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SYIIOPS1IS

The subject of the thesis is the estimation and measurement
of bed load discharge, i,e. the rate at which coarse sediment
particles are transported &3 a flow of water, in particular in the
River Tyne near Bywell,

The first part of the thesis deals with the estimation of bed
load discharge using empirical or theoretical formulae, A
description of the collection of the necessary hydraulic and
sediment data for the Bywell reach is followed by an account of
the determination of the relationship between bed load disgharge
and river stage by several of the formulae available at present,
Estimates of the average annual bed load discharge in the River
Tyne at Bywell are given,

In the second part of the tiesis, concerning the direct
measurement of bed load dischar:ze, attempts to use a trap-type
sampler from the Bywell cablew2y are described. An account ot
the development of an experimental laboratory channel for the
investigation of an alternative technique, the detection of
sediment movement by acoustic methods, is followed by a comparison
of the observed and theoretical relationships between bed load
discharge and the sound emitted by inter-particle collision of
the movinz sediment, An acousiic bed load detector for rivers is
also described,

Finally, & summary of conclusions, including reconmendations

for further rcsearch, is given,

xix



Section 1

1, General Introduction



1.1. The Sediment Problem

The ideal geological cycle can be considered to consist of the
upheaval of a land mass, its erosion to a plain near to sea-level,
and a subsequent upheaval; as part of this cycle the sediment
process of erosion, transport and deposition has played, and still
plays, a major role in the shaping of the surface of the earth,
From the times of the ancient civilisations of Mesopotamia, China
and Egypt to the modern highly~developed, industrislised world of
today sediment has created multifarious economic, sociel, and
scientific problems,. Consideration of its importance in the fields
of solil conservation, reservoir development, water supply, powor
development, 1irrigation, stream erosion, flood control, navigation etc.
indicates that there is a vital need for further reliable information
concerning all three phases of the process. This requires not only
a deeper understanding of the complexities of sediment mechanics but
the development of instruments and methods which will facilitate the
collection and analysis of accurate tield data.

In the British Isles thc megnitude of the sediment problem is
relatively small, Occurrences of intense rainfall causing sovere
erosion are extremely infrequent, while, even in the larger rivers,
movements of substantial quantities of sediment are rare. Parhaps
the greatest problems are created by the movement of sands and silts
in estuaries where dredging is raequirod to maintain a navigable
channel (INGLIS and ALLEN, 1957 and GIBSON, 1933), although high
concentrations of suspended sediment in rivers are of somc concern
to the water supply industry (INSTITUTION OF WATER ENGINEEXS, 1961)
and cam cause considerable damagc whea deposited in inundated arsas
(UNITED NATIONS, 1953). Publications dealing directly with the
movement of coarse sediments in the freshwater reaches of English
rivers are few (CLAYTON, 1951), Nevertheless, there are problems

1



facing river engineers today concerning bank erosion, shosaling,
channel improvement, gravel extraction etc. which so far have been
tackled only by mathods bhased on experience and empiricism, It

is evidant that before a more sophisticated scientific approach can

be attempted further precise systomatic sediment data is needed,

1,2, Investigations on tho River Tyne

Hydraulic investigations on the River Tyne have becen restricted
mainly to the improvement of harbour facilities and, more recently,
the pollution asposcts of the estuary, Tho earliest sediment
measurements were made in the estuary by RICHARDSON (1837) in an
attempt to compare the results of laboratory studies with obsorvations
in the river, SWAIN and NEWMANl (1952) carried out a hydrographic
survey of part of the tidal reach of the river near Stella power
station but the ocollection of sediment data was not included. A
study of the estuarine hydraulics of the Tyne was conducted by
ALLEN (1962), while HALL (1964) investigated the patterns of
movement of sediment and produced a sodimdnt budget for the estusry
based on an examination of dredging records. An account of tho
work of Allen and Hall is included in two reports published by
KING'S COLIEGE, UNIVERSITY OF DURHAM (1960, 1961).

HALL (1964) also carried out thse only previous sediment
investigations on the freshwater part of the River Tyne. Assgssmonts
of upland catchmont erosion worc mado from the results of a survey
of the deposition in a reservoir on the upper reaches of a main
tributary, Attompts were made to measure bank erosion directly
and information was collected on the variation of bed material size
over the whole length of tho river from source to mouth,
Determinations of the total solids discharge entering the estuary

were mads from measurements of suspendad sediment and dissolved



solide at Bywell, about eight mliles above the tidal 1limit, The
only estimntes of bed load discharge worse based on the evidoence

of local gravel~axtracting companios,

1.3, Aims and Objectivaes of Present Research

Cne of the important topics of the investigations of HALL (1964)
which, through lack of time, received little attention was tho
transport of sediment as bed load, i,e. the coarso material which
moves on or near the river bed by rolling, sliding and saltating,

It was decided, therefore, that the subject of the present resoarch
would be an investigation of bed load movement in the River Tyno
near Bywell cableway gauging station, The main objectives oZ the
investigation wera to establish the applicability of existing
methods of @stimating bed load discharge under the conditions
prevailing at Bywell, and, if necessary, to develop a suitable
alternative mataod.

As an indirect approach to the problem it was decided to roviow
the large number of bad load formulae which have boeen proposod
during the past one hundred years and to usc a8 many as were
consldered applicable to derive a relationship between bed load
discharge and river discharge or gtage. This part would invoiva
a comprehensive survey of the hydraulic and sediment charactaristics
of the reach of the River Tync noar Bywell,

It was intanded to check thaso aestimates of bed load digcharge
by direct measurement at Bywell, Preliminary attempts using a
sampler dasigned for use on the River Danube 1n Czechoslavakian
encountered financial and personnel difficulties, It was docidod,
thereforo, to develop a different type of instrument which could be
suspended in the river from the cableway and would detect and record

the sound of intor-particle collision on the river bed. Sixteen



monthe after tho start of the research programme an experimental
sediment channel was obtained by tiic University of Newcastlce upon
Tyne for the Hydraulics Laboratories of the Departiwent of Civil
Engineering, It was then decided that part of the remaining
available timo would be devoted to an investigation of the
rolationships botween sediment discharze and the magnitude and
frequency of tho sound cmittod by inter-particle collision in the
controlled conditions of the laboratory channel. This part ol thc
research would include the devolopment and installation of cquipment
necessary for the operation of the flume and for the moasuremont

of the relevant quantities.
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Section 2

2. The Sediment Process and Bed Load Movement



2.1, The Sediment Process

The sediment process forms a major part of the geological cycle
and involves three distinct phases; erosion, transport and deposition.
Each phase is extremely complex and closely dependent upon the other
phases, As a natural process it is delicately balanced and, as
history proves, interference by man can cause appreciable short-term
and long-term changes in the equilibrium of one or more of its phases.
2.1.1, Erosion

Erosion is the fragmentation of soils and rocks to produce
sediment, Water is the most powerful erosive agent with temperature,
wind, ice, gravity and human activities such as mining, construction etc,
also acting as contributary factors.

Detachment of the soil particles by raindrop impact and their
subsequent removal to drainage channels is known as sheet erosion;
this type of erosion, which coincides with the overland flow phase
of the hydrological cycle, is witnessed in the more barren moorland
areas of both the North Tyne and South Tyne, In arid and seni
regions where vegetation is sparse and rainfall intensities are
considerably greater sheet erosion is a morec serious problem, As
overland flow concentrates into rills and gullies the increased energy
of flow permits further erosion known as gully erosion.

Gully erosion develops into bank erosion and becomes an integral part
of the transport phase of the sediment process. . Much .
of the coarser material transported by the River Tyne is the product
of bank erosion. A petographic analysis (see section 3.,5.7) of a
sample of the surface of the river bed near Bywell revealed a
considerable number of stones from parent rocks in the Lake District
and the Southern Uplands of Scotland, These particles must have
originated in the glacial drift which forms the banks of the middle
and upper reaches of the River Tyne and its tributaries,

5



The orodibility of the rainfall and tho erosivity of the soil
generally determine the guaantity of gsediment iavolved in tho erosgsion
phase. Tho total quantity of c¢rodoed material which complotes the
journcy from source to a catchment outlet such as o reservolr, =z
confluerco with a manin river, or the sen, 1is known as the yield of
that catcanent, The annual yleld =ntce, usually expressed in tons
per square nile, dopends on:-

1) Physical conditions such as catchment area, slope and drainage

2) Hydrologic conditions such as procipitation and runoll
characteristics,

3) fGeologic, pedolegic and vegetative conditions of the catchment,

HALI, (1564} determined that the volume of sediment whichk has
accumulated in Catcleugh Reservoir on the upper Rede over a period
of 54 years is in the order of 1C million cubic feet, Assuming a
bulk density of 80 lb/ft3 the annual sediment yleld of the 15.4 square
mile catchmant can be caiculated to be 42C ton/milez. Basod on the
measurenents of suspended sediment at Bywell by Hall and the results of
this investigntion an estimatc o 170 ton/milc2 can bc made for the
River Tync catcihment to Bywell, The avorage surface slopoe and
rainfall intensity are lower ovoer the larger catchment, thoereby
accounting for the differencc in yields,
2.1.2, Transpoxrt

Sediment moving in rivers can bo classified in two ways:-

1) Origin of sedinment, That part of the sediment load wihich
is composed of particles sizes found in significant quantities in
the bed of tho river is known as the bed material load. The fincr
particles of the bed material 1oad may move continually in suspension

while larger particles slide, oll or saltate along the river bhod;

[9)]



the total quantity in motion depends entirely upon the transporting
éapacity of thce flow. Superimposed upon the bed material load is
the wash load consisting of fine particles which are found in the

bad in only small amounts, It may be regarded as an additive to the
river, which is picked up on the drainage basin and passes in
suspension without participating in the formative process of the
river system, The quantity of the wash load is thus controlled by
its availability from the catchnment,

2) Mode of transport of sediment. From the point of view of
sediment transport theory and measuremont this is the more eonveniont,
and more often used, method of classification, There are two
distinct modes of movgment, Suspended load is material moving in
suspenslon, kopt up by the upward components of the turbulent currents
or by collsoidal forces. Bed load is materisl, usually coarse,
moving on or near the bed, £ subcommittee on sedimant terminclogy
of the AMERICAI GEOPHYSICAL UNIOHN (1947) defined two other terms;
contact load, matorial which rolls or slides along the bed in
substantially continuous contact with the bed, and saltation load
which bounces along the bed or is moved, directly or indirectly,
by the impact of bouncing particles, Baed load can thus bae
cansidered to comprise contact load plus saltation load,

Suspended sediment consists of both suspended bed materianl
load and wash load and, due to the variability of wash load, is not
a unique function of river discharga, At the beginning of a
storm more fine material is available from sheet and gully erosion
and rainfall intensities are higher than towards the end,
Conseque:tly, as has been observed on soveral rivers (BENEDICT, 1957
and KENNEDY, 1964), including the River Tyne, peak suspended sediment
discharge may precede peak water discharge, Tine of year also
affects suspended load since during summer months there are longor
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and drier intervals between storms and the supply of wash load is
thus greator, The theory of the distribution and transport of
suspended sedimont is based ou the assumption that the settling
velocity of n particle is counteracted by turbulent exchangs, tho
continual oxchango of fluid betweon horizontal laycrs. Many
workers have oxperimented in this fiold, notably HURST (1929),
GRIFFITH (1938), VANONI (1941, 1944), DOBBINS (1943) and NAGY (19G1),
snabling closc pradictions of river conditions to be made. Fuither
references and more detailed information are given by BROWN (1950),
CHIEN (1954a) and the AMERICAN SOCIETY OF CIVIL ENGINEERS (1963),
Measurement of the suspended load of rivaers can be relatively easily
effected by moans of depth-integrating, point-integrating or
instantansous type samplers, Thaeso samplers and methods and analysis
of sampling are described in reports 1, 3, 6, 7, 8 and 13 of the
UNITED STATES INTER-AGENCY COMMITTIEE CON WATER RESOURCES, SUBCCMMITTEE
ON SEDIMENTATION, Using an instantaneous type samplor suspended at
0.5 depth at mid-channel at Bywoll cableway gauging station on the
River Tyne HALL (1964) produced a curve rolating average suspendod
sadiment discharge to water discharge, By combining this ourve
with a 8 year duration curve of moan daily flows he estimated the
average annual suspended load at Bywoll to be in the order of
130,000 tons,

The various theories, concepts and mothods of measuring bod
load transport are treated elsevherc in this thesis, On the 2iver
Tyne a figure of 20,000 ton/year has been given by two gravel firms
as the average natural replacement of aexcavated material and this
figure was accoepiod by HALL (1964) to approximate to the average

annual bed load discharge at Byweil.



During every phaso of geomorphological activity n river will
try to obtain some form of equilibrium between sediment supply and
saedinent transport. The moro important variables involved aros~

1) +tho indopendent variables of water dischargs, sediment

discharge and effective sediment size.

2) the dopendent variables of rivor slope, mean depth to width

ratio and the meander characteriatic (KUIPER, 1565),

The whole process of obtaining equilibrium is obscured by
several factors such as variability of river discharge and sediment
supply and the changec of bod configuration and channcl alignment
with different sediment transport intensities, Much research,
osbservation and measurement has boen conducted in an effort to
obtain the laws of normal river bohaviour (GILBERT, 1914, MACKIN,
1948, LEOPCTD and MADDOCK, 1953, LECPOLD, WOLMAN and MILLER, 1S64).
This dolicately balanced equilibrium of the transport phase ol tha
sediment process 1s generally reforred to as the "regime' of the
£1luid systom; BLENCH (1957) considers the word "regime' to be
analagous to climate, Over wo3t of the length of the Rivoer Tyne
the regims of the river is stable, except in the short reaches which
have been affected by artificial interference.

2,1.3, Deposition

Deposition, the third phasc of tho sediment process occurs
mainly when a river enters its estuary, In general, and espacially
in thoe River Tyne, the river carries into the estuary not only &
sediment load, but sewage, floating debris and spillage from ship-
loading whaxrvos, Considerabie quantities of sand and silt aro often
transported into the estuary from the sea; this occurs frequently
in the 2iver Tyne, especially during a flood tide or north-easterly
gale, Fig, 2,1.8&, which is based on reports published by XING'S
COLLEGE, UNIVERSITY OF DURHAM (1960, 1961) shows the approximate
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annual tonnage of solids entering the River Tyne estuary, Movement
of sedimont within an estuary is extromely complex (IPPEN, 1966),
being affected by currents produced by the mixing of fresh water
with salt water of a different density. These ''density currents"”
can cause either erosion or deposition in the estuary, depending
upon the state of the tide, the fresh water discharge and the shape
of the estuary.

All the solids deposited in the aiver Tyne estuary (it can bo
seen from fig, 2.1.a, that bed load sediment constitutes only 4% of
the total) must be removed if the river is to remain navigable by
the shipping which uses the port, Until just over 100 years ago,
when the Tyne Improvement Commission was formed, the River Tyne
estuary was a tortuous, shallow waterway with shoals, sandbanks and
even islands presenting a serious hazard to ships attempting to use
the harbour, MACGREGGOR (1€32), TAYLOR (1851), GUTHRIE (1880),
SARGENT (1912) and HINDMARCH (1247) have described the prevailing
conditions and the various plans for improvement which were proposed,.
Since then the TYNE IMPROVEMENT COMMISSION (1930, 1963) has removed
many millions of tons of material in the clearing and deepening of a
navigable river channel, Maintenance of this channel and the berths
along the quays requires a fleet of dredgers and hopper barges which
every year ralse about 132 million tons of material and deposit it far
out to sea.

2,1.,4, Artificial Interference

Artificial interference of the rogime of a river can have
appreciable short-term and long-term effoects, In many ereas of
the United States, for example, increased erosion and hence increased
sediment transport have resulted from the removal of large arsgas of

vegetative cover (HUXLEY, 1845). The construction of reservoirs,
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bridges, weirs, river improvement schemes, flood control measurcs

and gravel extractions all involvo a disturbance of the delicats
sediment equillbrium, Until recently the science of river
engineering was based largely on individual experience and could
praodict only qualitatively the oeffect of engincering works,

However, tha recent publicationg of BLENCH (1966a), HENDERSON (1966)
and THORN (125¢) have enabled moro quantitative approaches to bo made.

A simple example of artificisl interference is the construction
of a weir, possibly for flow-gauging purposes. The backwater ocffect
created upstream of the weilr decreases the transporting capacity of
the flow and the sediment load is doposited behind tho weir,
Downstream, the river is thus deprived of its normal sedimont load
and erodes hoti bed and banks to make up the deficiency, On the
River Derwcnt et Rowlands Gill flood flows cause a large gravol shoal
to form just upstream of a compound crump woir. The accumulation is
removed at regular intervals by the Northumbrian River Authority, A
model of the reach including the wair was built in tho Departmoent of
Civil Enginecring at the University of Newcastle upon Tyne and tast
results showad that orrors in discharga estimation of up to 10% are
possible if tho presence of the shosl 18 disregarded,

Anothor interference from which the River Tyne has suffered
considarably is the extraction of gravel from the river bed. Upstroam
of the workings the bed 1s lowered by increasod velocitios whila
further erosion occurs downsticam due to the deficiency of sodiment
load in the river, River gravel is clean, well sortad, durable and
readily obtained, offering an attractive proposition to gravel
company operators. Until recently, however, practically unconticlled
oxtractions caused considerable damage, espccially to the foundations

of bridges situated upstream of the workings, Many thousands of
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pounds have bagn spent by local authorities, the Northumbrian River
Authority and gravel companies on repairs to bridges ot Ovinghan,
Hexham (fig. 2.1.b,), Haydon Bridge, Lardon Mill and Haltwhistle
(figs. 2.1.¢, and 2.1,d,) Extraction of gravel about one nile
downstream of Bywell gauging station has altered the stago-discharga
characteristics of the station and nocessitated the sinking of a new
float well, Gravel extractions are also deirimeantal to fishory
interests by destroying the spawvning grounds of migratory freshwater
fish, and may be aesthetically undesirable (fig. 2.,l.e,) AS o
result ROSS (1966), the Northumberland County Planning Officer, has
recommended that no further licences for river gravel extractions
should be grantod; 1t was suggested that sufficiont gravel could be
obtained from glacial deposits.

Bank ¢rosion in the River Tyne valley can be severe, resulting
in the loss of valuable agricultural land, However, it has Dbeon
realised by river engineers that if natural bank erosion is provented
at ona place erosion will occur olsewhere due to the exfort of the
river to maintain its sediment equilibrium, Consequently, it is
only where flood protection schomes or drainage outlet works are
threatened that use is made of reomedial measures such as pitching,

stone-fillod wire mesh crates, groynes and sheet-piling,

2.2, The Bed Load Transport Phase
During the past hundred years a vast amount of literaturo
concerning the transport phase of the sediment process has boan
published in the English, French and German languages, and more
recently the work of scientists and engineers in Russia and eastorn
European countries has become availablo, In the particular caso
of baed load transport 2o wealth of figures and statistics have boen

recorded, numerous contradictory statements made, and a plethora
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Fig.2.1.b. Hexham Bridge on the River Tyne. Extensive sheet. piling
was found necessary to protect the bridge piers and
adjacent banks against erosion caused by gravel extraction

downstream.

Fig.2.1.c. Haltwhistle Bridge on the River South Tyne. Gravel
extraction one mile downstream caused severe undermining

of the concrete apron between the bridge piers.



Fig.2.1.d. Haltwhistle Bridge on the River 3outh Tyne. Gravel
extraction one mile downstream has lowered the river bed

nearly five feet.

Fig.2.1.@. 3ite of gravel extraction on the River South Tyne

one mile downstream of Haltwhistle Bridge.



of thoories developed. It is not intended to give hore a
detailed and comprehensive survey of this literature since this
in itself would requirc several volumes, A general discussion
only of bed load movement is given in this sub-section, Belax
descriptions of several bod load theories and their application
to thce reach of the River Tyne at Bywell are given in soction 4,
following an account of the colloction of the nocessary sediment
and hydraulic data in section 3, Much of the available litoerature
on bed load movoment and associated topics has boen summarisod in
text booka: LINSLEY, KOHLER and PAULHUS (1949), BROWN (1950),
LELIAVCKY (1955), BLENCH (1957, 196Ga), EINSTEIN (1964),
HENDERSON (1965) and THORN (19G3), Papers by CHIEN (1954a), tho
AMERICAN SOCIRTY OF CIVIL ENGINERRS (1962, 1965, 1966) and
BOGARDI (1965) include also substantial bibliography sections,
For more detailad information on any work mentioned the original
refcrencesg siould be consulted,
2.,2,1, The Bed Load Concept

Duc to the complexity of the movemont of sediment in rivors a
universal theory of bed load transport has yet to be formulated,
The large numboer of variobles involved, the problems of dofining
adequatcely sone variables, and the complicated relationships
between the variables have presented great difficulties., Howevor,
the rational approach of eliminating some of the variablesa and
studying in detail selected paramoters has produced valuable
information, The effects of channel alignment, non-cohesive banks
and variations in size and shapae of the particles, for example,
have been climinated by conducting experiments with single-sized
sediment in rectangular laboratory channels, where the variables
of sediment discharge, water dischargo, slopo, depth and velocity
may boe controlled. The wide-ranging experiments and painstaking

observations of GILBERT (1914) arg classic in this respact,
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Br those means the laws governing the mechanism of entrainment
and transport can be obscrved closely. A8 the veloclty of flow of
water over a bod of sediment is inorensed individual particles bogin
to move when a cartain velocity is reached, This critical velocity
is somewhat indefinite sinee the initial movemecnt of the particlos
depends on the local turbulent fluctuations of velocity and the
arrangement of the particles on the surfaca of the bed. When the
velocity is sufficiently great it can be scen that the bed load,
defined as that part of the sediment load which moves on or noar
the bed by rolling, siiding and saltating, moves within a thian
layeor, called the bed layer, oaly a fow grain diamoters thick,

(For duned beds or for a wide rango of particle sizes such n3 axro
found in gravel-paved rivers the bed layer concept bacomes vague) .,
KALINSKE (1942) has shown that the role of saltation in the f£luid
transport of sediment 1s of less importance than in the asolian
transpoxrt of sand (BAGNOLD, 1936).

It can be generalised that the froquency with which particlos
move from the bed and the velocity nt which they travel doponds
mainly upon the velocity of flow near the bed.

2.2.2, Critical Conditions of Movement

When the hydrodynamic force acting on a sediment particle has
reached a value such that, when it is increased, motion of the
particle results, then critical or threshold conditions huve beaen
reached, Such Quantities as depth, velocity and bed shear stress
then have their critical or competent values, The probiem of
determining tho critical conditions for the initiation of motion of
sediment particles has received much attention, especially in tho
design of stable channels and carals through both cohesive and non-
cohesive materials. Three main criteria have been used to definc
threshold coaditions:- veloeity, 1ift and shear stress,
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Critical velocity, eithor tixe velocity near the bed or the
mean velocity of flow, was the Zirat o be considercd,

LELIAVERY (1955) mentions that in 1703 Brahms formulated the
well-known one sixth power law, 1,0, thce critical velocity is
proportional to the onz sixth root of the woight of the particle,
This was raestated by AIRY (1885), and sovoeral tables giving
critical velocities for specific materials were produced hy

DU BUAT (1818), SCHOKLITSH (1214) at al, More recently, FOTIER
and SCOBEY (1926), MAUVIS and LAUSIEY (1948), IPPEN and VERMA (19£3),
BOGARDI (1951) and NEILL and V/.I DER GIESSEN (1966) are among tiose
who havz attempted to derive practicable relationships, The
principal disadvantage of the velocity criterion is that the moan
velocity of flow does not complotely specify the scouring action of
the water at the bed and the depth itself must bo given, Tha
difficulty of defining the bottom volocity of flow has also lud to
less consistant results than those obhtained using bod shear stress
as a criterion,

The use of the hydrodynamic 1ift as a criterion for the
initiation of motion has received comparatively little attention,
The theoretical considerations of JEFFREYS (1920) and EINSTEIN and
EL SAMNI (1929), nevertheless, show that it can be of considerablo
importance., However, since in most cases 1ift depends upon the
same variables as bed shear stress or drag, it 1s thus implicitly
included in experiments involving observation of shear strass,

The criterion which has recoived the most attention is the
bed shear stress, T , or the ordtical bed shear stress, Te*

The most important work in this connection was carried out by
SCHIELDS (1936) who, by a rather devious method involving

consideration of the forces acting on a sediment particle and the
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“introduction of the Pradntl-Vom Xarman velocity distribution law,

concluded that:-

1

1
e = IE!E_E 2.2.a
(v = vpld 1 % v

in which YB,‘Yf are tho specific weights of the sediment and f1luid
raespectively, d is the particle diamster, 11 means a function of,
Vv 18 the kinematic viscosity of the fluid and u*c =J Tc/ Pf is the

critical shoar velocity; £, 18 the fluid mass density. The left-

£

hand side is termed the dimensionless critical shear strass, Tac?
and the right-hand side the dimensionless critical Reynolds numbor.
of the particle, Re*c. Equation 3.2.a. can thus be writton:-

Too =53 (Be) « o o o o o o o . . . . . 220D

BLENCH (1966b), however, points out that for the simplo casc
considered (iafinitely broad channel, uniform bed material)
dimensional analysis would require tlie inclusion on the right-hand
side of the above equation of two additional dimensionless vairiables,
D/d and (Ss - 1), where D is the depth of flow and Ss is the specific
gravity of the éediment.

Data from laboratory experiments by the UNITED STATES VATERVWLYS
EXPERIMENTAL STATION (1935), CHANG (1937), TISON (1948a, 19408b, 1953),
PANTELUPULOS (1955, 1957, 1961), EGIAZAROFF (1957, 1959, 1965) and
several Hungarian researchers (BOGARDI, 1965) have enabled a range of
Re, from 0,04 to 10,000 to be covered., Fig. 2.2.a, gives a plot of
equation 2,2,b, as determined by this data, (It can be scen that bed

configuration 18 also a function of T _ and Re*). For values of

*

Re

o > 1000 the value of T*c is constant at 0,055; equation 2,2,bh,

cen then be roeduced to:-

‘l'° =2 0'055('\£ - Yf)d . . . . . . . . . . « 2,2,.c,
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This danotes a hydraulically rough bed at which, in the casc of
water temperatures and spocific gravities of sediment most
frequently occurring in naturo, particles larger than approximntely
0.6 in,may be set in motion,

WHITE (1940), who conducted exporimeonts with water flowing in
speclally designed nozzles, considered the forces acting on a
particle on a horiéontal bed, TFoxr equilibrium of the grain in
turbulent flow, 1,.,e. Re*>'3.5, the eritical £luid force acting on

the grain (fig. 2.2.b.) is given by:~

T 3
fc =g (v -'Yf)d tan €

8
wherc 6 is the angle of ropose of the sediment particles. If p
is the proporiion of the bed taking fluid shear then the numbexr
of grains per unit aroea of bed is 4p/rld2 and the fluid forco talkon

by each grain at critical conditions is:-

glving 1 _=2/3p (y_ -~ Y,)d tan @

Diroct measurements of p end tan® for single-sized sands gave
values of 0,35 and 1, respectively, Vhite found that experimontal
results indicated it was necessary to introduce a factor of about
4 since turbulencc in the rogion of the particle caused fluid forcaes
to fluctuate about the mecasured force, The equation for the actual
critical sihear stress required to initiate motion is thus given hy:-

Te © 0.12 (Ys - Yf)d * e e e e s s e e e 2.2.d,

Experimental data from lafgo scale turbulent flow such as occuis
in rivers and laboratory channcls sihow that the actual shear stross
on the bed can be twice the measured mean valuo, Equation 2.2.d.

therefore agrees well with the Schiclds diagram for Re*>'3.5.
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CAMP (2348) hasg shown how, by using TO = YfDSe’ where S0 is the
slope ol tha cnorgy surface, and introducing the Darcy-~Welabach
friction coaflicient, I 1s posaible to interpret ocquation 2,2.d,
as a restatemant of the Bralimg ona-gixth power law,

Due to the statistical nature of Tha eutralamoat procaso thoro
is no truce definition of the critical condition for the initiation
of motioa of a bad of sedimant particles, Many subjeoctivo methods
Zor dascrisiaz movement near tiws thieshold coadliion have boon
sroposed;  KIAMER (1934), for examplo, dofined throe intensitioa
of movement:- woeak, medium and goneral, However, somd worlkurg,
including Schiclds, determined ciritical shear strcaos as tho value
of shear Biregy at zero bed load discharge obtaincd by extrapolotion
of the graph oi sodiment dischargo against sheaxr stress, T..'8
confugion w:louhtably explains to a certain extent tho variation
in rcsulis ol difforont workers in this field,

Tae resalts of SCHIELDS (iuS), WIIITE (1940) and oti:ars may
predict the behaviour ol uniiorn sodimont particlas forming ¢ plasd
bed but their validity when appliod to extrsmne.y non-gphoerical
particles; nlxtures of particle 8i1zes and duned beds has not boon
provecd.

2.2.3, Bed Load Discharga

The firgt attumpt at tho formulation of a rational thoory of
bed load transport was made by DU BOYS (1872) when hu postulaied
that the bad load discharge should be a function of tns diflgrenco
betweon the bad shear strese and tag critical shear gureds of tha
sediment pacticles in the bed, 1,0, a function of the axcesa tiractive
fcrea, o assuned that ths propulsiva movement of the granula:x
maiterial varies graduslly and uniformly from a wmaxi.um at the bod

surface ©to zoro at some dopth beclow the surface, Basing his
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analysis on a concept of 8liding layors of bad material kept in
motion by thc tractive force of the moving f£luid Dy Boys proposad
his now clasgioal bed load formule:-

943 = % To(To B 'rc)
in which qB 1s the bed load dischaige in weight per unit time por
unit width, and Kl is a constant dependiung upon the physical
characteristics of the bed material,

Many bed load formulae are modifications of tha basic Du Boyc
equation; Beveral experimenters have usod excess velocity or
discharge raisad to somea power, Although observation of the
movement of scdiment in laboratory channels has shown that the ovor-
simplified picturo of sliding layors of sediment is definitely not
true, good agreement with measurcd bed load discharges has beaca
obtained with such formulae, JCLIISOll (1938) shows statistically
that they all fit experimental flume data equally well,

More recently, the problem has been approached on a more
thorough theoraetical baéis. KALIIISIOE (1947), retaining the
concept of critical tractive force, introduced the role of

turbulent fiuctuations and concluded:-
QB g T:)
- T
u*'YBd 2

in which the function fz involves the characteristics of the fluid
turbulence around the grain,

The complex thoeory of EINSTEIIl (1950) considered the probabllity
of movement of individual particles to be a function of the hydrodynamic
1ift exerted on the particle, Thils lead to the functional relationship
between two hydraulic parameters from which the bed load discharge could

be calculated, 1.0,

$ = 13 (Y
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4 [ Ye W[4\
in which & = T —y —3| .+ tho dimensionless intensity of
s 8 gd

bed load transport function,

(s - 1d

and Y = T the dimensionless intensity of shear function,
‘e

MEYER-PETER and MULLER (1948) derived a formula to fit the
results of a large number of flume oexperiments, using the Froudo law

of similarity, In its simplest form it can bo written:-~

2/3
q~/ Se qB2/3
d =K, + K3 —3

in which ¢ is the fluid dischargo in volumc per unit width por unit
time, and KZ, 33 are constants, CHIEN (1954b) showed that not only
could the above equation be modified to give a relationship betwoen
the Zinstoin paramsters, ¢ and Y , but it could bo reduced to an
excess tractive force equation of the Du Boys type.

From the above brief discussion it can be seon that all
approaches to the problem of bad load transport are in fact
related, tihe same dimensionless parameters occurring throughout,
In the past decade congiderablce use has been mado in sedimoent
resaarch of the technique of dimensional analysis by YALIN (1963)
and GARDE and ALBERTSON (1961), inter alia, Using this technique
it has been possible to combinc a large number of variablea into
possibly significant dimensionless groups, many of which have boen
found to be similar to the paramneters arrivad at by a considoration
of the physical processes of sediment transport,
2.2.4. Lipplicability of Bod Load Theoories to Rivers

A1l "rational” bed load theories have been developed using the
results of laboratory experimonts, In some cases data were obtained

from certain material under certain flow conditions and an ompirical

equation fitted (UNITED STATES WATERWAYS EXPERIMENTAL STATION, 1935,
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CHANG, 1237); other workers, in contrast, first evolved o theory
of the mechanism of sediment trangport and used this data to provide
unpredicted cogilficients which occurred in the analysis (XKALIUSICS,
1947, RIIST3TN, 1950). Strictliy, therefore, these formulno are
only applicable to the same mnterials in the same conditions,
i.e. straight, smooth-sided laboratory channcls with beds of uniform
or well sorted sediments. The increasing use of dimensionless
parameters has facilitated the application of these formulas to
conditions such as those prevalling in river channecls, Howaoveor,
while the rcange of values of many of these parancters arc the samo
in river and laboratory, some parameters, espoecinlly those
referring to channel geometry, are often diflerent. The bhasic
variabies of depth and water discharge are usually greater in
rivers., Ixtrapolation, therefore, becomus nacegsary,

aiver conditions differ in several other rcspects. Probably
the most important differences are the existence of banks, tha
shape of the boed surface and the alignment of tho river channel,
Fully-developed dunes, bars and meanders (or a superimposed
meandering thalweg such as that in the River Tyne at Bywell,
described in section 3,3.,3.) represcnt another type of rasistance
in addition to the roughness of the particles of whicih the bed is
compoesed, Only the theories of EINSTEIN (1950) and MEYER-PETER
and MUIIER (1948) recognise the effects on sediment transport of the
turbulenca created by the two systems of roughness, Also,
macroturbulence on the scale observed in rivers by MATTHES (1947)
does not occur in laboratory flumes,

For gravael-paved rivers the problems of size and a largo range

of sizes of sediment arise, Few experimenters have uscd matorial
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otﬁer than sand, the largest size used in quantitative bed load
laboratory cxperiments being 1.562 in by LBGIAZAROFF (1959), [,.J1though
SCHOKLITSCH (19234) and KALINSKE (1947) suggested the computation of
bed load dischaxrge for individurl sizo ranges of n sodiment mixture,
and MEYER-PLTEL and MULLER (1943) used a single size to ropresent

the mixtures used in their experiments, only EINSTEIN (1950)
attempted to account for the mitunl interferonce effects between
particles of difforent sizes, Oa the River Tyne at Bywell
accumulations of small particles can froquently be observed
immediately downstream of large stones,

None of the theories allows for the effect of particle shapo
to be directly and quantitatively included. The surface of the
beds of many xivers with underlying sedimentary rocks often contain
a preponderanca of disc-shaped particles; at Bywell about 60% of
the bed surface particles are diac-shaped (see section 3,5.6.).
with a large range of sizes this type of bad 1s particuliarly sulted
to the formation of a "pavement! having n critical shear stross for
the initiation of movemont considerably greater than that indicated
by the equations of SCHIEIDS (1936) or WHITE (1940).

Finally, the relationship between scdiment motion and streandf low
in natural watercourses is extremely complex, Not only docs
sediment discharge depend upon the hydrology, geology and pedology
of the catchment but hydraulic characteristics such as depth,
velocity, turbulence and shear, and hence the sediment transpo:t
cheracteristics are likely to vary non-uniformly both letorally
and longltudinally within the river,

Where direct observation of bed load discharge in rivers has
been possible for instance in the Danube in Hungary (KAROLYI, 1957),

results have displayed considerable fluctuations, indicating that
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bed load movement in rivers is a non-steady process. The 'rational"
formulae, based on laboratory experiments in steady flow conditions,
cannot then yield satisfactory prediciions for rivers, It would
seem that in order to further investigations of the relationship
between actual and predicted sediment transport the development of
an instrument for the continuous recording of bed load movement in
both rivers and laboratory channels 1is necessary,
2.2,5, The Regime Approach

The concept of '"regime', or the equilibrium state of rivers and
canals, has been referred to in section 2,1.2, This concept and
the practical necessity of excavating stable channels in alluvial
material has led to the formulation of a set of empirical design
rules known as the regime theory, Based on the obscrvation of a
number of Indian canals KEBNNEDY (1885) proposed the first
quantitative rule that the "non-silting, non-scouring' velocity
of a stable channel is proportional to some power of its depth,
Further work by LINDLEY (1919), LACEY (1929, 1948) and many othera
led to the important concept of the thres degrees of freedom of
self-adjustment of regime channels, requiring three cquations for
the complete determination of the ultimate stable breadth, depth
and slope of the channel, It 1s possible to consider that a
fourth degree of Ireedom exists in rivers or neglected canals where
meandering has been allowed to take place,

Recently, BLENCH (1955, 1957, 1961) introduced the bed load
charge, C, the ratio of the bed load discharge by weight in air
per unit time to the water discharge by weight per unit time,
His equations are as follows:-

2
D=V /Fb

3
W= V/F
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in whichk V is the mean velocity in the soction, D is the depth and

W is the width at mid-depth, Fb and Fs are termed the bed and

side factors, respectively. The latest slope equation is given by
BLENCH and QURESHI (1964) as:-

11/12
F
Bo o) L. . . .
3,638 ,1/6 /1
v

S = klm 2,2,0.
in which k, 1, and m are coefficients to allow for meandering, the
definition of the representative discharge, Q, and miscellaneous
other effocts (e.g. suspended sediment), respectively. Fbo is
termed the zero bed-factor and is o function of d50’ the median
particle diameter by weight of the bed material. Q is the formative
dischargo, usually taken in rivers as bankful discharge; oxact
definition of Q is rendered unnecessary by the exponent 1/12,

The function, £'''(C), has been derived by BLENCH and ERB (1957)

from the results of GILBERT (1914) and other workers as:-

(1 + 0.12c) /12
(17 ¢/233)

£111(C) =
The theoretical lower limit of £''!'(C) is thus unity,

The rogime formulae have been daveloped with the immedinte
purpose of facilitating the design of stable channcls in alluvial
material; the "rational" apprach has been formulated with the
specific intention of predicting bed load discharge. However, it
is possible that the slope equation of Blench could be used to
determine tho bed load discharge of a river in which both watexr and
sediment discharges fluctuate widely, NIXON (1959) has been able

to establish regime relationships for several English rivers of

this type.
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Ti:a most promising approach to a complete solution of bod load
transport, since this is the part of the sediment load most cloaely
associated witl: channel shape, is probably the ultimate combination
of the "rogime" and "rational" theories., In this connection tha
work of ALCKERS (1964) on small streams in alluvium and the derivation
of the regime squations using the principle of minimum encrgy
degradation rate by BREBNER and WILSON (1967) could prove to he

valuahle contxibutions,
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Scction 3

3. The River Tyne at Bywell



It has becn seen in section 2 that a number of hydraulic and
sediment parameters are necessary foxr the estimation of bed load
discharge in a river, This section describes the collection of

this requizred data for the roeach of the River Tyne near Bywell,

3.1, The River Tyne Catchment

The River Tyne drains an area of about 1,140 square niles of
the counties of Northumberland, Durham and Cumberland in the north
of England and a small part of the county of Roxburghshire in
Scotland, The catchment, roughly triangular in shape, i8s boundod
in the south and west by the main Pennine block and in the north by
the Choviot dome (£ig. 3.l.8.). Both main tributaries, the River
North Tyne and the River South Tyne respectively, are considoerably
varied in character throughout their lengths; 1n some parts, the
rivers meaader freely through large banks of gravel, loeally tormod
haughs, in marked contrast to the fast-flowing, rocky reaches in
other parts. From the confluence of the two rivers tho lowex
River Tyne flows eastwards, past Bywell gauging station, for
about thirty miles to enter the lorth Sea at Tynemouth, The
tidal influence oxtends upstream as far as Wylam,

PEEL (1941) has demonstrated that the longitudinal profile
of the iver Tyne is of considerable interest. On the basis of
many measurements, mainly on the North Tyne, he was able to produce
the thalwegs of the River Tyne and its main tributaries, as shown
in figs, 3.1.,b, and 3.l.c, The profiles reveal features ontirely
consistent with topography except for a break, at which the River
North Tyne suddenly steepens, just below Bellingham at a height of
about 350 A,0,D, Peel suggested that this "knick-point' and
similar breaks on other tributaries ars the result of rivaer

rejuvenation, Assuming a semi-logarithmic equation for the
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maturs profile he showed that the central part of the River North
Tyne is graded to a base level about 150 ft above the present level
while the lower part is still in a stage of youth, being unadjusted
and irregular,

The geology of Northern England has been comprehensively doacribed
by EASTWOCD (1963) and ROBSON (1865}, The underlying rocks of the
River Tyne catchment are mainly sandstones, limestones, shales and
coal measuras of the Devonian and Carboniferous period; the oaly
igneous rocks are those of the Cheviot volcanic extrusion and a
number of dykes and sills of quartz dolerite. Glacial drift, up
to 2060 f£t, thick in places, has been deposited by ice which flowad
over north~east England from Scandanavia and the Lake District
during the period of maximum glaciation, The main mass of the
drift 1s ugsually a tough dark dspogsit containing houlders, mosily
of local originj above this is a mnre sandy, brownish clay
containing smaller boulders and pehbles of material foreign to tho
region (HICKLIIG et al, 1931),

Thin, acid soils in upland arecas of the catchment support moorland
vegetation, rough pasture and, especially in the North Tyne region,
considerable expanses of foresi; in the valleys and lowland areas
loams and clays, mostly originating from glacial carboniferous
till, provide large areas of good moadowland and permanent pasture
(NORTE~EAST DEVELOPMENT ASSOCIATICI!, 1950 and NORTHUMBERIAID COUITTY
COUNCIL, 1952),

The greatar part of the River Tyne catchment is sheltered Zrom
the prevailing south-west winds by the mountain barriers of the
Northern Pennines and the Cheviot !lills, Annual average rainfall
varies from nearly 80 in, on the South Tyne area near Cross Fell to

about 26 in, on lewcastle upon Tyne (HETEOROLOGICAL OFFICE, 1931),
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According to HALL (1964) runoff amounts to about 64% of rainfall on
the catchment, Concentration of direct runoff on the liver Tyne and
its tributaries is often extremely rapid, During the present
investigations the river level on the River Tyne at 3ywell was
observed to rise 9 feet in 1} hours, This effect has caused the
occurrence of gserious flooding on several occasions, especially in

1771 (PALMER 1882) and more recently in 1954 (BLACK, 1957).

