
0 

128 90.5 64 45.3 32 22.6 16 11.2 8 5.66 4 2.83 2 

• observed data - step 2 - km 33.4 ° model - step 2 - km 33.4 

14 • 
12 ~ 0 

10 0 0 

8 0 0 
(%] 9 

6 • 0 0 

4 0 0 

2 0 

0 
128 90.5 64 45.3 32 22.6 16 11.2 8 5.66 4 2.83 2 

continues on next page 
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11 observed data - step 4 - km 42.9 ° model - step 4 - km 42.9 

14.-~~~~~~~~~~~~~~~~~~~~~~~--. 

12 
10 I 

[%] : II 

4 

0 0 
0 

0 

0 
0 

0 

2 0 
0 

o~~----~--~--~---~--~--~--~----~--~---o ...... 
128 90.5 64 45.3 32 22.6 16 11.2 8 5.66 4 2.83 2 

• observed data - step 6 - km 52.5 ° model - step 6 - km 52.5 

14 
12 I 10 ~ 

8 II 0 
[%] 0 

Cl 6 ~ \ 

0 4 0 

2 0 Cl 
0 

0 
128 90.5 64 45.3 32 22.6 16 11.2 8 5.66 4 2.83 2 

• observed data - step 7 - km 62.8 ° 'model - step 7 - km 62.8 

14 
12 
10 
8 

[%] 
6 
4 
2 
0 

Figure 40 

I 6 
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Cl 

II 
0 

0 
0 Cl 

0 

128 90.5 64 45.3 32 22.6 16 11.2 8 5.66 4 2.83 2 

Observed and predicted grain-size distributions of model mixture 1 -

the exponential model lifter 200 iterations after approx. each 10 km (for 

each step, 12 relative weight fractions for 12 size intervals between 128 

mm - left side and 2 mm - right side, are given). 
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5.6.1.2 Specific rates ofbrea/cage S 

Tue other main result of the optimisation were the overall specific rates of breakage S 
and the overall breakage distribution func.tions B, given for each model mixture, each 

wear model and additionally as a function of particle size. Tue main problem when 

applying a size-mass balance equation is the question, whether the resulting matrices S 
and B give physically reasonable values or whether they are simply the best 

mathematical solution of the optimisation process. Since from the abrasion experiments 

practically very little was known about the real values of matrix B which are 

additionaly not a function of a wear model, they will not be disscused. Only the 

experimental values of matrix S will be looked at. They are given for all five model 

mixtures and each applied wear model in Figures 41 to 45. 

Comparing the applied four wear models it can be stated that the differences between 

them are moderate and can be explained as follows : 

- the main cause of the differences lies in the fact that the initial regions of parameters 

describing the breakage distribution function B were quite wide due to restricted 

knowledge about what happens with a material inside an abrasion mill. Hence the 

resulting variations of matrix B as weil as those of the corresponding matrix S cannot 

be checked in this way, 

- marked differences are observed for model mixture 5, where two exponential models 

(average relative er~or less than 8%) reach better adjustment to the observed data, than 

two other wear models (average relative error more than 1Q%). Their main advantage 

can be seen in their capability to take into account distance-dependent specific rates of 

breakage. If the distance-dependence is only moderate, then all four wear models give 

the same precision in predicting. But model mixture 5 shows a strong distance

dependent overall specific rate of breakage S due to the chipping component, which is 

falling away (see also Figure 33, where the weight reduction rates as a function of 

distance travelled are shown). Additionally, it must be said that the overall values S 
for two exponential wear models, shown in Figures 41 to 45, must be taken as their 

values in the last experimental step and not mean values of the whole experiment, as is 

the case for other two wear models. 

Additionally, more conclusions can be drawn from Figures 41 to 45 : 

- overall specific rates of breakage are for smaller particles much higher than for 

coarser ones. This is especially true, when there is still an important weight fraction of 

coarse to very coarse particles (at least 10 times greater than fine ones) as with model 

mixtures 1, 3, 4 and 5. This is not the case with model mixture 2 (Figure 42), 
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EXPERIMENTAL VALUES OF THE OVERALL 
SPECIFIC RATES OF BREAKAGE [-/km] FOR 

MODEL MIXTURE 1 

~ .. ... u 1 
.... 

...... '!'-. '1 
----------- Bond (100) 

ll"o. \, ~~--
·~ ~~~ r--. -.. ---0--- Bond (200) 

!'... -... 
~ ~ :::::: - • - comb. (100) 

- ·~ ~F' fl'~ ~~ 
~ comb. (200) 

-- exp. (100) 

-----6----- exp. (200) 

---e- exp.Bond (100) 

10 100 1000 

SIZE INTERVAL MEAN [mm] 

Experimental values of the overall specific rates of breakage as a 

function of the particle size for model mixture 1 and the applied four 

wear models - the number in brackets gives the number of iterations 

done (mixture mean weight reduction coefficient is 0.0104/km). 
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EXPERIMENTAL VALUES OF THE OVERALL 
SPECIFIC RATES OF BREAKAGE [-/km] FOR 

MODEL MIXTURE 2 

1 1 1111 

-11- ßond (100} 

---o-- ßond (200) 

~ 
-•- comb. (100} 

~ 'L.._ .... ~ -0-- comb. (200} 

""" -•- exp. (100} 
·-~ -· ....._, 
~ . . -fr-- exp. (200) ;. 

__._ exp.ßond (100) 

10 100 1000 

SIZE INTERVAL MEAN [mm] 

Experimental values of the overall specific rates of breakage as a 

function of the particle size for model mixture 2 and the applied four 

wear models - the number in brackets gives the number of iterations 

done (mixture mean weight reduction coefficient is 0.0033/k:m). 
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EXPERIMENTAL VALUES OF THE OVERALL 
SPECIFIC RATES OF BREAKAGE [-/km] FOR 

MODEL MIXTURE 3 

" "\\ 1 1 

„A t\~ ---------- Bond (100) ' '\ ' 
~ '\" 

'"' 
-0-- Bond (200) 

'!'"! ~ -•- comb. (100) 
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~ 
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"" -----tr-- exp. (200) 
•-

-•- exp.Bond (100) 

10 100 1000 

SIZE INTERVAL MEAN [mm] 

Experimental values of the overall specific rates of breakage as a 

function of the particle size for model rnixture 3 and the applied four 

wear rnodels - the number in brackets gives the number of iterations 

done (rnixture mean weight reduction coefficient is 0.0046/km). 
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EXPERIMENTAL VALUES OF THE OVERALL 
SPECIFIC RATES OF BREAKAGE [-/km] FOR 

MODEL MIXTURE 4 

1 1 1 1 
l);o 
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SIZE INTERVAL MEAN [mm] 

Experimental values of the overall specific rates of breakage as a 

function of the particle size for model mixture 4 and the applied four 

wear models - the number in brackets gives the number of iterations 

done (mixture mean weight reduction co~fficient is 0.0043/km). 
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EXPERIMENTAL VALUES OF THE OVERALL 
SPECIFIC RATES OF BREAKAGE [-/km] FOR 

MODEL MIXTURE 5 
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Experimental values of the overall specific rates of breakage as a 

function of the particle size for model mixture 5 and the applied four 

wear models - the number in brackets gives the number of iterations 

done (mixture mean weight reduction coefficient is 0.0143/km). 
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which shows only moderately higher values of the overall specific rat.es of breakage 

for smaller particles than for coarser ones. The main cause lies in the kinematics of 

particle motion in an abrasion mill. As observed, particles of the size over 1 cm are 

transported in an abrasion mill at least nearly in the same way· as are sedimcnt 

particles in natural streams. Particles smaller than 1 cm are mainly segregated in the 

middle of the mixture, do not travel the same distance as coarser particles, are only 

sporadically transported and much more simply grinded and broken by coarser 

particles, moving in the active layer over them, 

- restricting our attention to particles greater than 1 cm, clear size-dependency of the 

overall specific rates of breakage are still present for all model mixtures. This 

dependence cannot be integrated in a purely impactive wear model, likc the 

exponential wear model. Other three wear models used in the optimisation then have 

the great advantage of being suitable also for Situations, where also frictional wear is 

present. When a wear model assumes no size-dependence of the linear wear rate, but 

then the overall specific rates of breakage for different particle sizes are not constant, 

then this fact can only be explained by a fracture breakage, where higher breakage 

rates of smaller particles are due to breakage by coarser particles. 

The question whether the specific rate of breakage is a function of a particle size or not 

seems to be quite important. To find a physically acceptable answer, the overall values 

of specific rates of breakage must first be shown as a sum of the contributions due to 

main breakage mechanisms in an abrasion mill. For that purpose model mixture 5 was 

chosen as an extreme case with important contributions of chipping, and the 

corresponding experimental values of matrix S were given for all four applied wear 

models in Figures 46 to 49. From them the following conclusions on the interrelations 

and the relative importance of each of three contributions to the overall specific rate of 

breakage S can be drawn : 

- specific rates of breakage due to self-breakage of particles S(S) are for all four wear 

models much smaller than the other two contributions. Only for coarser particles may 

self-breakage be more important than breakage by pebbles, since there are no coarser 

pebbles, which can break them. Because particle velocities for coarser fractions are 

low and therefore self-breakage is hardly possibile, their specific rates of breakage are 

at least one magnitude smaller than the overall rates and therefore can be normally 

neglected, 

- specific rates of breakage due to breakage by pebbles S(P) are for all four wear 

models only important for finer fractions. Also in this case their rates are greater than 

specific rates due to wear S(W) only for the exponential wear model, which assumes 

no size-dependence of the specific rate of breakage due to wear breakage. 



1 

0.1 

0.01 

0.001 

0.0001 

1 

Figure 46 

160 

EXPERIMENTAL VAJ,UES OF THE OVERALL 
SPECIFIC RATES OF BREAKAGE [-/km] FOR 

MODEL MIXTURE S - Bond model (200) 
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Contributions of fracture processes ( breakage by pebbles S(P) and self

breakage of particles S(S)) and wear processes (wear breakage S(W)) to 

the to the overall specific rate of breakage (S) for model rnixture 5 and 

the Bond wear model after 200 iterations. 
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EXPERIMENTAL VALUES OF THE OVERALL 
SPECIFIC RATES OF BREAKAGE [-/km] FOR 

MODEL MIXTURE 5 - combined model (200) 
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Contributions of fracture processes ( breakage by pebbles S(P) and self

breakage of particles S(S)) and wear processes (wear breakage S(W)) to 

the to the overall specific rate of breakage (S) for model mixture 5 and 

the combined wear model after 200 iterations. 
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EXPERIMENTAL VALUES OF THE OVERALL 
SPECIFIC RATES OF BREAKAGE [-/km] FOR 
MODEL MIXTURE 5 - exponential model (200) 
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Contributions of fracture processes ( breakage by pebbles S(P) and self

breakage of particles S(S)) and wear processes (wear breakage S(W)) to 

the to the overall specific rate of breakage (S) for model mixture 5 and 

the exponential wear model after 200 iterations. 
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EXPERIMENTAL VALUES OF THE OVERALL 
SPECIFIC RATES OF BREAKAGE [-/km] FOR 

MODEL MIXTURE 5 - exponential Bond model (200) 
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Contributions of fracture processes ( breakage by pebbles S(P) and self

breakage of particlcs S(S)) and wear processes (wear breakage S(W)) to 

the to the overall specific rate of breakage (S) for model mixture Sand 

the exponential Bond wear model after 200 iterations. 
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Tue other three wear models allow higher specific rates of breakage due to wear 

breakage for smaller fraclions and therefore the corresponding specific rates of 

breakage due to breakage by pebbles are smaller. In any case on the basis of the 

experimental work done in an abrasion set-up it is hard to say whether higher overall 

rates of. breakage , for finer fractions are due to more intensive wear or fracture 

processes. Thal overall specific rates for finer fractions are in reality even greater than 

shown in Figures 46 to 49, is due to the segregalion effects, which prevent finer 

fractions from travelling the same distance as coarser ones. Since the real travelling 

distance for smallcr fractions is less than the mean computed distance for five coarser 

size intervals, which was used for the model adjustment, then also the overall specific 

rates of breakage for finer fractions have to be corresponding higher, 

- the smallest differences between specific rates of breakage due to wear breakage S(W) 

and overall values S are for wcar models, which assume size-dependence (all models 

except the exponential one ). Since the breakage of coarser particles by even coarser 

ones is not very likely and self-breakage rates are also very small and can therefore be 

neglected, the parliclc size-dependence of the overall specific rates of breakage at least 

for coarse particles seems in fact to be caused by the size-dependence of the specific 

rates of breakage due to wear. 

5.6.2 Simplification of the complete mathematical model 

A more simple mathematical model than complete one, described in Section 5.5.1, can 

be achieved by describing the whole breakage process inside an abrasion set-up only by 

wear breakage. Neglecting fracture breakage then demands choosing a wear model 

which best describes the overall specific rates of breakage. So if one of the four models 

should be chosen as a simple mathematical model, then an exponential type of model 

should be given a priority duc to its adjustability to the distance-dependence of the 

overall specific rates of breakage S. An even better solution would be to use a wear 

model which also integrates the size-dependence of the overall specific rates of 

breakage S. Since both demands are integrated in the exponential - Bond wear model, 

this model was chosen as a basis for the simplified fraclion model. Tue specific rate of 

breakage is now as follows : 

... (145) 
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where X is a diagonal /1 x 11 matrix, describing size-dependence of the specific rates of 

breakage and where thc last elemenl on the diagonal must be zero to assure the mass 

balance: 

6-l 
X1 0 0 0 0 

0 6-1 
X2 0 0 0 

[X]= 0 0 6-l 
X; 0 0 

0 0 0 6-1 
xn-1 0 

0 0 0 0 0 

... (146) 

As far as overall breakage distribution function B is concemed, simplification of the 

whole breakage process inside an abrasion mill to a wearing process only, means that 

only abraded fines and cores as weil as chipped fragments need to be taken into 

account. In that case matrix B is independent of the applied wear model. If chipping can 

also be neglected, then a very simple breakage distribution function B can be applied in 

the form of a lower triangular matrix of size 11 x 11 : 

0 0 0 0 0 0 

0.5 0 0 0 0 0 

0 0.5 0 0 0 0 

B(t)= 0 0 0.5 0 0 0 

0.5 0 0 

0.5 0.5 0.5 0.5 1.0 1.0 

... (147) 

where it is assumed, that abraded fines fall only into the smallest size interval 11 and 

abraded cores into the next smallest size interval. Tue elements on the first diagonal 
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under the main one represent abraded cores and the elements in the last row reprcsent 

abraded fines. If a sicve ratio R = ( .fi)-l can be assumcd and neglecting chipping, 

then the value of each element is approximately 0.5, what follows from eqns.(124) and 

(125). Only the last but one element has the value 1.0, since it represents thc sum of 

abraded fines and cores, and the last element has also the value l.O bccause abraded 

material cannot fall out of the smallcst size interval used. 

5.6.3 Optimisation of the simplified fraction model 

The simplified fraction model, given in eqns.( 145) to (147), having only five 

parameters, which define the exponential Bond wear model, was then adjusted to thc 

experimental data. First for a low mill rotational speed, as was done for thc complete 

mathematical model, and thcn also to the experimental data for higher mill rotational 

speeds. 

SIMPLIFIED FRACTION MODEL 

final oarameter estimates after 100 iterations 

estimated model mixture 

oarametcrs 1 2 3 4 5 

K 0 [mm/km] 0.0015 0.0006 0.0011 0.0020 0.0041 

K 1 [mm/km] 0. 10 0.10 0.10 0.10 0.10 

!( 2 1-J 0.7 0.7 0.7 0.9 0.64 

s0 [km) 13 40 31.5 41 0 

~ [-] 0.90 0.82 0.80 0.86 0.80 

objective 0.6900 0.2964 0.1497 0.2164 0.1363 

function (49)* (28) (49) (49) (42) 

* ... number of experimental points used for the optimisation 

Table 15 Estimated parametcrs of thc simplificd fraction model for a low mill 

rotational speed. 

5.6.3.1 Low milf rotational speed 

The same laboratory data sets for model mixtures 1 to 5 from Chapter 4 as with thc 

complete mathematical modcl werc used for the Luus and Jaakola optimisation method. 
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In the first step the distance from the main sediment sources s0 [km] was taken as it was 

chosen for the average-grain models, given in eqns.(55) to (59). Next the index ö was 

fixed, since it has changed very little. After that a constant value of 0.1 for the 

parameter 1C 1 for all mixtures has been proposed and then the last two parameters were 

optimised. For the optimisation only particle sizes over 1 cm have been taken into 

account. The results of the optimisation after 100 iteration steps with a search region 

reduction rate of 5% are given in Table 15. Due to the lower number of experimental 

points used for the optimisation the objective function values are lower than those given 

before for the complete model. 

5.6.3.2 ffigh mill rotational weeds 

In addition, the laboratory data sets for model mixtures 6 to 8 from Chapter 4 were used 

for the Luus and Jaakola optimisation method. It can be stated that at higher rotational 

speeds the absolute differences between mean particle velocities are also higher, as 

given in Table 16. The optimisation could not be done with their average velocity, as it 

was in the case with the average grain model. Measured mean particle velocities of each 

particle size interval should be taken into account. Since only one short step has been 

considered with each mixture at each of three rotational speeds, the linear wear rate was 

assumed to be constant during each step and only moderately changed after all three 

steps with each mixture. So in the simplified fraction model a wear model with constant 

linear wear rate K and index ö was used instead of the exponential Bond wear model : 

(dr) .i o 2 6 - = - 1C (v) r: = - K v . r: ... [mm/km] 
dt i 1 ' pl 1 

... (148) 

where K
0 

[mm/km] is the linear wear rate constant at the mean particle velocity 1 m/s, 

"pi [m/s] and ;=; [mm] are the mean particle velocity and the mean particle size of the i

th size interval, respectively. The optimisation itself gave the exponent 2 at the mean 

particle velocity as a better solution as the value 1.5, proposed by the average grain 

models (see eqns.(62) and (63)). 

The results of the optimisation of these two parameters after 100 iteration steps with the 

search region reduction rate of 5% are given in Table 17. lt can be seen that the values 

of the index ö are rather low; they are about 0.5 for mill rotational speed about 120 rph 

and approach to 0.3 as the mill rotational speed increases to about 800 rph. 
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Measured mean particle velocities v . pi 
... [m/s] 

rotational size intervaJ fmm/mml 

soeed froh! 23 - 128 <23 23-32 32 - 45 45 -64 64-91 91 - 128 

120 0.20 0.16 0.16 0.18 0.20 0.21 0.25 

400 0.43 0.32 0.32 0.38 0.43 0.46 0.52 

796 0.67 0.58 0.58 0.62 0.68 0.71 0.72 

120 0.22 0.13 0.13 0.19 0.22 0.27 0.29 

389 0.45 0.39 0.39 0.43 0.46 0.49 0.53 

794 0.63 0.52 0.52 0.56 0.61 0.66 0.67 

121 0.23 0. 17 0.17 0.20 0.23 0.26 0.27 

395 0.44 0.36 0.36 0.41 0.45 0.49 0.52 

795 0.63 0.52 0.52 0.56 0.61 0.66 0.67 

Measured mean particle velocities and Iheir average for the five coarsest 

size intervals for model mixtures at higher rotational speeds. 

SIMPLIFIED FRACTION MODEL 

mill parameter estimates objective 

soeed after 100 iterations function 

frohl K
0 

fmm/km l t. [-] r-1 

796 0.1 0.3403 0.0446 

400 0.1 0.4387 0.0058 

120 0.1 0.4475 0.0033 

389 0.1 0.3086 0.0140 

120 0.1 0.5491 0.0653 

794 0.1 0.2851 0.0172 

121 0.1 0.4956 0.0069 

395 0.1 0.3086 0.0140 

795 0.1 0.3955 0.0126 

Estimated parameters of the simplified fraction model for high mill 

rotational speeds. 
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Because breakage due to fracture may still not be very important, this is contradictory 

to what might be expected. Low values of the index tJ. indicate frictional wear and not 

impactive one, which may be assumed to prevail at higher particle velocities. Keeping 

in mind that the optimisation was done with particle sizes greater than 1 cm only, it 

seems that the high sediment transport rates may be the main cause. Tue particles in an 

abrasion set-up are at relative high velocities still mainly abraded during the action of 

frictional forces and therefore the role of the particle surface is very important. 

Nevertheless, it should first be checked to what extent the. segregation effects are 

responsible for the observed size-dependence of the linear wear rate. 

5.7 EXPERIMENTAL DETERMINATION OF THE LINEAR WEAR 

RATES IN AN ABRASION SET-UP 

Despite all the adjustments done, a typical abrasion mill experiment shows several 

shortcomings compared with the situation in the nature. Due to segregatio11 effects (see 

Section 4.4.2 for details) travelling distances are not equal for all particle sizes. About 

the "real" travelling distance in an abrasion set-up it can in general be stated that: 

- for particles smaller than 5 mm it can not be determined at all, 

- for particles greater than 5 mm but smaller than approximatelly 20 mm the distance 

determination is rather poor, and 

- for particles greater than approximately 20 mm the distance is quite weil determined 

but is particle size-dependent, where !arger particles travel longer distances. 

Further, different limitatio11s of an abrasion set-up must be kept in mind when 

comparing experimental weight reduction results with field measurements. On the 

particles in an active layer on the charge surface two forces are active : the drag f~rce -

dynamic component of the gravity - and static component of the lift force - static 

component of the gravity or buoyancy force. There is no dynamic component of the lift 

force since turbulence is absent. Coarse sediment grains mainly slide and less often roll 

and fine grains do not saltate as may be the case in a river but percolate due to gravity 

forces. Tue intensity of transport could not be regulated independently, because velocity 

of sediment particles and sediment transport rate are interrelated. Thus real sediment 

transport rates in an abrasion set-up are higher than in a river and real mean particle 

velocities are somewhat smaller as in a river. Also must be kept in mind that the particle 

motion in nature is substantial intermittent, and so not only the mean particle velocities 

in nature and an abrasion set-up should be comparable but the time distribution of the 

real particle velocities as weil. Tue variety of possible time distributions of the real 
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particle velocity is in nature possibly greater than that which can be reproduced in an 

abrasion set-up. 

5.7.1 Corrections to the experimental values due to segregation effects in an 

abrasion set-up 

5. 7.1. 1 Different travelling djstances 

Tue experimental values of the weight reduction, that is mean weight reduction 

coefficients of the average grain model and the linear wear rates of the simplified 

fraction model should be corrected due to the fact that coarser particles travel greater 

distances than finer ones. Tue average grain model cannot be corrected explicitly 

because a reference distance has been used for the determination of the weight 

reduction coefficients. As a reference value the computed mean distance ~as used, 

defined by the arithmetic mean of measured distances travelled by the five coarsest size 

classes (23,6 mm - 128 mm), where their weight fractions were taken into account. 

Tue mean values of the correction factor / 1 according to the reference distance, are 

given for the whole experiment with each model mixture and for the five coarsest size 

intervals in Table 18. A value of the correction factor less than 1 means that the linear 

wear rate should be reduced due to a longer "real" distance travelled than the computed 

mean distance, and a value above 1 means the opposite. For any mixture linear wear 

rates for smaller particles should be increased and for bigger ones decreased. That 

means that observed size-dependence of the linear wear rate is even more marked. A 

mathematical expression for the correction factors has been proposed in the form : 

f; = ~ 
( )

-n 

l xm 
.. . [-] ... (149) 

where X; [mm] is the upper sieve size of the i-th size interval, xm [mm] is the mean 

diameter of the five coarsest size intervals, and n [-] is an index of how strong the 

correction factor is influenced by the particle size. Tue parameters n and the 

corresponding coefficients of determination are given for different mill rotational 

speeds in Table 18. Tue value of the index n decreases with increasing mill rotational 

speed, since segregation effects at higher rotational speeds slowly decay. 
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Correction factors lj = ( _!_j_ )-n ... [-] ... (149) 
Xm 

mill rotational speed annrox. 120 rph 

size interval [mm/mm] parameter n R-sq 

23-32 32-45 45-64 64-91 91-128 in ean.(149) r-1 

1.17 1.08 0.99 0.92 0.88 0.21 0.9880 

1.11 1.03 0.94 0.87 0.84 0.21 0.9819 

1.14 1.06 0.97 0.90 0.86 0.21 0.9898 

1.13 1.05 0.96 0.89 0.85 0.21 0.9898 

1.16 1.08 0.99 0.92 0.88 0.21 0.9897 
mill rotational speed approx. 400 rph 

size interval r mm/mm l parameter n R-sq 

23-32 32-45 45-64 64 - 91 91-128 in ean.(149) 1-1 

1.12 1.04 0.96 0.89 0.84 0.211 0.9971 

1.10 1.04 0.97 0.91 0.88 0.167 0.9888 

1.11 1.04 0.97 0.90 0.87 0.182 0.9883 

0.19 0.9924 
mill rotational speed approx. 800 rph 

size interval lmm/mml parameter n R-sq 

23-32 32-45 45-64 64-91 91-128 in eqn.(149) [-] 

1.06 1.03 0.99 0.94 0.89 0.127 0.9847 

1.07 1.03 0.98 0.93 0.87 0.149 0.9902 

1.07 1.03 0.98 0.93 0.87 0.149 0.9902 

0.14 0.9889 

Correction factors due to segregation effects in an abrasion set-up -

different travelling distances. 

5. 7.1.2 Different traveUing velocities 

Next, a correction should be made due to different travelling velocities for different 

sizes. For this correction a model of the initial and extra mass (weight) loss, proposed 

by Kuenen and shown in Chapter 2, has been applied. According to that model, the total 
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mass loss, given as a mass (weight) reduction coefficient, is a sum of initial and extra 

loss: 

... (150) 

where initial loss is a imaginary loss at particle velocity zero, given already in eqn.(4): 

awi =0.l25+0.216dcub• ... [%] ... (4) 

and extra loss is an additional loss at higher velocities, given already in eqn.(3): 

awe =(0.225-0.012dcub.)v2 
.• . [%] ... (3) 

A comparison of both losses : 

0.125 + 0.216dcub• + (0.225 - 0.012dcub.)v2 awe 
-------== --'--------= :..;_- = 1 + -

0.125 +0.216dcube 
... (151) 

shows that the extra losses at particle velocities up to 0.3 m/s are less than 6 % of the 

initial loss, even for smaller particles. Tue correction due to different travelling 

velocities is smaller than the precision of measurement of the travelling distance and 

therefore can be neglected. 

5.Zl.3 Use ofthe correction factor 

Tue use of the proposed correction factor will now be discussed. In general, an 

estimated specific rate of breakage due to wear can be written for any wear model and 

the mean distance as follows : 

S(W)i-nrimared-m = const ic"'(s) x~-1 ... [-/km] ... (152) 

where Km [mm/km] is the linear wear rate and, in general, is distance-dependent, and 

was determined for the mean diameter xm [mm] of the five coarsest size intervals. Tue 

estimated values of the specific rates of breakage due to wear for eacli size interval, 

corrected due tO different travelling distances, must be multiplied by a correction factor 

/ 1 , given in eqn.(149): 
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S(W)i-comcted = S(W)i-estimated f; = const 1(111 (s) x~-l X~ x;-n ... [-/km] ... (153) 

From two correction factors the former one is constant for the whole mixture and is 

needed, because the values of the linear wear rate were estimated for the mean diameter 

of the five coarsest size intervals xm [mm] instead of for the maximum size xmax [mm]. 

Tue lauer factor in eqn.(153) expresses differences between coarse and fine particles 

and can be directly integrated into the estimated parameter l:i. in such a way that its 

value decreases for the value of parameter n ;. 

