"A CONTRIBUTION TO THE TOTAL
SEDIMENT LOAD TRANSPORTATION’

A THE'SIS

SUBMITTED IV PA.@% WéFILMEN T OF THE
REQUIREMENTS FOR THE DEGREK OF MSTE}?

OF SCIENCE IN CIVIL ENGINEERING
WATER ENCINEERING & IRRIGATION

FACULTY OF GCRADUATE STUDIES
UNIVERSITY OF JORDAN

BY

RADWAN A. AL-MUBARAK AL-WISHAH

B.Sc. IN CIVIL ENGINEERING, 1881

N APPROVED BY

T

cr-“\ . .
C\ -~
PROF. MOHAMED BAKR KHALIL
CIVIL ENCINEERING DEPARTMENT

FACULTY OF ENCINEERING & TECHNOLOCY
UNIVERSITY OF JORDAN

AMMAN — JORDAN
DECEMBER 1988

All Rights Reserved - Library of University of Jordan - Center of Thesis Deposit



ABSTRACT

This thesis deals with the estimation of the sedinment

charge rates in fluvial open channels flov . The bed load ,
the suspended load and the total 1load rates vere studied
based on laboratory measurements and compared to some
existing previous investlgations .

The main purpose of this research 13 to find a
correlation between the bed load concentration and that of
the suspended load.The effect of sediments on flow
characteristics was studled , too .

It wvas found that the bed load concentration equals the
extrapolated suspended load concentration at a dépth equals
half the thickness of the moving bed layer , based on this
conclusion , a step by step method was introduced to
estimate the total sediment load rate given the sediment flow
parameters only

In studing effect of sediment on flow characteristics ,it
was found that: first the sediment reduces the Yon Karman's
constant "k* : the value of k decreases as sediment
concentration increases , second the value of the sediment
transfer coefficient <, is equal to 1.28 the value of
momentum transfer coéfficient <5 for the uniform sand used 1in

the present experiments wvith 0.15 mm grain size.
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Tha'folloving are the main symbols vhich have been used

in this thesis.Any other symbols are defined wherever they

appeared:-
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CHAPTER 1

INTRODUCTION

The transport of sedimpent by wvater is a problem of great
importance to mankind. S1lt deposition reduces the
capacity of reservoirs, interferes vith harbour operation
and modifies the path of water courses. Erosion or scour
may undermine structures such as bridge piers, which in-
turn threaten the structure itself.

Clearly, sediment transport occurs only 1f there 1s an
interface betveen a moving fluld and an erodible boundary.
The activity of this interface 1s extremely complex. Once
sediment is being transported, The flov is no longer a simple
fluid flov, since tvo materials are involved.

Sediment transport in open channels may be conceived of
as occuring in one of tvo modes;

(a) - The bed-load. (b} The suspended load.

The bed-load 1is wusually defined as that portion of
sediment that is moving in the immediate vicinity of the bed;
This 1s the material that rolls,slides or saltates along the
bed. Whereas the suspended load 1is that portion of total
l1oad that all surrounded by fluid (by suspension 1in the
moving fluid). There 1is continual exchange of material
betveen the region of the suspended load and the bed-1load,
also betveen the stationary bed and the transported sediasent.

The -sum of the bed-load and the suspended load 13
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referred to as the bed materital load.Besides the bed material
load,there may exist the so-called wash load,vhich 1s made up
of grain sizes and materials that is rarely found in the bed,
The wash load and the bed material load together compose
the total load. When wvash lcad 1s not present,the terms bed
material load and total load are often used interchangeably.
Numerous bed-1load equations have been proposed to
calculate the rate of bed-load transport, but some of them
look very similar.In fact there are essentially four slighty
different approaches to the bed-load problem. These are:
1- The Du Bovs-type equations,considering shear stress
relationship.
2- The Schoklilsch-type equations considering discharge
relationship.
3-The Finstein-type equations based on statistical
considerations of the 11ft forces.
4- Bed forms type, bed-locad equations which consider the
bed form motion.
-Regarding the suspended load transport rate, the common
equations are considered to be analogous to the diffusion di-
spersion process. This model is referred to as diffusion-

dispersion model.Although such a model doesn’'t account for

all influences,it has been found to explaln satisfactorily many

suspension problems. In this model a state of equilibrium
betveen the upvard rate of sediment motion due to turbulent

diffusion and the downvard volumetric rate of sediment
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transfer per unit area due to gravity is assumed for steady
state condition and unifora turbulence distribution.

The basic equation for steady vertical diffusion 1s of
the form;

w dc/dy + d/dy(e dc/dy)= O cea(1.1)
vhere w 1is the settling velocity of the particle, c 1is
the concentration at a distance vy from the bed, €, is
the sediment transfer coefficent.

Being 1less popular in evaluating suspended load rate of
transport;the energy or gravitational models, as vwvell as the
statistical model are also reviewved .

The total sediment Jlcad 1is simply the 3sum of the
suspended load rate and the bed-load rate excluding any vash
load, this concept wvas probably first done by Lane and
Kalinske™’. Then Efinstien® 1introduced an approach vhich
gives the total sediment load ; other vorkers folloved the
same approach, vwhich 1s called the indirect determinations
of total 1load or Microscopic methods .Another group of
researchers feel that, in calculation of total load,no need
exists to distinguish bed-load from suspended load,because
the hydrodynamic forces involved in both cases are the sanme,
Thus it is not necessary to define the thickness of the bed-
layer and the proper line of demarcation betveen bed-load and
suspended 1load. Instead they relate the total 1load to the
shear and other flowv parameters.This is the direct determin-

ation of total load or Macroscopic methods.The relationships

3
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proposed by these direct methods are based on dimensional
analysis,intuition or complete empiricisa, |

The main purpose of the present vork is to study the
concentration of the bed-load and that of the suspended load,
trying to find a general correlation betwveen them based on
experiiental mneasurements, If such a relation exists, the
total load can be evaluated by only estimating one of 1ts
concentrations 1.e.either the bed-load or the suspended load
vithout using any reference concentration or field
measurments.

General reviev of the previous vwork related to the
bed-1load, the suspended load, and the total lcad is presented
in chapter (2),hoping that these information vwill serve as a

useful suplement.

_All Rights.Reserved - Library of University of Jordan - Center of Thesis Deposit
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CHAPTER (2)
HISTORICAL REVIEW

2.1 INIRODUCTION : -

The problea of asediment transport in open channel has
attracted the attention of hydraulic engineers for many
centuries due to 1its connection with river control,reservolilrs
capacity,and the design of irrigation projects.

The transport of sediment 18 also 1important 1in land
erosion, soil conservation and transportation by wvater and
vind,undermining of hydraulic structures, and in industrial
processes vhere solids are transported by fluid.

The loose noncohesive material interacts with the vater
flov 18 called sediment;the subcommittee on sediment Termino-
logy of The dAmerican Geopghysical Union has accepted the
folloving definition given by the nev Standard Dictionary;
"Fragmental material transported by, suspended in, or deposi-
ted by vater or air, or accumulated in the beds by other
natural agent".

The analysis of sediment transport load s usually
separated into two parts: Bed-lsad and suspended load, the
tvo parts form the bed material load,or the total load in the
absence of vash load.The bed-load,the suspended sediment load
.and the total sediment load formulae are introduced in sequ-
ence after a brief reviev of incipient sediment motion.

5
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Incipient of sediment motion, 1is a 3ubject of great
importance to be studied in evaluating the transport rate of
certain sediment flov.Incipient conditions of sediment
particle means the hydraulic conditions at which sediment
particles of a given size Just start moving. Three major
approaches have been used to establish the condition tor
incipient motion of sediment particles composing the bed;
these are:

1- Competency: 1in which the size of bed material d is

related to either bed velocity {(bottom velocity) or mean
velocity of flow,vwhich just causes the particle to move
2~ Lift concept:in which, it 1s assumed that the motion
starts wvhen the upward force due to fluid,lift force,is
Just greater than the submerged weight of the particle.
3- Tractive force approach, which is based on the con-
cept that,the tractive force exerted by the flowving
fluid on the channel bed in the direction of flovw
is mainly responsible for the starting of sedimen
particles motion._ N
The three approaches will not be revieved 1in detail,
hovever, the important and useful relations will be highligh-
ted. The critical tractive force approach seems to be more

rational and sound than other,although the competent velocity
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approach 1is much siapler.
One of the earliest expressions 138 due to Brahmswﬂ in
1753, the critical velocity of vater is given by;

1/4

uc= K W vaa(2.1)
vhere K 1s an empirical constant and W 1is the wveight of the
grain.

Mavis et al‘’, 1in 1937, obtained experimentaly  the
competent bottom velocity as:

(u)_= 1/2 a*’® v e le -1 fps ca(2.2)
vhere d is in mm.

Jarockv'™, in 1963, deduced a formula as

u_= 1.4 Ygd 1In D/74 ses(2.3)
vhich 18 applicable for D/4d > 60 only.

Netl1'®,. in 1968, has related the paraaeters of sediment
flov over a rough boundary as:-

u /l(r ~1a/p)" 7% = 1.414(D/a)*"° cea(2.4)

Garde'”, 1in, 1970, analyzed the available data and found
that for hydrodynamically rough surfaces:

uc/[(y.-y)a/plf" = 0.5 log D/d + 1.63 ...{2.5)
vhere 4 i3 the graiﬁ size and D 1s the depth of the flovw.

Yang™, in 1973, found that for rough boundary, vhen
Re = u d/v > 70 then

u_/w = 2.05 cre(2.6)
and when u‘d/v { 70, he found that

uclm = 2.5/(log u.dlv - 0.06) + 0.66 e (2.7)

these equations are subjected to doubt as-ucfw.= @ for

7
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u d/v = 1.148,

Concerning the 1ift concept, White''®’ , 1in 1940,came
to the conclusion that the 1ift is very small compared to the
veight of the particle. Hovever &instein and El Samni®,
in 1949, found that:

FL= Lift force per unit area of the particle 1s given by
F=c pU%/2 .. (2.8)
vhere CL. the l1ift coefficient, g;ven by them to be 0.178,
and U 1is the velocity of flow at 0;35 das from the bed. Here
das is the grain sige at which 35% of the material by veight
is finer, the above value of CL is valid for rough bed only.

The critical tractive force concept has gained more
attention among the others.

The bed shear stress due to flowving fluid 1s given by.

T,° PURS | .0 (2.9}
vhere pg 1s the unit wveight of fluid, R 1s the hydraulic
radius and $ is the channel slope. Many empirical foraulae
for the critical shear stress T_ vere given according to
experimental data.

kramer®, in 1939, defined the critical shear stress as,

T = (107%76) (r -7)4/M .. (2.10)
vhere M is the Kramer's uniforaity coefficient varying from

0.256 to 1.00, T_ in N/a’,y in N/n’, and d in ma.
(S8 &)

United States Watervays Experiment Station' , has

proposéd the formula;
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T = 0.285 [(p,-p)d/(p My1*? - . (2.11)
vhere r_ in N/a°,p tn kg/a’, and d in ma.

Chang™®, 1n 1939, found that the relation betveen T_
and 4 1is different for different ranges of grain siges.
According to him for (p%-p/p)(dlﬂ) >y 2.0 ;

T_=0.216 [(p,-p/P)( a/My)*® e (2.12)
snd for [(p -p)/P]l(d/M) < 2.0,

T = 0.304{ (o -P)/P1{ A/M) e (2.13)
the units are the same as equation (2.11) above.

{43

Krey found that

= 0.754 [(p -P)/p)d e (2.14)
vhere 7_ in N/n® and 4 in mem.

Schoklitsch'®*’, in 1914, advanced the formula

T = ¥0.201 y (r -7)nd’ .. (2.15)
vhere n 1s an empirical factor depends on the shape of
sediment taken 1.0 for spheres, T is expressed in N/nZ, rd
in N/m"and 4 in meters (SI Units).

Kalinske”®, in 1947, expressed t_ as

TS 0.232 (r.-r)d .. (2.16)

this will be discussed later as vell,

m.in 1955, found a simple relationship

Loliavshy“
betveen the shear stress and the grain size as:-

*_= 166d , g/n* ce e (2.17)
in which 4 is given in am.

Modern advancement 1in fluid mechanics was due to

- expressing the term friction or shear velocity, u,, to

’ 371789
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represent a measure of turbulent fluctuation. Shielas™”

,1n
1936, using the concept of dimensionless shear stress , found
that dimensionless shear stress 13 a function of Shear
Reynold's number Re  as ;

t /(r_-v)d = f(du /v) ... (2.19)
vhere the left side of the above equation is the
dimensionless shear stress and the du_/v=Re_.Shields plotted
the above relation based on experimental data*and obtained

the famous "Shields' Cwwe”, Fig. (2.1) , wvhich can be

divided into three =zones according to the value of Re_.

10

All Rights Reserved - Library of University of Jordan - Center of Thesis Deposit



1sodedsiseyl Jo BWaD - uepior Jo AYiseAIUN JO Akeld!T - peAesSY SIUDI ||V

[(rost) 1nonvYA

HYYOVIQ .SAT13TIHS (1°2)°9Id

421fy)  casquuny spoukay seays Mw.m .m m.“_,nm.w_“ “““m .M
"$A SSANS JEIYS [EINLED SSIUCISUIW g9z [+awbsy ) puosg | <
p ‘wefep  splays 64 (a0um) soys odus | @ $92 t4ns03) puog | »
OMM {Jim) o v pues | © (- g | .
} triumipuog | o L2 Moy | e
MM_.W {1uouoa ) spoaq steyy | e H“w_ 2 _a!ssm_ﬁ bt} e Hu_ﬂ.“.““_uot-
wWoup N
(WOUBA) PURS | = | wumegm) %0 .. UV | 2 | pacomsap dpnyg
qwarb 4 uo8d%a] furkg
i _
"
£ 2 Qo 8 96 ¢ ¢ [ O B 9¢C€ » ¢ 2 O 8£9 ¢S » € 2 09370 ¥OEQ 20 10
1o
. | . _
uoN oW DN
200
3ra03 tpRINS .
r ] N\ to00
. - = Toe il .
r e & »O'0
+
.wuﬂ?.llh. o= 00
v - 900 _
!
\ // s00% o
\ -~ S < -
= o i B g R R TRt =N oMo —
o J TN .
h b
voreomy J3k0) K1DPUNOG JUAINQINS UI SPVOS ,/r7/
m N S zo
. I
[ €0
M BAN o
__ 90
: - - 80
i 1 i




It vas shovn that at high Re_ values, the dimensionless
shear stress is independent of the shear Reynold's number,
i.e for R_ 2 400 ,7_1is given by ;

r /((y -r)a] = 0.06 .. (2.20)

{18)
2eller , in 1963, found that equation (2.19) above can be

vritten as ;

T /(y -r)id= 0.047 , .. (2.21)
Generally speaking,Shields' diagram has been checked by
many experimentalists and is, by nov, videly accepted.

"o

White ,in 1940,studied the equilibrium of a single

particle resting on a granular horizontal bed to obtain the

critical tractive shear stress. He classified the flov into
tvo categories for purpose of analysis:-

High speed case 1n which Re_ > 3.5, he defined n to be
the packing coeffiéient as 4’ times the number of particles
per unit area, (i.e n= Hdzj, the critical tractive stress is
given by :

T _* n{r/6}4d (r’—r) tan ¢ c..(2.21)
vhere ¢ being the angle of repose for the sediment grains.

For lov speed case in vhich Re < 3.5 ;

-rc= an(n/6)d (;vs-y] tan ¢ ese(2.22)
vhere o 18 a coefficient contributing for low velocities. The
above two equations of white have to be nodified for a

particle resting on a sloping bed, respectively, as ;

t_= n(n/6)d (r -r) .(tan ¢ - S) ... {2.23)

12
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and r= an{n/6}d (ya-r) {tan 2 - S) o (2.24)
Where S is the bed slope of the channel.

For Re_¢ 3.5, the factor an was found to be 0.34, from
vhich the critical tractive stress equation become for Re_ ¢
3.5 ;

TUI(TQ‘T)G= 0.18 tan ¢ = const. .. (2.25)
This result doesn't agree with Shields' diagram as for Re <
3.5 the tractive shear stress 13 almost inversly proportional
to Re*.The equation (2.25}) was checked experimentally in a
converging nozzle design, such that the shear stress remains
constant along the length. For open channel a turbulent fact-
or has been defined to be the ratio of the instanta-
neous shear stress and the average shear stress;the value of
in,the packing factor,equal to 0.4 and tan = 1l.Equation
{(2.24) above reduces to (for Re’ > 3.5.)

T /(y_-¥)d = 0.052 ...(2.26)
which agrees to some extent with Shields.

Yalin and Karchan'®®', in 1979, developed a relation
simllar to Shields' Curve but with a constant value of ;

-r_:I(;fg—-)f)d= 0.045 e (2.27)
at large Re_, instead of 0.06 of Shields.

2.3 THE BED=LOAD: -

The bed-load i3 the mode of transport in which the
particle mode of movement 1s by rolling, sliding or
sometimes saltating close to the bed of the channel, 30

the bed-load is commonly referred to as to be both the contact

13
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load and the saltation load. For a particular ratio of mass
densities of the 3sediment and the fluid, the bed-load
transport rate generally depends on the shear stress on the
bed, residual discharge or the 11ft forces for a certain bed
form,

A century ago Du Boys”' was the first to propose
a bed-load relation,vhich has been used subsequently by many
investigators. He assumed that the bed sediment moves in a
series of layers parallel to the bed, the velocity of each
layer varies linearly from maximum for the top layer to gzero
for the lowest layer. Hence the bed-1oad rate on volume bases
per unit width, qa, is given by

g, = A T (-7 ) ... (2.28)
vhere A 1s a function of the sediment in motion, T = pg R S
is the average shear on the bed,rc is the critical shear
stress at the point of incipient; pog is the unit wveight of
vater, R 1s the mean hydraulic radius and S is the channel
gradient.

The assumptions made by Du Boys in derivation of

(14}

equation (2.28) have been argued by Schoklttsch R in

1914, they vere in disagreement with observations.

{22)

Strauw?®’in 1935, determined the values of A and T_ in

the Du-Boys' equation = for different sediment sizes Dby
examining the observations of previous investigators.(in the

British system of units )

A= 0.1774% .. (2.29)

14
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For metric system Zeller'™, in 1963, gives a graph of

conversion.

Straub‘'s vork has been criticized mainly on tvo accounts:
(1) All the data are obtained in laboratories having small
flume dimensions and vere taken over a small range of grain
siges, and (2) field measurements have apparently not
clarified the applicability of equation (2.29).

O'Brien and Rindlaub”>, 1n 1934, argued the Du-Boys’
assumptions on the basis that it would produce a continuous
acceleration, and the sliding layer should be kept in motion
by the shear of the moving fluid which should be transfered
to the bottom unchangeable;but they overlooked the frictional
resistance of the lover layers vhich should be increased due
to the wveight component of the material above. Accordingly
they tntroduced the bed-load transport rate to be in the
form: -

B

q8= alt -‘rc) ; - .+ {2.30)

both a and B are constants depending on sediment sige. Quite
independently the U.S. Water Ways Experiment Station{z‘),
in 1935, found an eampirical relation, taking into account,
that the grovth of the bed ripples leads to a reduction in
the charge, vhence ; -

q = (1/n)((DS-D_S_)/e]" .. (2.31)
vhere n in the denominator stands for the reduction 1in the
sediment charge vhen the bed roughness increases due to the

grovth of bed undulation; -a and m are constants- for given

15
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sand mixture, DOSo is the depth slope product for a given
sand mixture at the commencement of movement and wvas
determined from a linear plot of ¢ _n against DS. For sand
mixtures (0.025 mm { 4 ¢ 0.56 mm) m varies from 1.5 to 1.8.

Further experiments reported by Chang ~, in 1939, could
be represented by DuBovs' equatien, and 1t was suggested to
express the characteristic sediment coefficient A as a
function of Manning roughness coefficient to account for the
changes in the rate of transport due to the bed roughness.

shields™™, in 1936, presented a useful model for
sediment transport using the concept of excess shear stress
in relation to the critical one. The semiemplirical tractive
force equation 1is given by:-

( QBITQ)( ¥ ~r/rS) = 10((r -t )/ (r_-r)d] ... (2.32)
'vhere g_ is the rate of bed-load transport on weight basis, g
1s the flow rate per unit.uidth, r and rare the unit veight
of wvater and sediment respectively, and S5 1is the channel
gradient.Equation (2.32) 1s dimensionally hdmogeneous and is
based on data in a range of yify from 1.06 to 4.2 and sediment
size from 1.56 mm to 2.47 mm. Data indicates deviation up to
200 percent®™ in the bed-1load predicted by equation (2.32).