3.2, The Test Reach

The Bywell cableway gauging station (grid reference NZ/G38,617)
is situated on the River Tyne lk miles upstream of Bywell Bridge,
Northumberland and 8 miles upstream of the tidal limit at Wylam
(Fig., 3.2.a.). It was constructed in 1956 by the Northumberland
and Tyneside 2iver Board (now part of the Northumbrian River
Authority) oa land owned by Lord Allendale., The area of the
River Tyne catchment to the station is 834 square miles.

The gauging station, which i3 casily accessible, consists of
a cableway for current-meter gauging and a wooden hut located over
a float well on the left bank of the river. A wire cable spans
the distance between two stanchionsg, 12 feet high, situated on
opposite banks about 30 feet above low water level, A small
trolley mounted on this wire can be manoeuvred to any position
across the river by means of a continuous cable which passes round
one drum of a hand-operated winch unit in the hut, Another cable,
for suspending an instrument from the trolley at any depth in the
river, can be manipulated by means of a second drum on the winch,
The suspension cable is of a coaxial type, with a single core
insulated from the outer braiding, and is used for carrying
electrical signals to or from the suspended instrument, The

station is equipped with a Lea Recorder vertical-drum recorder
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producing weekly continuous charts of water level, A teletone
audible warning device has besn incorporated and proved to be
extremely useful, By dialling a special number from any public

or private telephone the river stage can be obtained from a coded
geries of pips. In October 1955 a Fisher and Porter instrument
was 1nstalled, which, at intervals of 15 minutes, records stage to
the nearest one hundredth of a foot in a binary code form on
punched tape; water levels can be read at any time on a calibrated
disc,

The right bank of the cableway section has been pitched with
stone while the left bank adjacent to the hut is fairly densely
covered with bushes and trees, Regular f£lushing of the float-
well in recent years by the River Authority has minimised trouble
due to silting of the intake pipas.

Downstream of the cableway the river bed gradually widens,
water depth decreases and flow velocity increases. At a distance
of about 1000 ft,, just upstream of a line of ancient *imber piles,
placed in the river for some forgoftten purpose, the bed gradient
suddenly steepens, This section acts as the control section for
the gauging station and is usad at low flows for current-meter
measurements by wading, Until 1951 the section proved: quite
stable and a stags-discharge calibration had been establishad by
the River Board, In 1960 permission was granted for Lord iLllendale
to extract gravel from the river downstream of the timber piles
and upstrean of Bywell Bridge (see Iig, 3.2.a.),. Between June 1960
and July 1962 a considerable quantity of material was removed,

The main purpose of the scheme was to reduce flood levels by
improving the alignment of the river channel and, in this respect,
it proved to be very successful, However, it was noted in 1961
that the level of the control section had fallen causing a change
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in the low-flow part of the stage-discharge curve; no change
could be detected at high flows, In September 1964, by which
time the river bed had regained stability, the float-well and
intake were reconstructed and & new calibration of the station
started, It should perhaps be noted that periodic fluctuatlions
of the lower ends of the rating curves of cableway stations on the
River Tyne and other Northumberland rivers have been observed
where gravel extractions have not taken place,

EINSTEIIT (1964) has emphasised the importance of the concept
of the test reach which should adequately describe the overall
characteristics of the river channel, One of the greatest
difficulties in applying hydraulic equations, especially thosa
concerning sediment transport, to a natural river is the basically
irregular flow pattern in such a channel. Each cross-saection is
different from all other cross-sections, In the application of
all but one of the methods mentioned in section 4 for computing bed
load a knowledge of the average water-surface or energy-surface
slope is necessary, Only one method requires a number of cross-
sections 1in the reach to be averaged, The nature of the
longitudinel profile of the River Tyne near Bywell made the
determination of these average conditions even more difficult.
Observation of the river channel showed that the profile consists
of a series of doep slow~flowing "pools” separated by shallow "bars"
which at low and medium flows form rapids, This undulating
"pool-bar" configuration occurs frequently in gravel-bed rivers;
LELIAVSXY (1955) describes how some Russian rivers have been found
to be of this type. Bed irregularities have little effect on

water-gurface profiles at high discharges but are closely reflected
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in low or medium flow profiles, The cableway gauging station at
Bywell is located in a "pool"”, while the "bar" downstream acts
as the control section.

It was decided to survey several sections on the fairly
straight reach of river which extends from rapids about % mile

upstream of the cableway to just downstream of the control section

The total length of the rcach is about % mile,

3.3. Survey of the Reach

In May 1965, permission to survey the river reach near Bywcll
was obtained from the Northumbrian River Authority and the
riparian owner, Lord Allendalc,
3.3.1, lMain Cross-sections

After inspection of the reach it was decided to sound in
detail five cross-sections AB, CD, Ef (the cableway), GH and JIX
(fig. 3.2.8.). A peg and nail had already been located at the
cabloway on each bank; the other four cross-sections two upstrecan
and two downgstream of the cableway, were fixed by driving a peg
and nail into tho left bank at a suitable position, Equipment and
personnel were organised such that all five cross-sections could bo
sounded in one day at a convenient low flow, Soundingz was
carried out from an eight foot long fibre-glass dinghy by means
of a ten foot long pole graduated in tenths of a foot, 4t tho
cableway it was possible to use tho pulley and traversing cable to
locate the dinghky in the required position, The left bank peg, I,
was taken as zero chainage and soundings made every 10 feet ac:ross
the section, At the other four sections a2 1000 feet line, marked

at 5 feet intervals by coloured tags, was stretched across the riveor
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from the left bank and sccured to & peg and nail driven into the
right bank, The dinghy wasa thien manoceuvred across the section
and soundings nade at 10 feet intervels,

At all sections the elavations of the left and right bank
pegs above the water-surface wore measured using an ordinary
surveylng level, Water-surface slope across each section was
assumed to be zero and the level of the right bank peg and g1l
soundings w2rc related to the level of the left bank pog. The
banks of each section were surveyed, relating all levels to tho
left bank peg.

It was then necessgary to reduce the levels of the left bank
pegs of each section to a common datum, During the construction
of the gauging station the Northunberland and Tyneside River Board
had used a temporary bench mark on the corner of the concrete
plinth of the stanchion beside the gauging hut,. Using this aark
the left benk peg, E, at the cableway was established as a T.3.M,
(66,91 £t, A,C,D,) for the survay, The elevationa A,0.D, of the
other left bank pegs A, C, G and J were determined by careful
levelling f£rom peg E. All cross-sections were then related to
0.D. as shown in figs. 3.,3,a.,, 3.3.b,, 3.3.c.,, 3.3.d, and 3.3.0,

Attempts were made to check the assumption of gero cross-
sectional water-surface slope but sighting distances proved too
great for the equipment used,

In order to detail further the bed and, later, to be able to
apply the various bed load formulae it was docided to divide the

"channel" total wetted perimeter, P _, imto "bed", that part of

t’
the perimeter composed of gravel otc. P,, and "bank", that part
of the perimeter composed of bushes, grass etc,, Pw' That is:-

Pt = Pb + P'
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Accordingly, field observations of the elevation and chainage of

the bed-bank divisions were made at each section,

The elevations

of the bed-bank divisions were found to be almost equal on each

side of each section and it was possible to ascribe to each section

a particular water-level at which the "bed" was just submerged,

i.e, at which P, equalled P

b.
figs, 3.3.8, to 3.3.,e. and i8 given in the following table with the

This level is indicated in

corresponding water-surface width or "bed" width, the mean "bed"

level and the wetted perimeter of the "bed", P,.

Mean "bed"

level was obtained by dividing crosa-sectional area by watoer-

surface width and subtracting this mean depth from the water-

surface level,

Table 3,3.8.

"Bed" details at main cross-sections

Water “'Bed" Mean "bed’ | Bed wettad

Section level width level perimeter
Py
(£t. A.0.D,) (£t) }(£t. A.0.D.,) (£t)
AB 47,71 141 43,81 149
cD 47,98 193 45,83 199
&F 48,21 203 44.29 211
GH 48,33 244 46,19 249
JK 49,00 270 46,50 272

Croas-goctional areas at one foot intervals of water lagvel were

measured by planimeter on sections drawn to a large distorted scale,

10 horizontal to 1 vertical,

2 map measurar,

total cross-sectional area, A

Vetted perimeters were measured using

Figs, 3.3.f, and 3,3.8. show the variation of

and total wetted perimeter, P

t

respectively, with water level, I, for all five sections,

A form of tacheometric traverse, using a theodolite and

vertical levelling staff to measure distances and horizontal angles,

was carried out to fix the positions of the main cross-sections

relative to each other,
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to peg K and the co-ordinates of all other pegs calculated, As
a check on the accuracy of tas survey the pegs A and J were located
on a 25 inches to the mile Crdnance Survey map of the area using
fences etc, and the line AJ measured on the map as 2755 ft. Vhen
calculated from their co-ordinates the distance between A and J
was 2761.4 ft,

The digtance between the sections was taken to be the distance
between the mid-points of the river "bed' at each section. Thase
mid-points were easily calculated from the survey details and the

distances determined as follows:~-

Section : AB CD EF GH 14

Distance .

between sections ° 765,5 1128.2 535.3 321.8
(£t)

The total distance between sections AB and JK was 2750.8 ft or
0.520 miles,
3.3.2. Supplementary Cross-sections

From figs. 3.3,a to 3,3,e. and table 3,3.a, it can be seen
that thore 1s considerable variation in the shapes, ''bod" widths,
mean "bed" levels etc. of the five main cross-sections AB, CD, EF,
GH, JX, To obtain a more complete picture of the river reach it
was docided to supplement these soctions with 2 number of intermediate
gections, A further eighteen sections, about 150 feet apart, were
located by pogs and nails driven into the left bank; 3 sections
upstream of A3, 13 between AB and JX and 2 downstream of JX,
Distances boetween sections wore measured by tape along the left bank
and proportionately adjusted such that the distances between the
five main sections agreed with those determined in the tacheometric
survey. Peg elevations were f£ixad by levelling from the T,B.M,

peg E, at the cableway.
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Inspection of the five manin cross-~gections showed that the
mean "bed" level of each section could be obtained by the eddition
of 0,35 ft to the mean of the "bed" levels at distances across the
"bed" of 1/5, 2/5, 3/5 and 4/5 of the "bed" width, In this way
detailed surveys of the bed and banks of all eighteen sections could
be avoided, and it was decided to sound at these four pogitions and
at the mid-point of the "bed"., The position and depth at the
deepest point were also noted at each section, Sounding was
effected in a manner similar to that used with the five main sections
except that the line was secured to a asteel rod temporarily driven
into the right bank, At each section the water level was related to
the corresponding pagheight, the "bed" width noted and the location
of the sounding positions determined, Mean "bed" levels and the
"hed" levels at the deepest point and mid-point of the '"bed" were then
calculated,

3.3.3. Longitudinal Profiles

Details of the bed at all 23 cross-sections are given in
fig. 3.3.hs (in pocket).

The plan view, drawn with a straight centre line to facilitate
plotting of the profiles beneath it, clearly shows that the bad width
increases gradually downstream over the length of the reach, The
thalweg profile is uneven and tends to meander within the bed, the
deepest parts occurring near the banks, It can be seen that the
highest point on the thalweg of the "bar" forming the control section
of the gauging station (or the outlet of the preceding "pool) is
located at JK while the highest point of the mean "bed" lovel
profile occurs further downstream,

An attempt was made to assign an average bed slope to the whole
length of reach between sections 1 and 18, a diatance of 3531 feet or
0.73 miles, The method of least squares was used to determine the
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best straight line through the mean "bed" levels of all 23 soctions
plotted against distance downstream of section 1, The slope of
this lime was calculated to be 0,171 x 10 ° upwards in a downstream
direction, it is evident from this result that it is impossible to
describe the river channel by its bed slope over a reach of this
length, Possibly, the bed slope of & "pool-bar” type river could
be taken as the average slope through the tops of two or more
successive "bars', but the physical significance of this slope

is doubtful when applied to a single cross-section in hydraulic
calculations involving, for example, sediment transport or flood
routing, If the slope of a river at & single crosa-section must
be described then the water-surface (or energy-surface) slopo

would have to be used; this, however, will vary considerably

with stage, especially in "pool-bar" type rivers,

3.4, Hydraulic Characteristicas of the Reach

In order to apply the bed load theories described in section 4
it was necessary to determine the relationship between stage,
discharge and the water-surface and energy-surface slopes, The
velocity digstribution and tractive force distribution at the
cableway section were also investigated,

Measurement of water-surface slope within the reach involved
the determination of water-surface levels at three sections /.3, EF
(the cableway section) and JX,

3.4.1, Measurement of Water-gurface Level

Measurement of the water-surface levels at EF presentoed little
difficulty. The Fisher and Porter punched tepe recorder housed in
the cableway hut indicated to one hundredth of a foot the rivexr stage
above staff gauge zero, Thisg datum was determined by levelling

from the T.B.M., peg E, to be 46,25 £t A,0.,D, The height of water-
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surface A.C.D., could then be obtained easily from the reading of the
recorder,

For the measurement of water-suriace levels at sections AB and
JK staff gauges located on the banks would have becen insufficiontly
accurate, would have been requiroed to be robust and elaborately
anchored and might possibly have becn aesthetically undesirable,

To overcome these difficulties a modified point gauge arrangement

as shown in fig, 3.4.a. was designed, The tip of the point gauge
could be moved over a range of 3 inches insidc a 2 inch internal
diamcter perspex tube, The tube was partially blanked off nt the
lower end by & perspex cap with a central } inch diameter hole,

thus considerably damping surface ripples. Alr vents were

provided at the upper end of the tube. The location of the point
of the gauge was indicated by the position of a disc on the top

end of the moving stainless steel rod relative to a fixed 3 inch
long metal scale, By means of a button and keyhole slot arrangement
the point gauge could be attached to one of nine, numbered positions,
3 inches apart, on a flat aluminium support. In the top position
the level of the top of the aluminium support coincided with that of
the top, or zero, of the 3 inch scale, The aluminium support
itself could be fixed by two button and keyhole slots to any of
several 6 foot lengths of rust-proof painted 1% in x 1% in x } in
angle iron driven into the river bank, The range of water level
covered by each length of angle iron was thus 2% feet.

For ease of access to the water-surface the left bank was
chosen for the location of the measuring points and eight numbered
lengths of angle iron were positioned at the required heoight,
allowing a small overlap, at both sections AB and JK, The height

A,0,D, of the top of the aluminium support when fixed to each angle
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was dotermined by levelling from the appropriate peg, A or J.
(These levels were later checked after several high flows and
found to be unchanged.) Knowing the length between point and
disc it was then possible to draw up a table for each gsection
glving the level A,0.D, of tihe point, when the reading on the

3 inch metal scale was zero, for any angle iron and any position
of the gaugs on the aluminium support, In this way the
measurement of the water-surfaco level was reduced to the simple
procedure oi noting:-

1) the number of the angle iron,

2) the number of the position of the gauge on the aluminium

suppo:rt,
and 3} the reading of the disc againat the 3 inch metal scale to
t2e nearest 1/20 inch.
The accurecy of the levels determinad by this method depends upon
the accuracy of the levelling. At high flows macroturbulence near
the banks caused surface levels to surge and it was found nccaséary
to take the moan of three or four readings of the point gauge.

The 2iver Tyne at Bywell isg subject to rapid changes of stage
and the following procedure was developed to enable the water
levels at A, B and J to be measured by one person within as short
a period of time as was possibloe, Advantage was taken of the
Fisher and Poxter instrument which recorded the level at © on punched
tapc at O, 15, 30 and 45 minutes past cach hour, A few minutes
before tho instrument was due to record, the water level at /. was
measured, The observer then moved as quickly as possible to J
(a vehicle could be used for part ol the distance) to measure the
level there, The time betwaen the two measurements was usually

about 7 minutes during which time the level at the eablcway section,
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EF, had been recorded. This level was noted together with the
preceding and succeeding punched tape recordings which were used
subsequently to determine the rate of rise or fall of stage.

Thirty-seven sets of readings were made (table 3,4.a) over
a range of stage at E above staff gauge zero from 1,76 £t to
13.01 £t. Four longitudinal profiles are shown in fig. 3.4.Db,
Profile No. 1 was determined on the day that the five mein cross-
sections were sounded, during which time flow conditions remained
steady, It included water levels moasured at C and G, which can
be seen to lie on straight lines AE and EJ, respectively. The
water-surface profiles in the reach were therefore considered to
consist of two straight lines whose slopes become more nearly equal
at higher stages.

3.4,2, Computation of Water-surface and Energy-surface Slopes

To determine the energy-surface levels at each section, discharge
values corresponding to each of the 37 sets of water level measurements
were obtained from the stage-discharge curve of fig, 3.4.e, Mean
velocities, V, at each of the sections AB, EF and JK were calculated
using the area-stage curves of fig, 3.3,f, Assuming a Coriolis
coefficient of unity, the velocity head, vz/Zg, was calculated and
added to the water-surface level to give the energy-surface level
(table 3.4.a.),

Surface slope at the cableway section, EF, was calculated as
the geometric mean of the slopes from AB to EF and from EF to JK.
Examination of a number of laboratory channel drawdown profiles, to
which the reach profiles approximated, showed that the assumption of
the geometric mean rather than the arithmetic of the upstream and

downstream slopes should be more accurate. The geometric mean was
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in all cases less than the arithmetic mean; aince the flatter
slope oxtended over the greater length of the reach (fig, 3.,4.b.)
this was considered a justifiable bias,

Water~-surface slopes, Sw’ and energy-surface slopes, Se' for
the 37 profiles are given in table 3.4.a.
Table 3.4,.a.

stage at section EI above staff gauge zero (46.25 ft. ,..0.D.) (ft)

= o
i

H = water-surface level at section AB (ft. A.0.D,)
H = water-surface level at section EF (ft. 4.0.D.)

water-surface level at soction JK (ft. A,0.D.)

=
1}

S = water-surface slope at soction EF

E = energy-surface level at section AB (ft. A.0.D,)
E = energy-surface level at section EF (ft. A.0.D.)
E, = energy-surface level at section JK (ft. A.0,D.)
§ = encrgy-surface slope at section EF

dH = rate of rise (+) or fall (-) of stage at section EF (f£t/hr)

Distance between sections AB and EF = 1894 ft.
Distance batween sections Ef and JK = 857 ft,
ro- Water-surface Energy-surface
ile] h 3 dH
o, 2] Ha He Hj walO Ea Ee EJ Sexlo
1 | 2,38 {148,80{48.63| 47,99 0,259|/48,83{48,65)48,06 | 0.25 0,000
2 | 6,62 L53.88 52,87 51.68 0,860|{54,39| 53.24|52.28 | 0,82 -0.044
3 5,62 }152,5751,87 5C.74 ©,692}i52,94} 52.1051,22 | 0,67 -0,10Q
4 |11.93 ||59,88]58,24} 57,18 1,049|({61,50|59.77|68.60 | 1,117 -0.10q
5 4,11 i{51,04] 50,36 49,41 0,631}{51,19| 50.46{49.69 | 0,588 +0,86(
6 | 4.83 51.73'51.08150.1 0.6264151,96f 50,43} 80,43 | C,599 +0.14d
7 3.74 {150.42|49.99| 49,143 0,463{50,53] 50.07(49,37 | 0,44 0,00Q
8 | 4,36 451.32|50.61 49,54 0.637{51.49| 50,74{49.95 | 0.6 +0,.52(
9 1,76 }|48,11;48,01} 47,534 0,174:48,12{ 48,02{47,55| 0.17 0.004
10 | 1.87 48.28.48.12 47,64 0,2 48.29.48.14 47,70 { c.2Clf +0,260Q
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Table 3.,4.2,

(cont,)

Ero_ Water-surface Energy-surface

ile 3 dH

0. H, |8y |smiofE | E|E Fexlo
11 48.44}47.86 48,46 |47,92 9,235 0,004
12 48.38{48.25{47.71 48.27(47.7d4 0,174 0.000
13 52.37|51.23 52.67]51.73 0.77% -0.160
14 52,90{52,18| 51,04 52,45 |51.53 0,702 ~0.229
15 51.77| 50,65 51,99 |51,07 0.702] 0,329
16 49,08] 48,43 49,11 |48,54{ 0,324} ~0.040
17 53.75|52.46 54.26 [53.21 o.oo7j-o.1sq
18 54.50|53.41| 52,07 53.8752.80 0,908 -0.400
19 53,01} 51,85 53,40 [52.57| C.780] ~0.440
20 52.67| 51,51 53,01 |52.09] 0,790} ~0.360
21 52,42 51.24 52,73 |51.64| 0,811f -0.4204
22 49,50 48,77 49,55 48.9:‘0.362;—0.040
23 49.,76| 48.97 49,82 (49,28 03781 -0.120)
24 53.80| 52.55 54,32 53,31} 0,896§ +0,820
25 54,83| 53,50 55.54 (54,44 1.o11i+o.4zo
26 53,14| 51.84 53.55 52,51/ 0,888} -0.320
27 53.01! 51,74 53,40|52.38 0,869 ~0,220
28 52.91{ 51.63 53.29(52.27] 0,853 -0.200
29 52.76{ 51,52 53.11{52.12] 0,83%] -0, 180
30 52,68] 51,46 53,02 |52.03} 0,819) ~0,080
31 53,75| 52.39 54.26|53,15( 0,968 -0.480

| 32 52,18/ 51,02 52.45|51,52| 0,751} ~0.380
33 59.26| 57,85 61.07}59.70 1,259] -1,060
34 53,43 52.15 53.89{52.86| 0,800]+0,540
35 51.28] 50.26 | 51,45)50.62| 0,639 ~0,180
36 55,26] 53,93 | 56.05]54,94] 1,056{+0,420

| 37 54.92553.55§ 1,098 52,27| 55.64 54,50 1,070} -C.680
i i ? | |
3.4.3. variation of Surface Slopes with River Stage

For correlation of surface slopes with river stage a standard

multiple regression programme was usad on the KDF9 computer of the

University of Newcastle upon Tyne Computing Laboratory.

By means

of thig programme trial correlations of several variables could be
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obtained rapidly together with the correlation coefficient and
significance level of each variable,

After several trials it was found that the best correlations
were obtained by plotting the surface slopes against the logarithm
of the stage at E above a certain datum, The resulting equations

wveres -~

1]

5, X 10° = 1.504 log, (i - 45.55) - 0.449 Cor”, coetf™t, -
0.983

vr n nt
1,869 1og10 (ge - 44,35) - 0,918 Cor , coeff ., =
0.990

5 x 103
e

1]

These equations and the observed data are plotted in figas., 3.4.c

and 3.4.d. respectively.

The rate of rise or fall of river stage, dH, was introduced
into the regression programme as a third variable to determine
whether any improvement of correlation could be obtained. The

above equations were modified to:-

]

5, 10% = 1.497 log,, (I, - 45.55) - 0.012dH - 0.444
cor®, coeff™t, = 0.983

il

3 S
Se x 10 1.865 log10 (ue 44.35) 0.004dH -~ 0,915

cor”, coett™, = 0,990
The t-value significance levels of the variable dH in these
equations were only 35% and 15% respectively. It was concluded
that, with tho observed information, evidence of the effect of rate
of rise or fall of river stage on water-surface or energy-surface
slope could not be detected,
3.4.4, Stage-discharge Relationship

The Hortiumbrian River Authority have established a rating
curve (fig., 3.4.e) for the cableway section from gaugings carried
out since January, 1965, two years after the cessation of gravel
extracting operations downstream of the cableway, The equation

to the curve is:-
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.97
233(he - 0.37)1 974

233(1_ - 46.62) 1.974

Q

or Q

i

in which @ is the river discharge in cusecs and he and He are the
stage in feet above staff gauge zero and A.0,D., respectively.
3.4.5, Velocity Distribution at the Cableway Section

In the application of several bed load formulae assumptions
have to be made concerning the uniformity of flow conditions within
the section, Fig. 3.4.f. shows how mean velocity varies across the
cableway section at four discharges, It can be seen that as
discharge increases the influence of the deeper part of the section
near the left bank becomes moxre noticeable,

At high discharges stage changes rapidly and few measurenments
of more than two velocities in a vertical were available, Fig. 3.4.g.
shows four measurements of velocity in a vertical 130 feet from the
left bank peg, approximately mid-channel, at a discharge of
12,200 cusec (he = 8,73 ft,)., According to the Prardtl-Von Xarman
theory the velocity distribution is given by the equation:~

Vy = 5.75\kloglo(30y/k8)

where Vy is the velocity at a height y above the bed, ks is the
roughnass of the bed and u is the friction velocity equal to
,/EDS;. D is the water depth and Se is the energy-surface slope.
Taking D = 10,35 ft, from the cross-section profile, fig., 3.3.c.,
and Se = 1,000 x 10_3 from the graph of energy-surface slope against
stage, £ig. 3.4.d., 4  becomes 0,577 ft/sec, EINSTEIN (1950)
suggests that ks = d65 of the bed material, while MEYER-PEIER and
MULLER (1948) take k = dg, where d,. and dg, are the particle
sizes than which 65% and 90%, respectively, by weight of the
sediment is finer, From the particle size distribution curve of
the material composing the bed of the River Tyne mear Bywell
(fig.3.5.€.) d65 = 0,196 £t, and d90 = 0,350 ft,
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The resulting theoretical velocity distributioms for each value
of ks are shown in fig. 3.4.g. The discrepancies between the
theoretical and observed distributions indicate the extent to which
river banks and bed configuration offer additional resistance to
flow,

3.4.6, Tractive Force Distribution at the Cableway Section

The average tractive force acting on the bed in a depth D of
water with an energy-surface slope of Se is given by To = ‘YfDSe
(CHOW, 1959) where 'Yr is the specific weight of water. The
tractive force acting on the bed in a given flow is thus proportional
to the depth of flow above the bed, Fig. 3.4.h, shows the
theoretical tractive force distribution across the section at a
discharge of 10,850 cusec, The measured velocity distribution is
also shown and illustrates that the actual tractive force distribution

is modified by the shape of the cross-~section,

3.5. Bed Material of the Reach

A detalled sediment sampling programme was necessary for the
comprehensive description of the material which constitutes the
bed of the River Tyne at Bywell, As will be described later in
section 4 properties such as particle size distribution and specific
gravity havo a direct application in the determination of the
critical conditions of movement, sediment discharge etc; other
properties such as particle roundness, shape and petrography are
mainly of interest to geologigts and sedimentologists but have been
included to provide a complete description.
3.5.1. Methods of Sampling and Analysing River Bed Material

The sampling and analysis of river bed sand presents little
difficulty, since only small quantities are required to produce a
representative sample, Several instruments, which may be grouped
into three classes of drag-bucket or scoop, vertical pipe or cylinder,
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and clam shell, have been designed for this purpose and are described
in Report 14 of the UNITED S™YV..ES FEDERAL INTER-AGENCY COMMI''TEE ON
WATER 2ESOURCES, SUBCOMMIT.EE CI' SEDIMENTATION., However, the wide
range of size and shape and the variable areal distribution of
particles in a gravel-bed river makes sampling considerably more
difficulc, I- is probably for this reason that there exisis
compara:ively little recorded information on such rivers,

There are basically four methods for sampling and analysing

RE

coarse sedimen

1) Volumetric sampling and sieve analysis by weight

2) lLreal sampling, measurement of a representative diameter,
and frequency analysis by number

3) ireal sampling and sievec analysis by weight, /A mechod
used by LANE and CAL2ISCH (1953) in which all stones
exposed in an area of one square yard were collected and
sieved as a bulk sample, The main disadvantages of this
method are its inapplicability when paiches of sand are
present and the difficulty in finding a representative and
reasonably small sampling area, particularly in very coarse
material,

4) Photography of a small area of the bed either through a grid
or with a measuring scale placed on the bhed. Representative
diamocters of the surface particles can then be esiimated
from the photograph and a frequency analysis by number plotted,

Methods 1 and 2 were used in the sampling investigations at

Bywell and are described in grealer detail in sections 3.5.,3 and 3.5.4.
All of these methods raise the problem of ascribing a

representailve diameter to a sediment particle. Despite attempts

to standardise nomenclature by authorities such as the AMBRICAN

GEOPHYSICAL UIION (1947) there are several dimensions in commnon usage:s -
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major axis

intermediaie axis } three mutually perpendicular axes

[«%

minor axis
3 -

[«

dr s+ arithmetic mean of major, intermediate and minor axes

de : geometric mean of major, intermediate and minor axas

dn : nominal diameter, i.e. the diameter of the sphere of the
same volume as the sediment particle

dB s+ sieve daimeter, i.e. the length of the side of the square

sieve opening through which the particle will just pass.
d : sedimentation diameter, i,e, the diameter of the sphere
of the same specific gravity and the same terminal uniform
settling velocity as the sediment particle in the same
sedimentation fluid.
For a perfectly spherical particle all eight diameters are, of course,
equal, The nominal diametexr has little significance in sediment
transport but is sometimes useful in discussing the nature of
sediment deposits. Silt and clay sizes arc usually dascriboed by
the sedimentation diameter which COLBY (1963) has shown to be easily
related to the sieve diameter, Representative diameters involving
any of the thresc axes of the particle are often used in frequency
analysis by number and are discussed in more detail in section 3.4.4.
Sieve analysis is the most convenient and most commonly used
method of treating most sediment samples; the grade scale given in
table 3.5.,2, 18 recommended by the AMERICAN SOCIETY OF CIVIL
ENGINEERS (1962) and is based on sediment sizes described by the

sieve diameter,
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Table 3.5.a. Sediment grade scale

Class name Particle size range
in mm,
Yery large boulders 160 ~ 80 4096 -~ 2048
Large boulders 80 - 40 2048 - 1024
Medium boulders 4G - 20 1024 ~ 512
Small boulders 2C - 10 512 - 256
Larga cobbles 1c - & 258 - 128
Small cobbles 5 -2,5 128 - 64
Very coarse gravel 2,5 - 1,3 64 - 32
Coarse gravel 1,3 - 0.6 32 ~ 16
Medium gravel 0.6 - C.3 _ 16 - 8
Fine gravel C.,3 -~ 0,16 8 - 4
Very fine gravel 0.16 - 0,08 4 - 2
Very coarse sand 2,000 - 1,000
Coarse sand 1,000 ~ 0.500
HModium sand 0.500 - 0.250
Fine sand 0.250 - C,.125
Very fine sand 0.125 - 0,062
Coarse silt 0.062 - 0,031
lMedium silt 0.031 -~ 0,01€
Fine silt 0.016 ~ 0,008
7ery fine silt 0.008 - 0.004
Coarse clay 0.004 - 0.002
lledium clay 0.0020 - 00,0010
Fine clay 0.0010 - ©,0005
Very fine clay 0.0005 ~ 0,00024
1

For purposes of size classification by means of the above table
and in investigations concerning channel roughness and sediment
transport it is common practicc to describe a particle size
distribution by a single diamoeter, The arithmetic mean, geometriic
mean, and median diameter are thosec most frequently used; these
measures are applied to frequency distributions by weight and nunber
in sections 3,5.3. and 3.5.4. For most natural sediments these
diameters arc not equal, This has led to a certain amount oif
confusion since in many papers and reports the "mean''diamcter of

a2 particular sediment is given without stating exactly which diameter

has beaen measured.



3.5.2. Tocation of Sampling Positions

Several factors dictated the locations at which the river bed
material at 3ywell could be sampled, Only those accurmilations of
gravel exposced at low flows werc sampled, since no method for taking
bulk samples from underwater was available, Examination of the
reach showed that, in order to obtain sufficient samples, gravel
deposits upatream and downsiream of the test reach would have to be
considered. It was necessary that the sampling positions were
easily accessible and that the accumulations were natural deposits,
During the extraction of gravel downstream of the test reach an
artificial roadway was constructed along the left bank of the river
near Bywell Iiall, Sampling of thesa accumulations would thus have
been er.'oneous, The gravel near the right bank became progressively
coarger dowvnsiream of section JA, cventually including boulders of
4 to 5 feot diameter, There are several explanations for the
presance of these boulders; INUMBEIN and LIEBLEIN (1556) have shown
by the tieory of cextreme values that they can form part ol the
normal gravel population of the xiver, However, it was considercd
that a sample of this extremely coarse deposit would not be
representative of the major paxrt of the bed material of the river
reaci,

With these points in mind six sampling positions were selected
as shown 1in fig. 3.5.a. The deposits at positions 1 and 2 esre shown
in figs, 3.5,b. and 3.5.c,

3.5,.3. Bulx Sampling

Few references to the bulk sampling of coarse river bed material
could be found in the available literature, JONES (1959) describes
how nine samples of about 4 cwt, each were taken from a 1C mile reach

of a ilew Zealand river and KELLERILS (1967) mentions that samples of
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Pig.3.5.2, River Tyne at Bywell--Location of bed material sampling positions.




Fige3.5.b. Bed material at sampling position 1.

Fig.3.5.c. Bed material at sampling position 2,



1 cubic metre each and totalling 90 tons were taken from the Hasli-~
Aare 2iver in Switzerland. Extrapolation of a graph in the BRJITISH
STANDLADS IUSTITUTION (196C) publication dealing with concrete
aggregates showed that when the maximum size present in subgtantial
proportions is 4 inches then the minimum weight to be taken for
sieving should be 220 1b. In order to be representative of the
sediment being transported the depth to which the sample is taken
should be equal to the depth of the moving layer of sediment, An
arbitrary depth of asbout twice the woximum size present, i,e., about
1 foot, was considered sufficient in this respect for the bed material
at Bywell,

The sampling procedure ndopted at Bywell utilised four metal
bins, 14 in, diameter and 3C in, doep, At each sampling location =
2 ft., square area of the gravel surface was randomly choseon and the
four bing half filled with gravely in this way each bin weighed
about % owt, and could be carried by one person. The total sample,
thercfore, weighed approximately 220 1lb, and the depth of tho
resulting hole was about 1 ft, Each sample was taken to the Materials
Testing Laboratory of the Department of Civil Engineering where it
was spread on a clean concrete floor, allowed to dry and then sileved.
Sizes up to 4 in. wemr mechanically shaken, between % in, and 3 in,
manually sieved and for sizes grcater than 3 in, each stone was passed
through a specially constructed square opening.

The weights and particle size distributions of all six samples
are given in table 3.5.b. and plotted on logarthmic-probability paper
in fig., 3.5.4, The six samples wore combined to produce the

composite sample, no,., 7, details of which are given in table 3.5.b.

and fig., 3.5.e.
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Table 3,.,5.D,

Sieve analysis of bulk samples

Sieve % Iinexr by weight ]
Opening Sample }Sample| Sample }Sample Sample | Sample Composit
(in) 1 2 3 4 5 6 Sample 7
8 l00.0 }100.0 10c.C 100.,0 100.0 100.0 100,0
7 91,6 106.0 100,0 100,0 100.0 100.0 98,6
6 8G.6 100.0 100,0 95.3 100.0 100.0 97.0
5 71,1 }100.0 100,90 95.3 100.0 94,9 23.5
4 61,0 }]100.0 91,2 91.6 100.0 87.7 83,4
3 53.1 99,6 16,1 £6.0 73.2 67.7 H 76,3
2.5 45,8 97.0 65,5 76.9 62.5 54.5 67.4
2,0 40,7 89.7 57,3 69.0 50.9 41,2 * 58,6
1.5 33.7 79.9 49,7 59.6 40.6 29,1 49,2
1.0 26,4 64.1 41,3 48,9 29,9 20,3 38,9
0,75 22,7 55,5 36,7 43,1 25,7 16,5 33.8
0.50 18,4 44,7 31,C 35.7 20.3 12,8 27,5
0.375 | 15.7 | 38.0 27,6 | 31,0 17.1 | 10,9 23,7
0.25C 12,9 30.9 24.0 26,2 13.6 9.2 19,8
0.188 11,3 26,8 21,7 23.1 11,5 8.5 17,4
0.125 9.5 22,1 12,9 20.4 9.4 7.9 15.2
0.0945 g,6 19.9 19,1 19.2 8.4 7.7 14,1
0,0472 6.1 15.2 17,5 15.9 6.4 7.3 11,7
0.0236 3.2 8.5 12,5 9.6 4.4 6,2 7.6
0.0118 1,3 2.7 3.7 2,9 1.8 2.6 2.5
0.0058 0,5 0,8 C.7 0,8 0.8 0.8 0,7
Sample
W?i:?t 250,0 |263.3 % 263.5 j?66.6 187.4 1275.7 1504.5
i

The 65% and 35% finer by weight sizes of the gravel extracted at

Bywell between 1960 and 1962 were given by the company concorned as

1.50 in and 0,12 in, respectively.