11corrected = 11„limated - n .. . [-] ... (154) 

Tue average estimated value of index l:i. for low rotational speeds of approximatelly 120 

rph is about 0.7 (see Table 15) and the average value of parameter n for the same speed 

is 0.21. The corrected values of index l:i. are on average about 0.50 which corresponds to 

its estimated values in Table 17, where not a correction due to different travelling 

distances has been performed, but rather due to different travelling velocities. Tue 

average value of index l:i. decreases with higher rotational speeds even more and cannot 

be explained by segregation effects only. Thal means that the high sediment transport 

rates really seem to be responsible for the frictional wear conditions in an abrasion set

up. A reasonable assumption would be to use values for the index l:i. higher than 0.5. 

5. 7 .2 Limitations of the abrasion experiments in an abrasion set-up 

As already mentioned the particle velocities in nature are higher than in an abrasion set

up, which leads to the increasing of the measured weight reduction coefficients of a 

average grain model or the linear wear rates of a simplified fraction model. This 

correction should tak:e account of the ki11d of tra11sportatio11 in an abrasion set-up. 

Inside the set-up only sliding and rolling of coarser particles can be achieved and 

practically no saltation of finer particles, which percolate through voids. 

For the rollillg particles this correction can be made according to the experimenial 

findings of Schoklitsch and Kuenen, given in Chapter 2. Tue most important parameter 

in the decision, which model to use, is, according to Kuenen's findings, the nature of the 

bed surface. Tue rolling and sliding of sediment particles of the active layer over the 

inclined surface of the inactive layer inside an abrasion mill could be described as 

transport over a pebbly bed, where plenty of sand slightly cushions the abrasion. So it 

could be assumed that at higher velocities the abrasion rates are also higher, 
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proportional to the square of travelling velocities and reduced according to Kuenen's 

results from IO to 15 % because of the cushioning effects of sand. Tue proportional 

constants can be taken from Kuenen's experimental work. Tue observed rolling 

velocities in nature can be practically limited to be from approximatelly 30 cm/s to 

maybe over 100 cm/s. The fact that smaller particles are travelling in the river faster 

than coarser ones can be simply compensated for by the size-dependend linear wear 

rates, found in an abrasion set-up. lt is true that the cause of the size-dependence of the 

linear wear rates is different but the end effect seems to be the same. 

For the saltati11g particles this correction can be made according to the experimental 

results, given in Section 4.5.2. The relative importance of this correction is given by the 

ratio between rolling and saltating grains. This ratio is higher for rolling particles if 

coarser particles are observed and lower if finer particles are observed. Since coarser 

particles saltate very rarely if at all, then for these size intervals no correction is needed. 

Tue correction for smaller size intervals is then increasingly intensive, because the 

proportion of saltating particles increases. Tue resulting effect is once again the size

dependence of the linear wear rates. Thus the same size-dependence of the linear wear 

rates as already proposed for rolling particles can be assumed. 

In any case the real field situation must be consulted. For the study reach of the Alpine 

Rhine the following typical facts about sediment transport can be stated : 

- sediment transport begins at discharges about 200 m3/s and sediment transport rates at 

discharges to about 800 m3/s are less than 1 kg/m.s, 

- the armour layer is stable up to discharges of 900 to 1100 m3/s and breaks on average 

once a year; sediment transport rates in these situations are higher than 1 kg/m·s up to 

2 kg/m·s , and the amount of transported sediment during one such event makes no 

more than 20 % of the sediment yield in one year, 

- the mean water vclocity at a discharge of 600 m3/s is between 3.0 and 3.5 m/s, and at 

a discharge of 450 m3/s between 2.8 and 3.2 m/s; i.e. in the situations, when the 

majority of the sediment is transported. 

As far as the i11te11sity of tra11sport in an abrasion set-up is conccrned very high 

sediment transport rates can be achieved, as high as over 20 kg/m·s already by low 

rotational speeds of about 120 rph. Their influence on the abrasion rates is still not fully 

known. Tue only _experimental result is that of Stelczer (1981 ), who postulated, that the 

difference between wearing rates of particles of the same size but moving at different 

travelling rates is insignificant. Also our results show that the influence of high 

sediment transport rates seems to be directed more towards stressing the size-



175 

dependence of the linear wear rate and Jess regarding changing its intensity. Tue 

resulting conclusion would be to increase somewhat the estimated values of the index ti. 

and the value of about 0.7 seems tobe reasonable. 

Very little can be said about the ratio between lhe abrasion intensity of moving particles 

in lhe active phase and resting parlicles on the contact plane between the active and 

passive phases. Sediment parlicles in a river are abraded during transport as weil as in 

place. Tue sediment mixture in an abrasion set-up is abraded also in place but 

neverlheless it seems that this can be neglected and the experimental results anyway 

taken as the weight reduclion during transport. 

5.7.3 Average-grain versus fraction abrasion model 

One of lhe most important advantages of a fraction abrasion model over an average

grain model is the possibility to incorporate the size-dependence of lhe linear wear 

rates, never mind what the cause might be. This is very important, because the weight 

range of rolling particles in nature is rather broad : from 10 gr to over 1000 gr. Tue 

influence of the particle velocity is limited due to the narrower range of rolling 

velocities in nature : from approximately 30 cm/s to more lhan 100 cm/s, but it is still 

important. 

Tue end form of the corrected specific rates of breakage due to wear in an abrasion set

up, which may be used as an approximation for a field Situation, given for each i-th size 

interval, is as follows : 

L,-n; 
S(W)i-corrected = S(W)i-estimated x,~ 1 

X; i ... [-/km] .. . (155) 

fl1 = 0. 21 due to different travelling distances 

, fl2 ""0.10 due to low travclling velocities - rolling parlicles 

fl3 ""0.10 due to low travelling velocities - saltaling particles, already compensated 

by the size-dependence of the estimated linear wear rate 

where different factors n can be integrated directly into the parameter ti. : 

... (156) 
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6. APPLICATIONS 

6.1 FIELD VERSUS EXPERIMENTAL DETERMINATlON OF WEIGHT 

REDUCTION COEFFICIENTS 

Before a comparison between different field and experimental reduction coefficients for 

the Alpine Rhine sediment can be made, the relationship between size and mean weight 

reduction coefficients will be explained. By applying an average-grain model and 

restricting the sediment mixture to one representative grain, very soon the question a,rises, 

whether a change of the mean diameter of a grain-size distribution due to wearing 

processes can adequately describe the mass loss of the mixture or not. 

6.1.1 Conversion between size and mean weight reduction coefficients 

One sediment particle may on average reduce its corresponding sphere diameter to one 

half of the difference between sicve opening, before it falls into the next smaller size 

interval, which gives an equivalent relative mass loss : 

Ilm 

m 

1 
d 3const -(!!_)3 

const 
1 --~"""R-'-'----=- (1 - R-3 )"" 0.32 forR = V2 

2 d 3const 2 

"" 0. 20 for R = 1/2 

... (157) 

If the weight reduction rate is as small as 0.005/km, then it takes ca. 77 km or ca. 45 km, 

before a particle loses 32 % or 20 % of its weight, respectively, and falls into the next 

smaller interval. 

As already shown in Section 5.4.2.2, the ratio between abraded cores from chipping and 

abrasion to the sum of the abraded fines and chipped fragments is for the sieve ratio 

Li b( w,,ores) ij Li b( wfi„„ ) ij 0. 5073 : 0. 4927 1 : 1 ... (158) 
1 
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This sieve ratio is obviously too rough to measure low weight reduction and abrasion 

rates respectively in short distances with adequate precision. Preferably, at least the sieve 

ratio R = ( 1fi f 1 should be chosen for low reduction rates and short distances. 

Thus, using too !arge a sieve ratio, it can happen that for distances of some tens of 

kilometers and weight reduction rates smaller than 0.005/km measured changes of grain

size distribution account for only one part of the real mass lo~s. In these cases weight 

(mass) reduction coefficients have to be based on size reduction ones. If such a situation 

can be recognized in the field, there is the question of how to convert size reduction 

coefficients to weight (mass) reduction ones. Tue connection between real weight (mass) 

reduction rates and measured size reduction rates is obviously very important, since the 

majority of field data on weight reduction coefficients and their interpretation as abrasion . 

coefficients lies on the assumption: a„ = 3ad. This assumption will be looked at more 

closely. 

Tue relationship between size and weight reduction rates for river sediment mixtures is of 

such great significance that its theoretical analysis has been done in situations where 

reduced and constant mixture weight were differentiated. Tue analysis is given in 

Appendix H.6. Here only the end results of the conversion from size reduction rates to 

weigth reduction rate are given, for experimental mixtures and river sediment, 

respectively. 

Tue size reduction rates, deducted from the changes of grain-size distribution of an 

experimental mixture at a distance s, can be converted to weight reduction rates as 

follows: 

a = (a ) - (1 - a s)(a ) 
w d co11sta111 w d reduced 

... (159) 

Tue same conversion, for river sediments only, is as follows: 

a = (1 - a s)[(a ) - (a ) ] w w d constant d reduced .. . (160) 

where size reduction rate, deduced from a mixture with a constant weight, can be 

expressed as : 
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(a ) "'a [1- b(W )R] d con.stant w cores 
... (161) 

and the other size reduction rate, deduced from a mixture with decreasing weight, can be 

expressed as : 

(a ) "'-~b(W )R d reduced 1 cores -a,.,s 
... (162) 

First this conversion will be tested with the experimental data set from an abrasion set

up. As it can be seen, the conversion equation is implicit, but it was used in this manner, 

so that for the weight reduction rate on the right side of the equation an experimental 

mean mass loss of the model mixture has been used, and then both sides of the equation 

compared. Another way would be to solve the equation iteratively. 

Tue reason why the conversion in some cases is not perfect lies in the fact, that the 

distance s between measurements, which were used for the determination of size 

reduction coefficients, was too short. Since the coarsest size intervals have only few 

sediment grains, the mass is still very discrete and not ideally spread over it. Thus the 

size reduction rate, deduced from the mixture of the reduced weight (ad) d d , is only re uce 

approximate. 

model mixture mean changes of the grain-size mass loss of model mixtun 

relative distri bution 2- 128 mm 

mass loss 0-128mm 2 - 128 mm RS eon.(159 measured 

# aws f-1 (artlrnn«ont (artlrPrlnrPrl aw f-/kml aw f-/km] 

1 - Rhine site # 1 0.0086 0.00722 - 0.00306 0.01025 0.01043 

2 - Rhine site # 2 0.0029 0.00332 0.00003 0.00329 0.00333 

3 - Rhine site # 4 0.0039 0.00426 - 0.00024 0.00450 0.00459 

4 - Rhine site # 6 0.0037 0.00429 0.00001 0.00428 0.00434 

5a - Schraubach 0.0439 0.01919 - 0.00380 0.02282 0.02329 

5 - Schraubach 0.0086 0.00940 - 0.00055 0.00995 0.01006 

Table 19 Test of the conversion between size and weight reduction rates. 
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That this is true, is shown also by coefficients of determination from regression analysis, 

given in Table 11. These coefficients apply practically for all weight reduction rates as 
weil as for size reduction rates from the mixture with constant weight as high as 0.99. 

This is not the case with size reduction rates from the mixture with reduced weight, 

where only for model mixture 1 the coefficient of determination is 0.975 and therefore 

significant. For this example the relative part of abraded cores from abrasion and 

chipping in the breakage function due to wear can be determined from eqn.(162) : 

b(~om)"" l: ~S (ad)reduced ""0. 50 
w 

„. (163) 

When it is attempted to apply the conversion, given in eqn.(160), to river sediment, there 

is obviously a prob lern with a field measurement of size reduction rate (ad) d d. When 
Te UCt! 

its determination even under controlled conditions in an abrasion experiment is not an 

easy task, then it is better to use the definition, given in eqn.(162), and then for the 

conversion use foUowing expression : 

„. (164) 

AB can be seen, only abraded cores are part of the convertion equation, not but abraded 

fines, since only the former can be adequately measured by a sieve analysis. Hence the 

conversion depends direclly on the breakage distribution function due to wear, which can 

be determined making an assumption as to how the sediment mass is spread over a 

discrete size interval. Three different ways seems to be useful : 

- assuming that the mass is equally spread over the size interval, i.e. particles in the same 

size interval all have the same size and mass. This assumption is rather emde, at least 

when the size intervals are not really very narrow. lt can be shown after some 

mathematical steps that : 

R 

R 

b( wjillJ = 0. 25 and b( ~om) = 0. 75 

b(Wfi11J=O.I5 and b(~0m) =0. 85 

„. (165) 

„. (166) 
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... (167) 

aw""3.53(ad) (I-aws) con.stanI 

As already mentioned, narrow size intervals should be used to prove this assumption, 

which is not the case with the sets of sieves usually used in practice. 

- following the derivation of the size-mass balance equation for batch grinding, given in 

Appendix 1, breakage functions are defined as : 

( ) 6- 6R ( ) 1 + R b wjines = - -- and b "".:om = ---
7 - 5R 7 - 5R 

... (168) 

R (V2r1 b( wfinJ = 0.51 and b( wcores) = 0. 49 

R (V2f1 b( wjinu) = 0. 34 and b(W,,0 ,., ) = 0.66 
... (169) 

R = (V2r1 aw""l.53(ad) (l - aws) constanr 

R = (V2r1 aw ""2.24(ad) (l-aws) 
constanl 

... (170) 

The experimental value for b(Wcom) = 0.50 seems to prove this assumption. 

- assuming that the mass is spread over the size interval according to the particles size, 

i.e. coarser particles near the upper bound of the size interval are heavier than the 

smaller particles near its lower bound, then the breakage functions are as follows : 

R (V2f1 

R = (V2f1 

b(Wfi11J=0.65 and b(W,,0 „J =0.35 

b(Wfi•uJ =0.41 and b(W,,0 ,J =0.59 

... (171) 

.. . (172) 
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... (173) 

From all three possibilities it seems that the second is the most appropriate one and 

therefore it will be used in the next section for the conversion of size reduction 

coefficients into weight reduction ones determined in situ. 

6.1.2 Field determination of reduction coefficients 

Tue size and mean weight reduction rates respectively of river sediments are higher at the 

beginning of the abrasion process, be that in mountain strearns or after the confluences, 

which bring fresh and unsound material, and decrease approxirnately exponentially 

towards a constant value, typical for gravel sediment. Normally in nature this constant 

value is hardly ever reached, since gravel-bed rivers very often abruptly change to sand

bed rivers with as much as a magnitude lower reduction rates. This abrupt change is 

normally the result of sorting processes. Once again it can be seen, that in the related pair 

abrasion - selective transport, a more active role in influencing the other factor can be 

ascribed to the selective transport. Tue direct influences of the abrasion processes on the 

selective transport can be summarised as : 

- relative rush changes of the form and less rush changes of the size of the unsound 

sediment particles, especially in upland areas and after confluences with strearns, that 

bring fresh unsound material into the main strearn, 

- the abrasion process results in different forms and sizes for different lithologies, and 

hence directly supports a selective process. 

On the other hand, selective processes directly influence abrasion processes in several 

ways: 

- by leaving behind coarser particles selective transport changes grain-size distribution, 

which is normally finer, which cushions breakage of finer particles, 

- change of the strearn bed from a gravel type to a sand type, a result of decreased flow 

competence, dramatically lowers reduction rates. 

Since downstrearn fining in rivers is due to many factors, not only abrasion, field size 

reduction rates must be seen in that light. They are normally higher than obtained from 

abrasion process alone and the difference is then often subscribed to selective transport 

or in some field situations also to other influencing factors , such as sediment supply 

from contributors or weathering in place. Tue next comparison between converted field 
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size reduction coefficients into weight reduction ones and experimental weight 

reduction rates should help to evaluate the importance of abrasion processes in the study 

reach. As already shown in Chapter 3, the study reach can be divided up into several 

different parts, where only the middle part from site 4 to site 8 seems to be appropiate 

for such a comparison. For the conversion eqn.( 170) was used : 

... (170) 

and the correction due to reduced weight was neglected. 

Tue average-grain model gives for the study reach of the Alpine Rhine the following 

weight reduction rates : 

- for the first 10· kilometers after the confluence with the Landquart River, mainly river 

sediment from the Landquart River seems to give the character of the Rhine sediment. 

Tue basis for this decision is that practically the same course of model mixtures 5 from 

the Schraubach River, and model mixture 1 from a bulk sample immediately after the 

confluence with the River Landquart was obtained. This picture can change after each 

flood, since floods in the Landquart and Alpine Rhine rivers do not necessarily occur at 

the same time. Thus more Rhine sediment can be found after one flood event 

downstream of the confluence with the River Landquart and later vice versa. 

Nevertheless, from Rhine km 23.2 to approximately Rhine km 30 a decreasing weight 

reduction coefficient is expected, with its initial value at the mouth of the Landquart: 

a,., z 0. 0168 /km and at Rhine km 30 : a,., ~ 0. 0140 /km . Besides that it can be said 

about that part of the study reach, that it is under the strong influence of selection 

prcx!esses, since the weight reduction due to abrasion accounts for only about 20 % of 

the whole reduction. Also the petrographic composition changes more strongly due to 

low abrasion rates only. 

- at site 2 (Rhine km 27.0) the character of the Rhine sediment changes dramatically. 

This fact can be seen in the abrupt change in the weight reduction coefficient to 

a,., z 0. 0053 /km, which can not be explained by the otherwise decreasing weight 

reduction coefficent of the upstream sedirnent. A possible explanation may be the 

mixing of fresh sediment already mentioned \n Chapter 3, transported either from the 

Landquart or the Alpine Rhine upstream Tardis bridge, with old Rhine sediment, 

transported there years ago, or also with historic Rhine sediment, deposited in the Rhine 
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riverbed since the last glaciation, and eroded due to constant degradation over the years. 

This possible mixing defined the behaviour of the Alpine Rhine at downstream site 2. 

- from approximatelly Rhine km 30 downstream to the confluence with the River Ill at 

Rhine km 65.2 the Rhine sediment is more homogeneous. The division of that stretch 

into two shorter ones (see Table 20) was only needed to clarify the field situation. The 

observed changes in its petrographic composition (Appendix E.2) cannot be caused by 

field measured and experimentally confirmed low weight -reduction rates, as was 

shown in Chapter 3. Since it seems that selective transport is not a function of 

lithology, then these changes can be explained only by the above mentioned mixing of 

fresh bed load sediment and old eroded sediment deposits from the Rhine riverbed due 

to its degradation. Rhine sediment is petrographic not homogeneous, but differences 

between carbonaceous and non-carbonaceous lithologies are not big, as shown in 

analysis of size reduction coefficients, given in Table 3. Also the mean experimental 

weight reduction rates for model mixtures 3 and 4 are practically the same, despite 

somewhat different petrographic compositions. Thus from approximately Rhine km 

30.0 to the mouth of the River lll a slightly decreasing weight reduction coefficient 

would be expected, with its initial value at Rhine km 30: a„ z 0.0071 /km and at the 

mouth of the River Ill : a„ z 0. 0054 /km. Also that part of the study reach is, as 

already ascertained for the first part, under the strong influence of selection processes 

upstream the confluence with the River Ill , which brings a Jot of sediment into the 

Rhine River and can be regarded as a fix point for the Rhine longitudinal river bed 

profile. Due to intensive aggradation the weight reduction due to abrasion accounts for 

only approximately 6 % of the whole reduction. Also the petrographic composition 

changes more strongly than that due to low abrasion rates only. The sorting of Rhine 

sediment in this third part of the study reach may be taken as high as in its first part, 

because approximately the same weight reduction intensity as after the confluence 

with the River Landquart is observed, if the same efficiency of the sorting processes 

for different coarse sediment mixtures can be assumed. Then the lower portion of the 

weight reduction in the whole reduction in the third part of the study reach (reduced 

from 20 % in the first part to 6 % in the third one) is due to the approximately three 

times lower mean weight reduction rates. 
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comparison between field and experimentally 

determined mean weight reduction coefficients (-/km] 

part of the field ac1 aw= experimental model mean a"' 

studv reach measuremcnt r-/kml 1.53 a.-1 mixturc r-lkml 

site 1 - site 4 bulk samples 0.04526 0.0692 l - sitc # 1 0.0168 -

0.0134 

convcrtcd 2 - sitc # 2 0.0053 -

bulk samoles 0.04220 0.0646 0.0050 

sitc 4 - site 8 bulk samples 0.00237 0.0036 3 - site #4 0.0071-

0.0056 

convertcd 4 - sitc # 6 0.0063-

bulk samolcs 0.01161 0.0178 0.0056 

site 9 - si te 11 bulk samples 0.06784 0.1038 3 - sitc # 4 

converted 0.06842 0.1047 & 0.0056 -

bulk samnlcs 0.06254 0.0957 4- site # 6 0.0054 

Table 20 Comparison bctween field and experimentally-determined weight 

reduction coefficients for the study reach of the Alpine Rhine. 

6.2 APPLICATION OF THE AVERAGE-GRAIN MODEL 

A fairly suitablc and at thc samc time quitc simple model has been proved to be the 

average-grain abrasion model, in which the weight reduction coefficient is described by 

the exponential wcaring model. Of the experimentally observed particle size and 

abrasion distance dependence of the linear wearing rates only the latter is taken into 

account. The model has four parameters which necd to be determined. 

6.2.1 On the Alpine Rhine 

The basic form of the model is given in Table 21. As already statcd by discussing an 

average-grain abrasion model, only one type of the regression model could not bc 

found. So two stretches in the study reach of the Alpine Rhine must be differentiated. 

Corresponding wcight reduction coefficients are given in Table 22. 
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AVERAGE-GRAIN ABRASION MODEL 

GENERAL 

m = moe -aws ... [kg] 

d = d0e-•ds „. [mm] 

m0 [kg] and d0 [mm] are mass and mean diameter of the 

moving sediment at distance zero, respectively 

m [kg] and d [mm] are mass and mean diameter of the 

same sediment after travelling abrasion distance s [km] 

a„ [-/km] is the weight reduction coefficient 

ad [-/km] is the size reduction coefficient 

... (177) 

... [-/km] ... (178) 

Ko [-/km] represents abrasion component, a kind of Sternberg's coefficient 

JC 1 [-/km] represents chipping component 

K 2 [ - ] is an index of how rapidly a chipping component falls away 

s + s0 [km] is the distance from main sediment sources 

exDCrimental abrasjon data avajlable 

K0 [-/km], K 1 [-/km], K2 [ - ], s0 [km] are experimental determined parameters 

use nonlinear regression analysis of weight losses of model mixtures 

Table 21 

use eqn.(177) for a„ 

for results on the Alpine Rhine see Table 22 

exDerjmental abrasjon data not ayailable 

use Schoklitsch's weight reduction coefficients 

see Section 6.2.2 

General average-grain abrasion model for gravel-bed rivers. 
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AVERAGE-GRAIN ABRASION MODELS 

ON THE RIVER ALPINE RHINE 

Rhine km Rhine km 

23.2 - aoorox. 30 aoorox. 30 - 64.9 

lower limit : lower limit : 

aw = 0. 0085 + 0.1 I(s - 10rl.O ... [-/km) aw = 0.0037 + O. I Is-1.o ... [-/km] 

.. . (55a) .. . (57a) 

upper limit : upper limit : 

aw = 0.0170 + 0.22(s - JOfl.O ... [-/km] aw = 0.0074+0.22s-l.O·· · (-/km] 

... (55b) ... (57b) 

Table 22 Average-grain abrasion models for the study reach of the Alpine Rhine. 

For the stretch between the confluence with the River Landquart at Rhine km 23.2 and 

approximately km 30 the experimental results for model mixture 1 and 5+5a may give a 

good approximation, which may be valid for the sediment transported from that stretch 

further downstream Rhine km 30 as weil. For the sediment eroded from the stretch 

between approximately Rhine km 30 and the confluence with the River III at km 64.9 

the experimental result for model mixture 3 may give a good approximation. lf one 

wants to define the weight reduction coefficient very precisely, it would be necessary to 

make · a lot of abrasion expcriments with model mixtures from practically every 

important sediment source. 

Weight reduction coefficients are also shown in Figure 50. lt is true that neither of the 

weight reduction coefficients was corrected due to low particle velocities in an abrasion 

set-up (mean particle velocily about 0.2 m/s), but since all particle sizes are considered 

perhaps this correction is no longer necessary. Thus these results, given in eqns.(55a) 

and (57a), can be Laken as a lower Iimit of the possible mean weight reduction of 

moving sediment. Tue upper limit of possibile mean weight reduction, given in 

eqns.(55b) and (57b), can be reached by assuming mean particle velocities greater than 

0.8 m/s and simply multiplying the lower limit by the factor 1.5, as shown in Table 22. 
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AVERAGE-GRAIN ABRASION MODEL 

20 

c:q,..,__ ·~ •• 
~,.,- ········ ························ 
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RHINE km 
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Figure 50 Proposed average-grain models for the mean weight reduction coefficients 

in the study reach of the Alpine Rhine. 

6.2.2 On other gravel-bed rivers 

Tue basis for the application of the average-grain abrasion model forms the weight 

reduction coefficients aw, given for a variety of lithologies in Schoklitsch (1933, Table 

1, pp.352-354) and also taken over for selected lithologies in Appendix A.2. 

Schoklitsch performed tumbling mill abrasion experiments with only one test particle at 

once and found the impactive wear to be valid independent of the particle size. Tue 

linear wear rate (dr/cJJ) [mm/km] can be then determined from Schoklitsch's 

experimental results as follows : 



aw = l(dr) = llC /' ... [-/kmJ 
r dt r 
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... (174) 

and while for impactive wear !3. = 1 is then the constant 1C [-/km] in the expression of the 

linear wear rate : 

1C = aw [ /k l ... - m 
3 

... (175) 

Tue change of the particle size with distance in the case of impactive wear, already 

given in eqn.(84 ), can be then expressed as : 

... (176) 

Tue constant 1C [-/km] can be used directly as the size reduction coefficient ad [-/km]. 

Schoklitsch gave only two different values for each lithology: for the chipping phase 

(orig. scharfkantige Bruchstücke) a,.,_, and the abrasion phase (orig. runde Geschiebe) 

aw-a· Tue differences between these values are rather small and in general are below a 

factor two. In contrast to the experimental results of Schoklitsch, it can be expected that 

the reduction coefficients for the chipping phase at the very beginning of the abrasion 

process can be as high as ten times the reduction coefficients for the abrasion phase. 

This shows different experimental results, like ours with model mixture 5 as well as 

Kuenen's with rolling pebbles (1956, Figure 14, p.354). Therefore, it is very important 

when applying Schoklitsch's coefficients to introduce their distance dependence. Tue 

way this could be done depends on whcther there additional experimental data is 

available or not. 

6.2.2.1 Wjthout additjo11al abrasjo11 data available 

If no additional data on the reduction coefficients is availablc, then the following stcps 

may be takcn : 

- find in Schoklitsch Table 1 (1933) or Appendix A.2 in this study one lithology that 

best corresponds to the field situation 
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- take a„_a [-/km] and put this value into eqn.(175) to get K 0 = a„_a / 3 [-/km], 

- take 5 to 10 times a„_a [-/km] and put this value into eqn.(175) to get 

K 1 = (5 + IO)a„_a/3 [-/km], 

- take K2 = 0.5 + 0.7 for mountain streams or upper reaches of gravel-bed rivers, and 

take K 2 ~ 0. 7 + 1.0 for the middle or lower reaches of gravel~bed rivers, 

- if one investigates the abrasion process directly from the sediment sources 

downstream a river then take for the value of parameter s0 [km] the distance 1 km due 

to the mathematical form of eqn.( 177), 

- if one investigates the abrasion process already away from the main sediment sources 

then take for the value of parameter s0 [km] the mean distance from these main 

sediment sources, 

- pul all values into the exponential form for the size reduction coefficient ad : 

„. (177) 

where s [km] is the distance along the river, and then 

- put the size reduction coefficient into eqn.(176) to get the changes of the mean 

diameter along the river : 

„. (176) 

6.2.2.2 Additio11al abrasio11 data available 

If tumbling mill abrasion experimenls can be performed in the way described in this 

study, then two model mixtures may be sufficient for that purpose. Make a full 

experiment with several steps over at least a distance of interest. Then take the mean 

values of the four model parameters which were obtained by regression analysis of the 

experimental data and use eqns.(176) and (177) as before. 
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6.3 APPLICATION OF THE SIMPLIFIED FRACTION MODEL 

When a fraction model can be used, like in a numerical simulation of sediment 

transport, it should be given priority over an average-grain abrasion model. The 

simplified fraction model, neglecting fracture processes and describing the fluvial 

abrasion process by wearing processes only, seems to be suitable for the majority of 

field Situations. The wearing processes are described by the exponential Bond wearing 

model. The experimentally observed particle sizc and abrasion distance-dependence of 

the linear wearing rates are both integrated in the model. lt has five parameters which 

need to be determined. 