Kalinshe(lsj, in 1947, proposed a rational equation for
bed-locad based on three important premises, Firstly, he
considered that a critical tractive force 13 required to

start the movement of sediment. Secondly, he considered the

bed-lcad rate to be a function of the number, sige and

16
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average speed of the particles in motion. Kalinske vrote the
critical tractive shear stress as;
T_ = 0.233(r -7)4d ...(2.33)
A correction factor of 0.5 wvas introduced to take care of
the fluctuations of pressure in the wvake of the particle.
Accordingly
T_* 0.116(7.4r]d v {2,.34)
another correction was introduced 1in the case of turbulent
flov considering that the maximum instantaneous velocity
close to the bed 1s 1.75 times the time average
velocity.Since the shear stress might be approximated to be

thrice the average value, i.e

T
<

1/3(0.116(7 _-r)d]

0.039{7‘—r)d ...(2.35)

The instantaneous velocity of a grain at the grain level
Ug vas vritten as

- Ug=_b(u- uc) . 0. {2.36}
_where u 1is the 1instantaneous fluid velocity, u_ 1is the
critical fluld velocity at vhich the grain starts moving, the
constant b vas found to be unity according to experimental
evidence. The rate of movement in dry veight per unit wvidth
‘13 given by:-

g = [p/(nda®/4)] {n/&)dnUgr. e (2.37)

since (p‘/(n/4)dz] gives the number of grains per unit area
so that P, 1s the portion of the bed taking the shear.

Assuming that u varies according to the normal error lav;

17
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equation (2.36) vas simplified to get
U fu= f{u /U, r) ... (2.38)
- <

vhere r= ofU, U 1s the average velocity at grain level and

o= ((u_U]Z)I./Z

. But uc/U can be expressed as (rc/r) as given
by Kalinske, for laminar flov r= 0, and for turbulent flov r=
0.25, -assuning that U/u_= 11.0 from the lavs of velocity
distribution, yields:-
g /u,d yp = f(7 /7) ...(2.39)
vhere piis a pure number depending on the number of grains 1in
motion relative to the nuamber of static grain per unit area
of the bed and vas, unexplained, taken = 0.35,
This equafion is reasonably supported by experimental
data from different sources as vas plotted bdy Kalinske.

Equation f2.39) could be considered more advanced than any

other DuBoys-type equations.See Fig.{2.2).

18
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Kalinske's bedload equation.  [After' KALINSKE (/947).)

FIG.(2.2) KALINSKE'S BED-LOAD FUNCTION.
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Brown'®® nas, however, shovn that the data can be
described by the relation

g /u,d= 100/ (r -7)d]® .o (2.40)
wvhich holds wvell over the upper range, but considerably
deviafes at the lover range of stress which confora vell to
Kalinske's equation.

Kalinske's assumptions that the grain speed 13 equal to
that part of the local vater speed vhich 1s in excess of the
speed necessary for the commencement of movements seems to
miss the facts, as shovn by khati1®®, in the next pages,
that the grains tend to slip relative to the local fluidq
velocity. The analysis of Kalinske also missed the effect of
the grain concentration on the speed of transport. Again the
use of turbulent factor equal to 0.25 3eems not to be
Justified 1in veiv of Tison’s"  work wvhich indicated that
the turbulent ratio 1is not constant but depends on many
factors among them is the wvater depth. -

khati1®*®) in 1963, treated the hydraulic transport of
solids in an open channel as a special case of the general
problem of transport by traction, in analogy  vwith the
"drav-bar pull* of the locomotive.The tangential stress at
the bed of channel rb;}dr tvo dimensional parallel flow of
steady mean velocity,is due to veight component of the fluid,
that is:-

7.5 PS D Sin S ves(2.41)

vhereas the total resistance contriduted by the various.
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element {3 partly due to the frictional resistance r, of
moving grains, and partly due to the veight component r, of
the grains themselves. To which also 1is added the portion of
the stress r, carried directly by the static grains vithout
contributing to transport. On this basis each resistance can

be expressed as;

r= (p,-e}g Cos S tan ¢ £7 Nay .. (2.42)
r = -(p,-P)g Sin S s¥ Nay .. (2.43)
’ o
r=ot_ (1-(H/N) for 57 Nday ¢ N_d e (2.44)
[+]

vhere tan ¢ 1s the coefficient of friction of moving grains,

N is the volume concentration,a measure to the volume of
moving grains per unit volume of space.,and N_ i3 the maximom

volume concentration in a single active grain layer vhich

he found to be 0.46. The (-ve) sign in equation (2.43) 1is

associated with downvard gravity slope. The total resistance

rt, therefore, 1s simply the sum of r ro,. and r., i.e

r
r,= (p -p)g Cos S(tan-¢-tan S}foyﬂdy ¢or_ (1-(N/N) ... (2.45)
Regarding the applied stress and the resulting force
their equilibrium at the surface of a flat grain bed can be
used to predict the bed-1oad vithin the bed layer thickness y.

When less than one complete layer of grains 1is 1n

transport, i.e. foyﬂdy 4 N‘d. the volume of bed-load per unit’

area of space 1is,
£ Nay={t - t_ (1-(N/R)1/[{p -P)g CoS § (tan ¢-tan S)]
v (2.46)

When there 1is cone or more complete layer in aotion.

-
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t.e. f 'Nay= 7 /[(p_-p)g Cos S (tan ¢ - tan.S)] ...(2.47)
vhich gives the bed-load as predicted -from equilibrium of the
grains Jjust above the stationary surface.

He proved the stabtlity of the grains just belov the sta-
tionary surface by introducing the relation given by:-
[p.-p]g Cos § Hbd{tan @ - tan 8) > T, (1-{N/H.) .. (2.48)
vhich 1indicates that static resistance in excess of the
applied stress and the bed grains are in stable equilibrium.

The rate of bed-load transport on mass basis 1s defined
as the total mass of ¢grains which in unit time passes a unit
width of the channel. To evaluate the average rate of
transport,it 18 necessary to find the average speed of

2%%and then the Khalil’'s

movement of grains. Malouf’'s
experimental work showed that the speed of a moving grain
driven by a fluid stress depends not only on the grain
diameter but also upon the 1local velocity of flow. The
effective local velocity 1itself depends on the nature of the
motion wvhether smooth, rough or transitional turbulent.

For smooth turbulent flov the velocity distribution has
the form;

u /u.=‘5.75 togly /(0.1v/u_)] ... {2.49)

This relation is valid wvhen the laminar shear stress can
be neglected in comparison vith the turbulent stress. In the
imaediate vicinity of the bed vhere the turbulent shear
stress diminishes and laminar stress predominates, XA.

(30

Reichardt .who extended his measurements. to 1include very
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small distance from the bed, observed that for values of
ya /v« 5, the contribution of turbulent friction 1is
negligible compared vith laminar friction, thus the velocity
distribution has the form;

u fu.=yu /v «++(2.50)
vhereas for 5 < (u_y/v)<¢ 70, the transitional range, Dboth
contribution are of the same order. On the other hand for
rough flov vhen du_/v > 70 the velocity distribution 13
expressed in the form;

u /u = 5.75 log (33y /d4) ‘ ...{2.51)
Regarding the speed of single grains for rough flow Khalil
calculated Vt at depth equal 4/2 from;

V. : 5.75 log [{33(d__ /2 + ¢/2)}/a_ ] ... (2.52)
vhere d_  is the median diameter of the bed nmaterial (0.705
mm 1in his case). According to experimental evidence, Khalil
found that Vg is proportional to V with the average value
of proportionality factor 0.85, 1.e.

Vg= 0.85 Vt ... (2.53)
For transitional range of 5 < (yu/v) < 70, although the
points vere grouped wvwith some scatter, the speed of the
grains to vater remains constant and egual to 0.85. Whereas
at high value of yu /v > 70, the curve approach the smooth
lav vhere:-

Vg= 0.85 [5.75 109{(412)/(0.1vlu*]}] u, ces (2.54)

He also studied the effect of the grain concentration on

thelr average speed,and concludeqd that;
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V.= 0.85 [1-(0.6N/K)*"] u, ...{2.585)
Experimental verification of equation (2.43) shoved that the
bed-load rate on flat bed is of the form;

r: Nay=(7, - 0.526(1-8/0.46))/[(p -c)g tan ¢ ]...(2.56)
vhere (.526 !/nz,ls the critical shear stress for the sand
used (d= 0.705 =mm). Thus the general form of Khalil's
bed-lo0ad rate of transport on flat bed can be vritten as;
g,= [{r - t_(1-8/N_}}/{Cos S (tang -tan S)})A(l-aﬂ'/7}yz

... (2.57)
vhen s’Ndy ¢ N_d, vhereas vhen S7Ndy 2 N d equation (2.57)
reduces to,
gp=lA 7 (1-aB®77)V ] /[Cos S (tan ¢ - tan §)] v e.(2.58)
vhere A & a are constants.
For small channel gradient S is small, tan S may be

neglected and Cos S can be approximated to unity.

Both equations (2.56) and (2.57), vere derived to

estimate the bed-10ad transport rate for a flat bed, when .

ripples are formed on the bed a corrective coefficlent has to
be introduced. Sine on rippled surface, the total stress is
transfered to the bed partly as tangﬁntial stress and partly

as normal stress. According to Einstein‘?’ and

Meyer-Peter™’ , the normal stress plays nopart in the
support of the bed-load and they regarded the part of the
stress effective in the transport of sediment as the part of
the total 1In excess of the form drag. However, according to

Khalil himself, the part of the stress important in the
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movement of bed-load 3eems to be that part acting
tangentially on the gentle slope of the ripple, which, no
doubt, exceeds the average due to the reversed stress acting
at the leevard. From vhich is to be deducted the part of the
stress consumed in accelerating the grain up to the ripple
crest; since this part of the stress cannot be regalned; aa
tpe grains, 1in general, decelerate in the regions ,of no
transport.

Unlike the rough flat bed where the local velocity is a
function of u_ , on rippled beds the local velocity as seen
by Khalil and others 1s not a function of u_ only but also of
the ripple dimensions.

In viev of these factors, the transport rate 9, vas
plotted versus the value of,

[ - T_(1-N/0.46)1[u {1-0.6(N/0.46)"""]

as shown 1n Figs. (2.3a) and {(2.3b).
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A correction factor was introduced by XKhalil to be 0.63, 1l.e.
g,= 0.63[(v - r_) /tan ¢ (1-H/0.46)]*
[0.85 {8.5u,) {1-0.6(N/0.46)°"7}1 ...(2.59)
It may be concluded that -the transport on a rippled bed
is not 1like the flat as form drag, reversed stress,
accelerated stress and deviation in velocity distribution all
add to the deviations from the formula given for transport on
flat beds.

Rott ir"a.:rar(nJ

has also approached the problem from dimensional
considerations. Five dimensionless numbers were developed for
the similarity in sediment transport, using the principle of
dimensional analysis and with some physical
consideration,the parameters vere reduced to;

g,/ le{le_~p)/p(ga?)1* %1 ,D/a, U/Lgale -p)lp)" %, S/Lip ~pP)/e]
Rottner classified a large number of data into categories in-
terms of D/d , plotted against the cube root of the grain
Froude number w[gr:l(,caﬁ;go)‘«F,.o]"'z andg the result . vas
represented algebraically in the form; _

(9 /p_(98°p -p/e)*"%1""%= a U/(gD p_-p/e)'"® + b ...(2.60)
vhere a and b are functions of D/d. The analysis indicated an
importance of the Froude number on the sediment transport but
the role 1is not clear due to nonlinearity of the solution.

A major contribution to the knowledge of the transport of

2 Thetr

solids was made by Gilbert and Co-workers"
experiments carried out almost 75 years ago have been the

starting point of many of the sequence wvorks. Gilbert
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demonstrated the individual effect of each of the factors;
slope, discharge, fineness (l1/d), and the aspect ratio on the
sediment charge {r/rm}; flow depth and velocity vere
considered in 80 far as to influence the former factors. The
general relation was given as:-

gp= D(S-s_)"(e-0_ )°(1/a-1/4 )7 (1-(m/@e1) (5 /r)).r ...(2.61)

vhere b 18 a constant, Sc . Qc . dc are values of the

respective quantities at start of motion ; n,o,p and m are
indices for the various factors,rm is the optimum form ratio
at wvhich, when other things being equal, maximum transport
can be obtained. Simpler form of Gilbert equation is given'in

(a3
some books as:-

g,° (a7a® %%) s§* %% ¢ °% . p c..(2.62)

' and Mac-Dougali®>’ seperately developed

Schoklitsch'>*
more than one empirical formula supported by Gilbert data as
vell as some data measured by them. Schoklitsch gave his
formula based on data using uniform sand in the form;

g = (7.00/2*"%) $*° (g - q_) ... (2.63)
equation (2.36) 1s used 1n metric unit system; vhere qc is
the critical flov rate at vhich bed-load starts to move given

by Schokliitsch as;

q_ = 1.944 (10 >a)ss*’? n?/Sec/a v (2.64)
also Mac Dougall®, in 1934, gave his Schoklitsch type
equation of the fora ;

- b “ -
g, aS(g-4q_) | .«.(2.65)

Casey'®®, 1n 1935, analyzing his own laboratory data and
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H

Jorrissen>”, in 1938, found that Schoklitsch's equation
(2.63) is quite suitable.

Baged on-nunerous experiments 1in laboratory flumes and
field measurement of -bed-load, Schaktttschmm, 1h 1950,
suggested a modification of his equation, the nev equation 1is
essentially of simple form, but also incorporates 1implicitly

the critical shear stress concept. The final form of this

equation is:

g,= 2,500 s?%(q - Q) ...(2.66)
vhere q_ i3 given by
g, = 0.26 (r -7/7) a®7%,87° e (2.67)

both equations (2.66) and (2.67) are in metric units,

Meyer-Peter and HMuller®™, in 1948, after extensive
research tn E.T.H. in Zurich found an empirical relation for
sand, barite and lignite; The equation for sand given 1In
metric system 1s:-

0.4 g3"%sa= g2 s7a - 17 ...(2.68)

vhere g_ 1s the flow rate 0f vater in velight per unit time
per unit width. For sand mlxtures, the representative grain

dlameter vas expressed as;

d

1/100 % dtbpL e (2.69)
vhere ApL ts the percent of particle size fraction of mean
diameter d

Meyer-peter et al, found that the total shear stress
is not avalilable for sediment transport in the case of an

undulated bed;a part of the shear. stress 1s used up 1n
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overcoming the form resistance of the undulations and the
bed-load transport 1s a function of the shear stress due to
grains only. Thus they split up the slope S as;

S=§' + 8"’ . (2.70)
in vhich S8’ 1is the slope required to overcome the grains
resistance and S'' 1s the slope required to overcome the
bed form. The value of S° was estimated using thé

kS

Manning-Strickler formula,
1r2

U= 1/n n:’“ s L. (2.71)
wvhere -
n_= d;;°/26 ce{2.72)

vhere doo expressed in meters

Also U= 1/n R:’° st? ... (2.73)
Therefore:
S'/S = (nn/n)z .. (2.74)

vhere the ratio n‘}n represents the ratio betweeg the value
of Manning-Strickler coefficient as 1t wvould be obtained on
a plane bed to the actual value on a rippled bed. Accordingl¥
Meyer-peter and Muller obtained the non-dimensional
equation given by ;

2

[(ns/n)a’ YR.S/(r_-r)d_] - 0.047:
179

. . -2/8
[ 0.250° " /y _~r)d YL (g (r ~r/r )T " ...(2.75)
vherea da is the median diameter of the mixture.

A furthermore notice,that zero bed-lcad transport occured vhen

-2

(n.fn) erS/(r.-r)da= 0.047, wvwhich may be explained as a

dimensionless critical shear stress: Thus Chien™®, 1in
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1954, has-shown that equation (2.75) reduced to the form of a
Du-Boy s'type equation, and he also shoved the similarity
of this equation to_ the Dbed-lcoad equation given Dy
Einstein(Z}, 1950,

An empirical relafion similar of that of Meyer-Peter and

Muller vas given by Bharat Singh“”

, 1In 19§1, as;

g,= A [(r_(n_/n)) - B)}*? .. (2.76)
vhere ‘A and B are constants depends on sediment size and
relative density.

Einste:n™®, in 1942, 1in formulation of his bed-load
equatlion departed radically from the concept of the critical
quantities and adopted instead,the probability.concept. He
introduced the 1dea that the grains move 1n steps of definite
length L proportional to the diameter of the grain
irrespective of the hydraulic conditions and that the rate of
tranqurt depends on the number of grains per second that
pass a unit width. The latter is assumed equal to the number
of grains in the surface area of unit width and length L
times the probabllity of the local drag or 11ft to be strong
enough to put the grains 1in motion. On this basis, and
through coabination of dimensional analysis and statistical
considerations ,he deduced the transport equation of the form;

¢ = f(y) es e {2.77)
vhere ¢,the intensity of bed-load transport, 1s proportional

to gB and involves the grain diameter, its immersed

veight ,and a dimensionless function of the fall velocity as;
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¢ = 9 /r [lelle, P11 1/98°)1"* ... (2.78)
and y ,the flov intensity, i3 inversely proportional to 7 and
involves the same grain characteristics as;

v = (p_-pl/e) 4/RS e (2.79)
Experimental data plotted as w versus ¢ on semilog scale.
Data for ¢ ¢ 0.4 are represented by;

0.465 ¢ = e ° ¥ , ¢ ¢ 0.4 ...(2.80)
as shovn 1in Fig.(2.4). For large rate of transport the
data deviates from the straight line relationship.

Brovn‘?°’, in 1950, by logarithmic plotting of ¢ against
v shoved that,vhereas Einstein found that uniform materials
yielded a linear semi-logarithmic function, the same can be
expressed as ;

@ = 40(1/y)? ...(2.81)

Einstein'®’, in 1950, further developed his theory and
gave & nev equation based on the concept that the continuous
interchange between the active and static grains should be in
such a vay that the rate of deposition 1s equal to the rate
of erosion.He also defined the exchange probaliblity, p,to be
dependent on the fraction of the moving grains of a given
grain diameter 1in the amixture, i , on the average distance
travelled by the grain vhich vas taken ,as before, to be
proprotional to the grain size, and on the fraction of a
given grain size existing in the bed, ib. .

On,these bases,and other considerations of the 1ift beling

the sole agent in 1initlating the grain wotion ; also the
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probability of the 1ift to exceed the grain submerged veight
1s in accordance vith the normal error lav, Einstein deduced
that;
P/l-p - A (i /¢, ) @& = ALg, ... {2.82)

vhere p i3 the probability of exchange (erosion). A, 18 a
constant to be detersmined by experiments. and ¢, 13 the
intensity of transport for an individual grain siege,other
terms are defined earlier in this reviev,.

The probability of erosion p may be expressed a3 the
probability of the ratio of the ‘effective veight to the
instantaneous 1ift, vhich has to be smaller than unity:

1) (k (p -p)gda®}/c_(1/2pk a%uf(1+n)) ... (2.83)

In an extensive investigation, the coefficient of 1lift,
cL, was found to be 0.178, and the random function, n, 18
distributed according to the normal error law, where the
standard deviation, n»_, 1s a universal constant of n = 1/2.
The velocity, u ., vas found to be at a distance of 0.35 X
from the thecretical bed, where X 13 the characteristic grain
sige of the mixture ,and k‘,kz are constants of the particle
area and volume; respectively., If e, 1s expressed vith the
lav of logarithmic veloclity distribution, and introducing a
nevw definitions , as the laminar sublayer thickness, & =

11.5 v+/u the apparent grain roughness diameter, A vhich was

-’

given by a graph due to Einstien, A= d65 for rough wvall.
Hence X was defined to be X= 0.77 A 1f A/&é > 1.8, and X=

1.396 1f A/& > 1.8, then u,  may be expressed as;
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u = oug £.75 log [30.2{(0.35)X/a] o0 (2.84)
Then introducing -all the values 1in equation (2.83) with

some abbreviations, yields:

1> 1/(1+n) ¥ B p° . (2.85)
vhere yw is the flowv intensity, B is a constant of y scale,
and .= log(l0.6 X/A). Furthermore Einstien 3suggested to
introduce two correction factors, namely & the factor
account for sheltering of smaller particles and known as
hiding factor, which wvas taken to be unity for d/X > 1.5; and
Y is. the factor describing the change of the 1lift
coefficient in mixtures with various roughness. It 1is a
function of ddsfé and known as pressure correction factor.
For uniform grains the two factors have a value of unity.
Introducing these factors in eguation (2.85) Einsteln deduced
that:

|[1+n] > £ ¥ B’ B /5%yw ...{2.86)
vhereas n may be either positive or negative and 3= log 10.6

Rewriting equation (2.86} with n= N5
B, = B'/n_, v = EYpIB)E w

and, as mentloned before,that probability distribution 1is
according to the norml error lav ; The second bed-load

equation suggested by Einstein (19505, was of 'the form;

Bw,m 1in, .2

1- (1747 ) I_B.w*_ 1/n, e at= A ¢, /1+A, 8, ...{2.87)

vhere t 1s the only variable of integration,A_.f3, .and n_are
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universal constants deteratined by experiments to be 43.5,
0.143 and 0.5 respectively and v, and ¢  as defined earlier
as:

Pu” (t.ltb) ¢ ...(2.88)

o= £ Y(AIG)T v .. (2.89)
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Although many vertfications on Einstein’'s method have
been made 1in the last four decades by comparing observed and
computed bed-loaﬁs; Khatilman in 1963, found that the
physical reasoning of Einstein’s theory is some what
difficult to visualise; as for a rippled bed the scour
exceeds the deposition over the gentle slope vhlle the
deposition exceeds the scour at the steep s8ide and therefore
the basic concept is not as envisaged by Einstein. Also the
attribution of the initiation of grain motion to be solely
due to lift forces seems not to be Justified; the drag and
the friction stress, ﬁo doubt, have their important role.