From the size classification table 3,5.a. and the particle size

distribution curve of the composite sample, fig., 3.5.0, it can Dbe

seen that about 30% by weight of the bed material consists of cobbles

and about 50% by weight is in the medium coarse o very coarse gravoel

range,




In order to describe adequately the particle size distributions
in a quantitative manner it was found necessary to consider measures
used in the field of sedimentology,. It is recommended practice in
this field (TMUMBEIN, 1934 and INMAN, 1952) to describe particle
size in ¢ {phl) notation, where ¢ = ~ log2 diameter in millimetres.
This allows the use of arithmetic rather than logarithmic size
scales for the plotting of particle size distributions, greatly
facilitates the calculation of descriptive parameters, and with many
natural sediments produces a straight line. Tables are avallable
(PAGE, 1855) for the rapid conversion of particle and sieve sizas to
phi-notation, and vice versa,

FOLI (1563) has recently reviewed the parameters often usod
to describe sediments. Some of the measures were used directly
in the application of bed load formulae to the reach (section 4),
while others, such as sorting and skewness measures, were included
because they are characteristics closely associated with sediment
movement and deposition, The following measures were calculated
for tha size distribution of all samples, including the composite
sample, and are given in table 3,5.c,

da ¢ Arithmetic mean diamceter, which describes the centre of
gravity of the distribution when size is plotted to an
aritametic scale, It was obtained by the method of
moments using the mean sizes of 10% ranges,

d_ ¢ Goometric mean diameter, corresponding to the coentre of
gravity of the distribution when size is plotted to a
logarithmic scale, or in phi-notation, It is equal to
tho phi mean diametor, !¢ , expressed in inches

McCAIRION (1962) gives:-

My = (<P5 + <P15+ ceecsscsssst ‘985 + <P95)/10

51



where cps, ‘Pls' etc, are the phi sizes than which
5, 15 etc, % by weight of the sediment is finer,

d.,. ¢ Median diameter. The size than which 50% by weight of

50
the sediment is finer, When expressed in phi notation
it is termed the phi median diameter, Md ¢.
o¢ ¢ Geometric, or logarthmic, phl standard deviation, and is a

measure of the spread or sorting of the distribution,
McCAMMON (1962) gives:-
Of = (P + D5+ P+ P30~ Fg7 ~¥90 ~ g0 ~ cp70)/9‘1
a¢ : Phi skewness measure, which describes the oextent of
departure of the distribution from the log-normal distribution
ag = (M - Mde )/0<P
a¢p = O for a symmetrical distribution
0< o9 <1 for a distribution skewed towards fine sizes
-1 < ay<o0 for a digtribution skewed towards coarse sizes
E¢ : Phi kurtosis measurae, which represents tho peakedness of the
distribution,
b= [hcog - 949 - ]/
B¢ = O for a normal distribution
By >0.65 for a distribution less peaked than normal
By <0.65 for a distribution more peaked than normal,

Table 3.5.0, Descriptive measures of bulk samples

, aisior (jﬁ) :ﬁ) (ji? °¥ 2L ¢
1 3,15 1.63 | 2,82 | 2.10 0.38 | 0.79
2 0,60 0.39 | 0,54 | 2.21 0.33 | 0,58
3 1.75 0.63 | 1.50 | 2.60 0.48 | 0.63
4 1,56 0.60 | 1.08 | 2.55 0.34 | 0.64
5 1,93 1.13 | 1,99 | 1,98 0.41 | ©.76
6 2.38 1.24 | 2.35 | 1,94 0.47 | 1.40
7 1,7 | 0.88 | 1,55 | 2.37 0.36 | 0,74
i : . —1 M




From the above table it can he seen that, while da and d50
correspond fairly closely, dg ig always smaller; the need for
specifying exactly which mean diameter has been measured is evident.
All distributions are skewed towards the fine sizes and most are
slightly less peaked than normal, BLENCH (1952) found that nearly
all river bed sands exhibit a log-normal distribution, As 18 shown
by the S-shaped curves of figs, 3.5.,d. and 3.5.e, and the values of
in table 3,5.c. this is not so for the bed material at Bywell, It is
probable that at high flows fine material in the bed will go into
suspension and it seems likely, therefore, that the bed material may
then approximate to a log-normal distribution, With phi standard
deviations varying from 1,94 to 2,50 the sediments would be dascribed
in sedimentological terms as "poorly sorted" (FOLK, 1966),
3.5.4, Areal Sampling

A procedure for sampling coarse river bed material involving
the collection of a random sample of particles from the surface of the
bed has been proposed by WOLMAN (1954), As will be seen later, arcal
sampling methods based on this procedure require less effort and
equipment and produce samples more amenable to shape and roundncss
analysis than bulk sampling methods, It was decided, thereforas, to
supplecment the six bulk samples described in section 3,5.3. with areal
samples taken from the same locations,

Several methods can be used to obtain the areal sample and it
was decided to test each method at sampling positions 1 and 2 to
determine which produced the most consistent results in the most
convenient way. The methods tested were as follows:-

1, 3 £+, line transect at right angles to the direction of flow.

2., 5 ft, line transect at right angles to the direction of flow,

3., 7 f£ft, line transect at right angles to the direction of flow,
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4, 3 ft, line transect parallel to the direction of flow,
5, 5 ft, line transect parallel to the direction of flow,

8. 7 f£t, line transect parallel to the direction of flow,

In these methods a lengtk of string, marked the necessary longth,

was stretched in the appropriate direction from a randomly

chosen point on the bed. All the stones exposed on the surfaceo

of the bed and over which the string passed werc collocted,
7. 9 in, x 9 in, quadrat,
8. 12 in, x 12 in, quadrat.
9, 16 in, x 18 in, quadrat,

In these methods a squarce of the appropriate size was marked
out around a randomly chosen point on the baed, All stones
exposed on the surface within the square were collected,
16, Paced grid

This was the method used by WOLMAN (1954). A grid was pacad

out such that the number of stongs taken from the interscctions

of the grid totalled a predectermined number; for the purposecs

of testing the methods 40 stoncs wore collected. Subjectivity

in sampling was suppressed by refraining from looking at the
bed as each pacc was made and by taking the required stone
from undor the tip of tho toe of the boot,

Small particle sizes cannot be measured in the fileld so an
arbitrary minimum size of 1 in, intermediate diameter was assumed,
Three samples were taken by each of the ten methods at positions
1l and 2, Tach sample was weighed in air and in water, and tho
number of stones counted, It was then a simple calculation to
determine the nominal diamcter of the mean volume stone for each
sample. This measure was of little practical significance but
served as a means of comparing sampling methods, The results for
positions 1 and 2 is given in table 3.5.d.
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‘Table 3.5.d,

Comparison of areal sampling methods

Section 1 ‘L Section 2
Method [Humber of} Nom. dia.| Average [|Number of} Nom, dia,]| Average
number [particles|{ of mean of threc|iparticles| of mean of thre
volume samplaes volume samples
particle particle
# (in) (in) (in) (in)
F *
17 3.41 19 1.75
1 26 2.88 3.20 22 1.68 1,58
21 3.32 22 1.30
28 3.42 29 1.65
2 26 3.97 3,76 30 1.54 1,61
27 3.89 29 1.64
34 4.20 43 1,68
3 45 3.21 3,73 43 1,88 1,74
29 3,79 iq 44 1,67
14 3.52 20 1.55
4 14 4,08 3.95 19 1.43 1,57
16 4,26 19 1.74
27 3.28 25 | 1.70
5 25 3.17 3.23 32 1.51 1,57
24 3,2 34 1.50
29 3.38 48 1,65
6 28 3.28 3.39 40 1.86 1,78
31 3.51 42 1.84
20 2,91 33 1,35
7 17 2.83 2,92 30 1.44 1,42
14 3.03 36 1,47
26 | 3.07 57 1.38
8 22 3.66 3,28 50 1.41 1,47
35 3.10 i 45 1.57
42 3.32 o8 1.47
9 37 3.46 3.30 81 1.64 1,62
!
8C 3.11 82 1.75
40 3.55 40 1,72
10 40 3.34 3.52 | 40 1.63 1.74
40 3.67 40 ' 1,88
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The main disadvantage of both the line transect and quadrat
methods was the difficulty in determining which stones were exposed
on the surface of the bed. In the latter method, especially, many
stones wore taken from just below the surface resulting in the
inclusion of a number of small stoneg; this is reflected in the
results of mothods 7, 8 and 9 1n table 3.5.d. No difference could
be detected in taking line transcect samples at right angles to or
parailel witn the direction of flow, The paced grid method shows
less variation than the other methods and has the advantage of
greater srea of coverage and constant sample size, It was decided,
therefore, to use the grid method, selecting 50 stones at each of the
sampiing positions to give a composite sample of 300 stones.

If the sediment particle is spherical, or nearly spherical, then
each of the diamoters listed in section 3,5.1 can be considered aqual,
Since the bed material at Bywell contained many non-sphorical particles
it was first necessary to determine which diameter was the most
consistent weasurz of stone size, It was decided to measure tho
nominal diameter (dn), sieve diameter (ds), and the major (dl),
intermediate (dz) and minor (d3) axes of 75 stones whose nominal
diameters ranged from 1,15 to 7,12 in. The arithmetic mean (dr)
and geometric mean (de) of the triaxial dimensions of each stone were
also calculated, From this test it was found that on average d2 was
2.12% larger than dn’ while dr, de and ds were 2,47, 6.40 and 8.19%,
respectively, smaller than dn. BLENCH and QURESHI (19G4) and
GRANT (195S) have used d2 as the stone size, In the sample of
75 stones, howaver, the percentage differences of d2 from dn
displayed more scatter than those of dr from dn' The arithmetic
mean of the triaxial dimensions, dr, would thus appear to be & more

consistent measure of size than the intermediate axis, dz, alonga,
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Accordingly, the major, intermediate and minor axes of each
stone of the six areal samples were measured and the arithmetic mean
of these dimensions taken as particle size. The weight of each
stone was also recorded. Particle size distributions by number
frequency are given in table 3,5.f, and figs., 3.5.f, and 3,5.g.

Table 3,5.f. Particle size analysis of areal samples

d % finer by number

(1:) Sample 1| Sample 2} Sample 3| Sample 4|Sample 5|Sample 8 g::zg:ig
7 100 100 100 100 100 100 100
6 92 100 100 100 100 100 99
5 84 100 56 100 98 94 95
4 72 100 84 92 90 9C 88
3 50 96 60 72 68 56 68
23 36 90 54 62 44 3 || 54
2 24 80 42 50 30 24 42
13 4 52 24 28 14 16 || 23
1 0 4 8 o (o} o 2
3 0 o ! o0 ) 0 o * 0

3.5.5, Comparison of Bulk and Areal Sampling Methods

Bulk gsampling is a means of obtaining a particle size distribution
by weight of the sediment composing the river bed to a certain depth;
samples obtained by areal methods are analysed on a number frequency
basis and represent the areal distribution of sediment sizes on the
surface of the river bed.

The main disadvantage of the bulk method when applied to coarse
sediments is that each sample rmst weight several hundred pounds in
order to be representative. Considerable effort and equipment,
often unavailable, are required to collect, dry, sieve and weigh
each sample, raal methods enable many samples to be taken by one
person with simple equipment in a comparatively short time, all
measurements being recorded in the fiecld, Each areal sample is
representativo of a far larger area than a bulk sample and can be
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obtained from underwater if nocessary, Probably the major
linitation of the areal method is that it has a lower limit of
particle sizs which can be saupled, The absence of fines, however,
results in a good approximation to a log-normal size distribution
(£ig. 3.5.8¢).

In the comparison of the size digtributions of the bulic and
areal samples it should be remembered that they have been obtained
by quite different procedures, The bulk samples have been sieved
and weighoed, while the average of the trixial dimensions of the
particles of the areal samples have becn measured and plotted
on a nunber of f£requency basis, Table 3,.5.g. shows that the moedian
diameter of the areal samples, nd50’ is always larger than tho
median diocmeter of the bulk sauples, dso.

Table 3.5.8. Comparison of median diameters of bulk and arcal samples

Sample n%50 450 - d /d
number (in) fL {in) n 50/°50
1 3.00 2,82 1,01
2 1.45 0.64 2,27
3 2,34 1,50 1,56
4 2,00 1,08 1.85
5 2.65 1.99 1,34
6 2,81 2.35 1.20
7 2.34 1,55 1,51

Lreal sémples could possibly be of considerable use in the
estimation of the bed roughness coefficient for use in hydraulic
formulas such as the Manning formula, EINSTEIN (1950) suggested
that the effective roughness size of a sediment mixture should be
d65’ the size than which 65% by weight of the sediment is finor;
MEYER-PETZ2 and MULLER (1948), in coatrast, proposed dg, a8 the
representativce gravel size for roughness estimation, Figs., 3.5.h.
and 3,5.1, show nd50 plotted againsgt d65 and d90 raspectively,
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While soue relationships are indicated, the number of sample3 and
range of size data are insufficient to enable definite oconclusions
to be drawn, It would sceem, however, that areal samples could be
used to deternine the representative roughness size of & sedimont

mixture, The following table shows how nd could possibly bo

50

taken to equal d the roughness size suggested by Einstein,

65’
Table 3.5,h. Possible use of arcal samples for roughness sizo

estimation
Areal samplel % by weight of
Sample median dia, bulk sample
number nd50 finer than nd50
(in)

1 3.00 52.0

2 1.45 78,0

3 2,34 63.0

4 2,00 69.0

S 2,86 65.0

6 2.81 63.0

7 2,34 65.0

Therc is, in fact, no need for extreme accuracy in defining
the representative roughness size of a gravel surface, since it is
known that grain roughness on a plane bed (represented by tha
Manning coefficient, for instance) is proportional to the sixth
root of this sizs, Hence, if the gravel size is overcestimated by
100% then the roughness coefficient itself will have been
overestimated by only 10.5%.

3.4.6, Particle Shape and Roundness

Although there are no provisions for the inclusion of measures
of particle shape and roundness in eany bed load formulae they are
most probably important factors in the consideration of bed formation,
initiation of movement and sediment transport (BLENCI, 18G66b)., It
was decided, therefore, to record these characteristics for each

particle of the six areal samples taken from the surface of the
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river bed at Bywell., Few reioerences were found in civil ongincering
literaturc on the measurcment of these propertios (BRITISH STAITMARDS

INSTICJIOION, 1980, and MACKAY, 19G5) and it was necessary once again

to refer to measures devised by sedimentologists.

The word "shape' describes the form of the particle without
referonce to the sharpness of its edges., To measure this
characterigstic it was decided to use the KRUMBEIN (1941) approximation
to the V/DDELL (1935) definition of sphericity as the cube root of the

ratio of the volume of the circumscribing sphere. This is

: 2
approxinated by Krumbein as Svfkdzdg)//d 1! where dl’ dz, and d3
are the major, intermediate, and minor axes, respectively, of the
particle. Table 3.5.i. gives the distribution of sphericities
and averago sphericities of each areal sample and of tho composito

sample, numbexr 7,

Table 3.,5.1i, Distribution of particle sphericities in areal samplcs

[Sample Sphericity range : Average
Number 0,30~ | 0.40-] 0.50-10,50-0,70-] 0.80-] 0.90- || sphericity
C,39 0.4° 0,59 0.69 0.7¢ 0,89 0.99

1 - 5 14 19 9 3 -_¢1T C.33

2 i - 12 22 12 3 - 0.66

3 - 1 S 22 19 3 - 0,33

4 - 2 11 20 13 2 2 0,56

5 - 4 14 16 14 2 - §| 0,63

6 - 2 13 22 7 | 6 - ‘ 0,64

7 ! 1 14 69 | 121 74 - 19 2 Wl 0.65

In conjunction with the sphericity measure each particle was
classified according to thc four types proposed by ZINGG {(1935) as

follows:~
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Class d2/d1 dslhﬁ

Disc >2/3 < 2/3
Sphere 22/3 2 2/3
Blade <2/3 < 2/3
Rod <2/3 22/3

Table 3,5.j. gives the distribution of shapes in each of the samples

Table 3,5.]. Shape classification of areal samples

Sample Zingz shape class

number Disc Sphere Blade Rod
1 27 4 12 7
2 34 5 6 5
3 33 8 5 3
4 31 1C 5 4
5 29 4 14 3
6 31 8 7 i 4
7 185 | 40 49 . 26

The word 'roundness" describes the sharpness or radius of

curvature of the edge of the particle and reflects the ahrasion
resulting from the transport of the particle along tha river bed,
POWERS (1853) proposed a new roundness scale for sedimentary particles
but the visual method of KRUMBEIIl (1941) has proved to be the most
convenient for many workers in the field. Krumbein defined
roundness as the ratio of the average radius of curvature of the
edges and corners of the image of the particle to the radius of the
inscribed circle and produced a chart (fig. 3.5.J.) showing
calculated values of various particle outlines, Each particle of
the areal samples was classified by means of comparison with the
chart; table 3,5.k. gives the distribution of roundness within each

sample and that of the compositc sample,

(ch ]






Table 3.5.k,

Distribution of particle roundness in areal samples

Sample Roundness class Average
pumber | 0,2} 0.3 | 0.4 | 0.5 ] 0.6 | 0.7 | 0.8 | 0. JRoundness
e Afr == = :4=~ 4£;, *l =

1 g 21 6 4 2 C.56
2 16 11 13 4 0.568
3 10 21 4 3 0.65
4 7 17 16 5 0.67
5 15 1 15 4 3 0.63-
6 [ L 17 15 5 3 0.54
7 § 445 | 96 P84 35 20 0.64

in tables 3,5,1i and 3.5.j, the distributions among the sihapos

classes of 2ll samples follow much the same pattern;

differences in the roundness distributions of table 3.5.k. arae

the largorx

probably due to subjectivity involved in the use of the visual chart.

Plots of the spaericity and ramdness distributions of the composlte

sample on erithmotic-probability paper yielded almost straight lines,

indicating o normal distribution of these properties in the river baed

material,

Shape plays an important part in the formation of the bed surfacc

in gravel-bed rivers (LANE and CARLSON, 1954).

Examination of the

reach of the River Tyne at Bywell revealed that the bed surface

particles were arranged with their flatter faces sloping upwards

in a downstrecam direction,

This imbricated arrangement, which occurs

in most rivers of predominately disc-shaped particles (from table

3.5.3., 61% of the surface particles at Bywell are discs), is the

result of the teandency of these particles to assume their most stable

position under the forces exerted by the flow of water.

particles are usually washed away from thc top of the largor,

Finexr

flatter particles and accumulate between, underneath, or in the eddy

immediately downstream of them,

This action leads to a form of



armouring or pxotoection of the bed surface; such "bed pavements"
have been observed in rivers in Russia (LELIAVSKY, 1955) and
Canada (FELLENIALS, 1967).

A gravel bed of flat-shapcd particles is therefore able to
resist much higher shear stresses than a bed of uniform-sized
spherical particles. The use of a tractive force formula such as
equation 2.2,a (SCHIELDS, 1936) on the river reach at Bywell is thus
likely to underegstimate the critical shear stress required for the
initiation of movement for two reasons:-~ 1) the coarser particles
of the bed tend to occupy the surface layer and ii) no provision is
indluded in the formula for the relativoly high stability ol disc-~
shaped particlaes in an imbricated position, The influence of shape
on the susceptibility to movement of scediment particles at Bywell was
clearly demonstrated in the following simple observation caririod out
at sampling position 1 (fig. 3.5.a). Ten stones were selected
from as nca:r mld-channel as possible, their triaxial dimensions
measured and then they were replncaed on the bed with their orientation
marked by yellow paint, The arithmestic mean of the triaxial
dimensions varied from 3,1 to 8,4 inches, After the passage
of a short flood of about 17,000 cusec it was noted that, while
the smaller disc~shaped particles had remainod stationary, most
of the largoxr stones had moved at least some distance; two of the
more spherical particles, about 5§ inches in diameter, had travelled
over 100 fest.

The influence of shape on the rate of transport of sediment
as bed load is not so immediately evident. It is possible that
particles moving as contact load, i.e. in more or less continuous
contact with the bed, tend to maintain thelr most stable

orientations, with the result that flat particles travcl more
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slowly than spherical particles of the same size. Disc~shapad
particles, however, have a lower settling velocity than spheres
so that flat, saltating, particles probably travel further boefore
being deposited, Saltation load is relatively unimportant in
fluvial sediment transport (KALINSIIE, 1942) and hence it may be
expected that bed load formulae applied to the Bywell reach will
overestimate bed load discharge (assuming that the formulee will
predict accurately bed load discharge for spherical particles of
the same size),
3.5.7. Potrographic Analysis

A petrographic analysis of each of the areal samples was
carried out; takle 3.5.1 gives the roesults.

Table 3.5,1, Patrographic analysis of arcal samples

Rock type Sample number .

1l 2 2 4 5 6 7 % N
S andotone 33 35 24 28 21 27 163 | 56,3
1.imustona 2 - - 3 2 - 7 2.3
Greywacke 4 3 9 6 15 15 652 11..3
Ganister - 1 - - - - 1] 0.3
Chert - 1 - - - - 1 0.3
Sinter - 1 - - - - 1 0.3
Ironstone - 1 1 2 - - 4 1.3
Quartzite - 2 - - - - 2 0.7
Volcanic ash 2 3 - 2 3 - 10 | 3.3
Basalt 1 1 - 1 2 - 5 1.7
Dolerite 1 - 2 2 - 3 8 2.7
iGabbro - - 1 - - - 1 0.3 ‘
Andesite 6 1] 11 5 6 5 3¢ 11,3 |
Rayolite - - 1 - - - i 1 ! 0.3 ?
Felsite - -1 - - 1 -0 1 0.3 ‘
Syenite - - - 1 - - i 1 !0.3 .
Granite 1 S T B B B I SR
Phyllite - 1 -t - - - . 1.0.3 |




As would bo expected the sedimentary rock, sandstone, forms =
major part of the bed population; its presence is reflected in the
preponderance of particles in the Zingg classification of disc-shaped
(table 3:5.36) The presence of a considerable number of andasite
and greywacke particles which muist havo originated from parent rocks
in the Lake District and the Southern Uplands of Scotland indicates
that much of the coarse bed material of the River Tyne at Bywell has
been ceroded from the glacial drift which forms the banks of the middle
and upper ieaches of the River Tyne, It is not possible to
distinguish between particles from the Rivers North and South Tyno.
The sparsity of limestone in the bed indicates a high solution load.
3.5.8., Specific Gravity

The spocific gravity of the bed material, required in section 4
for the application of bed load formulae to the reach, was obtained
by weighing a sample in air and in water according to the method
described by the BRITISH STANDARDS INSTITUTION (1960), It was founc
that the specific gravity of the sediment, Ss = 2,60, Lence the
specific weight, Ys = 162.3 lb/fts.

The specific weight of a fluid-sediment mixture is oqual to:-

Yf Nﬁ

Vs T % O 7Y

where N&, Ys are the specific weights of the fluid and sediment,

respectively and Cs is the concentration by weight of sediment in the

3
f1luid. Assuming the specific weight of water to equal 62,42 1lb/ft

and the maximum concentration of susponded sediment to be 1500 p.p.m.
then the maximum value of the spocific weight of the water-sedimont
mixture can be calculated to be 62,47 1b/ft3. The difference
between the specific weight of the clear water and that of the
mixturc is less than 4%; it was docided, therefore, that the
specific weight of the river wator at Bywell would be assumed equal

to 62.42 1b/£t°.
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3.6, Conclusions

The longitudinal bed profile of the River Tyne at Bywell exhibits
the undulaiory form characteristic of most rivers with gravel-paved
beds. This "pool-bar" configuration, while providing convenient
control sections for cableway gauging stations, greatly complicated
the selection of a suitably straight and uniform test reach.

Twenty three cross-sections in the § mile reach which included the
cableway section at Bywell displayed considerable variations in
shape and it was found impossible to determine an average bed slope
over the leagth of the reach. Soundings showed that a meandering
thalweg 1s superimposed on the relatively straight length of river.
zxamination of the horizontal and vertical velocity distributions
at the cableway section showed that this complex bed configuration
offers resistance to flow in addition to that of the particle
roughness of the bed and affects the distribution of tractive force
on the bed,

The instrument and procedure developed for the measurement of
the water suriace slope by a single observer proved successful
although a recommended improvemant would be the simultaneous
measuremant of water level at each end of the reach by two observers.
At low flows the water-surface and energy-surface profiles above the
cableway are failrly flat, becoming steeper downstream of the
cableway; at higher stages the upstream and downstream slopes
become more nearly equal, The geometric mean of the two surface
slopes was taken to represent the actual slope at the cableway
section and was found to vary from 0.2 x 10_3 at low flows to
1.2 x 10_3 at Jjust below bankful stage. Good linear correlations
ware obtained between the logarithm of stage above a given datum
and the water-surface and energy-surface slopes. No improvement in
the correlation could be detected by the introduction of the rate

of change of stage into the regressioi analysis.
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There arae, at present, no standardised methods for the sampling
and analysis of coarse river bed material; recent papers by
CAMPBELL and CLDDIE (1964) 1in ilew Zealand and NEILL and GALAY (1967)
in Canada have cmphasised the need for systematic collection of
river data. The two basic methods of sampling, bulk sampling and
areal sampling, were both carried out on the River Tyne at Bywell,
Six bulk samples, with a total weight of 2/3 ton, were collected
and sieved; about 75% by welght of the bed material can be
classified according to the AMERICLHI SOCIETY OF CIVIL ENGIITEGRS (1962)
grade scalec as cobbles and coarse gravel., The particle size
distribution curves are not log-normal, being skewed towards the
fine sizes, £ certain amounc of confusion has been caused in
gediment transport studies by the large number of measures usod
to describe a size distribution, In order to facilitnte comparison
all of the following properties have been calculated for eacin bulk
gsample collected at Bywell:- arithmetic mean diametcer, geometric
mean diameter, median diameter and measures of sorting, skewnass
and kurtosis,

Three methods of obtaining areal samples of the bed surface
material were tested; the most convenient was found to be the paced
grid method suggested by WOLMAI! (1954). Particle sizes wera
defined by the arithmetic mean of the triaxial dimensions and
plotted on a number frequency basis,

For the description of particle shape the sphericity measurce
of ERUMBEIN (1941) and the ZINGG (1935) classification were used,
gince only the triaxial dimensions of the particles were required.
Shape probably plays an important role in bed formation, initiation
of motion, and sediment transport, although there is no provision
for the quantitative inclusion of this property in any existing
bed load formulae; it 1s most likely of particular importance at

67



Bywell whera over 60% of the bed surface particles can be classified
as disc-shaped. Roundness was fouad to be most easily measured using
the visual chzaxrt produced by XRIMBRIN (1941),

Comparison of the particlse size distributions of the bulk
samples with those of the areal samples indicates that the latter
could possibly be used to obtain estimates of the representative
roughness size of the gravel bed,

Areal sampling was found to have several advantages over bulk
sampling:-

1) 7ho equipment and personnel required are minimal; bulk
sanpling of coarse material requires heavy equipmont fox
oollection, drying and sieving,

2) The method is quick and simple, enabling saeveral samples
to be collected and analysed in a considerably shortexr timeo,

3, ©Samples are representative of larger areas (underwater,

.4 necessary).

4) [11 measurements are made in the field,

5) Descriptions of particle shape and roundness are facilita*ed.

A petrographic analysis of the bed surface particles at ywell
showed that, while predominantly sandstone, much of the material
originated from outside the Tyne Catchment, and must therefore be
the result of erosion of the glacial drift which forms the Dbanks

of the RBiver Tyne for most of its length.



Section 4

4. Application of Bed Load Theories to the River Tyne at Bywell



The general concept of bed load movement has been discussad in
section 2 and the collection of data required for the application of
bed load theories to the Bywell test rcach has been detalled in
section 3, This section describes the application of the bod load
theories to the River Tyne at Bywell to determine the bed load
rating curve, 1.,e. the relationship between bed load discharge and
river stazs (or river discharge)., The resulting rating curves are
used to obtain ostimates accordiang to each theory of the average

annual bed load discharge of the Ziver Tyne at Bywell,

4,1, Determinatioi: of Bed Load Rating Curve

Almost thirty theories and formulae for the prediction of bed
load discharge were found in the available literature, Only nine
of these theories, including the modified Einstcoin method, could
possibly be considered suitable for application to the Rivexr Tyno
at Bywell; nevertheless, considerasble extrapolation and estimation
were requiraed by some of the methods due to the sediment and streacm
flow conditiongs at Bywell,

Each method was applied to determine the bed load discharge ot
the cablaway scection at 1 foot intervals of stage fiom 48 ft, to
61 ft. A.0.D.

4,.1.1. Preliminary Considerations

To avoid unnecessary repetition the essential data required by
all the methods are noted in this section.

Rivor temperature at Bywell was observed to vary from OOC to ZOOC.
Study of recordad river temperatures in the north of England
(HERSCHY, 1965 and SURFACE WATER SURVIY, 1966) showed that a moean
temperature of about 8°C could be assumed. Hence: -~

62,42 lb/ft3 (section 3.5.8.)

Specific weight of river water,'yf

1.94 slug/ft3

i

Mass density of river water, Yy
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Viscosity of river water at BOC, B = 2,843 x 10“5 slug/ft, scc.
Kenzmatic viscosity of rive:r water

- 2
1.465 x 10 5 £t /soc,

at 8%, v
Datails of the river bed material are obtained from section 3.5

as follows:~-

Specific gravity of bed matorial, Ss = 2,60

Mass density of bed material, P, = 5,04 slug/ftz
Specific weight of bed material, \é = 162.3 lb/i't3
Arithmatic moan weight diameter, da = 1,97 in = 0,154 ft.
Geongtric mean welght diameter, dg = 0,88 in = 0,0733 £ft.
Madian welight diameter, d50 = 1,88 in = 0,129 ft,

All the methods which were uscd, except the Einstein metinod, were
concerned solely with the cableway section, EF, Table 4.1.a,
summarises thce physical and hydraulic properties of the section at
1 £ft. intervals of stage. The water-surface and enargy~surfaca
siopes have been calculated from the equations determined 1ia
section 3.,4.,3:~

S x 103
w

1,504 log10 (He ~ 45,55) - 0,449

5 X 103
e

1.869 loglo (He - 44,35) - 0,918
where He is the stage in feet 4,0.D.
The total cross-sectional area of flow, At, the water-surfaco

width, W, and the total wetted perimeter, P_, have been determined

t
in section 3,3, Mean depth of flow, D = At/w and the total hydraulic
radius, Rt = At/Pt' The total water discharge through the saection,
R, is given by the equation (section 3,4,4):-

q =238 (2 - 46.62) 0"

and mean volocity in the section, V = Q/At.
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TABLE }+o1 [X=X3




K;- pw Rw Vw Qw Qb vb Db Pb Rb Y To

(ftz) (£t)] (£t) (ft/sec)i(cuseg?écusec) (ft/sec)] (£t) | (£t) | (1t) (ft/s?f_) (13'/_&?2
0 o 0 0] 0] 440 0.58 3,76 209 ] 3.61] 0.124 0,0298

4 8 {0.50 0.43 1,7 1289 1,35 4,71 211} 4,54} 0,219 0,0935
il | 11 |1.00| o0.82 9 | 2570 2,21 | 5,71 | 211} 5,50{ 0.294 0.168
21 14 (1,50 1,21 25 4276 3.14 6.71 211} 6,46} 0,359 0.250
32 17 {1.88 1.53 49 6405 4.09 7.71 211 7.42] 0,419 0.340
45 20 12,25 1.76 79 8959 5.06 8,71 211| 8,38] 0,474 0,436
60 23 |2.61 2,14 128 11920 6,05 9.71 211} 9.,34{ 0,526 0.538
77 25 3,08 2.,49 192 15290 7,03 10,71 211 10.30# 0,576 0,645
96 29 3.31 2,70 259 19080 8,02 (11,71 211411,27]| 0,625 0,757
119 | 34 [3.50] 2.94 350 | 23280 | 9,02 12,71 | 211 12.53 0.671 | 0,872
144 39 |3.69| 3,07 442 27880 | 10,01 [13,71 | 211 153.19 0,715 0.991
175 43 4,07 3.36 588 32860 11,01 14,71 211 14,15 0,758 1,118
211 55 :3.84 | 3.30 696 38300 | 12,01 15,71 | 211{15.11| 0.800 1.240
260 70 [3.71| 3,29 855 44100 | 13.00 16,71 | 211(16,08; 0,841 1.371

! | ~




Table 4.1.a.

section, ZF,.

Physical and hydraulic properties of cableway

For explanation of notation

and determination of values see text,

52

53

54

55

56

57

58

59

60

61

8,75
9.75
10.75
11,75
12,75
13,75

14,75

0,734
0.833
0,922
1,002
1,075
1,142
1,203
1,261
1.314

1,365

0.768

0.862
0.945
1,018
1,083
1,143
1,198
1,248
1.297

1.339

1598

1814

2032

2252

2474

2699

2928

3161

3401

3653

215

217

219

221

224

227

230

236

245

260

7.43 228
8.3 233
9,28 234
10,19 236
11,04 240

11.89 245

12,73 250
13.39 254
13.88 266

14.05 281

8,68

9.54
10.31
11,02
11.71
12,44
12,79

13.00
i

6454

9038
12050
15480
19340
23630
28210
33440
39000

44950

v Ab
(£t/sec) (ftfj
0.583 755
1.34 957
2.20 1160‘
3.10 1363
4,03 1568
4,98 1769
5.93 1972
6.88 2175
7.82 2378
8.75 2581i
9.67 2784
10,58 2986
11,47 3180

12,30 3393




In section 3.3 the total cross-sectional wetted perimetar, Pt’
was divided into "bed', that part of the perimeter composed of

gravel otc., P_, and "bank", that part of the perimeter composod of

bl
bushes, grass ete., Pw' Hence Pt = Pb + Pw. Bed load computations
were mado only for the "bed” and in an attempt to oliminate the
effect of the banks it was decided to assign part of the crosg-
sectional area of flow to the "bad" and part to the "banks". This
was effected as shown in fig. 4.l.a,; the area of flow pertaining to
the '"ped", A,, is bounded by tho "bed", the water-surface and two
verticals irom the "bed-bank" division to the water-surface, Tho
area of flow pertaining to the banks is given by Aw = At - Ab.

From tabla 3.2.,a, it can be scon that the level of the "bod-bank"
division at section EF is 48,21 ft A.C,D., the width of the "bed",

w = 203 £t and the wetted perimetor of the "bed", P = 211 £t, The

hydraulic radius of the "bed", 2 = Ab/Pb and the hydraulic radius of

b

»]

the "banks', Rw = Aw/Pw . Assuming a Manning coefficient for the

"banks', n_ = 0,040, the mean volocity in the area pertaining to the
W

"panks" is given by:-

and the dischargo in the area pesrtaining to the 'banks", Qw = vaw.

The discharge in the area pertaining to the "bed', Qb Q—Qw and the

mean velocity in the area pertaining to the "bed", v, = Qb/Ab. The
mean depth of flow in the area pertaining to the 'bed', D, = i /v

The averags tractive force on the bed, To = YbeSe and tho shear

velocity u, =/ /o, = Jgabse.

4.1.2, Schicelds Method

SCHIEINS (1936) used the rasults of his own experiments and
those of GILRERT (1914) on uniform materials of diameter 1,50 to
2.47 ma and specific gravity 1,05 to 4,25 to produce the

dimensionless equation:-
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Area pertaining to the 'bed’, Ab

Atz Ab+ Aw

\
\\ Area pertaining to the ‘banks’', A

e w
water
sSurtace
‘bed'-" bank'
division
Fig.4.1.a. Division of cross—sectional area of flow.
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5
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Fig. 4.1 b. Determination of Straub sediment parameter,



q3 IO(TO -'rc)
——— = 10( T - T ) = . . . . . . o 4.1l.n,
* * S -
que Vg ¢ Y T (“’s 1d

where qB is the bed load dischargo by weight in sir per unit width
per unit time, q, is the water discharge portaining to the "bod" by
volume per unit width per unit timo, and d is the sediment dinmeter.
From the regults of the MEYER-PETER and MULLER (1948) experimonts

it appears that for sediment mixtures the representative diametor, dm,
(see section 4.1,8) should be used in the Schields critical t:ractive

3
force equatioa for Re* > 10 :-

Tc = 0.0550(‘3 -'Yf)d
u, d

% 7
For tha bed material at Bywell dm = 0,151 ft and using Ro* = \)m

varies from 1,27 x 103 at He = 48 ft to 8,65 x 103

it is found thatRe*

2
= 61 ft, e T = C,0b65 - = 0,82 .
at He lence c (YB _ Yf)dm 0.829 1b/ft

Equation 4,1,a, can be rewritteu:-

100, 5

Q. = -—;jixl—- (v -1.)
“B (Ss—l)dm o ¢

in whicah ¢ is the bed load discharge by weight in air per unit time

and Q, 18 the watex discharge pertaining to the "bed" in volamc pou
unit time, Values of QB were calculated for 1 ft intervals of
stage and the recults plotted in fig, 4.1.m.

Yo references concerning the actual application of this foimula
were found but its dimensionless homogeneity and the inclusion of
specific gravity are to be noted,

4,1.3. Straub Method

S5EAU3 (1939) proposed a forimmla for the determination of bed

load discharge based directly on the Du Boys theory, For granular

materials in the range of fine sands and gravels:-

C

8
= e—— c] - T
qB Y TO o) C) [ [} L] [ [ L] . 3 . . . L] 4.zob'

2



where @s is & sediment parameter, Combining the results of his own
experiments on uniform msterials with those of GILBERT (1914) et al
he produced a table giving valucs of Tc for use in the above cquation
for particle sizes from C,125 to 4,0 mm, Comparison of thase values
with thosa given by the Schields critical tractive force equation
showed that the representative size of a mixture would have to be
somewhat smaller than the Meyer-~Poter and Miller represantative

diamcter, dm' Accordingly, the median diameter, , was useqd,

d50
giviag T = C.109 lb/ftz. Straud also produced a graph giving

values of @5 for sizes from 0,125 mm (0,00041 f£ft) to 4 mm (0,0i31 £t);
fig. 4.1.b, shows the extent of extrapolation required to obtain

@S = 7500 lb/ft3 sec for d50 = 0,123 ft, Equation 4,1,b, was usad

to calculate QB = qu and the results plotted in fig, 4.1l.m,

HUBRELT, and MATEJKA (1959} applied this method to a sand-hod
river in Ilebrasiza, United States and found that it gave bed load
dischirgaes of nearly twice the total load measured at a specilally
constructad turbulence flume in waich the whole sediment load of the
rivzr could he put iato suspension and measurcd,

4,1,4, Bgiazaroff Method

Combining a thcory based on the elements of dimensional analysis
with the results of experiments by GIL3ZRT (1914), thce UNITED STATES
WATERVWAYS EXPEDIMENTAL STATICON (1935) and several Russian workers on
sediment sizes ranging from 0.21 mn to 40,5 mm, EGIAZMROFF (1057, 19523)

established the following relationship for fully devcloped turbulence:-

q (t.-1)

B o c
'——"—("‘—'g = 000225 ('é'—_"i')_',l'?- . . . . . . . . . [} 401000
qb\%uo s c

The cxperimantal data showed o coertain amount of scatter which
Egliazaroff atiributed to non-homogencity of supposediy unifoi
sediments, the influence of particle shape, and the impossibility
of defining the critical conditions of movement with precision,
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The Schields criterion of critical tractive force was used in the
development of the equation so it was decided to calculate Tc for
the bed sediment at Bywell from'l’c = 0,055 Yf(ss-l)dm, in which

2
dm = 0,151 f¢t, Hence Tc = 0,829 1lb/ft . Rewriting equation 4,1,c.:-

, 3 _
Yf Se Qb ( To Tc)

s 1) To

QB = 0,0225 G

Substitution of the appropriate values gave the bed load rating curve
shown in fig, 4,1.m.