6.3.1 On the Alpine Rhine 

The basic form of the model is given in Table 23. Now two stretches in the study reach 

of the Alpine Rhine must be differentiated. Thc corresponding fraction specific rates of 

breakage due to wear are given in Table 24. 

For the stretch between the confluence with the River Landquart at Rhine km 23.2 and 

approximately km 30 again the experimental results for model mixture 1 and 5+5a may 

give a good approximation, which may be valid for the sediment transported from that 

stretch further downstrearn Rhine km 30 as weil. For the sediment eroded from the 

stretch between Rhine km approximatelly 30 and the confluence with the River III at 

km 64.9 the experimental results for model mixture 3 may give a good approximation. 

6.3.2 On other gravel-bed rivers 

The basis for the applicalion of the simplified fraction abrasion model is formed by 

Schoklitsch't> weight reduction coefficients, as was proposed for the average-grain 

model. The parameters K0 [-/km],K1 [-/km],K2 [-]. s0 [km] must be determined in the 

same way as described in Section 6.2.2, which results in the abrasion distance

dependent parameter : 

K(s) = aw-a + (5 + 10) aw-a [1-(0.5+0. 9)](s + sof(05+09) 
3 3 

... (183) 
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SIMPLIFIED FRACTION ABRASION MODEL 

GENERAL 

M(s) = exp [- (1 - B) S s) M(O) ... (126) 

M(O) is 11 x 1 vector of relative frequencies of weight fractions, 

result of a sieve analysis of sediment at distance zero 

M(s) is 11 x 1 vector of relative frequencies of weight fractions, 

result of a sieve analysis of sediment at distance s 
11 is number of particle size intervals 

0 0 
0 

1 is an 11 x 11 identity matrix : { ;1 
... (127) 

0 

0.5 

0 
0 

0.5 

0 

0 
0.5 

0 

0.5 

0 1 

0 0 

B is an 11x11 lower triangular matrix (eqn.(147)) 

S is an 11 x11 diagonal matrix (eq.(135)) 

0 o· 0 0 s, 0 0 
0 0 0 0 0 s2 0 
0 0 0 0 0 0 s 

0.5 0 0 0 S= 3 

0.5 0 0 
0 0 0 

0.5 0.5 1.0 1.0 0 0 0 ... 

i-th element of matrix S is 

0 

0 

0 

sn-1 
0 

... (155) 

xm [mm] is mcan diameter of five coarser size intervals 

X; [mm] is the upper sieve size of i-th interval 

0 

0 

0 

0 

s 
n 
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experimental abrasion data available 

- 7 - SR (l+R)t.'(l)t.,-i t. _1 
si-ostimated = 1- R2 - 2- 2 ic(s) X; . 

K(s) = K0 +ic1(1 - K2)(s+s0f'2 „.[-/km] „.(145) 

K0 [-/km],K1 [-/km],K 2 [-], s0 [km] and ti, [-] 

ti, = 0.9 

ti, = 0.8 

ti, = 0.7 

ti, = 0.6 

are experimentally determined parameters 

R [-) is geometric sieve ratio 

for results on the Alpine Rhine see Table 24 

experimental abrasion data not available 

assume R = ( fif 1 and 

S;_estimated = 6.441C(S) x;°·I „. [-/km] 

S;_,stimated = 7. 0lic(s) x;-°·2 „ . [-/km] 

S;-estimated = 7.64ic(s) x;°.3 „. [-/km] 

S;_,st imated = 8.3lic(s) X;--0.4 „. [-/km] 

„. (178) 

„. (1 79) 

„. (180) 

„. (181) 

- --05 
"1, = 0.5 Si-wimated = 9.Ü5K(s) X; „. [-/km) „. (182) 

use eqn.(183) and Schoklitsch's weight reduction coefficients 

see Section 6.3.2 

Simplified fraction abrasion model - general. 

For the fifth parameter ti, [-] the following values can be assumed: 

- ti, z 0.5 + 0.6 for the chipping phase (upland areas, unsound sediment) or particle 

velocities of about 1 m/s 

- ti, ~ 0.7 + 0.8 for the abrasion phase (sound sediment) and moderate particle 

velocities up to about 0.6 m/s 

Additionally, the linear wear rate (dr/dt) [mm/km] must be discretised and integrated 

into a fraction specific rate of breakage due to wear, given in eqn.(145). Tue resulting 

specific rates are given in eqns.(178) to (182) for different values of index ti.- For the 

parameter K(s) in eqns.(178) to (182) its value from eqn.(183) must be taken. 
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SIMPLIFIED FRACTION ABRASION MODELS 

ON THE RIVER ALPINE RHINE 

Rhine km 23.2 - aoorox. 30 

experimental results of model mixture 1 (see Table 15) : 

K 0 = 0.0015 -/km, K 1 = 0.1 -/km, K 2 = 0.7, s0 = 13 km and ö, = 0.9 

S.sti111a1ed-i = 6.44[0.0015+0.03(s - 10)-0 7]x;-O.l ... [-/km] 

km 23 : X; = 100 mm SestimaJ<d = 0.0263/km X;= 10 mm Sestimat•d = 0.0332/km 

km 30: X; = 100 mm Sestimat«I = 0.021 J/km X;= 10 mm Sestimated = 0.0265/km 

/),.correc/ed"" /),.estimat•d - 0.3 ·· · [- ) ··· (156) 

xm = 55 mm 

~orrectetl-i = ( 0.0224 + 0.448(s - 10)-0.?)x;°.4 ... [-/km] 

km 23: X; = 100 mm Scorrected = 0.0153/km X;= 10 mm Scorrected = 0.0385/km 

km 30: X; = 100 mm Scorrect•d = 0.0123/km X; = 10 mm Scorrected = 0.0308/km 

Rhine km aoorox. 30 - 64.9 

experimental results of model mixture 3 (see Table 15): 

K 0 = 0.0011 -/km, K 1 = 0.1 -/km, K 2 = 0.7, s0 = 31.5 km and 6, = 0.8 

Swimaied-i = 7. 0 l[ 0. 0011+0. 03s--0·
7 ]x;°2 

. .. [-/km] 

km 30: X; = 100 mm Sestimated = 0.0108/km X;= 10 mm Sestimat<d = 0.01 7 1/km 

km 60; X; = 100 mm Sestimated = 0.0078/km X; = 10 mm Sestimat•d = 0.0 124/km 

!!,.correcled ""/),.tsti111attd - 0.3 ··· [-) ··· (156) 

xm = 55 mm 

~orrrcted-i = (ü.018 + 0.488s-0
·
7)x;-O.S ... [-/km) 

km 30 ; X; = 100 mm Scorrect•d = 0.0063/km X; = 10 mm Scorrected = 0.0200/km 

km 60: X; = 100 mm Scorrect•d = 0.0046/km X; = 10 mm Scorrected = 0.0145/km 

Table 24 Simplified fraction abrasion models for the study reach 

of the Alpine Rhine. 
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7. CONCLUSIONS 

7.1 MAIN RESULTS OF THE STUDY 

From the comprehensive field and experimental studies of the fluvial abrasion of gravel 

sediment presented here, deepened by the intensive theoretical study of the 

mathematical description of the weight reduction processes in an abrasion set-up, the 

following main results may be given : 

- diminution processes in the set-up can be described by two different abrasion models: 

with the average-grain model and the fraction model, which can be complete or 

simplified, 

- if the average-grain model is applied due to its simplicity, then it should take the 

exponential form with four parameters, as seen for gravel-bed rivers in Table 21 and 

for the study reach of the Alpine Rhine in Table 22. With this model only the 

dependence of the linear wearing rates on the abrasion distance can be taken into 

account, 

- not enough experimental data were available to determine the parameters of the 

complete fraction model, so only its simplified form should be used, 

- the simplified fraction model should be given priority over the average-grain model, 

since the former can integrale both experimentally observed dependencies of the linear 

wearing rates on abrasion distance and particle size, respectively. 

- if the simplified fraction model is applied, then it should take the form with five 

parameters, as seen for gravel-bed rivers in Table 23 and for the study reach of the 

Alpine Rhine in Table 24, 

- when in a certain field abrasion study no own experimental data on weight reduction 

coefficients and rates are available, then the experimental work of Schoklitsch can be 

applied together with the abrasion models proposed in this study, as explained at the 

end of Tables 21 and 23, 

- the distance travelled by particles in an active layer on the test mixture surface (see 

Figure 15) was defined as the abrasion distance, and can be determined quite weil only 
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for particles coarser than approximately 1 cm. Particles finer than that limit presented 

only a small part of the whole mixture mass, and should be treated as filling fractions, 

cushioning the intensity of diminution processes of coarser particles, 

- for particles coarser than 2 cm the regression equation for the real abrasion distance as 

a function of the mill charge, mill rotational speed and particle size has been 

developed and is given in eqn.(53). For these particles is the dimensionless particle 

real abrasion distance less than 50 % of the mill circumference for the abrasion 

experiments relevant mill rotational speed of approximatelly 120 rph, 

- not yet solved are the influences on this equation of the following factors, which have 

not been investigated but are also relevant for the particle motion in an abrasion set

up: coarsness or mean size and sorting parameter of the model mixtures' used, the 

angularity and roundness of the particles and the dynamic angle of repose defined 

from this data, and the variance of the mean particle velocity, 

- different reduction coefficients and rates have been determined by measuring weight 

changes which took place, 

- diminution processes in the set-up can be divided into fracture processes, like 

breakage by pebbles or self-breakage, and wearing processes, like chipping and 

surface abrasion, where the latter were definitely the prevailing ones, 

- the most important parameter of the wearing processes is the linear wearing rate 

(dr/di) [mm/km], wearing distance per unit time, which has been experimentally 

found to be a function of abrasion distance and particle size, 

- it could not be stated clearly whether the experimentally observed dependence of 

linear wearing rates on particle size is specific for the experiments with mixtures in 

abrasion set-ups similar to the tumbling mill (Marshall, Düll, Stelczer, this study) or it 

is caused by rather exaggerated sediment transport rates, since no such dependence 

could be found in the experiments with only one test body or particle (Schoklitsch, 

Kuenen). So an experimental study on actual forces by sediment movement is urgent, 

- in a typical abrasion set-up in the form of a tumbling mill coarser particles mainly 

slide and roll different travelling distances and at different velocities and finer 
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particles mainly percolate through voids and segregate in the middle of the mill 

charge, 

- since the mixture is forced to rotate in the set-up, very high sediment transport rates 

are achieved already at rather low mill rotational speeds and mean particle velocities. 

7.2 SUGGESTIONS FOR FURTHER RESEARCH 

7.2.1 Laboratory theoretical research 

The findings of this experimental study on gravel sediments form a good basis for 

further research on the abrasion of sediments. The suggestions for further experimental 

research can be divided into three groups : 

1. Experiments with one well-defined model mixture. The main aim of such 

experiments should be the effort to get a better insight into the influence of some 

parameters on the weight reduction rates of model mixtures in an abrasion set-up : 

- study of the influence of the mean particle velocity on the weight reduction rates. The 

limits for that study are already given by the research work carried out by Schoklitsch 

and Kuenen, and described in Chapter 2, as weil as our own first attempts. One of the 

main purposes should be a check on the validation of the theory of two different 

wearing mechanisms, friction and impact, 

- sensitivity study of the weight reduction rates on the different distributions of the 

particle velocity with the same mean value, 

- study of the influence of sediment transport rates, separately from mean particle 

velocity, on the weight reduction rates. The direction of the study is given by the 

experimental results of Stelczer, which has proposed practical constant reduction rates, 

without any important influence of sediment tranport rates. This study cannot be 

undertaken in onl y one abrasion device, since both factors, sediment transport rate and 

particle velocity, are directly connected with each other and cannot be chosen freely, 

- study of the influence of the grain size distribution of a model mixture, defined !et us 

say as a ratio between weight fractions of coarsest and finest particles in the model 
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mixture, on the weight and sire reduction rates respectively of the whole model 

mixture and smallest sire intervals separately. 

2. Experiments with several different model mixtures. There is a wide spectrum of 

experiments conceming mixing geological materials with known but different weight 

reduction rates, Jet us say due to different lithologies, stages of soundness etc. One main 

challenge may be the question, whether a material in such a mixture of different 

materials is really abraded in the same manner as if it was abraded alone. One direction 

of these studies could be to check the idea of the grinding path, which should be the 

sarne for a given material, independent of the environment in which this material is 

abraded. Some possible experiments with two (three) different materials, which are then 

abraded in different mixture ratios according to a selected experimental design, could 

be: 

- to take different geological materials and make a mixture of different hard and soft 

materials respectively, where reduction rates are a function of the hardness difference 

between the materials. Typical situations in nature are: mixing of river sediments after 

confluences, at severe bank and bed erosion, respectively etc., 

- to take different sound materials and make a mixture of different rounded materials, 

and investigate the influence of different mixture ratios of the already sound material 

on the chipping rates and the cessation of chipping of still unsound ones, and how 

weight reduction rates of the sound material are controlled by the different amount or 

percentage of still unsound material. 

3. Experiments with one well-defined model mixture to improve the meaningfulness of 

experimental abrasion studies and their relation to conditions in nature. The main aim 

of such experiments should be the measurement of the real mechanical load a particle 

experienced during transport, like the number and intensity of impacts per unit distance 

travelled. The idea is to define the abrasion process not as a function of distance 

travelled, but to relate it directly to measurable and predictable mechanical impacts, 

which are then closely connected with hydraulic conditions. These experiments should 

help to use weight reduction rates, given for mainly rolling material in an abrasion set

up, also in nature for not only rolling but also saltating sediment particles. Possible 

experiments could be : 
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- to measure mechanical impacts on a test particle in the abrasion device at different 

operating parameters giving different particle velocities and sediment transport rates, 

which should be the most important parameters defining rigor of lransport, and 

- to measure mechanical impacts on a same test particle in a flume with movable bed at 

known hydraulic conditions. 

7.2.2 Mathematical modeling 

The suggestions for further research in the field of the mathematical modeling of the 

abrasion process can be defined as follows : 

- apply a proposed size-mass balance model with different wearing models also on other 

abrasion experiments, given in the literature, such as those of Marshall (1927), 

Schoklitsch (1933), Werritty (1992), Parker (199la,b) etc., 

- try to define the abrasion process as a stochastic process, !et us say as a Cox process, 

i.e. as a double Poisson process, where two stochastic variables of the process are the 

number of impacts per unit distance travelled and the intensity of each impact. Use 

experimental results, suggested before in this section under point 3. and new theories 

conceming sediment transport, where rolling and saltation phases of sediment 

transport are clearly defined and evaluated. 

7.2.3 Laboratory applied research 

The main aim of the applied rescarch should be first to get reliable data on the abrasion 

coefficients for different lithologies and to compare these results with already known 

ones, for example from Schoklitsch. Secondly, it would be important to determine the 

abrasion coefficient for the most important Swiss gravel-bed rivers (Rhone, Reuss, 

Aare, Thur, Inn, ... ) and some of their tributaries, and at the same time to check the 

applicability of the simple average-grain model proposed in this study as weil as the 

fraction model of abrasion for different field situations : 

- first of all experiments with mixtures from the most important sources of debris of 

different lithology should be performed. This may help by the decision, which sources 

of debris should be given priority in thc torrent control and which measures should be 

applied in the field, since not all sources are equally important for the downstream 

river regime. Some sorts of debris are practically fully diminuted already after some 
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kilometers of transport, and contribute mainly to wash and suspended load and are 

close related with problems of river bed clogging, sedimentation and flushing of 

different retention basins and water reservoirs. Meanwhile, other sorts of debris are 

much more durable and contribute also to bed load -fractions and therefore directly 

influence the stability of the river bed itself, 

- further experiments with sediment mixtures from the main gravel bed rivers itself 

should be performed in the same way as it has been done in this study for the River 

Alpine Rhine. 
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APPENDIX A 

APPENDIX A.1 : 

source 

Darcel (1857) 
(in Schoklitsch, 1933) 

Sternberg (1875) 

v.Hochenburg (1886) 
(in Forchheimer, 1914 

Hildenbrand (1888) 
(in Scboklitsch, 1914) 

Fugger & Kastner 
(1895) 

Heim (1913) 
(in Kreuter, 1913 und 

Schoklitsch, 1914) 

Kreuter (1913) 
(in Schoklitscb, 1914) 
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REDUCTION COEFFICIENTS 

SIZE AND WEICHT REDUCTION 
COEFFICIENTS FROM FJELD OBSERVATIONS 
(part 1). 

location ad [-/km] a„ [-/km] not es 

Seine Ri ver 236 km 0.0032 0.0095 mean grrun size 
Paris - Rouen 

Rhein River 260.9 km 0.0029 0.0087 mean grrun size 
Basel - Mannheim 0.0052 0.0156 max. grrun size 

Mur River 120 km 0.0025 - 0.0078 0.0076 - 0.0235 mean grrun size 
Graz - Untermautdorf 0.0106 0.0319 max. grrun size 

III River 126 km 0.00 II - 0.0040 0.0034 - 0.0119 max. grrun size 
Immenstadt - Wiblingen 

Salzach River 36.5 km 2.5 Silurian timestone 
Laufen -Ach 2.5 Mesozoic dolomite 

1.7 phyllit 
1.2 Paleozoic limestone 
1.0 Mesozoic limestone 
0.8 Neocom sandstone 
0.8 f!ysh and quartz 
0.7 slate 
0.5 quartz-sandstone 
0.5 crystalline-slate rock 
0.4 crystalline-grruned 

rock 
0.4 Mesozoic homstone 

? 0.0167 marly timestone 
0.0100 limestone 
0.0083 dolomite 

0.0050 - 0.0033 gneiss, granite 
0.0033 quartz 

0.0025 - 0.0020 ampbibolite 

Danube River 
Mauthausen - Grein 0.0106 0.0319 max. grain size 

32km 
Grein - Wörth 2.8 km 0.1308 0.3924 max. grain size 



APPENDIX A.1 : 

source 

Keller (1916) 

Schoklitsch (1933) 

Krumbein (1942) 

Bradley (1970) 

Bradley ctal. (1972) 

Knighton (1980) 
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SIZE AND WEJGHT REDUCTION 
COEFFICIENTS FROM FIELD OBSERVATIONS 
(part 2). 

location ad [·/km] aw [-/km] not es 

Rhein River 
llanz - Chur (35 km) 0.0146 0.0438 max. grain size 

Chur - lll River (63 km) 0.0139 0.0417 max. grain size 

lll River - Lake of 
Constance (55 km) 0.0176 0.0528 max. grain size 

Rhein River 75.3 km 
Tardis bridge - Altenrhein 0.0100- 0.0462 0.0031 - 0.1386 max. grain size 

Rhein River 41.45 km 
Tardis bridge - lll Rivcr 0.0067 - 0.1254 0.0202 - 0.3761 max. grain size 

Gail River 76.1 km 0.0168 - 0.1078 0.0503 - 0.3233 mean grain size 
V alentina Br. - Maria Gail 0.0146 - 0.1020 0.0437 - 0.3060 max. grain size 

Danube Rivcr 272.72 km 
Linz - Deutsch/ Altenburg 0.0077 0.0230 mcan grain size 

Traun River 41.6 lan 
Lambach - Krems 0.0090 0.0269 mean grain size 

Arroyo Seco 9.2 mi. 0.1226 0.3678 max. grain size 
(California, USA) 

Colorado River (Texas) max. grain size 
257.6 km 0.00277 0.00831 granitic rocks 

Austin - Columbus/Eagle 0.00098 0.00293 chert 
Lake 0.00144 0.00433 quartz 

Knik River (Alaska, USA) 0.0793 0.2379 max . grain size 
16 mi. = 25.7 km 

Amber River 0.045 0.135 mean grain size 
Noe River 0.042 0.126 
Dean River 0.071 0.213 
Bollin River 0.118 0.354 



APPENDIX A.2 : 

source 

Daubree (1879) 

Erdmann (1879) 
s = 22.98 km for 

angular 
s = 13.54 km for 

rounded 
fragments 

Fayol (1886) 
(in Scboklitscb, 1914) 

Scboklitscb (1914) 

Wentwortb (1919) 

Schoklitscb (1933) 
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WEIGHT REDUCTION COEFFICIENTS 
FROM EXPERIMENTS (part 1). 

material size[m] 
weight [kg] 

a„ [-/km] 

grdllite - angular fragments nut-size 0.016 
granite - rounded fragments to 0.0001-0.0004 
felspar - angular fragments fist-size 0.003 
felspar - rounded fragments 0.002 

obsidian 0.0003 
serpentine 0.003 

Cretaceous flint 0.0002 
quanz (?) - v= 1 m/s 0.0005 m 0.0001 

angular fragments : 3-6cm 
granite 25-60gr 0.0054 

Orthoceratit limestone 0.0311 
grained limestone 0.0157 

Cambrian sandstone 0.0102 
Rhaetian sandstone 0.1001 

clayisb slate 0.0293 

rounded fragments : 3-6cm 
granite 10-20gr 0.0075 

Orthoceratit limestone 0.0180 
grained limestone 0.0202 

Cambrian sandstone 0.0105 
Rhaetian sandstone >0.5 

clayish slate 0.0610 

granite fist-size 0.000025 
quanz 0.0000125 

plaster cubes - s=2500 m 10 - lOOgr 0.39 

Niagara limestone 180 gr 0.0026 
granite cobble <0.0003 

limestone > 0.03 

talcum slate 1 - 3 kg 0.72 - 0.86 (0.95) 
chlorine slate with lime 0.13 (0.14) 

sandstone 0.13 
brick 0.10 (0.13) 

olivine (Obersteiermark) 0.084 (0.093) 
arcose sandstone (Brünn) 0.026 - 0.084 (0.255) 

dolomite (Graz) 0.081 (0.171) 
arcose sandstone (Rigi) 0.078 
albite slate (Pinggau) 0.071 (0.076) 

green slate with cblorite 0.068 (0.089) 



APPENDIX A.2 : 

source 

Schoklilsch (1933) 

Stelczer ( 1968) 

Bradley (1970) 

Bradley et al. (1972) 
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WEIGHT REDUCTION COEFFICIENTS 
FROM EXPERIMENTS (part 2). 

material size [m] a„ [-/km] 
weight [kg] 

aplite gneiss 0.053 
fine grained sandstone (R. Mur) 0.046 

karst limestone (lstria) 0.005 - 0.028 (0.160) 
marble 0.020 - 0.026 (0.030) 

breccia (Aspang) 0.025 
calcareous sandstone (Spielfeld) 0.025 

moving bed load : 
volcanic - weathered 15-46mm 3.038 10-6 [-/s] 

sedimentary 1.875 lo-6 (-/s] 
metamorphic 0.426 10-6 [-/s] 

quartz-quartzite 0.162 10-6 [-/s] 
immobile bed load : 
volcanic, weathered 1.994 10-13 [m3/s] 

sedimentary 1.211 10-13 (m3/s] 
metamorphic 0.275 10-13 [m3/s] 

quartz-quartzite 0.103 10-13 (m3/s] 

granite - fresh 43.0 mm - 112.6 gr 0.00094 
granite - weathcrcd 44.6 mm - 119.9 gr 0.01473 

gneiss - fresh 29.6 mm - 33.8 gr 0.00136 
gnciss - weathered 29.0 mm - 29.5 gr 0.01583 

aplite - fresh 52.7 mm - 92.7 gr 0.00063 
aplite - weathered 46.8 mm - 93.4 gr 0.01761 
pcgmatite - fresh 40.0 mm - 72.7 gr 0.00035 

pcgmatite - weathered 36.3 mm - 58.1 gr 0.00205 

graywacke, quartz, foliated 38.5 mm - 66.6 mm 0.0031 



APPENDIX B 

APPENDIX B.1 

source 

Daubr~e (1879) 

Fayol (1886) 
(in Schoklitsch, 1914) 

Wentworth (1919) 

Marshall (1927, 1929) 

Wentworth (1931) & 
Cozzens (1931 ) 

Düll (1930) 

Schoklitsch (1933) 

Thiel (1940) 

Krumbein (1941) 

Stelczer (1968) 

Jurisch (1980) 

Gölz & Tippner 
(1985) 

legend: 
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ABRASION EXPERIMENTS 

SOME CHARACTERISTICS OF 
TUMBLING MILL EXPERIMENTS. 

tumbling mill experiments 

drum material 
diameter length lining speed type size 

rml fml rroml 

0.25 0.5 ? 60- 75 Fa G,S 

0.28 0.40 ? ? Fa G 

0.635 0.33 soft wood 27 Sg G 

0.20 0.34 no 38 5 kg Sm G, S 

0.46 0.25 wood 19 B +Sg G 
M+Fa G 

0.79 1.25 angle iron 5.9 1001 Sm G 
B +Sm 

0.70 0.30 concrete & 8.2 - 82 21Sm G 
granite insole Fa+Sm 

Sg+Sm 

0.61 ? steel drum 25 M s 

0.41 0.53 wood 21 Fa G 

0.72 0.295 gravel in 8 - 23 5 g Sg - G 
concrete 10 kg Sm 

1.02 ? ? 16 4 kg Sg G 

0.83 ? plastic drum 22 5 kg Sm G 

Fa ... angular rock fragments 
Fr . .. rounded rock fragments 

Sm ... sediment mixtures 
Sg ... sediment grains 

G ... gravel 
S ... sand 

B . . . test bodies M ... minerals 



APPENDIX 8.2 

source 

Schoklitsch (1914) 

Lord Rayleigh (1942) 

Kuenen (1956) 

Bradley (1970) 

legend: 
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SOME CHARACTERISTICS OF 
CIRCULAR FLUME EXPERIMENTS. 

circular flume experiments 

vessel bed material 
diameter composition type 

rml 

? sand & plaster B 

0.27 abrasi ve disk B 

l.20 sandy bed Sg +es 
pebbly bed Sg, B, Fa + C, S 

size 

10 - 100 gr 

0.8 - 6 cm 

18-31gr 
3 - 385 gr 

l.20 pebbly bed Sg + (S,G) Sg: 29 - 53 mm 
G: 19 - 83 mm 

Fa ... angular rock fragments Sm . . . sediment mixtures 
Sg ... sediment grains 

G ... 
s „. 
M ... 

gravel 
sand 
minerals 

Fr ... rounded rock fragments 
B . . . test bodies 
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APPENDIX B.3 EXPERIMENTALLY RECOGNIZED 
PARAMETERS OF FLUVIAL ABRASION. 

. 
sediment characteristics 

source petrographic particle particle form weathering 
composition weight - size shape I Stage 

roundness 

Daubr~e (1879) yes - yes -1 yes -

Erdmann (1879) yes - -1 yes -
Schoklitsch (1914) - - no I yes -
Wentworth (1919) yes yes -1 yes -
Schoklitsch (1933) yes yes - -

Stelczer (1968) yes yes - -

Bradley (1970) yes yes - yes 
Jurisch (1980) yes yes yes I yes -

Appendix B.3.1 : Experimentally recognised parameters of ßuvial abrasion due 
to sediment characteristics. 

characteristics of sediment surrounding 

particles at rest 

particles in movement 
sediment particle nature of intermittent kind of 

source yield velocity bed surface movement movement 
[rolling I 

[ pebbly I [ resting I sliding I 
[kg/m,sl [m/sl sandv l movin!!l saltating] 

Wentworth (1919) - yes yes - -
Schoklitsch (1933) - yes yes - -

Kuenen (1955) - yes yes - -
Kuenen (1956) - yes yes - -
Kuenen ( 1959) - yes yes - yes 
Stelczer (1968) no yes - yes -
Bradley (1970) - no yes yes -

Appendix B.3.2 : Experimentally recognised parameters of ßuvial abrasion due 
to characteristics of sediment surrounding. 