Another point, vhich Khatil®@shoved its disagreement
vith observations,regarding the grains moving in steps of
definite length depending only on its diameter, he showved
that the path of grains coated wvith fluorescent and
photographically recorded indicated that the length of
these steps for small grains statistically increased with u,.

Pemberton(43)

. in 1972, has used Einstein’s relationship
to predict the total sediment transport rates of three
American rivers. The rates of sediment transport thus
computed vere not in agreement vith the measured ones. The
computed transport rates were higher depending on the size
fraction,

chien!®®), 1n 1954, studied Einstein's bed-load equation
and Meyer-Peter et al. equation, being the most complete

equations avallable, and shoved hov they do compare. As far
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as hydraulics i3 concerned, the difference lles in hov the
total frictional resistance ts divided. Einstein divided
the hydraulic radius, Rh=R;+R;', and kept the slope constant,
vhereas Meyer-Peter et al. divided the slope, S= S'+ §'’,and
kept the hydraulic radius constant. Both assumptions
facilitate the understanding of superposition of the
effects due to gfain roughness and bedform. Under these
conditions Chien, {954, has shovwn that the Meyer-Peter and
Muller equation can be vritten in terms of ¢ and y as ;

¢ =[(4/y) - 0.188)]°"* -' ... (2.90)

Agreement between the two relations vas found to be
equally good.

Based on analysis simillar to Einstein’'s; Sato, Kikkawa,
and Ashtda(44}, in 1958, developed semltheoretical equation
for bed-load transport of untform material. The final
equations obtatned by plotting data collected by them and
those collected by Gllbert are as followvs:

q /T _u f(r_ /t_)= (1/40n)°'% , for mn £ 0.025 ...(2.91)

q.lrou.f{fc /r°)= 1 , for n =2 0.025 ...(2.92)
vhere the values of T, and f(rcfroj vere given in tabular
form. For large shear stresses, (7r_ /v ) vill be very small
and in such case equation (2.92) can be approximated by:-

q = T, e (2.93)

(45

Bagnold

present a semitheoretical approach. He considered the concept

. in 1956, used the principles of mechanics to

of dispersion of solid particles under shear, and that the
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total resistance to be the sum of the fluid shear stress at
the boundary and the shear stress due to the collision of
sediment particles., Based on these premises he used the
concept useful work done by the fluid to transport a mass of
grains per unit time per unit vidth and introduced an
efficiency factor to account for the slip of the grain
relative to the fluiad.

The mass of dgrains passing the cross section per unit
vidth and time 1s:- }

g,.* p.f1° cudy : ... (2.94)
and the available work is proportional to (r_-7_)u,, and
the useful work done 1is

W= Ab(To-rc)u- n .. (2.95)
vhere n 1is the efficiency of transport, A 1is a constant
depending on the Reynolds number, the friction factor betwveen
the grains and the bed, and the effictency. His final
equation converted to Einstein's coordinates becomes of the
form: -

¢ = a'e' "% e - o) ... {2.96)
for transport by vind ©_ becomes gero as soon as saltation
starts.

Bagrold“®, in 1966, simplified his (1956) earlier
approach so that 1t 1s more directly applicable. This vill be
discussed in more detﬁils under the "total locad"” review.

yalin'*”, 1in 1963 and 1972, expressed the bed-load

transport rate as
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95 ¥, 9, 0 {2.97)
vhere Hb 13 the weight of granular material moving over a
unit area of the bed surface at a velocity Ug. He developed

expressions for U. and H', his transport equation 1a:

g,/r.du = const {s(1-(1/as)ln(l+as)]} ... (2.98)
vhere a= u:/u:c -1,
and o = pu:/r:d

a= 2.45(pu] /7 a)% %/ (p 1Y% *= 1.66 {0
vhen ps/p =2.65,the constant was determined experimentally to
be 0.635. His formula can be converted to Einstein's
coordinates as
¢ = fly, & ,p /P) -+ (2.99)
For p_/p= const.,and at the beginning of transport e - e 1is
very snall,then_;‘
l1/as ln(l+as)= 1-(0.5)as

Thus Yalin's equation becomes;
¢ = 1/2 const. as®/{y ={a.const./2 of)e' " (o-0 ). ..(2.100a)
At large values of shear stress © . as » o and the term [1l/s3
ln(l+as)lapproaches gero. Then Yalin's equation beconmes:-

¢ = const/e_ °:/z‘°o'°c’ ...(2.100D)

The latter 1s identical to Bagnold equation (2.96).

{48)

Engelund and Fredsoe . 1n 1976, folloved some of the’

concepts introduced by Khali1®®

in 1963, by equating the
activating force on the grain and the resisting force,in that
case the grain moves at a constant velocity, the grain

velocity Ug is taken as:
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irZ

U_/u,= a(1-0.7 (v, _/t,)""%) ... (2.101)

9
¥ith o= 9.0 and L obtained from Shield's curve. Further

they obtained a bed-load transport equation as:

9,° (n76)4° (p/d®) v ... {2.102)

g e

in vhich gnls the transport rate on weight bases, p is the
probability of the movement of grains in the surface layer,
and 174 represents the number of grains per unit area. Using
Einstein's coordinates equation (2.102) can be written as:

@ = 5p(r--0.7r‘c} o0 (2.103)
An expression for p vas obtalned on the assumption that for
plane bedq, {ro—rc) ts transmitted as the drag on the moving
particlea, 1f N 18 the number of particles moving per unit
area then, they wrote,

(t -t )= N(n/6)d%(p -p) g 13 .. (2.104)

< < ]

vhere (3 is the coefficient of dynamic friction and wvas taken
to be 0.51, or equation (2.104) can be vritten as:

t -t = (n/6)3 Ka® ...(2.105)

. ec
or T, T, 7 (n/6)0D .0 (2.106)
Hence
T Tac + 0.2668p

in vhich v 1s taken as 0.05, vhich 1s a conservative value
from Shield’'s curve.

By equating the energy available for bed-load transport
to the rate of vwork done on the sediment particles and
assuming that the particles travelling as bed-load expended

maximum energy Garg and -Co-worker 'V, in 1971, derived the
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folloving equation
g,c 3t -t )/ (C e u)) dy, <. (2.107)

vhere u is the velocity of the stream at a distance 0.35 of
the depth from the bed,and CD is the drag coefficlient for the
sediment particle. By using the vlaue of cD for a sphere
placed 1in an infinte uniform flov, they obtained fair
agreement betveen the above equations and fields data for a
sediment size from 0.33 mm to 0.6 mm. Hovever,the value of
CD used by them needs more verification since the drag
coefficient is different for the rdlling sphere on the bed
from that assumed by themn.

Amin and Murphy©°’, 1in 1981, evaluated two bed-load

(8e)

formulae,namely the Meyer-Peter and Muller formula,and the

Toffateti®

formula, which vwill be revieved later, for
predicting the bed-load The evaluation i3 done by measuring
both the hydraulical data needed for the formula and also the
actual sediment lcad transport rate, and then comparing the
predicted and the observed values.
They related the Dbed-load transport rate to some

important hydraulic parameters as the flov rate q, the bed
shear stress ro,and the flow velocity V, the resulting pover

equations were (in SI units):-

g = 0.0594 ¥ .e.(2.108)
q = 0.00394 (rov12'7° v v.{2.109)
and g = 5.25 y© 8¢ ... (2.110)
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They concluded, according to experimental evidence,that
the Toffaletl method predicted the bed-load rate more
accurately than the Meyer-Peter and Miller equation for sand
bed channels,

Some of the bed-load equation are based on the bed-form
motion. Bed-forms can be defined as the features developed on
the bed of an alluvial channel due to the flow of wvater.
These bed features are sometimes called the regimes of flov,
or bed irreqgularities.

Alberston, Simons and Rich‘ardson‘sz}, in 1961, and

later Simons and Richardson'>>®%, 1n 1961 and 1962, have
given a complete description of the different regimes of flpv
that are observed 1in an alluvial channel.For conveniénce
these regimes can be divided into three categories:-

Lover regime at whiéh the Froude numbers= u;((gD}‘/z} 13 less
than 1, upper regime of which Fe )1 and a transitional
regime 1Iin Dbetveen wvwith Fe 1. A falirly videly used
classification for description of bed feature ranges from
ripples, dunes, wavy bed, transition flat bed and  antidunes.

Idealized sketches of various bed forms are shown

in Fig. (2.5)
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te} Typical nipple partern {#) Plone bed

(2) Dunes with tipples superpoved

(el Dunes

T

{&] Woshed - out dunes of tronsition {4 Chutes and pools mee

Idealized bedforms in alluvial channels, [After SiMoNs o1 al, (1961).)

FIG.(2.5%) IDEALIZ.ED BEDFORMS IN ALLUVIAL CHANNELS.
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Ripples are bed features which are formed at relatively
lowv values of shear stress 1in excess of the critical shear
stress, usually ripples are 1linked wvwith fine grailned
materials (d less than 0.7 mm).

The ripple height h, and the ripple length A, vas studied
by Yalin®, in 1972, using dimensional reasoning as;

h/r= f(e/e_, Re_  , D/d) e (2.1110)
vhere o 1is the dimensiohless shear stresss rolr{s-l}d, as
stated earlier , the role of D/d can be neglected and for
Re, ¢ 14, the above equation reduces to;

h/x= f(ejec) «2+{2.112)
The length of the ripple, by observation vas found to be 1in
the order of a thousand grain diameter, 1i.e.

Rr= 1000 4 ' .. {2.113)

When the discharge i3 further increased, the ripples grov
into dunes, which are triangular undulations on the bed but
they are much larger 1in sigze than ripples.

The bed with dunes, 1is generally very soft vith
considerable segregation of the bed materials, vith some
stratifications. The sige ¢of dunes 1s strongly related to the
depth of flow. Yalinwsn in 1972, also discussed the
conditions of dune formation, being out of phase vwith the
vater surface, he found that the vave length A 1is
proportional to the flow depth D, say:

i= 2nD . (2.114)

A family of curves, for different Re_, vere plotted to
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relate A/d and D/d4. Another plot shoved the dune steepness
h/x VS, e/ec. the maximum steepness observed f{o be around
h/x = 0.06.

Anti dunes are bed features which are uniquely assoclated
vith free surface waves, these are more symmetrical than
dunes, its crest is observed to migrate upstream.

The effects of flov regimes on hydraulic characteristics
is of great 1importance in studying the resistance to flov,
stage discharge relation and the gsediment transport rate.

In the lover regime,the bed material moves mainly as
bed-load; wvhereas 1in the upper regime the main mode of
transport is suspension.

The basic differential equation of sediment transport
with bed forms 1is glven by Exner °,in 1925,known as the
erosion equation,

ay/aét *{lj(l—m)]aqalax =0 ... [{2.115)

vhere y- elevation of the sand bed above a horizontal datum.

X direction of flow.

m = porosity of the sand.
using a transformation given by

§=x -Vt , ... (2.116)
vhere V_ 1s the velocity of sand ridges. Rearranging the
above tvo equations, we have;
q,c (1-m)V y + € e (2.117)

WheresC 13 a constant of integration, assuming ridges to

be triangqular of a height AH, the above equation becomes;
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q,= (1-m)V_(8H/2)+ C .0 (2.118)

The above equation vas given by Hansen®”, in 1966.

kratt1®, 1n 1963, introduced a direct relation betveen

the ripple velocity and the rate of bed-load transport as

g.= Vr y + const, «v.{2.119)
vhere (3 1s the bulk specific submerged wveight of the bed
material, Vr is the ripple velocity.

To evaluate the constant of integration,the origin is
selected at the point of gero scour, which defines the
demarcation border between forvard surface creep and backward
surface creep. Thus equation (2.119) can be written as

9,= B.Vy ... (2.120)

The rate of transport per unit wvidth ts defined as the
mass average of grains wvhich in unit time passes a fixed
cross section. According to this definition, y 1s supposed to
vary for a fixed cross section with respect to time from a
minimum = 0 to & maximum = h. The elevation y varies vith
respecct to x according to the ripple shape as

L yx /E X = a h, ce.(2.121)
vhere o i3 a constan}. for a particular shape of ripple,
varies from 0.5 for t}iangular shape to 0.67 for parabolic
shape of bed-form. According to the above considerations,
and neglecting any 5a1tat1ng rate, the observation of Khalil
gave the folloving equation:

g, = 0.565 g.V_ h cee(2.122)

indicating that the ripple shape factor o = 0.565
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Thus he concluded that the bed-lcad transport rate due to
vave motion, vhen there 13 no saltation, can be predicted
from a simple measurement of a ripple height and 1its
velocity.

Recently, Engel and Lau™®®, in 1980 and 1981,
introduced the concept of bed-load discharge coefficient, K,
to compute the bed-load transport rate from bed profiles of
migrating duhes, thelr final equation can be written as:

q= K ¢ uv e (2.123)
vhere £ = the average departure of the bed elevation about
the mean bed elevation; Uv=the average dune migration speed,

The value of K depends on the dune shape; dune steepness
and less sensitive to change 1in grain sige of the bed

material. For maximum dune steepness of 0.06, the value of K

was found to be 1.32.
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2. 4. SUSPENDED LOAD TRANSPORT: -

2.4.,1. INTRODUCTION: -

Suspended load, as defined earlier, 1is the material
moving in suspension, and being kept 1in suspension by the
turbulent fluctuations of the floving fluid. These
particles held into suspension travel vwith a velocity almost
equal to the flow velocity. Suspepded load transport is an
advanced stage of the bed-load transport. Thus in case of
uniform sediment, one would expect only bed-load transport at
lov shear stress; vhile at higher shear stress both bed-load
and suspended 1load transport would occur. In case of
nonuniform sediment, the finer sizes of the bed material may
be thrown into suspension, while the coarser sizes may move
mostly as bed-load, if they move at all., An active
interchange betveen the bed-load and suspended load occurs.

2.4.2. THE FALL VELOCITY: ~

Before going further, it seems useful to have a brief
reviev about the fall velocity or the settling velocity.

The fall or settling velocity of the sediment particles
13 one of the most 1important parameters 1in all sediment
transport probleas. This subject will be discussed briefly
vithout going into analytical detalls.

It was found that the fall velocity of a particle is a

function of sige, shape  and density of the sediment
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particle as vell as the viscosity and extent of the fluid 1in
vhich 1t falls; in addition to that, fall velocity depends on
the number (concentration ) of the particles falling, and
on the level of turbulence intensity vwhich occurs wvhen
settling takes place in flowing fluid. Falling under the
influence of gravity the particle will reach a constant
velocity, called the terminal velocity, when the drag equals
the submerged veight of the particle., In the case of
spherical particle the equilibrium equation is :,.

¢_n(a®/4) p(w®/2)= n/6 4° gle -p) .. (2.124)
or, w's (4/3)(1/C.) gd(p -p) v (2.125)
vhere w 13 the terminal velocity, CD is the coefficient of
drag. Thus the problem reduces by equation {2.125) to find
the value of CD for the particle in question.

Stokes' °0’

found that for spherical particles of diameter
d falling 1n an 1infinite liquid, the drag coefficient 1is
fairly vell defined. In Laminar flov region, where Re ¢ 0.5
the Stokes' solution is:

CD= 24 /Re . (2.126)
vhere Re=z w(d/v), the Stokes' range vas extended by Oseedm“
in 1927, in which he took partly the inertia term of his
solution to Stokes' equation as:

CD=(24/R0) {1+(3/16) Re) e (2.127)
valid for Re ¢ 5.0.

{ 2}

The complete solution vas given by Goldstien , 1in 1929,

as;
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C_= 24/Re[1+(3/16)Re-(19/1280)Re”+(71/20480)Re’+. . .]
... (2.128)
vhich is valid for Re = 2.0.
shiller and Naumann'™.,in 1933, suggested a formula
that gives good results for Re ¢ 800 as;
CD= (24/Re) + 2 ... (2.129)
(b

Also FEubey . 1in 1933, generalized Stokes' lav into a

general form of:-

[ -

CD={24fRe}(1+0.150 Re ) e (20130}
Dallavalls™",- 1in 1943, suggested that C, ‘can be
expressed for different values of Re as:
Cn= (24.4/Re) + 0.4 . (2,130
Toraobin =t al(d?iin 1959, equation reads as;
C_= (24/Re)(1 + 0.147 Re” “%+ 0.0026 Re' **%) ce-(2
wvhich 1s valid accurately for 1 ¢ Re ¢ 100,
otsen'®’, in 1961, suggested , for Re < 100, an
equation of the form:
C = 24/-Re(l + (3/16)Re)""? o {2.132)

D

All the above mentioned equations are based on data
considering a single sphere falling in an Iinfinite extent
calnm fluid. 1In practice this 1s not the normal case; =50

correction factors wvill be introuduced to account for the

.131)

various effects. The effect of particle shape on fall

velocity was studied by Mc Nown et al'®) in 1950, by
comparing the Cnfor a sphere and circular disc in the Stokes'

range as;
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Sphere, C = 24/Re }
° }
Circular disc, Cn= 20.37/Re } ... (2.133)

Lamb®, tn 1954, introduced a correction factor for
c¢ircular cylinder drag coefficient as;

K =1/(2.0 - log Re) .e.{2.134)
vhich is valid 1in the Stokes’' range,

Recently, many investigators, as revieved by Grafwm,in
1971 ,considered the effect of shape factor and sphericity on
the fall velocity: shape factor 1is defined by Mc Nown el
ati®®’ as,a/ibc vhere a being thé shortest of the three
perpendicular axes.The sphericity, vy, 18 defined as the
surface area of the particle, A, to that of a sphere having
the same volume, A, i.e. v = A A

If the fluid is extermely Dbounded, then the value of
drag coefficient depends on the distance betwveen the particle

(70 )

and the boundaries. Brenner ,in 1961,shoved that vhen the
.sphere 1s approaching the bottom of the contalner, in the
Stokes' range, the drag force has to be multiplied by a
factor K as;

.K =1 + (9/8)(r/s) .. (2.135)
vhere r is the radius of the sphere, s 1s the distance from
the center of the sphere to the fixed boundary. Equation
(2.135)}1s valid for solid bottom plane.If the plane is not
solid, like an interface betveen two liquids; the K value

is given by Brenner as ;

- K =1+ (374)(r/s) vva (2.136)
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For a sphere: falliang near a single vertical wall,in the
Stokes' range Mc MNown et at‘’'’, in 1951, gave that;
K =1 0(18‘r)/(32 3) 0 {2.137)
and half-vay between tvo plane valls K 1is given by
K =12+ 1.006 r/s ves(2.138)
For spherical particles falling on the axis of the

cylinder, Happel and Brenner' >

, 1In 196%, showed that:
K =14+2,1r/R es:(2.139)
vhere R i3 the radius of the cylinder.

The next complication arises’ from the effect of
concentration on the fall velocity. Let Kc be the correction
factor for the effect of concentration on the fall velocity
so that K = w_ /w vhere «_ 1s the single particle fall
velocity, and w 1s the observed fall wvelocity during
the fall of number of particles. Maude and Whitmorew“, in
l19%8, prgsented the most extensive study on this topic,
commonly referred as hindered settling, regardless the Re
value Rc is given by:-

K= -¢7" ... (2.140)
or  w=w_ (l- a'? c..(2.141)
vhere C 1s the concentration per volume of solid
particle and 3 1s a “function of particle éhape, sige
distribution and Re. 3 ranges from 4.65 for Re ( 1 to 2.32
for Re > 1000.
{73

For dilute suspensions Mappel et al , in 1965,

discussed varicus models:the results are best summerized by;
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R=1+hnc” cee(2.142)
vhere h varing from 1.30 to 1.91 wvith an average value of
1.56. Equation (2.142) stated that a 1X volume concentration
vill yleld Kc=1.336 or there will be & reduction in the fall
velocity by 25%. Average experimental values for fall

velocities of quartz grains in water at 20°c in Laminar

motion are given by Raudkiviwf’for d £ 0.15mm.

w = 660 4% °% o (2.143)
or, « = 663 47 ' .. (2.144)
and for turbulent motion , with 4 > 1.5 mm

@ = 134.5(a)'"? ...(2.145)

Combination of various effects can be done according to
the principle of superposition, howvever no clear experimental

evidence seems to exist.
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2. 4.3. THE SUSPENDED LOAD EQUATIONS: -

Observations have shown that the concentration of
suspended load vertically decrease vith the increase 1in the
distance from the bed. The concentration of the suspended
load can be expressed 1in various vays as:-

{1) Absolute volume of so0lids per unit volume of
wvater-sediment mixture, the volume of solids can be obtained
by determining the dry veight of solids dividing this by the
specific weight of solids, for example part per million or
percent.