In later investigations EGIAZAROFF (1965) extended the thoory
to include all ranges of flow, i,e, turbulent, transitional and laminar,
as well as for hydraulically smooth and rough boundaries, This
involved the inclusion on the right-hand side of cequation 4,1l.,¢, of
a coefficlent dependent upon the velocity distribution near the bed,
4,1.5.. Yalin Method

Combining a mathematical consideration of the saltation paths of
sediment particles in water with the results of dimensional analysis
YALIN (1983) derived an expression for the bed load discharge producec
by a steady, turbulent flow over a plane bed composed of grains of
equal size and shape. Experimontal coefficients were obtained
using the results of experiments by GILBERT (1914) and MEYER-PEITIR
and MULLER (1948) with sizes ranging from 0,32 to 28,6 mm, Theo

equation can be written:-

a = 0,635 Y&d u P [:1 - log -+ P 2) ] e e o o 4.1.d.
T
in which P = —2 ~ lland P (2.45'T //S 2/5
c

The application of the formula to a river bed with & large range
of sizes is questionable; indeed, the role of saltation in the f£luid
transport of sediment particles is considered by KALINSKE (1542) and
EINSTEIIl (1941) to be of negligible importance., As suggested by

NORDIN and BEVERAGE (1964) the median diameter d_. = 0,129 ft, has

50
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been used to calculate 'rc from the Schields equation, The

dimensionless critical shear parameter, T = 0,055, giving

*c

p2 = 0,393, Substitution of the appropriate values in equation
4.1.4, and miltiplication by thec bod width, w, produced the rating
curve shown in fig, 4.1.m,
4,1.6, Schoklitsch Method

SHULITS (1935) has discussoed coumprehensively a formula for the
prediction of bed load dischargs proposed by Schoklitsch in Germany
in 1934, The two basic assumptions are that the bed material will
begin to move at some critical value of water discharge and that the
bed load discharge is a function of the work done by that part of the
tractive force in oxcess of that required to overcome the resistance
of the wettoed perimeter, Tho necessary experimental coefficients
werc derived by Schoklitsch from the results of flume measurements
by GILBERT (1914) and additional data of his own, Although the
scdiments used were uniform-sized (0.31 to 4,9 mm), Schoklitsch
suggested that the formula could be used to compute tha discharge
of individual size ranges of e mixture, the total load being the
summation of the individual discharges, Hence if d, in feet, is
the goomotric mean of a size range and ib is the proportion by
weight of that size range in the bed material, then the bed load
digcharge of that size range,-iBQB-in 1b/sec, where iB is the
proportion by weight of that size range in the bed load, is given by:-

_ 25,03 3/2, .
iBQB - _d?— ibse (c‘:)b ch) . . . . . . . . 4.1.6.

where ch is the critical value of water discharge in cusocs

pertaining to the bed and is given by:-

4/3
8] = S
(\bc 000638 Wd/*’e L] » ® L[] L[] L] L] * . '] 'y 4.lof.

[3

in which w is the width of the bed, in feet. The total bed load
N = i .
discharge, QB zﬂ BQB
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Since the cumulative particle sizec analysis distribution ol the
bed material (£ig, 3.5.e.) is open-ended it was decided to compute
the bed load discharge of the particla sizes between d99 = 7,20 in
and d1 = Q,00C4 in. Table 4,1.b, gives the size ranges into which
the bed material was divided.

Table 4,1,b. Bzd material size ranges

Sizo range Geomefric Geometrig i

moan oX sizoj mean of siza b

rango range 2
(in) (in) (ft) (x107)
< 0,004 1.0
c.0C34 ~ C.C20 C.Cl03 0.000862 5.2
C.C20 -~ 0,040 0.02832 0.0023¢ 4.6
C,040 =~ 0.080 0,053¢& 0,00472 3.C
c,C8C -~ 0,169 0.113 0,00844 2,6
C,150 =~ 0,320 0.225 0.0188 5.4
c,320 =~ 0.640 G,.452 0.0376 10.0
0.G4C -~ 0,904 0,761 0.03534 3.2
0,004 =~ 1.28C 1,672 0,0834 ic,C
1,266 -~ 1,806 1,522 C.1267 16,0
1,806 - 2,560 2,143 0.1733 14.0
2,662 - 3,618 3,C42 0.2534 ; 16,5
3,618 -~ 5.120 4,222 0,3576 8,8
5,120 - 7,200 6,071 0.5060 4.7
i 7,200 < ; i 1.0

Since Se varied with Qb for the Bywell recach it was nccessary
+o solve equation 4,1.f by graphical means to obtain ch for a given
value of 4. Using equation 4,1l,0, the individual discharges of cach
size range were then calculated and summated as shown in tabla 4,.,1,c,
and plottec in fig. 4.1l.c.

This method of application to sediment mixtures meglocts tha
hiding eflact of small particles in the lamianar sublayer and behiud
larger particles, an influence which could be significant in gravel
bed rivers with a large range of sizes, It also essumes an unlimited
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range of sediment size, d (ft)

0.74
1,94
3.48
5.37
7.63
10,29

13,34

0.76
1,97
3.48
5.31
7 .47

9,96

0.31
2,62
4.66
7.13

9.94

0.54
2.41
4.69

7.36

S

RS

0.14
1,25
4,01
9,14
17,54
29.59
46,16
68,12
95.46
130.84
171,91

220,85

§276.94
|

7.75
19,03
35,55
54,63
77.54

104,39

135,28

o




Table 4,.,1,.c. Bed load discharge computations by the Schoklitsch method

1BQB (1b/sec) for each

He

(£t A,0.DY 0,000862 [0.00236 | 0,00472 | 0,00944 | 0,0188 {0.0376 0,0634
48 - - - - - - -
49 0.14 - - - - - -
50 0.85 0.32 0.08 - - - -
51 2,39 1.08 0.40 0,14 - - -
52 4.95 2,39 0.97 0.46 0.37 - -
53 8,70 4,38 1.85 0.97 1,06 0.61 -
54 13,81 7,03 3.06 1,68 2,05 1,78 0.18
55 20,37 | 10.49 4,64 2,62 3.37 3.39 0.54
56 28,57 | 14.83 6.61 3.81 5.07 5,50 1,03
57 38,46 | 20,08 9.01 5,25 7.15 8.81 1.64
58 50,03 | 26.24 11.83 6.96 9.61 | 11,78 2.38
59 63.50 | 23.45 15.15 8.97 12.52 | 14,05 3.27
60 79.12 | 41,72 18,94 | 11,27 15,87 | 19,24 4,30
61 96,72 | 51,10 23,24 | 13,89 119.69 24,29 5.48
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supply of fine material from the bed. According to SHULITS (1935)
and KRESSER and IASZIOFFY (1964) the results of bed load
measurements on the Rivers Danube and Terek agree reasonably well
with the Schoklitsch formula when d40 is used as the representativa

diameter of a nixture, From fig, 3.5.e. d = 1,05 in = 0,0875 ft

40
for the Bywall bed material, and this value was used in oquations 4.1.e.
and 4,1.£, as shown in table 4.,l.,c, and plotted in fig. 4.1.c.

Since the method as applied to mixtures neglects some importanc
factors it was considered that bed load discharges computed using a
single representative diameter were more reliable. Therefore, tho
bad load rating curve obtained using d40 has been plotted in
fig., 4.1.m, for comparison with the results of other bed load formulae.
4,1,7. Meyer—Poter and Miiller Method

MEYER~-PETT: and MULLER (1948) described the development of an
empirical bed load formula which can be shown to obey the Proudian
law of similarity. The results of preliminary laboratory experiment:
with uniform materials of natural specific gravity were found to agre.

with the followlng equation:-

2/3_ 2/3
17 =g 3

= X ¢« o &+ o o 8 @ e LleBo
L2+K3 d e e e s o 4.1.¢

in which K2 and K3 are constants, Further tests were carried out
with mixtures and, although it was found possible to represent a
sediment mixgurc by a single diamcter, dm = jzdib, satisfactory
agreement with equation 4.1,.g, could not be obtained. A series of
special tests concerning the commencement of motion indicated that
for most cases thce value of YfDSe dm was a constant at critical
conditions, 1i.e, ch‘dm, which confirmed the Schields equation for
fully developed turbulence, Since commencement of movement was

dependent upon a limiting shear stress Meyer-Poter and Miller
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concluded that the bed load discharge should also be a function of

shear stress, Accordingly, equation 4.,1.g. was altered to:-

YfDS‘a:K +KqB .
dm 4 5 dm
in which K4 and K5 are constants,
A large number of tests with mixtures of various sizes wara
carried out but it was found that bed load discharges occurring with
ripples, dunas or shoals gave very poor agreement, It was ovident
that the shoear gtress on the bed was taken by two distinct resistances:-
1) Form resistance due to the unevanness of the shape of the bed,
2) Grain regsistancoe due to friction on the individual particlos
of the bad.
Meyer-Peter and Mlller thereforo divided the total energy slope

into two corrosponding partial slopes and by ncans of the Strickloer
. 2

formula showed that the pure frictional slope was equal to {E}) a
k

2

o]
where kt is the coefficient of total roughness in the Strickler
2/3, % .
equation, V = ktD Se , and kr is tho coefflicient of particic
friction with a plane bed. Since only the energy dissipated by grain
resistance 183 effective in the transport of bed load, Se in

\2
equetion 4,1.,h. should be replaced turﬁig s ° However, evaluation

kﬁ e
of test results and other considerations indicated that the exponont

of(fz) should be adjusted to 3/2, with equation 4.1,h, rewrittea as:-
k

r
/2 2/3
Yi0 e e _ . ., %8
'{ 3 ‘kn; a_ 6 " %7 T

in which KG and x7

to account for the effect of bank friction in open channel flow,

are constants and G, ¢ and Db have been introduced

b
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Further experiments with materials of different densities
enabled a final dimensionless form of the equation to be proposed:-

A 3/2 \1/3 /3 2/3
[ Ye 1S (5] PoSe 0258 [Ys - Yff A ,,
N = / E— d = 0.047+—a——— 4,i.,1.
g Y V= - n Yf } -

m (V_‘ Yf

Flume experiments on which the formula was based covered tho

followinz rangaes:-~

Particle size ¢ 0,016 to 1,15 in Specific gravity : 0,25 to 3.20

Depth-Qf flow : 0,033 to 3.80 ft Slope : 0.4:)!:].0"3 to 20x10—3
At zoro bed load discharge on a flat bed in a flow without bhank

friction equation 4,1.,i reduces to:~

YfDoe = Te ~ 0.05 (Ys - Y:ff)d‘m

which agrees closely with the Schields equation for the critical
tractive force in fully turbulent flow, It can be concluded then
that the representative diameter dm = Xd ib suould be used for
sediment mixtures; its value depends on the whole particle size
distribution,

Equation 4,1,1 was applied to the Bywell test recach as shown in

table 4,1.d, The required valuss of ¢, Q , D_ and Se are listed

b’ b
in table 4.l.=2, From table 4.l.,b, the representative diameter of the
bed material, dm a L dib, was caiculated to be 0.151 ft, The

coefficient of roughness in the Strickler formula was calculated at

each stage from:-~

and has the units of ftl/s/sec. From test results Meyer-Peter and
Miller noted that the coarse particles of a mixture are most effective
in determining thas grain roughness of a sediment mixture. Thoy
suggested that the coefficient of particle friction with a smooth bed,

kr = 38.64/d90l/6, where d is expressed in feet and kr has the

90
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1/3
units ft / /sec, From the particle size distribution curve of the

bed material, fig, 3.5.e., d = 0,350 ft, giving kr = 46,03 ftl/s/sec.

90
Total bed load discharge, QB = qu, was computed at one foot intervals
of stage and plotted in fig, 4.1.m,

Table 4.1.d, Bed load discharge computations by the Meyer-Potoir

and Miller method

"3/

e &% 1j; G;% Ses % s %
(ft. A.0.D.)| Q (£t " /sec) r (x107)| (ft) |[(1b/sec.ft)] (1b/scc

48 1,000| 21,61 0.321] 0.133| 3,76 - -
49 0.998} 27,09 0.451| 0.330| 4.71 - -
5G 0.997] 32.10 0.582| 0.483| 5.71 - -
51 0.994] 36,36 0.702| 0.620{ 6.71 - -
52 0.992 | 39.67 0.800| 0,734 7.71 - -
53 0.991] 42.66 0.892| 0,833 8.71 - -
54 0.898| 44,92 0.964| 0,992} 2.71 - -
55 0.983| 46,91 1.029) 1.002{10,71 - -
56 0.987| 48.71 1.088{ 1,075|11,71 | 0.1766 35.8 |
57 0.9851 50,26 1.140f 1.142{12.71| 0.6150 | 124.8 ;
58 0.985| 51,74 1.192 1,203(13.71| 1.26% 257.6 |
59 0.983| 83.02 | 1,2360 1,261{14.71| 2,092 424.7 !
60 0.982| 54,17 1.277‘ 1.314]15,71 | 3,095 628.7 |
61 0.981| 55.26 | 1.315{ 1.365/16.71 | 4.299 872,7 i

The Mwyer-Peter and Mlller formula, with slight modifications,
has been found to describe closely bed load discharges in some sand-
bed rivers in Holland (TOPS, WEMELSFELDER and VOLKER, 1959), Nigeria
(NEDECC, 1959) and the United States of America (HUBBELL and MATEJVA,
1959), GEMAEHLING, GINOCCHIO and CHABERT (1957) reported that the
total quantities of coarsc material (median diamater about 2 in)
transported during several floods in the centrel portion of the
River Rhone agreed well with those computed by the formula,

BAUER (1965) also found good agreement with bed load movements in

the River Danube with sediment of represontative diameter of 0,75 in,
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4,1,8, Kalinske Method

KALINSKE (1947) accepted two basic concopts in the development
of a bed load transport formula, The first concept is that there
is somc minimum fluid force which will cause a sediment particle to
move, and the second conccpt is that the shear stress on the particloc
may not be constant but will fluctuate due to turbulence about a m:~n
value, For an estimate of the critical shear stress required to
start movement Kalinske accepted the conclusion of WHITE (1940)
(see scction 2,2,2,) that:-

Tc==GJ2(¥-&ﬁi. e o & o 4+ e s+ e o e ¢ o 4.1.Kk,

From an analysis of data on pebble movewmenis the velocity of a
single particle at any instant was assumed to ba oqual to Ug = U - UC,
wherc U is the instantaneous fluid velocity at grain level and UC is
the critical fluid velocity., As shown in scction 2.,2,2, the number
of particles per unit area of bed is 4p/ ﬂdz, where p is the
proportion of the bed taking fluid shear. Hence the bed load

ischarge in dry weight per unit width of bod is given by:-

qB = 2/3 P R{sd—U'g . [} . . . . . . . . . . . . 4011’~‘

where ﬁg is the mean particle velocity, If velocity fluctuations

due to turbulence are in accordance with the normal error law then

U_ can be obtained by integrating the error function for Ug = U - Uc

between the critical fluid velocity, Uc’ and infinity:-

~@ - 2

[oc]

T ] 1 202
U = J(U-U) e . e du

U

c —e
in which U is the mean fluid velocity at grain level and ¢ = /(U - 3)2
is the standard deviation of the velocity fluctuations, After
division by U it can be shown that 'ﬁg/TJ is a function of the relative

intensity of turbulence r = cr/ﬁ and the ratio of Uc to ﬁ. Since
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shear stress varies with the square of velocity, then UE/ﬁ can be

written a8 T /7 and:~
C o

(U{U) = fs(TC/TO) . . . ° . * e . . . . O . . 4a101¢

where fs(Tc/To) is a function which varies with r, Kalinske stated

that for turbulent flow near the bed r had been found to equal } and

he described equation 4.1.1, by the graph shown in fig, 4.1.d,
According to Kalinske U is approximately equal to llu* which

enables equation 4,1.k, to be written:-

qB = 7.3 p'Ys d u* fs( TC/TO) . . . . . . . . . . 4010mo

If the formula is to be applied to a mixture then the bed load
discharge per unit width of a given size range is:-

= T /7T
1BqB 7.3 pi st u*fs( c/ o) L] [ ] [ ] L] L L] * . LJ . 4.1.n.

in which n& ig the proportion of the bed area covered by grains in
a size range and 1is given by pib/ad, where d is the geometric mean
of the size range, 1b is the proportion by weight of the size range

in the bed material, p is the proportion of the bed taking fluid shesz-

(= 0.35 according to White) and a = Z(ib/d).

Using the data of table 4.1.b. a was calculated to be equal
to 98,64 enabling 'i to be calculated for each size range.
Equation 4.1.j. was used to calculate ‘2 for each size range and
values of f5(1§/70) were taken from fig. 4.1.d. for each value of To'
Bed load discharges of each size range over the whole width of section,
:I.BQB = wquB, were calculated from equation 4.1.n, and arc given in
table 4.1.e, with the summated discharges, QB = I iBQB.

As with the Schoklitsch method, the application of the Kalinske method

to mixtures neglects the mutual intorference effocts of particles of

different sizes and assumes an unlimited supply of the finer sizes,
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Kalinske suggested that the median diameter could be used as a
representative diameter, Bed load discharges were therefore
computed using equation 4.,1.,m, with p = 0.35 and d = d50 = 0,129 ft,.
Total bed load discharges across the section are given in table 4.1.a.
and plotted in fig. 4.l.e. for comparison with the summated
discharges of the individual size ranges.

For the samc reasons as those given in the discussion of the
Schoklitsch method the bed load rating curve obtained using the
median diameter of the bed material is considered more roliable
and is plotted in fig. 4.1l.m,

The principal merits of the Kalinske method are that it
introduces the concept of fluid turbulence statistically and that
it does not utilise the empirical results of any bed load experimcits,
However, the validity of certain assumptions zuch as p = 0,35,

Ug =U - Uc, and U = llu « is uncertain, According to ELZERMAN

and FRIJLINK (1951) measurements of bed load transport in Holland
indicate that the constant 7.3 in equation 4.1.,m, may in fact be

as low as 5,

4,1.9. Einstein Method

EINSTEIN (1941, 1950) presented a complex method for the
computation of the bed material discharge of an alluvial channel,
i,e, the summation of the bed load discharge and suspended bed
material discharge. This section is concerned solely with the part
of the theory concerning bed load,

The method was developed for application to an average cross-
gection of a reach of river in which several crogs-scctions have
been surveyed, It was necessary, therefore, before making any
sediment computations to determine the physical and hydraulic
properties of the representative cross-section of the Bywell reach,
using the five main cross-sections AB, CD, EF, GH and JK, Each
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cross—scction has been described by the two curves of stage against
total cross-sectional area (fig. 3.3.f.) and stage against total
wetted perimeter (fig. 3.3.8.). The corresponding curves for the
representative section werc obtained by sliding the curves of each
section along an averagce slope into the plane of the cableway sectionm,
EF, Since the water-surface slope of the Bywell reach varies from

3

-3 -
0,136 x 10  at He = 48 ft A.0.D, to 1,339 x 10 =~ at He = 61 ft A.0.D,

it was decided to use an average slope of 0,75 x 10-3. The curvecs
thus obtained were averaged directly to give the variation of At and
Pt with He for the representative soction (figs, 4.1.f. and 4.1.g.,
respectively). Since the plane of the cablewany section, EF, was
used as a common datum, He was taken to denote stsge A.C.,D. at the
average section, Values of At’ Pt and total hydraulic radius,

Rt = At/Pt are given for several values of He “n table 4,1.f., togethor
with water discharge, Q, and energy-surface slojpc, Se’ taken directly
from table 4.1l.a, (Preliminary calculations indicated that bed load
movement was unlikely to occur below He = 55 £t,, and Zor this reaso~
cnly 2 f£t, intervals of stage have boon considered kelow this level).

The elimination of the influence of bank fricticn was effected
in a manner similar to that described in section 4,1,1.; 1t was
assumed that the level of the '"bed-bank" division on the representative
cross-section was 48,00 ft, A,0.D. and that the slope of the banks
was 1 vertical to 3 horizontal. Calculated properties are given :..
table 4,1,f,

An important concept in the Einstein method 1is that the
resistance to flow over a sediment bed is composed of two distinci
types:~

1) Resistance due to the shape of the bed; the part of the

flow energy which corresponds to shape resistance is

transformed into turbulence at some distance from the bed
83
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Table 4.1.f¢

Physical and hydraulic properties of representative section

He At pt Rt Se Q Aw Pb Pw Rw Vw Qw Qb Ab vb

£t A,0.D) (ftz) (£t) (£t) (x103) (cusec) (ttz) (ft) (£t) (£t)! (ft/sec)| (cusec)!| (cusec) (ftz) (£t/sec
48 580 211} 2,75 | 0,133 440 o 211 (o) 0 o o 440 580 0.76
50 1010 { 225 | 4.49 | 0,448 2580 12 211 14| 0.8 0,74 9 2570 998f 2.58
52 1460 237 6.15 0.734 6450 48 211 26 1,85 1,52 73 6380 1412 4,52
54 1930 248 7.78 0.922 12050 108 211 37 2,92 2.30 248 11800 1922 6.48
55 2160 | 255 8,47  1.002 | 15480 | 147 211 44| 3.34} 2,62 385 15480 | 2013} 7,50
56 2410 262 9.20 1,075 19340 192 211 51 3.77 2,95 566 18774 2218 8.46
57 2670 269 9,93 1.142 23630 243 211 58 4,19 3.26 792 23630 2427 9.41
58 2930 | 276 10,62 | 1.203 | 28310 | 300 211 65| 4,62} 3,57 1071 27239 | 2630} 10,36
59 3190 282 11,31 1.261 33440 363 211 71 5.11 3.31 1419 33440 | 2827| 11.33
G0 3470 288 112,05 1.314 39000 § 432 211 77 5.61 4.25 1836 37164 3038 12.23
61 3750 | 296 12,67 | 1,365 |44950 507 211 ' 85| 5,96y 4.31 2287 44950 | 3243! 13,16

j

¥ S




and hence does not contribute significantly to the bed load
transport of sediment particles,

2) Resistance due to the bed particles; the flow energy whi:.
is dissipated by turbulence in the immediate vicinity of ihe
particles has a large effect on bed load movement.

MEYER-PETER and MULLER (1948) also noted this distinction (see
section 4.1,6,) and assigned a part of the encrgy-surface slope tc
each resistance. Einstein, however, extended the principle of th:
distribution of total cross-sectional area of flow between "bed"

areas

1" " ' 1]
(Ab) and 'bank (Aw) and divided Ab into Ab and Ab ,

corresponding to grain resistance and shape resistance, respectively,
Both types of resistance are distributed over the entire "'bed"
surface and hence act along the same perimeter, Pb' In this way,

se is held constant in the drag expression, TO = YbeSe, and

Ré = Aé /Pb becomes the hydraulic radius wiiii respect to the
particles and R; = A;/Pb becomes the hydraulic redius with

respect to channel shape, such that:-

R. = R! + R

b b b -
s _ 1 1 ]
glving T! = YR'S_ ul =yeRlS
T; = YfR;)'Se u: =Af gR;;Sb - . . 4.1.0
- ¢ 11 2_ '2 "2
TO =T o + T o u* - u* + u*

According to Einsteln the mean velocity in a vertical is

given by the Keulegan Equation:-

Vb R.éx
'u_*l'_" 5.75 10210(12.27 T) e o o o o o . . . . . 4.1rpo

where kS is the representative roughness diameter of the bed and
considered by Einstein to equal d65' The value of the corrective
parameter x is dependent upon whether the flow is hydraulically
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rough, transitional or hydraulically smooth; it is a function of
ks/é* as shown in fig, 4,1,h., where &' is the thickness of the
laminar sublayer calculated from:-
§' =118 V/UL 4 4 4 o s e e e 4 s s e . 4..q.

The derivation of the finel Einstein bed load equation for
sediment mixtures is lengthy and complex, and will be described
only briefly here, By equating the number of particles being
eroded from unit area of the bed in unit time to the number being
deposited in unit area per unit time Einstein was able to express
the probability that a given sediment particle would move as o
function of the bed load discharge and physical properties of the
fluid and sediment, Laboratory experiments indicated that this
probability dcpended upon the size, shape and weight of the particle
and upon the flow pattern near the bed, Aftc:: postulating that tho
probability was a function of the ratio of the instantaneous
hydrodynamic 1lift exerted by the flow to the submerged welght of th.
particle, Eiunstein concluded that the bed load equation representing
the general relationship between bed load discharge, flow conditions
and bed material is given by:-

el
where Q* = the dimensionless intensity of bed load transport function,

. iB qB Ys 3 1 3 Al

1b Ys Ys -'Yf gd3

]
|
|
.
L ]
L]
-
.
.
.
-

—-

and Y* = the dimensionless intensity of flow function
= gY(az/exz) \i/ Ld L * . . . L] . [ ] . . 4.1¢Su
(ss - )d
where Y = , the intensity of shear on a single particie

s_
RpSe
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B = log, (10s6) &« o & ¢ & o o« o o o o o o 4.1,t,
B =log, ) (L06X/K) . o o o« . . . . . . . 4.,
X = a refcerence particle size for a given bed, Laboratory
expoeriments have shown that:-
X = 0,77 ks/x if k /x >1.80 &'
X =139 & if ks/x <1.,80 &'

Y = a 1lift force correction factor necessary for mixtures with
different roughness conditions, It is given as a functio:.
of ks/é' in fig. 4.1.1.

£ = a correction factor for the effect of small particles which
tend to hide between larger particles or in the laminar
sublayer, It is given as a function of d/x in fig, 4,.1.].
Recent research (ZINSTEIN, 1564) indicates that, for values of
d/x smaller than that at waicl uld/V = 8, the factor
remains constant,

Using the resuits of his own flume experiments =ad those of
GILBERT (1214) on uniform materials between 2,315 and 28,6 mm
Einstelin produced a curve of the relationship, ¢ . = f7(,Y;) as
shown in fig. 4.1.k.

Before applying the bed load equation to the Bywell test reach
further hydraulic calculations were made for the representative
cross-section, In his paper EINSTEIN (1950) assumed that a stagc
discharge curvz for the test reach would not b~ aveilable and
proposed that it should be obtained by the following procedura.

It was suggested that for most rivers the value of Vb/u:, which

can be considered to be a function of the coefficient of resistance
due to bad shape, should be a function of thc flow intensity function
for a representative particle size, ' = (SS - 1)d35/RéSe. The
curve shown in fig. 4.1.1. 1is the results of investigations on
soveral rivers in the United States of America with values of d

35
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between 0,00052 ft and 0.0033 ft; the establishment of this curve,
which purports to give the normal amount of shape resistance

encountered in rivers, has been described in detail by EINSTEIN and
BARBAROSSA (1951), Einstein recommended that an average value of
Se should be determined for the reach and, with an assumed valuc of

R!, equation 4.,1,p. should be used to calculate V From fig. 4.,1.1,

b
u: could then be calculated and by using the relationship of

b.

equation 4.,1.,0. the value of R and hence stage, corresponding to

b’
Qb = Abe could be obtained,
Although a stagoe—-discharge curve was available for the Bywell
reach an attempt was made to follow the complete Einstein method.
However, it was found that values of R; obtained by the above
procedure were extremely large and it was decidcd to compute the
relationship between Vb/u: and ¥' using the (:ta of table 4.1,f.
The results of thesa computations are given it table 4.,1l.g., together
with other hydraulic calculations required for the computation of bad
load discharge. Assuming hydraulically rough flow, 1.,c. x = 1, and
with ks = d65 = 0,196 ft, equation 4,1l.p. wac used to obtain Ré ,
knowing Vb and Se for each value of stage. Bquations 4,1.0, and
4,1.q, enabled u;, 5' and ks/ﬁ' to be calculated and since ks/6'>’lo
for all values of stage the assumption of x = 1 proved correct,
Using equation 4,1.0, vb/u;' was calculated and with d, . = 0.0682 ft,
y! = (SS - 1)d35/RéSe' These calculations enabled the curve for the
River Tyne at Bywell to be added to fig, 4.1.1l,; the deviation from
the Einstecin and Barbarossa curve would secem to indicate that the
importance of channel shapa resistance as part of total resistance
to flow is considerably less in gravel-bed rivers, BROOKS (1955)

et el also found that observed shape resistance in both laboratcrty

flumes and rivers differed from the recommended curve,
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The remaining hydraulic calculations in table 4.2.g. were
necessary before direct computations of bed load discharge could be

made. Since ks/x2>1.806' then X = 0,77 ks/x = 0,77 d The

65°
value of Y was obtained from fig. 4.1.i. and (ﬁ/ﬁx)2 obtained from
equations 4.1.t, and 4,1.u,

Bed load discharges were computed for each of the thirteen
size ranges given in table 4.,l1l.b,, taking d equal to the geometric
mean size of the range., For each size § was taken from fig. 4.1.j3,
and Y , calculated from equation 4,1,.s, Using the é* - Y* curve
of fig. 4.1.k., Q* was obtained and the bed load discharge per unit

width for that size range was calculated from equation 4.1,r.,

rewritten ag:-
quB = ib \sg d (Ss 1)° ¢ -

The total transport rates for each s’ze range cver the whole section
iBQB = vquB were caiculated and summated to give QB =XiiBQB
(table 4,1,h,)., The curve of total bed load discharge of all
sizes 18 plotted against stage in fig. 4.1l.m.

Although the concept of bed load movemeilt embodied in the
Einstein theory is more realistic than that of Du Boys or Yalin,
the dependency of the method upon strictly empirical relationships
such as figs, 4.1.i, and 4.1,j. and the definition of X tends to
detract from its validity. In particular, the evaluation of the
hiding factor, &, for a very large range of sizes is extremely
uncertain; the results of table 4.1,h, show that particles smaller
than about 3 inch are stated by the theory to remain stationary
even at high tractive forces. It would seem, then, that the method
is likely to predict only minimum rates of bed load transport,

Another limitation of the method as proposed by Einstein is

indicated by comparison of the shape resistance curve for the River
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Table 4,1l.g.

Hydraulic calculations for the Einstein method

H_ RY ul R I PLH B by Rt < ¢ : (ﬁé )2
(2t 4,00} (£t) |2t/sec) | (£tx10%)| £t) l£t/sec) U x x
48 1.19 | 0.071 2,38 82.3 | 1.56 | 0.081 9.37] 691 | 0.1509 ] 0.54 0.91? 1.263
50 2.68 | 0.205 0.839 | 234 2,05 | 0.179 |14.4 83,6 " " " "
52 4.45 | 0.324 0.524 | 374 2.24 | 0.230 |19.7 33.5 " " " "
54 6.35 | 0.434 0.391 | 501 2,29 | 0.261 |24.8 18.7 " " " "
55 7.45 | 0.490 0.347 | 564 2,09 | 0.259 29,0 14,6 " " " "
56 8.48 | 0.542 0.313 | 626 2,03 | 0.264 |31.,9 12,0 " " " "
57 9.51 { 0,591 0.287 683 1.99 | 0.270 34.8 10.1 " " " "
58 10.60 | 0.641 0.265 | 739 1.86 | 0.268 |38.7 8.6 " " v "
59 11.73 | 0.690 0.246 | 797 1.66 | 0,259 | 43,7 7.4 " " " "
60 12.75 | 0,734 0.231 | 848 1.65 | 0.264 | 46.3 6.5 " " " "
61 13,94 | 0.783 0.217 | 903 1.43 | 0,250 52,7 5.7 " " " "




Table 4.1.h, Computation of bed load discharge by the Einstein method

H iBQB (1b/sec) for each size range of sediment, d (ft)
e
&ing.O.D) 0,000862] 0.00236;0,00472]0,00944| 0,0188| 0,0376 0,99?4 0.0894{0.1267 0,1788; 00,2534} 0.3576
48 - - - - - - - - - - - -
50 - - - - - - - - - - - -
52 - - - - - - - - - - - -
54 - - - - - - - - - - - -
55 - - - - - - - - 0.40{ - - -
56 - - - - - - - - 2.83) 1,99 - -
57 - - - - - - - 0.80 !10.17 9,55 - -
58 - - - - - - - 3.15 ;21,48 26.83{ 7.65 -
59 - - - - - - - 7.37 141,82} 55,71 | 24,27 -
60 - - - - - - 0,06 | 13,39 ‘68.95 92,85 52,78 3.11%
61 ! - - - - | - ‘ - 0,13 I 18.75 %90.43 124,69 | 79,16 7.07 «’




Tyne at Bywell with that given by Einstein and Barbarossa (fig.4.1.1.).
If a stage-discharge curve is available the evaluation of channel
shape resistance is still dependent upon an accurate determination
of the energy-surface slope of the reach , COLBY and HEMBREE (1955)
and HUBELL and MATEJKA (1958) reported that total bed material
discharges computed by the Einstein method for two sand-bed rivers
in the United States compared poorly with suspended sediment loads
measured at specially constructed turbulent sections at which all
sediment was brought into suspension, The particle sizes
transported were also found to be considerably different from
predicted sizes, a result which has been coniirmed by STALL,
RUPANI and XKANDASWAMY (1958),
4.1.1C, Modified Einstein Method
Studies of total sediment load measured in a contracted,
natural rock secticn of a sand-~bed river in the United States of
America have led to the development by COLBY and HEMBREE (1955) of
a modified Einstein procedure for the compucation of total bed
material discharge, There urxe four modificotions to the originul
procedure for calculating bed load dischargc: -
1) Computations are made for a single cross-sectiion at which

the channel shape and stage-discharge curve are known,

For application of the method to the Bywell reach the

cableway section, EF, was used,

2) The mean velocity equation 4,1.p. 15 modified to:~-

b xDy,
_—= 5¢75 1°g10(12o27 Es-")o . . . . . . 401-"-’0

BE

in which v is a shear velocity equal tov/g(SR)m, (SR)M
being the quantity obtained by solving equation 4,1.v, _cr
SR with a known value of Vb. The mean depth, Db’ has
nt
replaced Rpe
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3)

Both the dimensionless intensity of shear function for a

single particle,‘f*, and the function for a representative

particle, Y', have been replaced by ‘Ym, which 18 computed

for each size range, d, from:-

y d
= - —_— >
Y n O.4(SS 1)(SR) if d 2.5d35
m
d s « 4.,1.w.
35
= - e e <2,
or Y’m (Ss 1)(SR)m if d<2 5d35

4) The dimensionless intensity of bed load transport

function, ¢ _, determined from fig. 4.1,k, using me b4

*

divided by 2 "to make computed sediment discharges agree

better with measured total sediment discharges”. The

bed load discharge per unit width for each size range is

thus given by:-

igqg 4,1.x,

3 3/2 _ .
5% d” (s 1) (¢./72) .+ < .

=1
bYsg
The hydraulic calculations necessary before computing bed load
Values of Vb and Db were
obtained from table 4.1.h. and, assuming hydrenlically rough flow,

discharges are given in table 4.1.i.

i.e. x = 1, equation 4.,1.v, was solved for u e The thickness of

= >
the laminar sublayer, ém 11.6\»/um. Since k'/ 6m 10 at all

gtages (k8 = d65), then according to fig, 4,1.h, the assumption of

x = 1 was correct, The value of (SR)m was given by Um =«/g(SR)m.