APPENDIX C: 

APPENDIX C.1: 

section 
km-km 

km23.2 

23.5 - 31.2 
31.2 - 33.9 

km33.9 

34.0 - 40.0 
40.0- 49.2 

km49.2 

49.2 - 51.0 
51.0 - 65.0 

km65.2 
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STUDY AREA 

RIVERBED SLOPE AND STABILITY IN TUE 

STUDY REACH. 

Alpine Rhine riverbed survey 1975 - 1988 

mean bed slope bed level differences 
1988 1975 - 1988 

mouth of the River Landquart 

0.0030 strong erosion downstream the confluence 
0.0023 aggradation upstream the sill 

Eilhorn sill control structure 

0.0024 erosion downstream the sill 
0.0021 aggradation upstream the sill 

Buchs sill control structure 

0.0012 Iocal erosion downstream the sill 
0.0014 aggradation upstream the confluence 

mouth of the River Ill 
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.:t" .... 

8.0 10.0 12.0 14.0 1 6 .0 18.0 20.0 

d
1 

[cm} ,f 

u dm d90 

flnest sample 2.05 2.93 5.71 

7.02 

7.37 

6.87 

------ average sample 2.33 3.48 
................... coarsest sample 2.27 3.64 

···-···-·· mean of 3 samples 2.21 3.33 

Appendix D.1.2 : Transect samples at the Alpine Rhine site # 2 - km 27.0. 
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Appendix D.1.3 : 

4.0 6.0 8.0 1 0.0 1 2.0 1 4.0 1 6.0 18.0 20.0 

d
1 

[cm} ,f 

O' d d90 m 

flnest sample 1.65 2.90 4.96 

average sample 1.91 3.55 6.72 

coarsest sample 3.11 4.30 9.68 

mean of 3 samples 2.03 3.57 7.14 

Transect samples at the Alpine Rhine site # 4 - km 32.5. 
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Appendix D.1.4: 

4.0 6.0 8.0 10.0 12 .0 

flnest somple 

averoge sample 

coarsest scmple 

meon of .3 samples 

14.0 

d, 

a 

1.86 

1.84 

2 . 49 

2.03 

16.0 18.Q 20.0 

[cm] # 

d d90 m 

2.39 4.61 

3.18 5.61 

4.35 10.00 

3.30 5.93 

Transect samples at the Alpine Rhine site # 5 - km 37.2. 
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avaroge saniple 

coarsest sample 

m e an of 3 sampl e :s 

10.0 12.0 14.0 16 .0 18.0 20 .0 

d, {cm} # 

a d d90 m 

1.87 3.32 5 . 89 

2 . 04 3 . 50 6.75 

2 . 08 3 . 65 6.86 

2 . 00 3.48 6 .57 

Appendix D.1.5: Transect samples at the Alpine Rhine site # 6 - km 42.4. 
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Appendix D.1.6 : 

4.0 6.0 8.0 1 0.0 1 2.0 14.0 1 6.0 18.0 20.0 

d
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fern] ,f 

a dm d90 

flnest sample 1.78 2.94 5 . 1 2 

6 .90 

7.68 

6.74 

avorage sample 2.06 3.51 

coarsest sample 1.90 4.11 

meon of 3 samples 1.95 3.51 

Transect samples at the Alpine Rhine site # 7 - km 47.0. 
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8.0 1 o.o 12.0 14.0 1 6.0 18.0 20.0 

d
1 

{cm] # 

u d d90 m 

flnest sample 1.78 3 . 31 6 .00 

------ average sample 2.19 3.72 7.60 

··················· coarsest somple 1.76 3.80 6.72 

···-···-·· mean of 3 samples 1.90 3 . 60 6 .80 

Appendix D.1.7 : Transect samples at the Alpine Rhine site # 8 - km 51.4. 



226 

1.0 .-~~r-~~,..-~~.,-~~-~.---:~,~.~ •. ,~.::11',~ .... ~...,~~--,,-~~r-~--, 
P1 ~ .,,~~,· ... .,,. _. ... 

0.9 l--~~l--~~l--~--111--/.,,c.~,,,.q-,,.-..:.__-1--~~+-~~-1--~~-1-~~t-~--J 
,,,,,... ,,, .. ; 

) „.,, 
0.8 1--~~l--~~I--~ /~,~...:-~-1-~~-1--~~+-~~+-~~-1-~~t-~~ 

/;/ 
0. 7 l---l----1~-/-1--„74'-_. -+----+--+--+---f--f-----t----l 

0.61-~--l~~-4-.,;..;..~-+-~~-+--~~t--~--I~~-+-~~-+-~~-+-~~ A·: . ....-
o.s l--~~-l--i{:-J.~-~,;+-~~-l-~~-+-~~-l-~~-1-~~--+~~--1~~--11--~--J 

0.41--~--l~~-~~!~;,:......j~~--l~~--+~~--+~~-1-~~-+~~-t-~~-t-~~~ 

0.31-~-+U--i-'---+-~~+--~-+~~-+-~~t--~-+~~-+-~~t--~---l 
"J.":· 

j•"/ 
0.2 l--~~-„-~~i...:..~~l--~--ll--~--l~~--1~~--+~~--+~~-1-~~-+-~~-1 

0.1 l--~,--+~~--1~~~1--~~1-~~+-~~-1--~~-1-~~-t-~~-t-~~--1 

O .OL-~--1~~-L~~....L.~~-'-~~L-~-.1.~~-L~~....L.~~-'-~---' 

0 .0 2.0 4.0 6.0 8.0 10.0 1 2.0 14.0 1 6.0 18.0 20 .0 

flnest sample 

- - - - - - average sample 

••••••••••••••••••• coarsost sample 

„._„,_„ mean of 3 samples 

d
1 

fern]# 

a 

2.03 

2.24 

1.79 

2.05 

d 
m 

3 . 70 

4.23 

4.30 

4.07 

Appendix D.1.8 : Transect samples at the Alpine Rhine site # 9 - km 56.6. 
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Appendix D.1..9 : Transed samples at tbe Alpine Rbioe site • 10 - km 60.8. 
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8.0 1 0.0 1 2.0 1 4.0 1 6.0 18.0 20.0 

d
1 

[cm} ,f 

a d d90 m 

flnest sample 1.80 2.30 4 .12 

------ average sample 1.81 2.38 4.09 
................... coarsesf aample 1.92 2.59 4.95 

···-···-·· mean of 3 samples 1.85 2.40 4 . 48 

Appendix D.1.10 : Transect samples at the Alpine Rhine site # 11 - km 64.9. 
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APPENDIX D.2 : TRANSECT SAMPLES IN THE STUDY REACH 

FREQUENCY-BY-NUMBER GRAIN-SIZE 

DISTRIBUTIONS. 
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0.0 2.0 4.0 6.0 8.0 

slto 1 - km 23.8 

------ s lte 2 - km 27.0 
................... slte 4 - km 32.5 

-·-·-·-·· slte 5 km 37.2 
„„„.„.„ . slte 6 km 42.4 

---- slte 7 - km 47.0 

···-···-·· slte 8 km 51.4 

----·- slte 9 - km 56.6 

slte 10 km 60.8 

···-···-·· slte 11 km 64.9 

10.0 12.0 14.0 16.0 18.0 20.0 
d

1 
[cm} ,f 

a d d90 m 

2.40 2.92 6.33 

2.05 2.93 5.71 

1.65 2.90 4 .96 

1.86 2 . 39 4.61 

1.87 3.32 5.89 

1.78 2.94 5.12 

1.78 3.31 6.00 

2.03 3.70 6.96 

1.74 2.57 4 .60 

1.80 2.30 4.12 

Appendix D.2.1 : Finest transect samples in the study reach. 
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o.o L-~~1-~~l-.~~l-.~--'~~--'~~----'-~~----'-~~----'-~~--'-~~-' 
0.0 2.0 

------................... 
-·-·-·-·· 
„ • „ „ „ „ „. 

----
···-···-·· ----·-
···-···-·· 

Appendix D.2.2 : 

4.0 6.0 

slte 1 km 

slte 2 km 
slte 4 - km 

slte 5 km 

slte 6 km 

slte 7 km 

slte 8 km 

slte 9 - km 
slte 10 km 
slte 11 km 

8.0 10.0 12.0 14.0 1 6.0 18.0 20.0 

d
1 

[cm].# 

a dm d90 

23.8 2.12 3.35 6.03 

27.0 2.33 3.48 7 . 02 

32.5 1.91 3.55 6.72 

37. 2 1.84 3.18 5 .61 

42.4 2.04 3.50 6 .75 

47.0 2.06 3.51 6.90 

51.4 2.19 3.72 7.60 

56.6 2 . 24 4.23 8.77 

60.8 1.66 3.57 5.76 

64. 9 1.81 2.38 4 .09 

Average transect samples in the study reach. 
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8.0 10.0 12. 0 14.0 1 6.0 18 .0 20 .0 

d
1 

[cm}.# 

<T d d90 m 

23.8 1.97 3.74 7.37 

27.0 2.27 3.64 7.37 

32.5 3.11 4.30 9.68 

37.2 2.49 4.35 10.00 

42. 4 2.08 3.65 6.86 

47. 0 1.90 4.11 7.68 

51.4 1.76 3.80 6.72 

56.6 1.79 4.30 7.57 

60.8 1.91 4.03 7.45 

64. 9 1.92 2 . 59 4.95 

Appendix D.2.3 : Coarsest transect samples in the study reach. 
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6.0 8.0 10.0 12.0 14.0 16.0 18.0 20.0 

d, [cm} ,f 

a d d90 m 

- km 23.8 2.16 3.33 6.68 

- km 27.0 2.21 3.33 6.87 

km 32.5 2.03 3.57 7.14 

km 37.2 2.03 3.30 5.93 

km 42.4 2.00 3.48 6.57 

km 47.0 1.95 3.51 6.74 

km 51.4 1.90 3.60 6.80 

- km 56.6 2.05 4.07 7.64 

km 60.8 1.88 3.38 5 .86 

km 64.9 1.85 2.40 4.48 

Appendix D.2.4 : Mean of 3 samples at each site in the study reach. 
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CONVERTED BULK SAMPLES AT SITES -

SIEVE-BY-WEIGHT 

GRAIN-SIZE DISTRIBUTIONS. 

The so-called co11verted bu/k samples are the result of the conversion of a frequency

by-number size distribution of a transect sarnple into its sieve-by-weight distribution. 

So an estimation for voluminous field bulk samples can be achieved. 

A model for such an conversion has been developed by Anastasi (1984) and especially 

Fehr (1987). A highlight of the method is the possibility of taking into account, 

whether the transect san1ple was taken from paved or non-paved river bed surface. By 

the conversion, coarser grains are thought to be weil represented in the transect sarnple 

(from 8 mm up to 1 m), whereas finer ones can be weil represented by a Fuller grain

size distribution. As the conversion is automatized, the most important parameter to be 

chosen is the interval of transition between the grain size distribution of the transect 

san1ple and a Fuller grain size distribution. In any case the resulting converted sarnple 

must be treated with much care. In Appendix D.3.1 chosen intervals of transition and 

the maximum size of Fuller curve by the conversion into bulk samples are shown. lt 

can be seen that the differences between the maximum of Fuller curve are rather big 

and the results of the conversion must be interpreted with care. In Appendices D.3 .2 to 

D.3.5 sieve-by-weight size distributions of the converted bulk samples are presented. 

interval bounds 

and max. of 

Fuller curve 

fcml II 

upper 10 

lower 8 

max im um 15 

fcml 71 

upper 6 

lower 4 

maximum 7.1 

Appendix D.3.1 

site and sample # 

12 13 21 22 23 41 42 43 51 52 53 61 62 63 

8 8 8 4 6 6 4 8 6 10 6• 8 8 10 

6 6 6 3 4 4 3 6 4 8 4 6 6 8 

15 16 10 9.3 13 8.7 19 9.3 8.1 15 6.3 9.3 9.6 9.3 

72 73 81 82 83 91 92 93 101 102 103 111 112 113 

6 6 8 8 8 12 8 8 8 8 6 4 6 6 

4 4 6 6 6 10 6 6 6 6 4 3 4 4 

11 13 9.0 8.2 11 13 11 9.6 7.3 10 6.1 5.5 6.7 5.6 

Chosen intervals of transition and maximum size of Fuller 

curve by the conversion from transect into bulk samples. 



APPENDLX D.4 : 

234 

CONVERTED BULK SAMPLES 

IN THE STUDY REACH -

SIEVE-BY-WEIGHT GRAIN-SIZE 

DISTRIBUTIONS. 

A ~-.~ fi.,,..-u. u.;... ~..... • •• ' ~ 
~~··'J 1---
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a dm d90 

slte 1 - km 23.8 4.88 4.76 9.91 

------ slte 2 - km 27.0 4.65 2.97 6 .7 2 
. .... ..... . „ ...... slte 4 km 32. 5 4 .89 3 .12 7.10 
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„ •• „ •••. slte 6 - km 42.4 5.01 3.21 7 . 58 

---- slte 7 - km 47 . 0 4.90 2.56 5 , 53 

···-···-·· slte 8 km 51.4 4.97 2.84 6.77 

--·-·- slte 9 - km 56.6 4 .99 3.25 7.60 

slte 10 - km 60.8 5.01 2.17 5 . 11 

···-···-·· slte 11 km 64.9 5.12 2.10 5.14 

Appendix D.4.1: Finest converted bulk samples in the study reach. 
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km 27.0 4.90 3.41 7.63 

km 32.5 5.00 3.27 7 . 53 

km 37.2 4.85 2.85 6.32 

km 42.4 5.01 3.18 7.54 

km 47.0 4.74 3.36 7.38 

km 51.4 5.02 3.77 9.13 

km 56.6 5.13 4.23 10.16 

km 60.8 4.97 2.55 5.93 

km 64.9 4.98 2.07 4.92 

Appendix D.4.2 : Average converted bulk samples in the study reach. 
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------ slte 2 km 27.0 4.59 3.75 7.87 
................... slte 4 - km 32.5 4.40 4 .87 10.73 

-·-·-·-·· slte 5 - km 37.2 5.57 5.43 13. 65 

·····-· · slte 6 km 42.4 4 .97 3.32 7.53 

---- slte 7 km 47.0 4.62 3.92 8.54 

···-···-·· slte 8 km 51.4 4.99 3.07 7.25 

------ slte 9 km 56.6 4.94 3.61 8.18 

slte 10 km 60.8 5.04 3 . 56 8.45 

···-···-·· slte 11 km 64.9 4.98 2 . 38 5.51 

Appendix D.4.3 : Coarsest converted bulk samples in the study reach. 
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Appendix D.4.4 : 

slte 1 - km 23.8 5.15 

slto 2 km 27.0 4.95 

slte 4 km 32.5 5.08 

slte 5 km 37.2 5.06 

slte 6 - km 42.4 5.01 

slte 7 km 47.0 5.00 

slte 8 km 51.4 5.00 

slte 9 - km 56.6 4.98 

slte 10 km 60.8 4.97 

slte 11 km 64.9 4.77 

Mean of 3 converted bulk samples at each site 

in the study reach. 

d d90 m 

3.70 9.04 

3.27 7 .57 

3.91 9.36 

.3.67 9.42 

.3.11 7.45 

3.20 7.5.3 

.3.19 7.54 

3.68 8.65 

2..81 6.72 

2 . 19 5.19 
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APPENDIX D.5 : BULK SAMPLES AND CONVERTED BULK 

SAMPLES AT SITES AND 

1.0 
P1 

0.9 

0.8 

0.7 

0.6 

0.5 

0.4 

0.3 

0.2 

0.1 

0.0 

IN THE STUDY REACH -

SIEVE-BY-WEIGHT GRAIN-SIZE 

DISTRIBUTIONS. 

.„ . .;t - „ ~ 
'!'t•"" •• ./"' ~. . , . '.' , : 

, l . / ,,. ·' 
'L ,· 

„.-· _,,· 

,:~F 

"' II 
// 
i 
' 

0.0 5.0 10.0 15.0 20.0 25.0 30.0 35.0 

d, 

a 

bulk sample 7.61 

------ converted mean bulk sample 5.15 
.......... „ .. „ ... flnest converled bulk sample 4.88 

-·-·-· -·· averoge converted bulk somple 6.17 

···-···-·· coorsest converted bulk somple 5.30 

40.0 45.0 50.0 

[cm] r 
a d90 m 

5.53 16.47 

3.70 9.04 

4.76 9.91 

6.56 17.46 

5.20 12.79 

Appendix D.5.1 : Bulk sample and converted bulk samples at the Alpine Rhine 

site # 1 - km 23.8. 
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Appendix D.5.2 : 

4.0 6.0 8 . 0 1 0.0 1 2.0 

bulk sample 

converted mean bulk sample 

flnost convertod bulk samplo 

average canverled bulk sample 

coarsest converted bulk sample 

14.0 

d, 

a 

5 . 10 

4.95 

4.65 

4 .90 

4 .59 

16.0 18.0 2 0 .0 

[cm} ,f 

d d90 m 

2 .39 5 . 61 

3.27 7.57 

2 . 97 6.72 

3.41 7 .63 

3.75 7 .87 

Bulk sample and converted bulk samples at the Alpine Rhine 

site # 2 - km 27.0. 
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4.0 6.0 8.0 1 0.0 1 2.0 

bulk samp la 

convortod mean bulk sample 

ftnest converled bulk sample 

average convertod bulk sample 

coarse:st converted bulk sample 

14.0 

d, 

(1 

4.81 

5 . 08 

4.89 

5 . 00 

4.40 

16.0 18.0 20.0 

{cm} .# 

d d90 m 

3.73 8.64 

3 . 91 9 . 36 

3 . 12 7.10 

3 . 27 7.53 

4 . 87 10.73 

Bulk sample and converted bulk samples at the Alpine Rhine 

site # 4 - km 32.5. 
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~ ~~ 

/ 
V 

0.0 
0.0 5.0 10.0 15.0 20.0 25.0 30.0 35.0 40.0 45.0 50.0 

Appendix D.5.4 : 

bulk sample 

eonverted mean bulk sample 

flneat converled bulk aample 

overage converled bulk sample 

coarsesl converled bulk sample 

d
1 

[cm] ,f 

a 

7.27 

5.01 

5.01 

5.0 1 

4.97 

d 
m 

3 . 54 

3.11 

3 . 21 

3 . 18 

3.32 

d90 

8.17 

7.45 

7.58 

7.54 

7.53 

Bulk sample and converted bulk samples at the Alpine Rhine 

site # 6 - km 42.4. 
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0.0 ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

0.0 2.0 4.0 6.0 8.0 1 0.0 12.0 14.0 16.0 18.0 20.0 

d, [cm} ,f 

a d d90 m 

bulk sample 5.83 3.57 7 . 85 

- - - - - - converted mean bulk sample 5.00 3.19 7.54 

Appendix D.S.S : 

ftnest converled bulk sample 

average converted bulk sample 

coarsest converted bulk sample 

4.97 

5.02 

4.99 

2.84 6.77 

3.77 9.13 

3.07 7 .25 

Bulk sample and converted bulk samples at the Alpine Rhine 

site # 8 - km 51.4. 
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Appendix D.5.6 : 

4 .0 6.0 8.0 1 0.0 1 2 .0 

bulk sample 

convertod mean bulk sample 

flnest converted bulk sample 

average converted bulk sample 

coarsest converted bulk sample 

14.0 

d, 

a 

7.23 

4.97 

5.01 

4.97 

5 . 04 

16.0 18.0 20 .0 
{cm} ,f 

d d90 m 

3 . 13 7.33 

2.81 6 .72 

2 . 17 5 . 11 

2.55 5.93 

3.56 8.45 

Bulk sample and converted bulk samples at the Alpine Rhine 

site # 10 - km 60.8. 
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71 
7 
f 

0.0 2.0 4.0 6.0 8.0 1 0.0 1 2.0 

bulk sample 

converled mean bulk sample 

flnest converled bulk sample 

average converled bulk samp le 

coarsest converted bulk sample 

14.0 16.0 18.0 20.0 

d, [cm}# 

a d d90 m 

6.81 2.37 5.59 

4.77 2.19 5.19 

5.12 2.10 5.14 

4.98 2.07 4.92 

4.98 2.38 5.5 1 

Appendix D.5.7 : Bulk sample and converted bulk samples at the Alpine Rhine 

site # 11 - km 64.9. 
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ff 
ff 
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0.0 5.0 10.0 15.0 20 .0 25.0 30.0 

slto 1 - km 23.8 

------ sfte 2 - km 27.0 
.. „ . •. .. .. .••. „ •• sfte 4 - km 32.5 

-·-·-·-" slte 6 km 42.4 

·----·· · slte 8 km 51.4 

---- slto 10 km 60.8 

···-···-·· slte 11 km 64.9 

Appendix D.5.8: Bulk samples in the study reach. 

35.0 40.0 45.0 50.0 

d1 [cm]# 

a d d90 m 

7.61 5.53 16.47 

5.10 2.39 5.61 

4.81 3.73 8.64 

7.27 3.54 8.17 

5.83 3.57 7.85 

7.23 3.13 7.33 

6.81 2.37 5.59 
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CHARACTERISTIC DIAMETERS OF THE 

FIELD SAMPLES IN THE STUDY REACH. 

site # 1 1 2 1 4 1 5 1 6 1 7 1 8 1 9 1 10 1 11 

area samples - intermediate axe bm [cm] 

maximum clast 31.0 14.0 33.0 20.0 24.0 19.0 19.0 19.0 18.0 18.0 
20 largest clasts' mean 22.I 11.9 21.2 16.4 13.0 14.5 12.9 13.8 12.3 11.5 

non-carbon. clasts 21.9 11.6 22.1 16.1 12.4 14.5 13.9 13.7 12.7 11.0 
• 17 14 8 II 11 13 13 15 15 7 

carbonate clasts 22.7 12.5 20.6 16.8 13.8 14.3 13.0 14.0 10.8 11.8 . 3 6 12 9 9 7 7 5 5 13 

transect samples - mean diameter dm [cm] 

finest sample 2.92 2.93 2.90 2.39 3.32 2.94 3.31 3.70 2.57 2.30 
average sample 3.35 3.48 3.55 3.18 3.50 3.51 3.72 4.23 3.57 2.38 
coarsest sample 3.74 3.64 4.30 4.35 3.65 4.11 3.80 4.30 4.03 2.59 

average & coarsest 3.55 3.56 3.92 3.77 3.58 3.81 3.76 4.26 3.80 2.48 
mean of 3 samples* 3.33 3.33 3.57 3.30 3.48 3.51 3.60 4.07 3.38 2.40 
- " - / limestone 1 3.45 - 4.17 3.74 3.65 3.86 3.76 4.71 3.65 2.74 

converted bulk samples - mean diameter dm [cm] 

finest sample 4.76 2.97 3.12 2.20 3.21 2.56 2.84 3.25 2.17 2.10 
average sample 6.56 3.41 3.27 2.85 3.18 3.36 3.77 4.23 2.55 2.07 
coarsest samplc 5.20 3.75 4.87 5.43 3.32 3.92 3.07 3.61 3.56 2.38 

average & coarsest 3.85 3.58 4.07 4.14 3.25 3.46 3.42 3.85 3.06 2.22 
mean of 3 samples* 3.70 3.27 3.91 3.67 3.11 3.20 3.19 3.68 2.91 2.19 
- " - / limestone 1 3.50 - 4.11 4.10 3.44 3.71 3.34 3.97 3.28 2.45 

bulk samples - mean diameter dm [cm] 

1 sample 5.53 2.39 3.73 - 3.54 - 3.57 - 3.13 2.37 

* ... # of noncarbonate resp. carbonatc clasts in the sample 
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APPENDIX E.l : 

site # sample 

1.1 coarse 
1.3 median 
1.2 fine 
1 sum 

4.2 coarse 
4.3 median 
4.1 fine 
4 sum 

5.2 coarse 
5.1 median 
5.3 fine 
5 sum 

6.2 coarse 
6.1 median 
6.3 fine 
6 sum 

7.3 coarse 
7.2 median 
7.1 fine 
7 sum 

8.1 coarse 
8.3 median 
8.2 fine 
8 sum 

9.2 coarse 
9.1 median 
9.3 fine 
9 sum 

10.2 coarse 
10.l median 
10.3 fine 
10 sum 

11.2 coarse 
11.3 median 
11.l fine 
11 sum 

Rhine sum 
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PETROGRAPHIC COMPOSITION 

LITHOLOGY OF THE TRANSECT SAMPLES 
AN OVERVIEW. 

lithology dass 

metam. I quartz. 1 calcitc 1 sandl 1 sand2 1 limel ) lime2 J dolo. all 

8 14 19 6 11 51 5 1 ___!_!1__ 
8 30 9 10 11 61 3 0 ____!B_ 
6 20 8 10 8 72 3 1 128 

22 1 64 1 36 1 26 1 30 1 184 l 11 1 2 375 
5 12 15 II 13 63 0 0 --112__ 
3 14 20 5 5 65 4 10 ---112_ 
4 29 11 9 5 49 4 7 118 
12 1 55 1 46 1 25 1 23 1 177 l 8 1 17 363 
4 8 II 11 12 51 3 0 _lQQ_ 
0 17 18 5 4 71 4 13 _m_ 
3 21 13 14 14 106 8 0 179 
7 . 1 46 1 42 1 30 1 30 1 228 1 15 1 13 411 
5 17 17 10 16 64 0 3 _m_ 
2 15 15 8 5 58 2 9 _!_!i__ 
3 11 18 4 9 66 8 3 122 
IO 1 43 1 50 1 22 1 30 1 188 1 10 1 15 368 
2 18 12 4 13 57 3 2 __!lL 
2 13 19 7 9 58 3 4 ___!_!1__ 
5 26 14 9 6 47 5 4 116 
9 1 57 1 45 1 20 1 28 1 162 1 11 1 10 342 
1 21 16 6 6 64 7 8 ___m_ 
5 22 23 11 8 58 0 2 129 -
4 19 24 3 10 65 10 5 140 
10 1 62 1 63 1 20 1 24 1 187 1 17 1 15 398 
3 13 12 10 12 69 1 0 ___@__ 
2 12 15 13 9 55 4 0 _!_!_Q_ 
4 19 14 12 7 65 3 7 131 
9 1 44 1 41 1 35 1 28 1 189 1 8 1 7 361 
2 25 17 7 10 56 3 1 __Bl__ 
3 19 30 II 6 51 5 1 __ill_ 
3 23 21 II 16 55 2 1 132 
8 1 67 1 68 1 29 1 32 1 162 1 10 1 3 379 
0 42 22 9 3 39 5 5 _m._ 
4 29 17 8 9 50 1 1 _l_!2._ 
3 38 13 8 4 40 3 6 115 
7 1 109 1 52 1 25 1 16 1 129 1 9 1 12 359 

94 1 547 1 443 1 232 1 241 1 1606 1 99 1 94 3356 
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APPENDIX E.2: LlTHOLOGY OF THE TRANSECT SAMPLES 
AND GRAlN SIZE. 