(2) Dry welght of solids per unit volume of mixture for
example grah per litre.

(3) Dry veight of sollds per unit wvelght of mixture, this
13 customarily expressed in parts per million (ppm), one
percent equals 10,000 ppm.

. As mentioned earlier, three approaches wvill be
considered in the analysis of suspended load mechaniss,h namely
the diffusion-dispersion model, the gravitational (energy)
model ,and the statlstical model. |

The majority of the analytical treatments are based on
the concept of diffusion. Diffusion is the spreading of a
fluid 1in another fluid of the same or smaller density ,
neutrally bouyant particles caused by random molecular action
or by turbulent mixing. In continuum physical, aolecular

diffusion 13 governed by .Fick's lav as ;
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P = -D (3 c/dy) : ve.(2.146)
vhere P= the rate at vhich the quantity or property 1s
transported across unit area normal to the y-direction;

D= coefficient of diffusion,or diffusivity; ¢ = concentration
of some quantity transported by diffusion.

The simple diffusion equation of foreign parhicles
(sedirent) 1in a fluid was derived by Dobbinswm, in 1943,
and other reseachers as follows:

Consider an elementary cube of sides &x, &y, and &z and
let € . ey and €, be the sediment diffusion coefficients for
the diffusion along the x,y and 2 axes respectively. Further,
let Vo Vv, v, be the time-averaged velocities in the three
directions, Let c be the sediment concentration and w 13 th=
settling velocity. The inflov and outflow of sediment

flux per unit time through various faces will be as

shown 1in Fig .(2.6).

[f'!:-t.o'ncb'.vsz + ._Eé_f%—% 352 4+
D {iv3-a)C ] Sx5y5 2 . s
£y M-2)0 7 Sxay L]‘ fﬁ(e,%;)&usa]
LT TP O S— “—p'ﬂCSb'Sz +%(v,c)5:$_,51

635 5y%e  ——» —> - | &35 5y33 +2. (6,25 )5x3v52]

L,
(y-w) CEx &2 I I & ) Sx52

Fig.(2.6)tInflow and outflow of sediment flux.
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Then equating the total rate of change of sediment in the
volume (6xéyse} to the change per unit time due to diffusion,
the result is;

ac/at &xdyde= [-afax vet a/ax(exac/ax)-a/ay {(vz-w)c} +

a;ay{eyac/ay) - 8/ot(v_c) + 8/dz(e_ac/oe)) ... (2.147)
Rearranging equation (2.147) above and dividing by &xdyée,
one gets:
acjat + 6/6x{vic} + a/ay(vzc) + 0/62(VSC]= afax(ExGCIax}

+ 9/3y(e dc/ay) + 3/3z(e dc/dz) + v 8C/dy ...(2.148)
The foregoing equation wvas also given by Hayami"”, in 1938.

Assume steady-state conditions, dc/dt= 0 and no variation
of the concentration with elther x direction, d8c/dx= 0, or
the & direction, dc/adeg= 0: and furthermore ey i3 considered
independent of elevation. In such a case v1 and v3 are gero.
Hence equation {(2.148) can be reduced to:-

d/8y(e 3c/dy) + w dc/dy = 0 ... (2.149)
.Antegrating equation (2.149) above, one gets;

€,9c/9y + w = C (x,z,t) ...(2.150)
vhere C1 is the constant of integration, which will be either
constant or gero for steady, uniform, tvo dimensional
flov.Hovever since there is no sediment transfer across the
free surface, C‘=0. Replacing ey by €, the sediment transfer
coefficient, wve get:

w. € ¢+ e.dc/dy =0 <+ (2.151)
equation (2.151) wvas first used by Schmidt“®, 1n 1925,

vhile studying suspension of dust particles in atwmosphere.
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O’Brien(?m, in 1933, derived this equation by equating
the upward rate of sediment motion due to turbulent diffusion
and the downvard volumetric rate of sediment transfer due to
gravity.

Equation (2.151) above 1is the differential equation for
distribution of suspended materlal in the verticals,.This
eguation can be revritten as ;

ac/C = (-w /e.) dy ... (2.152)
This can be integrated between any tvo limits a and y to give

In C/C = -fa”(w le,) dy - ... (2,153)
in vhich C and C_ represent the concentrations of suspended
load at distances y and a respectively from the bed. The
expression on the right-hand side of equation (2.153}) can be
integrated if the varlatlions of v and € with y are known. As
an approximation it can be assumed that both u;and €, remain
constant with respect to y. Therefore;

lh CIC°= -w/e.(y—a) . +..(2,154)
or

C1C°= exp [-w{y-a)/e’] ... (2.1558)
This equation vas first obtained by Schmidt' .

Both Hurst®®, 1n 1929, and Rouse®’, tn 1938,
have investigated experimentally equation (2.153) and 1its
solution, their observations indicated that the general shape
of equation (2.155) is almost correct for fine sediment, but
the agreement was not quite perfect for larger particles.The

assumption that €, is constant in the vertical direction 18 a
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rather bold one. Hovever while the variation of € . the
nonentum transfer coefficient, with y 1is Xknown for clear
vater; It 1s not Xnovn hov € varies wvith vy, Rbusemm, in
1937, assumed €= €., also he assumed a linear distribution

of shear stress, and assuming 1logarithmic velocity

distribution, that 1is;

€= €= {t/p)/ (du/ady) .. (2.156)
and

r/ro= D - y/D e (2,197
vhere

T°= /g D S ...{2.158}
also '

172
du/dy = [Tolp) /ky = u./ky .. {2.159)

vhere k 13 Karean's universal constant.
Combining the above equations back 1into egquation
(2.156),e_ can be expressed as
€ = ku_ (D-y) y/D . (2.160)
introducing equation (2.160) 1into equation (2.153) and
seperating variables, yields;
J‘Gydc{c = J‘ay(w/kg] (D/y)[dy/(D-y)] ... (2.161)
The quantity w/ku‘= 2 . {2.162)
vhere 2z is frequently referred to as the exponent of sediment
distribution equation. Integration gives;
C/c = {(D-y)/¥YH a/(D-a}}1* ... (2.163)
This suspended load distribution equation was 1introduced

by Rouse®®, in 1937. It may be used for calculation of the
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concantra?ion of a given grain size, if a reference
concentration Cu at a distance "a" 1s avallble.

It may be worthvise to mention that equation (2.163) vas
independently derived by Ippen earlier, in 1936, at the
suggestion of Von Karman'®®

Vanonimdn in 1946, carried an integrated experimental
analysis of suspended sediment load transport in water. In
his discussion of the results, he explored the effect of
suspended load on velocity distribution; As the concentration
vas increased the k value decreased, and concluded that the
. k value is a function of «, c, and u_. He also studied the
effect of suspended 1load on the resistance to flovw, and
shoved that the suspended load reduces the resistance to the
flov,as 1t decreases the turbulence with regard to the effect
of sediment size on the distribution of suspended sediment.
Vanoni showed good agreement betveen the measured suspended
load distribution and the 3sediment distribution equation
given by Rouse'®® for coarse sediment, but for fine sediment
the measured values of g, the exponent of equation (2.163)
above, vas found to be about 20% less than the theoretical
value for 0.160 mm sand. Also for fine sediment € 1s
observed to be ¢reater than € . Vanoni explained that
the difference betveen the transfer mechanism for sediment
and momentum is attributed to two reasons :

The first reason 1s due to the absence of a correlation

betveen the horigontal and vertical turbulence fluctuations,
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since uncorrelated or random fluctuations don't contribute to
the momentum transfer. For sediment transfer the existence of
such a correlation 1ts. not necessary, but the . random
fluctuations of transfered sediment tend to make €, larger
than € - The second reason is due to the slip between the
fluid and the sediment as the sediment i3 accelerated. To sum
up, Vanoni's conclusiocons, the sediment in suspension affects
the flov in three different vays:

1- The sediment appears to damp out the turbulence which in-
turn reduces the momentum trnasfer.’

2- Random turbulence, vhich 1s not a factor in the transfer
of momentum, centributes to the transfer of sediment.

3- The slip between the fluld and the sediment tends to make
the sediment transfer coeffticient less than the momentum
transfer coefficient.

Ismailm”, in 19%1,used experimental data in close

channel to Qkudy {a} the effects of the presence of sand in
suspension on the characteristics of the flow, and (b) the
relation betveen the sediment transfer coefficient €, and the
nomentum transfer coefficlent €. for tvo grain siges of
fine sand. Observations shoved that the value of the
universal turbulent constant, k, decreases vwith the increase
in suspended material. The value of Kk wvas 0.20 vhen the
average concentration 1s 4.3% by veight. Ismail also observed

that, the sediment transfer coefficient € is equal to 1.5

times the momentum transfer coefficient < for the 0¢.10 mn
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sand,and € = 1.3 € for the 0.16 mm sand, both € and €
follov the normal parabolic form at the outer tvo thirds of
the channel. According to these conclusions, the measured
values of 2 vere found to be 1less than the calculated
values, l.e;

2 =2 /B =[ ¥/(3 Kk u,)] .. (2.164)
the value of [ vas found to be, as mentioned earlier, 1.5
for 0.1 mm sand and 1.3 for 0.16 mm sand. The present auther
gives support to the conclusions of Ismalil since for the
sand used (dso=0.15 mm), the value of 7 18 (1.28) which 135 in
good agreement with Ismai1®” , and confirmed Vanoni's
findings.

Einstien and Chien®’.in 1954 ,proposed a 3second order
approximation to the suspended load theory by modifying
some of the assumptions upon which the derivation was Dbased.
They assumed the m@mixing length to vary according to
probability distribution.

8o

Tanaka and Sugimoto ,in 1958, have also proposed an

exponential form of sediment distribution equation as;

c YD +7(D-y) VD -¥(D-a} * ‘YE
& KTy 25 wibta) Y e (2169

Paintal and Garde'™’, 1in 1964, showed that Hunt®”,

a2 N
¥ equations gave more or

T'I:zmha and Sugimo to®”, and Rouse
less the same distribution of suspended materials in the
vertical.

Navntoft™, in 1970, treated the flow of sediment wvater
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mixture as a one-phase flow of fluid with density gradient.
He assumed the fall velocity of the sediment to be unaffected
by the concentration,but he assumed that the fluctuation in
concentration with time at any leQel to be linearly related
to the average concentration at that level. Using the aixing
length hypothesis for the turbulent shear stress and the
equation of continuity, Navatoft gave his equation in the
form:-

C = B1 ln [{A1 + (YID)}/{A1 *(y/d)llo «+.{2,166}
vhere A and B: are empirical constants and (ny}ﬂm is the
relative depth at which concentration is gero;It should be
noticed that the above equation gives zero concentration some
distance belovw the free surface. Nauvntoft found that his
equation 1is in good agreement with the observations of

Einstien and Chien®®,

Levelle and Thacker® , in 1978,considered the vartation
in fall velocity due to change in sediment concentration. If
w 13 the fall velocity at concentration C, its relation vith
w_, the fall velocity in clear wvater, vas assumed to be;

wfw_= (1-¢)° .. (2.167)
further, the value of €, vas related to distance f{from the
bouhda}y as;

<,= (a*by)(1-(y/D)) ...(2.168)
vhere a and b are empirical constants. According to these
assumptions, they derived 'a‘suspended load equation that

fits the data of Einstein and Chein®>. However no
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predictors are avallable for the coefficients a and b.

willes®?, in 1978, assumed that € = € and a distribution

of € as:
F4
6c /(ky D) = (2)"% e 7 .0 (2.169)
wvhere p is obtained froa
i1r2 4 -rz/z
y/D = 1/{(2n) s e dr e (2.170)

-0
The distribution of suspended materials was then derived as;
c/C = o=@ pmp v u o ca(2.171)
a
vhere P, i3 the value of p at a reference level y= a, Willis
recommended the adoption of a= 2d.

HcTigne™® , in 19681, visualised the flow depth as
consisting of an inner layer and an outer layer. The 1inner
layer extended from the bed up to 0.2D, vhile the outer layer
lies above 1it. The 3gediment transfer coefficient €, . vas

~assumed to be equal to klu‘D in the outer reglion and equal to
kzu.y in the 1nner region. The concentration distribution
equation becomes:-

C!CG= exp - w jkiu‘D {y-a}l for y ¢ 0.2D ...(2.172)
and CfCa= (y/a) - (w [kzu‘) for y 2 0.2D ...{2.173)
The values of ki and kz vere evaluateﬁ for one of the
experimental runs as 0.11 and 0.35 respectively.

Rubey'®™’, 1in 1933, approached the sediment transport by
flow as a problem of expenditure of the stream energy and

these ideas were further extended by KXnapp®' , in 1938,

65

All Rights Reserved - Library of University of Jordan - Center of Thesis Deposit



Hovever the major development of the concept is due to

Bagnold®®*®) in 1956, 1966, although Velikanov®>"", 1in
(1954, 1955, 1958} proposed his gravitational theory vhich

leads to similar results.

(43)

Bagnold

flow turbulence of the fluid is:

found that the rate of vork done by the shear

work rate of suspended load = gt.(w/U.)
vhere g, 1is the immersed veight of gediment and U. is the
mean transport velocity of suspended solids. Hence w/U_ 1is
analogus to the friction factor tan «. The available pover
supply per unit area is:-
P=pgDSVU=r<U vv.(2.175)

of vhich an is dissipated in the bed-load transport, leaving

P(l-nb] for suspended load.Hence

g, w/Uz=mn P{l-n) ... (2.176)

or
g,z n P U/w (1-0,) ; .. (2.177)
Velikanov'™™, 1in 1954, introduced his gravitational

theory. For tvo dimensional flow and using energy concept, he
vrote;

w €+ ur/y » dc/dy = 0 .. (2.178)
The above equation 13 of the same form as the diffusion
equation, except the exchange coefficient has a different
form. with the same assumptions of linear shear stress and

logarithmic velocity distributions, Velikanov obtained;
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n
C/c_= exp [-{v/u_)(kr: /17rS) fn dn/{(1-n)1ln(n/a)}] ...(2.179)

[+

vhere n= y/D, n, is a reference level ,a = ds/30D andr:=y.—r.

Since suspension 1is maintained by turbulence vhich 1s
randoe by nature, it 1s only natural that the distribution of
suspended sediment should Dbe subjected to decription by
probabilistic methods. The studies of suspension which have
led to the statistical models starts with attempts to
relate the particle motion to turbulence.

So far the reviev of suspended load has been devoted to
the discussion of concepts and ideas, it seems appropriate to
explore the quantitative approaches for calculating the
suspended sediment load.

The suspended-load rate per unit wvidth 13 obtained by
inteqration the product of velocity and concentration over
the suspension depth, 1.e.

q = s C udy ' ...(2.180)
- yea

Lane and Kalinske'', in 1941, suggested a élmplified
form for the integration by introducing a mean value of
diffusion coefficlent €, from the general diffusion
equation ;

we e dc/dy = 0 . .. (2.181)
c y

J dacjc =-w S dy/e «er({2.182)
< a |

<

for constant €. ve have

C/C°= exp -[w(y-a}]/e’ .. (2.183)
since the_assumption of €, being constant 1is 1ncorreqt,bu§
rather varies with depth as;
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€ = ku, y/D(D-y) .. (2.184)
an average value € 1s given by

R . 2,..D o2

€= S <€dy/D=( ky /D")S "(Dy-y) dy ...(2.185)
vhich becomes for k= 0.4,

€= 1/15) u,D ...(2.186)
Lane and Kalinske suggested to use the é- in evaluating the
integration of equation (2.182) above, the result 1is ;

C/Cu= exp({-15 w(y-a)}/Du ) ...(2.187)
and for the velocity distribution, they took;

u/u_=( 5.75 log y/k) + 8.5 ' ...(2.188)

a;u_=( 5.75 log D/k) + 6.5 «..{(2.189)

The last tvo equations lead to:-

u-ufu = 5.75 yly_ + 2.5

= 1/x(ln y/y_ + 1)

and u/u= 1+(u*/kﬁ]{1n y/y, + 1) ...{2.190)
then q.= S C udy , from which._
q,= g P .C_ exp[l5 wa/Du,] ...{2.191)

vith a factor Pl..' a function of wfl.l. and the relative
roughness DID‘/G, and vas given graphically by Lane et al.as

in Fi1g9.(2.7) , but converted to SI units.

' The value of'ba is the reference concentration at y= a;

The above equation has to De solved for each siee
fraction. Einstein®, tn 1950, expressed the suspended
sedipent load rate by 1introducing the logarithmic velocity

distribution as; -
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u/u_= 5.75 log( 30.2y/4) <. (2.192)
and the Rouse®” suspension distribution equation given by;
c/C_= ((D-y/y)(a/D-a))” .. {2.193)
vhere As k./x, k. being the bed roughness and X is a
correction factor. Let A = a/D and performed the numerical

integration of the equation f; CuD ay,
E

The values of I‘and Iz vere evaluated for different AE and g

values as follows:

t

- z-1 - z
Is- 0.216 AE /(1 AE) fA

((1-y)/y)* ay . (2.194)

_ z-1 _ 2z 1 _ z
I.=0.216 A_ /(1-A_)" S, ((1-y/y))" lny dy ...(2.195)
The values of I1 and Iz vere given graphically by

Einstein as a function of A and z.as shown in Fig.(2.8)}.

$.0

1 | | ] L )
n/p'/6 =0.0122..
0.0244]
0.0367

P
g.10
0.0204 ] : ool
0.01 0.1 1.0
Glolu.

Variation of P with w,/u, and n/DV®

FIG.(2.7) LANE AND KALINSKE'S SUSPENDED

LOAD FUNCTION [Sf UNITS])
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The Einstein's suspended load equation can be vritten as;

g.= 11.6 Ca u; a [2.303 109{30.20/6}1* + 12] «..{2.196)

vhich gives the suspended load for a given sieze fraction of a
given w.

The reference concentration Ca, is that concentration
occurs at the top of the bed layer. The thickness of the bed
layer, due to Einsteln, vas taken to be 2d, Since there will
be continuity in the distribution of suspended 1load and
bed-load, it“ vas assumed, by Einstein, that the average
concentration of the hed-load 1n the bed layer must be equal
to the concentration of suspended load at y= 2d, the average
concentration in the bed layer is given by

c,= 1.9,/23.2 u.d ... {2.197)
vhere 9, is the bed-l1oad rate of size fraction 1B on veight
basis.

Thus the bed-load rate can be introducéd te the'sqépéndéd
lpad rate equation as;

1.g.= ibga[2.303 1og(30.2D/A) I1 + Iz] .. (2.198)

introducing p_ as a transport parameter given by

pE= 2.303 10g(30.2D/A} .. {2.199)
a relationship betveen the bed-load transport and suspended
" load transport exits as

1’gs= ibgb(pEI1 + Iz] o4 (2.200)
This equation .is dimensionally homogenous. With a slightly
different approach Brooks™®, in 1963, has developed an

equation to determine -the suspended load,assuming the law of
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logarithmic velocity distribution, and the typical
concentration distribution. Brooks obtained the relationship
given by,

g = C_.q [lu /KUS :il-y/y) “ay

v u/xd S, (1-y}/y)® 1n y dy] ... (2.201)
| 1

The above eqgquation can be revritten in teras of transport
function T‘ as:
qalqcmd= Ta{tu,u.t zt A ) I..(2.202)
vhere Cmd is the reference concentration at y= D/2, the
choice of lover limit of inteqgration 1is suggested to be at

u= 0, and Az becomes

A= exp(-(ku/u,)-1] ce o (2.203)
The equation (2.204) above reduces to

q,/qC, = T:(kﬁxu_, 2) ... (2.204)
or

— . —

c/c .= T (ku/u,, z) .e s (2.205)

from vhich the relationship to Ca is,

E/cmd= C/C_(y -a/a)” J..(2.206)

thus 2d/D= (cmd/cb)"z ... (2.207)
vhere Cb 1s the average concentration in the bed layer. The

values of T; ts given by Brooks as showvn in Fig.(2.9).
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From the concentration distribution equation given by
Rouse'*™ as,
c/C_= (D-y/y . a/D-a)* ... {2.208)
for a= D/2 then C°= Cmd

c/c_,= [D-y/y (D/2)/(D/2)])"

c/c_,= [D-y/y)*

or g2= log(Cmd/C )/1log(D-y/y) 04 (2.209)

i.e g is the slope of C/Crnd Vs. D-y/y on log-log scale.

The reference level 1a important‘because near the bed the
concentration 1is relatively high and small change in
elevation v¥ill have a large effect on the total suspended
sediment discharge. Brooks showed an example vhere y,= 0.1D
and the unaeasured suspended load vas tvice the measured
load,

There exists some simple relations for suspended load,

Rubeym‘ﬂ found that the average suspended load

concentration C, 1s proportional to R'7?s*7?, since q-1s
Ar2 A72

proportional to R°S from the Chezy equation, 1t can be

vritten as:

277G

q,- Cq a RS ... (2.210)
Several field engineers have reported a rq}ationship
betwveen 9 an¢ q for different rivers as,
g aq ... (2.211)

the value of b vas found to have an average of 2.00.