Bed load computations were made for the thirteen sizes ranges of

table 4.1,h,, using fig, 4.1.k. and equations 4,l,w, and 4,1l.x.
Discharge over the whole saction for each size range, iBQB = wiB B’
and the summated discharge, QB = Z i‘BQ‘B' are given in table 4.1,j.
The resulting bed load rating curve of the cableway section 1is

plotted in fig, 4.1.m,
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Table 401oJQ

Computation of bed load discharge by the modified Einstein method

1393 (1b/sec) for each size range of sediment d (ft)

o
e

(£t A.0.D) §0.000862 |0.00236{0.00472 |0.00944{0.0188{0.0376}0.0634}0.0894}0.1267{0.1738

I T —
48 - - - - - - - - - -
m - - - - - Ld - - - -
52 | - - - - - -] - -1 - - | - - - -

1

54 - - - - - - - - - - - - - -
55 - - - - - - - - - - - - - -
56 - - - - 0.01| o.04| 0.03 | o0.15] 0.26 - - - - 0.49
57 - - - 0.01f 0.05| o0.30] 0.21 | 1.10{ 1.85 | 2.94] - - - 6.10
58 - o.01{ o0.001| o.03| o0.18| 0.,97| 0.68 | 3.55| 5.98 | 10.47| 1,12 | - - 23,99
59 - 0.02{ o0.03| 0.07} o0.42! 2.20{ 1.54 | 8.06{13.59 | 25.34| 6.35 | - - 57.80
60 {‘ 0.01 0,03 0.05{ 0,13} 0,77} 4.05} 2.83 | 14.83|24,99 | 48.52{18.80 | 0.86 | - 115,86
61 | o.01 0.05! 0.09! o0.22! 1.27! 6.69| 4.68 | 24.50l41.30 | 84.26/38.10 | 3.68 | - 204,79




Table 4,1.1,

Hydraulic calculations for modified Einstein method

H, vb D, a ¢ . Ky & . (RS)m
1) | (et/sec) | (et) | (2t/sec) | (2tx10° (etx1c>)
48 0,58 3,76 | 0,042 4,045 | 48,14 0.055
50 2,21 5,71 | 0.151 1.125 | 174 0.708
52 4,09 7.71 | 0,265 0.641 | 306 2,18
54 6.05 9,71 | 0.378 0.449 | 436 S.44
55 7.03 10,71 | 0.432 0.393 | 498 5,79
56 8,02 11,71 | 0.487 0.349 | 561 7.36
57 9,02 12,71 | o.540 0.317 | 618 9,04
58 10,01 | 13.71 | 0,593 0.287 | 682 10,90
59 11,01 14,71 | 0,646 0.203 | 748 12,95
60 12,61 | 15.71 . 0.698 0.243 | 807 15,10
61 12,00 g 16,71 . 0,748 0.227 | 863 17,38

The major attraction of the part of the modified Einstein

procedure concerned with bed load diccharge is that the difficulty

of accurate measurement of energy-surface slope is avoided;

the

data required is limited to the size distribution and specific

gravity of the bed material and the variation with stage of mean

velocity, depth and width at a single cross-section,

A further

advantage is the simplicity of the necessary computations, only

three equations and one graph being required. The important

effect of the hiding of small particles is s*i1ll included, although
it can be seen from table 4.1.j. that a slightly wider range of
the

particle sizes has been calculated to be in motion, However,

modified procedure has been developed for the computation of total
sediment discharges in sand-bed rivers and the validity of modifiratiors
3 and 4 for coarse gravel-bed rivers such as the River Tyne is
uncertain, SCHROEDER and HEMBREE (1956) found good agreement
between measured and computed sediment discharges in several

sand-bed rivers in the United States of America,
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4,2, Regime Theory

Although the regime theory has been developed with the
immgdiate purpose of facilitating the design of stable channels in
alluvial material it is possible that the slope equation given by
BLENCH and QURESHI (1964) (equation 2,2.,e.) could be used to
determine the bed load dischnrqe of a river, such as the River
Tyne, in which both water and sediment discharges fluctuate widely.
An attompt was made, thorefore, to calculate the hed load discharge
at the Bywell cableway section at s stage of 61 £t A,0.D. using the
regime theory,

Equation 2,2.e, can be rewritten:-

-

3.63
( z> VRV
\
21110 = C e
1/12
klm Fbo

e o 4.2,a,

At the cableway section, EF, Q = 44,950 cusec at the near

baakfull stage, He = 61 £t A.0,D, From the grvaph of surface-energy

slope against stage (fig. 3.4.d.) § =5 = 1.365 x 1072,  The

product klm was arbitrarily assumed equal to 1.3, From the crogs-
sectional profile (fig. 3.3.c.) W was found to be 220 ft, The
particle size distribution curve of the bed material (fig. 3.5.e,.)

gave d50 = 0,129 £t, for which fig. 4.2.a., (BLENCH and QURESHI, 1964)

gave FBO = 4,50, Substitution of the appropriate values in

equation 4,2.a, ylelded £'''(C) = 0,947, whic: indicates zero bed

load movement,

It would appear, therefore, that the regime theory is not yat

sufficiently developed for the unsteady conditions of gravel-pavad

rivers,
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4,3, Other Bed Load Theoriles

In addition to the nine bed load theories applied to the River
Tyne at Bywell many more were found in the available literature,
Although they were not used for bed load computations at Bywell,
mainly because various coefficients (K) and exponents (m) could not
be evaluated, they are mentioned briefly in this section,

From the results of a series of tests on various materials
GILBERT (1914) proposed several bed load formulae, one of which'

stated that for a particular meterial under given conditiohsz-

q, = K.,(q - qc)

B
CHANG (1937) conducted laboratory experiments on three

different materials and concluded that:-

n
9% = Kg =2 TolTo "7 )
c
in which n is the Manning roughness coefficient and Tc is given by:-

‘ m
To = 0,0175 [;Ss - 1)d ol/f] 1

o

where o 18 the ratio of the longest to the chortest diameter of a

particle, Chang also mentioned formulae attrihuted to:-

Chyn: a = K9V ( T = T )

3/2
B Klose

Fabre: q (q - qc)
- - - /9 3/2
where q, = Kn(Ss 1) d/se
m
XS 3(q -~ q)
12" e (]

Casey: qB

3,. 5/4
where qc Klsd /Se

2 2
Nakayanma: a9 (K14 + KlSSe)q(v -Vc )

MACDOUGALL (1933) proposed:-

T4
9 = !:168e (q - qc)
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The UNITED STATES WATERWAYS EXPERIMENTAL STATION (1935) tested

nine sands in laboratory f£lumes and concluded:-

| ¢ S—— - 4 s e =

in which Tc = o.owzu‘yf(ss - 1)d/M, where M is the KRAMER (1934)

uniformity modulus of a mixtura,

O'BRIZN (1936) analysed material dredged from the Columbia

River and suggested:-

m
1/3) 8

ap = K;g(W/R

SHULITS (1856) mentioned that Haywood daveloped the following:-

dmv(seqz/a/dl/3 - X, .)

az = K 20

B 19

The regional report from Japan in the proccedings of the
INTERNATIONAL ASSOCIATION FOR HYDRAULIC 2RESENRCH (1959) stated

vhat 1subaki analyscd dat- from the .xperiments of GILBERT (1914)

to obtain:~

R 3 4/3 -0,44
qB = “‘5'\/ (Ss - l)de T * ( 'T* - 0,8 T*C) (ks/d65)

PANTELUPULOS (1955, 1957, 1961) considered the importance of

turbulence and the velocity distribution near the bed:-
= 4. T
qB 2/3 Ysp kg

whero dk is a characteristic grain size,
BOGARDI (1965) attributes the following formula to Levi:-
T3 3
= Ky (V/y 81" (@) da(v - v)

9

Bogardi also mentions the experiments of Pedroli with bed load

movement over a smooth inerodible bed giving:-

. 8/5g3/5d1/b

YS

- v
23.2 Yg
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ROTTNER (1959) applied the technique of dimensional analysis
to the results of several experimenters to obtain:-

/3

2
(X, (4/R)
3 3| P21
q. =Y ER (S -l)
B s( s ] (ss-l)ia%

+K22)V /3 3

. 2
- Xza(d/ﬁ)

LAURSEN (1958) introduced the ratio of the shear velocity to
the fall velocity of the bed particles in an attampt to predict tle
total sediment load of rivers,

Probably the most sophisticated, though as yot insufficicatly
developed, approach is due to BAGNCLD (1954, 1957), Although tho
concapt of bed load movement postulated by Bagnold is one in whicl.
the whole bed is "live' and moves as a thick grain-fluid mixture

+he variables deducsd are the same a3 the ¢ and Y of EINSTEIN (1950).

4.4, Average Annual Bed Load Discharge

In ordor to calculate the averags annual bad load discharze at
Bywell according to each of the nine methods of saction 4,1. it was
first necessary to establish the distribution of river diachargoe
(or stage) above 12,050 cusec (54 ft, A.0,D., 7.75 ft, above staff
gauge zero) over as long a psriod of time as possible, The Lea
Recorder instrument at Bywell provided a continuous record of
water level for the ten year per’od 1956/66 but the time scale of
the weckly charts was too small to enable an accurate determination
of the duration of high ilows to be mado. Records were availabls,
however, for the year 1865/66 from the Fishor and Porter instrument
which recorded the stage above staff gauge zero on punched tape ia
a binary code form at intervals of 15 minutes. It was thus
possible to plot the hydrograph ol each flood greater than
12,050 cusec during 1965/66, determine the duration of flow above
any given discharge and summate for the whole year to produce tha

cumulative flow frequancy curve (curve 1 of fig, 4.4.a,.). Records
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of mean daily flow were availahle for the ten year period 1965/66 and,
had it been pocgilble to describe the distributicn of flow within a
single day, thesz recordc cculd have bacn used to detnimine tho
cumulative f£low frequency curve for that time, Howcver, examination
of the punchod tape records for the days in 1965/€6 during which the
river dischargz was greater thrn 12,050 cusec showed that the
distributicas of flow within each of these days were not normal and
thet weak diccharge in a cingle dey varied from 1.2 to 4,3 timzz the
mean flow for that day. Hence, the required curve could not b
obtainad Irom the ten year record of meun daily flows by stetiatical
mathoas, It waes decided to plot i1he v'pnor parts of the duration
curves of mear daily flow for both 1555/66 and 1953/68 {(curves 2 and 3,
raspectivzly, in fig, 4.4.a2,) and thsn estimatc the cumulative f£low
freguency cuvrve for 1956/68 (curve 4 in fig, 4.4.a.) by compsrvinor,

The calculations of average aurual bed loa.a discharge arz givcu
in table 4.4.a, The average iength of time por year during which the
river discharge (or stage) is within a given range was obteined from
curve 4 of fig, 4.4.a. The bed load discharg: in that rangc of rivese
discharge (or stage) according to each of the nine methods was taken
from £ig. 4,.,1.m, Multiplication and summaiion for all ranges then
gave the average annual bed load discharge, The corresponding bed
load discharges for the year 1965/66 have been computad from curve 1
of fig, 4.4.a, and show that the estimated cumulative flow freoquency
curve for 1956/66 would have to be substantinlly altorod to produca a
significantly different total bed load discharge,

As would be oxpected the calculated average annual bed load

discharges vary greatly; 1if the Meyer-Peter and Mliller method is to
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Kalinske l Einstein Mod. Einstein
ton/hr ton | ton/hr ton |[{ton/hr ton
4,83 142 .4
18.51 379.4
33.81 625,.4 2.41 44.5
51,52 695,.5 5.95 80,3
80.50 805, 10.46 104.6 3.05 30.50
- 134.46 1176 ,9} 22,54 191.5 7.56 64 .26
204 .41 1226.4¢ 45.08 270.4 12,88 77.28
280.14 1260.,83 77.28 348,6 25,76 115,92
365.47 1279,14 115,92 405,7 46.69 163 .41
470,12 1527,.89 167,44 544.1 75.67 245,92
590,87 1181,74 244.72 489,44 109.48 218,96
724,50 i 1267,87 326,83 571,951 156.17 $73.29
909,65 1364,47 404,11 606,16 220,57 330,85
090,77 545,394 479,78 239,89 293.02 146,51
——c
13478,4 3897.5j’ 1684.90
13,480 3,800 1,890
e —————c——cc]
22,210 8,260 2,530




TABLE 4olrea




- Egiazaroft Yalin | Schoklitsch r:ze;ai’:::r
ton/hr | ton ton/hr ton | ton/hr —-—-!n:...__ ton/hr ton
i
8,37 171,58
17,71 327,63 2,41
27,37 369.49 35.42
3.54 35.40 37.03 370.30 85.33
12.88 109,48 6,76 57.46 49,91 424,23 157,78
101.43 605,58 13.68 82.08 64,40 386,40 251,16
204 .47 ‘920,11 25.76 115,92 80,50 362,25 354,20
326.83 1143,90 41.86 146,51 96,60 338,10 474,95
473.34 1538,35 53.13 172,67 115,92 376,74 605,36
652,05 1304.10 85,33 170,66 135,24 270,48 759 .92
848,47 1484,82 ) 110,09 192,65 157,78 276.11f| 922,53
'%054.55 1581.82 |f 141.68 212,52 180,32 270.481{| 1107.68
11324.22 662,11 174.68 87.34|| 205,27 102.64‘ 1308.12
| 9353,27 1273,21 4046,43 |
T .
Ml»m i -




Table 4,.,4,a.

Staff gauge zero

: 46,25 £t A,0,D,

River Tyne at Bywell (1956/686)

Computation of annual average bed load discharge of the

Range of
discharge
(cusec)

13, 710-15,480
| 15,480-17, 360
1 17, 360-19, 340
19,340-21,430
21,430-23, 600
23, 600-25, 930
25,930-28,310
28, 310-30, 830
30, 830-33,440
{ 33,440-36, 160
36, 160-38,910
38,910~41,940
41,940-44,930

12,050-13,710

Averagc annual bed load
discharge (ton)

!
Bed load discharge
1965/6 (ton)

R::i:ed Duration ' Schields y Straub |
(£t A.0.D.)| (hours/year) ton/hr | ton | ton/hr ton
54,0-54.5 29.50 r
54,5-55,0] 20,50 {
55,0-55,5| 18,50 f
85,5-56.0] 13,50 j 7.24 97.74'
56,0-56.5| 10.00 37.03 | 370,30}
56,5-57.0 8.50 17,71} 150,53 | 70.84 602,14
57,0-57.5 6,00 96,60 | 579,60| 109,48 | 656.88
57.5-58,0 4,50 275,31 | 1238,89 || 152.95 | 688,27
58,0-58,5 3,50 439.53 | 1538,35 || 109.64 | 698.74
58,5-59,0 3,25 656,88 | 2134,86 || 252,77 | 821.50
59,0-59,5 2,00 914,48 | 1828,96 || 316,56 | 631,12
59,5-60.0 1,75 1151,15 | 2014,51 || 381,57 | 667,74
60,0-60,5 1.50 | 1576.19 | 2364.28 | 452,41 | 678,61
60.5-61,0/ 0.5 |2376.19 | 1188.10! 833,71 | 266,86
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be considered the most reliable (section 4,1.11) then a figure of
15,000 ton could be accepted tentatively, According to IANE and
BORLAND (1951) it has been suggested by Maddock that for gravel
rivers with suspended sediment concentrations of less than 7500 p.p m
then the average annual bed load discharge amournts to between 5% and
12% of the suspended sediment discharge, HALL (1964) has given
130,000 ton as the average annual suspended sadiment discharge at
Bywell; taking an average of £3% gives an annual bod load disgchar .
of about 11,0C0 ton, Since Hall used the duratlon curve of mcon
daily flows for the five slighly drier yecars 1956/61 it is likely
that a more accurate estimate of th: avcrage arnual suspendaod

load would be somewhat greatcer than 130,000 ton, Comparison witn
other rivers is difficult due to the scarcity of ficld measurcments
of bed load discharge in gravel-baed rivers, However, KRESSER and °
LASZLOFFY (1964) have been able to statc that the Liver Iech, with .
catchment area to its confluence with the River Danubc equal to thant
of the River Tyne at Bywell, has an annual bed load discharge of
about 15,000 ton (11% of the suspcnded sediment discharge) of malerinl
up to 4 inches in diameter. The foregoing figures appear to

corroborate the results of the Meyer-Peter and Miller method.

4,5, Conclusions
The main conclusions drawn from the application of a number of
bed load theories to the River Tyne near Bywecll can be discusscd in
relation to the nature of the bed material and the hydraulic
characteristics of the reach.

1. Bed material

Most bed load formulae utilise the concept of n critical tractive
force or critical bed shear stross for the initiantion of motion of tho
sadiment particles., This has caused a certain amount of confusio,
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mainly due to the difficulty of defining precisely these critical
conditions, Some rescarchers have taken it to mean conditions at
weak, medium, or general movement of the bed particles, while others
have used the conditions prevailing at zero bed load dischargo,
obtained by extrapolation of experimental datez. For a single
particle size thc equation or diagram (fig, 2.2.a) of Schields, who
accepted the latter definition, can be used to obtain the criticnl
ptress pertaining to that size; <for a sediment mixture such as
that at Bywell, however, the concept of critical conditions of
movement is rather vague, since a single size must then bo sclacted
to represent the range of sizes, At zero bed load dischargoe the
MEYER-PETER and MULLER (1948) formula reduces to a form agreeing
closely with the Schields equation for fully developed turbulent
flow, It might seem, therefore, that the Mey:r-Pehrand Mliller
representative diameter, dm, should be used in thc Schields equation
to obtain the criticel tractive force of a sediment mixture, Account
must be taken, however, of the natural accumulation of larger
particles on the surface of the bed of most gravel rivers, Also, o3
described in section 3.5.6., particle shape can play an important
part in the susceptibility to movement of the scdiment, At Bywell
the bed surface particles are predominantly disc-shaped (table 3.5.J3.)
and rest on the bed in such a way as to increase their resistance to
movement , Hence, if it is required to estimate the stage or water
discharge at which movement of a coarse-~grained, disc-shaped bed
material will commence a particlae size slightly larger than the
representative diameter, dm’ (for tae bed material at Bywell,

k
possibly d55 or d60 of the composite bulk sample) should be used

in the Schields equation,
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Fer the computation of discharge rates by some bed load formulae
it was necessary to select a single size, such as the mediam diamcter,

d or d40, to represent the sediment mixture, It would secem that

50’
the Meyer-Peter and Mlller representative diameter, dm, is moxo
appropriate in this respect since it has been found by experimant to
describe sediment mixtures in movement and its calculation involvcc
the whole size distribution curve.

Some bel load theories recognise the dubiousnaess of assigning a
single particle sizc to a large range of sizes, eixd attempt to give
discharge rates for individual size ranges of £ sediment mixiuie,
Comparison of tables 4.1l.c. (Schoklitisch method) rnd 4,1,e, (Xalinska
mothod) witlh tables 4.1l.,h. (Zinstein moethod) and 4.,).,j. (modifiad
Einstein procedure) illustrates clcarly that negloctc of the rutaal
interference between particles of dilferent s 2> ioads to extromaly
large predicted loads of fine material.,’ The Einsteirn and modifiod
Einstein methods include & correction factor for this important
influence, but for their application to the River Tyne it was
necessary to extend the validity of this factor to the large size
and range of sizes prevalling at Bywell,

All nine bed load formulae applied to the Bywell reach were
developaed using empirical constants or functions obtained by
obgservation of the behaviour of certain sediments, usually of
uniform size, in certain flows along laboratory channels. Tha
size and range of sizes of the bed material at Bywell were found to

be greater than those of any of the material used in these experiments

and in this resSpect extrapolation, sometimes considerable, was

necessary.
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2, Hydraulic characteristics
The rational theories consider bed load movement to be &
steady, uniform flow process and use shear or strcam power
(product of shear and velocity) as a measure of the transporting
ability of the flow. Except for the modifiecd Einstein prooadure
nll these theories require the accurate determinntion of energy-
surface slope for the evaluation of these measures, As memitioned
in scection 3.6., flow conditions in most natural rivers, cspunially
thoze with the "pool-bar" configuration of the River Tyne, are
rarzly uniform or steady, Cross—sectional shapes vary conzidaorntly
(fizz. 3.3,a. to 3.3.e.), Water-surface slopes are genar.lly low
and nay be affected by wind or tronsverse currents, Measurenoni
of clope over a long reach may ovcrcome some difficulties, bul
enc gy-suriace gradients thus obtcincd may nol be representativ:
of the single cross-section at whickh bed load discharge is to h:
estimated, Thus, measurements of bed shear using energy-surfoce
slope are unlikely to be accurate, especially in gravel-bed rivers.
Accurate estimates of slope are of particular importance in the
application of the MEYER-PETER and MULLER (1948) and EINSTEIN (1950)
methods, which divide total bed shear into that due to particle
friction (effeétive shear contributing to the movement of the
sediment) and that due to bed coufiguration, With the Meyer-Peter
and Mliller equation cffective bed shear is obtained by multiplying

total bed shear by the reduction factor (kt/kr)3/2; evaluation of

kt requires tha use of the Strickler uniform flow equation., In the
Einstein method the Xeulegan equation is used to divide total
hydraulic radius into R' and R".  (Einstein proposed that in
certain cases the curve of EINSTEIN and BARBAROSSA (1951), shown

in fig. 4.,1.1,, should be used to effect this division; data
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from the Bywell reech, however, indicated that the curve may not
be applicable to all types of rivers).

It can be seen that the necessity for accurate measurement of
enaergy—~surface slope is the main stumbling block of nearly all bed
load formulae. In the development of the modified Einstein
procedure COLBY and HEMBREE (1955) overcame this difficulty by
using the solution of the Keulegan equation for (RS)m for a
known mean velocity as a measure of effective bed shear, More
recently COLBY (1964) suggested that mean velocity and depth
together are a sufficiently accurate, and certainly more convenient,
measure of the transporting ability of flow in a sand~bed river,

From the above considerations con the nature of the bed matorial
and hydraulic characteristics of the iiver Tyne at Sywell 1t can bu
seen that methods available at present for the estimation of bed
load discharge are likely to give only approximate results. For
computatior of discharge rates of coarse-grained disc-shaped
sediment there is clearly a need, not necessarily for o new formula,
hut possibly for the development of existing methods. In the
same way as the Einstein procedure has been modified to give bed
load discharges in sand-bed rivers, so it may be possiltle to
extend the procedure, or more likely the Meyer-Peter and Miller
equation, for application to gravel-bed rivers, This further
development must deal with the three principal drawbacks of present
methods: -

1, Accurate evaluation of energy-surface slope, It may be

possible that where effective bed shear is to be used as
a measure of the transporting ability of the flow, then
current meter observations of velocity near to the bed

could be used to obtain shear directly proportional to
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the square of this velocity, Alternatively, mean velocity
in the total depth may be measured and a relationship such
as the Keulegan equation used to determine affective bed
shear, In this way, a complete programme of current
meter observations could yield the variation ofushear hoth
across the section and with river stage.
2. The influence of particle shape. More information is
needed on the shear stresses required to initiate movement
of the cosrse disc-shaped particles observed to form a
natural pavement on the surface of most gravel-bed rivers.
The effect of particle shape on transport rates also
requires attention,
3, Hutual interference between particles of different sizes.
If the new method is to estimate bed loand discharge rates
of individual size fractions then more must be known about
the "hiding" of smaller particles in the laminar sublayer
and between larger particles, especially for the large
ranges of sizes occurring in rivers such as the River Tyne.
The bed load rating curves for Bywell computed by nine of the
methods available at present (sections 4.1.2. to 4.1,10) are shown
in fig. 4.1.m, At a near bankfull stage of 61 ft A,0.D. calculated
bed load discharges vary over a very wide range from 120 1lb/sec by
the Yalin method to 1350 1lb/sec by the S8chiclds method, Calculated
values of critical stage at which bed load movement begins can be
geen to lie between 54 ft and 57 ft A,0.D., or 7.75 ft and 10,75 ft
above staff gauge zero, The discrepancies between the rating
curves arc most likely due to the various degrees of extrapolation
of parameters such as particle Bize, water depth etc, and also to
the different concepts of bed load movement and the pertinent

assumptions embodied in each method,
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If one of the methods in sections 4.,1,2, to 4.1,10 i3 to be
considered the most reliable then the MEYER-PETER and MULLER (1948)
method has several points in its favour, It is based on a
theoretical foundation, the Froude law of similarity, and utilises
a wide range of experimental hydraulic and sediment data, This
data includes the results of experiments on sediment mixtures.

The formula 18 relatively simple to usc, and has been found to
describe the movement of bed load in certain European gravel-bed
rivers, For these reasons thc Meyer-Peter and Mliller method is
considered to yield the most reliable estimate of the bed load
rating curve for the River Tyne at Bywell, However, considerations
of the influence of particle shape (section 3.5.6.) indicates that
the mctiaod may somewhat overestimnte discharge rates of the
predomninantly disc-shaped sediment at Bywell. Also, due to the
natural paving of coarse matcrinl on the bed surface and the
resistance to entrainment of the disc-shaped particles, critical
stage is probably slightly higher than that given by the rating
curve, i.e, at about 56 £t A,.0,D, (9.75 ft above staff gauge zero).

Using the Meyer-Peter and Milller rating curve with a flow
frequency curve for the ten year period, 1956/66, the average
annual bed load discharge of the River Tyne was calculated to be
about 15,000 ton, approximately 10% of the average annual suspendad
sediment discharge. The results of other workers on similar rivers
corroborate these figures, Experience gained in this research
programme indicates that if any future investigation should roquire
estimation of only the annual average bod load discharge of a
particular river, then a figure of 10% of the average annual
saspended sediment discharge (as suggested by LANE and BORLAND,
1951) will be as accurate as, and more easily obtained than, the

result of application of any bed load formulae to the river,
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PART II, Measurement of Bed l.oad Discharge



Secvion b

9. Measurcument of Bed Toad Discharge in Rivers



5.1, Methods of Measuring Bed Load Discharge

Although the measurement of suspended sediment discharge in
rivers can be relatively easily effected there exists at present
no single apparatus or procedure which has been accepted as being
completely adequate for the determination of bed load discharge over
the wide range of sediment and hydraulic conditions occurring in
nature. The majority of literature in this ficld has been
published in the German, Russian and East Europcan languages and,
although some translations are available at variougs establishments
in the United States of Amcrica, only Reports 2, 8 and 14 of the
UNITED STATES IMTER-AGENCY COMMITTEE ON WATER RESCURCES -~
SUBCOMMITTEE ON SEDIMENTATION and HUBBELL (1964) have revicewed
oxisting techniques and apparatus at length in English, A largo
number of methods for mcasuring bed load discharge have been
devised and are classified here as:- samplers or traps, river
structures, tracer techniques, dune movemecnt, and miscellaneous
possible methods, They are discussed in sections 5,1,1, to §,1,5.
with paxrticular reference to their applicability in the range of
conditions prevailing in the River Tyne at Bywell,
5.,1,1. Bed Load Samplers

The simplest and most direct method of measuring bed load
discharge is to place some kind of trap or sampler on the river
bed and weigh the quantity of sediment collected in a given time,
Ideally, the bed load sampler should:-

1) not alter the distribution of water velocity and bed load

discharge in the vicinity of the sampler,
2) collect the largest and smanllest particles in motion,
3) sample a definite width of bed, trapping all the material
which passes through that width.
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4) Dbe stable on the river bed

5) be correctly orientated both horizontally and vertically

on the river bed
6) be designed such that the height of the opening is at

lecast twice the maximum particle size, and its width

about 150 times the average particle diameter (NOVAK, 1957).

7) have a leading edge which conforms to the shape of the

river bed,

All the above criteria cannot be completely satisfied and each

sampler should be calibrated to determine its sampling efficiency,

i.,0, the ratio, expressed as a percentage, of the weight of bed
load collected during a given sampling time to the weight of bed
load that would have passed through the sampler width had it not
been there, Generally, the efficiency can most easily be
determined by laboratory flume tests; however, even under the
controlled conditions in a flume, two main difficulties arise,
Firstly, due to the size of most bed load samplers, scale models
must be used to avoid alteration of the flow conditions, thus
producing the problems of similarity inherent in most sediment
model studies, Secondly, the unsteady temporal distribution
(JOHNSON, 1939) and the lateral distribution due to side effects
bed load movement in laboratory channels render determination of
actual bed load discharge through the sampler width exceedingly
difficult. According to HUBBELL (1964) calibrations of certain
samplers have been carried out in flumes with fix>d beds by
Ehrenberger in 1932 and in flumes with movable beds by Einstein
in 1937, The latter method more closely reflects conditions in

natural streams,

of tests on sevcral samplers using both methods,

106

.NOVAK (1957) conducted a comprehensive series

of



The accuracy of the total bed load discharge in & river as
determined by a particular sampler is affected by three factors:-

1) The estimate of the efficiency of the sampler, Apart from
difficulties involved in the calibration of the sampler under the
controlled conditions of a laboratory flume, the efficiency of the
sampler may vary with any or all of the following:~ water velocity,
depth of flow, particle size, magnitude of bed load discharge,
degree of filling, and bed configuration, Sincc all of these
factors vary in natural streams, estimates of efficiency should
therefore he considered to be highly variable and un¢ertain,

2) The spatial and temporal distribution of sediment transport
in the river, Not only must a sufficient numher of samples be
taken across the section to obscrve the lateral distribution of
bed load discharge but each sample must be taken over a length of
time sufficient to account for the oscillatory or unsteady character
of bed load movement, From measurements made with bed load samplers
Ehrenberger (HUBBELL, 1964) concluded that variations in the River
Danube and Inn could be characterised by constant periods of
oscillation of 18 minutes and 7 minutes, respectively, KAROLYI (1957)
also observed similar fluctuations on rivers in Hungary and postulated
that, while these variations may have boen to some extent due to the
inaccuracy of the bed load samplers, the fluctuations were the
result of pulsations of water discharge and vzlocity due to
helicoidal currents, bods and tho reflection of largs water masses
from various obstacles such as islands, banks etc, It can be scen,
therefore, that maximum accuracy would be achieved by sampling at a
fow verticals over a long period of time; on rivers with rapidly

changing stage this may prove to be impossible,
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3) Methods of suspension of the sampler in the river, Because
of the hydraulic resistance of most samplers an elaboratec system of
suspension and retention cables may be necessary, Az the sampler is
lowered into layers of progressively decreasing velocity it achieves
an upstream motion due to its own weight and the elasticity of the
cables, In this way the sampler, on reaching the bed, may scoop up
bed material not in movement, MEYER-PETER (1937) has suggested that
a form of rigid suspension would minimise this effect, In addition,
when the sampler is on the bed, fluctuating drag forces may cause the
sampler to oscillate and possibly scoop sediment from the bed,

In general all bed load sample:s can be classified according to
one or more of the following types:- box or basket, pan or tray,
and pressurc-differenca,

Box or basket type samplers operate by retaining sediment that is
deposited by a reduction of the flow velocity in a box which is open

at the front and top, or in a basket which is screened by mesh on all

gides except the front, According to Report 2 of the UNITED STATES
INTER-AGENCY COMMITTEE ON WATER RESOURCES - SUBCOMMITTEE ON SEDIMENTATION
one of thc sarliest devices was used by Davis in 1898 in the Nicaragua
Canal and LABAYE (1948) mentions a trap used by Schaffernak in 1908,

In the 19308 scveral more sophisticated basket type traps using

rudders to improve stability were developed for use on European

rivers by Mlihlhofer, Ehrenberger, Nesper (fig. 5.l.a,) and the Swisa
Fedsral Authority, All these samplers were of a similiar design, the
latter threc having leading ~dges of loosely woven iron rings that
conformed to the shape of the bed, Experiments by Ehrenberger and
and Zinstcin showed that their sampling cfficiencics varied from 30%

to 80%, figures which wero later verified by NOVAK (1957). The usc

of the Fhrenberger sampler to measurce coarse bad loud discharge on +he
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Fig.5.1a. Nesper box type sampler.

Fig.51.b. Polyakov pan type sampler,

Fig.5.1.c. SRIH pressure difference type Ssampler.

jcm

0-3mm mesh bag

90ecm —'m

Fig. 51e Sphinx pressure

,Lf 176 cm 4,! difference type Sampler.

Fig.51d. Arnhem pressure

difference type sampler



River Danube has been referred to by KRESSER and LASZLOFFY (1964)

and TSCHOCHNER (1964), while BOGAXDI (1950 described a wire-mesh
basket type sampler used on the River Tisza in Hungary, Because

of their large capacity these types of samplers are more suitable
for the measurement of the discharge of coarse bed load, but they
cause considerable disturbance of flow and are subject to selectivity
of sampled particle size.

Pan or tray type samplers, which have been ugad principally in
Russia, are usually wedge-shaped in longitudinal section with the
pointed end of the wedge facing upstream, They operate by reteaining
the sediment particles which roll or slide up an entrance ramp into a
transverse slot or series of slots, HUBBELL (1964) described tho
samplers designed by Losiebsky and Polyakov (fig. 5.1.b,) which havo
been shown by Shamov to give efficiencies as low as 38% and 46%,
respectively, mainly due to the accumulation of sediment in front
of the adverse slope of the entrance ramp, This type of sampler is
only suitable for low velocities in smooth, sand-bed rivers,

In the operation of ordinary basket and pan type sampleoxrs, the
resistance to flow of the sampler causes an undesirable disturbance
of the water and sediment regime at the sampler entrance, The
pressure-difference type sampler has been designed so that entrance
velocity and stream velocity are maintained equal by constructing the
sampler walls so that they diverge towards the rear, thus creating a
pressure drop at the sampler exit. Report 10 of the UNITED STATES
INTER-AGENCY COMMITTEE ON WATER RESOURCES ~ SUBCOMMITTEE ON
SEDIMENTATION described two traps based on the pan or tray type
designed by the Scientific Research Inctitute for Hydrotehnics
(fig, 5.1.c.) in Russia and by the United States Corps of Engincers,
Little Rock, The Arnhem bed load sampler (fig., 5.1.d.) described bLy

SHAANK (1937), has been developed to collect material in the size
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range C,15 to 5 mm in a fine mesh bag flexible attached to a rigid
rectangular entrance. According to MEYER-PETER (1937) the effiaicncy
of the sampler is about 70%. Its use on the Dutch part of thc
River Thinc has been refered to by ELZERMAN and FRIJLINK (1551) and
TOPS, WEMELSFELDER and VOLKER (1859) and on the River Niger by
NEDECO (1959). Another pressure-difference type trap, called the
Sphinx sampler (fig. S5.1.e.), has been revloped in Holland by
VINCKERS, BIYJKER and SCHIJF (1953) for grain sizes smaller than 0.4 nm,
In this samplaer flow enters through a rectangular nozzle that
graaually becomes circuiar, passes through a series of sottling
chambers and then out a wide exit at the rear, BOGARDI (1951)
described how Karolyi modified the wire-mesh sampler used in
Hungary into o pressure-difference type scmpler with a horizontal,
curved dividing wall about midway between top arnd bottom of tho
rcar of the sampier, NOVAK(1957) found from laboratory tests that
tkis sampler, which was used to measure coarse sand and gravel
discharges, has an efficienty of only 45% After en oxhaustive series
of laboracory tests on scrle models of several bed lond samplers ot
the Vyzkumny Ustav Vodohospodarsky (V,U,V), Prague, NOVAK (1957,
1959) developed a new pressure-difference type trap, known as the Vv.U.V.
sampler, for collecting bed load in the size range 1 to 100 mm and in
water velocities of up to 3 metre/scc, The efficiency of this samploer,
which 1is desciihed in greater detail in Section 5,2, was determined
by model tests to be 70%. HUBBELL (1964) mcntions two traps of a
similar type designecd by Uppal and Gupta for usc in Indian Canale buc
no information concerning their efficiencies is available,
5.1.2. River Structures

According to Report 2 of the UNITED STATES INTER~AGINCY COMMITTRE
ON WATER RESOURCES ~ SUBCOMMITTEE ON SEDIM&NTATION Mihlhoffor in 1933

trapped bed load in a series of boxes placed in the river bed with
110



their tps flush with the bed surface in order to determine tho
particle size distribution of the material moving along the river
bed. Other investigatiors have extendnd this idea to the
determination of bed load discharge by measuring the time required
for a slot, pit or trench of known volume to fill, The most
elaborate installation, which nas been described by JOHNSON and
DOB3ON (1940), was constructed by “he Urnited States Soil Conservation
Servi~e¢ on the Enoree River, Souti Carolina, The ontire 100 feet
width of thc river was concreted and divided by pilors into 14 chaancls,
each having a grated slot which could be opened and closed, Bed
load wnich dropped into the 8slots was pumped cut through a pipe
bonaath the concrete floor to a hopper on the bank for weighing,
Maasuremcnts of suspended load were also made and *n this way a
continucus r.cord of total sediment discharge could be made (EINSTEIN,
ANDERSON and JONNSON, 1940). EINCTEIN (1944) described a scmi-
portable slot type structure used by the United States Soil
Conscrvation Service in Mountain Creek, South Carolina, operating
on the sam2 principle of withdrawal of tho trapped scdiment and
moasuremenc by weighing, HUBBELL (1964} proposed a similar pit
samplcr bui its use 1is probably restricted to sand-bed streams of low
velocity.

It is possible that the devices constructed for the exclusion
oS sediment fron: irrigation, power and mm:icipal canctis could bo
considered for the measurcment of bed load discharge, ROBINSON (1960)
improved upon the vortex tubc sand trap devised by Parchall which wac
ohsaorved to be very effective in the removal of coarse matarial up to
the size of cobbles. wae instrument consisted of a tubc with a slot
alcng the top placed in the stream bed 2t an angle ol 450 to the

direction of flow; a vortex motioa was thus induced inside tho tubo,
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washing the trapped soediment out at the downatream ond, Efficiencies
of between 80% and 100% are possible with these slot or pit samples,

Another type of structurc, working on a different principle, is
the turbulence flume constructed on the Middle Loup River, noar
Dunning, Nebraska (SERR, 1951), A Bpeclally daesigned series of
baffles were insitalled in the river to induce turbulence sufficient
to hring the total sediment load of the sand-bed river into
sucp.nsion, Conventionai mathods were used to maasure the suspended
material and these observations were compared with suspended
scdiment mersurements at an upstream section to givae the bed load
dischargc (SCHRORNDER and HEMBRZEE, 1956),

The major disadvantage of all such structurcs is the excessivo
cost of both construction and opceration,
5.,1,2. Tracer Techniques

During the last decede sceveral investigations have been carricd
out along the coast and in estuarices using tracers to determine the
direction of movement cf sand and silt in marine and tidal currents.
mhe various methods by which sediment particles c¢an bs labelied havo
been desc~ibed by KIDSON arc CARR (1962), The HYDRAULICS RESE..lCH
STATION (1961), ZENKOVITCH (i960) ond REID and JOLLIFFE (1861),
using fluorescent tracers suck ac rhodamine , primuline, anthracene
and limogenae, have obtained useful qualitative results, At present,
however, no direct measuremcnts of bed load discharge in rivers have
becn made with fluorescent tracers.

Similar coastal and cvs'uarine investigations have been conductod
with radioactive tracers in Jopan (INOSE and SMIRAISHI, 19053),
France (GRRMAIN, FOREST and JAFFRY, 1957), Great Britain (UNITED
KINGDOM ATOMIC ENERGY AUTHCRITY, 1957) and Holland (ARLMAN, SVASEK

and VERKERK, 196C), In France estimates of total bed load dischnrgae
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occurring during several floods on the River Rhone near Lyons were
made by RAMETTE and HEUZAL (1962). At the Hydraulics Research
Station, Wallingford, England, research has becn carried out
(DEPARTMENT OF SCIENTIFIC AND INDUSTRIAL RESEARCH, 1960 to 1965)

on tho use of radioactive tracors for the determination of sand
transport rates in a § £t wide, 350 ft long laboratory flumc, Two
techniques, similar to those used in dilution techniques of water
discharge measurement, have been dovelcped. In the space~
integration method (CRICKMORE and LEAN, 1962a) the bed load discharge
was deduced from observations of the activity distribution downstresm
of thc point of injection of the irradiated sand particles, The
time~integration method (CRICKMORE and LEAN, 1962b) involves the
determination of the time variation of activity at a fixed point
downstream, These methods have besn applied to the sand-bod

River Idle, in Nottinghamshire, but the accuracy of the results

cannot be evaluated, Similar experimonts havo been carried out in
the United States of America by HUBBELL and SAYRE (1964, who, assuming
a Lagrangian probability concept of sediment transport, derived
distribution functions of concentration and discharge similar to those
of EINSTEIN (1950).

Results of the British and American research indicate that tracer
techniques are feasible in laboratory flumes and sand-bed rivers,
Thoir major restrictions are that measuremsnt must be made over an
extended period of time during which conditionz must remain steady,
and that o skilled team of operators is required,

8.1.,4, Observation of Dune Movement

The possibility of determining bed load discharge from the

dimcensions and speed of movement of dunss ond ripples in channels

was realised over seventy years ago (HUBBELL, 1964), However, it is
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only rerently that technical advances in portable electronic
equipment have enabled rapld and reliable determinations of

bed configuration over large areas of the hed of a channel to be
made., SIMONS, RICHARDSON and NORDIN (1965) proposed a bed load
equation based on the mean forward velocity and mean height of
ripples and dunes., Good agreement with measured sediment discharges
was obtained when this equation was applied to the observations from
a sonic depth recorder in laboratory flume experiments with four
uniform sands from 0,19 to 0,93 mm, Although dune movement is a
promising line of research, the proposed equation requires scveral
assumptions concerning uniformity of sediment and flow conditions and
is only applicable to dune and ripple forming sediments,

5,1.5. Other Possible Methods

Several other possible methods which have been investigated are
mentioned by HUBBELL (1964), Kennedy and Mundorf independently
proposed bed load samplers for collecting small particles that are
composed wholly or partly of magnetic minersals, However, since
the specific gravity of such particles can be as high as 5,2 they
are unlikely to be ropresentative of the behaviour of thc majority
of particles in a river bed,

Taniguchi developed a method for computing total sediment load
using a tiltmeter, consisting of a zZ811lner pendulum suspension and
recording equipment, which moasures variations in ground tilt due to
the pessage of different weights of water and sediment through a
channel, Several important assumptions are necessary and it seems
likely that the tiltmeter method could only be applied to rivers

with large variations in sediment discharge and which flow through

unconsolidated materials,
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A device using ultrasonic waves has been developed by Smoltczyk
for use on beds of fine sand. It consists of an open-ended
rectangular tube with a transducer and reflector housed in opposite
sides of the tube; the transducer transmits and receives the
reflected high~frequency sound waves enabling the amount of acoustic
energy absorbed by the sediment water complex to be calculated,
Several important, unverified assumptions are necessary to relate
the absorbed energy to bed load discharge,

Some attempts have been made to photograph bed load movemaut but
a number of technical and practical difficulties were encountered,

It appears that the use of photography would be restricted to streams
of low suspended sediment concentrations and transporting bed load
particles greater than } inch,

Several attempts have been made to detect sediment movement by
recording the sound emitted by coarse bed load particles, This

promising possibility i1s discussed in greater detail in sections 7 and 8,

5.2, Use of V,U,V, Bed Load Sampler on the River Tyne at Bywell

It can be seen from the literature review of section 5,1, that the
portable trap and permanent structure are the only techniques of bed
load discharge measurement applicable and sufficiently developed for
the flow and sediment conditions of the River Tyne at Bywell, However,
the construction and operation of a permanent structure was impossible
due to a lack of finance and personnel, The development of an entirely
now sampler was also precluded, for two main reasons, Adequate,
precise knowledge of the size, distribution and rates of movement of
bed load at Bywell would first have been necessary for the design and
testing of a new sampler, and existing laboratory facilities were
inadequate for the determination of the stability, performance and

efficiency of a new sampler. Correspondence with the Hydraulioc
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Research Station, Wallingford, England and the Federal Inter-Agency
Sedimentation Project, Minneapolis, U.S,A, indicated that no research
on samplers of coarse bed load discharge was being conducted in Great
Britain or the United States of America, It was decided, therefore,
to try to use the V.U.V, sampler designed by NOVAK (1957, 1959) at the
Hydraulics Research Institute, Prague, for the following reasons:-

1) The V,U.,V, trap was designed to sample particles of up to
4 inches diameter in flow velocities of up to 12 ft/sec, conditions
similar to those expected at Bywell, Examination of the Northumberland
and Tyneside River Board gauging records showed a maximum recorded
velocity just below the surface of 13 ft/sec and it was considerod
from inspection of gravel shoals in the Bywell reach that the quantity
of material in motion greater than 4 inches diameter would not be
significantly large.