Appendix E.2.1 : A tabellar overview. 

site size lithology dass 
# interval 

mm - mm mctam. I quartz. 1 calcilc 1 sand l 1 sand2 1 limcl 1 limc2 1 dolo. al l 

8 - 16 3 18 7 ~ 9 32 l 0 _J]__ 
16 - 32 10 24 12 6 I I 68 9 1 141 -

1 32 - 64 7 14 8 8 7 66 1 0 III 
64 - 128 2 5 7 3 2 16 0 1 36 -
128 - 256 0 3 2 0 1 2 0 0 8 

sum 22 1 64 1 36 1 26 1 30 1 184 1 11 1 2 375 
8 - 16 1 10 3 3 3 17 1 3 ___il_ 
16 - 32 3 27 17 8 10 68 4 10 ___HZ___ 

4 32 - 64 7 14 22 12 7 57 3 4 126 
64 - 128 1 4 4 2 2 34 0 0 47 -
128 - 256 0 0 0 0 1 1 0 0 2 

sum 12 1 55 1 46 1 25 1 23 1 177 1 8 1 17 363 
8 - 16 2 14 8 8 3 52 1 3 __2l_ 
16 - 32 3 22 21 7 13 76 II 8 --1.§.!_ 

5 32- 64 2 8 12 12 II 77 3 2 127 
64 - 128 0 1 1 2 2 18 0 0 24 -
128 - 256 0 1 0 1 1 5 0 0 8 

sum 7 1 46 1 42 1 30 1 30 1 228 1 15 1 13 411 

8 - 16 0 13 8 5 3 35 3 2 69 -
16 - 32 2 16 19 5 II 65 3 3 ~ 

6 32- 64 4 12 19 7 14 62 2 8 128 -
64 - 128 4 2 4 5 2 26 2 2 47 -
128 - 256 0 0 0 0 0 0 0 0 0 

sum 10 1 43 1 50 1 22 1 30 1 188 1 10 1 15 368 
8 - 16 1 8 7 7 6 19 1 1 ~ 
16 - 32 3 25 16 6 13 6 1 4 5 JIL 

7 32- 64 4 21 16 3 6 55 5 3 113 
t---

64 - 128 1 3 6 4 3 27 1 1 46 
t---

128 - 256 0 0 0 0 0 0 0 0 0 
sum 9 1 57 1 45 1 20 1 28 1 162 1 II 1 10 342 

8 - 16 1 10 7 5 1 16 1 0 4 1 
16 - 32 2 29 22 7 6 75 12 5 158 

t---

8 32 - 64 2 17 27 6 11 73 3 10 149 
64 - 128 5 6 7 2 6 23 1 0 ~ 
128 - 256 0 0 0 0 0 0 0 0 0 

sum 10 1 62 1 63 1 20 1 24 1 187 1 17 1 15 398 
continues on the next page 
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site size lithology class 
# interval 

mm-mm metam. I quartz. I calcite I sandl I sand2 I limel I Iime2 I dolo. all 

8- 16 0 9 6 2 1 21 2 0 41 
>------

16 - 32 0 12 18 10 12 39 4 3 ~ 
9 32 - 64 6 17 17 15 7 88 1 3 154 

64 - 128 3 5 0 8 8 40 1 1 ~ 
128 - 256 0 1 0 0 0 1 0 0 2 

sum 9 1 44 1 41 1 35 1 28 1 189 · I 8 1 7 361 
8 - 16 0 12 6 5 0 21 0 1 ~ 
16 - 32 4 31 24 10 17 61 5 2 154 ,_____ 

10 32- 64 2 22 34 13 12 61 5 0 149 
64 - 128 2 2 4 1 2 19 0 0 30 -
128 - 256 0 0 0 0 l 0 0 0 1 

sum 8 1 67 1 68 1 29 1 32 1 162 1 10 1 3 379 

8 - 16 l 36 9 6 3 27 4 2 ~ 
16 - 32 5 52 23 11 10 63 5 9 -11.L 

11 32 - 64 1 19 18 7 2 36 0 l 84 -
64 - 128 0 2 2 l 1 3 0 0 __2_ 
128 - 256 0 0 0 0 0 0 0 0 0 

sum 7 1 109 1 52 1 25 1 16 1 129 1 9 1 12 359 

Rhine sum 94 1 547 1 443 1 232 1 241 1 1606 1 99 1 94 3356 

PETROGRAPHIC COMPOSITION - ALPINE RHINE 
grain size interval 8 - 16 mm 

100% 
90% 
80% 
70% 
60% 
50% 
40% 
30% 
20% 
10% 
0% 

23.8 32.5 37.2 42.4 47 51.4 56.6 60.8 64.9 • 
RHINE KM 

• metamorphic 

• quartzites 

Dcalcite 

• sandstones 1 

[J sandstones 2 

• Hmestone 1 

m limestone 2 

•dolomite 

Appendix E.2.2 : Changes in the petrographic composition along 
the study reach - grain size interval 8 - 16 mm. 
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PETROGRAPHIC COMPOSITION - ALPINE RHINE 
grain size interval 16 - 32 mm 

100% 
90% 
80% 

70% i:.a--~----60% J!I 
50% 
40% 
30% 
203· 

10% r.;1 ..... -= 0% - iillll„„„ ........ „ .... 
23.8 32.5 37.2 42.4 47 51.4 56.6 60.8 64.9 

RHINE KM 

• metamorphic 

• quartzites 

EJ calcite 

• sandstones 1 
D sandstones 2 

• limestone 1 

Cl limestone 2 

•dolomite 

Appendix E.2.3: Changes in the petrographic composition along 
the study reach - grain size interval 16 - 32 mm. 

PETROGRAPHIC COMPOSITION - ALPINE RHINE 
grain size interval 32 - 64 mm 

100% 
90% 
80% 
70% 
60% 
50% 
40% 
30% 
20% 
10% 
0% 

23.8 32.5 37.2 42.4 47 51.4 56.6 60.8 64.9 

RHINE KM 

• metamorphic 

• quartzites 

Cl calcite 

• sandstones 1 

D sandstones 2 

• limestone 1 

Cl limestone 2 

•dolomite 

Appendix E.2.4 : Changes in the petrographic composition along 
the study reach - grain size interval 32 - 64 mm. 
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PETROGRAPHIC COMPOSITION - ALPINE RHINE 
grain size interval 64 - 128 mm 

100% 
90% 
80% 
70% 
60% 
50% 
40% 
30% 
20% 
10% 
0% 

23.8 32.5 37.2 42.4 47 51.4 56.6 60.8 64.9 

RHINE KM 

• metamorphic 

• quartzites 

C calcite 

• sandstones 1 

D sandstones 2 

• Hmestone 1 

limestone 2 

•dolomite 

Appendix E.2.5 : Changes in the petrographic composition along 
the study reach - grain size interval 64 - 128 mm. 

PETROGRAPHIC COMPOSITION -ALPINE RHINE 
grain size interval 8 - 256 mm 

100% 
90% 
80% 

70%~-~~----· 60%. 
50% 
40% 
30% 
20% 
10% 
0% 

23.8 32.5 37.2 42.4 47 51.4 56.6 60.8 64.9 

RHINE KM 

• metamorphic 

• quartzites 

Cl calcite 

• sandstones 1 
D sandstones 2 

• 1imestone 1 

Cl limestone 2 

•dolomite 

Appendix E.2.6 : Changes in the petrographic composition along 
the study reach - grain size interval 8 - 256 mm. 
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PETROGRAPHIC COMPOSITION - ALPCNE RHCNE 
grain size interval 8 - 32 nim 

100% 
90% 
80% 

70% ~~~:::::::~~~!!~ill„...;~ 60% r 
50% 
40% 
30% 
20% 
10% 
0% 

23.8 32.5 37.2 42.4 47 51.4 56.6 60.8 64.9 

RHINE KM 

• metamorphic 

• quartzites 

[J calcite 

• sandstones 1 

Cl sandstones 2 

• Hmestone 1 

Cl limestone 2 

•dolomite 

Appendix E.2.7: Changes in the petrographic composition along 
the study reach - grain size interval 8 - 32 mm. 

PETROGRAPHIC COMPOSITION - ALPINE RHCNE 
grain size interval 32 - 128 mm 

100% 
90% 
80% 
70% •• „ 
60% 
50% 
40% 
30% 
20% 
10% 
0% 

23.8 32.5 37.2 42.4 47 51.4 56.6 60.8 64.9 

RHINE KM 

• metamorphic 

• quartzites 
Cl calcite 

• sandstones 1 

D sandstones 2 

• Hmestone 1 

EJ limestone 2 

•dolomite 

Appendix E.2.8: Changes in the petrographic composition along 
the study reach - grain size interval 32 - 128 mm. 
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APPENDIX F: PARTICLE FORM 

There are quite a lot of published reviews on the descriptors of the particle form (e.g. 

Köster, 1964; Köster and Leser, 1967, Pettijohn, 1975; Bürgisser, 1978; Füchtbauer 

1988, Diepenbroek et al., 1992). In general a particle form can be further divided into 

particle shape, roundness and surface texture. Only some shape dcscriptors used in this 

study will be given : 

- shape factor SF : - sphericity Sph : 

c 
SF= .Jab ... [-J ... (F.l) 

,r1;c 
Sph = ~{-:1 .. . [-] ... (F.2) 

where a, b and c all in [mm] are the largest, intermediate and smallest perpendicular 

axes of a sediment particle, respectively. Another frequently used shape descriptor is 

Zingg's diagram (Zingg, 1935), in which the ratio between the largest and intermediate 

axes is compared to the ratio between the intermediate and smallest axes. 

APPENDIX F.1 

t... 
(/) 0.8 
Q:: 
0 ..... 

0.6 (J 

i1 
~ 0.1. 
Q.. 
"{ 
::t 
(/) 0.2 

0 

Appendix F.1.1 : 

2 

DOWNSTREAM CHANGES OF THE 
PARTICLE SHAPE. 

1. 5 6 7 8 9 10 

LOCA T/ON {site #} 

Notched-and-Whisker Plot of the shape factor SF 
of the area samples. 

11 
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~ 0.8 ------

Cl:: 
0 ..... 0.6 1..) 

~ 
ltJ 0.4 
Cl.. 
""{ 
:r:: 
(/) 0.2 

0 

4 5 6 7 8 9 10 

LOCAT/ON {site# j 

Appendix F.1.2 : Notched-and-Whisker Plot of the shape factor SF 
of the transect samples. 

11 

APPENDIX F.2 : PARTICLE SHAPE VERSUS PARTICLE SIZE 
RESP. LITHOLOGY. 

u... 
lt) 0. 8 
Cl:: 
0 ..... 
1..) 0.6 
~ 
~ 0.4 
""{ 
:r:: 
(/) 0 . 2 

0 

1 1 

1 l l J 
1 1 

NONCARBONATE CARBONATE 

L/THOLOGY GROUP 

Appendix F.2.1 : The shape factor SF of the non-carbonate and 

carbonate sediment particles of the transect samples. 
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APPENDIX G: PARTICLE MOTION 

APPENDIX G.1 : MEASURED VALUES OF THE PARTICLE 

MOTION IN TUE ABRASION SET-UP. 

measured mean particle path per particle revolution lp; [m] 

mill charge particle diameter mill rotational speed 
fkgl rmm/mml rn hl 

level 1 level 2 level 3 Ievel 4 
116 208 395 826 

level 1 Ievel 1 23 - 32 0.49 0.40 0.43 0.45 
Ievel 2 32- 45 0.52 0.47 0.50 0.48 

284.972 level 3 45- 64 0.57 0.55 0.55 0.53 
level 4 64 - 91 0.60 0.60 0.58 0.55 
Ievel 5 91 - 128 0.65 0.65 0.63 0.60 

Ievel 1 • Ievel 2 level 3 Ievel 4 
110 204 391 804 

level 2 Ievel 1 23 - 32 0.45 0.43 0.45 0.50 
level 2 32- 45 0.55 0.53 0.55 0.53 

345.743 Ievel 3 45 - 64 0.65 0.60 0.60 0.58 
level4 64- 91 0.70 0.68 0.65 0.60 
level 5 91 - 128 0.73 0.73 0.68 0.65 

level l level 2 level 3 level 4 
104 199 392 810 

level 3 level 1 23 - 32 0.65 0.55 0.60 0.55 
level 2 32- 45 0.69 0.60 0.65 0.60 

406.440 level 3 45 - 64 0.73 0.70 0.70 0.63 
Ievel 4 64 - 91 0.77 0.75 0.71 0.67 
level 5 91 - 128 0.80 0.80 0.75 0.70 

* ... extrapolated and not measured 

Appendix G.1.1 : Measured mean particle path per particle revolution. 
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measured mean particle rotational speed "P; [rph] 

mill charge particle diameter mill rotational speed 
[kg] [mm/mm] [rph] 

level 1 level 2 level 3 level 4 
116 208 395 826 

level 1 level 1 23 - 32 288 507 857 1340 
level 2 32-45 276 522 856 1303 

284.972 level 3 45 - 64 253 463 824 1281 
level 4 64- 91 296 460 780 1267 
level 5 91 - 128 268 448 790 1277 

level 1 level 2 level 3 level 4 
110 204 391 804 

level 2 level 1 23 - 32 273 472 824 1262 
level 2 32- 45 263 460 779 1213 

345.743 level 3 45 - 64 244 422 758 1171 
level 4 64 - 91 236 425 746 1165 
level 5 91 - 128 245 418 737 1207 

level 1 level 2 level 3 level 4 
104 199 392 810 

level 3 level 1 23 - 32 226 421 733 1384 
level 2 32 - 45 220 416 767 1331 

406.440 level 3 45 - 64 218 386 733 1286 
level4 64- 91 218 383 720 1227 
level 5 91 - 128 212 390 709 1239* 

* ... extrapolated and not measured 

Appendix G.1.2 : Measured values of the mean particle rotational speed. 
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measured mean particle velocity v pi [m/s] 

mill charge particle diameter mill rotational speed 
[kg] [mm/mm] [rph] 

level 1 level 2 level 3 level 4 
116 208 395 826 

level 1 level 1 23 - 32 0.16 0.18 0.32 0.51 
level 2 32 - 45 0.18 0.22 0.38 0.56 

284.972 level 3 45 - 64 0.20 0.29 0.43 0.61 
level 4 64- 91 0.21 0.32 0.45 0.64 
Jevel 5 91 - 128 0.25 0.38 0.53 0.65* 

Ievel 1 level 2 level 3 Ievel 4 
110 204 391 804 

level 2 level 1 23 - 32 0.13 0.18 0.32 0.53 
level 2 32 - 45 0.19 0.23 0.38 0.57 

345.743 level 3 45 - 64 0.22 0.29 0.44 0.62 
level4 64- 91 0.27 0.33 0.49 0.68 
level 5 91 - 128 0.29 0.39 0.50 0.69 

level 1 level 2 Jevel 3 level 4 
104 199 392 810 

level 3 level 1 23 - 32 0.19 0.23 0.47 0.65 
Ievel 2 32- 45 0.20 0.26 0.47 0.71 

406.440 level 3 45 - 64 0.23 0.31 0.47 0.75 
level4 64 - 91 0.24 0.33 0.50 0.78 
level 5 91 - 128 0.25 0.37 0.55 0.80* 

* „. extrapolated and not measured 

Appendix G.1.3 : Measured values of the mean particle velocity. 
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APPENDIX G.2 : COMPUTED VALUES OF THE PARTICLE 

MOTION IN THE ABRASION SET-UP. 

computed particle dimensionless path per particle revolution 1;; 

mill charge particle diameter mill rotational speed 
[kg] [mm/mm] [rph] 

level 1 level 2 level 3 leve14 
116 208 395 826 

level l level 1 23 - 32 0.152 0.121 0.130 0.136 
level 2 32 - 45 0.161 0.142 0.152 0.146 

284.972 level 3 45 - 64 0.176 0.167 0.167 0.161 
level 4 64 - 91 0.182 0.182 0.176 0.167 
level 5 91 - 128 0.197 0.197 0.191 0.182 

level 1 level 2 level 3 level 4 
110 204 391 804 

level 2 level 1 23 - 32 0.136 0.130 0.136 0.152 
level 2 32- 45 0.167 0.161 0.167 0.161 

345.743 level 3 45 - 64 0.197 0.182 0.182 0.176 
level 4 64 - 91 0.212 0.206 0.197 0.182 
level 5 91 - 128 0.221 0.221 0.206 0.197 

level l level 2 level 3 level 4 
104 199 392 810 

level 3 level 1 23 - 32 0.197 0.167 0.182 0.167 
level 2 32 - 45 0.209 0.182 0.197 0.182 

406.440 level 3 45 - 64 0.221 0.212 0.212 0.191 
level 4 64 - 91 0.233 0.227 0.215 0.203 
level 5 91 - 128 0.243 0.243 0.227 0.212 

Appendix G.2.1 : Computed values of the particle dimensionless path per 

particle revolution. 
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• computed particle dimensionless rotational speed "pi 

mill charge particle diameter rnill rotational speed 
[kg] [mm/mm] [rph] 

level 1 level 2 level 3 level 4 
116 208 395 826 

level 1 level 1 23 - 32 2.48 2.44 2.17 1.62 
level 2 32 - 45 2.38 2.51 2.17 1.58 

284.972 level 3 45 - 64 2.18 2.22 2.09 1.55 
level 4 64- 91 2.55 2.21 1.97 1.53 
level 5 91 - 128 2.31 2.15 2.00 1.55 

level 1 level 2 level 3 level 4 
110 204 391 804 

level 2 level 1 23 - 32 2.48 2.31 2.11 1.57 
level 2 32 - 45 2.39 2.25 1.99 1.51 

345.743 level 3 45 - 64 2.21 2.07 1.94 1.46 
level4 64- 91 2.14 2.09 1.91 1.45 
level 5 91 - 128 2.23 2.05 1.89 1.50 

level 1 level 2 level 3 level 4 
104 199 392 810 

level 3 level 1 23 - 32 2.18 2.12 1.87 1.71 
level 2 32 - 45 2.12 2.09 1.96 1.64 

406.440 level 3 45 - 64 2.09 1.94 1.87 1.59 
level 4 64- 91 2.10 1.93 1.84 1.51 
level 5 91 - 128 2.04 1.96 1.81 1.53 

Appendix G.2.2 : Computed values of the particle dimensionless rotational 

speed. 
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• computed particle dimensionless velocity v pi 

mill charge particle diameter mill rotational speed 
[kg] [mm/mm] [rph] 

level 1 level 2 levcl 3 level 4 
116 208 395 826 

level 1 level 1 23 - 32 1.69 0.94 0.88 0.67 
level 2 32 - 45 1.88 1.15 1.05 0.74 

284.972 lcvel 3 45 - 64 2.07 1.52 1.19 0.81 
level 4 64 - 91 2.17 1.68 1.24 0.85 
level 5 91 - 128 2.63 1.99 1.46 0.86 

level 1 level 2 level 3 level 4 
110 204 391 804 

level 2 level 1 23 - 32 1.29 0.96 0.89 0.72 
level 2 32- 45 1.89 1.23 1.06 0.77 

345.743 level 3 45 - 64 2.18 1.55 1.23 0.84 
level 4 64 - 91 2.68 1.77 1.37 0.92 
level 5 91 - 128 2.88 2.09 1.40 0.94 

level 1 level 2 level 3 level 4 
104 199 392 810 

level 3 level 1 23 - 32 1.99 1.26 1.31 0.88 
level 2 32 - 45 2.10 1.43 1.31 0.96 

406.440 level 3 45 - 64 2.41 1.70 1.31 1.01 
level 4 64 - 91 2.52 1.81 1.39 1.05 
level 5 91 - 128 2.62 2.03 1.53 1.08 

Appendix G.2.3 : Computed values of the particle dimensionless velocity. 
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. 
computed particle dimensionless travelling distance s pi 

mill charge particle diameter mill rotational speed 
[kg] [mm/mm] [rph] 

level 1 level 2 level 3 level 4 
111? 208 395 826 

level 1 level 1 23 - 32 0.376 0.296 0.283 0.221 
level 2 32 - 45 0.382 0.357 0.329 0.230 

284.972 level 3 45- 64 0.383 0.370 0.349 0.249 
Jevel 4 64- 91 0.464 0.402 0.346 0.255 
level 5 91 - 128 0.455 0.424 0.382 0.282 

level 1 level 2 level 3 level4 
110 204 391 804 

level 2 level 1 23 - 32 0.338 0.301 0.288 0.238 
level 2 32 - 45 0.399 0.361 0.332 0.243 

345.743 level 3 45 - 64 0.435 0.376 0.353 0.257 
level 4 64- 91 0.454 0.431 0.376 0.264 
Jevel 5 91 - 128 0.494 0.454 0.390 0.300 

level 1 level 2 level 3 level 4 
104 199 392 810 

level 3 level 1 23 - 32 0.430 0.354 0.340 0.285 
level 2 32- 45 0.444 0.380 0.386 0.298 

406.440 level 3 45- 64 0.463 0.412 0.397 0.304 
level 4 64 - 91 0.490 0.439 0.396 0.307 
level 5 91 - 128 0.495 0.475 0.412 0.325 

Appendix G.2.4 : Computed values of the particle dimensionless travelling 

distance. 
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computed fractional sediment transport rate qbi [kg/m·s] 

mill charge particle diameter mill rotational speed 
[kg] [mm/mm] [rph] 

level 1 level 2 level 3 level 4 
116 208 395 826 

level 1 level 1 23 - 32 4.62 8.16 13.77 21.50 
level 2 32- 45 5.57 10.54 17.30 26.34 

284.972 level 3 45 - 64 5.83 10.65 19.03 29.52 
level 4 64- 91 3.43 5.33 9.02 14.64 
level 5 91 - 128 0.76 1.26 2.23 3.62 

sum qbi 
20.21 35.94 61.35 95.62 

level 1 level 2 level 3 level 4 
110 204 391 804 

level 2 level 1 23 - 32 5.32 9.19 16.08 24.61 
level 2 32 - 45 6.44 11.24 19.06 29.73 

345.743 level 3 45 - 64 6.80 11.81 21.22 32.83 
level4 64- 91 3.31 5.99 10.50 16.39 
level 5 91 - 128 0.84 1.43 2.54 4.14 

sum qbi 
22.71 39.66 69.40 107.70 

level 1 level 2 level 3 level 4 
104 199 392 810 

level 3 level 1 23 - 32 5.20 9.67 16.80 31.75 
level 2 32 - 45 6.35 11.97 22.12 38.24 

406.440 level 3 45 - 64 7.15 12.70 24.11 42.35 
level 4 64- 91 3.61 6.35 11.92 20.21 
level 5 91 - 128 0.86 1.57 2.86 5.00 

sum qbi 
23.17 42.26 77.81 137.55 

Appendix G.2.5 : Computed values of the fractional sediment transport rate of 

each particle size interval and their sum. 
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APPENDIX H: NEW ABRASION EXPERIMENTS 

APPENDIX H.1 : REAL TRA VELLING DISTANCES. 

For the determination of real distances, particles of the experimental mixture has been 

travelling during one step of the abrasion experiment, equation for the particle real 

travelled dista11ce s; in timet was used : 

.. . (H.I) 

where the particle dimensionless travelling distance s;; was determined according to a 

model: 

* 2 * .2 .3 
sp; =-2.99 <p+6.58 <p -1.74 n +I0.46 n -1 8.86 n 

* .2 * * * +7.56 dpi-22.78 dpi - 5.75 <pdpi-10.53 n dpi 

• • 2 2 • 
+ 58.66 n dpi + 0.66 <p dpi ... (H.2) 

where cp is dimensionless mill charge, 11 • is dimensionless mill speed and d;; is a 

dimensionless particle diarneter. Additionally, also 95% confidence limits for 

forecasted t.ravelling distances were determined, for all individual forecasted values and 

for the mean of all forecasted values, respectively. Tue former confidence limits are 

lower than 8% and the latter lower than 3%. As for the size reduction rates normally 

individual values are important, the 95% confidence limits for individual forecasted 

values should be taken for that purpose. 
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step # sumof forecast ± relative forecast± relative 

revolutions 95 % CL-forecast accuracy 95 % CL-mean accuracy 

[-] [m] [%] [m] [%] 

model mixture 1 

1 3 400 4902 ± 346 7.43 4 902 ± 116 2.37 

2 6 800 4 728 ± 346 7.32 4728 ± 116 2.45 

3 10 300 4 762 ± 357 7.50 4 762 ± 123 2.58 

4 13 800 4 709 ± 357 7.58 4 709 ± 123 2.61 

5 17 400 4 718 ± 367 7.62 4 817 ± 123 2.55 

6 21 000 4 793 ± 367 7.66 4 793 ± 123 2.57 

7 28 700 10 280 ± 800 7.78 10 280 ± 306 2.98 

model mixture 2 

l 10 600 14 598 ± l 073 7.35 14 598 ± 345 2.36 

2 21 800 14 860 ± l 137 7.65 14 860 ± 375 2.52 

3 42 000 26 022 ± 2 055 7.90 26 022 ± 689 2.65 

4 71500 37 172 ± 2985 8.03 37 172 ± 957 2.57 

model mixture 3 

1 3 700 5 281 ± 376 7.12 5 281 ± 125 2.37 

2 7 400 5164 ± 375 7.26 5 164 ± 123 2.38 

3 11 100 5 081 ± 376 7.40 5 081 ± 125 2.46 

4 14 900 5 147 ± 387 7.52 5 147 ± 130 2.53 

5 23 000 10 790 ± 826 7.66 10 790 ± 281 2.60 

6 39 000 20 925 ± 1 627 7.78 20 925 ± 542 2.59 

7 61 000 28 619 ± 2 248 7.85 28 619 ±" 775 2.71 

model mixture 4 

l 3 600 5 108 ± 366 7.17 5 108 ± 122 2.39 

2 7 200 4 987 ± 365 7.32 4 987 ± 119 2.39 

3 10 900 5 046 ± 376 7.45 5 046 ± 124 2.46 

4 14 600 4 982 ± 377 7.57 4982 ± 127 2.55 

5 22 600 10 602 ± 816 7.70 10 602 ± 277 2.61 

6 40 400 23133 ± 1810 7.82 23 133 ± 606 2.62 

7 63 300 29 509 ± 2 333 7.91 29 509 ± 787 2.67 

continues on the next page 
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step# sumof forecast± relative forecast± relative 

revolutions 95 % CL-forecast accuracy 95 % CL-mean accuracy 

[m] [%] [m] [%] 

model mixture Sa and 5 

1 710 1 040 ± 72 6.92 1 040 ± 25 2.40 

2 2 340 2 282 ± 166 7.27 2 282 ± 57 2.50 

3 6 600 5 730 ± 435 7.59 5 730 ± 148 2.58 

4 12 600 7 960 ± 615 7.73 7 960 ± 216 2.71 

1 11 500 16 153 ± 1168 7.23 16 153 ± 385 2.38 

2 24000 16 543 ± 1 268 7.66 16 543 ± 416 2.51 

model mixture 6 

1 13 000 11 534 ± 1 358 11.77 11 534 ± 537 4.66 

2 23 000 10 654 ± 1 017 9.55 10 654 ± 340 3.19 

3 33 500 13 428 ± 1 088 8.10 13 428 ± 413 3.08 

model mixture 7 

1 10 000 11 772 ± 1 006 8.55 11 772 ± 307 2.61 

2 18 500 11 228 ± 864 7.70 11 228 ± 289 2.57 

3 27 500 7 534 ± 938 12.45 7 534 ± 368 4.88 

model mixture 8 

1 12 000 16 929 ± 1 213 7.17 16 929 ± 388 2.29 

2 22 000 11 215 ± 1 013 9.03 11215 ± 331 2.95 

3 30 500 7 093 ± 884 12.46 7 093 ± 348 4.91 



APPENDIX H.2 : 

size 
interval 0 

[mm-mml 0 
90.5 . 128 8.882 
64.0. 90.5 11.545 
45.3. 64.0 12.946 
32.0. 45.3 10.061 
22.6 . 32.0 10.363 
16.0. 22.6 9.311 
11.2. 16.0 8.942 
8.00. 11.2 6.805 
5.66. 8.00 6.673 
4.00 . 5.66 5.148 
2.83 . 4.00 5.359 
2.00. 2.83 3.965 
1.00 . 2.00 

< 1.00 
sum2-128 100 
sum0-128 100 
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CHANGES OF THE MASS FRACTIONS 

OF MODEL MIXTURES. 

model mlxture 1 - mass fractions in % 
stco # 

1 2 3 4 5 6 
sum of revolutions 

3400 6800 10 300 13 800 17400 21 000 
7.054 6.289 6.234 6.177 5.643 5.051 

13.322 13.371 12.983 12.650 12.414 12.923 
12.055 11.912 11.529 11.394 11.366 10.941 
9.680 9.389 9.243 8.741 8.459 7.962 
9.880 9.609 9.183 8.833 8.536 8.172 
8.871 8.484 8.283 7.862 7.413 7.104 
8.489 8.074 7.561 7.276 7.052 6.687 
6.357 5.862 5.495 5.130 4.78 1 4.448 
5.999 5.520 5.023 4.597 4.168 3.840 
4.374 3.772 3.380 3.088 2.556 2.374 
4.297 3.619 3.009 2.647 2.310 2.043 
2.875 2.288 1.771 1.494 1.264 1.114 
1.226 0.846 0.553 0.563 0.446 0.404 
5.522 10.964 15.754 19.548 23.592 26.937 

93.252 88.190 83.693 79.889 75.962 72.659 
100 100 100 100 100 100 

Appendix H.2.1 : Model mixture 1 - site # 1 - Rhine km 23.8. 

model mixture 2 • mass fractions in % 

size sten # 
interval 0 1 2 3 4 . 

sum of revolutions 
f mm-mml 0 10600 21 800 42000 71500 . 