(o)

Samaga , in 1984, proposed a method of calculation of
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suspended load by considering the individual fraction in a
mixture.He found that the parameters ¢. and T, are uniquely

related by the equation

<

¢, 30 1, ... (2.212)

in case of uniform sediment, he reported that,

12

¢, =(q_/r 4} [(r/r(s_-1)) (1/g4)""7) .+, {2.213)
vherse
T, T/ r )¢ ... (2.21¢)
This method seems to be similar to the bed-load transport

42)

equation introduced by Einstein and Co-worker.
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2.5. THE TOTAL SEDIMENT LOAD : -

The total load rate g_ 13 obtained by the addition of the
bed-1load rate g, and the suspended load rate g . each of the
bed-load rate and suspended load rate may be obtained froa
sone equationé. At lov transport rates,vhere most of the
sediments move in contact with the bed, the bed-load
approximates, sufficiently wvell, the total load.

Lane & Kaliske™, in 1941, vere probably the first to
calculate the total 1load , by summing their calculated
suspended load to that obtained from a bed-load equation.

A more correct name of the total load 1s,actually,the Bed
Material Load.Since the bed-1load and suspended load equations
vere derived such that the particle supply 1s found within
the bed material; This then implies that the term total load
is not identical to bed material 1load, because of another so-
called vash-load, vhich i3 made up of grains finer than the
bulk of bed material. Wash-load usually is caused by land
erosion and not by channel errosion, so it depends on the
hydrological & geological conditions, this is of some concern
to the agricultural engineers. h

The methods of computation of the total sediment trans-
port rate can be broadly classified into tvo categories. The

first category make use of the subdivision of the total

Sedinent load into suspended 1load and bed-load. The
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addition of the tvo gives the total load in absense of the
vash-load,these methods are referred to as the direct mothods
or microscopic methods. Under the second category, no dis-
tinction needs to be trade betveen bed-load and suspended

load. The second group are referred to as the direct methods

or macroscopic methods.

Einstein®, in 1950, advanced the bed-load and suspended

load concept. The bed-load rate is given by

g for a siee fraction of 1,

i '
P °p

And the suspended-load rate 1s given by

1. g, ., for a siee fraction 1., thus the

resulting total load for a size fraction 11 is:

1,91, 9, +1 g , e (2.217)

vhere all the rates are given in veight per unit tike and
unit vidth, simplifying equation (2.217) above i.e,

+ 9:° 1B ga{l + PE I‘ + Iz] ’ . v (2.218)

vhere Pl:-is a4 transport parameter given by;

Pl= 2.303 1log (30.2 D /A)

D = depth of the flov (uniform and steady flov)
A = apparent roughness = K’/x

X = a correction factor.

I Iz= are integrals evaluated by Einstein (1950),

and given graphically 1in Fig.(2.8}.
Modified Einstein procedures as outlined by Coldy and
100}

Hembreoe , in 1955, adapted for computation of total load.

The Finstein™ procedure estimates the bed-load and sus-
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pended load for any selected discharge from data on the
geometry of the river and sediment grading. It is a design
procedure,

The modified Einstein procedure estimates the total load
discharge for a g¢given stream at a given discharge from a
measured depth integrated suspended load sample, including
Sometimes the wash-load. The calculation i1s based on measured
mean velocity, and depth instead of hydraulic mean raduis.

Einstetn”®”, in 1964, wrote the equation given by Colby

et a1“®®, 1n a simpler form, as:

- z~-1 - - T
(190701 9, 0= (0, /n )" " ({1-n)/(1-n )% .+-(2.219)
[1+p511+12)n0,(PI:II.*IZ)nI.
vhere: g, 1s the total sediment discharge per unit width
g_: the measured suspended sediment discharge per

am

unit width,

n,= (a/b)= A_ :

.0, (y1/D)= unmeasured depth/total depth of flow .
2: modified exponent
I‘,Iz& PE: as defined earlier by Einstein.
Equation (2.219) is dimensionally homogeneous and can be
used in any system of units.
From the point of general physics, Bagnold™*®, 1in 1966,
argues that the existance and maintenance of upwvard support-
ing stresses equal to the immersed veight of the solids. The

dry mass m and the immersed mass of the solid m' are related

by: . ; -
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m'gs (o, -p/p, )0g ... (2.220)

Thus the bed-load mass m'b is defined as that part of the
total load mass vhich is supported by a solid-transmitted
stress l:g, vhile the suspended load mass l: is supported by
the fluid-transaitted stress l:g.The transport rate of solids

by immersed veight per unit vidth 1s given as 1_r

1= 1,41 = (p -ple, IWgU= m gU +algu e (2.221)

T b
vhere U: mean transport velocity of solids.
sz mean transport velocity of solid moving as bed-load
U : mean transport velocity of sSolid m=oving as
suspended load.

The important point mnade by Bagnold is that equation
(2.221) above gives dynamic transport rates wvhich have dimen-
sions of wvork rates, but hovever stresses and velocities are
not in the same direction,thus a correction factor wvas intro-
duced as follows:

The bed-load vork rates i (tana)s= m gU_(tana) ...(2.222)
vhere tana = coefficient of solid friction ,
and the suspended load vork rate is:

1_(v/U )= migu_(v/U ) ... (2.223)
vhere = settling (terminal) velocity.

Fﬁrthernore, Baénold introduced the pover equation vhich
relates the rate of doing vork vith the avaliable pover by
means of efficiency.

The avaliable power per unit length per unit vidth is

P= (y Q5/B)= y DSU = rQU - - ene(2.224)
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vhere D = channel depth
B = channel width
U = average velocity of fluid

S = slope of the channel

Accordingly
ib tana = ebP
i (w/U )= e P(l-e ) vee(2.225)
. - . b .

vhere:

eb , e, represent the bed-load and suspended-load efficiency,

respectively. Introducing equations (2.221) and (2.225)
together;

i=1, * 1= P[(v /tana) + (e.U./vjtl—eb}] ...(2.226)

Thus the total load rate may be obtained 1f four para-

aeters namely e e tana, and U- are knovn.Equation (2.226)

b
can be applied to laminar flov but in this case the second
term of the equation disappears. Bagnold shoved graphically
that e = f(u,d) . From flume studies 1t was found that,
e.(l-eb) = 0,01 , and assuming that the mean. velocity of
fluid and the suspended 3solid velocity are equal introducing
these into equation (2.226); ylelds:-
1?= [P(eb/tana + 0,01 (U/w))]) e (2.227)

It should be stressed that equation (2.227) is applied to
fully turbulent flov conditions vith adequate depths, vhere
tana being the solid friction coefficient of grains.
F

Considering P= rou and v = pu, then according to- Bagnold,

4 2
a u a T -
qT hd or q? 0
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vhich 18 the case of many field observations carried out for
flovs transporting heavy suspended load.

c . . (102)

hang, Simons, and Richardson ., S3tarted from the
concept that the total load may be given as:

= @ Y
g, fo Cu.dy + f° Cu_dy . (2.228)

in which the first term represents the bed-load and the
second term represents the suspended load, and a is the bed
layer thickness. I .

(21}

They employed the Du Boys' relationship, to express

the bed-load, in the fora;
g = KU (r_-7) ... (2.229)
vhere KT is the bed matertal discharge coefficient.
and U 1s the mean flow velocity.
It was found experimentally that for natural rtvers
0.72 « KT ¢ 1.10. For suspended load, they introduced
g, gbns vhich 1s, similar to Einstein's egquation. Thus the
total load;
9.= 9.+ 9,= K (7 -t__] U(l+R ) ... (2.230)
vhere R_= constant containing the tvo integrals of Einstein.
Colby“zm. in 1964 , prepared a set of graphs for
calculation of sediment transport in sandy rivers. He studied
the effect of mean velocity, depth, shear stress, streaa
pover, viscosity, temperature and concentration of fine

sediment on the discharge of sand per unit vwidth of the

channel. The estimated sediment discharge 9. is given by:
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g.= [14(K K -1)0.01 K_] g_ ... {2.231)

vhere

Yalues

K
1

K
2

K
3

g‘l't

is correction factor for temperature.
is correction factor for concentration.
is correction factor for median particle size.

is the uncorrected discharge of sand per unit width

of K!, K_, Rs are known graphically for any given

conditions.

a4

Laursen » 1in 1958, advanced parameters to explain

the relation betveen the flov and sediment trarisport rate.

One parameter is the ratio

(r_10)"7%1¢ = u, tv e (2.232)

this ratio expresses the effectiveness of mixing action of

turbulence 1n the suspended load concept.

(104

Using Manning and Strickler’s relation, Laursen gave

T

L

o

2,173 13

u®a*?s30 p , 1bsft? «..(2.233)

vhere r; is the boundary shear assoclated only with the

sediment particle resistance.

also tlxp u®/s8(a /b )*®, (any system of units) ...(2.234)

Accordingly the following empirical relationshlp vas

suggested

C= Ti(d /D } "°%((x /7t )-1) f(u /v ) ...(2.235a)
L o -3 * L

T

for quarte sand, It 1s found that ;

C= 256 (q_/q) ...(2.235b)

vhere C

percent.

the cross sectional mean concentration by wefght in
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It is vorthvhile to mention {investigation of Bogarditlos),

in 1965, which gave simillar equation to (2.235) as:

779

C= (a/R)77°((r_/7_)-11 f(ga/ul,qa) - ... (2.236)

vhere R

n hydraulic mean raduis.

In a discussion of Laursen‘'s contribution, Garde et al,
1983, suggested another eampirical relationship:

(u,D /vy (1/€)* 7%= ((y_sa) (1/£(4))1%* .o (2.237)
vhich vas found to be in good agreement with observations.

Bishop, Simons and Richardson™®®, 1in 1965,used of the
¢, Vs y,relation but rather than predicting the bed-load
transport, it vas remodeled such that it predicted the total
load discharge, as Einsteinmﬂthey reported that:

2, f(v,) ... (2.238)

vhere y = intensity of shear = (o -p}/p (a/(s‘n:))

¢,° intensity of transports gb/y-[(p/(p'-p))[llgd]slifz

Bishops et at“?°?

reason that the shear 1ntensity para-
meter y,  may be used to predict immediately and directly the
intensity of transport for total load rate 9. by introducing
the intensity of transport for total load as ¢?, vhere ¢T is
given by;
$,= 9./r Lol (p,-p)) (1/6°g)1*"? ...(2.239)
Using flume data for four different sands the ¢, V3. ¥,
relationship vas established. Although the curves for each
grain size exhibit the same general trend; they differ by a

conslderable degree. To remedy this effect, the scale cons-

tants A‘ and B‘ vere introduced- and found to be in functional

83

All Rights Reserved - Library of University of Jordan - Center of Thesis Deposit



relationship vith the median diameter of the sand.

The ¢} Vs. v, relationship c¢an be divided 1into three
segments corresponding to the lower, transition and upper
regimes of the bed configurations., The lover part of (it
represent the bed forams such as ripples'aqd/or dunes, this
part 1s fitted to Einstein’'s relationship Py Vs Voo Tne
second segment or the inflection of the curve in which Dbed
forms ranging from dunes to plane beds to antidunes. The
upper most part of the curve represents data with bed foras
of plane beds and antidunes. Data in the second and upper
part of the curve cannot be predicted with Einstein's
relationship because, most 1likely, the better part of the
total load is by nov in suspension.

A physical model vas proposed by Graf and Acaroglu®®”,
in 1968, for sediment transport in conveyance systems, both
open channel and for closed conduits.They used the entire
hydraulic radius R _rather than that assoclated vith the
grain roughness R: used by Einstein‘?’

A shear intensity parameter v, is given by

w,= [((o -p)/p)/SR 14 ...(2.240)

Based on a work rate concept; a transport parameter wvas

established such as;

E I W

¢,° (CUR /(o -P)/P)dg"]

A e (2.241)

where Cv is the volumetric concentration of the transported

particles.
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Using experimental data from laboratory and fleld
measurements, the relationship ¢‘= f(w‘] vas evaluated Dby
regression analysis as;

¢.= 10.39(y,) > ... (2.242)
vhich 1s applicable for both open channel and close conduits.

Engelund and Hansen'®® proposed a method for determina-
tion of the total sediment discharge in streams with dune-
covered beds for wvhich u.dsolv > 12 and d50 > 0.15 =an.

The computations depends on the Engelund resistance

formula. The relationships are:

f¢ = 0.1 &*° 1. (2.243)

_ ~ 3 .32
and ¢ = q /0(S -1)g 4] _ cee (2.244)
vhere f= ZgD°S/Uz ... (2.245)
and U/(gpos)1/z= 0.6 ¢+ 2.5 1n yoik ‘ .+.(2.2486)

in which k = 2.5 dr‘dr 18 the fall diameter of sediment, and
e = rol[r(s.-ljd] = DOS/{S.-I)d »ea(2.247)
o'= 0.06 + 0.4 o= D S/(S_-1)d ... (2.248)
the last equation _proposed by Engelund et al. for flov over
dune covered bed can be expressed as:
g, 0.05 u‘[(aso/g(s.-1)(TO/{p.-pjgdso)"’l”’ ... (2.249)
Engelund®®®) in 1973, also proposed a method for calcu-
lation of sediment transport vhen the bed material is graded.
He defined a critical sigze belov vhich the particles will be
in suspension & above vhich the particles vill aove as bed-
load. This sige is given by the empirical relation

2.5 v fu = 2 ) : - . e (2.250)
< -
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vhere v, is the fall velocity when suspension extsts.

Toffaleti®™, in 1969, proposed a procédure for calcula-
tion of total load based on concepts of Einstein. He divided
the sediment into fractions and the stream depth into four
Eones: bed, lover, middle and upper gzone.

Whereas Etinstein obtained the reference concentration
from the bed-load, Toffaletl proceeded in the opposite direc-
tion and calculated the bed-load on the basis of suspended
sediment concentration curve. He defined an exponent zt

(81)

similar to that given in Rouse equation as

Zl= v U/(CzRS) oo (2.251)
vhere Cz 1s a temperature dependent coefficient given by

C== 260.67 - 0.667 T .. (2.252)
and T 1is the temperature in °F.

The velocity distribution was assumed to follow the one-

seventh pover lav as

n

u = U(l+n ) (y/R) M ] ... {2.253).

vhere n = 0.1198 + 0.00098 T ...(2.254)
and again T 13 1n degree F.

Toffaleti found that the concentration curve in the three
reg;ons could be fitted to the folloving equations, as shown

in Fig.(2.11). -
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- . 756z
L

C = CL (y/R) {lover zone) ... {2.255%)
" -z
¢ =cC_ (y/R) ' (middle zone) ... {2.256)
' -1. 52
C.=C, (y/R) ) (upper zone) ... {2.257)
[N
vhere CL , CM and Cu are the concentration coefficients

i i L

evaluated from the continuity of the suspended sediment
concentration profiles.

The suspended load can be found by adding the calculated
suspended load in the upper, mliddle and 1lower gzone.Mean-
vhile the Dbed-load 1s found by taking the product of bed
layer concentration and the bed velocity (both at y = 24).
Finally the bed material load 1s the direct sum of bed-load
and suspended locad

.This method 1is rather lengthy and 1is best handled by a
computer program., The results gave reasonable estimate of
sand transport, particularly in large rivers, but it 1s not
recommended in case of gravels transport.

Sher. & Hung'®', in 1971, accepted the fact that the

total sediment transport 1is, in the present state of Know-
ledge, not subjected to a formal description in terms of a
few parameters. They, therefore,recommended a relationship to
be fitted to the available data by regression techniques.
They selected the bed material transport concentration C_
by veight as the dependent variable and v (fall vel.), dso in

~mm, U{ft/sec}, yo' and the energy slope 5 as the independent

89

All Rights Reserved - Library of University of Jordan - Center of Thesis Deposit



variables. The fall velocity is corrected for vater tempera-
ture, Their equation is

Log C .= a_ + &y + ay’ + ay’ ... (2.258)
in wvhich

a,* -107404.45938164

a-= 324214.74734085

8 = -326,309.58908739

ar= 109,503.872325239

0.57/'0.92 .. {(2.259)

and; y = US
This vas tested for 587 sets of laboratory data 1in the
sand size range. Any vash load should be added separately.
dckers & White™®, in 1972, based on Bagnold's stream
pover cancept, applied dimensional analysis to express
the mobility and transport rate in terms of some dimension-
less parameter. They postulated that only a part of the shear
stress 1in the channel bed 13 effective in the movement of
course sediment, while in the case of fine sediment, suspended
1oad movement predominates and the total shear stress 1s
effective 1n causing the movement of sediment. They proposed
a design chart of emobllity number Fgr versus a
dimensionless grain sige Dgr vhere ,
pg;= d:/[gd(s_-l'i 127 %1us(32)*% 109 (10D /A)}'T" ...(2.260)
in vhich u_= shear velocity, n= transition exponent depending
on the grain sige; For course grains n=0, and for fine grains
n= 1, and 4 = das.

Also: -

90

All Rights Reserved - Library of University of Jordan - Center of Thesis Deposit



D_=d (ars -1/ Y7 ... (2.261)
Then a general dimensionless sediment transport function
can be expressed as;
G = XD /5 a (u, /)" c..(2.262)
in which
X= the rate of sediment transport in terms of mass flov
per unit mass flov rate. The transport rate 1is rélated to Fgr
by
6 . [C(Fgr/A)-llm ... (2.263)
vhere A is the value of Fgr at a nomial initial movement; and
the four constants A,C,m,and n are all functions of Dgr.These
constants vere determined by optimigation techniques applied
to the existing data; The values of C= 0.025 and m= 1.5 vere
assumed to be constant.
Their equations can be applied to the lover flow regime
vith different bed forms such as plane, ripple and dune.
Yang “124® 0 1972,1976), approached the total
transport from the energy rate or stream pover concept.
The unit stream powver can be expressed by the velocity
and slope product., Yang's dimensionless unit stream pover
equations can be expfessed in basic form;
log Ct= a + i log(us - usc) +ea(2.264)
vhere USc is the criticsal unit streaa pover required to start

the sediment movement. This is made dimensionless by vriting

log Ct= I+J log{U./U - Uc S/v) ... (2.265) .
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vhere I =4 ¢ Ai log(vd/v) + A log(U,/v) ve0(2.266)
J = B‘ + Bz log(wd/v) + Ba log(U_/v) ve.(2.267)
Then using available data (laboratory) and multiple reg-

o pover equation (1976} is:

ression techniques Yang"

log Ct= 5.435 - 0.286 log{vd/v) - 0.457log(U_/v)

+{{1.799-0.409 log(vd/v)-0.314 log(U-/v)) 109[(USIU)-{UCS/v)]
.».(2.268)

The values of Uc /v are given by

Uc /v = Z.5/(log{U‘d/v)—0.06}+0.66: 0<(u_da/v) <70 ‘o0 (2.269)

and Uc /v = 2.05; 70 = (U_4/v) ' v (2.270)

in vhich: Ct= the total sediment veight concentration (ppa).

v = the average fall vel.

d = the median diameter dso

U_= shear velocity.

v = the kinetic viscosity.

U = the average flow velocity.

u_-= the average flowv velocity at inciplent motion.
S = the energy slope. |

US= the unit stream powver.

US/v= the dimensionless unit streaa pover.:
Maddock™®, in 1969, used an empirical type approach to

express the total sediaent concentration vhich includes the

vash load as a function of unit stream pover
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c,= (10? usse(ay - 60(s_-1)g"'"%a/¢(a) 0'?

174 42
}.

[(S.-l}gd/wz } .. (2.271)
in vhich ¢(4d)= a function of median diameter of sediment. a
graphical solution of ¢{(d) wvas given by Maddock ,the above
equation is dimenstonally non-homogenous.The dimensions of

Ct is in part per nillion by weight,

u is in ft/sec; g is in ft/sec?

d is inmem, D 1in ft, and v in ft/sec.

(114
Yang

later, in 1979, introduced a unit 3tream pover
equation for total 1load wvithout using any criterion for
inctpient motion.This equétioﬁEUAQ‘EEQpared vith a similar
dimensionless unit stream pover equation tintroduced by him
before, with the inclusion of criteria for incipient motion.
Comparision betveen the measured results from laboratory data
and natural rivers data vith the computed results from the
tvo stream powver equations indicated that they are equally
accuréte in predicting the total sediment concentration in
the sand sige range. For the 1259 sets of data compared, the
average computed result from these equations is only 3%
higher than the measured results. A simplified unit stream
pover equation can be written as )
1og Ct= 5.165 - 0.153 log(vd/v} - 0.297 log(U‘/v)

+ [1.78-0.360 log(wd/v)-0.480 log(U./v)] log(Us/w) ...(2.273}
{447

Hideo Kikkawa and T. Ishitkawa . ftrom Tokyo Institute

of Technology, 1n 1978; obtained a mathematical expression of
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the autual relation between bed-load and suspended load by
developing a model of sediment particle motion.