2) The trap had been subjected to an exhaustive sceries of
laboratory and field tests,

3) The trap has a relatively high sampling efficiency of 70%
5.2,1, The V,U.V, Bed Load Sampler

The V.U.V. bed load sampler, which was doveloped by NOVAK (1957)
from the Karolyi pressure-diiference sampler, is 2.8 metres long, has
a 50 cm x 20 cm opening and can collect a sample of about 30 Kg
(£ig. 5.2.a., in pocket), The principal features of the instrument
are the horizontal curved dividing wall which separates the lower
gsediment-retaining part of the sampler from the upper direct flow-
through part, and the rear door which was designed to improve the
stability of the sampler while covering the 5.5 cm high slit at the
rear of the lower part. During lowering and raising, the tension
of the suspension cables maintains the rear door in a closed position,
the water flowing through the sampler and out the wire mesh in the
top rear part of the sampler, Vhen the trap is located on the river
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bed the suspension lines slacken and the flow of water causes the
rear door to open until the top of the door rests on the rudder.

The shape of the sampler and the position of the wire mesh were
designed such that with the rear door open, sufficient pressure
drop is created at the exit to overcome the flow resistance of the
sampler. Experiments showed that the hydraulic efficiency (the
ratio, expressed as a percentage, of the water discharge through tho
sampler to the product of the undisturbed mean velocity of flow at
the entrance and the area of the entrance) of the sampler is 100%,

Novak carried out comprehensive studies on the V,U,V, sampler
and four other types of sampler in laboratory flumes of 60, 100 and
250 cm width and with sampler models of scale ratios of 1:1, 1:2,

1:4 and 1:8, Determinations of sampler efficiencies were made with
the samplers placed on fixed beds (Ehrenberger method) and on movable
beds (Einstein mothod), with particle size mixtures and individual
gize fractions ranging from O,1 to 100 mm, and with mean water
velocities from 0.6 to 2,2 metres/sec. The model scales, particle
size ranges, and velocity ranges wore selected in each test so as to
obtain approximate similarity with the flume size, Sampling
efficiencies of the V,U.,V, sampler were calculated from the ratio,
expressed as a percentage, of the weight of sediment retained by the
sampler to the weight of sediment which would have passed through

tﬁe sampler width, for fixed beds ( ﬂp) and for movable beds (T)s) as
shown in table §.2.a,

From the results of laboratory tests Novak also concluded that
the efficiency of the V.,U,V. sampler increases only slightly, if at
all, with particle size and water velocity. It was found that the
sampler retained particle size distributions that agreed, in general,

with the size distributions of the actual bed load, and that the
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efficiency is independent of the degree of filling so long as it

doas not exceed 30% of the sampler capacity,

Table 5,2.a, Sampling efficiencies of model V,U,V, samplers

Scale] Ratio of flume Sampling efficiencies Recomm-
ratiol width to sampler in indicated flume ended
ool indtoated flume | 290 cm | 100em | eoom | O]
E;;:;)— 50 cm|{100 cm | 60 cm np T‘s Tlp 718 'np ns tency

1:1 5 - - {82 52 - - - -
1:2 10 4 - }70 64 75 40 - - 70
1:4 - 8 4.8 || - - 923 61 72 58
1:8 - 16 - - - 83 55 - -

Details of the V,U.V, bed load trap were obtained from Dr, Novak
and a prototype sampler constructed from 16 s.w.g. brass, Particular
care was taken to ensure the correct dimensions, especially those of the
horizontal curved partition, A second hinged door was provided at the
rear of the lower part to enable the sampler to be emptied of collected
material, For ease of transport the sampler was constructed such that
it could bhe dismantled into box and rudder. The welights of these two
parts were 86 1b and 60 1lb, respectively, giving a total weight of
146 1b, (A test of the suspension cable of the Bywell cableway
showed that it had a tensional breaking load of 0,77 ton, i.,e. ten
times the weight of the sampler), Five } in diometer cables were
attached to the sampler by small brass shackles and thoeir lengths
adjusted so that the sampler could be suspended from a single point at
an angle of about 20° to the horizontal with the entrance uppermost,
This ensured that, on immersion of the sampler, the rudder would enter

the water first and correctly orientate the sampler to face upstrean,
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5.2.2, Sampling Attempts

It was decided initially to observe the stability of the
sampler when suspended by a single cable from the Bywell cableway,

The first tests were made at a low stage of about 2 £t above
staff gauge zero (600 cusec) and it was found tkat, despite very
slow flow velocities, there was considerable resistance during
raising and lowering, and that correct orientation of the sampler on
the bed could not be guaranteed, Two further trials were made at
stages of 7.8 £t (12,000 cusec) and 6,0 £t (7,100.cuscc), Several
attempts were made on each occasion to place the sampler on the bed
at a distance of 50 £t from the left bank where surface velocities would
be about 8 ft/sec, When the trap was let down on to the water surface
the rudder entered first and, as expected, the trap turned to point
upstream, However, the pressure of the flow of water on the
underneath of the sampler caused it to move downstream, but remain on
the water surface, as the suspension cable was paid out, At about
15 £t downstream of the cableway the trap entered the water causing a
sudden increase of load on the suspension cable, As the sampler sank
to the bed it became extremely unstable and correct orientation on the
bed could not be ensured, (It should be recorded that no material
was collected by the sampler on the river bed at the 7.8 ft river stage).

It was obvious from these preliminary trials that either a rigid
suspension or a system of suspension and retention cables would be
necessary to ansure both the accuracy and safety of the sampling procodure,
5.2.3, Possible Sampling Methods

The use of a rigid suspension of the bed load sampler would obviate

the need for an elaborate system of cables and also improve the accuracy

of the instrument (section 5,1.1.), Some preliminary calculations were

made for a twin-hulled boat moored to the cableway as shown in fig, 5.2,b,
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However, on tentative enquiries to the Northumhrian River Authority
the scheme was rejected as the cableway was not designed to take
lateral loading,

Fig. §.2.c, shows the method of suspension used by Novak for
measurement on the River Danube in Czechoslovakia, There were two
main objections to using this type of flexible suspension at Bywell:-

1) The material of the bed was too large to ensure that an
anchor would remain fixed when dropped on to the bed,

2) It would be impossible to manoeuvre sufficiently in high
velocities.

An alternative method, similar to that used on the Danube, 1is
shown in fig, 5.2.d., where the retention cable is anchored
permanently to the bed some distance upstream, The major disadvantage
is that there would be only one position of the sampler at which the
retention cable would be parallel to the direction of flow, with
a 1000 £t long retention cable the sampler would be inclincd at an
angle of 9° to the direction of flow when placed near the bank,

The retention cable could be attached to a travelling pulley on a
second cableway upstream of the gauging station as shown in fig, 5.2.e.,
enabling sampling to be carried out at any point across the section,
The distance between the cableways would have to be considerable since
the retention cable would be inclined to 1lift the leoading edge of the
sampler off the bed,

Another possibility would be the use of two retention cables
attached to winches at the top of each bank (fig. 5.2.f,). Using
the winches it would be possible to maintain the sampler vertically
below the cableway.

The system shown in fig, 5.2.g. could also be used, With this

system the retention cable would be anchored near low water level on
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the right bank, passed through a ring on the front of the sampler,
round a capstan or pulley near low water level on the left bank and
wound on to a winch at the top of the bank,

The Northumbrian River Authority were approached with the
possibility of using a suspension system similar to either fig, 5.2.f,
or fig. 5.2.g., although it was realised that these methods would
require at least three operators and could be costly, However,
permission could not be granted and ettempts to make direct

measurements of bed load discharge were therefore abandoned.

5.3. Conclusions

The most accurate method of measuring bed load discharge 1s the
slot or pit type structure which traps all of the sediment moving
along the whole width of the river bed. By means of withdrawal by
pumping and then weighing of the collected material a continuous
record of bed load movemont can be obtained., However, the cost
of construction and operation of such structures will usually be
prohibitive, especially in larger rivers.

Since all portable bed load traps affect the ambient flow and
sediment regime by their presence on the bed, each trap must be
calibrated to ascertain its sampling efficiency under given
conditions, This can only be effected in laboratory flumes with
sampler models, thereby introducing similarity problems and detracting
from the reliability of the determined efficiencies, In addition,
the efficiency of any sampler is likely to vary with water velocity,
particle size, bed load discharge, degree of filling and bed
configuration, and since these factors can vary considerably in a
gingle river, the true efficiency of the sampler must be rather uncertain,

Due to the oscillatory, or unsteady, nature of bed load movement a
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single short~term measurement 1s not necessarily representative of
the mean bed load discharge; to determine the total bed load
discharge in a river each point in the section should be measured
for a considerable time,

For the measurement of the discharge rates of fine sand and
sand the Sphinx and Arnhem samplers are probably the most suitable
although precise information concerning their eofficiencies is not
avelilrble, The V,U.V, pressure~difference type sampler, which was
sclected for use on the River Tyne at Bywell, is the most advanced
sampler of coarse bed load for the following reasons-

1) It has been subjected to a comprehensive series of
laboratory and field tests to determine its stability, performance
and efficiency.

2) It has a relatively high efficiency of 70%, which varies
little, if at all, with particle size and water velocity,

3) It samples sediment sizes from 1 to 100 mm and generally
gives a good representation of the size distribution of the bed load,

4) It can be used in water velocities up to 4 metre/sec,

The techniques involving readioactive tracers and dune tracking
by sonic recorders are promising, but are not yet sufficiently
developed, Several other methods such as a magnetic sampler,
tiltmeter, ultrasonic device and underwater photography have been
used with limited success,

Preliminary experiments with the V.,U.V. bed load sampler
suspended by a single cable at the Bywell cableway geuging station
indicated that a system of suspension and retention cables would
be necessary to ensure correct orientation and stability, and hence
accuracy and safety. Several suggested alternative arrangements

were rejected by the Northumbrian River Authority and all attumpts to
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measure bed load discharge at Bywell had to be abandoned, These
investigations have shown that the measurement of bed load discharge
in rivers under any conditions 1s, at present, likely to bo cxtrewmcly
costly and that the use of a bed load trap at a cableway gauging
station would require at lcast three winches and a team of three

operators,
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Section 6
6, Development of Apparatus for Laboratory Investigation

of the Acoustic Detection of Bed Load Movement



6.1, Aims of Laboratory Experiments

After the attempts to make direct measurements of bed load discharge
using the V,U,V, sampler at Bywell had been abandoned,_it was decided to
consider further a possible means of detecting coarse bed load movement
which hitherto had been investigated by only a few research workers,

The method, mentioned briefly in section 5.,1,5., involves the recording
of some measure of the intensity of sound emitted by moving bed load
particles either during collison with an object placed on the river bed
or during inter-particle collision, Since most of the other methods of
measuring bed load discharge described in section 5,1, have been found
to be either unsuitable or impractical in the sediment and flow
conditions of the River Tyne at Bywell, it was decided that the method
of acoustic detection warranted further investigation, Plans were
therefore made for the design and construction of a suitable instrument
which could be used at the cableway gauging station near Bywell, The
development and use of this instrument is described in section 8; =a
survey of existing literature on the acoustic detection of sediment
movement is also included in section 8 since all previous work in this
field has been concerned solely with river observations,

Soon after the decision to develop an acoustic bed load detector
the Hydraulics Laboratory of the Civil Engineering Department of the
University of Newcastle upon Tyne received from HENENEENGEGGEGGNGGNENY,
VSNENpEEESNNENS some equipment intended for use as an experimental
sediment channel. It was then decided that, at the same time as field
investigations were being carried out, a series of controlled laboratory
experimenta would be conducted to evaluate the potential of the method
as a means of not only detection but accurate measurement of bed load
discharge, The aim of the laboratory experiments was, therefore, to

investigate the relationship between bed load discharge in the
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laboratory channel and the intensity and frequency of the sound emitted
by the moving bed material,

The sediment channel, in the condition received from the
manufacturers, could not be used immediately for the planned
experiments, Considerable modifications had first to be carried out,
and the equipment for the measurement of sediment feed rate, sediment
discharge, water discharge, etc, had to be develoned. The design,
construction and testing of the necessary apparatus proved to be a
considerable task, occupying much of the available time, and 1is
described in this section; the experiments, their analysis and the

resulting conclusions are described in section 7,

8.2, Description of the Sediment Channel

The 40 ft, long, 18 in, wide, tilting, glass-sided sediment
channel with a self-contained circulatory water system was located
in the basement Hydraulics Laboratory in the Stephenson Building of
the University of Newcastle upon Tyne,
6,2,1, General Description

The general arrangement of the sediment channel and the amsociated
equipment is shown in figs, 6.2,a, and 6,2.b,

The water supply for the system was stored in a 10 ft x 6 ft
x 3 £t deep galvanised steel sump tank; it was found necessary to
raise the sides of the tank near the channel outlet and to extend the
channel outlet chute to avoid splashing, Approximately 60 1b of
sodium nitrite were added to the 1250 gallons of water in the system
to give a 0,5% by weight solution for protection against corrosion,

Water could be extracted from the tank by a 10 in axial flow

pump, running at 1470 r.p.m, and powered by a 20 h.p., 3 phase,

a.c. motor, (The 12 h,p. motor supplied by the manufacturers was
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found to be overloaded when pumping low water discharges, and took
5 months to be replaced). It was also found necessary to replace
the length of flexible pipe connecting the suction side of the pump
to the sump tank by a specially fabricated length of mild steel pipe.
To avoid the entrainment of air at the pump intake a 90o bend had to
be fitted insido the tank leaving a 6 in gap between the intake and
the bottom of the sump tank,

The water was pumped through four 10 ft atraight lengths of
10 in diemeter mild steel pipe, and thence through a 10 in diameter
butterfly valve by means of which the water discharge could be
controlled, Since the whole channel, including the header tank,
was designed to move both horizontally and vertically during tilting
it was necessary that some flexible connection be provided between
the butterfly valve and the header tank, However, the 4 £t length
of bellows~type tubing supplied by the manufacturers extended and
pulsated violently at high discharges and had to be contained in a
specially constructed cradle of % in diameter steel rods,

Water entered the base of the header tank which was 6 ft deep,
3 £t long and 18 in wide and contained a mesh screen located
immediately above the inlet, Since the header tank and the channel
were of the same width and since no curved vertical transition was
provided, the state of the flow entering the channel was extremely
turbulent with superimposed waves and surges, Some improvement was
obtained by placing a wire basket containing a bank of 12 in long,
3 in internal diameter fired clay field drains just inside the channel,

The flume itself was rectangular in cross-section with glass
sides and a steel base, having approximate dimensions of:-
length, 40 f£t; width, 18 in; height, 21 in. It was supported by

a frame of 5/16 in steel plate, 21 in deep, with several stiffening
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cross-members, Five pairs of 4 in diameter wheels, attached to the
side of the channel support frame, rested on five equally spaced
fabricated steel pedestals, The centre pedestal was bolted to the
floor and by means of a large diameter turn-buckle screw between the
pedestnl and the underside of the channel it was possible to move the
whole channel over the length of a pedestal, The parts of the
pedestals on which the wheels rested were sloped such that movement
of the channel could produce forward (positive) or adversae (negative)
slopes of up to 1 in 240,

At the downstream end of the channel a 2 ft long by 4 in deep
depression of the bed fitted with three 2 in diameter gas
connections on each side was provided by the manufacturers as a
sediment trap, For measurement of the rates of gravel movement
obtainable in the flume it was necessary to modify the arrangement
as described in section 6,2,.6,

The § in thick aluminium adjustable outlet weir was held in
position by a number of Allen cap head screws whose location elose
to the outlet chute made manipulation of the Allen key difficult.

A further inconvenience was that the weir height could not be
adjusted without the flow of water being shut off,
6.2,2, Measurement of Water Discharge

Although the measurement of water discharge was not required
for the intended experiments, it was considered, however, to be an
essential part of the setting up of the sediment channel,

The general layout of the channel was unsatisfactory for the
accurate measurement of flow rate for the following reasons,
Arrangements for volumetric measurement the most direct and acourate
method, were precluded by lack of space in the laboratory, It would

also have been impossible to use the outlet weir as a sharp-edgod
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rectangular welr since during experiments flow conditions immediately
upstream would have been disturbed by the sediment trap., An
alternative method would have been the installation of an electro-
magnetic flowmeter in the 10 in diameter return pipe, but the cost
of the meter and recorder was considered disproportionately high,
According to the BRITISH STANDARDS INSTITUTION (1964a)
publication dealing with pipe flow measurement there was insufficient
length of pipe downstrecam of the double bend and axial flow pump to
reduce vorticial flow disturbances to a level at which an orifice
plate meter could be used. It was decided, however, to insert an
orifice place at a distance 30 ft downstream of the pump outlet and
to attempt to reduce swirl by the installation of flow straighteners
in the pipe (fig. 6.2,c.). Using the approximate formulae given by
the BRITISH STANDARDS INSTITUTION (1964a) a sharp-edged orifice plate
metor with D and D/2 pressure tappings was designed for a moximum
discharge of 4.50 cusec and a2 pressure difference of 60 in of water,
The required orifice size was calculated to be 7§ in (irrecoverable
head loss of about 2 ft), A suitably sized orifice plate was
machined in the Civil Engineering Department workshop and installed
with pressure tappings leading to a differential pressure water
manometer constructed to measure head differences of up to 5 ft of
water (fig. 6.2.d.). Large pressure fluctuations were greatly
reduced by the insertion of a cross-shaped flow straightener made of
3 in steel plate (fig. 6.2.e.) 20 ft upstream of the orifice plate.
The accurate formulae of the BRITISH STANDARDS INSTITUTION (1964s)
were used to calculate the calibration curve shown in fig, 6.2.f, As
a check on this calibration a sharp edge was machined on the crest of
the channel outlet weir, the sediment trap was covered and the channel

set horizontal, (The sediment bed was not then in place), A point
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gauge located upstream was zeroed on th; weir creat using g precise
level and the head on the weir measured at several water discharges.
Discharges were calculated according to the BRITISH STANDARDS
INSTITUTION (1964b) publication on flow measurement in open channels
and found to agree well with the orifice plate meter calibration
curve (fig., 6.2.f.). At discharges above 2,75 cusec the ratio of
head to weir height exceeded the limit stipulated by the British
Standard,
6.2.3, Measurement of Channel Slope

The slope of the channel was measured by means of a form of U~tube
fixed to the side of the channel, Two 6 in lengths of % in internal
diameter perspex tube were attached in a vertical position to the
channel sides at a distance apart of 400 in, The U-tube was
completed by a length of green plastic hose bracketed to the channal
and filled with water lightly coloured by fluorescein, The channel
was set horizontal using a precise level and two 6 in scales, graduated
in 1/20 in,, were located beside the perspex tubes and fixed with the
3 in greduations at the same level as the menisci in the tubes, For
any inclination of the channel the rise or fall of the channel bed
over n length of 400 in. was thus equal to the difference of the two
scale readings,

Time was not available for the provision of rails for a sliding
instrument carriage or piezometer tappings to cenable measurements of
depth and water-surface slope to be made. For sediment studies

involving the assessment of bed shear stress sultable equipment of
this kind would be essential,

6.2.4. Sediment

One ton of rounded, uniform-sized river gravel (iig. 6.8.g.) was

obtained from Hoveringham Gravel Co,, Hoveringham, Nottingham for use
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in the experiments, Sieve analysis produced the particle size

distribucion curve of fig, 6,2,h, from which the following properties

werc obtained:-~

Median diameter, d50 = 5,00 mm = 0,197 in,

Geometric mean dianater, dg = 5,03 mm = 0,198 in,

Specific gravity, specific weight and loosc bulk density were
determined according to the BRITISH STANDARDS INSTITUTION (1960) as

£ollows: -~

2.62

Snecific gravity, Ss

Specific weight, Y, = 163.5 1b/ft’

lLoosc bulk density = 92,5 lb/ft3

The gravel was composed of a mixturo of particles of limestons,
sandstone, quartz etc.

About % ton of sediment was placed in the chanunel to provide a
3 in, deep bed over a length of 35 £t and contained by end pieces of

shect brass. The remainder of the sediment was stored either in tho

hoppar of the feed device or in bins in the ground floor Hydraulics

Laboratory,
6.2.5., Sediment Fead Device
In an attempt to determine the best method of fecding gravel at
a fixed rate into the channel soveral universities and regsearch
establishmen’s wera approached, The literaturz of previous laboratory
workers in soediment research and the catalogues of several chemical
firus were also coasulted, it was found that most feed devicas could
be classifiad in the following mannert-
1) Matcrial contained in a hopper is fod axially to a rotating
disc beneath the hopper and oxtracted by means of an adjustable
deflector blade. The hopper itself can be vibrated or the

drive shaft of the rotating disc can pass through the material

in the hopper.
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2) Material is fed from a hopper, sometimes vibrated, into oue
end of a horizontal shaft in which o motor driven screw rotates.
The material is discharged from the other end of the shaft at a
rate dependent upon the speed of rotation of the screw. The
Vibra Screw Feeder manufactured by Simon Handling Engineers,
Stockport, Cheshire i8 of this type and has been found by the
Hydraulics Research Station, Wallingford to be ideal for the
feeding of sand and ground anthracite into hydraulic models
(DEDOW, 1965).

3) Material is fed from a hopper on to a moving belt passing
beneath the hopper, The foed rate can be controlled by the
speed of the belt and the height of an adjustable gate on the
hopper,

4) Material is held in a tray or shallow box which is inclined
at a small angle., The tray is tapped or vibrated causing
the material to pass under an adjustable gnte at the lowar
end of the tray.

All types except 3 are usually unsuitable for material coarser
than 2 or 3mn and the principal disadvantage of commercially availnble
machines is the difficulty of obtaining sufficiently low feed rates,

Enquiries were first made to Simon Handling Engineers who claimed
that their Live Bin Belt Feeder would be nble to feed 8 mm gravel at
rates between 10 and 600 lb/hour, The price quoted was €573, It
was learnt soon after that a local firm, United Analynts, East Boldon,
Co, Durham used a form of belt feeder for taking and dividing samples
of crushed coal and other s80lid materials in a flowable condition,
Arrangements were made to borrow one of their feeders so that tost-~
could be carried out using the 5 mm gravel, The feeder consisted of

a small hopper (% ft3 capacity) located above a 6 in, wide plastic
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compos’tion belt and fitted with a 3 in, wide gate of ndjustnble
height, A spring-loaded metal plate beneath the belt maintained
contact between the hopper base and the belt, The belt was driven
by a2 small electric motor through a worm reduction gear; by changing
the size of the pulley on either the gear or the motor it was possible
to determine the feced rates produced by different belt speeds and gute
opanings, It was also found that at small gate openings tha gravel
in the hopper tended to depress the spring-loaded plate and become
jammed between the belt and hopper base,

On the basis of the rassults of these tests and in consultation
with United Analysts a larger, continuougly variable belt feedor wns
designed and constructed in the United Analysts workshops, The final
price of the device was £203, an obvious improvement on the prico of
commercially available machines, The feeder is detailed in fig. 6.2,.1.
aand can be seen in the genernl view of the channel, fig, 6.,2.Dh, it
consisted of a § ft3 capacity hopper located above a 4 ft long, G ia,
wide contiruous plastic composition belt which passed round two 3 in,
dizmeter aluminium pulleys, Although the alignment of the rear pulley
could be finely adjusted to prevent lateral movement of the belt over
the pulley sides it was found necessary to provide guide runners on
each side of the belt immediately before it ran on to both pulleys.

In the original design it was intended that a series of 2 in, diancter
rollers placed beneath the belt could be adjusted in height to mnintain
the bels in close contact with the hopper base, However, it was

found that small particles still tended to become jammed between tho
hopper and the belt; this problem was overcome by providing a short,
rubber skirt around the inside of the hopper base and by placing a
smooth, thin, steel sheet between the belt and the rollers, The

hopper was constructed with a 2 in, wide opening and an adjustable
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vertical gate, Experience with the small belt feed had shown that
the feed rate was particularly sensitive to the height of the gate
opening; it was decided, therefore, to arrange the gate to have

only two fixed openings of nominally # in, and 1 in, The belt drive
was provided by a § h.p., 3 phase, a.,c, motor, running at 1420 r.p.m,
Two pulleys, 2 in. and 4 in. in diameter were fixed to the drive shaft
of the motor, A further two pulleys, 8 in, and 6 in, in diameter, on
one enc of a freely rotating shaft above the motor enabled speed
reductions of 38:2 and 6:4 to be selected, The other end of the
freeiy rotacing shaft was connected to a continuously variable
V=-pulley 2nd thence through a 50:1 worm reduction gear to the front
belt pulley, The whole arrangement was supported by a frame of
slotted rngle and located such tha’ gravel falling off the belt waas
deflected by a rubber-lined chute into the centre of the upstream

end of the channel,

Lack of clearancec between the top of the hopper and the celling
necessitatec the provision of a small trapdoor through which the
hopper could be loaded in the mcial floor of the grouad floor
Hydraulics Laboratory. Since the feed device wouid probably not
give consistent feed rates with damp gravel it was necessary to dry
the matorial trapped in the sediment weighing device at the end of
the channel, Wet gravel was placed in the top compartment of n
wooden box with a horizontal division of wire and sacking and warm
air from a 2 kilowatt fan heater blown into the lower compartwent.

By this means about 4ft3 of gravel could be surface~dried in about
6 hours., The dry gravel was then transported upstairs and stored in
bins above the hopper of the gravel fead device,

The device was calibrated using dry gravel for several pulley

combinations and gate openings as shown in fig, 6.,2.jJ; belt specds
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were mcazured at the same time and are also shown in fig, 6,2,.J,

It can be seen that feed rates could be varied from 30 lb/hr to
more than 700 lb/hr, In experiments using finer materials, lowor
feed rates could be obtained easily by using a smaller gate opening
or by reducing the belt speced with o change of pulleys or gear
reduction,

6.2.5. Measurement of Sediment Discharge

The sediment trap provided by the manufacturers at the
downstrcam end of the channel had a capacity of only 1 ft3 and
could be filled by largce sediment discharges in less than ten
minutes. Several attempts were made to construct devices by menns
of which sediment could be trapped and extracted from the channel
without t!o necessity of making considerable alterations to the
channel itself, It was eventually decided, however, to construct
the continuous weighing device shown in fig, 6.2.k.

A 12 in, diameter hole was cut in the base of the depression in
the channel and the remainder of the depression filled vith a ccement
mortar and moulded in such a way that all gravel dropping over the
brass end picce rolled through the hole, A short length of 12 in,
internal diameter flexible, bellows-type tubing connected the hole
to the top of a 16 in, x 16 in, x 30 in, deep watertight box made of
16 s.w.2. sheet steel. Gravel could be removed from the container
through a watertight panel clamped by wing nuts to the downstream
gide of the box. A % in. diameter valve was inserted near the basc
of the container to permit drainage of the box before removal of the
gravel,

When full of water alone the total weight of container and water
was about 300 1b; when full aof gravel and water the total weight was

about 600 1b, Lack of space in the laboratory and insufficient
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accuracy precluded the use of most commercially available weighing
machines for continuous weighing of the box as it filled with gravel,
This problem was overcome by rasting the box on a knife-edge on one
side of a lever made of two lengths of 1%in, rectangular-hollow-
section bar, The weight of the water plus contaniner was counter-
balanced by placiffg six 56 1lb weights on the other side of the knifc-
.edged fulcrum, Any increase in load due to gravel falling into tha
container was transferred by a ball-~bearing contact to a wooden board
resting oan a motor scooter tyrc inner tube, The tube was filled with
water and connected to a vertical 8 ft length of } in, bore glass
tubing atiached to a graduated scale,

Calibration of the weighing device was carried out by placing
increment3 of weight in the container and noting the height of tho
meniscus in the open—ended manometer, The loads were converted so
that a direct calibracion of nanometer reading agninst dry woight of
gravel in the conteincr was obtained (fig, 6.2,1.). (During
experiments zon expanded graph of fig., 6.,2.1, was used for greater
sccuracy). Due to the turbulont condition of the flow lmmedintely
downstreai of ths end of the gravel bed the manometer reading tended
to fluctuato slightly with the fluctuating load on the inner tube,

It was possible, however, to read the manometer to the nearest 1/16 in,

i.e., approximately to the ncarest 4 1b dry weight of gravel in the

containcr,

6.3. Microphone and Recording Equipment
In section 6,1 it was mentioned that the movement of coarse bcd
load particles can be detected by recording the sound emitted by eithcs

collision of the moving particles with an object placed on the sediment

bed or inter-particle collision, The former technique suffers from the

same disadvantage as the use of a bed load trap, viz, 1t causes a
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disturb.nce of the sediment and flow regime in the immediate vicinity
of the object placed on the bed, It was decided, therefore, to
construct a small, streamlined microphone which could be fixed
rigidly above the gravel bed of the laboratory flume to detect the
sound of undistrubed inter-particle collison, This section describes
the microphone constructed for the experiments and the means by which
the electrical signal picked up by the microphone was amplified,
filtered (whon necessary), rectified and continuously recorded.

6.3.1, Microphone

Descriptions of the various types of microphones in existence.
e.g. crycstal, hot-wire, condenser, ribbon, moving-coil, carbon atc,
can be found in most standard text books on sound (RICHARDSON, 1953a
and 1953b, STEPHENS and BATE, 1950), After reference to those and
other text books and after consultation with members of the staff of
the Physics Department of the University of Newcastle upon Tyne it
was decided that a crystal microphone was the type most suited for the
intended laboratory experiments,

The crystal type of microphone utilises the phenomonon kiown as
piezoelectricity. Certain crystalline materials (and some recently
developed ceramic materials) undergo electric polarization when
subjected to a mechanical stress, the polarization being directly
proportional to the stress, and depending for its sign upon the
direction of the stress, This is known as the plezoelectric effect,
The pheno.enon is reversible and, in the converse pilennelectric effect,
when a piezoelectric material is electrically polarised it becomes
strained by an amount directly proportional to the strength of the
polarising field (RICHARDSON, 1957). The latter effect is used in
the production of sonic and ultrasonic transducers; the former effect

is utilised in the detection of sound pressure waves by recoiding the
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electric polarization, or potential difference, produced in the
material by the pressure waves,

The most important natural piezoelectric materials are quartz,
Rochelle salt and ammonium dihydrogen phosphate (XELLY, 1954), In
recent years, however, many ceramic substances which exhibit the
phenomenon have been manufactured (CRAWFORD, 1961),

On the advice of the Physics Department of the University of
Newcostle upon Tyne it was considered that a tubular ceramic element
made up as shown in fig. 6.3.a., would be suitable for the detectiion
of underwater sound in the audio-~frequency range (15-20,000 Hz), It
consisted of a modified lead zirconate titanate polycrystalline
ceramic (PZT4, plated and polarised) manufactured by Brush Clevite
Co, Ltd., Hythe, Southampton, moulded in the shape of a tube with
the following dimensions:- length, 1 in,; outside diameter, 1 in,;
thickness § in, Perspex endcaps were fitted (ensuring water-
tightness but not mechanically stressing the tube) such that incident
sound pressure waves flexurally stressed the tube and cavsed an
electrical potential difference to be set up between the inner and
outer walls, One endcap was therefore provided with a smnll hole
through which the centre core of a length of microphone cable could
be connected to the inside of thz tube by flexible copper foil, The
outer insulated braiding of the cable was spread around the outside
of the tube, tied by thread and soldered, To ensure adequate
connection the whole tube was painted with conductive silver paint
and then covered by a coat of waterproofing polyurethane, Two
further coats of each paint were also added.

The principal advantages of this type of microphone are:-

1) The more important physical characteristics are stable over

a2 wide range of temperature and do not change with time,
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2) It has a high mechano-electrical coupling factor,
i,e, a large electrical output from 2 small mechanical force,
3) In a tubular form the crystal is non-directional, thus having
little frequency discrimination,
4) It is possible to soft solder electrical connections
without destruction of the piezoelectric properties.
5) It is robust and reliable,
Since th: microphone was to be suspended in flowing water it
wrs nacessary to house the detecting element in a streamlined body
ac showa in fig, 6.3.b, The solid hemispherical nose and conical
tail sections were machined from gliued § in, sheets of perspex.
It had bezn intended to make the centre portion alco of perspex but
it was found difficult to prevent the development of hairline cracks
at the connaction between the tubular brass suspension rod and the
perspex; it was decided eventually to use a length of thin-walled
brzss tube for the centre portion, Obviously, it waa desirable
that minimum sound energy would be lost by roflection in the pnssago
of the sound pressure waves from the water to the detecting eiecment,
The quantity of sound energy transmitted through the houndary of onc
medium with another is a function of the characteristic acoustic
imreduncrs  of thz two media i.,e., a function of the product of density
and velocity of sound in each medium, Since greater sound energy
transmission occurs through the boundary of media with more equal
acoustic impedance it was decided that the cavity in the streamlined
body should be filled with a liquid such as castor oil, (Table 6,3,.a,
gives the velocity of sound in, and the density and acoustic impedanceo
of, various materials), It would have boen possible to 1ill the czvity
with water but since castor oil is electrically non-conductive the

possibility of short-circuiting due to leakage was thus prevented,
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Table 6.3,.2a. Acoustic properties of various materials

Characteristiq
Material Density Velocity of aroustic
3 sound impedange
(g/cm’) ! (cm/sec) (E/sec cm )
t N -
Sediment 2,62 4,22 x 10° | 1.11 x 10°
particle
o 5 6
water (15 C) 1,00 1,44 x 10 0.14 x 10
5 8
Brass 8.40 3.40 x 10 2,90 x 10
5 6
Polythene 0.92 0.43 x 10 0.04 x 10
5 6
Perspex 1,19 1,62 x 10 0.19 x 10
5 6
Mild steel 7.70 5.05 x 10 3.90 x 10
Castor oil 0,96 * *
-3 5
Ais 1.29x10 0,33 x 10 4,30
(0°Cc, 760 mm)

*properties not available, but according to RICHARDSON (1957)

castor oil has approximately same characteristics as water,

At a distance of 2 ft from the downstream end of the sediment
bed the streamlined microphone was suspended such that it could be
moved horizontally and vertically inside the channel from a heavy
angle-iron frams secured to the ceiling and a concrete column
(fig. 6.3.d.). The transmission of vibrations from the pump and
motor through the channel was thereby prevented, Later in the
investigations, when the microphone had been connected to the amplifier
and recorder, tests were carried out without the gravel bed to
determine whether any sound would be detected by the microphone in
the water, At low discharges when the pump and motor were
generating most noise no signal could be detected. At high flows,

however, it was found that air entrainment on the downstroam side of
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the circular brass suspension tube produced a small signal; this
noise was eliminated by placing a length of thin, brass, hydrofoil-
shaped tube airound the circular tube, It was concluded that any
3ound detected by the microphone with the gravel bed in place would
be caused by the movement of the sediment particles.

6.3.2. Amplifier

In order to obtain an estimate of the probable strength of the
output signal of the microphone and the required amplification it wasn
necessary to carry out some preliminary experiments, At this stage
in the research programme the laboratory sediment channel was not
completely operative and the sound emitted by moving sediment had to
be produced by allowing sediment particles to move under gravity
down an inclined trough immersed in a tank of water, In the
channel the sadiment particles would be moved along an almost level
bed under the action of fluid shear forces), The apparatus
consisted of a wooden hopper containing # in, concrete aggregate
located above a 1 £t wide wooden trough on which a layer of
aggregate had been glued, The microphone was suspeinded above the
trough and by opening a sliding gate on the hopper and allowing
gravel to roll down the slope it was possible to decide upon the
amplification required to give a measurable signal,

The circuit diagram of the amplifier and output circuit used in
the laboratory experiments is given in fig., 6.3.c.; the equipment
itself is shown in fig. 6.3.d, A power pack unit was constructed
which converted normal 240 volts, 50 Hz, a.c, mains supply to n
14 volt d.,c. supply. This voltage was applied across a resistance
and Zener diode to provide a ripple-free 10 volt d.c. supply,

independent of mains variations, to the three-stage transistorised
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amplifier. An emitter-follower was inserted to match the high
impedance amplifier output to the low impedance output circuit,

An Audio-Frequency Signal Generator (Type H, Model 1B)
manufactured by Advance Electronics Ltd., Hainault, Essex was used
to investigute the frequency response of the amplifier. Using this
instrument it was possible to replace the microphone by an a.c. sino
wave input signal of 1 mv, r.m,s, value at any frequency over the
range 15 to 50,000 Hz, and to observe the output current on the
rocorder (fig, 6,3.,e,.). It can be seen that the amplifer gain is
constant over almost the whole sudio~frequency range (3 decibel
range of 140 to 20,000 H?). The plateau current of 0,263 ma through
the recorder rcquired an a.c, output from the emitted-follower of
1,21 volts r.m,8,, i,e., the voltage gain was 1,21 x 103. Linearity
of gain at 1500 Hz for a range of input of O to 1,5 mv 18 shown in
fig., 6.3.1,
6,3.36 Frequency Filter

It was intended to investigate the frequency spectrum of the
sound emitted by the moving sediment particles in the channel,
Provision was made, therefore, for the inclusion, when noecessary, of
a frequency filter between the emitter-follower and bridgse rectifier,
For this purpose, two variable cut-off high and low pass filters
(tullard types GFF 001/02 and GFF 0C1/01) could be connected in serien
enabling various frequency band widths to be selacted,
€.3.4, Jutput Circuit and Recorder

The a.c., output signal from the amplificr and emitter-followor
was passed through a bridge rectifier and a smoothing circuit
containing a direct recording Ultra-Violet Oscillograph (Series M.1300)
m~nufactured by Southern Instruments Ltd,, Camberley, Surrey. This

instrument was capable of simultaneous recording of up to ten channcls
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of d.c., information, with reference traces, timing marks and cvent
marks, at paper speeds ranging from 0,15 to 100 in/sec. Recording
of each channel was effected by means of a zero mass beam of ultra-
violet 1light reflected from a plane mirror mounted above the coil of
a small galvanometer on to 3 in, wide photo-sensitive paper, For
recording oi the microphone signal galvanometer SMI/R (Bensitivity of
0,01 mA/cm deflection), shunted by a 100 ohm resistance, was inserted
in the oscillograph,

Since the microphone signal was composed of a series of distinct
impulses it was necessary to decide upon the extent to which the
rectifier output should be damped in order to provide a convenient
measure of the average sound level in the channel, This could be
effectad by altering the value of the time constant, i.,e, the product
of capacitance and total resistance in the final output circuit, Some
preliminary experiments were therefore carried out with the microphone
fixed in the sediment channel over a high dischargs of gravel,
Recorder trances were obtained with time constants vary.ng from
0.5 to 7 seconds (fig, 6.3.g2.) by changing the value of the capacitance
in the circuit, After examination of these traces a time constant
of 5,63 seconds was selected.