90.5. 128 0.964 0.668 0.660 0.646 0.628 
64.0 . 90.5 5.178 5.357 5.242 5.033 4.252 
45.3 . 64.0 13.854 12.697 12.083 10.493 9.313 . . 
32.0 . 45.3 14.184 13.279 12.457 11.706 10.974 -
22.6. 32.0 15.210 14.055 13.123 12.008 10.516 -
16.0. 22.6 14.415 13.550 12.804 11.711 10.363 . . 
11.2 . 16.0 13.799 12.642 11.905 10.978 9.944 -
8.00. 11.2 8.702 8.277 7.929 7.363 6.684 . 
5.66. 8.00 6.737 6.352 5.888 5.444 4.992 . 
4.00. 5.66 3.624 3.425 3.337 3.015 2.649 . 
2.83. 4.00 2.484 2.461 2.435 2.278 2.035 . 
2.00. 2.83 0.849 0.874 0.776 0.755 0.769 -
1.00- 2.00 - 0.247 0.149 0.213 0.232 . 

< 1.00 6.116 11.211 18.357 26.649 . . 

sum 2 - 128 100 93.637 88.640 81.430 73.119 
sum 0 - 128 100 100 100 100 100 -

Appendix H.2.2 : Model mixture 2 - site # 2 - Rhine km 27.0. 

7 

28 700 
4.664 

12.260 
10.448 
7.260 
7.585 
6.522 
6.061 
3.944 
3.244 
1.880 
1.636 
0.832 
0.397 

33.273 

66.330 
100 

. 

. 

. 

. 

. 

-
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model mixture 3 • mass fractlons in % 

size step# 
interval 0 1 2 3 4 5 6 7 

sum of revoiutions 
fmm-mml 0 3 700 7 400 II 100 14900 23 000 39000 6 1000 
90.5. 128 5.759 5.703 5.208 4.752 4.721 4.661 4.547 4.078 
64.0. 90.5 10.398 10.307 10.322 10.411 10.115 9:992 8.8 14 7.448 
45.3 - 64.0 16.494 15.724 15.121 14.707 14.632 13.593 12.834 12.065 
32.0-45.3 15.475 14.848 14.434 14.257 13.613 12.802 11.607 10.115 
22.6 - 32.0 15.430 14.750 14.632 13.998 13.597 12.865 11.514 10.346 
16.0 - 22.6 12.875 12.467 12.025 11.848 11.517 10.846 9.695 8.561 
11.2 - 16.0 11.539 11.034 10.820 10.479 10.252 9.677 8.852 7.779 
8.00 - 11.2 5.277 5.215 5.124 5.061 4.982 4.873 4.527 4.083 
5.66 - 8.00 2.999 2.898 2.821 2.739 2.678 2.572 2.386 2.203 
4.00-5.66 1.655 1.571 1.498 1.431 1.319 1.285 1.116 0.941 
2.83 - 4.00 1.376 1.210 1.149 1.068 0.997 0.899 0.784 0.636 
2.00 - 2.83 0.725 0.577 0.510 0.455 0.420 0.352 0.298 0.239 
1.00- 2.00 0.218 0.136 0.113 0.102 0.116 0.114 0.094 

< 1.00 3.478 6.200 8.681 11.055 15.467 22.912 31.412 

sum2-128 100 96.304 93.664 91.205 88.842 84.417 76.974 68.494 
sum 0 - 128 100 100 100 100 100 100 100 100 

Appendix H.2.3 : Model mixture 3 - site # 4 - Rhine km 32.5. 

model mixture 4 • mass fractions in % 

size step # 
interval 0 1 2 3 4 5 6 7 

sum of revolutions 
fmm-mml 0 3 600 7 200 10900 14600 22600 40400 63 300 
90.5 - 128 5.267 5.213 5.157 4.572 4.537 4.407 3.359 2.436 
64.0 - 90.5 10.425 I0.213 9.808 I0.242 9.902 9.268 9.612 9.228 
45 .3 - 64.0 15.155 13.996 13.845 13.141 12.924 12.332 11.167 10.035 
32.0 - 45.3 17.016 16.568 15.899 15.680 15.256 14.652 12.997 11.392 
22.6 - 32.0 17.051 16.440 16.201 15.796 15.465 14.596 12.992 11.551 
16.0 - 22.6 12.429 12.141 11.781 11.526 11.283 10.848 10.037 8.959 
11.2 - 16.0 9.545 9.242 9.019 8.896 8.731 8.478 7.742 7.197 
8.00- 11.2 5.198 5.074 4.943 4.838 4.723 4.510 4.191 3.773 
5.66 - 8.00 3.414 3.379 3.289 3.191 3.121 2.995 2.745 2.478 
4.00- 5.66 1.690 1.582 1.559 1.483 1.410 1.320 1.150 1.008 
2.83 - 4.00 1.635 1.431 1.332 1.247 1.159 1.020 0.839 0.668 
2.00- 2.83 1.175 0.925 0.798 0.701 0.614 0.513 0.361 0.265 
1.00- 2.00 0.303 0.201 0.158 0.124 0.151 0.124 0.094 

< 1.00 3.492 6.167 8.529 10.752 14.911 22.681 30.916 

sum2-128 100 96.205 93.632 91.313 89.124 84.938 77.195 68.990 
sum0-128 100 100 100 100 100 100 100 100 

Appendix H.2.4 : Model mixture 4 - site # 6 - Rhine km 42.4. 
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model mixture Sa and Sb - mass fractions In % 

size steo # 
interval 0 1 2 3 4 0 -sum of revolutions 

fmm-mm l 0 710 2 340 6600 12 600 0 
90.5 - 128 6.693 6.256 5.734 5.289 4.756 6.713 
64.0 - 90.5 13.205 12.923 12.216 9.995 8.832 13. 199 
45.3 - 64.0 11.331 10.367 9.982 9.693 8.811 11.330 
32.0- 45.3 9.841 9.405 8.652 8. 136 7.658 9.839 
22.6 - 32.0 9.475 8.987 8.514 7.763 6.734 9.473 
16.0 - 22.6 9.444 8.798 8.285 7.344 6.530 9.442 
11.2- 16.0 9.390 8.615 7.873 7.069 6.286 9.388 
8.00 - 11.2 8.026 7.3 16 6.750 5.668 4.867 8.024 
5.66 - 8.00 7.850 6.956 6.265 5.36i 4.4 10 - 7.849 
4.00 - 5.66 5.357, 4.635 4.1 21 3.309 2.689 5.356 
2.83 - 4 .00 5.580 4.700 4. 179 3.325 2.488 5.579 
2.00 - 2.83 3.808 3.416 2.889 2.218 1.562 3.808 
1.00 - 2.00 1.044 0.982 1.1 82 0.910 -

< 1.00 6.582 13.558 23.648 33.467 -
sum 2 - 128 100 92.374 85.460 75.170 65.623 - 100 
sum0-1 28 100 100 100 100 100 - 100 

Appendix H.2.S : Model mixtures Sa and Sb - Schraubach km 4.S, what 

corresponds to Rhine km 7.7. 

mod el mixture S - mass fractions in % 

size stco # 
intcrval 0 1 2 - - -

sum of rcvolutions 
fmm- mml 0 11 500 24 000 
90.5 - 128 6.926 5.196 3.353 - -
64.0 - 90.5 13.549 12.923 11.341 -
45.3 - 64.0 13.954 10.367 10.948 - -
32.0 - 45.3 11.5 14 9.405 9.435 -
22.6 - 32.0 10.246 8.987 8.067 - -
16.0 - 22.6 9.888 8.798 7.287 - - -
11.2- 16.0 9.625 8.615 7.049 
8.00 - 11.2 7.385 7.3 16 5. 126 - -
5.66- 8.00 6.694 6.956 4.211 - -
4.00 - 5.66 4.108 4.635 2.284 - - -
2.83 - 4.00 3.751 4.700 1.865 - - -
2.00 - 2.83 2.360 3.416 0.989 
1.00 - 2.00 1.044 0.590 -

< 1.00 6.582 27.454 -
sum 2 - 128 100 92.374 71.956 - -
sum 0 - 128 100 100 100 - -

1 

12 600 
4.18 1 
9.1 13 
9.950 
7.432 
6.775 
6.476 
6.445 
4.856 
4.406 
2.738 
2.434 
1.537 
1.293 

32.364 

66.344 
100 

-
-

-
-

-
-
-

-
-

Appendix H.2.6 : Model mixture S, made up from model mixtures Sa and Sb 

after 12 600 revolutions, what corresponds to Rhine km 24.7. 
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model mixture 6 - mass fractions in % 

size steo# 
interval 0 1 2 3 -

sum of revolutions 
r mm-mm l 0 13 000 23 000 33 500 - - -
90.5 - 128 2.881 2.673 2.158 2.126 - - -
64.0-90.5 11.703 7.858 7.227 6.771 - - - -
45.3 - 64.0 23.287 18.032 15.616 14.778 -
32.0 - 45.3 20.402 17.291 16.110 15.435 -
22.6- 32.0 16.224 13.353 12.399 12.005 - -
16.0- 22.6 10.152 8.342 7.779 7.502 - - -
11.2 - 16.0 6.809 5.195 4.809 4.690 - -
8.00- 11.2 3.441 2.156 2.047 2.059 - - -

5.66 - 8.00 2.458 0.961 0.922 0.903 - - -
4.00 - 5.66 1.229 0.298 0.288 0.280 - - -
2.83 -4.00 0.922 0.131 0.112 0.114 - -

2.00- 2.83 0.492 0.056 0.036 0.029 - - -
1.00- 2.00 - 0.037 0.023 0.014 -

< 1.00 - 23.617 30.474 33.294 - -
sum 2 - 128 100 76.346 69.503 66.692 - - -
sum 0 - 128 100 100 100 100 - -

Appendix H.2.7: Model mixture 6 - site # 10 - Rhine km 60.8. 

model mixture 7 - mass fractions in % 

size step# 
interval 0 1 2 3 - - -

sum of revolutions 
f mm-mm l 0 10000 18 500 27 500 - - -
90.5 - 128 2.886 2.799 2.441 2.333 - -
64.0 - 90.5 11.703 10.146 J0.390 8.919 - -
45.3 - 64.0 23.278 19.666 17.485 14.941 - -
32.0- 45.3 10.403 18.511 18.326 15.802 - -
22.6 - 32.0 16.225 14.444 12.206 12.407 -
16.0- 22.6 10.\52 '9.446 8.916 8.020 -
11.2 - 16.0 6.809 6.156 5.505 5.113 
8.00 - 11.2 3.441 3.030 2.937 2.081 -
5.66 - 8.00 2.459 1.862 1.798 0.979 -
4.00- 5.66 1.230 0.756 0.711 0.323 -
2.83 - 4.00 0.922 0.462 0.428 0.155 - -
2.00 - 2.83 0.492 0.183 0.143 0.054 -
1.00 - 2.00 0.063 0.041 0.092 

< 1.00 - 12.476 18.673 28.781 - - - -
sum2-128 100 87.461 81.286 71.127 - - -
sum 0- 128 100 100 100 100 - - - -

Appendix H.2.8 : Model mixture 7 - site # 10 - Rhine km 60.8. 
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model mlxture 8 - mass fractions in % 

sizc stco# 
interval 0 1 2 3 - - -

sum of revolutions 
[ mm-mm l 0 12000 22 000 30 500 - -
90.5 - 128 2.875 2.688 2.676 2.230 - - -

64.0-90.5 11.704 10.81 1 9.253 8.360 - -
45.3 - 64.0 23.283 20.725 18.275 15.589 - -
32.0 - 45.3 20.405 19.163 16.972 14.597 - -
22.6 - 32.0 16.226 15. 112 14. 134 12.522 - -
16.0-22.6 10. 153 9.872 9.146 8.021 -
11.2- 16.0 6.8 10 6.409 5.743 4.756 - -
8.00 - 11.2 3.442 3.312 2.912 2.130 - -
5.66 - 8.00 2.459 2.243 1.779 1.023 - - -
4.00 - 5.66 1.229 1.043 0.755 0.355 - -
2.83 - 4.00 0.922 0.696 0.419 0. 159 - - -
2.00 - 2.83 0.492 0.285 0. 162 0.063 - - -
1.00 - 2.00 0.125 0.090 0.079 - - -

< 1.00 7.516 17.684 30. 116 -
sum 2-128 100 92.359 82.226 69.805 
sum 0- 128 100 100 100 100 - -

Appendix H.2.9 : Model mixture 8 - site # 10 - Rhine km 60.8. 
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GRAIN-SIZE DISTRIBUTIONS OF 

MODEL MIXTURES. 

~ 
.... 

~ 

,,,,,,, 
/V 

~/ 

0.1 ------ MTttel 

I 
0.0 

0. 2. 4. 6. 8. 1 o. 1 2. 

dl [cm] P1 

0.20 o.ooo d35 
0.28 0.040 

0.40 0 .093 d50 
0.57 0.145 

o.eo 0.211 d90 
1.12 0 . 280 

1.60 0 .369 d 
m 

2.26 0.462 

3.20 0 .566 a 
4.53 0.666 

6.40 0.796 

9.05 0.885 

12.80 1.000 

Appendix H.3.1: Model mixture 1 from bulk sample 

at the Alpine Rhine site # 1 - km 23.8. 

Mittel 

14. 1 6. 18. 

dl {cm] # 

= 1.499 

2.604 

9.553 

3.792 

3.530 

20. 



, .0 

P1 
0.9 

0.8 

0.7 

0.6 

0.5 

0.4 

0.3 

0.2 

0.1 

0.0 

/ 
/ 
/ 

/ 
0. 

dl 

/ 
jv 

/ 
/ 

2. 4. 

[cm] 

0.20 

0.28 

0.40 

0.57 

0.80 

1.12 

1.60 

2.26 

3.20 

4.53 

6.40 

9.05 

12.80 
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~ --

6. 8. , 0. , 2. 

P1 

0.000 d35 
0.009 

0.033 d50 
0.070 

0.137 d90 
0.224 

0.362 d 
rn 

0 . 506 

0.658 a 
0.800 

0.939 

0.990 

1.000 

Appendix H.3.2 : Model mixture 2 from bulk sample 

at the Alpine Rhine site # 2 - km 27.0. 

------ mlxtur 

Mittel 

, 4. , 6. , 8. 20. 

dl {cm] # 

= , .558 

2 .232 

5.879 

2.849 

2.394 



1.0 

P1 
0.9 

0.8 

0.7 

0.6 

0.5 

0.4 

0.3 

0.2 

0.1 

0.0 

I 
/ 

/ 
0. 

d, 

/ 
/ 

/ 
/ 

I 

2. 4. 

[cm] 

0.20 

0.28 

0.40 

0.57 

0.80 

1.12 

1.60 

2.26 

3.20 

4.53 

6.40 

9.05 

12.80 
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~ ---
/' 

6. a. 10. 12. 

P1 

0.000 d35 
0.007 

0.021 d50 
0.038 

0.068 d90 
0.120 

0 . 236 d m 
0.364 

0.519 a 
0.67-4 

0 .838 

0.942 

1.000 

Appendix H.3.3 : Model mixture 3 from bulk sample 

at the Alpine Rhine site # 4 - km 32.5. 

------ Mlttel 

Mitte! 

14. 1 6. 18. 20. 

dl {crn} # 

= 2.186 

3.086 

7.970 

3.844 

2.239 



1.0 

P1 
0.9 

0.8 

0.7 

0.6 

0.5 

0.4 

0.3 

0.2 

0.1 

0.0 

J 
/ 

/ 
0. 

dl 

/ 
I 

/ 
/ 

I 

2. 4. 

[cm] 

0 . 20 

0.26 

0.40 

0.57 

0.80 

1. 1 2 

1.60 

2.26 

3.20 

4.53 

6.40 

9 .05 

12.80 
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V----
~ 

6. 8. 10. 12. 

P1 

0.000 d35 
0.012 

0.028 dso 
0.045 

0.079 dgo 
0.131 

0.227 d 
m 

0.351 

0.521 a 
0.692 

0.643 

0.947 

1 .000 

Appendix H.3.4 : Model mixture 4 from bulk sample 

at the Alpine Rhine site # 6 - km 42.4. 

- -- - -- Mlttel 

Mlttel 

14. 1 6. 18. 20. 

dl {crn] # 

= 2 . 255 

3.082 

7.847 

3.792 

2.242 



1.0 

P1 
0.9 

0.8 

0.7 

0.6 

0.5 

0.4 

0.3 

0.2 

0.1 

o .o 

J 

/ 
/ 
/ 
I 
0. 

d, 

/ 
/ 

/ , 

2. 4. 

[crn] 

0.20 

0.28 

0.40 

0.57 

0.80 

1.12 

1.60 

2.26 

3.20 

4 . . 53 

6.40 

9.05 

12.80 
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~ ---/~ 

/' 

6. 8. 1 0. 1 2. 

P1 

0.000 d35 
0.038 

0.094 d50 
0.147 

0.226 d90 
0 . 306 

0 . 400 d 
m 

0.495 

0.589 a 
0.688 

0.801 

0.933 

1.000 

Appendix H.3.5 : Model mixture 5 from bulk sample 

- - - - --- Mitter 

Mitter 

14. 1 6. 18. 

dl [crn} # 

= 1 .344 

2.315 

8.386 

= 3.504 

3.450 

at Schraubach km 4.5, what corresponds to Rhine km 7.7. 

20. 
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--- - ---=· I""'" --- ,.„:-.P('l'f ~ , 
, _._,,,.':-V" , „„„~ , 

, J}~ 
r 

0.0 
o.o 2 .0 4.0 6.0 8.0 10.0 12.0 

Rhlne km 23.8 slte 1 

------ Rhlne km 27.0 slte 2 
................... Rhlne km 32.5 slte 4 

-·-·-·-· · Rhlne km 42.4 slte 6 

···-···-·· Sehraubaeh km 4.5 

14.0 

d, 

CT 

3.53 

2.39 

2.24 

2.24 

3.45 

Appendix H.3.6 : Comparison of all five model mixtures. 

16.0 18.0 20 .0 

[cm}# 

d d90 m 

3 . 79 9.55 

2.85 5.88 

3.84 7.97 

3.79 7.85 

3.50 8 .39 



1.0 
P1 

0 .9 

0.8 

0.7 

0.6 

0.5 

0.4 

0.3 

0.2 

0.1 

/ 
/ 

/ 
/ 
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„/ 

V 
/ 

/ 
/ 

/ 0 .0 
0 .0 2.0 4.0 6.0 8.0 1 0.0 12.0 

model mlxture 6 

- - - - - - modal mlxture 7 

,.,_,„_„ model mlxture B 

14.0 

d, 

a 

1.96 

1.96 

1.96 

Appendix H.3. 7 : Comparison of model mixtures 6, 7 and 8. 

16.0 18.0 20.0 

[cm} ;f 

d d90 m 

4.07 7.44 

4.07 7.44 

4.07 7 .44 



APPENDIX H.4 

1.0 
P, 

0.9 

0.8 

278 

CHANGES OF GRAIN-SIZE DISTRIBUTIONS 

OF MODEL MIXTURES (0 - 128 mm). 

--~ 

.~ V" 

.~ ~ 
.J ~ 

.. iß' y 0.7 

0.6 

/ -§ . 

~~ y „ ...... 
/?~ ·'i•-

%;! „ 

,;,y 
" .· 
,7 

0.5 

0.4 

0.3 

0.2 

0.1 

0.0 
0.0 2.0 4.0 6.0 8.0 10.0 12.0 14.0 16.0 18. 0 20.0 

d
1 

[cm} # 

a d d90 m 

km 23.8 0 revolut1ons 3 . 53 3.79 9.55 

------ km 28.7 3 4 00 revolutrons 3.90 3.54 8.46 ................... km 33.4 6 800 revolutron:s 4.55 3.41 8.31 

-· -·-· -,, km 38.2 10 300 revolutlons 6.98 3.31 8.28 
•• „„ •• „ . km 42.9 13 800 revolullons 0.00 3.23 8.25 

- - - - km 47.7 17 400 revolutlons 0.00 3.11 8.12 

···-···-·· km 52.5 21 000 revo lutlon s 0.00 3.01 8.03 

···-···-·· km 62.8 28 700 revolutlons 0.00 2 .82 7.90 

Appendix H.4.1 : Model mixture 1 from bulk sample 

at the Alpine Rhine site # 1 - km 23.8. 
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Appendix H.4.2 : 

4.0 6.0 8.0 10.0 12.0 

km 27.0 0 revolutlons 

km 41.6 10 600 revolutlons 

km 56.5 21 800 revolutlons 

km 82.5 42 000 revolutlons 

km 119.7 71 500 revolutlons 

14.0 1 6 .0 18.0 20.0 

d
1 

[cm} ,f 

(1 d d90 m 

2.39 2.85 5.88 

2.71 2 . 66 5.81 

3.20 2.53 5 .77 

7.03 2.33 5.63 

0.00 2 .08 5.37 

Model mixture 2 from bulk sample 

at the Alpine Rhine site # 2 - km 27.0. 
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Appendix H.4.3 : 
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8 . 0 10.0 12.0 14.0 

km 32.5 0 revolutions 

km 37.8 3 700 revolutlons 

km 42.9 7 400 revolutlons 

km 48.0 11 100 rovolutlons 

km 53.2 14 900 revolutfons 

km 64.0 23 000 revolutlons 

km 84.9 39 000 revolutlons 

km 1 13.5 61 000 revoluttons 

Model mixture 3 from bulk sample 

at the Alpine Rhine site # 4 - km 32.5. 

d, 

a 

2.24 

2.35 

2.48 

2.65 

2 .89 

4.61 

0.00 

0.00 

16.0 18.0 20.0 

[cm} ,f 

d d90 m 

3.84 7.97 

3.73 7.94 

3.61 7.82 

3.51 7.71 

3.44 7 . 67 

3.29 7.63 

3.03 7.41 

2.70 6.94 
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~y 
o.o 2.0 4.0 6.0 8.0 10.0 12.0 

km 42.4 0 revolutlons 

------ km 47.5 .3 600 revolutlons 
................... km 52.5 7 200 revolutlons 

-·-·-·-·· km 57.5 10 900 revolutlons 
••• - ••• 1 km 62.5 14 600 revolutlons 

---- km 7.3.1 22 600 revolutlons 

···-···-·· km 96 . .3 40 400 revolutlons 

···-···-·· km 125.8 63 300 revol utlons 

14.0 

d, 

u 

2.24 

2.39 

2.54 

2.71 

2.95 

4.27 

0.00 

0.00 

Appendix H.4.4 : Model mixture 4 from bulk sample 

at the Alpine Rhine site # 6 - km 42.4. 

16.0 18.0 20.0 

fern}# 

d d90 m 

.3.79 7.85 

3.66 7.81 

.3.57 7.74 

.3.48 7.64 

3.40 7.59 

.3.24 7.45 

2.96 7.22 

2.63 6.88 
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4.0 

km 7.7 

km 8.7 

km 11.0 

km 16.8 

km 24.7 

km 24.7 

km 40.9 

km 57.4 

6.0 

2 

6 

12 

11 

24 
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,·P ~ ' 

8.0 10.0 12.0 

0 revolutions 

710 rovolullons 

340 revolutrons 

600 revolutrons 

600 revolutlons 

0 revolutlons 

500 revolutlons 

000 revolutlons 

Appendix H.4.5 : Model mixture 5 from bulk sample 

14.0 16.0 18.0 20.0 

d, [cm}# 

a d d90 m 

3.45 3.50 8.39 

4.15 3.31 8.28 

5.31 3.10 8.12 

0.00 2.78 7.80 

0.00 2.49 7.48 

3.08 3.77 8.45 

5.51 3.23 8.01 

0.00 2.77 7.50 

at Schraubach km 4.5, what corresponds to Rhine km 7.7. 
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0.0 2.0 4.0 6.0 8.0 10.0 

km 00.0 0 rev. 

------ km 11.5 13 000 rev. 
•• „ ••• „. „.„„,, km 22.2 23 000 rev. 

···-···-·· km 35.6 33 500 rev . 

12.0 14.0 

d, 

a 

1.96 

796 rph 4 .42 

400 rph 0.00 

120 rph 0.00 

Appendix H.4.6 : Model mixture 6 from bulk sample 

at the Alpine Rhine site # 10 - km 60.8. 

16.0 18.0 20.0 

[cm} # 

d d90 m 

4.07 7.44 

3.19 6.58 

2.86 6.33 

2.74 6.26 
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0.2 ~,'/ 
0.1 / 

0.0 ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

0 .0 2.0 4.0 6.0 8.0 10.0 12.0 14.0 16.0 18.0 20.0 

d, [cm} ,f 

a d d90 m 

km 00.0 0 r e v . 1.96 4.07 7.44 

------ km 11.8 10 000 rev. 387 rph 2. 73 3.59 7.17 
•• „ •• . „ •• „„„„ km 23.0 18 500 rev. 120 rph 5.97 3.37 7.12 
,,,_,„_,, km 30. 5 27 500 rev. 794 rph 0.00 2 .97 6.77 

Appendix H.4.7: Model mixture 7 fro111 bulk sample 

at the Alpine Rhine site # 10 - km 60.8. 



285 
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0.0 2.0 4.0 6 .0 8.0 10.0 12.0 14.0 16.0 18.0 20.0 

d, fern} # 

a d d90 m 

km 00.0 0 rev. 1.96 4.07 7.44 

------ km 16.9 12 000 rev. 1 21 rph 2.29 3 .75 7.26 
••• „ •• „ •• „„„ •• km 28.1 22 000 rev. 395 rph 3.58 3.35 6.95 
,,,_„,_,, km 35.2 30 500 rev. 795 rph 0.00 2.91 6.59 

Appendix H.4.8 : Model mixture 8 from bulk sample 

at the Alpine Rhine site # 10 - km 60.8. 
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CHANGES OF GRAIN-SIZE DISTRIBUTIONS 

OF MODEL MIXTURES (2 - 128 mm). 
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Appendix H.5.1 : 

4.0 6.0 

km 23.8 

km 28.7 3 

km 33.4 6 

km 38 . 2 10 

km 42.9 13 

km 47.7 17 

km 52.5 21 

km 62.8 28 

8.0 10.0 1 2.0 1 4 .0 1 6.0 18.0 20.0 

d
1 

[cm} # 

a dm d90 

0 revoluftons 3.53 3.79 9 .55 

400 revolutlons 3.28 3 .79 8.60 

800 revolutrons 3.15 3.86 8.55 

300 revolutlons 3.06 3.95 8 . 61 

800 revolutlons 2.99 4.02 8.67 

400 revolutlons 2.88 4. 07 8.63 

000 revolutlons 2.83 4.12 8.60 

700 revolutions 2.73 4.22 8.62 

Model mixture 1 from buJk sample 

at the Alpine Rhine site # 1 - km 23.8. 
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0.0 
0.0 2.0 4.0 6.0 8.0 10.0 12.0 14.0 

d, 

u 

km 27.0 0 revolutlons 2.39 

------ km -41.6 10 600 revoluttons 2.41 
........... „ ...... km 56.5 21 800 revolutfons 2.42 

-· -·- ·-· · km 82.5 42 000 revolutlons 2 . 43 

···-···-" km 119. 7 71 500 revolutlons 2 . 42 

Appendix H.5.2 : Model mixture 2 from bulk sample 

at the Alpine Rhine site # 2 - km 27.0. 