As a particle moves dovnsteam, it turns from a component
of suspended load into one of bed-load and vice versa. The
characteristics of motion seeas to be very different in each
case; In the case of suspension, particles motion is affected
by the fluctuations of fluild dynamic force or the "diffusion
effect”. On the other hand, the bed-load is subject to upwvard
force vhose average is equal to the graviéy acting downvard
or the "upvard force effect”. For this purpose, a stochastic
model of paerticle motion is proposed based on observation and
physical considerations.They concluded the folloving results:
l1- An expression of concentration d4istribution 1is derived

vithout introducing the reference concentration,

2- The total load equation vas found to be in good agreement

vith the flume data.
The eddy viscosity € 1s represented by
€=k/6U D . ce.(2.274)
the ratio of the eddy diffusion coefficient of mass to eddy
viscosity e./em vas exaalined experimentally by Ismail(a7),
its value is in the range 1.2-1.3. The followving relation is
assumed by thea : i
€. 1.2 €
Considering the velocity distribution in an 1idealized

flov as:

u/0 = a(y/D -~ (y/D)/2) + b e (2.275)
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in vhich a (6/k)(u_ /U}

b

1- (2/k){u_/U)
If this equation 1is considered, the total 1locad of bed
material q. i3 calculated from ;
v}
q.= fo u C ay .. (2.276)

The average concentration is ;

C.= (4/D ) £ (1) [ax{(B-1/M+(-F"+p+1)/27 exp(-p)}

T
+ ab/f (l-exp(-73)+b] e (2.277)
vhere
f,(r,)= 0.88 t {#((1.52/7,)-2)
+0.199 exp [-1/2(1.52/7 -21%} ... {(2.278)
in vhich,

1,2

o
= Ui/ (e, /e"1)gd and #(x)= 1/(2m)*? s exp(-t?/2)

-

The dimensionless total load is expressed as;

9,7 q /u,d ... (2.279)

*

Ranga Faju. J. Garde et.al.™®, in 1981, used the

concept of effective shear stress,and applied this concept to

data <collected in flumes and natural streams vhich wvas

avallable.

a£{119}

According to Vital et. . the dimensionless sediment

transport parameter ¢T vas closely related to the dimension-

less shear stress for flowv vith a plane bed as:

3,172

$.= 9. /7 loldy ) (1/(ga%) ... (2.280)

and T .=t fAy 4 ... {2.281)
O -

-

in which 9.7 rate of total locad transport (by weight) per

unit width and Are= T g(ps-p)
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vital et al™’”, defined the shear stress t for rippie
and dune beds as the shear stress required to give the same
total load transport of the same 3ize material on a plane bed.
Invagtigation done before shoved that (rthr..d) is
uniquely related to t, here r:=ro/Ar..d and r:=gra1n shear

stress = Y, R: , Wvhere R: is given by

12

U 24,61/4 R;Z/SS

{118)

(S.1I units)
Raju et al.investigations showed that no unique rela-
ion exists betwveen r:and rt/ﬁy‘.d.So they try to provide a
prediction‘of T, by introducing a functional relationship as

SVASCIR] SO LN D © ...(2.282a)

From the given data the above equation can be expressed

as;

LRASGIN COVA S0 I ... (2.282D)
in which m i{s a function of (u_/v). In the case of no
suspension , m= 0 and T = r:, this is known vhen u_/v < 0.5,

Othervise the value of m 18 given by;

m = 0-2[u‘f'} = 001' for u.,w > 0-5 ...(2.282(:]
Since ¢? is a function of Ttldr..d
_ 1 1 -m
Then, . ¢T— f[T‘{To,To} ] ...{2.283)

and this 1s valid for ripple-dune and plane bed regimes,

The last equation (2.283) can be expressed as
a
. 1 i -am
¢1' 60 7 (rolroj e (2.284)
in the range of

1 m

. 1,-
0.05 = 7 (TOITO] =1.0
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Based on regression analysis of laboratory and field

120

data, Brownlie , in 1981, obtained the followving equation
for concentration of total load ppm by veight:
1. 978
- 172 _ 1,2
CT- 7115 Cr(Ulitﬁr.«d]lp} ucl({Ar.-d)/p) )
Q. GOoD1 -0. 3301
— (R/d) .. (2.285)

in vhich Cr is a coefficient equals unity for laboratory data

and 1.268 for field data.

Kartm and Kennedy'*", in 1983, carried out a regression

analysis of the sediment data. Thelr equation is:-

™

log a_/[lp, /(p-1))ga’1" s -2.786+ 2.9719 V + 0.2989 V V,

+ 1.06 vtvs ...(2.286)
vhere Vv = log U/[(ar_/p)d]"""

vV s log (u,- u, )/[(sr_ /P)d)"""

2
Hovever de Vries™¥, in 1983, found that the accuracy

of the above method to be 1less than those of Engelund‘mm

and Ackers-White*'V.

Yang and Molines ™™™, tn 1982, _compared seven total

load equations derived from the concept that the rate of

sedigent transport should be related to the rate of energy

dissipation of the flov,these equations were Colby'®”&pproach

Ackers and Whiteuiu, Engelund and Hansenuosn Shen and

(110) (143} (11 8)

NHung ., Yang and Maddock's approach.
Using 1,259 sets of data in the sand size range indicated

that the equation proposed by Yang, Engelund and Hansen, and
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Ackers and White are more accurate than others under labora-
tory and field conditions,aean vhile Shen and Hung's equation
and Maddock's equation shoved good agreement 1n case of
laboratory flumes: finally Colby approach should not be
applied to the laboratory flumes, also this method under-

estimates total sediment load in natural rivers.

98

All Rights Reserved - Library of University of Jordan - Center of Thesis Deposit



1socge syl Jo BIusD - Ueplor Jo AlSiBAIUN JO AkeiqiT - paARSSY SIYDIY |1V

APPARATUS AND
EXPERIMENTAL
PROCEDURE



CHAPTER 3
APPARATUS AND EXPERIMENTAL PROCEDURE
3.1. DESCRIPTION OF THE APPARATUS

3.1.1. INTRODUCTION

The experimental vwork was conducted in a 10-m long,glass
sided tilting flume, located in the Hydraulics and Fluid
Mechanics Laboratories in Tne'C1v11 Engineering Department,
at The University of Jordan. All experiments were carried
during Summer, 1988, although preparaticons and modification
of the apparatus started one year earlier. A general viev of

the apparatus is shown in plate (3.1}.

3.1.2. THE TILTING FLUME:

The glass sided tilting flume, as illustrated diagramiti-

cally,is a fully self-contained 10m in length, 0.3 m in width
as 0.45 m in depth., The base frame i3 a steel box section,
bolted together through end flange plates, the‘channel bed 1is
manufactured from a cold rolled steel, fully machined for
accuracy. Pressure tappings are provided in the bed of-tne
flume,

The sides are manufactured from toughened glass and are
supported by cast aluminium cantilevers connected to the bed.
The flume, before some adjustments, vas fed through an inlet
tank. After passing through the working rectangular section,
the vater travels by vay of an adjustable overshot welr

(taill gate).
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PLATE (3.1) GENERAL VIEW OF THE FLUME.
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Fig.3.2 GLASS SIDED TILTING FLUME
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Some adjustments are needed to establish a close circuit
sediment loop, through which the sediment circulates without
having any possibility of deposition. Thus the dovn stream
side of the flume was fully seperated from the dovn stream
tank the tail-gate in semi-vertical position (closed}.
The circuit was then changed to be a closed loop with a
control volume flow rather than taken the water froa the
tanks, this was done by closing the tank valve and oppening
the close circuit valve before the puap.

To avoid deposition in the inlet side of, the upstrean,
of the flume, a PVC. pipe connections of 10 cm in diameter
vere provided to ensure that vater, at the inlet side, came
directly to the flume vorking section, through these pipe
connections, { Fig. 3.2.).

Both manually and electrically operated screw Jjacks are
provided for bed slope variations,vwhich can easily give accu-
rate slopes 1in both the positive and negative range. The
slope indicator scale 1is provided to give slopes up to 1:40
and negative slopes up to 1:200 as shovn in Plate (3.3).

The top flanges of the flume working section carry a pair
of accurately aligned instrument rails. To one of these rails
is affixed a 1longitudinal positioning scale calibrated 1in
millimeters. On these rails the 1nstrument carriers move
along the vérking section carring either depth gauge, scraper

or any other instruments.
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The control board contains Dbottons which electrically
operate the pumpset, the valve,and a meter for measuring flov
rate.

3.1.3. MOVYABLE CARRIAGES:

The flume 13 equipped vwith four carriages which can be
moved on rails along the flume length. Each carriage has a
Jockey vwhich moves in the transverse direction. On these
carriages the point gauge, the levelling scraper, the static
pitot tube set and 3suspended load sampler can be mounted
easlly. These apparatus can be moved easlily to any location

on the flume vorking sectlion.

3.1.4. OTHER EQUIPMENTS:

1~ The Point Gauge:
Water surface and bed levels are geasured by a point

gauge vhich is supported on a sliding carriage. The pointed

end, shown in plate (3.4) 1is mounted on graduated red actuated

by a slov notion screv equiped by a .vernier for accurate
reading to 0.1 mm.
2- The Levelling Scrapers

For levelling the sand bed, a scraper vas made of a
perspex angle, just shorter than the flume vidth.Its lover
surface vas carefully smoothed to a straight edge.

The perspex angle, 1s clamped to a depth gauge which wvas
adjusted to the level of a marble apron, and suspended from a
carriage travelling on the flume rails, The sand vas levelled

before each run by sliding the scraper over .the wet sand vith
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a thin film of vater for several times,this scraper is shown
in plate (3.5),
3- The Static Pitot Tubes

The velocity profiles vere measured by the use of Prandtl-
type pitot tube vwith internal diameter of 1.0 mm. The pitot
tube 13 clamped to a depth gﬁage and connected to a differen-
tial inclined manometer using vater as a manometer liquid; as
shovn tn Plate {3.6).
4- The Manometer Board:

The pitot tube assembly 13 connected through a flexible
tubes of 5.0 mm internal diameter to an inclined differential
vater manometer .

The inclination of the manometer 1s made to magnify the
differential manometer reading at lov velocities. This magni-

fication 13 about 4.31 times greater than the vertical normal

position of the manometer as shown 1n Plate (3.7). Both of the

manometer tubes are of 8.0 mm internal diameter wvhich seems
large enough to eleminate capllary effect, and their ends are
opened to 1ts atmosphere. Readings was taken to the nearest

1.0 am on the 1inclined manometer
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PLATE (3.5) THE LEVELLING SCRAPER.
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PLATE (3.6) THE PITOT TUBE & SUSPENDED LOAD

SAMPLER [GENERAL ARRANGEMENT].
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3- Suspended Sediment Samplers

The distribution of sediment vas determined from 3amples
siphoned from the flowv through a glass tube of 3.0 mm internal
dlameter, shaped much like a pitot tube. The tip of this
sampler wvas sharpened from the outside, with the 1inside
diameter being unchanged, this was done to minimize the
disturbance to the flov. The average velocity at which that
sediment-laden vater entered the tip of the sampler was made
equal to the local stream velocity at the sampling point by
adjusting the head on the siphon, the local stream velocity
vas measured momentarily using a pitot tube assembly men-
tioned above.Then the time required to fill! a 154 ml volume
vas calculated using the local velocity of the stream and the
cross sectional area of the sampler tip, thus the head on the
Siphon wvas adjusted by trials so that the actual time of
filling 1s the same of the pre-calculated value .The
suspended load sampler is shown in Plate (3.6) above.
6- The Bed-Load Trap and Samplerst

Making use of the pressure tapping holes in the bed of
the flume, a bed-load trap of a funnel shape vas designed to
measure the bed-load rate.This trap as shown 1in Plate (3.8).
vas located at station 7.80 m from the start of the wvorking
section.It vas made of stainless steel with 80mm * 80 mnm plan
and a 50 mm depth, the sides vere sloping at an angle of 40°
vhich is greater than the angle of repose of the experimental

gand {30°] to ensure instabllity of sand grains on the sides,
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The exit of this trap wvas connected to a pipe of 12.5 om
internal diameter vwith a ball type'valve , this pipe leads to
the bed-load samplers or bottles. A brass vire mesh vas used
on the top of the trap as a baffle to eleminate vortices
formation during bed-load sampling.

7- Other Sampling Apparatus:

3 bottles of 1.0 L each vere sampled for bed-load at each
trtal, the valve of bed-lcad saampling was opened for about
15 min.before each trial and was alloved to discharge in an
external container to avoid non-uniformily of sampling due to
valve closure. The sampled sediment laden vater bottles wvere
veighed after being filled using a balance of 1.0 gm (least
count).These bottles vere filled vwith clear wvater and veighed
again.The difference betveen the tvo veights i3 the submerged
velght of the sediment being traped.

6 bottles of 154 ml volume each wvere used in suspended
load sampling. The submerged vweight of the suspended sediment
was found in similar way to that of the bed-locad but using an
electrical balance of 0.0001 g accuracy. A stop-vatch wvas
used to record the actual time of sampling.An air jet and
a cotton cloth are used to dry the bottles from the outside.
3.2, General Arrangements: i

The sand bed 5 ¢m in thickness occupled the recess, about
9.0 m in length, formed by the marble aprons placed at the
upstream and the dovwnstream ends of the vorking section.The

upstream apron vas very effective in damping the turbulence
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of the vater and preventing the lccal scour and irregula-
rities of the sand bed. The 5 cm layer of sand mentioned
above was formed of 2.5 cm of fixed bed sand treated by
special type of varnish emulsaion overlaid by another 2.5 cm
of uniform experimental sand of median diameter of 0.15 nmm.
3.3. The Experimental Sand

1- Characteristics of Sand

The sand useh-for these experiment vas brought by the
present auther from the sand dunes piles found in Wadi Arabah
South of Jordan, about 200 Km south of Amman. It 13 dark and
yellowvish in colour. The sand is predominatly Silica sand and
the specific gravity of it was measured experimentally in the
Soil Mechanics lab. and was found toc be 2.65 .The sand 1s
quite subrounded as shown in plate (3.9),since {t was tran-
ported by air from the arabian desert for many thousands of
kilometers,.

2- Sieve Analysis Procedure: -

The natural sand vas sileved using six standard sileves
wvhich were shaked mechanically for twventy minutes . Sand
contained between successive sieves 18 collected and stored
in marked containers.The experimental sand used 1in these
experiments vas that portion vhich passed sieve size 0.202 mm
(sieve # 70) and retained on sieve size 0.104 mm (sieve #140)

Thus the experimental sand used 1In our case could be

considered as uniform sand of mean diameter 0.15 mm,.
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PLATE (3.9) MICROSCOPIC VIEW OF THE EXPERIMENTAL

SAND [d__ = 0.15mm].
0
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PLATE (3.10}) TYPICAL VIEW OF RIPPLES.
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3.4, Experimental Proceduret -

Intially the flume vas set to a horizontal position (gero
slope).Then it was checked for being horigontal by keeping an
amount of vater in it and read the water depth at a number of
station ,these readings vere found to be constant.

3.4.1, Preparation of the Sand Bed: -

With the flume horizontal, a well dressed two marble
3i11s of 50 mm thickness each was prepared and placed hori-
gontally on the upstream and dovnstream ends of the vorking
section. These sills vere fixed to the channel bed by sorme
type of mastic.

A 2.5 cm layer of a vet sand vas placed betveen the tvo
sills, compacted and levelled by a trovel and then using a
a4 levelling scraper. ’

This layer was stablieged, to prevent mixing betwveen 1its
material and the uniform sand layer on its top. Stabilization
wvas done by spreading a typical nitro-cellutose lacquer with
a natural resin, namely tinner, all mixed with some amount of
adhesive. Trial mixes of these materials vere sprayed over an
external sand layer and then checked. The best mix was found
to be 45% lacquer, 40% tinner and 15X adhesive all by volume.

This stablliger was sprayed at uniform rate using pre-
asure paint-sprayer gqun, keeping the spraying gun parallel
to the surface at a distance of 15 to 20 cm.When the distance
vas less, the sprayer tended to dislodge the grains.

No difficulties were faced since the stabilized layer was

113

All Rights Reserved - Library of University of Jordan - Center of Thesis Deposit



thin and horizontal. This layer vas left to dry for 48 hours,

Another layer of 2.5 ca uniform washed sand, vithla mean
diameter of 0.15,vas placed. Additional amount of sand wvas
added to ensure effective scrapering. Thus the whole recess
between the tvo marble aprons vas filled with sand;a fixed
layer of 2.5 cm overlaid by a 2.5 cm loose layer of the
experimental sand having mean size of 0.15 mm.

3.4.2 Experimental Runsi-

In performing the experiments, the slope, and the wvater
depth are the independent variables, all other hydraulic
parameters are the dependent variables,

After levelling the loose sand bed using s scraper with a
thin film of vater, the flume circuit vas filled wvwith some
vater.The pitot tube and manometer assembly were primed also.

The flume 13 set to the required slope by means of
electrically operated screw jacks, once the pump started, the
valve wvas opened gradually till uniform flowv is achieved.
This vas checked by measuring the wvater depth at twvo stations
6.0 m apart. This depth was recorded, the flov rate wvas then
measured.

Near the bed-load trap, the velocity profile vas measured
using the static pitot tube and 1inclined differential water
manometer, these measurements extended over the vhole depth
of vater at a 5 mm step in the vertical directin.

Once the velocity vas determined at any level, the sus-

pended load sampler was adjusted to that level, and the
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sediment-laden wvater vas siphoned through a 3.0 mm internal
diameter glass tube, described above. The average velocity at
vhich the sample entered the tip of the sampler wvas made
equal to the stream velocity at the sampling point by adjust-
ing the head on the siphon.This vas done as follovs:

The time to remove 154 ml of sample was calculated for
each point from the messured stream veloctity and the cross
sectional area of the sampler nose.The head on the siphon for
that rate of flov was determined by trial,till the difference
betveen the actual measured time and the calculated time of
sampling was vithin 0.5 sec. 3 samples vere taken at each
point.

These bottles, with the sediment-laden wvater,vere wveighed
using an electrical balance of 0.0001 g accuracy. This veight
vas recorded and called H‘w. The bottles veight filled with
Clear vater wvere taken also using the same balance, and this
velght was called HV, then the submerged weight of the
sediment 1s simply egqual to {H!U-HU).

Also for the bed-load measurements the value of the bed-
load trap wvas opened first for 15 min. to eleminate the
effect of valve opening and closure. Then three sample of one
litre each vere taken and the time required for these bottles
to be filled vas recorded. The submerged veight of the
sediment vas measured in the same vay followed in the suspen-
ded sediment sampling but using a balance with 1.0g accuracy.

Another set of bed-load samples was taken after one hour
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from the first set. The average value of these 6 samples wvas
considered in calculations,

Additional wvater was added at each sampling operation, to
keep a constant uniform depth of the flov (constant volume).

Visual observation of bed-forms vas made vith simple
measurement of ripple dimensions,

The vater temperature vas taken at each run.

In this vork eleven experiments were conducted followving
the above mentioned procedure. Any suspicious observations
vere repeated.

All the experimental results and calculations are summa-
rised and tabulated in Appendix A.

These experiments covered a wide range of slopes 1:200;
1:300, 1:400, 1:500 and depthes ranges from 3.0 cm to about
6.0 cm. ‘

Using the Sediment Particle Apparatus the terminal
velocity for a single grain of the experimental sand wvas
measured in clear vater .This vas done by measuring the
distance travelled by the grain ,which is fixed to one
meter,per unittime.The average value of the fall velocity

for the 0.15 mm single sand grain in clear 1s 0.0147 m/s.
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CHAPTER 4

ANALYSIS AND DISCUSSION OF EXPERIMENTAL RESULTS

4.1, INTRODUCTION

The present vork describes an experimental investigation
concerning the sediment load in the open channel flov. In
these experiments the total load 1s estimated by measuring
the two parts composing 1t, namely the bed-lo0ad and the
suspended load.

The main objective of this study is to find a correlation
betwveen the suspended 1lcad concentration and 'that of the
bed-load. Establishing such a relation may be helpful in
estimating the sediment discharge of any stream flov based on
hydraulic measurements and sediment properties. The measured
values of both bed-load and suspended load are compared vith
the corresponding values estimated by other investigators.

In this chapter the relationship betwveen the bed-load
concentration and the suspended load concentration at certain
reference level will be discussed.The effect of sediment
concentration on the velocity distribution profiles, namely
on the turbulent coefficient (k), and on the suspended sedi-

ment distribution exponent (g2}, will be also discussed.
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4.2. THEORETICAL APPROACH

4.2.1. THE BED-LOAD

The theoretical derivation introduced by Xhalil®®, 1n

1963, vill be folloved in the present vork. This derivation
has been reviewed in Chapter (2}.