A trace was also obtained during these experiments on a chart
speed of 5C in/sec with no smoothing capacitance, 1i.e, zero time
censtant (fig., 6.3.h.). Distinct impulses at the rate of about

500 per sccond are evident, Although reflection from the water-

surface and from the channel sides must be taken into consideration,
the alternative possibility is indicntad of acoustically measuring
gravel movements by recording the rate at which impulses are roceived

by the microphone, An impulse rate meter, possibly with an adjustable

threshold setting, could be used for this purpose,
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6.4, Conclusions

The experience gained in the development of apparatus for ths

laboratory invectigation of sediment transport indicated that the

following aspects should receive particular attention in the design

of a laboratory sediment channels-

1)

2)

3)

Measurement of water discharge, Provision should be made
either for the installation of equipment for the volumatric
measurement of discharge, which is possibly the most sccurato
method of measurement, or for a suitable location at which a
pressure difference device such as an orifice plate moter may
bz used., With the layout of the sediment channel used in
the present laboratory investigations an clectromagnetic flow
meter would have been dasirable (but disproportionatoly
expcnsive, since measurement of water discharge was not
cssential for the intended experiments) due to the vertical
flow conditions existing in the return pipe. The acocuracy
of the orifice plate meter which was installed to measure
discharge could possibly be increased by the insertion of a
second cross-shaped flow straightener upstream of tho meter,
Header tank. Provision should be made for a smooth and
gradual transition from header tank to channel, A considevrnble
length of channel can be wasted due to the turbulcence
generated by a sudden transition and the consequent waves

and surges superimposed upon the flow in the channel,
Measurement of slope., Not only should channel slope be
measured but also, especially in experiments involving tho
estimation of bed shear stress, the water-surfacc slopc,

This would involve the provision of a series of piezometric
tappings or an instrument carriage sliding on rails fixed

above the complete chanrnel length,
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4)

5)

Sediment feed. A number of methods exist for the injection
of sediment into the upstream end of the chamnnel, For the
present investigations a sediment feed device was doveloped
which was capable of feeding S5mm gravel at rates from 30 lb/hr
to more than 700 lb/hr, It operated on a hopper and continuous
moving belt principal, tae feed rate being controlled by an
adjustable gate on the hopper and a continuously variable
V-pulley system.

Measurement of sediment discharge. The installation of n
suitable device for the measuremunt of sediment discharge
involved considerable modification of the original channcl
design, A 4% ft3 capacity watertight contalner was connected
by £lexible tubing to the base of the downstrcam end of the
channel such that t«d load was discharged continuously into
the container, The woight of the container was transferred
through a counter-balanced lever to a water-filled motor
scooter tyre inner tube connected to a vertical open-ended
manometer, The manometer was calibrated to give dircctly

the dry weight of gravel in the container, and by this means

a continuous record of sediment discharge could be obtained.

The weight of dry gravel in the container could be determined

to the nearest § 1b,

For the detection of the sound emitted by intar-particle collirion

of moving sediment a piezoelectric ceramic microphone housed in an »il-
filled stroamlined body suspeanded above the sediment bed was designad
and constructed, After some preliminary experiuents it was concluded
that a thrce-stage transistorised amplifier and emitter-followcx
(voltage gain of 1.21 x 103, 3 dB frequency range of 140-20,000 Hz)

was suificient to obtain a measurable signal. The amplifer output
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was connccted to a bridge rectifier and a smoothing circuit (time
constant 5,63 sec) containing a direct recording ultra-violet
oscillograph,

Some experiments with zero time constant in the output circuit
showed that impulses were receivec by the microphone when suspended
over moving sediment at the rate of about 500 impulses per second.
This suggested an alternative possibility of acoustic measurement of
bed load discharge using an impulse rate meter,

Further experiments with the microphone suspended in the channel
from a rigid angle~-iron frame attached to the ceiling indicated that
any sound detected by the microphona would be due solely to the

movement of sediment particles in the channel,
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Section 7
7. Laboratory Investigation of the Acoustic Detection

of Bed Load Movement



Thz2 principal aim of the laboratory investigations was to
detormine experimentally the relationship between average bed
load discharge and the average signal recorded by the microphone,
It was considered, however, that certain aspects of the acoustic
detection of bed load movement in the laboratory channel should
be investigated before carrying out the main series of experiments.
Section 7,1., therefore, briefly discusses a number of preliminary
experiments concerning the location of the microphone above the
bed, the area of sensitivity of the microphone, the influence of
the channel sides and the frequency spectrum of inter-particle
collison sound emitted by the channel sediment, The main series
of calibration experiments is then described in sention 7.2,, followed
by a theoretical derivation of tho relationship betwoen bed load
discharge and microphone signal in section 7,3, Section 7.4,
includes a discugsion of the experimental and theoretical

relationships, and section 7.5, summarises the conclusions reached

during the laboratory investigations,

7.1, Preliminary Experiments
7.1.1. Loocation of Microphone above the Sediment Bed
The height of the microphone above the sediment bed could he
expected to i iuence the results of the main experiments in two waya:-
1) Location of the microphone close to the sediment bed would
produce an increase in the velocity of flow near the surface
of the bed. The resulting local disturbance of the sediment
regime immediately below the microphone would not be
representative of the general conditions of sediment
transport in the remainder of the channel bhed, Since

the microphone was most sonsitive to inter-particle

colligsion sound emitted by this part of the bed it was



2)

considered necessary to avoid such disturbance of the
flow velocity near the bad, Experiments were carried
out, before the sediment bed was placed in the channel,
with the microphone fixed at various heights above the
motal base of the channel, Flow velocities near the
bed were measured using a miniature velocity probe, the
axis of the propeller of the probe being located at n
height of 0,33 in., above the bed. It was found that
maximum disturbance of the flow veloéity occurred at a
point 3 in, downstream of the hemispherical perspex nosco
of the microphone, Measurements of bed velocity were
made at this point for several water discharges,

Fig, 7.1.a, shows the increase in flow velocity as the
microphone was lowered towards the bed at two water
diacharges, Although turbulent velocity fluctuations
made the dectection of small increases in bottom velocity
difficult it was concluded that, with the microphona
located at least 3 in, from the bed, velocities near the
bed surface would be unaffected.

The height of the microphone above the bed could possibly
affect the magnitude of the signal detected by the
microphone. However, if the moving sediment bod is
agssumed to act as a large source of glosely-spacoed
spherical wavefronts, each produced by an inter-particle
collision, then it can be concluded that the average
distence of the microphone from a wavefront source would
not be changed significantly by a rolatively large change
in the vertical distance of the microphone from the bed,

Alternatively, since the impulse sources rre not only
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closely-spaced but also frequently occurring

(section 6.3.4), the bed could be considered to act

as a source of plane waves such that, with negligible
attenuation by turbulence and viscous damping, the
magnitude of the microphone signal would be independent
of the height of the microphone, A controlled series
of tests to confirm these conclusions, with the
microphone fixed at scveral positions above the moving
bed, could not be carried out, however, since it was
impossible to ensure exact reproduction of inter-~
particle collision sound for each position of the
microphone.

In the light of the above considerations it was decided to
mrintain tho miorophone at a height of 3 in, above the plane
sediment bed throughout +hc main scries of experiments, It was
assumed that small variations in the distance between the microphone
and the bed due to changes in bed configuration would have
negligible effect upon the magnitude of the microphone signal.
7.1.2, Area of Sensitivity of Microphone

The length of channel over which the microphone was able to
detect the sound emitted by inter-particle collision was estimated
by the following approximate, but direct, method, The outlet
weir was raised and the channel filled with water to aubmerge the
microphone. At various distances from the microphone a wooden
rule was drawn lightly but firmly across the width of the channel,
disturbing the bed particles in a manner similar to that in which
they are disturbed when moving as bed load. The resulting traces
produced by the ultra-violet recorder are shown in fig, 7.1.,b. It

was concluded that the microphone was sensitive to the movement of
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gravel at distances of up to 23 to 3 ft, Since the microphone
was located 2 £t, upstream of the end of the sediment bed the
length of chaniael to which the microphone responded was thus
estimated to be approximately 5 ft, The microphone signal was
therefore dependent upon the conditions of sediment movement over
an area of about 7% ft2, inter-particle collisions nearer the
microphone having greater influence on the magnitude of the signal,
7.1.3. Influence of Channel Sides

If the microphone was susponded above an infinitely wide
movement ol gravel it would be most probable, on the basis of the
experiments of section 7.1.2,, that inter-particle collisions at
distances of up to 2% to 3 ft. on each side of the microphone would
be detected, Since the width of the laboratory channel was only
lé ft, conditions of sound propagation within the channel were thusz
different from those over a bed of infinite width, In the
laboratory, impulses generated by inter-particle collision within
the channel probably reach the microphonc both directly and by
reflection from the glass-air interface of the channel sides (due
to the dissimilarity of the characteristic acoustic impedances of
glass and air), Attempts were made to distinguish experimentally
between the direct and reflected impulses, The streamlined
microphone body and the glass channel side were in turn given
sharp taps with a metal rod,. The resulting traces are shown in
fig, 7.1l.c. It was hoped that the second trace would raeveal a
slower decay rate due to the reception by the microphone of
reflected impulses, However, as can be seen from fig, 7.l,c., n
logarithmic plot of the decay parts of both traces revealed no
significant difference in slope, It was thus not possible with

the apparatus available at the time to demonstrate the existence
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of reflection from the channel sides, but it was concluded upon
theoretical considerations that reflection most probably takes place.
It was decided that, instead of lining the glass sides of the channel
with a sound absorbing material, reflection should be allowed to
occur, since the reflected impulsa could be considered to have
originated at a point outside the channel which would have been

an impulse source in an infinite width of movement, That is, by
permitting reflection to take place at the channel sides conditions
remained more like thosc in an infinitely wide channel,

Observation of sediment movement in the channel showed that
sediment particles only rarcly impinged upon the glass sides of the
channecl, Nevertheless, tests were carried out in which several
particles were projected underwatcer directly agaiast the glass side,
but no signal could be obtained on the recorder. It wns considered
unnecessary, therefore, that the sides of the channel near to the
sediment bed should be lined with a sound abgsorbing material such
as rubber, In this way observation of particle movement and bod
configuration was still possible during the main experiments,

7.1.4, Frequency Spectrum

Since the sediment uscd in the laboratory experiments was
essentially single-sized it was considered possible that the sound
emitted by the particles might be characterised by a small range of
frequency. It was decided to set a high discharge of sodiment in
the channel and to investigate the frequency spectrum of the resulting
sound, Using the high and low pass filters (described in
section 6.3.3.) in series it was possible to select frequency
bandwidths with centre frequencies at approximately % octave
int:crvals (ratio at bandwidth to centre frequency, 1:3,25), The

main difficulty in these experiments was the maintenance of a
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sediment discharge which produced a signal sufficiently large and
steady to enable the various bandwidths to be accurately sampled.
Fig, 7.1.d, shows a plot of filtecred signal per Hz bandwidth
ageinst centre frequency. It can be seeon that the frequency
spectrum extends over a wide range, almost the whole audio-frequency
range, and that there is no particular characteristic peak
frequency, It was decided, thercfore, not to filter any selected
rangos of frequency during the main experiments but to sample the
total signal within the frequency cut-off. range of the amplifier

(3dB range, 140 - 20,000 E7),

7.2, Calibration Zxperiments and Analysis
This section describes the main series of calibration experimonts
and the analysis of results, The principal aim of the experiments
was to determine the relationship botween average bed load discharge
and the average signal recorded by the microphone in the laboratory
flume,

7.2.1, Experimcntal Procedure

Tho main laboratory investigations comprised a number of
expevimental runs, each conducted at a constant water discharge;
during each run a continuous record was kept of sediment discharge,
gsediment feed rate and microphone signal,

Throughout the whole series of experiments the channel was sct
at the maximum slope of 1 in 240, Before each run the surfacc of
the sediment bed was mcuided to a parallel slops by a wooden template,
and the microphone fixed at & height of 3 in, above the plane
sediment bed. At the start of cach run a steady water discharge
was set and measured, and approximate depths of flow noted at

upstream and downstream sections of the channel; the height of the
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outlet weir was then adjusted until the bed-surface and water-
surface profiles were approximately parallel,

The establishment of equilibrium water-sediment conditions was
not required for the experiments, Reading of the manometer of thae
sediment weighing device and recording of the microphone signal
were therefore commenced simultaneously within several minutes of
the setting of a steady water discharge.

The sediment discharge weighing manometer was read at intervals
of one minute to the nearest 1/16 in,, i,e, to thc ncarest % 1lb of
dry gravel in the container. This enabled the average bed load
dischargae over a two minute period to be plotted against time during
the experimental run. An example of the continuous record kept in
this way is shown in fig, 7.2.a,

Examin~tion of the continuous plot of sediment discharge witi
time during the experiment indicated the rate at which sediment
should be injected Into the upstream end of the channel to maintain
s constant volume of sediment in the channel bed, The sediment feed
device was then set and adjusted to the appropriate feed rate, as
shown in fig. 7.2.a.

The paper speed on the ultra-violet recorder was set at the
slowest spzed of approximately 0,15 in/sec and the timing device
adjusted to mark the paper at intervals of 10 sec, An example of
-he type of trace recorded during a run is shown in fig. 7.2.b,

At the end of each ruvn the average microphone signal during intervala
of one minute, calculated by averaging the instantaneous signal
magnitudes at 6 socond intervals, was plotted against time for
comparison with the sediment discharge during the run (£fig.7.2.a.)

Water temperature in the sump tank was measured at the start and

finish of each run, and was generally found to risc about 1°C during
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a run, Over the whole series of experiments water temperature
remained in tho range 16.0—19.500.

Each experimental run was continued until the coxtainer of thn
sediment weighing device was filled; the total time required for a
sirgle run varied from 40 minutcs to 4 hours depending upon the
average sediment discharge. A total of 24 runs was conducted
covering the full range of sediment discharges possible in the
laborstory ciannel,

7.2.2. Time Lag between Microphone and Weighing Devica

Since the microphone was located a distance 2 ft upstream of
the end of the sediment bed it was evident that a certain time lag
in the recording of sediment discharge should exist between the
microphone and the sediment weighing device, In order to ccmpare,
or develop a relationship between tha average microphone signal and the
the average bed load discharge over a short period of time it was
thercfore necessary to determine the magnitude of this time lag,

The magnitude of the lag would be expected to be some function
of the average bed load discharge. Hence, 1f a curve of sediment
discharge against time lag could be established it would be possible
to obtaln the correct average microphone signal corresponding to an
average bed load discharge by lagging the microphone record by the
appropriate time interval. Consideration of fig, 7.2.a., which
shows the variation with time of microphone signal and bed load
discharge during run 19, suggested a possible means of obtaining the
required relationship. It can be seen that bcth the microphone
signal and the bed load discharge exhibit a cyclic pattern of
variation, with the peaks and troughs of the latter lagging behind
the former, (Similar unexplained periodic fluctuations of sediment
discharge in laboratory channels were noted by Einstein (JOHNSON, 1938)
and RATHBUN and GUY (1967)).
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If QB(i) is the average bed load discharge in the ith minute
and Ms(i—l) is the average microphone signal in the (i~1)th minute,
where 1 minutes is the lag of the weighing device behind the
microphone, then it is possible to calculate a cross-correlation,
or product moment correlation coefficient for a lag of 1 min, r(l),
defined as the ratio of the covariance of QB(i) and Ma(i—l) to the
geometric mean of their variances.,

Putting:-
QB(i) = X
and Ms(i—l) =y

then the cross-correlation coefficient can be calculated from:-

(Zx Zy)

o xy -
n

r{l) =

’:,:xz _(=n? [zyz _Cy
n n
where L signifies summation over a selected range of i, and n is
the number of one minute intervals in that range. (Since the
cross~correlation coefficient 1s in fact identical to the correlation
coefficient between two variables this technique implies a linear
relationship between microphone signal and bed load discharge over
the range of variation of each within their cyclic fluctuations),

In run 19 (fig. 7.2.a,), for example, a range of 100 min,
comprising three complete cycles, from i = 21 to 1 = 120 was selectad.
The velue of r(l) was calculated for 1 min increments of 1 from O
to 12 min and plotted against 1 as shown in fig. 7.2.c. From this
graph a maximum cross-correlation coefficient was taken to ocour at

a lag time of 6 min, corresponding to an average bed load discharge,

QB, of 1,45 1b/min, during the selected time range.
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The analysis was repeated using five other experimental runs,

covering a range of average bed load discharge, and the resulting
curves of r(l) against 1 plotted in fig. 7.2.c. At the higher
sediment discharges smaller timas ranges had to be selected with
less evident cyclic patterns; maximum cross-correlation coefficients
were thus found to be somewhat lower, The time lags corresponding
to the six maximum cross-correlation coefficients of fig, 7.2.c. were
plotted against the appropriate average bed load discharge as shown
in fig, 7.2.d.

In an attempt to confirm the results of the above technicque an
approximate theoretical relationship between the time lag and
average bed load discharge was derivoed as follows,

The time lag, 1 min, was ascumed to be made up of the time
taken for a sediment particle to move from the microphone section
to the end of the sediment bed, t min, plus the time taken for the
particle to fall over the edge, down the slope into the container of
the weighing device,and on to the sediment already in che container.
This was estimated to be about 0.2 min 1i.,e.

1 t + 0.2

l1-0.2

o
]

The distance of the microphone section from the end of the
sediment bed was 2 ft, Hence the mean particle velocity,
U_=2/(1 - 0,2) £t/min

G
The bed load discharge in dry weight per unit time (1lb/min)

was glven by:-

Q=Y. C - A )wz Ug

where Ys is the specific weight of the sediment particles

Ais the porosity of the sediment bed, i.e. the fraction of the

volume not occupied by particles.
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Ys(l ~ A ) is therefore the bulk density which was found to
be 92.5 1b/ft> (section 6.2.4.)

w 1s the width of the channel (1,5 £t)

z 1s the average depth of particle movement, At low dischargea
z may only be 2 or 3 grain dismeters (} -~ § in,); at high
discharges when a noticeable dune bed configuration was
obgserved to occur z could be as high as 3 in,

Assuming an average value of z of 0.15 £t (nearly 14 in,) then:-

4,15
%= =02

which has been plotted in fig. 7.2.d.

After consideration of both the theoretical curve and tho peoints
obtained using the cross-correlation tochnique a curve giving the
estimated relationship between average sediment discharge and the
time leg was assumed, enabling the following table to be drawn up:-

Teble 7.,2.a, Time lag corresponding to an average bad load discharge

Range of baed
lo.d discharge
(1b/min) (mirn)

$ 0

Time lag

2,5 - 3.0
2,0 - 2,5
1.5 - 2.0
1,25 - 1,50
1,00 - 1,25
0.75 - 1,00
0.50 - 0,75
0.25 - 0,50

© @ N O OB W N

[
(o]

(@)
I
O

L ]

N
9]
[
[
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7.2.3, Abstraction of Data from Experimental Results

Having established the time lag between the weighing device
and the microphone for any given range of sediment discharge it was
then possible to abstract from the continuous records obtained
during the experimental runs the average bed load discharge over any
selected length of time together with the corresponding average
microphone signal over the same length of time lagged by the
appropriate amount. At high sediment discharges the sediment
weighing device could be filled in less than 40 minutes so that
averages over periods of time greater than this could not be
obtained. It was decided therefore to take average values of
bed load discharge and microphone signal over lengths of time of
10, 20, 30 and 40 minutes,

The duta obtained in this manner are plottod in figs, 7.2.¢.,

7.2.f,, 7.2.g. and 7.2,h,

7.3, Theoretical Reletionship beiween Microphone Signal

and 3ed Load Discharge

In oxder to fit a curve to the experimental data plotted in

fige. 7.52.e, to 7.2,h, a terntative theoretical relationchip was
derived betwecn the microphone output signal, Ms’ and the bed load
dischargse in dry weight per unit time per unit width, qB, of a
sediment of single size, d, on a plane boed of infiniic width,

Two bagic assumptions concerning the mode of moveuoent of th»

sadiment particies as bed load were mades-

1) =&Bach particle moves in a series of jumps or stepa, the
probability of its being moved from the bed being
dependent upon the shape, size and weight of the particle
and upon the flow conditions near the bed. The average

distance travelled by the particle is a constant for any
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particle and is independent of the flow conditions, the
rate of transport and the bed composition, i.e. the

average length ofa particle step is equal to k.d, where

1

kl is a dimensionless constant,
2) The average velocity of a particle during a step, ﬁs’ is
equal to the mean flow velocity near the bed, U,
After observation of the movement of sediment particles in a
numbgr of leboratory flumes EINSTEIN (1950) used both the above
assumptions in the development of his bed load theory (scection 4,1.9,).

At any particular cross-section, of unit width, in a bed load

all particles are porforming a step length of k_d

dischargoe of ¢ L

B
and will therefore be deposited at some distance from zero to kld

downstream of the section, The area of depositinn is thus equal
to kld. The volume of each particle is T d3/6 and 1ts specific
weight is Ys. The number of particles deposited in unit area
per unit time is therefore given by:-

9 _ Sa4

3
T L
- d Yskld kl ysd

4

According to the Hertz law of impact (GOLDSMITH, 1960), which
is applicable to elastic bodies moving at low velocities, the ratio
of the vibrational energy emitted by the collision of a moving sphere,
velocity ﬁs’ witha statiaary sphere to the initial kinstic energy
of the moving sphere 1s equal to Eé/socs, where c_ 18 the velocity
of sound in the sphere, Assuming that this law can be applied to
the impact, or deposition, of a particle on the bed, the vibrational
energy emitted by a single deposition is given by:-

ro_ o 3" 3

{
— | Ty g4
Uy 1|3 Y d R
50c_ 2 g [ OOg g
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The average vibrational energy eumitted per unit time per unit
arca by inter-particle collision of the bed particles is given by:-

nuuber of impacts per unit area per unit time
x vibrational energy emitted by a single impact
3
T
6a, ] { Y d - 3]

Tk Y d4 .600g c 8 !

1 s | L 8 |
B 5°

100k1g csd s

E

It has been assumed that the average velocity of a particle
during a step, ﬁs, is equal to the mean velocity of flow near tho
bed, ﬁ. Boundary layer'theory indicates the U is proportional
to the shear velocity, W (c.g. the Prandtl-von Karman velocity
distribution equation given in section 3.4.5.) an assumption made

by KALINSKE (1947) in the development of his bed load theory

(section 4,1.8,), Hence:-~

g - o —— -
Us = U = xz xﬁro/p £

where 1-0 is the fluid shear stress on the bed particles
o} ? is the mass density of the transporting fluid
kz is a dimensionless constant

The vibrational energy emitted by the bed particles per unit

arca per unit time can then be expressed as:-

K 3
2 9B 3/2
E = 3/2 T ° Py . . . . . . .
100k1g o} ? csd

. 71.3.1,

MEYZR~PETER and MULLER (1948) produced a bed load formula,
borne out by experiment to be applicable principally to coarse
material (section 4.1.7.), i.e. to sediment sizes which emit
substantial inter-particle collision sound, For a plane bed of

infinite width the formula can be written:-
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1/3 P \2/3
\ Y Y 4

y
T, = 0.087(Y - Y,)d + 0,25 f} . qB2/3
o ,YI

where N’ is the specific weight of the transporting f1luid,
Substituting for 7 o in equation 7,3.,a,:-

1 3/2
K, -!q ;- M N2y, -YI\2/3

E = 2 L047(Y _~ Y,)d+0,25 £ - q 2/3
{ 100k, g P 3/2, I3 Yy B
18 e %5 L . /

L
. . . . . e Te3.b, e

Since the nﬁmber and rato of impacts on unit area of the bed
is high the moving sediment particles can be assumed to approximate
to a gsourca of continuous, plane, sound waves with an energy flux
given by the above equation 7,3.D,

Before reaching the piezoelectric crystal the enorgy of these
gound waves must be transmitted from the sediment particles to the
fluid and then through the fluid, a thin brgss partition and the oil-
filled microphone cavity. It can be shown (STEPEENS and BATE, 1950)
that the ratio of transmitted acoustic¢ energy to incident encrgy at
the junction of two materials is 42132/(21 + Z2)2, where Z1 and Z2
arc the characteristic acoustic impedances of the ma%srials,

i,e. the product of density and velocity of sound in each material,
The onergy flux of the sound pressure waves received by the
piczoelectric crystal is therefore equal to k3E where the
dimensionless constant k3 is a function of the characteristioc
acoustic impedances of the sediment particles, fluid and matorials
of the microphone housing,.

The energy flux of the sound pressure waves can be shown to bo
proportional to the square of the amplitude of the pressure
fluctuations (RICHARDSON, 1953a). In the piezoelectric crystal
the amplitude of the induced electrical potential difference 1is

proportional to this pressure amplitude, The induced voltage or
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current is amplified linearly (fig. 6.3.f.) and the output
measured as a current, Ms’ by a continuous recorder, The
acoustic energy flux received by the piezoelectric crystal is
therefore proportional to the square of the amplified recorder

output, 1i,e,

u2=kkE
8

where the constant k4 is a function of the mechano-electrical

characteristics of the piezoelectric crystal, amplifier and
recorder output circuit

Substituting for E from equation 7,3,b., gives:~

. 3/2
v 2 kyk3Hy Y Y Ve o 23
8 3/2 Y B
100k1gp£ c g / k\ )

a |

’0.047( Y8~ Yf)d+0.25(

8
ot -

For a given microphonec suspended over a bed of most natural

'

sediment particles the above equation can be reduced to:-

2

9 [ _'3/
2 2/3
MS = kSTd-L ked + qB / N

Expressing qB explicitly a3 a function of Ms and d:-

f-/ K 2 2/3 S 2

! 6 2 d 4/;) 6

q = — d o+ —_— N - '_'d O . . . . '] . 7030co
B \ 4 L /38 2

5

For a given sediment size the relationship between qB and MS

can be written:-~-
3/2

«

%
g = Gz{_sz‘z/s/ "aJ e e e e e e e e e .T.3.d.

in which the constants a and b sre functions of:-

1., The ratio of average particle step length to particle

diameter

2, The ratio of mean flow velocity near the bed to shear

velocity
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3. The velocity of sound in, and the size and specific
weight of, the sediment particles
4, The velocity of sound in, and the specific weight of,
the transporting fluid
5, The characteristic acoustic impedances of the materials
of the microphone housing
6. The mechano-electrical characteristics of the piezoelectric

crystal, amplifier and recorder output circuit,

7.4, Discuasion of Observed and Theoretical Relationships

Deternination of the theorectical values of the constants a and b
in the microphone equation 7.,3.d, would have required a number of
hydraulic and acoustic experiments for which neithor suitable
apparatus nor time was available, It was possible, however, to
calculate the best values of a and b in the equation such that
curves could be drawn through the points plotted in figs, 7.2.e,
to 7.2.,h, for the prediction of avorage bed load discharge, qB,
from a knowledge of thoe averagce microphone signal, Ms.

Evaluation of the constants a and b was effeccted by a least
squares curvilinear regression of qB, the dopendent variable, on
Ms’ the indepoendent variable, Partial differentiation with respect
to a and b of the weighted residuals given by equation 7.3.d,
yielded simultaneous normal equations which were not directly soluble
for a and b. The regression had to be carried out by iterative
procedure for which a computer programme was developed for use on
the KDF 9 computer of the University of Newcastle upon Tyna. A
description of the method of regression analysis, a copy of the

computer programme and samples of the input and output data are

given in the Appendix. The analysis was carried out on the data

from each of the graphs of the 10, 20, 30 and 40 minute averages,
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From the computer output data it was possible to obtain the values
of a and b giving the least sum of squares of percentage residuals
and the value of the standard deviation of the percentage residuals,

These ara given in table 7.4.2,

Table 7.4.2. Results of curvilinear regression analysis

} Period Number 8,.d
of of a b of
averages points percentage
.(min) ' residuals
10 141 3.42 0.173 36.6 %
20 63 3.24 0.165 34.1 %
30 42 3.47 0,173 32,2 %
40 | 29 3.09 0.156 33.2 %
1

The curves obtained using the regressed values of a and b in
equation 7.3.d, are given in the appropriate graphs of figs. 7.2,e,
to 7.2.hs A mcasure of the accuracy of the prediction of bed
load discharge from the microphone signal using theso curves can be
given by the 65% confidence lines, approximately equal to + 1 8.,
of the porcentage residuals,

It can be seen that the regression ourves, while giving the
least sum of squares of percentage residuals (and hence the lénst
s.d, of the percentage errors of prediction) do not appear to be a
good fit of the plotted points, consistently overestimating bed
load discharge in one part of the graph and underestimating in the
other, It was possible to select valuea of a and b in equation
7.3.d. giving curves which appeared to fit the data better. For
example, with the 30 minute averages of fig. 7.2.g. putting a = 30
and b = 1.85 yielded curve 2, which gives a s.d. of percentag:
residuals of 33,7%, slightly greater than that of the regression

curve, Curve 3 of fig., 7.2.g., was drawn through the plotted points
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by eye to no particular mathematical function and, although
secaing to be an even better fit than curves 1 and 2, gives a
greater s.,d. of parccntage residuals of 35.4%.

Attempts wore made to deteruine whether the plotted data
fitted more closely to a power rclationship of the type:-

qB =8 Msb
or a polynomial such as:-

qB = a ME + b M32
Both regressions were carried out using a modification of the
iterativo regression programme (see Appendix) and produced curves
similar to the regressed theoretical equation, but with larger s.ds
of the perceantage residuals, The value of the exponent b in the
power rclationship was calculated to be 1,72; a plot of qB againast
Ms on logavlthmically scaled graph paper appeared to fit well to a
straight line with a slope of 2, This would seem to suggest that
the bed load discharge might be correlated well with the square of
the microphone output signal, i,e, with power output of the amplifier,
Suci a technique, involving continuous recording of the ampilfied
a,c., output on a milliwatt-meter, would dispense with the need for
a rectifior and arbitrarily seclected time constant in the output
smoothing circuit, It might also result in an increase in the
possible accuracy of prediction,

Consideration of the curves of fig, 7.2.g. indicated tuat the
actual rclationship between bed load discharge and microphone
signal appeared to deviate from the theoretical relationship darived
in section 7.3. This could be due to the neglect in the theory of
certain physical conditions in the laboratory channel and also the

assumption of some 'constants" which in reality vary with bed load

discherge, Tha major difference batween the conditions of the
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theory and those in the laboratory is the constricted width of tho
channel bed, In the discussion on the influence of the channel
sides in section 7,1.3., however, it was concluded that, due to
raflection from the sides, the channel might still approximate to
an infinitely wide bed. Nevertheless, this mide effect and
reflection from the water surface must be expected to causc aome
discrepancy, The ratio of particle step length to particle
diamater, kl’ was assumed in the derivation of the theory not to
vary with bed load discharge. In fact, it is possible that at
higher gediment discharges the average particle step length
becomaes 3omewhat greater; since the microphone signal, i,e, inter-
particle collision sound, depends upon the actual deposition or
impact of particles on the bed then an increase in bed load discharge
would resui* in a proportionntely smaller increase in microphone
signal, A further result of high sediment discharges was observed
to be the formation of a noticeable bed configuration, consisting of
intermittently appearing dunes of approximate wavelength 4 £t and
crest to trough amplitude of up to nearly 5 in, The destruction
of the plane bad (together with the existence of sido friction)
would require the inclusion on the left hand side of the Meyer~
Peter and Mliller formula of a factor of less than unity. giving in
equation 7.3.b. a smaller energy output from the bed, i.e, a smaller
microphone signal for a given bed load discharge, The probable
increasc in k1 and the production of a bed configuration both
provide possible explanation for the lower microphonec signals
observed at high level bed load discharges.

Due to the above effects at high sediment dischargas the
microphone signal becomes relatively insensitive to large increasas

in bed load discharge above approximately 3 lb/min.ft,width, This
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demonsirates one of the major disadvantages of the present
acoustic technique since it then becomes difficult to make
accurate predictions of bed load discharge from a knowledge
of the microphone signal,

Some of the scatter evident in the experimental observations
plotted in figs, 7.2.e. to 7,2.,h, can probably be attributed to the
fact that the two methods of measurement, the microphone and the
weighing device, did not refer to identical physical phenomena,
While the microphone signal was dependent upon the general conditions
of movement, or, more precisely, deposition within a length of
channel of about 5 ft (section 7,1.2,), the weighing device recorded
the variation with time of the bed load discharge at one particular
cross~section in that length, The mode of movement of the bed
particles within that length was by no means uniform, At low flows,
areas of the bed surface wcre observed to move in 'gusts'" in a
rondom manner; at high flows a distinct intermittent dune movement
of the bed became evident, Since such spatial distr.bution of
movement occurs within a length of channel then it wovld be possible
that a bed load discharge at one particular crosg-saction could be
agsociated with different microphone signals from that length,
However, since the passage of a dune past a cross-section was
rarely observed to take more than 4 to 5 minutes, scatter due to
ihis effect should be minimised by taking average values ovar
longer »2riods,

Scatter can also be attributed to the fact that the plotted
points are the averages of instantaneous values which have varied
over a considerably wide range, This refers not to the long term
periodic fluctuations obtained in some experimentnl runs e,g. run 19,

fig., 7.2.a (table 7.4.a. shows that an increase in the time over
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which tae averages are taken does not reduce scatter to a
significant extent), but to the irregular variations superimposed
upon these fluctuations, The average microphone signal and the
average bed load discharge over a period of time can therefore
lie within a relatively wide range of each variable, resulting

in a statistical scatter of the observations, especially in the
less sensitive range of the curve,

Since the microphoné signal 18 dependent upon the rate of
deposition of particles on the bed it waa considered possible that
accretion, essentially a process of particle deposition, might
produce a greater microphone signal than scour, a process of
entrainment, for the same instantaneous bed load discharge. That
is, less gound would be emitted during a rising (or scouring) bed
load discharge than during a falling (accreting) discharge.
Possibly also, experimental points lying above the mean curve
might represent predominantly accreting periods of time (a greater
Ms for a given qB) and similarly those below might represent
predominantly scouring periods, An attempt was made to confirm
this hypothesis by describing each point as scour or accroetion
depending upon whether, for more than half the time, the
instantaneous bed load discharge was greater or less, respectively,
than the average bed load discharge over that period. No
coaclusive evidence, however, could be found in the distribucion
of the scour and accretion points, On a2 smaller time scale
attenpts were made to determine whether, during the movement of
well-formed dunes past the microphone, the occurrence of daposition
on the downstream face of a dune immediately below the microphona
resulted in an increase in the recorded signal, No evidence of

this effect was observed cither, probably because the signal was
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influenced to a large extent by particle movement in other parts
of the channel,

It is 8till possible, however, thot while some nf the scatter
of the experimental observations may be statistical in nature a
further parameter, perhaps involving scour or accretion, may be

required to completely describe each observation,

7.5. Couclusions

Consideration of the results of the preliminary laboratory

experiments enabled the following conclusions to be drawn:-

1, To avoid disturbance of the velocity of flow near the
bed the microphone should be fixed at a height of 3 in,
above the plane sediment bed,

2. Since the moving bed particles approximated closely to
a souxrce of plane sound prassure waves small variations
in the height of the microphone above the bed have little
effect on the strength of the microphone signal,

3. The microphone was able to detect inter-particle collisiun
at distances of up to 24 to 3 feet; it was therefore
sensitive to the general conditions of scdiment movement
in a length of channel of about 5 ft. Since the width
of the scdiment channel was only 14 £t the microgphone
signal would most likely be influenced by the existence
of the channel sides, However, by permitting ruflection
of sound from the glass sildes, the conditions wsre
probably maintained more like those in an infinitely
wide channel,

5. Tha sound emitted by the inter-particle collision of the
waiform-sized sediment extended over most of the audio-

frequency range, with no characteristic poak frequency,
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It was decided to sample all frequencies within the
amplifier cut-off range (140-20, 000 Hz) throughout the
remainder of the experiments,

A total of 24 experimental runs were conducted with a
constant water discharge and continuous recording of bed load
discharge and microphone signal, From the results of these
experiments it was possible to obtain graphs of average bed load
discharge, qB, against average microphone signal, Mg, over periods
of 10, 20, 30 and 40 minutes,

An approximate theoretical derivation indicated that the
form of the relationship between qB and Ms should be:-

{/’z VAL 1%
qB = ‘\a + sz ) -a

L.
where a and b are undetermined constants depending upon the

physical, acoustic and hydraulic properties of the sedimant,
water and microphone, Curvilinear regression ananlysis produced
curves of the theoretical function giving the least scuares
residuals (for the 30 min, period, 65% confidence limits of + 32.2%),
but not appcaring to be a good fit to the plotted data. An
apparently closer fit was obtailned by selecting different valuas
of a and b in the theoretical equation, but resulted in 65%
confidence limits of +35.4%. No improvement in curve-fitcing
wus obtained by regression analysis according to power or
polynomial relationships,

Deviation of the observed relationship from the theory was
probably due to:-

1, The influence of the restricted channel width,

2. An increase in particle step length with increasing bed

load discharge.,
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3. The formation of a distinct bed configuration at high
bad load discharges,

Tho lattoer two effects cause a raelatively small increase in

microphona signal for a large increase in bed load discharge.
The major disadvantage of the prosent technique is the resulting
difficulty in making accurate predictions of bed load discharge
from a knowledge of the microphone signal,

Scatter of the observed data was probably dus to the following:-

1, The two measurements did not refer to identical physical
phonomenon, The microphone rosponded to the general
conditions of movement within a length of channel, while
the sediment weighing devico recorded the bed load discharge
at one particular cross-section in that length,

2. BEech point was the average of a number of instantaneous
vaiues which varied over & wide range. Over n period
of time the average microphone signal and avercge bed
load dischargz could therefore lic within a relatively
wide range of each variable, resulting in a statistical
scatter of the observations, especially in the less
sensitive range of the curve,

3. The microphone signal was dopondent upon the rate of
deposition, not entrainmont, of particles on the bad of
the chennel, It is poasible that a furthcr paramater,
probably involving accretion (deposition) or scour
(entrainment) 18 necessary to nccouat for the observed
scatter,

The results of these laboratory studies of the acoustic

detection of bed load movement indicate that with the present
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technique measurement of bed load discharge in laboratory channels
can be made with 65% confidence limits of about +35%. Possible
improvement in the accuracy could bc obtained by either recording
the rate of occurrence of intcr-particle collisions on on impulse
rate meter or by continuously rccording the a,c., power output of
the microphone amplifier. Any further laboratory studies should
be carried out in a wide channel to eliminate the influence of the
channel sides, or the microphone should be made directional,
thereby restricting the area of bed to which it 1is scngitive,

For use with different sediments the microphone would havo to
be calibrated for the particle size of each sediment, It is
poasible that the theoretical equation 7.3.c¢,, which includes

particla size in the empirical constants, could bc used to

extrapolate to slightly different sizes.
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Section 8

8. Acoustic Detection of Bed Load Movemen: in Rivers



Sections 6 and 7 have described the experiments carried out on
the acoustic detection of bed load movement in the controlled
conditions of the laboratory sediment channel. Contemporaneous
with these investigations an instrument was being designed for the
detection of inter-particle collision sound when suspended above the
bed of the River Tyne from the Bywell cableway, wWith this
instrument it was intended to investigate the temporal and spatial
distributions of sediment noise at the cableway section and to
compare relative noise intensities at various river stages with
the estimates of bed load discharge computed in section 4, A
review of the available information on previous work in this field
of bed load discharge measurement is first given, followed by a
description of the design and testing of the microphone used on
the River Tyne, Opportunities for testing preliminary designs of
the instrument were, however relatively few and little progress
could be made in extending the acoustic technique from the

laboratory to the river,

8.1. Previous Investigations

Microphones for the detection of underwater sounds have been
used for many years for a variety of purposes; detailed designs
of several hydrophones, as they are called, can be found in standard
text books on sound (RICHARDSON, 1953). Their principal
applications are usually to be found in marine and coastal
investigations, General studies of ambient noise propagated
through the oceans and seas have been carried out by many countries
throughout the world (WENZ, 1962), while more specific
applications are common in the fields of oceanography, geophysics,
navigation (STEPHENS and BATE, 1950), zoology (the Department of
Zoology of the University of Newcastle upon Tyne utilised a
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specially constructed hydrophone during a study of the behaviour
patterns of lobsters off the North-east coast of England),
ultrasonics (RICHARDSON, 1957) and, recently, fisheries

(TUCKER, 1967).