16.0 18.0 20.0 

[cm}# 

d d90 m 

2.85 5.88 

2.84 5.91 

2.85 5.94 

2.85 5.97 

2.84 5.92 
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···-···-·· 

Appendix H.5.3 : 

4.0 6 . 0 8.0 10.0 12.0 

km 32.5 0 rovolutJons 

km 37.8 3 700 revoluttons 

km 42.9 7 400 revolutions 

km 48.0 11 100 revolutlons 

km 53.2 14 900 revoluHons 

km 64.0 23 000 revolutlons 

km 84.9 39 000 revolutrons 

km 113.5 61 000 revolutlons 

Model mixture 3 from bulk sample 

at the Alpine Rhine site # 4 - km 32.5. 

14.0 16.0 18.0 20.0 

d, [cm}# 

a d d90 m 

2 . 24 3.84 7.97 

2 .25 3.87 8 .04 

2.25 3 . 85 7 .98 

2.25 3 . 85 7.94 

2.25 3.86 7.96 

2.28 3.89 8.05 

2.28 3.92 8.10 

2 .26 3.92 8.06 
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0.0 2.0 4.0 6.0 8.0 10.0 12.0 14.0 

d, 

a 

km 42.4 0 revolutlons 2.24 

------ km 47.5 3 600 revolutlons 2.24 
..•....... „ ..•...• km 52.5 7 200 revolutlons 2 . 23 

-·-·-·-·· km 57.5 10 900 revolutlons 2.24 

------- · km 62.5 14 600 revolutfons 2.23 

- - - - km 73.1 22 600 revolutlons 2.22 

···-···-·· km 96.3 40 400 revolutrons 2.24 

11•-···-·· km 125.8 63 300 revolutlons 2.24 

Appendix H.5.4 : Model mixture 4 from bulk sample 

at the Alpine Rhine site # 6 - km 42.4. 

16.0 18.0 20.0 

[cm} # 

d d90 m 

3.79 7.85 

3 .80 7.91 

3 .81 7.91 

.3.80 7.87 

3.81 7 . 88 

3 . 81 7.88 

3 . 81 7.85 

3.79 7.77 
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0.0 2 .0 4.0 6.0 8.0 10.0 12.0 

km 7.7 0 rovolutlons 

------ km 8.7 710 revolullons 
•• „ •• „„„„„„. km 11.0 2 340 revoluttons 

-·-·-·-·· km 16.8 6 600 revolutrons 

------- · km 24.7 12 600 revolutlons 

---- km 24.7 0 revoluttons 

"·-···-·· km 40.9 11 500 revolutlons 

···-···-·· km 57.4 24 000 revolutlons 

Appendix H.5.5 : Model mixture 5 from bulk sample 

14.0 16.0 18.0 20.0 

d, [cm).# 

a d d90 m 

3.45 3.50 8.39 

3.39 3.58 8.44 

3.33 3.63 8 .44 

3.21 3.68 8.46 

3.09 3.77 8.51 

3.08 3.77 8.45 

2.94 3.82 8.35 

2.76 3.84 8 . 15 

at Schraubach km 4.5, what corresponds to Rhine km 7.7. 
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0.2 

0.1 

0.0 
0.0 2.0 4.0 6.0 8.0 10.0 1 2.0 14.0 16.0 18.0 20 . 0 

d
1 

[cm] ,f 

a d d90 m 

km 00.0 0 rev. 1.96 4 . 07 7.44 

------ km 11.5 13 000 rev. 796 r ph 1.82 4 . 16 7.38 
•• „ •• „ • • „ . „.„. km 22.2 23 000 rev. 400 rp h 1.83 4.10 7.29 
. „_ „ , _„ km 35.6 33 500 rev . 120 rph 1 .84 4.08 7.27 

Appendix H.5.6 : Model mixture 6 from bulk sample 

at the Alpine Rhine site # 10 - km 60.8. 
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0.0 
0.0 2.0 4.0 6.0 8.0 10.0 12.0 14. 0 

dl 

a 

km 00.0 0 rev. 1.96 

------ km 11.8 10 000 rov. 387 rph 1.92 

''"'''"''" ' "''' km 23. 0 18 500 rev. 120 rph 1.93 
„, _ ,„ _,, k m 30.5 27 500 rev. 794 rph 1 . 87 

Appendix H.5.7: Model mixture 7 frorn bulk sarnple 

at the Alpine Rhine site # 10 - km 60.8. 

16.0 18. 0 20.0 

{cm} # 

d d90 m 

4 .07 7.44 

4.10 7 . 50 

4.13 7.60 

4 .1 7 7.63 
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0.5 

0.4 

7 
/ 
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0.2 

0.1 

0.0 
0.0 2.0 4.0 6.0 8 . 0 10.0 12.0 14. 0 16 . 0 18.0 20.0 

d
1 

[cm} # 

(1 d d 9 0 m 

km 00.0 0 rev. 1.96 4.07 7 .44 

------ km 16. 9 12 000 rev. 121 rph 1.95 4 .06 7.45 ................. .. km 28 . 1 22 000 rev . 395 rph 1.92 4 .07 7.46 

11•-···-·· km 35.2 30 500 rev . 795 rph 1.86 4 .15 7.5 4 

Appendix H.5.8 : Model mixture 8 from bulk sample 

at the Alpine Rhine site # 10 - km 60.8. 
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APPENDIX H.6 SIZE REDUCTION RATES FROM CHANGES 

OF GRAIN SIZE DISTRIBUTIONS AND 

WEIGHT REDUCTION RATES. 

When a relationship between the size changes of the sediment mixture and the intensity 

of the abrasion process, which has caused them, is searched for, normally mean diameters 

of the mixture and from them a defined size reduction rate and a weight reduction rate, 

respectively, are taken as representative parameters. Basically two different situations 

should be discussed. In the first situation, the weight of a sediment mixture decreases due 

to washed away abraded fines, which are too small to be captured or are lost 

intentionally, and are not part of the mixture any more. In the second situation, the 

weight of a sediment mixture remains constant, while abraded fines can be captured and 

remain part of the mixture, or the original weight can not be followed and a new 

sediment mixture with the same weight has been taken. Tue former situation will be 

discussed first. 

Appendix H.6.1 : Sediment mixture with reduced weight 

Suppose at distance zero a sediment mixture of weight m0 with known mean diameter 

dm-O , the result of a sieve analysis with a set of sieves in geometric ratio R < 1 : 

dm- 0 = ~1----
100 

... (H.l) 

Then the mixture has been transported for a distance s , has lost its mass according to the 

size-independent weight reduction rate aw. Tue mass, lost from one size interval, occurs 

as abraded cores b( W.:ores) in next smaller interval and is lost from the mixture as 

abraded fines b( Wfin•.). Tue reduced weight of the mixture can be registered. Then the 

relative weight fraction of the i-th size interval, taking into account the reduced weight of 

the mixture, is : 

m m. 0 -!lm ,.+/lm ("IJ 
A " · = ----1=.L = 1- Iota -1 cores- 1-

'-"V1-s ( ) m, 1-aws m0 
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... (H.2) 

and relative weight fraction of the 11-th, that is smallest size interval is : 

m m +/:,m 
An = -2!::!. = n- 0 cores- (n-1) 

~~ ( ) m, 1-aws mo 

.. . (H.3) 

Tue mixture has changed its mean diameter in a distance s to dm- s : 

n 

L,(!lp;_,d;) a sb(W ) t:,. d 
d = 1 = d + w cores Rd + aws Pn-0 n 

m-s 1 ()() 111-0 1 - a s m-0 1 - a s l ()() 
w w 

... (H.4) 

If the linear wear rate is not a function of particle size, then all weight fractions are 

abraded by the same relative amount and the mean diameter of the grain-size distribution 

remains the same, shown with the first term in eqn.(H.4). Tue second term describes the 

shift of the grain-size distribution to higher coarsness due to abraded cores. The third 

term is much smaller than the other two and can be neglected. If the weight reduction 

rate is not a function of particle size, as assumed at the beginning, then the abraded 

mixture with reduced weight will be coarser as at distance zero. Tue situation, where the 

original weight of the abraded mixture can be kept constant, that is abraded fines are kept 

part of the mixture, is similar to the situation with field bulk sarnples and is discussed in 

the next Appendix. 
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As two mean diameters of the sediment mixture are known, a size reduction rate ad 

according to the exponential law of size decrease and its relationship to the weight 

reduction rate a„ can be determined : 

Appendix H.6.2 : 

awsb( Wcores) R 

1-aws 

Sediment mixture with constant weight 

... (H.5) 

... (H.6) 

As before, suppose at distance zero a sediment mixture of weight m0 with known mean 

diameter dm-o , the result of a sieve analysis with a set of sieves in geometric ratio R < 1 

dm-0 = ___,_! ----

100 
... (H.7) 

Then the mixture has been transported for a distance s and has lost its mass according to 

the size-independent weight reduction rate a„. Tue mass, lost from one size interval, 

occurs as abraded cores b( W,,
0
,..) in next smaller size interval and as abraded fines 

b(Wfin„)in the smallest size interval. Tue fact, that the mass of the mixture remains 

constant, is typical for two different cases : 

- when river sediment is transported downstream, then the weight of the bulk sample at 

distance zero cannot be followed in the field to the place, where another bulk san1ple is 

taken. So a new bulk sample, taken at distance s, again has the same weight m0 . 

- when an experimental sediment mixture is abraded in an abrasion set-up, its original 

weight m0 can be kept constant, that is abraded fines are captured and remain part of 

the mixture. 

Then is the relative weight fraction of the i-th size interval, taking the same weight as 

before: 
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!J.p. = mi-s = mi-0 - fün/otal-i + füncores-(i-1) 
•-s mo mo 

mi-0 - awsmi-0 + awsb( W.:ores )m(i-1)-0 
!J.pi-s = -------------:.:....C:~ 

mo 

!J.pi-s = ( 1- aws )!J.pi-0 + awsb( W.:ores )!J.p(i-1)-0 

and relative weight fraction of the n-th, that is smallest size interval is : 

n 

L fün fines-i /). 
+ awsmn-0 + 1 m fines-n 

mo mo mo 

/),,pn-s = (1 - aws )11Pn-O + awsb( W.:oreJIJ.p(n-IJ-0 + 

+ awsl1pn-O + awsb( Wfin•J - awsb( Wfines )11Pn-O 

.. . (H.8) 

/),,pn-s = (1 - aws )!J.pn-o + awsb(W.:om )(!J.p(n-tJ-o + 11Pn-o) + awsb( Wflnes) 

b( ) /1pn-Odn b( ) dn + aws wcom 1 ()() + aws wflnes 1 ()() 

... (H.9) 

Tue mean diameter of new bulk sample is then dm- s : 
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dm-s = [ 1 - aws( 1 - b( Wcores )R) ]dm-o + 

b(W ) !J.pn-Odn b(W ) dn + aws com 100 + a\Vs fiN!s 100 ... (H.10) 

In nature it is normally not possibile to measure the increased percentage of the 

sediment in the smallest size interval, since abraded fines have been long washed away. 

Therefore it can be assumed that /'yln-s ~ /'yln-O and the second term as weil as the 

third term are much smaller than the first one, and can be neglected. So only the first 

term in eqn.(H.8) can be taken as a good approximation for the relationship between 

the mean diameters of the bulk samples, taken a distance s from each other. 

In the case of an experimental mixture, despite the fact that the second term 

summarizes all abraded fines, again both last terms can be neglected. 

Again two mean dian1eters of the sediment· mixture are known, so that a size reduction 

rate ad according to the exponential law of size decrease and its relationship to the 

weight reduction rate a„ can be determined : 

ads"" - ln{l - aws[l - b(W,,0 res)R]} ""aws[ 1- b( W,,0 ,.,)R] 

ad ""aw[ 1- b( W,,0 „,)R] 

... (H.11) 

„. (H.12) 
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Appendix H.6.3 : Combined analysis 

In the case of an experimental mixture in an abrasion set-up it is also possible to 

combine both above mentioned situations. Tue relationship between size reduction 

rates, determined from mean diameter of the mixture with constant and reduced weight, 

and weight reduction rate can be established. Tue difference of both size reduction 

rates, given in eqns.(H.6) and (H.12), gives: 

... (H.6) 

(a ) = a - a b(W )R d constant w w cores ... (H.12) 

a = (a ) - (1 - a s)(a ) 
w d co11sta11t w d reduced 

... (H.13) 

This equation is good approximation for converting size reduction rates into a weight 

reduction one for experimental mixtures. In the field case, size reduction rates for 

constant mixture weight normally do not show the influence of abraded fines, so must 

be firstcorrected due to reduced weight. Eqn.(H.13) changes to: 

a = (1 - a s)[(a ) - (a ) ) w w d constant d reduced 
... (H.14) 

This equation is a good approximation for converting size reduction rates into weight 

reduction ones for field cases. 

In both cases it is very important how the distance s is defined, which has been used to 

determine size reduction rates. 
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APPENDIX 1 SIZE-MASS BALANCE EQUATION FOR 
BATCH FULLY AUTOGENOUS GRINDING 

In deriving an SMB equation, describing a combined fracture and wear processes in 

batch fully-autogenous grinding, the work of Menacho (1986) will be followed . The 

objective of the SMB equation will be the description of the time evolution of the grain 

size distribution; thus the most important property of the grinding particulate system is 

taken tobe the equivalent volume radius r. As a starting point a number-balance equation 

is chosen. Accordingly, the number continuity equation for grains in size r at time t is : 

[accumulation] = [net generation by wear) + [net generation by fracture] or in symbols : 

-- = - - N(r,t)- + V(t)[B(r,t) - D(r,t)] ÖN(r,t) d [ dr] 
dt or dt 

„. (I.l) 

where N(r,t) is the number density function, such tbat N(r,t) dr is the number fraction of 

grains in the mill charge, with equivalent spherical volume radius between r to r+ dr at 

time t; V( t) is the actual volume of the charge in the abrasion mill, dr/ dt is the linear 

wear rate and B(r,t) and D(r,t) are birth and death rate functions for discrete events, such 

that B( r, t) dr and D( r,t) dr are the number fraction of grains per unit time per unit volume 

with size between r to r+dr, appearing and disappearing from the actual volume. The 

number frac tion of grains between r to r+dr can be related to the mass fraction in the 

same interval by using the transformation : 

W(t)m(r,t)dr = p'l'r3 N(r,t)dr „. (1.2) 

where m(r,t) is the mass density function of grains in the charge mass W(t), p is the 

density of the solid grains and 'I' is a mean volume shape factor for the grains (any 

dependence of 'I' with respect to grain size or grinding time is neglected). Substituting 

eqn.(1.2) in eqn.(1.1) yields: 

o[W(t)m(r,t)] 

ot 
a [ dr] 3 dr - - W(t)m(r,t) - + --W(t)m(r,t) 
or dt r dt 

+ p 'l'r3V(t)[B(r,t)- D(r,t)] „. (l.3) 
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There are two terms in the right hand-side of eqn.(l.3) involving wear : 

() [ dr] - W(t)m(r,t)- dr or dt 
= net rate of mass loss by wear of grain cores in and out of 

the element r to r+ dr at time t, and 

3 dr 
--W(t)m(r,t)dr 
r dt . 

= rate of mass lost as fine abraded material at time t, due to 

wear of grains of size r to r+ dr. 

Applying the usual first-order assumption for the fracture of grains, then : 

p'l'r3V(t)D(r,t)dr = p'l'r3S(r)N(r,t)dr = S(r)W(t)m(r,t) ... (l.4) 

where S(r) is the specific rate of breakage of grains of size r . Define b'(r,r'} , c '(r,r'} as 

the number fraction of grains of size r , which after breakage appear in size r by fracturc 

and wear respectively. Note that c'(r,r') does not include the abraded cores, since they 

are included separately in eqn. (l.3). The above breakage functions can be expresseci on a 

mass basis as follows : 

b(r,r') = (!._)3 b'(r,r') 
r' . 

and c(r,r')=(!._)3 c'(r,r') 
r' 

... (l.5) 

Breakage of grains size r ' to r '+ dr ' will produce by fracture b(r,r ')S(r')W(t)m(r ',t)dr ' 

and by wear-c(r,r'} (3/r') (dr' ldt)W(t)m(r',t)dr ' mass fragments of size r. The birth rate 

function considers breakage of all grains in size r', r1 > r' > r, where r1 is the maximum 

size of the distribution. Thus, 

" fJ 3 d I 

J b(r,r')S(r')W(t).m(r',t)dr' - Jc(r,r') - _!__ W(t)m(r',t)dr' 
r' dt 

r 

... (I.6) 

By substituting eqn. for birth and death rate function in eqn. (I.3) , the complete mass

balance equation for modelling autogenous grinding systems is obtained, which describes 

a particulate system being reduced in size by simultaneous fracture and wear : 



302 

= - - W(t)m(r,t)- + --W(t)m(r,t) - S(r) W(t)m(r,t) ö[W(t)m(r,t)] () [ dr] 3 dr 
dt dr dt r dt 

r1 'J 3 d , 
+fb(r,r')S(r')W(t)m(r',t)dr' -Jc(r,r') - _!__ W(t)m(r',t)dr' 

r' dt 
r r 

... (1.7) 

Equation (!. 7) for a batch process considering a narrow sieve-size interval, reduces to : 

dw(t) • '; d [ dr] '; 1 dr 
--' -= w;(t) =- J - m(r,t)- dr+3 J --m(r,t)dr 

dt dr dt r dt 
r;+1 'i+I 

i-1 ' j 1 dr ;-1 

- 3I,c .. J--m(r,t)dr+ I,b„S .w.(t) - S.w.(t) „.(1.8) 
. IJ r dt . IJ 1 1 l l 

1=! 'j+i 1=1 

where wj(t) is the mass fraction of the i-th size interval [ri+l , l'j] at timet. Tue value of 

linear wear rate dr/dt is not necessarily constant over a wide size range, bul it can be 

assumed that it is approximately constant within a size interval: (dr/dt )j = - K i . Further, 

r under the integral sign could be replaced by the arithmetic mean ;; ~ (r; + r;.1 ) /2 . 
Making some other reasonable approximations and integrating over size gives : 

I

r; d [ ( )dr]d _ Ir; dm(r,t)d _ W;_1(t) W;(t) 
- - m r,t - r = 1C r = 1C;_1 -JC;..,.--~-_,_ 

. dr dt Ör (,;_1 - r;) (r; - 'i+1) 
'l+t 'i+I 

... (1.9) 

r; 1 d r; 
J _ __!_m(r,t)dr = - J ~m(r,t)dr =: „ dt r; 

'i+l 'i+I 

... (1.10) 

and introducing eqns. (1.9) and (I.10) in eqn.(1.8) yields: 

„. (l.I l) 
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Assuming a set of sieves in geometric ratio R < 1 , what gives ri+ 1 = R ri , and 

rearranging eqn.(1.11), gives: 

• ( 7 - 5R K;J 1 K;_1 ~ [ 6cijKj } w;(t) ,,,,_ S;+--
2
- - w;(t)+-_- --w;_1(t)+k... +b;ßj vj (t) 

1 - R 'i 1 R 'i-i j=I rj (1 + R) 

.. . (1.12) 

Defining an overall specific rate of breakage funclion as sum of contributions due to 

fracture S{F) and wear S(W) as : 

S- - S 7 - SR K; S(F) S(W) 
i - ;+ 2 = ; + i 

1- R 'i 
... (1.13) 

and an overall breakage distribution funclion as a weighted sum of contribulions due to 

fracture b(F)jj and wear b(W)jj as : 

b 
s 6cij1C.j 

= bij _! + j < - 1 ij sj rj(l + R) Sj 

s 6cij1C j 1 1C j 
b = bij _! + + j = - 1 

ij sj rj(l + R) Sj rj(l - R) Sj 

fracture wear breakage wear breakage 

breakage abraded fines abraded cores 

b .. = b(F)ijS(F)j + b(W)ij S(W)j 
11 -

sj 

= b(F)ijS(F)j + b(Wfiaes)ijS(W)j + b(Wcores)ijS(W)j 

sj sj sj 

... (1.14) 

then eqn.(1.12) reduces to : 

dw.(t) - i-1 - -
- ' - = - Sw.(t) + ~ bS.w (t) 

dt l l L.,,1111 
1=1 

.. . (I.15) 

what is the discrete size, time continuous form of the SMB equation for batch FAG. 
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APPENDIX J: LUUS AND JAAKOLA OPTIMISATION 
PROCEDURE 

APPENDIX J.1 : OPTJMISA TION ALGORITHM. 

1. Choose an initial set of estimates [u1°,u2°, ... ,Uk0
] and an initial set of search 

regions ['i 0
,r2°, ... ,rk0

] , within which the optimum values of the variables are 

expected to be. Choose an initial value of objective function F,, 0 (say 1000). 

2. Set the iteration index j to 1. 

3. A$sign the initial set of estimates [u1°,U2°, .. . ,Uk0
] to the best set of estimates 

[u1·,u2·„ .. ,uk*] from previous iteration steps. Assign the initial set of search 

. [ 0 0 01 th f d d h . [ j-1 j-1 j-1] reg1ons 'i , r2 , .. . , rk to e set o re uce searc reg10ns 'i , r2 , .. . , rk 

from previous iteration step j-1. Assign the initial value of objective function F,, 0 to 

the minimal value of objective function F,, min from previous iteration steps. 

4. Take a psets (say 1000) of random values [ R" R2 , •.• , Rkr=l..p between + 0.5 and -

0.5 about the best set of estimates from previous iteration steps [u1·,u2·, ••. ,Uk•] 

within the reduced search regions from previous iteration step ['ij-l, r/-1
, .. . , r/-1

] 

and assign they to the random sets of possible best estimates in iteration step j : 

[u/,u/, ... ,u/r = 

[u • U • U *] [R R R ];[ j-I j-I j-I] 1 , 2 , ... , k + 1, 2, .. . , k 'i ,12 , ... ,rk i = 1..p ... (J. I) 

5. Test all random sets [u/ ,U/,„.,u/r1..p against the constraints. Only the tests, 

satisfying all constraints, are excepted as feasibi le sets. 

6. Evaluate objective function F
0 

with all feasibile sets. 

7. Only the set [ U/ ,U/ „.„u/r , that giv~s the minimum value of objective function 

F j is retained. When the value F j is less than the value F,,mio, assign the set 
0 0 

[ U/ ,U/, ... ,u/r to the best set of estimates [u1*,u2·, ••• ,Uk *) . 
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8. The regions of search are reduced by a certain amount E, (say E = 0.03 or 0.05) : 

['i/ ,r/ , ... , r/] = i.:['ij-I, r/-1
, ••• , r/-1

] 

9. End the problem, if the prescribed value has been reached, or: 

- the !llaximum number of iteration, or 

- the maximum value of objective function, or 

- the maximum value of search region. 

10. Increment the iteration index j by 1 to j+ l and go to the step 4. 

APPENDIX J .2 : USTING OF MATLAB PROGRAMS 

... (J.2) 

In Appendix J.l the given algorithm was implemented with the 386-MATLAB v3.5 

Software Package (The MathWorks, 1989). The program itself and all the subroutines 

are stored in so-called M-files, executable files inside the Matlab environment. The 

main program is called paramet, where all initial values are selected and from which a 

subprogram optim is called. The subprograms are optim for the actual nonlinear 

optimization, select and breakage for selection resp. breakage distribution function. 

function[P,F,We)=paramet(wear,iter,epsilon) 
% 
% M-file for estimating the parameters in the mass-balance population 
% equation for fuUy-autogenous grinding with 4 different wear models 
% 
% input 
% 
% 
% output: 
% 
% 
% 

wear .. . 
iter .. . 
epsilon ... 
P .. . 
F .. . 
We ... 

% M.Mikos 1.1.1993 
% 
parameter_estimates(l)= ... ; 
parameter_estimates(2)= ... ; 

wear model 
number of iteration steps 
search region reduction rate 
final estimates of comminution parameters 
final value of the objective function 
final estimated weight fractions 

parameter_estimates(23)= .. . ; 
constraints_lower=[ ... ]; 
constraints_upper=[ .. , ]; 
regionS=[ ... ]; 
interval_size=[ 128 90.5 64 45.3 32 22.6 16 11.2 8 5.66 4 2.83 2]; 
interval_mean=[l09.25 77.25 54.65 38.65 27.3 19.3 13.6 9.6 6.83 4.83 3.415 2.415 
0.1); 
accuracy=O.O 1; 



initial_weight=[ ... ]; 
weight_l=[ .,. ]; 
weight_2=[ ... ]; 

weight_7=[ ... ]; 
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weight_fractions=[initial_ weight;weight_l ;weight_2; ... ;weight_ 7]'; 
time_data=[ ... ]; 
% 
% wear models : 1 ... the Bond model 
% 2 ... the combined wear model 
% 3 ... the exponential wear model 
% 4 ... the exponential Bond wear model 
% 5 .. . the simplified model 
% 6 ... the simplified model - parameter(l6)=0 
% 
wear_model=wear; 
% 
[P ,F, We ]=0ptim(constraints_lower,constraints_upper,regions,parameter_estimates,int 
erval_size,interval_mean,accuracy,weight_fractions,time_data,wear_model,iter,epsil 
on); 

function [P,F,We ]=optim(c l ,c2,r,p,x,y ,ac,W,t, wear,iter,epsilon, v) 
% 
% M-file for the non-linear optimization - Luus and Jaakola method 
% 
% input: cl [i] ... 
% c2[i] ... 
% r[i] ... 
% p[i] .. . 
% x[i] ... 
% y[i] .. . 
% ac ... 
% W[i,j] ... 
% t[i] ... 
% wear ... 
% iter ... 
% epsilon ... 
% V •• . 