For the experimental sand used in the present experiments
d50 equals to 0.15 mm and its specific gravity = 2,65, The
critical shear stress t_ to initiale motion of grains wvas
evaluated using the Shields’ curve given 1in (Fig.2.1). This
vas estimated to be 0.194 H/mz

According to Khalii, vhen there 13 iess than one complete
layer of grains in transport i.e foy N dy ¢ N 4 , then
sV N ay= T, =T _(1-(N/N_))/(p, -p)g cOSS(tan ¢-tan S) ...(4.1)
and vhen there is a complete layer of grains or more are in
transport, i.e on Na 2 K, 4 , then

fo"ud = 7 /(p_-p)g cosS(tan ¢ - tan S) ce.(4.2)
vhere N_ i3 the maximum volume grain concentration which was
taken to be 0.46 according to Khalil's work, ¢ is the angle
of repose of the experimental sand and it equals 30°, y i3
the thickness of the moving layer, and S 13 the channel
gradient.

The rate of transport g  is defined as the total mass of
grains which in unit time passes a unit width of the channel.
To evaluate the rate of transport knoving the volume of roving

grains per unit area,it i3 necessary to find the average
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velocity of the moving grains.

In his study, Khalil found that the grain speed Ug is in
linear relaticn wvith Ux,the local velocity of flov calculated
at the mid depth of the moving bed-layer. The constant of
preportionality wvas found to be 0.83 for 1.79 mm sand and
0.88 for 0.65 mm sand; extrapolating this to the present
sand, this factor of proportionlity is found to be 0.96 i.e.

Ug= 0.96 VI v . (4.3}
this means that the grain speed 13 almost equal to the local
stream velocity.

The effect of grain concentration on their average speed
vas studied by Khalil.He made a plot of K/N_,, i.e the volume
concentration of active grains per grain layer to the maximum
volume grains concentration ,versus the percentage reduction
in the speed of free grains. The plot confirmed the relation
given by percentage reduction =0.60(H/H.)3/7 ... (4.4}

Nov the grain speed can be evaluated with respect to the
local velocity of flow and can be expressed as

Ug= 0.96 (1 - 0.6(N/N )7y v, e (4.5)

Since R__= d(u_/v), ranges from 4 to 7. It was shown that
the grain size has little effect on the bed roughness.

Thus the bed-load transport rate can be expressed as
g,° {r, -7 (1-(N/N_)}/tan ¢

* [0.96(8.5U,)(1-0.6(N/N)*"] ... (4.6)
The above equation is used to estimate the transport

rate on a flat bed (neglecting the bed form effect).
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On rippled surface, the total shear stress {s transformed
to the bed as tangential and normal stresses. The part of
stresses vhich contributes to the bed-load transport seems to
be the one acting tangentially on the gentle slope of the
ripple wvhich exceeds the average stress due to reseversed
stress acting on the leeward. The stress consumed to accele-
rate the grains up to the ripple crest should be subtracted
from the tangential stress available, since this part of
stress cannot be regained as the grains decelerate in the
regions of no transport.

The veloclity distribution on a rippled surface 1s not a
function of U, only as the case of flat rough surface, but
also depends on the ripple dimensions.

In the viev of these factors, Khalil introduced a correc-
tion factor to equation (4.6) above to account for the effect
of ripple formation on the bed-load transport. This empirical
constant vas estimated experimentaly by him to be 0.63.

4.2.2. THE SUSPENDED LOAD,

Starting from the difussion equation:

wC + e (oC/ay)= 0 ce  (4.7)
and assuming a linear shear stress distribution as;

T /7,7 (D-y)ly ...(4.8)
vith a logarithmic velocity distribution,a further relation
can be vritten as;

dusdy = u_/ky = ((v_/p)* ") /ky cv . (4.9)

vhere kX _1is the Kérman's constant.
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Due to Reynold's analogy, the shear stress can be expressed

ag;

T —,OG dl.l/dy . ...(4.10)
Using these equations,the general suspended load distribu-

tion equation can be derived.This is shovn in Chapter (2)

that is;

c/C_= [ (D-y/y)(a/D-a)]> ceo(4.11)
Taking a = D/2 (mid depth) and CG= Cmd then the 1last
equation reduces to;

c/c_,= (D-y/y)® * . (4.12)
vhere 2= wfku.,
The suspehded locad rate is given by

g,* .ro" C U dy ... (4.13).

wvhere a 1s the bed-layer thickness.
The suspended load calculation vas carried out based on tvo
approaches, namely:

?

(a) Lane_and Kalinske' and (b) Broohs"p?’approach '

4.2.3. THE TOTAL LOAD

The total load is simply taken as the sum of the observed
bed-load and the calculated suspended load. The total 1load
will be compared wvith the results of different approaches
namely:

(a) Engelund and Hansen's

(b) Yang et al,

{(c} Graf's et al. .
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and (d) Einstein's approach.
These approaches are selected because they are the most
popular 1in use recently .They need a fev sediment laden flovw
parameters to be measured and they have the least
restrictions upon ° applicatin.All these approaches vere

revieved earlier in chapter (2).

4.3. EXPERIMENTAL VERIFICATIONS,

4.3.1. VERIFICATION OF THE BED-LCAD RELATION:

In the present experiments since T is found to be 0.194
N/n® from Shields' diagram (Fig. 2.1). The nunmber of layers
get in motion, m,can be found from :

N nd = rb—r¢(1-(nzo.461)z(ps-p}'g tang
assuming that m = 1 layer
-1

then N(0.15*10 ~) = rb-0.194(1-{N10.46])

N

[rb-O.194[1-(N/0.46])][0.713].

Let N = 0.46

N. { the maximum possible concentration} then

0.46 = {7 -0.194(0)]{0.73)
T, = 0.645 N/m® which 13 the necessary shear stress
to set one complete layer 1in motion.

This value is less than the minimum value of avallable
shear stress at the bed for all the experiments conducted in
the present work (see table A.3). Then it seems that at least
one complete layer has been set in motion.

Nov moving in the opposite direction of Khalil's™®

evaluation for N, that 1s by assuming N = N_ ,the number of
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moving layers m can be estimated as:
B =1 /N(d)(p -p) g tang

for ¢ = angle of repose = 30°, P, = 2650 xg/m” then

m Tb/0.46{0.15*10-31(1.65}(103)(0.31} tan30

m Tb]0.645 Ve
The above relattionship 1s valid for N= N, = 0.46 ,one complete
layer or more are set in motion.

After making some modifications so as to suit the present
vork Khalil's equation (4.6) reduces to :

ga= A betan¢ [0.96(8.5 U.]{4}]

g,= A(5.650)(7 U)
vhere A 13 an empirical constant taken as 0.63 for
Khalil's vork and is confirmed by the present wvork.

In the actual measurements the bed-load was measured
using 8 cm sediment trap. Thus the bed-load rate per meter
width = 100/8 * measured weight/sec.

The measured values are compared vith the estimated value
according to Khalil’'s®™ and Kalinske's®™  approaches
outlined earlier. The comparasion 1s shown graphically in
Fig.(4.1) and Fig. (4.2) respectively.

The estimated values and the measured values are found to
be in good agreement. B

In ampalogy to Khalil's empirical constant, the present
constant 1s found to be 0.63 as shovn in Fig. (4.3).

These results confirms Khalil's finding and verifies the

soundness of his theoretical approach.
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To calculate the bed-load concentration ,the flov and
grains speed are consldered to bg equal, since the volume
concentration was checked to be 0.46 Dby volume. 230 the
bed-load concentration can be evaluated as

c 0.46 m? grains/n'i{ma volume/m')

0.46 * 2,65 * 1000/(n°/m')

1219 kg of sediment/n’ of volume

1219 g of sediment/L of volume

H

1219 g/L.
The concentration value, although seems to be constant

for all the experimental runs,it was estimated at different

levels for each experimental test,since the number of moving

layers in each test is variable,

4.3.2. VERIFICATION OF SUSPENDED-LOAD RELATIONS: -

1- The Effect of Suspended-Load on the Turbulent Constant:

Before the discussion of suspended-load analysis,it is
convenient to study the effect of suspended load concentra-
tion on the flov characteristics.

a- Effect of Suspended-load on velocity distribution:

The measured velocity profiles are plotted on a
semi-logarithmic scale as in Fig.(4.4), Fig.(4.5) and
Fig.(4.6). It 1s shown that the velocity distribution
fits, very vell, the logarithmic lav. The effect of

suspended-load on velocity distribution 18 found to
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reduce the value of the von Karman's turbulent cons-
tant, k,.

The value of k 1s evaluated experimentally from the
slope of the relation log y versus the local streanm

velocity u, t.e

Slope k/2.3 U,

or k 2.3 U, (slope)
The values of k for each experimental test are listed 1in
Taﬁle (A.3) of the Appendix.These values sare plotted versus
the_ average concentration ¢ as shown in Flg.(4l7} . This
relationship between the values of kK and the concentration
can be presented on a semi-log scale by:
kK = 0.3 - 0.025 log C
the value of X according to the above equation reaches 0.4,
vhen
log C = -4

or C = 1*10° %

g/L, wvhich 13 the case of silt free
vater (clear wvater). This confirms the observation of many
previous researchers; that k value is taken to be 0.4 for
clear wvater.

The values of k ranges from 0.258 wvhen the average con-
centration is 37.6 g/L to a value of 0.295 vhen the average
concentration equals 2.47 g/L.Another point to be noticed is
that values of k decreases as concentration of the sediment

increases. This can be explalned as, outlined earlier, to be

due to .the damping of turbulence. According to Vanoni®?,
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and Ismat l‘“’

the decrease in the k value corresponds to an
increase in velocity gradient.Thus for a plane bed, with a
particular value of shear stress acting on the bed, the
increase in suspended load causes the veloclty gradient to
increase near the bed, since

T =R e du/dy
Then the value of momentum transfere coefficlient i.e turbu-
lence is damped. Another vay to explain the decrease in the k
value, due to the presence of suspended-load , is based on
energy concept; that 1s the power needed to keep the sediment
particles in suspension is provided from the energy of turbu-
lent fluctuations, which results in daming of the turbulence.

These results conform the findings of Vanoni ' ®®’  Ismai 17

finstein and Chein{sa’, Vanont and Nomic:os‘aa’, ltakura and

H (33

Kishe®?, Goleman®®, and many other investigator®?.

Another explanation to the decrease of the Von Karman's
turbulence constant 15 due to the bed-forms.Al:*®*®’ corre-
lates the value of k with the ripple steepness (h/X) gssuning
that when (h/x) 1is around zero,the value of x approaches 0.4,
and x was found to be (0.15) when h/x= 0.08. The last concept
seems to be not applicable to thé present vork,since in these
experiments for (h/x) > 0.08, yet k ¢ 0.25,

From all the experiments carried by the author and others
It has been found that the Von-Karman's constant is no longer

a universal constant but a varlable value vhich depends on

the sediment concentration.
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4.3.2.2., Distribution of the Suspended-Load Concentration: -

The suspended-load concentration equation (2.210) was
verified by plotting the dimensionless depth (D-y)/D versus
concentration on log-log scales. This relation vas found to

be a linear one. Thus with cq=cm at y=D/2 the resulting

d

equation 1is:
1

c/c = [(D-y)/y1 *

or € =¢C , [(D-y)/y)]

=
1

then 1log C = log Cmd + z‘log [ {D-y)/¥]
The value of g vas estimated fronm thg slope of this
linear relation, i.e
g = [log(C/C_.)1/1og((D-y)/y]
These relations are shown in Figs.(4.8) through (4.11).
On the other hand the values of g can be calculated from
the relation given by,
cat.” wlu K]
vhere w is the terminal settling velocity as affected by the
grain concentration. The value of w, vhich 13 the settling
velocity for a single grain 1in clear water 1s measured
experimentally using the fluid particle system apparatus. For
the experimental sand used (d50= 0.15 mm), the value of w is
found to be 0.0147 on average. This value of'mu is corrected
for the effect of concentration according to the Happel
et at™ equation (2.142), given by w as;
w = Kaw

vhere K = 1 + 1.56(C )}'™®
3 v
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and Cv= 1s the volume concentration of sediment.

The volume concentration for suspended-load vas mseasured
and then the value of w vas evaluated for example for 1%
volume édncéﬁ?ﬁginn (Test number 6);then the resulting w is

w = 0.0147/71.336 = 0.011 m/s,

The value of k, the Von-Karman’s turbulent constant, 1is
found as outlined 1in section (4.3.2.1) earlier.

The two values of the exponent-z ,ment ioned before-,z1 for
measured value and 2z for calculated one, are coapared and
plotted as shown in Fig.(4.12). The experiments .showed that
the calculated values of 2z 1is higher than the measured ones.
The relation can be expressed as;

z2=03.2.

Also tﬁe sediment transfer coefficlent € . vas assumed to
be constant in lLane et al approach and equals to the momentum
transfer coefficlent € . The present author found that these
values are not equal. Since 3 > 1.0,they can be related as

es= n € -

The value of / was found to be, (1.28) tn the present
experiment, which shows a good agreement with the previous
investigations done by vanont®® and Ismait®”,since for
the present experimental size (d;°= 0.15 mm), /7 = 1.28 and
Ismail®” found that for sand size of 0.16 am the value

of = 1.3 and 3= 1.5 for sand size of 0.10 om.This can be

explained as;
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l1- Damping the fluid turbulence due to concentration
gradient.

2- Changing in the turbulence characterlistics due to the
changing of bed configurations.

3- Changing in the fall velocity due to turbulence and
concentration.

4- Slipping between the fluid and sediment particles due to
flov acceleration.

5- Secondary circulations (secondary currents).

According to observations, it 1s not easy to correlate
quantitatively the values of (3 and the gralin sige,
although 1it's clear that 3 decreases as the grain size
increases.

The suspended sediment distribution curves based on the
present measurement are in a good agreement with those intro-
duced by previous investigators such as Vanoni.lsmail. Brooks
and others,
4.3.2.3¢ The Suspended-Load Ratest -

The suspended-l1load rate 1s evaluated by direct integra-
tion according to the equation:

g.- IGDC u dy
vhere a is the bed layer thickness. This integration is
carried out graphically as shovn 1in Figs. (4.13) through
(4.23).In these graphes,the values of c are in ¢g/L,u 1in
m/s and y in ca, then the unitd of g. are:

g = g/L * m/s (cm)
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or g_= g/0.001 n’(m/5)(1/100)= 10 g/ms
thus each square unit represents a suspended-load of 10g/m.s.
These results are compared to those given by Lane and
Kalinske' and Brooks®. The comparision 1is given in table
(A.S5) and represented graphically in Fig.(4.24) and Fig.
(4.25) respectively.
In these two approaches, the Cmd wvas taken to be the

reference concentration at y= D/2 and according to Lane and

Kalinske equation (2.193) above;

= *
g- q(.\) VGVI‘
vhere 1:;m = is the water discharge per unit width and
C = C p eimmlu-no.s;'
awvr md L

The value of the factor PL i1s found from the graph supp-
lied by Lane et al, this factor is a function of w/u. and the
relative roughness, Fig.(2.7). The units of the above
factor has been converted to SI units toc be homogenous
vith the present measurements as;

q, in L/3.m' ,
Cuvr , Cmd in g/L
and 9, in g/s.m’
In Brooks' method, his equation (2.206), 1is;
9,/9,C, = €/C_,= T.(xU/u,, Z).
or  q_/qC = T;(kU[u‘,Z)
The value of T:is given graphically by Brooks as a func-

tion of 2 and kU/u,. These values are taken based on

experimental measurements.
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The relationships between the measured suspended-load as
evaluated by the present auther and those values evaluated Dby
Lane et al. and Brooks’® approaches are shown graphically 1in
Fig.(4.24) and Fig.(4.25), respectively.

It 1s found that both approaches are in agreement with
the present results of the 3suspended-load rates. Hovever
Brooks® results are found to be closer to the present obser-
vations. This can be explained as the present work refers to
the measured mid-depth concéntration as reference concentra-
tion which is the same reference adopted by Brooks’ : 1In
Lane et al. approach the reference concentration depth is not
specified.
4.3.3t VYerification of the Total Load Relations: -

In the present experiments the total locad 1s taken to be
the sumr of the measured bed-load and estimated suspended
1oad. This is called the measured total load.

These measured values of total 1loads are compared to
three direct methods and one 1ndirect method adopted for
calculations of the total load.As these methods are recently
the most popular,they don't regquire extensive information
about flov and sediments,and they have the least restrictions
‘on application.

The first method is the Yang™'", approach, in 1979,

using the regression techniques,that 1s eguation (2.273)

vhich vas mentioned earltier as;
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log CT= 5.165 - 0.1%93 log(vd/v) -~ 0.297 log(u‘/v)
+ {1.78 - 0.36 log(wd/v) - 0.480 log(u_/v)] log(US/wv)
The relationship betwveen Yang's values and the present
measured values 1s shown graphically in Fig.{(4.26). It vas
found that Yang’'s values vere almost less than one thirad of
the actual measured values.Although they follow the same
general trend.

The second method is the EIngelund and Hansen*®®

approach
as outlined 1n equation (2.243) through (2.247) from which

Engelund et al stated that:

f ¢ = 0.1
vhere f = ZgSD/U2
and e =T J{y -v)d

> 3

1-2

also ¢ =q /Uy -V ga®}
the values of f and e can be estimated for each test,then the
values of @ is estimated from vhich q_can be evaluated.

The relationship betveen the observed values and those
estimated by Engelund et al 1s shovn graphically 1in Fig.
(4.27). Again the measured values are almost ten times the
estimated values.This may be due to the restrictions outlined
by Engelund et al as their equation should be applied to the
flovs vith dune beds and particle size greater than 0.15 mm;
since the bed forms are mostly observed to be ripples.

The third direct approach 1s that introduced by Graf and

10?7

Acaroglu , outlined earlier in equations (2.240), (2.241}

and (2.242).
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The values of W= [((p.-p)/p}dllsnh and

$,° (CUR)/[{(p,-P)/p}{ga"}1*"?
are evaluated for each experiment.

The w, versus ¢4 rela;lbn 1s plotted on a log-log scale

vhich is similar to graph given by Graf et al as;

) - 10.39(;.‘)"'”

This 1s shovn graphically in Fig. (4.28).

The observed relationship 1is nicely fitted by the relation
¢,= 32.9 y 23

vhich means that the measured value of total load is almost

three times that predicted by Graf et al. It is important

to notice that the observed values and Graf et al values are

folloving the same trend. Therefore the tvo methods can be

related by introducing an empirical factor. This factor can

be taken roughly around three.

A final note on the comparision between the observed
values of .the total load and the estimated total load using
direct methods is that all these methods gave values signifi-
cantly smaller than the observed ones.This may be due to the
limitations,assumptions and different sediment flow
parameters ‘on vhich each method 18 based, as well as the
experimental errors 1in the present measurements.

The last method to verify the present total load 13 the

famous Einstein’s > procedure, which evaluate the total load

indirectly by adding the bed-load and suspended 1load. The
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calculations according to Einstein's metdod are lengthy but
systematic.

The present results of the total load and those due to
Einstein were compared graphically as shown in Fig.(4.29). It
is observed that these results shov a good agreement,but with
some scatter. This scatter may be due to the involved assump-
tions and the correction factors introduced by Einstein as
vell as the usual experimental errors involved in the present
measurements,

4. 41 RELATION BETWEEN THE SUSPENDED LOAD CONCENTRATION
AND THE BED-LOAD CONCENTRATION: -

The bed-load concentration has been estimated, as out-
lined before, to be a constant concentration of 1219 g¢g/L
based on dry weight of sediment per unit volume of wvater.
Then the suspended load concentration distribution has been
evaluated according to e;pg;imental measurements. This
distribution is extrapolated to the bed layer trying to find
a depth at which the suspended sediment concentration meets
the same value of the bed-load concentration.Utilizing the
measured concentration at the mid-depth Cmd,the actual value
of exponent 2,and the bed-load concentration,cb,then equation
(2.208) can be vwritten as;

Ca/Cyc ((D-(D/2)/(D/2)))Xa/(D-a)%) = (a/(D-a)%)
wvhere a is the depth at which the suspended load concentration
equals that of the bed-load.The value of a can be calculated

directly for given values of 2, Cmd, Cb and D as
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_ 17
(a/(D-8)) = (C__/C,)

vhen a 13 small compared to D the above equation reduces to:-

a/D ~ (C_./c )"
or a=> (Cmdlcb)‘/z

The suspended load concentration at the top of the
bed-layer thickness has been estimated.This vas found to be
less than half the given bed-load concentration.It is impor-
tant to note that the bed-layer thickness varies for each
run, according to the number of layers set in motion.

In the same vay, the suspended load concentration has
been evaluated at the mid-depth of the bed layer, i.e at a
depth of half the thickness of the moving layers of the bed.
This value of concentration has been found to represent
nicely the bed-load concentration wvith a maximum déviation of
3%, as shown in the table (A.7) in Appendix A.