The detection of sediment movement in rivers by acoustic
methods is not a recent development. According to LABAYE (1948)
Muhlhofer, as early as 1931, was able to listen to the sound of
gravel movement in the River Inn in Austria by placing a box
containing a microphone on the bed, Soon after, in 1936, Reitz
used some kind of microphone placed just below the water surface
to record the sound of sediment disturbed by the formation and
passage of large-—scale boils (HUBBELL, 1964), In 1942 8
hydrophonic detector was constructed at Grenoble, France and later
modified by BRADEAU (1951) at the Service des Etudes et Recherches
Hydrauliques, d'Electricitie de France, The instrument consisted
of a flat plate installed on the stream bed and provided with a
microphone to pick up the sound of gravel and coarse sand sliding
over, or colliding with, the plate. HUBBELL (1964) described an
instrument developed by Juniet in 1952 called 1'Arenaphone, which
consisted of a fork-shaped rod attached to a transducer, The
assembly was supported on a tripod such that the rod was inserted
a short distance into the river bed, vibrations caused by
sediment particles impinging upon the forked rod were amplified
and transmitted to headphones or tape recorder,

CARLSON and MILLER (1956), and KAROLYI (1957), have stressed
the need for a continuous method of recording bed load discharge,
such as the acoustic technique, which could be used to determine
the commencement and cessation of sediment movement, the effective

width of movement, and the temporal and spatial distribution of
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movement. Such an instrument could also be used to determine thé
number and location of sampling verticals to be used with trap-type
bed load samples.- More recently, BEDEUS and IVICSICS (1963) in
Hungary made further progress with the acoustic technique by
developing a microphone which could be suspended at some height
over the river bed, By virtue of its position the instrument did
not, therefore, influence the bed load movement and recorded only the
sound emittad by inter-particle collision, This sound was carried
from the large crystal microphone, housed in a weighted, stream-
l1ined body, through the suspension cable to a small boat where it
was amplified and its intensity registered on an ammeter.

It was learned (by personal communication) that some ressarch
was carried out on this topic by TUrk at the Techniuche Hochschule,
Karlsruhe, Germany, but no published information is available,

The author has also learned recently (December, 1967) that Plessey
Electronics Ltd., Marine Systems Division, are conducting
investigations into the acoustic detection of underwater sediment,
However, their work is at present concerned solely with tha
detection of fine particles in suspension.

Although it 18 not directly associated with the present
research, it is interesting, perhaps, to note the phenomenon of
"singing" observed to occur with certain natural seashore sands.
Experiments have been carried out in the University of Newcastlo
upon Tyne by BROWN, CAMPBELL, ROBSON and THOMAS (1963) on the high
frequency sounds emitted by these sands when subjected to the sudden
impact of a large weight, e.g. the impact of the human foot when
walking, A similar phenomenon, known as ''the booming sands of the

Kalahari", was also studied by BAGNOLD (1966).
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8.2, Development of an Acoustic Bed Lced Detector for

use at Bywell Cableway Gauging Station

As mentioned earlier,'opportunities for testing préliminary
designs of a bed load detector under conditions of sediment
movement at the Bywell cableway gauging station occurred relativaly
infrequently. It can be seen from calculations made in section 4
of this thesis (e.g. fig. 4.1.m) that bed load movement 1is unlikely
to occur at river stages below 54 £t, A,0,D, (7.75 ft, above
staff gauge zero) i,e. at discharges below about 12,000 cusec,
According to the flood frequency curve given by HALL (1964) this
flow is exceeded on average only six times per year, Further
examination of discharge records over the ten year period 1956/66
shows that almost three-quarters of the flood discharges greater
than 12,000 cusec occcurrcd during the hours of darkness. For
practical reasons, and in the interest of the safety of both
equipment and personnel, work at Bywell had to be restricted to
daylight hours,

Thus, in the time available for this research, only limited
field experience with the acoustic detector could be gained, and it
proved impossible to establish a final, tested design. An account
of the various stages of development of a suitable instrument is
given first, followed by a description of tho latest design of thc
microphone and associated electrical recording equipment,

8.2.1, Design and Development of the Bed Load Detector

Ideally, the application of the latoratory acoustic technique
to the river should involve a minimum of change in the oconditions of
operation of the instrument. It would seem, thercfore, that the
microphone should be located at a fixed height ahove the sediment

bed at some point in the cakleway cross-section, The installation
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and maintenance of the microphone, with some form of support frame,
in the river bed would have required personnel skilled in under-
water operations; such help was not at the time available,
Moreover, it was intended to investigate not omnly temporal, bhut
spatial, variations of bed load movement in the cross-section,

Basically, therefore, the acoustic detector was to consist of
a microphone which would be suspended above the river bed at any
point in the crogs-section and which would transmit the sound
emitted by inter-particle collision through the suspension cable
to a recorder on the bank, The arrangement was similar to that
in the laboratory, but with several unavoidable differonces, The
absonce of a rigid suspension of the detector introduced problems
of stability, especially in the considerably greanter flow
velocities occurring in the river (velocities of up to 13 ft/scc
have been racorded at Bywell), The existence of a long length of
coaxial suspension cable, the electrical resistance of which varioed
with the distance of the detector across the section, nocessitated
that the amplifier be located close to the microphone; 1in this way
it was posgsible to minimise loss of gignal and acquisition of
extraneous noise during the transmission of the sound to the
recorder, Since mains supply of slectricity was not avallable
at the cableway the microphone amplifier had to be battery-powercd;
similarly the recording instrument had to be either mechanically
or battery-operated,

It was decided to house a small crystal micreopbonc in an
oil-filled cavity in the undersids of a streamlined metal body;
the 60 1lb weight used by HALL (1964) to stabilice a suspended
sediment sampler in high flows was considered suitable, A throee-

stage, trancistorised, battery-powered amplifier was contained
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inside a wetertight brass cylinder attached to a vertical hanger
bar above the streamlined body, The cylinder was enclosed by a
sheet brass faring ro reduce resistanca to flow. To minimise
excessive drainange of the batterles a mercury switch was installed
in the cylinder such that the amplifer was powered only when the
instrument wag in an upright position, The amplified signal was
transmitted through the coaxial suspension cable either to hoad-
phones or to a portable Everctt Edgcumbe moving-coil recorder, with
mechanically operated chart drive (full scale deflection 1mA,
paper speed 1 in/min). The instrument at this early design stage
is shown in fig, 8.2.a.

The instrument was tested in moderately high flows at the
cableway section and several improvements made to the streamlining
of the instrument. As the results of laboratory investigations
became available further modifications were also carried out on
the electrical equipment. Later, a battery-powered, portable,
potentiometric voltmeter, an improvement orn the old moving-coil
rocorder, became available, and provision was also made for
inclusion of a frequency filtar, if required.

No suitably large flows for testing the instrument occurred
at Bywcll for a period of over ten months, until continuous, hgavy
rainfall on both the North Tyne and South Tyne catchments produced
the highest flood in the lower reaches of the River Tyne since 194,
Peak stage at Bywell reached just over 18 ft above staff gauge zoro
(64.25 £t A,0,D,), corresponding to an estimated peak discharge of
about 68,000 cusec, Attempts to immerse the bed load detector
rt this discharge resulted in the instrument being thrown completely

clear of the water; the stability problem had obviously been

greatly undcrestimated. Even at a stage of 14.5 ft (44,000 cuscc),
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when it bhecame possible to maintain the instrument beclow the water-
surface, the mercury switch was observed to open end close rapidly,
indicating that correct location and orientation of the detector
could gtill not be ensured.

In the light of this experience the instrument was modified
considerably and several further improvements made. Unfortunately,
no more suitably high flows have occurred since the latest design,
shown in fig. 8.2.b., was completed and further testing of the
detector has not been possible, A complete description of the

microphone and recording equipment at the present stage of development

is given below,
8.2,2, Bed Load Detector

A dingram of the latest design of the acoustic bod load dotaector
is given in fig, 8.2.c. The detecting element is identical to that
used in the laboratory microphone, i.e, a modified lead zirconato
titanate polycrystalline ceramic tube (PZT 4, plated and polarised),
manufactured by Brush Clevite Ltd,, Hythe, Southampton. It is made
up as shown in fig, 6.3.2, and housed in a 2% in, diumcter cavity
in the underside of a streamlined mild steel weight, The cavity is
filled with castor oil (of characteristic acoustic impedance similar
to that of water, thercby minimising sound energy transmission Jnsées)
and scaled with a sheoet of 1/18 in thick polythene secured in position
by a thin brass ring scroﬁed into the metal weight, The und=arside
of the strzamlined body is built up with araldivc to eliminate noise
generated by the flow of water past protuberances near the
microphone cavity,

The signal from the microphone is carried by a twin-core coaxinl
cable to the amplifier which is housed in a 10 in, long, 2 in, internal

diameter, length of pipe welded to the rear of the streamlincd body.
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A watertight screw-on lid on the end of the pipe enables a switch
connecting the batteries with the amplifer to be operated when
required The amplified signal is then carried to the suspension
cable by a length of twin-gore coaxial cable fitted with a standard
Hilger and Yatts current meter two-pin socket end-connection,

The 1% in x } in flat steel hanger bar is provided with a
rubber~lined seat and bolt-hole enabling a 100 1b current meter
bomb to be rigidly fixed to the bar, The total weight of the bed
load detector is thus approximately 160 1b, A ring is attached
to the upper end of the hanger bar by a rubber-lined bolt
connection so that the instrument can be suspended from a standard
Hilger and Watts current metexr hook end-connection,

8.2.3. Aamplifier

The electrical circuit diagram for the amplifer and output
circuit is shown in fig. 8.2.d,

In order to conserve space mercury batteries are used in
place of the normal dry cell type; ten 1.4 volt batteries
(type RM1H), contained in a small perspex box, are connected by
an on-off switch across a stabilising 10 volt Zener diode in
series with a 220 ohm resistance, Selection of a suitable
resistance value is important since sufficient current must bc
taken to drive the diode without excessive drainage of the
batteries, The three-stage, transistorised amplifcr and emitter-
follower is similar to that used with the laboratory microphone,

An audio-frequency a.c, signal generator was used as described
in section 6,3,2, to investigate the frequency response and gain of
the amplifier, Figs. 8.3.e, and 8,3.f., show that the amplifier
has a linear r,m.s8, voltage gain of 1,21 x 103 over o 3dB frequency
range of 140-20,000 Hz.
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8,2.4. Output Circuit and Recorder

The a.c, output from the amplifier is carried to o three-way
switch on the bank by the armoured coaxial suspension cable (inner
ingulated core 2.5 ohm/100 ft., outer braiting 5 ohm/100 ft.); no
insulation is provided on the outer brailding so that one line of
the microphone signal is earthed, The signal ccn be passed direct
to headphones, or through a frequency filter and rectifier to o
smoothing circuit containing & battery-powsred, high impendance,
potentiometric voltmeter (Electronic Polyrecorder, Model EPR-2T,
manufactured by Toa Electronics Ltd., Tokyo, Japan), This
instrument is capable of continuous recording of d.c, voltages
from O,1 mV to 100V with chart speeds ranging from 20 mn/hour to
18C mm/min, On the basis of the results of laboratory experinents
(section 6,3,.,4,) capacitance and resistance values in the output

smoothing circuit were selected to give a time constant of 5,5 sec,

8,3. Use of Acoustic Bed Loead Dectector at Bywell
Cableway Gauging Station

Due to the difficulty of malntaining the acoustic bed load
detector correctly orientated beneath the water surface during
high flows little information can be extracted from the results
obtained to date, However, at river stnges up to 5§5.80 ft above
stcff gauge zero (54.05 £t A,0.D.), ot which flow velocities of
7 ft/sec occur, no sound could be detected by the instrument (at
the time in a design stage similar to that shown in fig, 8.2.a,,
but with an output circuit and rocorder similar to the latest design).

During the 68,000 cusec flood mentioned previously it wos
eventually possible to maintain the instrument beneath the water
surface when the river stage had subsided to 14.5 ft above staff

gauge zero, The microphone was highly unstable, however, and it is
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evident from the recorder trace shown in fig. 8.3,a, that movement
of the microphone within the water was causing the mercury switch
to open aind close rapidly, The sound heard in the headphones
consisted mainly of high frequency "hissing"” noises with lower
frequency impulse sounds. It would appear that noise is genernted
not only by the flow of water past the streamlined body but by the
production ¢f large scale turbulence within the river, According
to ARABADZHI (1967) the formation and collapse of large air bubbles
in normal stream flow generates sound waves with a frequency
. spectrum extending over the range 40 to §&,000 Hz, almost the whole
audio~frequency range; the possibility of filtering out inter-
particle collision sound therefore seems doubtful since laboratory
experiments have shown that this sound also extends over the audio-
frequency range (section 7,1.4.).

The existence of the turbulence gererated sound was shown by
moving the microphone into still water close to the left hank,
In this position an almost steady signal of about 0.1 volts was
recorded., A possible further difficulty was thehobserved when the
microphone was immersed in still water near the right bank at a
distance of about 230 feet from the winch. The signal observed
at this position was about 0.5 volt, suggesting that noise was

being picked up in the extended length of suspension cable.

8.4. Cénclusions
An instrument has been designed for the detection of bed load
movement when suspended above the bed of the iver Tyne from the
cableway at Bywell gauging station, It consists of a piezoelectric
crystal microphonc housed in a 60 1lb streamlined, metal body to which
a standard current meter 100 1lb weight can be attached., A three-

stage, transistorised, battery-powered amplifier with & voltage
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gain of 1.21 x 103 over a 3dB frequency range of 140 to 20,000 Hz
is located at the rear of the streamlined body, and transmits thao
sound of inter-particle collision through the suspencion cable to
either headphones or & continuously recording potentiometric
voltmeter (time constant 5.5 sec),

Infrequent occurrences of sufficiently high flows in the River
Tyne during the time available for this research did not pernit a
final, tested design to be established, However, experience has
shown that the application of the acoustic technique to rivers is
complicated by a number of difficulties, The principal difficulty
is the maintenance of the bed load detector at a fixed position above
the sediment bed when suspended from the cableway in high flow
velocities, The latest design of the microphone weighs a total of
160 1b, but it may still be necessary to make use of retention cables
to ensure correct orientation and stability. Problems of expenso
and manpowver might then arise,

Ho noise could be detected at river stages up to 5,80 ft above
stvaff gauge zero (6,600 cusec), when flow velocities of up to 7 ft/sec
occur; at higher discharges, however, a distinct "hissing" sound was
picked up by the microphone, This noise is most likely produced by
both the flow of water past the streamlined body and large scalc
turbulence within the river; the noise spectrum most likely axtends
over a wide frequency range.,

Experiments also indicated that some extraneous noise nay be
picked up in the long length of coaxial suspension cable through
which the amplified microphone signal is transmitted to the recordar.

In attempts to extend the acoustic technique of bed load
neasurement to rivers conditions should ideally be maintained as
similar as possible to those in the laboratory. Hence, even if the

above difficulties of stability and extraneous noise can be eliminated
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(possibily by means of a rigid suspension and frequency filters,

respectively) then the microphone must be calibrated in the

laboratory with the appropriate size of sediment, Further

difficulty may then arise in obtaining bed load discharges in a

laboratory flume as large as those occurring in the river.
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Section ¢

9. Summary of Conclusions



Tha principal objectives of this research programme,
viz, a study of the estimation and measurement of bed load
discharge in the River Tyne at Bywell, have been discussed in
section 1,3. The conclusions of sections 3 and 4, dealing with
estimation of bed load discharge, are summarised in section 2,1,,
and those of sections §, 6, 7 and £, dealing with the measursment
of bed load discharge are summarised in scection 9.2,

Recomnendations for further research, section 9,3, complete the

section,

9.1. Estimation of Bed Load Discharge

For the estimation of bed load discharge by the rational hed
load thecories the selection of a reach of river in which conditions
approximate as closely as possible to uniform flow was found to hc
important; in "pool-bar" rivers, such as the River Tyne, this
presente some difficulty. Measured water-surface and cnoeigy-
surface slopes at Bywell were found to vary linearly with the
logarithm of river stage (figs. 3.4.c., 3.4.d,)

Bulk sampling and sieve analyesis of 2/3 ton of bed materinl
at Bywell yielded the particle size distribution curve of
fig., 3.5.e, Investigations indicated that certain information can
be obtained by the quicker, more convenient, method of areal
gampling, as suggested by WOLMAN (1254). Areal samrles of the bed
material at 3ywell were found to be best described for shape by tho
¥RUMBEIN (1941) sphericity measure and ZINGG (1935) classification
(tables 3,5.i, and 3.5.j.), and for roundness by the KRUMBEIN (1941)
visual chart method (table 3.5.k.) A petrographic analysis
(table 3.5.1,) showed that the majority of the bed material at
Bywell is sandstone, with an appreciable numbcer of bed particles

originating from parent rocks outside the River Tyne catchmont,
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Of the many bed load theories found in the available
literature only nine were considered to be possibly applicable
to the flow and sediment conditions at Bywell; extrapolation
sometimes considerable, was necessary, nevertheless, in the
application of all these methods, The major defects of most
bed load formulae available at present were found to be the
necessity for accurate measurement of energy-surface slope,
neglect of the mutual interference between particles of different
sizes, and neglect of the influsnce of particle shapa,

rig. 4.1.m, shows the boed load rating curves computed by the
nine methods applied to the RAver Tyne at Bywell, Estimates of
bed load discharge at neér bankfull stage (61 £t A,0.,D., 14,75 ft
above staff gauge zero) vary from 120 1lb/sec to 1350 1lb/sec.
Predictions of the critical stage at which bed load movement
commences range from 54.ft to 57 £t A.0.D, (7.75 to 10,756 £t above
staff gauge zero).

The bed load curve computed by the MEVER-PETER and MULLER (1948)
formula is considered to be the most reliable, Howevar, duo to n
natural paving of coarse material on the bed surface and the
resistance to entrainment of the predominantly disc-shaped boed
particles, bed load discharge most probably commences at a
slightly higher stage than that indicated by the rating curve,
i.e. at about 56 ft A.0.D, (9.75 £t above staff gauge zero),

Use of the Meyer-Peter and Mliller rating curve with the flow
frequency curve for the ten year period, 1956/66, indicated an
average annual bed load discharge at Bywell of about 15,000 ton,
approximately 10% of the average annual suspended sediment dischaigo.
The estimation of average annual bed load discharge by assuming n

certain percentage of the average annual suspended sediment dischrrge,
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as recormended by IANE and BORLAND (1951), 1s considered to be as
accurate as, and more easily obtained than, that givon by the
application of bed load formulae,

The regimc approach to sediment transport appears to be
insufficiently developed for the dotermination of bed load discharge
in coarse gravel-bed rivers. One most promising solution to the

sediment problem, however, seems to lie in the ultimate combination

of the regimz and rational approaches.

9.2, Measurement of Bed Load Dischargec

The sacond part of the research programme proved unsuccessful
in achleving its immediate objective, the confirmation by direct
measurement of the estimated bed load discharge in the River Tyne
at Bywell, Some progress was made, however, in the development of
a possible wethod of continuous measurement of bed load discharge ir
gravel rivers by an acoustic technique,

A survey of aveailable literature (section 5,1.) showed that tho
moot accurate method of mcasurement of bed load discharge is tho
s8lot or pit type structure; high construction and maintenance costs
are usually prohibitive,

The most accurate and reliable bed load sampler for the flow
and sediment conditions at Bywell was considered to be the V,U.V,
pressure~diiference sampler designed by NOVAK (1959). However, uae
of the sampler at a cableway gauging station requires a complox
system of retention and suspension cables to ensure correct
orientation and stability. Such an arrangement is likely to bo

expensive and require at least three winches and a team of threc

winch operators (scction 5.2.).
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Tae accuracy of bed load traps is usually low, due to their
effect on the surrounding flow and sediment regime, the necessity
for laboratory calibration, the variability of their efficiencies
with parameters such as particle size, flow velocity etc. and the
oscillatory, or unsteady, naturc of bed load movement,

In the design of a laboratory scdiment channel (section 6,2,)
particular attention should be given to the measuremont of water
discharge, design of channel inlet conditions, and measurement of
water—-gsurface and energy-surface slopes, It was found that food
rates of 5 mm, gravel varying continuously from 30 1lb/hr to
700 1b/hr could be obtained by a hopper and belt arrangement,
Measurement of sediment discharge in the channel could be made by
continuous weighing of a watertight container, conuected by
flexible tubing to the downstream end of the channel.

Prelinminary experiments (section 6.3,) indicated that inter-
pairticle collisian sound in the laboratory sediment channel could
be conveniently recorded by a piezoelectric crystal microphone
and three-stage, transistorised amplifier (voltage gnin 1.21 x 103,
3dB frequency range 140-20,0C00 Hz),. The amplified, reatified
signal was fed to an output sioothing circuit (time constant
5.63 s82¢c) containing a continuously recording Ultra-violet
oscillograph,

The frequency spectrum of the inter-particle collision sound
emitted by the single-sized 5 mm gravel in the laboratory channel
was found to extend over the whole audio-frequency rango
(section 7.1.4.). Measurement of microphone signal wns therefore
nade over the cut-off frequency range of the amplifier,

Theoretical considerations (section 7.3.) indicate that tho

relationship between bed load discharge of a given sediment per
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unit waidth, q and microphone signal, Mé, expressed as a current

B’
or voltage, is given by:-
r 3 3/2
1, 2
= i(a + Db Ms4/3) - a

L 2

where o and b are constants dependent upon the physical and

9

electrical properties of the sediment, fluid, microphone and
recording equipnent.

Analysis of experimental results indicated that average bed
load discharge in the laboratory channel over periods of 1C, 20,

30 and 40 minutes could be predicted from a knowledge of the
microphone signcl with an accuracy of t35% at the 65% confidence
level. Scatter of the observational results might possibly be
reduced by the introduction of a third parameter involving scour or
accretion,

The principal disadvantage of the present acoustic technique
is the insensitivity of the microphone signal to relatively larze
changes in ved load discharge.

Development of an acoustic bed load detector for use at Bywall
cableway gauging station was hampered by a lack of opportunities for
the testing of preliminary designs, The latest design (section 8,2,)
consista of a piezoelectric crystal microphone housed in a stranmlined,
80 1lb. weight connected to a battery-powered, three-stage.
transistorised, amplifier (voltage gain 1.21 x 103, 3dB frequency
range 145-20,000 Hz) located at the rear of the streamlined body,

The amplified signal is transmitted through the coaxial suspension
cable to headphones or a smoothing circuit (time constant L.5 seconds)
containing a battery-powerad, continuously recording, potentiomet:.c

voltmoter, The detector is designed to enable a standard current

meter 100 1lb weight to be attached,
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Experience indicated that the principal difficulties involved
in the use of acoustic detector from a cableway are the maintenance
of correct orientation and stability, noise generated by flow past
the microphono and in large-scale turbulence (probably extending
over a wide frequency spectrum) and extraneous noisc picked up in
the extended length of suspension cable,

For uso in rivers the acoustic bed load detector must be

calibrated in a wide laboratory channel over the appropriate size

of sediment,

9.3, lecommendations for Further Research

Most xiver engineering problems, including the estimation of
bed load dischdrge usually requirc somo knowledge of the matoerial
forming the bed of the river, Experience at Bywell hes shown that
further investigations into the sampling, analysis, and description
of coarse sediments are roquired, Comparison of the results of
bulk and areal sampling methods, for instance, indicates that the
latter method nmight possibly be used to obtain certain information
morc quickly and more conveniently, There appears, in fact, to be
a need for the systematic collection of river data, as described
recently by CAMPBELL and CADDIE (1964) and NEILL and GALAY (19€7),

For estimation by formula of the bed load discharge of coarsce
sediment there is a need, not necessarily for a new formula but for
the modification of an existing method, possibly that of MEYEI-PETE]Q
and MULLER (1948). The new development should enable stimates of
effective bed shear stress to be made without the necessity for
accurate measurcuent of encrgy-suriace slope, and should includa

also the influence of particle shape and the mutual interfercnco of

particles of different sizes, This possibility is discussed more

fully ia section 4.5.
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Lavoratory experiments have shown that the acoustic taechnigue
is potentially capable of continuous meagsurement of bed load
discharge, With the nid of expert knowledge and more sophisticated
methods, tae accuracy of the technique could no doubt be inmproved,
Possible alternatives to the tcochnique used in the present research
are the recording of the power output of the microphone and the
measuremnent of the rate at which impulses produced by inter-~
pariicle impacts are reccived, Futurc laboratory expcriments
should be carried out in wide channels to eliminate side effacts;
construction of a directional nicrophone may similarly improve the
method,

Morc field experience is required. The most promising results
would probably be obtained by the location of a microphone,
carefully desigoad such that flow past it produces no noise, at a
fixed height above the river bed, In this way information could
be obtained on the magnitude and frequency spectrum of the sound

emitted by inter-particle collision, and of other noises within the

river.
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Appandix

Reg.;assion Analysis of Laboratory Experimental jiata



APPENDIX

In section 7.4, it was required to obtain the values of the
constants a and b to give a least squares f}t to the experimental
data, Since partial differentiation with réspect to a and b of
the residual given by the theoretical equation 7,3.d. resulted in
normal equations not directly soluble for a and b, the following
iterative procedure for the curvilinear regression analysis was
carricd out,

It was required to fit an equation of the type:-
G = £(i, 8, D) o ¢ ¢« ¢« o 0 ¢ e o s s e s . A"l
where qB is the dependent variable

Ms is the independent variable

a,b, are undetermined constants

If as bo are the best fit values of the undetermined constants

a, b, and 9 is the observed value corresponding to the obgerved Ms'

then the residual (ihe diffoerence between observed and predicted qB)

is equal to:-

R=qB

Let a, b be first approximation of ao, b° such that &4a, & b,

o

are smell corrections required to give:-

a =a+ bLa b =b+4b
o o

C,r=q, - £ (Ms, a+ &a, b+a b)

B
Expanding the right hand side of the above equation by Taylor'n

theoivem for a function of several variables:-

a[f(ms, a, b)] a[f(Ms. a, b)]
R=q, -fM, 8, b) -~ ———f8a~- ——0u—__ b
B 8 Oa ob

+ higher powers and products of 4 a, & b,
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Denoting f(I.fS, a, b) by F, then:-
erF . SF
R = (qB-F) - -C—a-ua— S Lhb
Since greater scatter was evident at higher values of qa, the
residuals were weighted by multiplying by the inverse of qB,
i,e. by /7. The regression thereby involved the minimisation of

tke sum oi squares of the percentzge residuals, The weighted

residual is given by:-

. (g -7 SN
“w oo F F F Cb
=22 -Xba ~-YOLDb
(q = F) Py =
_ B _ 1 cF _ 1 ¢F
Where Z - ._F'— ’ X = F 5‘;, Y = F g_f, . . . . . . A“Z

The sum of squares of the weighted residuals is thus given by:-

< 2
92=Z_(Z-Xua - Y 4b)

L W

Partially differentiating with respect to La and 4b, equating

to zero and solving ford a and &b gives:-

Aa: ‘.-‘xngz - HYZZZXY . - . . . . . . . A-3
ZY IX - (ZXY)
TY2IX' - TXLIXY

Ab="“2 . . . . . . . o . A-4

zY¥ o - (zxm)?

The procedure is then repeated using new values of a, b equal

to a + aa, b+ 4b until:~-

O a Ob

n < S v
absolute values of T la' TTLD 0,005 i.e, %%

The theoretical microphone equation 7,.3.d. which it was required

to fit to the experimental data waa:-

a, = [(az + bmgf"/s)i -a ]3/2
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Thorefore, in the determination of Aa, 4 b by equations

A-3, A-4:-

5
i 4/3} ]3/2~1 -]

[(a2 +bM 7)) - a
3 a
‘2|7 a3t '
(a” + bM )
X = - 8 i e ) . . A-5
[ (az + sz4/3) - a]
3 4/3
3 Ms
‘2 2 4/3.2
2(@a” + bM )
Y = —
- 3
(a2 + sz4/3) - 7

A computer programme was devcloped for use on the KDF 9
computer of the University of Newcastle upon Tyne, The programme
used for the regression of the 10 minute averages of qB on MS is
included in this appendi~:; the number of observational points was

141 and the initial assumed values of a and b were 7,0 and 0,31,

respectively,

The required input data and the computer output are also

includod, The latter gives the final values of a, b and 5 zz,

-

Since Z = (qB ~ F)/F the standard deviation of the percentsge

> -
residuals, or parcentage errors, is thus given by 100,/};2‘/n—1,

The 65% confidence limits for the prediction of qB firom Ms are

approximately +1 s.d. of the percentage residuals,

The programme can be used with little modification for regression

according to any function of the types given in equation A-1l, e,.g.

b
g = aMs

2
EU.; + b II
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The only alterations necessary, apart from the number of
points and the initial assumed values of a and b, are the limes

for the calculation of Z, X and Y (equations A-2 and A-5),
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Iterative curvilinear regression programme for KIF9 computer.

CVO9*MICROPHONE*EQN~>

begin library A0O,A6;
open(20) ;open(30)

begin real a,dela,b,delb,
sigYZ,sigXY,sigYZ,
sigXsq,sig¥sq,sigisq;

integer 1,p;
array qB,Ms,LZ,LX,LY[1:141];

for 1 ste until 141 do
qB[1]):= read(20 ), —
for 1 := 1 ste until 141 do
MsT1]:= reaE’(?g) ; =
a:= 7.0;

b:= 0.31;

p:= 0Oj

LOOP: writetext(30,[[pl]);
81gXY:=81gXZ:=31gVl:=81g¥sq:=81gXsq:=sigZsq:=0;

p = ptl;
for 1 := 1step 1 until 141 do
5 in

LZ[i} 1= qB[i]/(gaTE + bxMs[1]11.333)10.5 - a)11.5 - 13
ate + bes[i]T1 333)70 5) - 1;/

LX[1 5x(a,/ f
Sarz + bxMs[1]11.333) 10, ;
LY[1):= 1.5x(Ms[1]71.333/2/((aT2 + bxMs[1 11.3 5)10.5)
((a12 + bxMs[1]71.333)70.5 - a);

sigXZ:= 81gXZ + LX[1]xLzZ[1];
8igXY:= sigXY + LX[i]xLY[i],
sig¥Z:= sig¥Z + LY[1]xLZ[1];

sigXsq:= sigXsq + LX[1]xLX[1]3
sig¥sq:= sigV¥sq + LY[1]xLY[1];
sigZsq:= sigZsq + Lz[1]xLz[1];

end;

dela:= (silgXZxsigYsq - sigYZxsigXY)/
sigYsqxsigXsq - sigXYxsigXY);
delb:= (sig¥ZxsigXsq - sigXZxsigXY)/
sig¥sqxsilgXsq - sigX¥xsigXY);

wse

writetext (30, [[2¢c]iteration*counter*=*])
write 0 ?brmat§[nddcc]),p),

writetext(30,[sigZsq*=*
write{30, formatr[+ndd dddddcc]),singq)
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end

~ end~

Regression programme (cont.).

writetext(30,[a*=*]);
writeF3O format([+ndddd dddddc]),a)

writetext(30,[b*=*]);
write?BO format([+ndddd dddddec] ), b);

writetext(30,[delta*a*=*T);
write{30,format(T+ndddd.dddddc]),dela);

writetext (30, delta*b*=*T)
writer3o,rormat(r4ndddd dddddec] ) ,delb);

if abs(dela/(dela + a)g 0,005
and abs(delb/(delb + b)) 0.005 then

wriEetext(3O [delta*a*divided*by*a+delta*a,
*and*delta*b*aivided*by*b+delta*b*[c]
are*both*greater*than*1/2*percent Tec]

a*+*delta*a*=]);
write?30 ,format( [+ndddd. dddddc]),a+de1a),

writetext (30, [ b*+*delta*b*=]);
writer3o,format([+naddd dddddcc]),b+de1b),

a = a + dela;
b = b + delb;

%E text(30,[one*or*both*of*them*within*1/2*percent[20]

a*+*delta*a*=7]);
write{30,format([+ndddd. dddddc] ) ,a+dela);

writetext (30, [ b*+*delta*b*=*]);
writer3o, ormat([+ndaad ddddde] ), b+de1b),

end;

close(20);close(30);
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Input datsa.

0.07;0.13;0.13;0.20;0.20;0.17;0.20;0.27;0.27;0.27;
0.30;0.&0;0.30;o.uo;o.u3;3.2u;1.80;1.80;2.71;2.&0;
1.17;1.u0;2.0v;1.77;2.00;2.20;1.6u;1.33;1.40;1.77;
2.(r7;1.u7;2.2o;1.7o;1.7&;1.60;2.&7;2.78;1.87;1.7&;
1.97;1.9u;1.uo;1.13;1.87;8.77;7.03;6.36;6.66;6.76;
7.23;6.53;6.59;7.33;7.0057.26;6.16;7.70;7.00;7.00;
7.20;3.41;3.88;3.55;1.hb;2.17;u.15;2.81;3.11;3.33;
5.29;4.35;3.24;3.31;3.71;3.98;&.05;6.00;5.79;4.72;
h.52;b.67;h.15;&.52;&.&0;&.18;“.““;4.27;5.98;5.07;
4.63:4.2034.2335.2335.5035.1055.1755.54355.5735. 133
u.73;u.79;u.67;0.3330.5050.97;0.77;1.u7;1.23;0.53;
1.3031.0330.50;0.9331.1750.7751.0750.7 50.9751. 033
0-77;0-67;0.77;0.67;0.u3;0.36;0.u3;0.u6;0.u3;o.uo;
8.14;8.2&;9.10;1.23;0.73;0.8750.60;0.50;7.5&;6.97;
7473
5.4; 6.6; 6.9; 6.8; 6.9; 6.8; T.1; 6.8; 7.7; 8.4;
8.03 775 8,05 9413 8.5;39.5;35.0;32.1;3&.5;29.0;
8.8;29.9;35.3;35.h;36.5;3b.0330.3;30.3;29.8;35.6;
3.8;29.9;3&.9;33.&;32.2;31.5;37.5;35.9;28.3;28.5;
9.1;27.1;24.5;26.1;28.7;53.9;38.3;3M.6;39.2;b1.6;
o.1;u3.2;uu.u;u8.8;51.7;5u.3;u1.8;u5.9;51.6;51.3;
6.2;39.8;36.2;28.9;25.6;36.95&0.5;39.0;u1.3;&3.2;
uh.9;39.8;&&.6;&&.8;&6.3;“6.5;&4.5;&&.6;&1.1;&1.9;
u0.5;38.0;hu.6;42.1;he.h;uo.b;39.8;38.83hh.8;h4.6;
40.5;37.8;36.b;u0.5;&0.5;&6.1;&6.9;&&.5;“7.7;&&.3,
uu.3;u5.3;u3.3;16.&;18.5;21.3;18.8;22.1;19.&;15.9,
21.8;20.0;15.8;21.3;23.9;21.8;21.6;20.&;21.0;22.0,
19.8;10.63 9.6;11.5;11.0;12.2511.9;11.2;11.6;11.6,
55.3557.7;57.1;12.6;15.1;13.6;13.2;13.2;52.6;61.3;
58.3;
-
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Regression programme output.

ITERATJON COUNTER = {
SIGZSO = +22.04616

+7.00000
+0031000

A
8
-bel 1348
=0e23276

DELTA A
DELTA B

DELTA A DIVIDED BY A+DELTA A, AND DELTA B DIVIDED BY B¢DELTA 8
ARE BOTH GREATER THAN | /2 PERCENT»

A + DELTA A = +0.88652
B ¢ DELTA B = +0.07724

ITERATION COUNTER = 2
SIGZSQ = +2044155)3

A = +0e88652
B = +0e07724

DELTA A = +0491905
DELTA B = . +40,03495

DELTA A DIVIDED BY A+DELTA A, AND DELTA B DIVIDED BY B+DELTA 8
ARE BOTH GREATER THAN /2 PERCENTs

A ¢ DELTA A = +]1,805857
B ¢« DELTA B = 40611220 ‘ \

e - e

ITERATION COUNTER = 3
SIGZS0 = +]17.75875

A= +] 80557
B = +0e¢l)220

DELTA A = +0.92587
DELTA B = +003478

DELIA A DIVIDED BY A+DELTA A, AND DELTA B DIVIDED BY B+DELTA B
ARE BOTH GREATER THAN 1/2 PERCENT. :

A + DELTA A = +2073143
B ¢« DELTA B = +0.14698
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Regression programme output (cont.),

ITERATION COUNTER = 4
SIGZSA = +18.06950

A = +2e73143
B = +0eldhoB

+0e¢54)171
+0¢02030

DELTA A
DELTA B8

DELTA A DIVIDED BY A+DELTA A, AND DELTA B DIVIDED BY B¢DELTA B8
ARE BOTH GREATER THAN 1/2 PERCENT.

A + DELTA A = +3427315 .
B + DELTA B = +0016728

ITERATION COUNTER = 5
SIGZSG =3 +184+63427

43627315
+0el6728

A
8

DELTA A = +0e13243
DELTA B = +0.00502

DELTA A DIVIDED BY A+DELTA A, AND DELTA B DIVIDED BY B¢DELTA B
ARE BOTH GREATER THAN ]/2 PERCENT,

A + DELTA A = +3.40557
B ¢« DELTA B = +0417230 \

ITERATION COUNTER = 6
SIGZSA = +18.77420

+3040557
+0e17230

A
B
DELTA A = +0.01186
DELTA B = +0400046

ONE OR BOTH OF THEM WITHIN 172 PERCENT

A + DELTA A = +3.41743
B ¢+ DELTA B = +0e17276

RAN/EL/00IMI7S/001M23S
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