% output: P[i] ... 
% F ... 
% We[i,j) .. . 
% 
% M.Mikos 1.1.1993 
% 
constraints_lower=c 1; 
constraints_upper=c2; 
regions=r; 

vector of lower constraints 
vector of upper constraints 
vector of regions 
vector of parameter estimates 
vector of the upper sizes of the size intervals 
vector of the aritmethic means of the size intervals 
accuracy 
matrix of weight fractions of the size intervals 
vector of times of measurements 
wear model 
number of iteration steps 
search region reduction rate 
vector of mean particle velocities 
vector of estimated parameters 
residual 
estimated weight fractions 



rand_number=l OO; 
parameter_estimates=p; 
number_parameters=length(p); 
interval_size=x; 
interval_mean=y; 
dim=length(x); 
dim l=dim-1; 
dim6=dim-6; 
accuracy=ac; 
initial_weight=W(:,l); 
weight_data= W (: ,2: (length(t)+ 1)); 
time_data=t; 
number_steps=length(t); 
F _test=500; 
step=O; 
while (F _test>accuracy & step<iter) 
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step=step+ 1; 
U=rand(rand_number,number_parameters)-

0.5*ones(rand_number,number_parameters); 
ifwear== l 

U(:, 11: 17)=zeros(rand_number,7); 
elseif wear==2 

U(:,9: IO)=zeros(rand_number,2); 
U(:,13: l 7)=zeros(rand_number,5); 

elseif wear==3 
U(:,9: 12)=zeros(rand_number,4); 
U(:,l 7)=zeros(rand_number, l); 

elseif wear==4 
U(:,9: 12)=zeros(rand_number,4); 

elseif wear==5 
U(:,l: 12)=zeros(rand_number, 12); 
U(:,18:23)=zeros(rand_number,6); 

eise 
U(:, 1: l 2)=zeros(rand_number, 12); 
U(:, 14: 16)=zeros(rand_number,3); 
U(:,18:23)=zeros(rand_number,6); 

end 
par=[] ; 
reg=[]; 
upper=O; 
lower=[]; 
for i=l :number_parameters 

par=[[par];ones(U(:,l) ').*parameter_eslimates(i)]; 
reg=[[ reg] ;ones(U(:, l)') . *regions(i)*0.5]; 
upper=[[ upper) ;ones(l ,rand_number). *constraints_upper(i)); 
lower=[[lower] ;ones( 1,rand_number). *constraints_lower(i)]; 

end 
par_set=U'. *reg+par; 
comb=find(all((par_.:.set<=upper). *(par_set>=lower) )< 1); 



par_set(:,comb)=(]; 
corr_set=par_set; 
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for i=l :(rand_number-length(comb)) 
if wear<3 

[S l ,S2,S3 ,S ]=Select(in terval_size,interval_mean,corr_set(: ,i),0, wear, v); 
[b,BB ]=breakage(interval_size,corr_set(: ,i),S 1,S2,S3,S, wear); 
S(dim)=O; 
S=diag(S); 

end 
weight_estimate=[J; 
for j= l :number_steps 

if wear>2 
[ S 1,S2,S3,S ]=Select(interval_size,interval_mean,corr_set(: ,i), 

time_data(j),wear,v); 
[ b, BB ]=breakage(interval_size,corr_set(: ,i),S 1,S2,S3,S, wear); 
S(dim)=O; 
S=diag(S); 

end 
weight=expm( (-(eye(b )-b)) *S *time_data(j)) *initial_ weight; 
weight_estimate=[ [ weight_estimate] ;weight']; 

end 
Error=(weight_data( 1:dim6,:)-weight_estimate(:,1:dim6)')./weight_data(1 :dim6,:); 
Fo(i)=sum(sum(Error."2)); 
if Fo(i) < F _test 

F _test=Fo(i); 
parameter_estimates=corr_set(:,i); 

end 
end 
regions=epsilon*regions; 
if step < 30 

rand_number=rand_number-1; 
end 

end 
P=;parameter_estimates'; 
F=F_test; 
We=weight_estimate; 

function [SP,SS,SW,S]=Select(X,Y,U,T,wear,v) 
% 
% M-file for evaluating the selection function S 
% 
% input : 
% 
% 
% 
% 
% 

X[i] .. . 
Y[i) .. . 
U[i] .. . 
T„. 
wear ... 
V ••• 

vcctor of the upper sizes of the size intervals 
vector of the aritmethic mean sizes of the size intervals 
vector of parameters 
grinding time 
wear modcl 
vector of mean particle veocities 



% output: 
% 
% 
% 
% 

SP[i] .. . 
SS[i] .. . 
SW[i] .. . 
S[i] ... 

% M.Mikos 1.1.1993 
% 
X0=5.0; 
R=sqrt(2)"(-1); 
% 
% breakage by pebbles S(P) 
% 
ifwear<5 
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selection function due to normal breakage by pebbles 
selection function due to self-breakage of particles 
selection function due to wear breakage 
sum selection f unction 

mi_p=U(3)*((U(4)-U(2))/U(2))"(1/U(4)); 
QPi=((X/mi_p ). "U( 4)+ones(X)). "(-1 ); 
SP=(U(l)*(XIX0)."U(2)).*QPi; 

eise 
SP=zeros(X); 

end 
% 
% self-breakage of particles S(S) 
% . 
ifwear<5 

mi_s=U (7) *( (U (8 )-U ( 6) )/U ( 6) )"( l/U (8)); 
QSi=((X/mi_s)."U(8)+ones(X))."(- l); 
SS=(U(5)*(X/XO)."U(6)).*QSi; 

eise 
SS=zeros(X); 

end 
% 
% wear breakage S(W) 
% 
ifwear==l , 

SW=(7-5*R)/(1-R"2)*U(9)*(Y /2). "(U( 10)-1)*((1 +R)/2); 
elseif wear==2, 

SW=(7-5*R)/(3-3*R"2)*U(l l)*(ones(X)+4*U(12)./((l+R)*X)); 
elseif wear==3, 

SW=ones(X)*((7-5*R)/(2-2*R)*(U ( 13)+U(14)*(1-U(l 5))*(T +U ( 16) )"(-U ( 15)))); 
elseif wear==6, 

SW =(7-5*R)/( l-R"2)*U( 13)*(Y 12). "(U ( 17)-1 )*(( l +R)/2). *(v ." 1.5); 
eise 

SW=(7-5*R)/(l-R"2)*(U( l 3)+U(l 4)*(1-U(l5))*(T + 1+U(l6)) 
"(-U(15)))*(Y /2) . "(U( 17)-1 )*((l +R)/2); 

end 
S=SP+SS+SW; 
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function [b,BB]=breakage(X,U ,S l ,S2,S3,S, wear) 
% 
% M-file for evalualing the non-normalized breakage funclion B 
% 
% input: 
% 
% 
% 
% 
% 
% 
% output: 
% 
% 

X[i] .. . 
U[i] .. . 
Sl[i] .. . 
S2[i] .. . 
S3[i] .. . 
S[i] .. . 
wear .. . 
b[i;j] .. . 
BB[i;j] ... 

% M.Mikos 1.1.1993 
% 
dim=length(X); 
R=sqrt(2 )"(-1); 
% 

vector of the mean sizes of the grain size intervals 
vector of parameters 
selection function due to normal breakage by pebbles 
selection function due to self-breakage of particles 
seleclion function due to wear breakage 
sum selection funclion 
wear model 
breakage funclion b(i,j) 
breakage function B(i,j) 

% breakage function due to normal breakage by pebbles and 
% due to self-breakage of parlicles 
% 
ifwear<5 

BF=zeros(dim); 
rel_size=[l R."[l:(dim-1)]); 
Fi=(rel_size. "U(20))*U(2 l ); 
for i= l:dim 

for j=l:(i-1) 
BF(i,j)=Fiü)*(X(i-1)/X(j))."U(18)+(1-Fi(j))*(X(i-l )/X(j))."U( 19); 

end 
end 
b 1 =diff([: BF;zeros( l ,dim)] )+diag( ones( l ,dim)); 

end 
% 
% breakage function due to wear breakage 
% 
ifwear<5 

C=zeros(dim); 
c_fines=( (6-6*R)/(7-5 *R)); 
for i=l:dim 

for j=l:(i-1) 
C(i,j)=tanh(U(22)*(X(i- I )/X(j))."U(23)); 

end 
end 
c_ij=diff([-C;zeros(l ,dim) ])+diag(ones( l ,dim) ); 
b2_fines=e_fines*c_ij; 
c_cores=((l+R)/(7-S*R)); 
c_diag=c_cores*ones(X); 
b2_cores=diag(c.:..diag( 1 :dim-1),-1); 



b2_cores(dim,dim)=c_cores; 
b2=b2_cores+b2_fines; 

eise 

311 

b2_cores=diag(0.5*ones( 1,dim-1),-1); 
b2_fines=[zeros(dim- l,dim);0.5*ones(l ,dim)]; 
b2=b2_cores+b2_fines; 

end 
% 
% weighted breakage function 
% 
ifwear<5 

S_I=[]; 
S_2=[]; 
S_l2=[]; 
factor=ones( 1,dim); 
S12=Sl+S2; 
for i=l:dim 

S_l=[S_ l ;S 12(i)*factor]; 
S_2=[S_2;S3(i)*factor]; 
S_l 2=[S_ 12;S(i)*factor]; 

end 
b=(bl. *S_l '+b2. *S_2')./S_ l 2'; 

eise 
b=b2; 

end 
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RESULTS OF THE LUUS AND JAAKOLA 

OPTIMISATION METHOD. 

MODEL MIXTURE 1 

final parameter estimates - after 100 reso. 200 iteration 

wear model 

estimated Bond combined exoonential 

oararneters iter= 100 iter = 200 iter = 100 iter = 200 iter = 100 iter = 200 

ap [-/km] 0.0919 0.0902 0.0297 0.0981 0.0937 0.0921 

Cl.p [-) 0.0577 0.00680 1.16 0.930 0.0213 0.00514 

xPM [mm) 0.478 0.130 3.39 1.74 0.291 0.114 

Ap [-J 1.80 1.745 1.00 3.85 1.86 1.78 

as [-/km] 1.56 E-5 7.27 E-5 4.10 E-6 5.79 E-5 6.61 E-4 7.6 1 E-4 

as [-] 0.379 0.462 0.170 0.381 0.696 0.403 

XsM [mm) 6.72 11.6 6.50 15.5 17.0 10.2 

As [-J 1.14 1.33 3.80 2.04 3.03 3.52 

ic [mm/km) 0.00238 0.00238 - - - -

~ [-) 1.00 1.00 - - - -

a [-/km] - - 0.00673 0.00517 - -

/...[mm] - - 6.85 6.36 - -

K0 [mm/km] - - - - 0.00223 0.000633 

K1 [mm/km] - - - - 0.0153 0.0473 

K2 [-] - - - - 0.827 0.583 

So [km] - - - - 36.2 35.8 

V(-) 1.35 0.159 0.815 0.766 0.463 0.144 

ß [-] 0.111 0.1 16 3.36 E-4 1.02 0.117 0.128 

ö [-] 0.701 0.603 0.521 0.625 0.943 0.323 

<1>1 [-] 0.301 0.822 1.13 E-3 0.294 0.837 0.513 

ac [-] 9.64 3.38 3.57 7.68 9.37 5.68 

ac [-] 0.0825 0.0105 0.169 0.255 0.448 0.130 

objective 0.8466 0.8434 0.8844 0.9108 0.8379 0.8122 

function 

Appendix J.3.1 Estimated parameters for model mixture 1. 
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MODEL MIXTURE 2 

final oarameter estimates - after 100 reso. 200 iteration 

wear model 

estimated Bond combined exponential 

oarameters iter = 100 iter = 200 iter = 100 iter = 200 iter = 100 iter = 200 

ap [-/km] 0.0416 0.00112 0.0234 0.00674 0.0508 0.00372 

CJ.p [-] 1.68 0.960 1.36 0.529 1.71 1.52 

xPM [mm] 1.76 0.116 0.543 2.71 2.21 5.79 

Ap [-J 4.21 1.98 1.00 1.86 2.25 4.01 

as [-/km] 2.45 E-4 2.12 E-8 4.41 E-5 7.25 E-5 5.09 E-4 6.01 E-4 

CXs [ -] 0.369 0.129 0.420 0.424 0.443 0.700 

XsM [mm] 18.5 10.1 16.3 22.5 22.3 22.3 

As [-J 4.26 4.72 1.20 1.14 2.21 1.91 

K [mm/km] 0.00195 0.00281 - - - -

d [-] 0.771 0.650 - - - -

a [-/km] - - 0.00309 0.00221 - -

A.[mm] - - 0.000666 0.00265 - -

K0 [mm/km] - - - - 8.36 E-7 1.59 E-6 

1C1 [mm/km] - - - - 0.0448 0.0218 

1C2 [-] - - - - 0.653 0.553 

So [km] - - - - 43.2 28.4 

V[-] 0.206 1.23 1.06 1.15 0.0789 0.500 

ß [-] 8.00 E-5 0.963 1.58 1.45 E-4 0.00433 8.70 E-7 

ö [-] 0.1 30 0.4 13 0.712 0.644 0.803 0.707 

cf>1[-] 0.113 0.220 0.669 0.706 0.590 0.188 

ac [-] 8.03 5.23 3.28 6.00 8.22 8.40 

CXc [-] 0.147 0.0360 0.110 0.212 0.198 0.314 

objective 0.5045 0.5647 0.5627 0.3795 0.4012 0.3922 

function 

Appendix J.3.2 Estimated parameters for model mixture 2. 
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MODEL MIXTURE 3 

final oarameter estimates - after 100 reso. 200 iteration 

wear model 

estimated Bond combined exoonential 

oarameters iter= 100 iter = 200 iter = 100 iter = 200 iter = 100 iter = 200 

ap [-/km] 0.0984 0.0805 0.0778 0.0813 0.0947 0.100 

CJ.p [-] 0.00350 0.00214 0.0131 0.00724 0.0241 0.0494 

XpM [mm] 0.136 0.117 0.756 0.661 0.310 0.484 

Ap [-J 2.43 2.45 5.00 5.00 2.29 2.48 

as [-/km] 7.44 E-5 1.24 E-6 9.80 E-5 9.55 E-5 7.42 E-4 1.00 E-3 

CJ.s [-] 0.819 0.874 0.279 0.656 0.784 0.740 

XsM [mm] 24.3 11.3 20.1 16.3 20.9 21.3 

As [-J 2.85 3.70 4.68 2.41 3.21 3.08 

K [mm/km] 0.00298 0.00300 - - - -

L\ [-] 0.717 0.720 - - - -

ex [-/km] - - 0.00203 0.00188 - -

A. [mm] - - 9.88 13.1 - -

lC0 [mm/km] - - - - 0.000124 0.000903 

lC1 [mm/km] - - - - 0.0178 0.0135 

lC2 [-] - - - - 0.509 0.846 

s0 [km] - - - - 30.9 57.3 

V(-] 1.32 0.602 0.559 0.704 0.950 0.351 

ß [-] 0.328 0.246 1.15 0.762 0.165 0.150 

0 [-) 0.454 0.218 0.414 0.313 0.917 0.898 

<1>1 [-) 0.575 0.779 0.770 0.683 0.256 0.0392 

ac [-] 6.92 7.45 4.74 2.07 5.81 6.24 

CJ.c [-] 0.234 0.0574 0.348 0.155 0.157 0.287 

objective 0.3571 0.3814 0.2953 0.2885 0.3145 0.2993 

function 

Appendix J.3.3 Estimated parameters for model mixture 3. 
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MODEL MIXTURE 4 

final oarameter estimates - after 100 resp. 200 iteration 

wear model 

estimated Bond combined exponential 

parameters iter = 100 iter = 200 iter = 100 iter = 200 iter = 100 iter = 200 

Gp [-/km] 0.0988 0.100 0.0446 0.0806 0.0998 0.0934 

ap [-1 0.00573 0.00192 1.47 0.0773 0.0277 0.00282 

XpM [mm] 0.292 0.113 4.82 0.905 0.536 0.231 

Ap [-1 2.90 2.38 1.53 3.99 2.80 2.80 

as [-/km] 1.68 E-5 3.87 E-5 1.44 E-5 7.44 E-5 3.02 E-4 6.99 E-4 

as [-] 0.322 0.783 0.616 3.37 E-5 0.632 0.940 

XsM [mm] 10.3 18.9 7.34 12.2 11.3 11.8 

As[-] 3.54 1.77 1.34 2.61 4.72 4.71 

K [mm/km] 0.00202 0.00157 - - - -

~ [-] 0.878 0.948 - - - -

a [-/km] - - 0.00159 0.00279 - -

A. [mm] - - 18.6 4.93 - -

K 0 [mm/km] - - - - 0.00120 0.00128 

K1 [mm/km] - - - - 0.0763 0.0558 

K2 [-] - - - - 0.874 0.962 

s0 [km] - - - - 59.7 42.0 

V[-] 0.547 0.323 1.85 1.48 0.469 0.814 

ß [-] 0.0351 0.587 1.46 0.0102 1.61 0.656 

ö [-] 0.0640 0.932 0.343 0.381 0.0432 0.607 

'1>1 [-] 0.298 0.521 0.871 0.870 0.333 0.426 

ac [-] 6.23 4.18 7.47 4.89 7.32 8.80 

ac [-] 0.486 0.00145 0.0152 0.379 0.235 0.355 

objective 0.4244 0.4227 0.3982 0.4179 0.4361 0.3907 

function 

Appendix J.3.4 Estimated parameters for model mixture 4. 
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MODEL MIXTURE Sa + 5 

final oarameter estimates - after 100 reso. 200 iteration 

wear model 

estimated Bond combined exoonential 

oarameters iter = 100 iter = 200 iter = 100 iter = 200 iter = 100 iter = 200 

ap [-/km] 0.100 0.0823 0.0555 0.0347 0.0940 0.0724 

CJ..p [-] 0.0447 0.0577 0.262 0.538 0.199 0.0129 

XpM [mm] 0.965 1.21 1.97 3.32 1.02 0.260 

Ap [-J 2.55 2.65 3.55 4.56 1.73 1.72 

as [-/km] 2.22 E-4 2.27 E-4 1.84 E-4 8.17 E-4 2.81 E-4 6.76 E-4 

CY..s [-] 0.439 0.284 0.372 0.0633 0.374 0.420 

XsM [mm] 14.7 15.l 18.3 14.7 6.52 16.5 

As [-J 2.63 1.05 2.53 3.20 3.56 2.22 

JC [-/km] 0.0219 0.0272 - - - -

~ [-] 0.596 0.549 - - - -

ex [-/km) - - 0.00827 0.00843 - -

A.[mm] - - 16.7 16.3 - -

K0 [mm/km] - - - - 0.000378 0.000105 

K1 [mm/km] - - - - 0.0671 0.0763 

K2 [-] - - - - 0.593 0.599 

s0 [km] - - - - 0.406 1.66 

V(-] 0.0699 1.05 1.67 1.55 0.152 0.883 

ß [-) 0.196 7.69 E-3 1.80 0.491 1.40 0.113 

ö [-] 0.662 0.653 0.875 0.481 6.62 E-4 0.340 

<1>1 [-] 0.717 0.245 0.724 0.839 0.914 0.495 

ac [-] 0.873 0.776 0.865 0.832 3.56 6.14 

CY..c [-] 0.447 0.500 0.500 0.500 6.93 E-3 0.184 

objective 0.8597 0.8462 0.8338 0.8243 0.4343 0.5260 

function 

Appendix J.3.5 Estimated parameters for model mixture Sa + 5. 



estimated 

oarameters 

ap [-/km] 

ap [-] 

XpM [mm] 

Ap [-] 

as [-/km] 

as [-J 

XsM [mm) 

As [-J 

K [mm/km) 

ß [-) 

a [-/km] 

A.[mm] 

lC0 [mm/km] 

lC1 [mm/km] 

lC2 [-) 

s0 [km) 

ß [-] 

V[-] 

ß [-] 
ö [-] 

<1>1 [-] 

ac [-) 

ac [-) 

objective 

function 

Appendix J.3.6 
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EXPONENTIAL BOND WEAR MODEL 

final parameter estimates after 100 iterations 

model mixture 

1 2 3 4 5 -

0.0911 0.0879 0.0698 0.0811 0.0757 -

0.026 1.46 0.017 0.152 0.127 -

0.30 1.55 0.733 1.19 1.03 -

1.70 4.82 5.00 3.51 2.28 -

4.12E-4 3.30 E-8 7.19 E-4 3.25 E-4 3.44 E-4 -

0.510 0.723 0.769 0.690 0.956 -

10.5 22.8 6.24 13.1 9.79 -

2.19 2.01 2.77 3.58 1.34 -

- - - - - -

- - - - - -

- - - - - -

- - - - - -

0.0054 2.96 E-6 7.92 E-4 0.0023 0.0013 -

0.0410 0.0384 0.0374 0.0889 0.0891 -

0.982 0.483 0.381 0.997 0.531 -

19.2 19.0 12.5 21.3 0.186 -

0.880 0.736 0.509 0.831 0.795 -

1.26 0.715 1.35 1.95 1.75 -

1.03 E-3 0.759 0.201 1.02 E-3 0.427 -

0.658 0.575 0.624 0.801 0.587 -

0.905 0.654 0.9°19 0.599 0.569 -

0.598 6.89 4.63 6.37 7.16 -

0.092 0.233 0.075 0.500 0.311 -

0.8321 0.4494 0.2654 0.4086 0.3249 -

Estimated parameters for all mixtures and exponential Bond wear 

model. 
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STATISTICAL TESTS 

NON-PARAMETRIC TESTS OF INDEPENDENCY 

OF TRANSECT SAMPLES. 

Non-parametric methods have achieved widespread recognition as a valuable technique 

for analyzing data, which are small samples from unknown distributions (Gibbons and 

Chakraborti, 1992). Transect samples, taken from sediment population may be a typical 

example for the usage of non-parametric statistic. Non-parametric tests are used to test a 

hypothesis which is not a statement about population paramet~r values. Normally, no 

specific information about the underlying population is required, and only very general 

assumptions need tobe fu lfilled. In the case of several samples, the Kruskal-Wallis one

way analysis of variance test for k mutually independent samples from continuous 

populations, is often used. Tue null hypothesis is that the k populations are the same, 

and when we assume the location model this hypothesis can be written in terms of the 

respective location parameters ( or treatment effects) as : 

Ho:01 =02 =„. =0k 

HI :At least two e· s differ 
... (K. l) 

Kruskal-Wallis one-way analysis of variance 

intermediate axis shape factor sphericity 

by litholo_gy by litholo!!v bv litholo2v 

lithology sample average sample average sample average 

level size rank size rank size rank 

noncarbonate rocks 1799 1735.52 1799 1446.83 1799 1452.51 

carbonate rocks 1557 1612.61 1557 1945.90 1557 1939.61 

test statistic H 13.4358 219.902 210.933 

si_gnificance level 0.00024696 0 0 

Table K.l : Kruskal-Wallis one-way analysis of variance tests for the intermediate 

axis , shape fac tor and sphericity of the transect samples, all of them by 

lithology. 
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To perform the test, all N observations are pooled in a single array and ranked from 1 to 

N (higher the rank value, the value of the observation was lower). Then a test statistic H 

is computed, which is asymptotically chi-square distributed with k-1 degrees of 

freedom. When the test statistic is high, the null hypothesis should be rejected. The 

Kruskal-Wallis test was performed for all 3356 sediment particles from nine transect 

sarnples, and !hat for their intermediate axis, shape factor and sphericity, all by their 

lithology, respectively. Only two lithology levels were chosen, narnely non

carbonaceous and carbonaceous rocks, respectively. The results are given in Table K. l, 

and as expected all significance levels are practically zero. The differences between 

both lithology levels are big enough to rejccl the null hypothcsis and accept thc 

alternative one, which states that the samples arc taken from two different populations. 

Another possibility to test several samples is the Friedman two-way analysis of variance 

by ranks test. The assumptions and hypotheses are the san1e as by the Kruskal-Wallis 

test, only !he number of observations must be equal in each sample. Here also the null 

hypothesis should be rejecled for a high test stalislic Q. More about non-parametric 

statistical inference may be found in Gibbons and Chakraborti (1992). 

Nonparametric analysis by ranks 
of the intermediate axis of the particles by the location of the sample 

location of the sample Kruskal-Wallis one-wav test Friedman lwo-wav test 

sample size average rank sarnole size average rank 

site 1 - km 23.8 375 1568.13 342 5.14620 

site 4 - km 32.5 363 1805.00 342 5.19444 

site 5 - km 37.2 411 1466.52 342 4.44444 

site 6 - km 42.4 368 1698.23 342 4.61988 

site 7 - km 47.0 342 1773.87 342 5.14474 

site 8 -km51.4 398 1803.88 342 5.83772 

site 9 - km 56.6 361 2010.52 342 5.96930 

site 10 - km 60.8 379 1736.77 342 5.14327 

site 11 - km 64.9 359 1263.10 342 3.50000 

test statistic O 150.653 204.184 

significance level 0 0 

Table K.2: Kruskal-Wallis and Friedman analysis of variance tesl for the intermedi

ate axis of the particles from transect samples by the location of samples. 
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APPENDIX K.2 : STATISTICAL ANALYSIS OF TUE PARTICLE 

MOTION IN THE ROTATING CYLINDER. 

For the statistical analysis of the experimental study of the partical motion the respo11se 
surfaces methodology and a multiple regressio11 was used. Beside the main effects (A -

mill dimensionless charge, B - mill dimensionless speed and C - particle dimensionless 

diameter) also other effects of a higher order were used (AA, BB, CC, AC, BC resp. 

BBB, BCC and AAC), all of them significant at a level less than 0.05 (see Table K.4). 

The coefficient of the determination (adjusted for degrees of freedom) was R-sq = 

0.9985. The Durbin-Watson test for the autocorrelation between consecutive model 

errors could prove two null hypotheses ( Ho : Ro = 0 vs Ha : Ro > 0 and Ho : Ro = 0 

vs Ha : Ro < 0). In both cases the test statistic d = 2.022 (resp. d* = 4 - d = 1.978) was 

greater than the upper bound du = 1.69 , determined for three predictor variables and a 

= 5% (for details on the Durbin-Watson test see Mason et al„ 1989) and so there is no 

autocorrelation between errors in the model (see Table K.3). 

ANAL YSlS OF V ARIANCE FOR FULL REGRESSION OF 

the particle dimensionJess travelling distance 

Source Sum of degrees of Mean F-Ratio P-Value 

Squares freedom Square 

Model 8.18810 11 0.744373 3568.38 0.0000 

Error 0.0102215 49 0.000208602 

Total 8.19832 60 

R-squared = 0.998753 Stnd. error of est. = 0.0144431 

Durbin-Watson statistic = 2.02165 R-squared (Adj. for d.f.) = 0.998499 

Table K.3 Analysis of variance for full regression of the particle dimensionless 

travelling distance. 
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MODEL FITTING RESULTS FOR FULL REGRESSION OF 

the particle dimensionless travelling distance 

• 2 • .2 .3 
spi= - 2.99q>+6.58q> -l.74n +I0.46n -18.86n 

independent 

variable 

1 

q> 
<p2 . 
n 
.2 

n 
. 3 

n . 
dpi 

• 2 
dpi . 

q>dpi . . 
n dpi 

• • 2 
n dpi 

<p2 • 
dpi 

* * 2 * • • +7.56dpi-22.78dpi -5.75q>dpi-I0.53n dpi 

• • 2 2 • 
+58.66 n dpi +0.66 q> dpi 

<p [-] is the mill dimensionless charge 

11 • [-] is the mill dimensionless speed 

d;; [-] is the particle's dimensionless diameter 

coefficient standard t-value 

error 

2 3 4 

-2.993788 0.995978 -3.0059 

6.5812 1.798475 3.6593 

-1.742794 0.436505 -3.9926 

10.462997 3.04523 3.4359 

-1 8.854882 5.793649 -3.2544 

7.563394 0.87975 8.5972 

-22.778195 5.050535 -4.5101 

-5.749552 1.713063 -3.3563 

- 10.53426 3.58948 -2.9348 

58.658493 27.056915 2.1680 

0.656605 0.139829 4.6958 

significance 

level 

5 

0.0042 

0.0006 

0.0002 

0.0012 

0.0021 

0.0000 

0.0000 

0.0015 

0.0051 

0.0350 

0.0000 

Table K.4 Full regression model for the particle dimensionless travelling distance. 



322 

Acknowledgements 

I am grateful to the Director of the Laboratory, Prof.Dr.h.c. Daniel Vischer, for giving 

me the opportunity to work at the V AW and to develope the initial ideas about fluvial 

abrasion, which I'd gained while I'd been working at the Water Management Institute in 

Ljubljana, Slovenia. PD Dr. Martin Jaeggi, Head of River Division, is greatly 

acknowledged for his experienced guidance, continuous support and encouragement. 

Thanks are extended to Prof.Dr. Lothar Reh from the IVK ETH for his interest in the 

application of the comminution theory of autogenous grinding for the mathematical 

modeling of fluvial abrasion. 

Of my collaborators from the Laboratory, I would like to thank Benno Zarn, whose 

assistance in the practical everyday details has been of greal importance, Josef Moser 

and Georg Meier, who have been continuously taking care for lhe friclionless course of 

the experimental work, Fritz Zurbrügg, for his help by the experimental work, Karl 

Salzmann, whose help by the graphical presentation of the research work has been of 

great importance, and lo Dr. Felix Raemy and Andre Chervel for the translation of the 

abstract into French. 

Finally, I would like to thank my parenl~ for their moral support, my wife Zagorka 

Maja for her patience and understanding, and my son Val for being an endless source of 

joy. 


	123 teil 1
	123 teil2