These results are different from the Einstein's
assumptions,vhere he assumed that the average concentration
of the bed-load in the bed-layer must be equal to the
concentration of suspended load at a depth = 2d4. This vas
chosen arbitrarily by him and has been subjected to further

investigations.Garde' ", found that Einstein's assumption of

thickness 24 is reasonable in the case of a plane bed but the

physical significance of the bed layer thickness in a dune
bed channel is rather elusive. Brooks'® and other group of
researchers adopted that Einstein's suggestion of a reference

concentration at 24 -is reasonable for the plane bed. Also
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they suggested that the bed layer thickness at vhich the
concentration of the suspended load represents the concentra-
tion of the bed-load is evaluated directly 1in the same

(43}

concept used in this research. Studies by Bagnold ~ ,and

Einstein and Chien'®®

indicate that the suspended load tends
to reach a 1imiting concentration Cb of 4.8 KN/m® which 1s

about 500 g/L being less than one half the values predicted

e 3

by Khalil™ . befaletiw‘ suggested a limiting value
of bed-load concentration of 100 1b/ft? which 1s 1600 g/L.
Thus the value adopted in the present work,1219 g/L,vhich wvas

2M
.is a reasonable one.

examined experimentally by Khalil
According to the relation established between the bed-

load concentration and that of the suspended load the total

load can be estimatedq for given flov parameters in the
following sequence: -

A- Based on Khalil’s bed-load model, (1) calculate the bed
shear stress r _ from the flow parameters. (2) estimate
the bed-load concentration as given by Khalil®® bpased
on a graph introduced in Fig.(2.3b). If the value of the
bed shear stress 13 greater than that required to set
more than one layer in motion (i.e N )l‘], then calculate
the number of moving layers. (3) Calculate the bed-load
rate on rippled bed according to equation (2.59).

B- According to the present vork, find the bed-load concent-

ration Cb at the mid-depth of the moving layers called

y=a.The limiting maximum value of N is 0.46 or 1219 g/L.
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E-

This concentration fits the extrapolation of the suspen-
ded load concentration at this depth a.
According to the suspended load concentration distribu-
tions equation, calculate Cmd as,

C_,/C .= Ca/(D-a)®
vhere 2 18 the exponent given by w/ (3 u‘k)also w,k,u. and
3 can be calculated from the sediment flow parameter.
Howvever for these values_the value of k is assumed arbit-
rary and then adjusted according to the concentration by
a successive iterations with the aid of Fig.(4.7) shovn
earlter. The value of w for a given grain sige should be
corrected for the effect of grain concentration in succe-
ssive lteration as given 1in equation (2.142).
The recommended value of (3 1s taken in the range 1.2 to
1.5 according to the grain sigze.
The concentration at the aid-depth Cmd of the flovw
{y=D/2), 1s the only unknovn 1in the above equation.
Using Brooks’ approach, outlined earller, find the value
of g, given by:

9, /9,C_,= To(kKU/u,, Z)

Add the calculated g, 1n step A to g_ found in step D 1in

order to estimate the total load rate 9. -

The above step by step approach will be {llustrated by

the an example taken from experimental data (Test no.2)

shovn in Appendix C.
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CHAPTER 5
CONCLUSIONS

Based on the foregoing analysis and discussion of the

experimental vork,vhich is carried out to study the relation-

ship between the bed-load concentration and that of the

suspended load. The main conclusions can be sumamarized as

follovws:

1.

The experimental results shoved that for the experimental
sand used in the present vork the average value of the
ratio betveen the bed-load transport for rippled bed and
that for flat bed is (0.63}..

The analysis of the experimental results confirmed that
the maximum concentration of the bed-load rate is about
1219 g/L which corresponds to a volume concentration of
0.46.

The measured bed-load rates -are founﬁ to be 1n good

agreement with the rates estimated by Khalil®® and

Kal {nske™™,

The Von-Karman's turbulent constant i{s indeed a varlable
constant which depends on the suspended load concentra-
tion. The value of X, from the analysis of experimental
results,decreases as the concentration increases. The

relation 1s expressed as;

k = 0.3 - 0.025 log C

This k value reaches 0.4 for silt free vater.
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5.

60

7'

10.

The value of the sediment transfer coefficient €, ia

found to be 1.28 the momentua transfer coefficient e ,

m

for the experimental sand used in the present vork
(@ = 0,15 ma). 1.e € = 1.28 € .

=0 L m
also for the suspended sediment distribution exponent the
theoretical values of g were found to be 1.28 times the
values based on experimental results.
The observed suspended locad rates based on experimental

measurements are in good agreement vwith those evaluated

by Brooks " "and Lane et al™, ‘The observations also

B 1{B?)

confirm the findings of Varoni'o and Ismatl and

some other 1investigators.
Based on experimental observations,the total load rate is
found to be around three times the rate estimated by
degyim, and Graf et at™®?, Hovever the present
results are 1in fair agreement vith the total load rate
estimated using Einstein’s > approach.
In analogy to OGraf et at™®” approach the present
results fit the relation
¢,° 32.9 y i 32
Based on experimental evidence the bed-load concentration
is found to fit the suspended load concentration at a

depth equal half the thickness of the moving bed layer.

According to the experimental analysis, the total load rate

can be estimated from the hydraulic parameters of the
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11,

sediment flov, without introducing any reference concen-
tration for the suspended load. This method of calcula-
tion iq a gtep by step approach confirmed by experimental
measurements.

In the present work, vith uniform sediment size of 0.15
mm, the suspended load is found to contribute 90% to the

total load, on average.
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APPENDICES



SUMMARY OF EXPERIMENTAL RESULTS

THE RESULTS OF ALL EXPERIMENTAL MEASUREMENTS  AND

CALCULATINS ARE LISTED IN TABULAR FORM .THE ENTERIES OF EACH

COLUMN ARE WELL DEFIRED AS SHOWN BELOW.

(1)
(2)
(3)
(4}
(5)
(6}

(7)
(8)
(9)
(10)

(11)

(12}

{(13)

(14)

CTABLE A.1D

Test number
Flovw depth in (ca).
Channel slope
The flov rate Q , L/S
The mean velocity = Q/A = Q * 100/D.(0.3)1000 m/s
The hydraulic radius assoclated vith the bed corrected
for side vall effect as explained in Appendix B.
The bed shear stress = og R S in ¥/n?
Shear velocity U, := (rb/p}"”= (gan)"z, m/s
The particle Reynold's Number = U'dfv
The Von Karman's turbulent constant estimated from the
slope of semilog plot of velocity profile measured.
The suspended sediment concentration distribution expo-
nent as estimated from the salope of the log-log graph of
the measured concentration profiles.
Bed-10ad rate per unit width based on submerged veight
as measured using the bed-load trap of 8 cm wvidth con-
verted to unit wvidth.
Number of 'moving layers as a bed-load estimated as
explained earlier to be:

mn = r£/0.645 ‘ -
The mid depth concentration measured using the suspended
load sampler based on submerged wt per litre.
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TABLE A.7%.

SUMMARY OF EXPERIMENTAL WORK

(1)

(1) (2) (3) (4) (5) (6) (7 (8) (9) (10) (12) (13 {(14)
Test D 5 a u fip Th Ue Re, k 7 Bed-lLoad | No. of Cond
No. (em) J{m/m) § (L/8)| (m/8) ]| {cm) |(N/m®) |(m/s) (actual) | measured | g/s m' movimng gL
(Sub wt.) | layers | (Sub wt.)
2 5.9 t/200 | 9.30 10.525 |5.19 2.544 {0.0504| 7.57 0.258 G.68 40,77 3.95 20,9
3 3.3 1/u00 | 2.75 (0.278 | 3.04 D.746 |0.,0273F 4.10 0,283 1.13 7.59 1.14 0.9
4 4.0 1/400 | 3.71 |0.309 |3.63 0.891|0.0298)] 4.48 D0.280 1,02 9.85 1.83 1.8
9 3.0 1/200 ]| 2.93 0.325 12.82 1.385[0.0372( 5.58 0.267 0.86 17.26 2.1% 8.6
6 4.0 1/200 ] 5.04 |0.424 [3.65 1.790}(0.0423| 6.35 0.264 0.76 24,33 2.78 14.1
? 3.7 1/500 | 2.77 |0.256 {3.40 0.666 [0.0258] 3.87 0.295 1.2 5.67 1.03 0.%
A 5.5 1/500| 5.12 |0.315 | 4.88 0.958 |0.0310] 4,65 0.278 1.0 10.98 1.49 1.6
9 4.0 1/300| 3.96 |0.336 |3.66 1.198 [0.0346) 5.19 0.273 0.9 A4.72 1.86 4.7
10 4.5 1/300 | 4.86 |0.3%65 |4.07 1.33210.0365] 5.47 0.270 0.85 16.29 2,07 6.0
L | 4.8 1/250| 5.90 |0.416 |4.32 a.mww 0.0411] 6.16 0.265 0.76 22.65 2.63 11.8
12 4.8 1/500 ) 4,18 |0.195 |4.31 0.846 [D.0290] 4.35 0.283 1.03 9.03 1.0 1.3
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TABLE CA.22
Summary of Bed-Load Measurements and Analysis

all rates are in q/m‘.s based on sub. wt.

1 2 3 4 5
Test no Measured Estimated Estimated Estimated Rate
Rate Rate on Rdate by by Kalinske
flat bed Khalil
2 40.77 73.31 41.17 46.06
3 7.59 11.64 6.54 10.13
4 9.85 15.18 8.52 12.5
5 17.26 29.40 16.55% 18.41
6 24.33 43.29 24.31 22.45
7 6.67 9.81 5.52 10.85
8 10.98 16.96 6.92 14,1
9 14.72 23.70 13.33 17.12
10 16.29 27.75 15.61 18.06
11 22.65 39.82 22.27 21.36
12 9.03 14.0 7.88 10.76

1_.

Test number

2- Measured bed-load rate baspd on suaberged wvwt. per unit
vidth.

3- Estimated bed-1load rate on flat bed based on equation

(4.6).

4- Estimated bed-load rate on rippled. bed based on equation
{(4.6), taking on empirical factor = 0.63, or based on
graphical relation supplied by Khaill Fig.(2.3) based on
submerged wt. basis.

5- Estima.nted bed-load-‘rate based on‘ Khalil apprc;ach and

graphical relation Fig.(2.1) based on submerged wt.basis,
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TABLE CA. 3
Summary of Suspended-~Load Measurement and Analysis
Call rates are in g/m.s based on dry wt.)

1 2 3 4 5
Test no peasured measured estimated estimated
concent. g. rate rate by rates_by
cC per unit Brooks Lane et al
md vidth
(9/L) (g/L)
2 33.6 1100.0 1145.76 1202.0
3 1.5 18.80 22.00 25.41
4 2.9 60.0 58.10 6l1.89
5 13.8 165.0 183.30 178.29
6 22.7 406.0 419.50 337.86
7 0.8 12.10 14.77 16.27
8 2.5 68.0 71.68 B2.44
9 7.6 123.0 140.45 146.97
10 9.6 189.0 209.95 241.49
11 18.9 422.0 408.87 497.97
12 2.1 44.0 46.82 £58.88

Test number.
Measured concentration of mid depth of the flov.
Measured suspended load rate estimated based on concentra-
tion and. velocity measurements. The graphical Integration
method 1is used.

Estimated due to Brooks' approach based on mnmeasured

values of Cmd and q, u,z . k and U_ given in table (A.l}.

with these values knovn, the Brooks' function T: in
equation 1s estimated graphicaily based on the graph
shown in (Fig.2.9). ‘
Estimated due to Lane etal approach based on measured
values of D, », U  and q, taking n= 2474Y°.

the function D of lane 1is evaluated from the graph given

in Fig.(2.7) after being converted to SI units.
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TABLE CA. 4

Total lLoad Rates

(dry wt. bases in g/m.s)

1 2 3 4 5

Test no. reasured Estimated Estimated Estimated
Total load by Yang's by Engelun | by Einstein's
rate . approach approcah

2 1165.48 383.0 104.9 2280.0

3 30.99 14.54 4.89 11.27

4 765.82 39.98 7.78 22.1

5 192.72 57.94 17.28 257.4

6 445.08 147.07 41.9 619.4

7 22.81 9.06 3.48 0.116

8 85.63 24.28 9.44 64.76

9 146.64 45.05 15.0 96.4

10 215.16 62.82 19.50 267.0

11 458.38 121.69 36.50 336.2

12 58.50 17.61 6.51 21.6

1- Test number.

2- Measured total load rate = bed-load rate + suspended load

rate per unit width,

3- Estimated by Yang's eguation {2.273}.

4- Estimated by Engelund's etal approach outlined in equa-

tions (2.243) to (2.247).

S- Estimate by Einstein approach outlined earlier 1in equa-

tion wvith the ‘aids of graphes

{(2.9).
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TABLE CA.5)
Measured Total Load Compared to
Graf's etal Method

1 2 3 4
Test No. ¥ = {p.-p}/p d/SR ‘¢L= CUR l{p.-p/p}gdB ¢‘ given by
Graf et al

2 0.954 51.94 11.70
3 3.256 1.457 0.53
4 2.727 3.51 0.83
5 1.75%5 9.23 2.50
6 1.3%6 20.93 4,82
7 3.64 1.09 0.40
8 2.536 3.93 1,00
9 2.03 6.99 1.75
10 l.82 10.0 2.30
11 1.43 20.47 4.20
12 2.87 2.71 g.72
1- Test numbdber.
2- ¥, [p.—p)[p d/snh based on measured values.
3- ¢,= CUR/[((p -p)/p ag°)*"%)

based on measured values, vhere

Cv= measured total load volume/volume flov rate.

other terms are explained earlier,
4-

¢A given by Graf etal as shovn in Fig.(2.10}.
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TABLE (A, B6)
Effect of Sediment Load on Flow Characteristics

1 2 3 4 S
Test no. Average Von Karman's measured Calculated

Conc. Const. Exponent Exponent
(g/L) K (e,) 2

2 37.6 0.258 0.68 0.85

3 3,38 e 0.283 1.13 1.42

4 6.13 0.280 1.02 1.32

5 19.73 0.267 0.86 1.11

6 26.49 0.264 0.76 0.985

7 2.47 0.295 1.2 1.44

8 5.02 0.278 1.0 1.28

9 11.12 0.273 ‘ 0.9 1.16

10 13.28 0.270 0.85 1.12

11 22.31 - 0.262 0.76 1.01

12 4.20 0.283 1.03 1.34

l- Test number

2- The dry wt of the total load rate per unit width divided
by the flov rate per unit width.

3- Determined from the slope of velocity profiles on semi-
log scale log y Vs. U for each raun.

4- Estimated from the slope of concentration profiles given
in Figs. (4.8} through (4.11) for each run.

5- Estimated as

= w/U.k vhere

w measured fall velocity after being correct for dgrain

concentration. Other values are explained earlier.
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TABLE CA.72

Bed~-Load Concentration Compared to Suspended Load
‘Concentration at the Mid Thickness of the Bed Layer
(based on dry wt.)D

1 2 3 4 -] 6 7
Test g Cmd a=md Suspended load Bed-loaad %
Ro. value {g/L) {mm) concent. at a/z| concent. deviation

C. (g/L) Cb (g/L)

2 0.68 33.6 0.593 1229.9 1219 0.9

3 1.13 1.5 0.174 123¢.9 1219 0.9

4 1.02 2.9 0.207 1255.7 1219 3.0

5 0.86 13.8 0.322 1223.5 1219 0.3

6 0.76 22.7 0.417 1224.3 1219 0.3

7 1.20 0.8 0.155 131¢.0 1219 7.4

8 1.0 2.5 0.224 1230.0 1219 1

9 0.9 7.6 0.279 1234.0 1219 1.2

10 0.88 9.6 0.310 1224.1 1219 0.4

11 0.76 18.9 0.395 1225.1 1219 0.5

12 1.03 2.1 0.196 1233.9 1219 1.2

l1- Test number.
2- Measured suspended load exponent estimated from the slope
of log D-y/D Vs, Log C.
3- Measured concentration at D/2 in g/L {dry wvt.)}.
4- The bed layer thickness = number of layer in motion times
the mean grain sige,
5- The suspended load concentration extrapolated to the
distance a/2 from the bed, given by: )
z
C.= CNH(D-(aIZ)/afz)‘ in g/L (dry vt.)
6- The bed-load concentration based on 0.46 volume concent-
ration in (g/L), dry welght.
7- % Deviation =

jc -€ /C, | * 100%
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APPENDIX (B)
SIDE WALLS CORRECTION PROCEDURE FOR OPEN CONDUI?

The tlov 1in open conduit with finite width, 1is resisted
partly by the bed and partly by the sides.Since the flume is
covered by sand,it will generally be much rougher than the

flume walls and thus vwill be subjected to higher value of

shear stress.The problem considered is the development of a

calculation procedure for deteraining the average shear

stress on the bed.

The method used here to correct for the effect of side

(42> {1283

valls,is proposed by Einstein and Johonson . The
principal assumption 1s that the cross-sectional area can be
divided into twvo parts ab and Aw in vhich the component of
gravity force is resisted by the shear force exerted on the
bed and the valls respectively.

It is further assumed that the mean velocity and the

energy gradient are the same for Ab and Av Krhatit"*  in

1969 from analysis of Yassin's'>>  experiments,found that
the velocity factor designated by a = v, /v is considered
to be unity wvhen the wvidth-depth ratio >7 provided that

fb / fw ¢ 2.3 .Thus for rectangular cross-section as shown

in Fig (B.1l) the correction 1s achieved as:
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The hydraulic radius for the vall Bv 1s calculated using
Manning's foraula as;
- 1.3
nw"‘ (v nvISJ LN ) {Bol)
Where n 1s the Manning coefficlent for the sides and V is
the mean velocity. The sub-area of the flow taken by the

valls 1s

A' =2 d Rw ... (B.2)

Thus, the sub-area for the bed is
A=A - A e (B.3)
S0 the hydraulic radius for the bed only is given by:

B, = A/B ... (B.4)

And the corresponding bed shear stress 1s obtained as ;

T, p.g.R .S ... (B.5)

The value of n"‘r used here i1s taken (0.0093) for steel

bed and glass sided flume.This vas verified by N. atc**% in

1978,
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APPENDIX C
WORKED EXAMPLE USING THE PRESENT APPROACH TO CALCULATE THE

TOTAL LOAD RATE,BASED ON SEDIMENT FLOW PARAMETERS.

Sediment Flow Parameters:!

Flow rate 9.3 L/s. ,Flume width=0.3m.

31 L/s. »',

n

q
Flov depth D = 5.9 cm

Slope = 17200 0.005

0.1% mm {uniform)

Sediment size

p,= 2650 xg/n®

-} 4

v =1 * 10 % n/s

Calculations:

U= 4Q/A = q/D = 0.525 mn/3

R = A/p = 4.23 * 102

b @.(this value may be correct for

the slde wvall effect as outlined 1in Appendix B, thus the
value of Rb shown in Table (A.1l) i3 5.186 cm after correction

also for wide channels Rba D}.

TS P9 RbS
= 2.544 N/n?

u = (rofp)"’= 0.0504 m/s

.
The turbulent constant k may be easily evaluated from velo-
city profile or othervise taken arbitrary. « is also known' |
for a given sediment grain size.

Thus 2 thus can_be calculated simply as 2= u/ﬁu.k, vhere 3 is

taken as recommended in the range 1.0 to 1.5 according to

grain size of sediment.
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For this exsaple, k= 0,258, w = 0.011 m/3s and g= 0.68
(vith 3= 1.28).Folloving the steps outlined before yields:

A- T needed to set a complete layer in motion 1s given by

T,° 0.46(d)(p.*p)g tang

= 0.645 K/m*¢ v available; i.e N=N_= 0.46

b
The bed-load rate is given by XKhalil's equation,vith a
correction factor to contribute for the rippled bed .This
factor i3 0.63 as taken by Khal:il,
g = 0.63 tb/tan¢ [0.96(8.5 u‘)(1-0.6(l/l-})]

= 3.46 T U,

= 0.443 N/p.s

= 45.22 g/m'.s.
B- The number of moving layers, = equals to

B = 7,/0.645 = 3.944 layers

The thickness of the moving layers

0.15(3.944)

0.592 mm
The mid depth of this layer.1s a= 0.592/2= 0.296 mn.
The bed-load concentration = 1219 g/L  wvwhich is equal to
the suspended 1load concentration at a = 0.296 an.
C- From the suspended load concentration equation, calculate
Cmd, as
C_,/1219= (0.296 »a/59.0 - 0.296)% %
Cmd= 1219(0.0274) = 33.4 g/L |
D- From Brooks’ equations, for a given values of kU/u, and
2, the suspended load rate can be obtained as;

g./qC = 1.1 »q. =231 *#.33.42% 1.1 .
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= 1138.94 g/m' 3
E- The total load rate, g.= 45.22 + 1138.94
= 1184.16 g/m'.s

compared to a measured values of 1165.48 g/m'.s.

% Error = |1184.16 - 1165.48/1165.48| * 100%

1.6

vhich is an acceptable deviation for the field measurements.
Thus this systematic approach 1s a useful tool in

calculating the total load rate in open channel flowv with

sandy bed of uniform grain sige, vithout introducing any

sediment load measurement in the field. This method makes

use of the continuity of the bed-load and suspended load

concentration profiles.
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